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Abstract
This thesis is part of the Working On Venus (WOV) project. The aim of the project is to 
design electronics in silicon carbide (SiC) that can withstand the extreme surface environment
of Venus. This thesis investigates some possible computer memory technologies that could 
survive on the surface of Venus. A memory must be able to function at 460 °C and after a total
radiation dose of at least 200 Gy (SiC).

This thesis is a literature survey. The thesis covers several Random-Access Memory (RAM) 
technologies: Static RAM (SRAM), Dynamic RAM (DRAM), Ferroelectric RAM (FeRAM), 
Magnetic RAM (MRAM), Resistive RAM (RRAM) and Phase Change Memory (PCM). The 
Electrical Erasable Programmable Read-Only Memory, Flash memory and SONOS are also 
covered. Focus lies on device- and material-physics of the memory cells, and their extreme 
environment behaviour.

This thesis concludes with a discussion on technology options. The technologies are 
compared for their suitability for extreme environment. The thesis gives a recommendation 
for which memory technologies should be investigated. The final recommendation is to 
investigate SRAM, SONOS, FeRAM and RRAM technologies for high temperature 
applications.

Sammanfattning

Denna uppsats är en del av projektet Working On Venus (WOV). Projektets mål är att designa 
elektronik i kiselkarbid (SiC) som tål Venus extrema ytmiljö. Denna uppsats undersöker några
möjliga datorminnestekniker som kan överleva på Venus yta. Ett minne måste kunna fungera 
vid 460 °C och efter en total strålningsdos på minst 200 Gy (SiC).

Denna uppsats är en litteraturstudie. Uppsatsen täcker flera olika typer av RAM-minnes 
teknologier (eng. Random-Access Memory): Statiskt RAM-minne (SRAM), Dynamiskt 
RAM-minne (DRAM), Ferroelektriskt RAM-minne (FeRAM), Magnetiskt RAM-minne 
(MRAM), Resistivt RAM-minne (RRAM) och fasändringsminnen (PCM). EEPROM (eng. 
Electrical Erasable Programmable Read-Only Memory), Flash-minnen och SONOS täcks 
också. Fokus ligger på minnescellernas komponent- och materialfysik, samt deras 
extremmiljösbeteende.

Denna uppsats avslutas med en diskussion om teknikmöjligheter. Teknikerna jämförs för hur 
passande de är för extrema miljöer. Uppsatsen ger en rekommendation för vilka 
minnestekniker som bör undersökas. Den slutliga rekommendationen är att undersöka SRAM,
SONOS, FeRAM och RRAM teknologier för högtemperatursanvändning.
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Units

This thesis uses the Système International d'Unités (International System of Units, SI units). 
SI units use seven base dimensions [MLTIΘNJ] corresponding to mass, length, time, 
electrical current, absolute temperature, amount of substance and luminous intensity. These 
dimensions are measured in the SI units kilogramme (kg), meter (m), second (s), ampere (A), 
kelvin (K), mole (mol) and candela (cd). Equations in this thesis will only use the first five 
base dimensions [MLTIΘ] and units. Derived units can be found in [1].

As per tradition in electronics, some lengths are given in cm instead of m (1 cm = 10-2 m). 
This thesis uses some non-SI units, too. These units are defined in terms of SI units. Electron 
volt, a unit of energy [ML2T-2], is experimentally determined (1 eV ≈ 1.6  10-19 J). The 
electron volt is the energy one electron gain when accelerated through an electric field with 
the potential difference of one volt. Astronomical unit, a unit of length [L], is experimentally 
determined (1 ua ≈ 1.5  1011 m). One astronomical unit is the unperturbed circular radius of 
a body with infinitesimal mass orbiting the Sun with a period of one year (1 a). One 
astronomical unit is roughly the period-averaged distance between the Sun and the Earth. Bar,
a unit of pressure [ML-1T-2], is 105 Pa. One bar is roughly the mean pressure of the atmosphere
at sea-level in Paris, France (1 atm = 1.01325 bar). This thesis also use some traditional time 
measurements [T], like minute (1 min = 60 s), hour (1 h = 60 min = 3.6 ks), day (1 d = 24 h = 
86.4 ks) and year (1 a = 365.25 d = 3.15576×107 s) [1].

This thesis do not use some units that are common in the literature. These units are

1. Torr, a unit of pressure [ML-1T-2], 1 Torr = 1/760 atm = 1.01325/760 bar = 133 Pa

2. Ångström, a unit of length [L], 1 Å = 0.1 nm

3. Metric ton, a unit of mass [M], 1 t = 103 kg = 1 Mg

4. Rad, a unit of absorbed radiation [L2T-2], 1 rad = 10 mGy

5. Ørsted, a unit of magnetic field strength [L-1I], 1 Oe ≙ 103/4π A/m

Torr is a traditional pressure unit. It is closely related to the unit mmHg, where 1 Torr ≈ 1 
mmHg. A 1 mm column of quicksilver (Hg, AKA mercury) exerts roughly the same pressure 
as 1 Torr. 760 mm column of quicksilver exerts the same pressure as the atmosphere at Paris, 
France. Process technology commonly uses Torr to measure vacuum pressure.

Ångström is a traditional length unit in crystallography and spectroscopy. It is typically used 
to measure crystal lattice spacings.

Metric ton (AKA tonne) is a traditional mass unit. It is commonly used both in and outside of 
research.

Rad is an obsolete Centimeter-Gram-Second (CGS) unit. SI units use seven base dimensions 
[MLTIΘNJ]. CGS use only three [MLT]. Rad is measured in a common basis [L2T-2]. Rad has 
therefore a one-to-one correspondence to the SI unit gray (Gy). It should not be confused with
the SI unit radians (rad), a unit of angle. Although SI units have replaced CGS units, rad is 
still used in the literature. Rad is typically used to measure the Total Ionising Dose (TID) for 
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electronics. 

Ørsted is an obsolete CGS unit. Current must be defined in the basis [MLT] in CGS units. 
Current is not defined in a common basis for CGS and SI. There is therefore no one-to-one 
correspondence between an electromagnetic CGS unit and an electromagnetic SI unit. CGS 
has several different sub-systems to define electromagnetic units. Two of these sub-systems 
are Heaviside-Lorentz and Gaussian. Ørsted is unfortunately defined differently depending on
system. Gaussian is ”unrationalised” whereas SI is ”rationalised”. The difference means that 
SI units do not have a factor 4π in the Maxwell equations. Gaussian ørsted can be converted 
to A/m by the factor 103/4π. Heaviside-Lorentz is rationalised and has the conversion factor 
103. Ørsted is commonly used in spintronics. Unfortunately, those who use Ørsted do not 
explicitly state which sub-system they use. This thesis assumes that the literature use 
Gaussian units (the conversion factor is 103/4π).

This thesis is about information storage devices. Information in this context is measured in 
bits, b. Information does not has a dimension since it only counts the number of available 
two-level states. It is dimensionless. Information is usually grouped into words, which in this 
context is measured in bytes, 1 B = 8 b = 23 b. SI prefixes are only used in base 10 [1]. This 
thesis use IEC prefixes for base 2. These prefixes are kibi, 1 Ki = 1024 = 210, mebi, 1 Mi = 
1024 Ki = 220 and gibi, 1 Gi = 1024 Mi = 230 and so on. Note the difference: 1 k = 103, 1 Ki =  
210. The difference is quite small between Ki and k, 1 Ki / 1 k = 1.024. However, when the 
data storage comes up to Gi and Ti, then there is some real difference: 1 Gi / 1 G = 1.074 and 
1 Ti / 1 T = 1.100. The difference is a genuine problem for consumers because there is little 
consistency in how prefixes are used in marketing [2]. 

A footnote will state if a value was reported in a different unit1.

1 For example ”Value reported as 1 rad”. 
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Chapter 1 – Introduction

This chapter serves as a general introduction to this thesis. Section 1.1 presents some of the 
interesting aspects of the planet Venus and extreme environment electronics. Section 1.2 
showcases silicon carbide, a very suitable material for extreme environments. The last section 
introduces memory technology.

1.1 – Venus and extreme environment electronics

Although Venus is the planet closest to Earth, very little is known about the planet. If Venus is
looked at through a regular optical telescope, it appears featureless (see Fig. 1). The dense 
upper clouds obscure the surface. The other similar planet to Earth and Venus is Mars. Mars is
a bit further from Earth than Venus to Earth (0.5 ua vs. 0.27 ua when closest), but it is much 
more easily studied through a telescope [3].

Figure 1. Venus (to the left) and Jupiter (to the right), as seen from a telescope. I took the
Jupiter photo on the 1st October 2010. I took the Venus photo on the 1st May 2012. The

telescope is a portable Newton telescope (mirrors instead of lenses). Notice that details on
Jupiter can be seen, but not on Venus. Venus shows phases. Galileo Galilei observed these

phases in 1610. Galileo drew the conclusion that Venus could not revolve around Earth, thus
disproving the geocentric model [4].

Venus is in many regards similar to Earth: It has roughly the same mass and same size. Before
the surface itself could be observed, astronomers thought that Venus had roughly the same 
surface conditions as Earth. This assumption was plausible, given the knowledge at the time. 
Venus has a higher albedo than Earth (0.76 vs. 0.3), so Venus reflects about twice the sunlight 
of Earth. Venus is the second planet from the Sun at a distance of 0.76 ua (Earth is 1.0 ua, 
Mars is 1.5 ua). Since Venus is closer to the Sun, it receives about twice the incoming 
radiation of Earth (2613.9 W/m2 vs. 1367.6 W/m2). The net-amount of absorbed radiation is 
comparable to the radiation that Earth absorbs. Venus would therefore have surface conditions
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comparable to Earth [3]. The high amount of reflected sunlight is the reason for Venus having 
the highest apparent magnitude (a measure of brightness) of all the planets [5].

The surfaces conditions were unknown until the 1950s. Radio telescopes could measure the 
microwave radiation from Venus, and astronomers could estimate the surface temperature to 
400 °C [3]. National Aeronautics and Space Agency's (NASA) Mariner 2 did a flyby and 
confirmed that the surface temperature was at least 425 °C. There were little temperature-
variation between the dayside and nightside [6]. 

The Venusian day is quite different from a terrestrial day. Venus has retrograde rotation to its 
orbit, whereas Earth has prograde rotation [5]. Or in other words, Venus rotates clockwise 
along its own axis, whereas Venus orbits anticlockwise to the Sun. If the Sun is seen from the 
surface of Venus, then the Sun rises in the west and set in the east. The only other planet in the
solar system that has retrograde motion is Uranus2 [7]. The Venusian day is longer than its 
year. A Venusian day lasts 243 days, whereas the year lasts 225 days. Venus is the only planet 
that has a longer day than a year.

The Soviet Union had a successful series of Venus probes, the Венера series (Latin: Venera, 
the Russian name for Venus). The Venera series ran from Venera 1 in 1961 to Venera 16 in 
1984. Some of the Venera probes landed on the surface and collected data. These landers 
measured temperatures of around 460 °C and a pressure around 92 bar (roughly the pressure 
of the ocean 1 km beneath the surface!). The atmosphere is mostly CO2 (> 90 %). The CO2 
acts as a greenhouse gas and traps the heat from the sun. Venus has little to no intrinsic 
magnetic field [3], [6].

Some of the later Venera landers (9 – 14) included camera systems. Venera 9 took the first 
image of another planet from its surface (see Fig. 2). Venera 9 and 10 were supposed to take 
360° panorama images, but a design fault caused only one of the cameras to take pictures. The
problem was supposed to be fixed for Venera 11 and 12, but these two landers had an even 
worse design fault. The fault prevented both of the lens caps to be removed. Venera 13 took 
the first colour image by using colour filters (see Fig. 3), although it should be noted that the 
atmosphere filters blue light [6], [8].

2 Uranus is unique – it rotates in-plane instead of perpendicular to the plane of the solar system!
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Figure 2. The first image of Venus, taken from the surface. Venera 9 took this image 22
October 1975. Image taken from [6].

Figure 3. Colour image of Venus. Venera 13 took this image using colour filters 1 March
1982. Image taken from [6].

The images taken by the Venera series are still being analysed to this day, thanks to progress 
in digital image processing (see Fig. 4 for a modern processed version of Fig. 2). There is a 
serious discussion of whether or not alien life forms are present in the images (red circle in 
Fig. 4) [9], [10], [11]. Even if the discussion is humorous, it is an interesting question: Can 
life exist on the surface of Venus? The archaea Strain 121 can survive and reproduce even 
during autoclaving [12]. Autoclaving is a high pressure treatment at 121 °C that kills most 
organisms within 15 minutes. Autoclave is used to sterilise equipment. However, an autoclave
is nothing compared to the surface of Venus. DeoxyriboNucleic Acid (DNA) denatures at 
temperatures much higher than ~100 °C, too. Life forms on Venus would have to be very 
different from life forms on Earth. In any case, the discussion shows the need for high-
resolution images of Venus.
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Figure 4. The debated image. It is the processed image seen in Fig. 2. The top image is the
processed image from 1975 and the bottom image is the processed image from 2004 – 2006.
Some see an "owl" or "strange stone" in the lower right corner (in the red circle). Could it be
a life form? The raygun-shaped object is a γ-ray spectrometer. Original image taken from [9].

The last lander missions were Vega 1 and 2 in 1985 [6]. All space missions after Vega have 
either been flybys or orbiters. At the time of this writing (June 2014), the European Space 
Agency (ESA) has an orbiter around Venus, the Venus Express [13]. The Japanese Aerospace 
Exploration Agency (JAXA) has sent the orbiter Akatsuki (japanese for 'dawn') [14]. It was 
supposed to have orbital insertion 2010, but the insertion was unsuccessful. The next attempt 
is in 2015 – 2016.

A lander on Venus could significantly contribute to the knowledge of the seismology and 
meteorology of the planet [15]. This knowledge could extend to improving climate models. 
Even a single lander with a seismometer could give significant insight into Venus interior
[16]. Unfortunately, Venus presents an extreme environment for electronics. The electronics 
need to survive the high temperature and high pressure. 

There are two other points to consider: Radiation and chemical corrosion. Electronics here on 
Earth are protected from radiation both by the atmosphere and the magnetic field. Radiation 
bombards electronics outside atmosphere of the Earth. Venus, which lacks an intrinsic 
magnetic field, offers less protection from radiation than Earth. The expected absorbed dose 
rate is about 200 Gy/year (Si) 3[17]. (Si) means that the irradiated material is silicon. 
Electrical components must be radiation hardened. The atmosphere of Venus, 50 km above 
the surface, contains sulphuric acid (H2SO4). Any electronics exposed to the atmosphere have 
to deal with this chemically corrosive substance [3], [15].

Radiation hardening can be done in three different ways: Radiation Hardening By Process 

3 Value reported as 20 krad. Year presumably refers to Earth-year.
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(RHBP), Design (RHBD) or Architecture (RHBA). RHBP is tailoring the processing and 
fabrication for radiation hardening. RHBD is tailoring the design of the circuit. RHBA is 
choosing architecture and redundancy systems. Radiation effects are categorised into Single 
Event Effects (SEE), Displacement Damage (DD) and Total Ionising Dose (TID) [18]. 

The early Venera probes that entered the atmosphere of Venus were crushed by the high 
pressure. The design solution was simply to make the landing capsule able to withstand the 
pressure. The later landers failed after a couple of hours due to the high temperature. There is 
no clear-cut solution to the heating problem. Silicon electronics will not work for this high 
temperature. Three general approaches for long term landers are outlined in [15]:

1. Use a refrigerator to cool the electronics down to an appropriate operating temperature

2. Use devices that can operate at ambient high temperatures

3. Use a hybrid system of the first two categories

The first category has the advantage of making it possible to use conventional space-grade 
devices. Conventional space-grade devices can operate up to about ~125 °C. The refrigerator 
unit cools the device down to an operation temperature below 125 °C. The disadvantage is 
having the refrigerator unit itself. The unit consumes power and adds encumbrance (in this 
context, volume and mass). The second category has the advantage of not needing a 
refrigerator unit, but this strategy requires unconventional devices. The third category has 
advantages and disadvantages of both categories.

A possible implementation of the second category involves using wide bandgap 
semiconductor materials, such as silicon carbide, gallium nitride or diamond [19].

1.2 – Properties of silicon carbide

Silicon carbide (SiC) is an indirect wide bandgap semiconductor. Unlike silicon germanium 
(SixGe1-x, or SiGe), SiC is not an alloy. The ratio is always one silicon atom for each carbon 
atom. Each silicon atom is covalently bonded to four carbon atoms in a tetrahedral structure. 
Likewise, each carbon atom is bonded to four silicon atoms. SiC can be zinc-blende (ZnS) 
crystal structure, just like gallium arsenide (GaAs) [20]. 

Zinc-blende is not the only type of SiC that occurs naturally. SiC is a polytype-material. SiC 
can be described in terms of hexagonal cells instead of cubic cells. A 3D-crystal can be 
described using 3 Miller indices, hkl. A convention for hexagonal cells is to have 3 indices for 
a-plane (a1a2a3) with 120° angle between each direction. [0001] is the c-direction, 
perpendicular to the a-plane. Note that this system is not orthogonal. Each [0001]-plane is of a
single element, either silicon or carbon. If the starting layer is A, then the next layer can either
be B or C. B and C are two different orientations. The orientation differ only in a 180° 
rotation. After layer B/C, the next layer can either be C/B or A. The stacking order cannot be 
AA/BB/CC in a hexagonal close-packed (hcp) crystal. If the sequence is ABAB… or just AB, 
then SiC is a hexagonal structure that needs two layers to repeat. This polytype is called 2H-
SiC. If the sequence instead is ABCABC… or just ABC, then it is a cubic (zinc-blende) 
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structure that needs three layers to repeat. This polytype is called 3C-SiC. Arguably the most 
important structure is ABACABAC… or just ABAC. This structure is hexagonal and requires 
four layers. This structure is 4H-SiC, and it is the most commonly used polytype for 
electronics. Another important sequence is ABCACB, 6H-SiC. The hexagonal structures have
anisotropic behaviour between c-direction and a-plane [20]. Fig. 5 depicts the different 
polytypes.

Figure 5. Stacking order of different polytypes. Each layer is either silicon or carbon. 4H is
important for electronics. Image taken from [20].

SiC is a comparatively lightweight material, which is an advantage when it comes to 
encumbrance. Even though it is lightweight, it is a very atomically dense material. The bond 
length between Si and C is short, 0.189 nm. This length can be compared to the bond length in
silicon, 0.235 nm. The short bond length gives several of the characteristic properties of SiC. 
The short length makes the bonds strong. The strong bonds make SiC a very hard material. 
The strong bonds also lead to a wide bandgap. The relative dielectric constant of SiC is 
somewhat smaller than for silicon. The properties of SiC depend on what polytype it is [20]. 
From here on, this thesis will only discuss the 4H polytype. Table 1 compares SiC to some 
other technological relevant semiconductors.
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Table 1. Material properties of several different semiconductors. SiC, GaN and diamond are
wide bandgap materials. The bandgap of SiC depends on what polytype it is. 4H-SiC show

some superior electrical properties compared to the other polytypes: It has the highest
bandgap, the lowest electron mobility anisotropy and the highest hole mobility of the listed

polytypes. Data from 4[20], [21], [22], [23], [24], [25], [26].

Property Unit Si Ge GaAs 3C-SiC 6H-SiC 4H-SiC 2H-GaN Diamond

a nm 0.543 0.5658 0.565 0.436 0.308 0.3189 0.3567

c nm N/A N/A N/A N/A 1.512 1.008 0.5185 N/A

Bond
length

nm 0.235 0.244 0.245 0.189 0.195 0.154

T. E. C 10-6/K 2.6 5.9 5.73 3.0 4.5 5.6 0.8

ρ g/cm3 2.3 5.3 5.3 3.2 6.1 3.5

Th. cond.
λ

W/cm K 1.5 0.6 0.5 5.0 1.3 20.0

Melting
point

°C 1420 1211 1240 2830 2500 4000

Mohs
hardness

9.0 9.0 9.0 10.0

Eg eV 1.12 0.66 1.43 2.4 3.0 3.2 3.4 5.5

Fc MV/cm 0.25 0.1 0.3 2.0 2.5 2.2 3.0 5.0

vsat 107 cm/s 1.0 1.0 2.5 2.0 2.0 2.5 2.7

µn ┴ c cm2/V s 1350 3900 8500 1000 500 950 400 2200

µn ║ c cm2/V s N/A N/A N/A N/A 100 1150 N/A N/A

µp cm2/V s 480 1900 400 40 80 120 30 1600

εr 11.9 16.2 13.0 9.7 10.0 10.0 9.5 5.0

Ec,min/(g) X / 6 L / 8 Γ / 1 X / 3 ML / 6 M / 3

χ eV 4.01 4.13 4.07 4.00 3.45 3.17 1.84

mhh 0.54 0.28 0.5 0.6 1 1

mΓ 0.067

mL 0.92 1.64 1.3 0.68 0.2 0.42

mT 0.19 0.082 0.23 0.23 0.42 0.29

The wide bandgap allows SiC to operate at significantly higher temperatures than silicon. 
Semiconductor devices rely on pn-junctions to block current. To achieve pn-junctions, the p-
side is doped with acceptors and n-side is doped with donors. The group III elements boron 
(B) and aluminium (Al) are shallow5 acceptor dopants [27]. The group V elements Nitrogen 

4 Some values are reported in ångström.
5 As opposed to deep dopants, like amphoteric vanadium (V) [27]. A deep dopant contributes very little to free

charge.
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(N) and Phosphorus (P) are shallow donor dopants. Dopants increase the free charge carriers, 
since the intrinsic carriers concentration is typically very low. A doped device is extrinsic if 
the contribution of the dopants is much larger than the intrinsic concentration. Conversely, a 
device is intrinsic if the intrinsic carriers have higher concentration than the contribution of 
the dopants. An intrinsic device does not have pn-junctions, since there are equal amount of 
holes as electrons everywhere. The intrinsic concentration is

n i(T )=√N C (T )N V (T )e−E g /2 k B T  [L−3 ]∝T 3 /2 e−E g /2k B T (Eq. 1)

The derivation for this equation can be found in several textbooks in semiconductor physics, 
like [28], [29], [30]. ni is the intrinsic concentration, NC and NV are the effective electron and 
hole density of states, Eg the bandgap, kB Boltzmann's constant and T the absolute 
temperature. Two material properties influence the intrinsic concentration: The bandgap and 
the effective density of state masses. The concentration is a weak function of the masses. It is 
the bandgap that most strongly influence the concentration. A wider bandgap means fewer 
intrinsic carriers. The intrinsic concentration depends strongly on temperature. The higher the 
temperature, the higher the concentration. SiC, with its wider bandgap, can be exposed to 
higher temperatures than silicon without becoming intrinsic. Fig. 6 depicts the intrinsic 
concentration for various materials.

Figure 6. Intrinsic free carrier concentration vs. temperature. Calculations are based on the
data in Table 1. For the surface temperature of Venus (460 °C, 733 K), the intrinsic carriers

are 1016 – 1018 cm-3 for Si and Ge, 1014 cm-3 for GaAs and a few 108 – 109 cm-3 for 4H-SiC. 1015

cm-3 is a typical light doping concentration. This calculation did not include bandgap
temperature dependence.

While these materials have theoretical upper temperature limits, the practical limits are 
usually 200 – 300 °C for silicon, 600 °C for SiC and GaN and 800 °C for diamond [19].

SiC is radiation hard [31], [32], [33]. The bond strength inhibits the Si and C atoms from 
moving around. If they move out of lattice, then they leave vacancies and interstitials. These 
are point defects and reduce the electrical performance. The bonds also inhibit valence 
electrons from becoming conduction electrons. High energy radiation cannot promote as 
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many electron-hole pairs in SiC as in Si. SiC devices can withstand higher energy particles 
and higher fluencies than silicon devices. This thesis assumes that 1 Gy (Si) is about the same 
as 1 Gy (SiC).

1.3 – Extreme environment memory technology

It is possible that all of the electronics for a Venus lander could be made in SiC. See Fig. 7 for 
a proposed all-SiC system. Several different groups have already demonstrated high 
temperature logic in SiC: Transistor-Transistor Logic (TTL) [34], Emitter-Coupled Logic 
(ECL) [35] and CMOS logic [36]. However, a computer would be terribly limited without 
memory. The Central Processing Unit (CPU) needs a primary memory to store instructions 
and data. The computer needs a secondary memory for long term storage. 

Landers do not really need mass storage units, like Hard Disk Drives (HDD). If the lander 
collects data or takes an image, it stores it in the small secondary memory storage until it can 
transmit the data to Earth. The Mars rover Curiosity, for example, make due with as little as 2 
GB secondary storage memory 6[37]. 

Some desirable properties for the memory system would be

1. Operational at 460 °C

2. Radiation hard

3. Low power operations

4. Low weight density, small volume

5. High number of rewrite and read cycles for work memory (good endurance)

6. Long retention time for storage memory (good retention)

7. Fast read and write (low access time)

8. High data density

9. Error correction code

10. Low cost, low life cycle environment impact

It would be good if the memory could satisfy all ten properties. A more realistic outlook 
would be to fulfil seven or eight of the ten properties. 

The memory will not be exposed to the corrosive atmosphere. Also, since the memory is 
supposed to be inside the lander, pressure should not be an issue. 

KTH have started a new project called Working on Venus (WOV) [38]. The project started in 
January 2014 and ends in December 2018. The aim of the project is to demonstrate the 
possibility to make a complete electronic system for a Venus lander in SiC (see Fig. 7). The 
system will include image detector, seismometer and other sensors. This thesis is part of the 
project, and investigates options for high temperature memory technology in SiC. The end 

6 Value reported as GB. Unsure whether it is GB or GiB.
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result is a recommendation for memory technologies for future work.

Figure 7. Schematic block diagram of the proposed Venus lander electronics system. This
thesis focuses on the memory part of the system (WP3 CPU & Memory).

This thesis is an evaluation of memory technology in SiC that can operate at 460 °C. This 
thesis will also discuss radiation effects for the memories. As a rule of thumb, the memory 
cells are radiation hard and the periphery electronics are radiation soft [39]. While this rule of 
thumb is true for silicon technology, it is not true for SiC technology. The silicon carbide 
changes the rules. The periphery electronics are also radiation hard. 

A good starting point is a memory that can survive one year on Venus. The memory should be
able to survive more than a total dose of 200 Gy (SiC). 200 Gy (SiC) is the yearly expected 
dose on the surface of Venus [17]. The storage memory should be able to retain the data for at 
least ten years (10 a ~108 s). The ten year retention time is an industry standard. It is also a 
good safety margin for a large storage memory. A ten year retention time at 460 °C is a 
challenge, as will be seen.

The electronics system will not be a single integrated circuit. The memory fabrication 
processing will not be limited by other system fabrication compatibilities. The main memory 
could be stand-alone. A stand-alone memory has much more lenient fabrication requirements. 
Thanks to these lenient requirements it is possible to investigate more novel memory devices.
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Chapter 2 – Memory technology theory

This chapter discusses the theory for memory technology. Section 2.1 is about the 
thermodynamics of memory technologies. It presents the problems that can be encounter at 
high temperature. Section 2.2 discusses the current leakage mechanisms. These mechanisms 
cause memory failure in charge based memories. Sections 2.3 – 2.6 discuss material physics 
and device physics for interesting materials and devices. These materials and devices are 
important for the more ”novel” memory technologies.

2.1 – Thermodynamics of memory technologies

A memory device is a device that has at least two distinct states. These states can be

1. Charged or not charged (DRAM and EEPROM/Flash)

2. Positively polarised or negatively polarised (FeRAM)

3. Low resistivity state or high resistivity state (RRAM)

4. Spin filter with two different magnetic states (MRAM)

5. Amorphous or crystalline material (PCM)

and so on. 

All of these states are related in some way to a physical property. Each memory state has an 
associated free energy. According to the second law of thermodynamics, a system will evolve 
to an equilibrium where the free energy is minimised. The microscopic explanation for this is 
that there are simply more available microstates at lower energies. More states mean a larger 
probability of being in one of those microstates. The description leads to Boltzmann statistics,

p(E)=
1
Z

e−E / kB T
⇔ p(E)= p0e−(E−E0)/ k B T  [1] ,

Z=∑
n

e−E n/ k B T
=∫

k̄

D( k̄)e−E (k̄ )/ k B T d k̄  [1]
(Eq. 2)

This equation is the single-most important equation in this thesis, since it governs most 
behaviours at high temperatures. This behaviour is known as Arrhenius behaviour, after the 
scientist who first phenomenologically described this behaviour. A very simplified description
of this behaviour is that the probability of high energy events increases exponentially with 
increasing temperature. The Z-function is very important in statistical physics, but it only 
serves to normalise the probability here. The Z-function can be used to calculate the free 
energy of a system. See the appendix for an example of this usage. 

An important consequence of this equation is that the probability increases roughly 10 dec/eV
from 300 K to 700 K. This increase can be used as a rule of thumb for Arrhenius 
extrapolations. Another important consequence is that the probability decreases roughly 20 
dec/eV at 300 K, or equivalently, roughly 10 dec/eV at 700 K.
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A prime example of Arrhenius behaviour is the intrinsic free carriers for semiconductors7. 
Silicon, which is the most used electronics material, is unsuitable for high temperatures due to
this behaviour. SiC, by comparison, can withstand higher temperatures thanks to its larger 
bandgap. Si has an activation energy of 0.5 eV (= Eg/2), so the intrinsic concentration 
increases by 5 decades. SiC has an activation energy of 1.6 eV, so the intrinsic concentration 
increases by 16 decades. It roughly corresponds to the calculated values in Fig. 6.

In some sense all of these physical state memories can be modelled as continuous phase 
transitions. Suppose there is a thermodynamic potential Φ and an order parameter . The 
order parameter could be polarisation in ferroelectrics. The transition from one state to the 
other can be described in terms of Landau theory,

Φ (φ)=Φ 0−η φ +
a
2
φ 2

+
b
4
φ 4

+
c
6
φ 6

+...  [ML2T−2 ] (Eq. 3)

η is the contribution from a symmetry breaking field. The symmetry breaking field will cause 
the system to evolve toward a new minimum potential. For ferromagnetics, η is V µ0 H, where
V is volume, µ0 is free space permeability and H is applied magnetic field. The order 
parameter goes to zero as the temperature increases towards the critical temperature. 

Landau theory technically only works close to the transition temperature. Landau theory 
assumes the order parameter is very small. The order parameter is small at the transition 
temperature. The order parameter is required to be zero at the transition temperature. Landau 
theory is used here for illustration, not as a quantitative model.

Writing is purposefully applying a symmetry-breaking field. Reading can disturb the 
equilibrium conditions. The worst-case scenario is unintentional destructive read-out. This 
possibility is a real problem. An ill-designed Static RAM (SRAM), for example, can 
accidentally 'flip' when the bit is being read [40].

Memories can be categorised into two different thermodynamic types: The 
thermodynamically stable memories and the kinetic memories. A thermodynamic memory 
will have two minima with equal energy. Ferroic (ferroelectric and ferromagnetic) memories 
fall in this category, since they both have parity symmetry when there is no symmetry-
breaking field,

Φ (−φ )=Φ (φ ) (Eq. 4)

Kinetic memories differ from thermodynamic memories. Kinetic memories have one state 
with higher energy than the other state. These memories are only metastable. Due to the 
asymmetry, the memories can have asymmetric writing properties: Writing 0 differs from 
writing 1. Kinetic memories have an inherent retention problem due to the preference of being
in 0 or 1. Electrical Erasable Programmable Read-Only Memory (EEPROM), Phase Change 
Memory (PCM) and Resistive RAM (RRAM) falls into this category.

7 Technically, it has modified Arrhenius behaviour since the probability is also proportional to Tx. x is 3/2 in 
this case.
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Figure 8. Difference between thermodynamic memories and kinetic memories. Image taken
from [41].

The simplest way to think of these two categories is in terms of buckets and see-saws (see 
Fig. 9). A bucket can be filled with water, or it is empty. It has two distinguishable states. 
However, the bucket will not stay filled for long. The water will leak away through holes or 
evaporate. The empty bucket is stable until it is filled with water. The bucket memory is a 
kinetic memory. The see-saw has two distinguishable states. If one end is down, then the other
end is up, and vice versa. If the see-saw is well balanced, then the external force gravity will 
make both sides stable. The see-saw is a thermodynamic memory. 

Figure 9. The see-saw memory (to the left) is thermodynamically stable. The bucket memory
(to the right) is a kinetic memory, where the empty state is more stable.

These memory states must be separated by an energy barrier. Without an energy barrier, there 
would be no energy cost involved in changing state. A stable memory has long retention time. 
A simple model for the retention time is

1
τ=

1
τ0

e−Ea / k BT  [T−1 ] , (Eq. 5)

where τ is the mean time, Ea is the energy barrier and τ0 is the attempt period. Eq. 5 is the 
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same as Eq. 2, where the probability is interpreted as an attempt frequency. It has Arrhenius 
behaviour, so the retention time decreases by 10 dec/eV from 300 K to 700 K. Since 
switching is a rare-event outcome, the probability of switching can be modelled with the 
cumulative exponential distribution function,

p(t )=1−e−t / τ  [1] (Eq. 6)

The minimum barrier energy can be estimated from

Ea=k BT ln( t
τ0
⋅

1
p(t ))  [ML2T−2 ] (Eq. 7)

For a long-term memory, the probability of switching after ten years (10 a ~ 108 s) should be 
less than 10-9 (1-10-9 values lie within the interval between µ+6σ and µ-6σ in a normal 
distribution). Guess that τ0 is on the order of nanoseconds (~10-9 s). This time is a typical 
value for ferromagnetics. This parameter is material dependent and can vary over several 
orders of magnitude. The barrier has to be a minimum of ~50kBT. The thermal energy on 
Venus is roughly twice that of Earth (700 K vs. 300 K). A memory device that is long-term on 
Earth might not be long-term on Venus, simply because of thermal fluctuations switching the 
device. This model seems to have several names, and is sometimes referred to as Néel-
Arrhenius or Néel-Brown relaxation theory [42]. It is very similar to Johnson–Mehl–Avrami–
Kolmogorov (JMAK) formalism for PCMs [43], [44]. It is often applied for ferromagnetics
[45] (τ0 can be measured for ferromagnetics since it is the inverse of the precession frequency
[46]) and PCM. 

A too large barrier makes the device unswitchable. If the barrier is roughly 50kBT, then the 
switching energy is more than 1 eV for 300 K and more than 2.5 eV for 700 K. It should be 
noted that there is nothing magical with this energy barrier value. It is only useful as an 
estimated minimum barrier. The switching time is related to the power and the energy 
requirement.

Note that a 2.5 eV barrier will give a 25 decade larger retention time at 300 K than at 700 K. 
The memory would have a retention time of 1033 s (~1026 a) at 300 K if the retention time is 
108 s at 700 K. This time can be compared to the lifetime of the universe. The universe has 
been around for about 13.8 billion years (~107 a ~ 1014 s). Bismuth (Bi), the most stable 
radioactive material known, has a half-life of 1019 s (~1012 a) [47]. The memory device has to 
be more stable than Bi.

The energy barrier in itself is not that interesting. The most interesting parameter is the ten 
year retention temperature

T 10a=
Ea

k B

⋅
1

ln (
τ10 a
τ0 )

 [Θ ]
(Eq. 8)

The temperature can be determined from an accelerated test. The device is operated at a 
significantly higher temperature T1 than the ordinary operation temperature. The device will 
fail much sooner than ten years, for example at τ1. The device (if it has not permanently 
broken) is then operated at another high temperature T2. The device will fail at τ2. The ten year
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temperature can be obtained by linear extrapolation

T 10a=( 1
T 1

+( 1
T 2

−
1
T 1 )

ln (τ10 Y / τ1)

ln (τ2 / τ1) )
−1

 [Θ ] (Eq. 9)

The ten year retention time can be easily extracted from an Arrhenius plot (log τ vs. 1/T). Eq.
9 assumes that the energy barrier is temperature independent. This assumption is not generally
true. Ferroics, for example, can have a temperature dependent barrier. As a consequence of the
temperature dependent energy barrier, ferroics do not strictly obey the 10 dec/eV rule. 

The energy barriers have analogies in the see-saw and bucket memories. A very long see-saw 
will take quite the effort to flip to the other equilibrium position. This see-saw has a large 
energy barrier. A short see-saw takes little effort. It has a small energy barrier. For the bucket 
memory, consider thermal evaporation. Water wants to stay liquefied for a long time at normal
conditions (atmospheric pressure at room temperature). It has a large energy barrier at normal 
conditions. At low temperatures, the water evaporates slowly. The barrier is large compared to
the temperature. As the temperature increases towards the boiling point, the water evaporates 
faster. The heat overcomes the energy barrier. Finally, the barrier disappears at the boiling 
point.

If there are several independent mechanisms that affect the retention time, then the time can 
be modelled as

1
τ=∑

n

1
τn
∼

1
τm

, 1
τm

=max( 1
τ1

, 1
τ2

, ...) [T−1 ]⇔

τ∼τm , τm=min (τ1 , τ2 , ...)  [T ]
(Eq. 10)

The retention time is effectively limited by the dominating failure mechanism. Even if one of 
the energy barriers is engineerable, the smallest energy barrier will set the limit. The smallest 
energy barrier will most likely be unengineerable. The best course of action is to try to 
minimise all failure mechanisms at the same time, if possible.

Bucket memory can be used as an analogy. Consider that it has a hole at the bottom and that 
water can evaporate. These mechanisms are independent. Imagine that the mechanisms can be
separated. With only one big hole in the bottom, the water would disappear within a couple of 
seconds. With only thermal evaporation, it could take a couple of hours for the water to 
disappear. If both mechanisms operate at the same time, then the bucket would be emptied 
slightly faster than if there would only be a hole. The hole would drain the water faster than 
the evaporation rate. The hole is the dominant failure mechanism.  

For more information about thermodynamics and statistical mechanics, see [48].

2.2 – Current and charge leakage mechanisms

One very common failure mechanism is current and charge leakage. This mechanism prevents
for example Dynamic RAM (DRAM) from being a nonvolatile memory. This mechanism is 
also often the dominant failure mechanism for Flash memories. Both DRAM and Flash store 
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memory in form of charge. If it goes away, then the data also goes away [40]. DRAM and 
Flash can be thought of as bucket memories and the charge as water.

Leakage currents can also in principle affect the other memory technologies. Ferroelectric 
memories can suffer from charge injection. Charge injection is a leakage current that cause 
failure [49]. Some resistive memories are unstable when there is a leakage current [50]. 

Leakage comes from several different sources. Two important sources are leakage through 
insulators and leakage through transistors. Table 2 lists several of the leakage mechanisms 
through insulators.

Table 2. Leakage mechanisms through an insulator. J is current density, A* is Richardson
constant, q is charge, φB is barrier height at the M/I interface, E is electric field, εi is insulator
dielectric constant, m* is effective mass, ℏ is the reduced Planck constant, µ is the mobility, d
is the insulator thickness, ΔEae is the activation energy difference for charge carrier and ΔEai

is the activation energy difference for ions. The potential difference V is related to the electric
field as V = E d. Table from 8[52], with FN tunnelling from [30].

Process Expression Voltage and Temperature
Dependence

Schottky emission
J=A* T 2 exp(−q (φB−√q E /4πεi)

k B T ) J ∝T 2 exp(−(q φB−a√V )
k B T )

Frenkel-Poole (FP)
emission J ∝E exp(−q (φB−√q E /πεi)

k B T ) J ∝V exp(−(q φB−2a√V )
kB T )

Fowler-Nordheim (FN)
tunnelling J=

(q E )2

16π2 ℏφB

exp(−4 √2 m*(q φB)
3 /2

3ℏ q E ) J ∝V 2 exp(−b /V )

Space-charge-limited
J=

9εi µ V 2

8d 3

J ∝V 2

Ohmic
(Semiconductor9)

J ∝E exp (−ΔE ae /k B T ) J ∝V exp(−c / k B T )

Ionic conduction J ∝ E
T

exp (−Δ E ai / kB T ) J ∝ V
T

exp (−d ' / k B T )

Schottky emission is related to thermionic injection into the insulator. Here is an abbreviated 
description. The charge carriers have random walk. The random walk has an associated 
thermal velocity. Roughly half of the free charge carriers in the insulator (for undoped 
insulator, Eq. 1) are moving toward the metal. They encounter a barrier. The probability of 

8 There is a slight error in the source table. There is a kB missing in the Voltage and... for Schottky- and FP-
emission. The space-charge-limited current is probably also wrong. In the table, it is 8/9. The equation 
occurs later in the book but with the factor 9/8. According to wikipedia [51], the factor is 9/8.

9 As opposed to Ohmic (Metallic). Ohmic-metallic decreases, to first order, linearly with increasing 
temperature.
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jumping over the barrier is given by Boltzmann statistics (Eq. 2). Jumping over the barrier 
becomes less probable the larger the barrier is. The thermal injection probability increases 
with increasing temperature. High temperature also contributes to charge carriers and thermal 
velocity. 

The equation for Schottky emission in Table 2 might look weird to those who are familiar 
with the usual expression for current in a Schottky diode. The current is the saturation current,
not the bias current. The barrier lowering factor has been taken into account, where the barrier
is lowered due to the applied electric field. The saturation has modified Arrhenius behaviour. 
The current due to Schottky injection is expected to increase rapidly with increasing 
temperature. Schottky behaviour is discussed in detail in [30], [53], and a brief overview can 
be found in [54].

FP emission is thermal injection from traps in the insulator. These traps are immobile and 
contribute strongly to barrier lowering. FP emission has Arrhenius behaviour. The current is 
expected to increase with increasing temperature [52].

FN tunnelling (AKA tunnel emission or field emission) is a result of quantum mechanical 
tunnelling into the conduction band of the insulator. The conduction band is lowered as the 
electric field increases. When the conduction band of the insulator aligns with the quasi-Fermi
level of the metal, then electrons are not bounded to the metal any longer. They can tunnel 
through the potential barrier into the conduction band. The current has a very strong voltage 
dependence. The equation in the table is a simplification. The complete form has a 
temperature dependence. The current can be estimated from [55]

J= e
h ∫

E=Ec , L

∞

[n2 D(E F , L−E)−n2 D(E F , R−E )]T (E)dE=

[eU=E F , L−E F , R≫EF−E c]≈
e
h ∫

E=Ec , L

∞

n2 D(E F , L−E )T (E )dE  [L−2 I ] ,

n2 D(µ)=
m k B T

πℏ
2

ln (1+eµ / k BT
)  [L−2 ] ,

(Eq. 11)

where n2D is the 2D electron density, subscript refers to lead Left and lead Right, m is the 
effective mass of charge carrier, ħ is the reduced Planck constant, E the energy of the charge 
carrier and T is transmission probability. The transmission probability can be estimated with 
Wentzel-Krames-Brillioun (WKB) approximation [56],

T (E)=exp[−2∫
d

κ(E , x)dx]  [1 ] ,

κ
2
(E , x )=

2 m

ℏ
2 [V (x )−E ]  [L−2 ]

(Eq. 12)

where V is the potential barrier (not the applied voltage!). It is not that difficult to calculate the
tunnelling for FN tunnelling,
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V (x)=qφB−q F x  [ML2T−2 ] ,

2 ∫
x=0

t=(φ−E )/ e F

κ(E , x )dx=
2√2 m
ℏ q

(qφB−E)
3 /2

F ∫
s=0

1

√1−s ds=

4√2 m
3 ℏ q

(qφB−E)
3 /2

F
 [1 ]

T (E )=exp[ 4√2 m
3ℏ q

(qφB−E )
3 /2

F ]  [1] ,

(Eq. 13)

where E here is the energy and F is the electric field. FN tunnelling has a temperature 
dependence because of the 2D electron gas. Note that this temperature behaviour is not 
Arrhenian. There is also another hidden temperature dependence. Increasing the temperature 
can lower the barrier. The barrier size is partially set by the width of the bandgap of the 
insulator10. The barrier lowering is due to the bandgap narrowing. This temperature 
dependence will be important for EEPROM and Flash. Compare this equation to the 
expression in the table. FN tunnelling is briefly discussed in [30], [52] and [56]. See also the 
article by Fowler and Nordheim [57].

WKB approximation can be used for other tunnelling barriers, like the square barriers. The 
key assumption for WKB is that the potential barrier changes slowly in space.

Sze described space-charge-limited current in two sentences [52]. It is rather brief. The 
current is rather independent of temperature. It is 'rather independent' because the mobility is 
generally weakly temperature dependent. For an undoped insulator with few impurities, 
phonon scattering will dominate over impurity scattering. Phonon population increases with 
temperature, so this current is expected to decrease with increasing temperature as T-3/2 [58]. 

The Ohmic current through the insulator is the general drift current for a semiconductor. Free 
charge carriers are thermally excited (for undoped insulator, Eq. 1). The current density is 
then proportional to the carrier density n, mobility µ and the electric field. The mobility 
temperature dependence cancel out the temperature factor in n, which leaves only the 
exponential part in Eq. 1. As a general rule of thumb, the resistivity decreases with 
temperature for intrinsic semiconductors and insulators as the temperature increases. Or in 
other words, the Ohmic current is predicted to increase with the temperature [58].

Mobile ions were a serious issue for MOS-transistors. Mobile ions are usually due to human 
contamination, such as sodium (Na+) and potassium (K+). Thanks to advances in clean room 
and general cleanliness during fabrication, this problem has basically been eliminated [59]. 
Ion mobility is briefly discussed in [52]. There are oxide ion conductors (solid electrolytes), 
but this discussion is about insulators. 

These mechanisms are the leakage mechanisms through insulators. The transistors can also be
leaky when the voltage is lower than the threshold voltage. This operating regime is called 
subthreshold. Transistors are used as access transistors. The access transistors isolate the 
memory cells when the periphery electronics are not reading the cells. The current in 

10 A key assumption is that the insulator is a bandgap insulator and not an exotic insulator, like Mott or Kondo 
insulator.
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subthreshold is usually ignored in most electronics courses, and is assumed to be zero. 
However, it is not zero. It is [60]

I ds=μeff

W
L

Cox( k B T

q )
2

(m−1)eqV ov /m k BT (1−e−q V ds /k B T )  [I ] ,

V ov=V gs−V t ,V gs<V t⇔V ov<0  [ML2T−3I−1 ] ,
(Eq. 14)

where Ids is the source-drain long channel current, µeff is the effective mobility in the channel, 
W is the width of the transistor, L is the length of the transistor, Cox is the capacitance of the 
gate insulator (note that it is normalised by the surface area!), m is the body factor and is close
to 1 for a well designed device, Vgs is the gate voltage with source as reference voltage and Vds

is the voltage difference between the source and drain. The leakage current has unfortunately 
modified Arrhenius behaviour and will increase with increasing temperature.

Finally, there is the leakage through the reverse-biased body-drain pn+-diode,

J db=−J bd=−J 0(e
−qV db/ k BT

−1)−J SC(V db)(e
−qV db/2 k B T

−1)≈

−J 0−J SC(V db)  [L−2I ] ,

J 0=q ni
2(√ D p

τ p

1
N d

+√ Dn
τn

1
N a
)≈[N d≫N a]≈

q√ Dn
τn

ni
2

N a

 [L−2 I ] ,

J SC (V db)=
q ni W d (V db)

τn+τ p
 [L−2 I ]

(Eq. 15)

where Jdb is the current density through the reverse-biased body-drain pn-diode, q is the 
elementary charge, Dx is the minority diffusion constant (hole diffusion on n+-drain, electron 
diffusion on p-body), τx is the life-time of the minority carrier, Nd is the donor doping on n+-
drain and Na is the acceptor doping on p-body. Wd is the depletion width. The depletion width 
is proportional to √Vdb. The current density has modified Arrhenius behaviour, since the 
current density inherits the behaviour of the intrinsic concentration. The intrinsic contribution 
is quite small for SiC, thanks to the wide bandgap. The Shockley diode current J0 has an 
activation energy of Eg, whereas the space-charge-region current JSC has an activation energy 
of Eg/2. The Shockley current increases about 32 decades from 300 K to 700 K. The space-
charge-region current increases “only” by 16 decades. Both currents have roughly the same 
order of magnitude at room temperature in silicon technology. The Shockley current will 
dominate for most applications at elevated temperatures [30]. Note that these Arrhenius 
barriers cannot be modified in a SiC-MOSFET process without introducing another 
semiconductor.

Suppose that the memory uses charge storage. Since there are many independent leakage 
mechanisms, the retention time can be approximately modelled by Eq. 10 as
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1
τ=∑

n

1
τn
∼

1
τm

, 1
τm

=max( 1
τ1

, 1
τ2

, ...) [T−1 ]⇔

τ∼τm , τm=min ( τ1 , τ2 , ...)  [T ] ,
1
τn
∼

1
Q

J n S n  [T−1 ]∝ J n

(Eq. 16)

The charge Q and the surface area S can be replaced with polarisation P for ferroelectric 
memories. Differential equations should be used to calculate the retention time more 
accurately. Eq. 16 gives a qualitative argument for how the retention time should behave. The 
retention time will likely have Arrhenius behaviour if the leakage is dominated by either 
subthreshold current, reverse-bias diode current, Schottky emission, FP emission or Ohmic 
current.

Some of these conduction mechanisms can be inhibited rather easily. Subthreshold, Schottky 
and FP emission have engineerable Arrhenian energy barriers. FN tunnelling, which is a 
problem for Flash, can also be inhibited. 

The energy barrier for subthreshold current is proportional to the negative overdrive voltage. 
This current can be reduced by making the overdrive voltage very negative. This barrier can 
in principle be as large as what the supply voltage allows for. The overdrive voltage can be 
reduced either by decreasing the gate voltage or by increasing the threshold voltage. A large 
threshold voltage has its own problem, though. Unfortunately, a (very) large negative 
overdrive voltage will increase the leakage through the gate insulator instead. A negative gate 
voltage typically requires a device called charge pump [61]. The charge pump will be 
discussed in more detail later on.

The energy barriers for Schottky and FP emission are the Schottky barriers. The barriers are 
somewhat engineerable. The Schottky barriers are, simplified, [62]

φB
(n)
=S⋅(ΦM−ΦS)+(ΦS−χ s)  [ML2T−2 ] ,

φB
(n)
+φB

( p)
=Eg  [ML2T−2 ]

(Eq. 17)

ΦM is the metal work function, ΦS is the semiconductor work function and χS is the 
semiconductor and Eg the semiconductor work function. S is a dimensionless constant. S = 1 
is the Schottky limit and S = 0 is the Bardeen limit. S is given empirically by the Mönch 
expression (see [62] and references therein). In the Bardeen limit, the bandgap sets the 
fundamental limit to the barrier size. In the Schottky limit, the metal work function sets the 
barriers. A large work function metal gives larger barriers. Platinum (Pt) is a very common 
metal for this application. Pt has a large work function, 5.7 eV [54], [63].

FN tunnelling does not have an Arrhenian energy barrier. FN tunnelling leakage can be 
reduced in two ways. The barrier could be large. A large energy barrier requires a large 
difference in electron affinity across the interface. The tunnelling film could be thick. A thick 
barrier decreases the tunnelling probability exponentially.
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2.3 – Physics of ferroelectrics

Ferroelectricity is a fascinating material property. Valasek discovered the effect in 1920. He 
observed it in Rochelle salt (KNaC4H4O6-4H2O) [64]. The name “ferroelectricity” comes from
the similarity to ferromagnetism and not from an iron-based material. Both ferroelectric and 
ferromagnetic materials exhibit a remnant polarisation/magnetisation after removing an 
applied electric/magnetic field. Or in other words, they exhibit a polarisation/magnetisation 
hysteresis. The hysteresis curve is depicted in Fig. 10.

Figure 10. Ferroelectric hysteresis curve. It shows the saturation, remnant and coercive
fields. Image taken from [65].

Ferroelectricity is related to a number of other effects, such as antiferroelectricity, 
piezoelectricity and pyroelectricity. These effects are strongly dependent on the crystal 
symmetry properties. The most important property is that the crystal is polar. Polar in this 
context means that the ions in the crystal can displace and form dipole moments. The ionic 
displacement is depicted in Fig. 11. Not all ferroelectrics can be described in terms of ionic 
displacement. There is, for example, another group of ferroelectrics called hydrogen bonded 
systems. The hydrogen in the hydrogen bond is displaced. Potassium dihydrogen phosphate 
(KH2PO4, KDP) is an example of a hydrogen bonded system. The displacement has a 
symmetry axis and it is called polar axis. A single crystal can have several polar axes due to 
symmetry. Polycrystalline crystals can have many, many number of polar axes due to random 
orientation. An epitaxially grown crystal will have superior polarisation to a polycrystalline 
deposited crystal [66].
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Figure 11. Zr4+ or Ti4+ is displaced in this unit cell. The displacement will cause a
polarisation. This crystal is Pb2+(Zr,Ti)4+O2-

3, or PZT. PZT is a popular ferroelectric and
piezoelectric material. This material will be discussed in more detail in Extreme environment

FeRAM. Image taken from [67].

Fig. 11 is symmetric when the image is mirrored, just like the see-saw. Ferroelectrics 
memories are see-saw memories. 

Strain is necessary to displace an ion. Piezoelectricity is the phenomenon of contracting or 
extending the material due to external electrical field. The converse effect is that straining a 
piezoelectric causes a change in electrical field. All polar crystals are piezoelectrics [66].

The polarisation will saturate to a value Ps for large electric fields. The microscopic 
description of this is that all possible ions have aligned with the electric field. When the 
electric field returns to zero, there will still be a remnant polarisation Pr. Ferroics gain energy 
by aligning polarisation/magnetisation. When the system relaxes from saturation, it is more 
energetically favourable to stay polarised. The remnant field is smaller or equal to the 
saturation field. If the electric field increases to the coercive field Ec, but in the opposite 
direction of the polarisation, then the polarisation drops to zero. This depolarisation can be 
explained as half of the ions have aligned with the electric field and the other half are pointing
in the opposite direction. The average polarisation is zero. The electric field has to be 
increased for the polarisation to return and saturate.

The coercive field is a measure of the energy barrier. A large coercive field will give the 
device larger retention times, but at the cost of higher writing energy and higher writing 
voltage. 

Modelling the hysteresis is important for simulation purposes. One hysteresis model is the 
Preisach model. The Preisach model was originally used to model ferromagnetic particles. In 
very simplified terms, it creates a bidirectional voltage-polarization map. By always knowing 
the previous voltage value, the polarisation can be determined by stepping in any direction 
(decreased or increased voltage) in the bidirectional map. The Preisach model can further be 
fitted to arctan curves. The model has been combined with Spectre circuit simulator [68],
[69]. The model is rather complicated. See [69] for details. A very simple hysteresis model is 
the tanh-model [70],
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P=P s tanh(E∓E c

W ) [L−2T I ] ,

W=2 E c /ln( 1+P r/P s

1−P r /P s
) [MLT−3 I−1]

(Eq. 18)

The sign depends on which direction the electric field goes. The tanh-model allows very 
simple and fast device simulations. Neither the Preisach model nor the tanh-model have a 
temperature dependence. There is a general lack of temperature predictions in the literature. 
To overcome this problem, the ferroelectric hysteresis can be modelled as a ferromagnetic 
hysteresis curve. The ferromagnetic hysteresis curve has a very simple temperature model. 
Mean field theory and the 1D-Ising model (see appendix for derivation) can be used to get

P=
p
Ω
⋅tanh( p Eeff

k BT )=[ p
Ω
=P s]=P s⋅tanh(ΩP s E eff

k B T ) [L−2TI ] ,

E eff=Eapp+
1
p

z J P
p /Ω

=[ zJ=k B T c ]=Eapp+
k BT c

ΩP s

P
P s

 [MLT−3 I−1 ]
(Eq. 19)

The ferromagnetic model can be found in several textbooks [48], [71], [72]. Eapp is the applied
electric field, P is polarisation, Ω is the unit cell volume, p the dipole moment of each crystal 
cell, z the number of closest neighbour unit cells, and J the energy gain of parallel alignment 
to adjacent cells. Ps is the saturation polarisation. Tc is the critical temperature in Landau 
theory. Each crystal cell has uniaxial polarisation. This model can give a good prediction of 
the behaviour of the remnant magnetisation for Ni [71], [72]. Unfortunately, it is not easy to 
make simple predictions with this model without numerical methods. The mean field model 
can be rewritten as a dimensionless equation,

f (Π1,Π2,Π3)=Π1− tanh(Π1

Π2
+
Π3

Π2)=0  [1] ,

Π1=
P
P s

,Π2=
T
T c

,Π3=
ΩP s E app

k B T c

 [1] ,

T c=
z J
k B

 [Θ ]

(Eq. 20)

This equation can be solved with Newton-Raphson's method together with a stepper. The 
model is discontinuous at the coercive field and it cannot predict subloops. Subloops occur 
when the electric field switches direction before reaching saturation. The Preisach model can 
predict subloops, while the tanh-model cannot. The hysteresis loop at various temperatures is 
depicted in Fig. 12. The remnant polarisation and coercive field at various temperatures are 
depicted in Fig. 13. The tanh-model and the mean field model are compared in Fig. 14.
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Figure 12. Hysteresis curves at various temperatures. This image is a simulation of Eq. 20.
Notice how the coercive field and remnant field goes to zero as Π2 approach 1 (T approach

Tc). Real ferroelectrics have less square-shaped hysteresis curves (see Fig. 10). These results
also apply also to ferromagnetics. Ferromagnets are discussed in Physics of magnetics and

spintronics. Notice that the model is discontinuous at the coercive field (no data points
around Π1 ≈ 0). The model cannot predict sub-loops.

Figure 13. Remnant (top subplot) and coercive (bottom subplot) fields. These values were
taken from Fig. 12.
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Figure 14. Comparison between tanh-model and mean field model. The blue curve is the
mean field prediction at Π3 = 0.5. The tanh-model predicts the red and green curve. The tanh-

model has the same coercive and remnant field as the mean field model. The tanh-model
corresponds better in over-all shape to Fig. 10. 

The work required to switch the polarisation can be estimated as 

W∼
1
2

V P r Ec=
1
2

V
Ω

k B T
Π1, r Π3,c

Π2
 [ML2T−2 ] , (Eq. 21)

where V is the volume of the ferroelectric. The energy barrier can be estimated to be on the 
same order as this work. Since the volume can be very large (or equivalently, many unit cells),
the ferroelectric crystal itself is typically thermodynamically stable. Retention time will 
therefore typically be set by other failure mechanisms, like depolarisation. Depolarisation is 
discussed later.

The dipole moment can be estimated as being on the order of 10-20 C nm (1 ion displaced 0.1 
nm, roughly half the unit cell distance for the average crystal), or q Ω1/3/211. The remnant field 
and coercive field can be estimated from

P r=
p
Ω
Π1, r=

1
2

qΩ−2 /3
Π1,r  [L−2TI ] ,

E c=
1
p

k B T cΠ3, c=
1

Ω
1 /3
/2

k B T c

q
Π3, c  [MLT−3 I−1 ]

(Eq. 22)

Ferroelectrics undergo several phase transitions. These phase transitions can be as simple as a 
change in polar axis. Barium titanate, for example, go from rhombohedric polarisation [111] 
to orthorhombic polarisation [110] as the temperature increases to roughly 200 K. The most 
important transition is between paraelectricity and ferroelectricity. This phase transition 
occurs at the transition temperature Tc. The material is ferroelectric for temperatures below Tc 
and paraelectric above this temperature.

11 Rather bad assumption, really. Taking the third root of the volume gives the geometric mean distance, but 
ferroelectrics are inherently anisotropic.
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Many ferroelectrics have first-order phase transitions. This behaviour is in contrast to the 
behaviour of ferromagnets. Ferromagnets usually have second-order transitions. A first-order 
phase transition has hysteretic temperature behaviour. This hysteresis means that the 
ferroelectric phase is metastable above the Curie temperature. The Curie temperature is not 
the same as Tc. The ferroelectric property is lost at Tc because the ferroelectric phase is no 
longer metastable. A first-order transition has a discontinuity in one of the derivatives of the 
free energy. A second-order transition does not have a discontinuity (at the first order 
derivatives). A second-order transition is a continuous phase transition. The Curie temperature
and the transition temperature are one and the same for second-order transitions. Discussing 
the difference between first- and second-order transitions is much easier in terms of Landau 
theory, but that would unfortunately fill several pages. Interested readers are recommended to 
see [48], [66] for the Landau treatment.

The Curie temperature can be determined experimentally from Curie-Weiss law,

( ∂ P
∂(ε0 E))E→0

=χ=
C

T−Θ
 [1] ,T >T c≥Θ  [Θ ] , (Eq. 23)

where χ is susceptibility, Θ is the Curie temperature and C is a constant. This equation can be 
derived from Eq. 20,

χ irr=( ∂ P
∂(ε0 E))E→0

=
ΩP s⋅(P s /ε0)

k B T c

∂Π1

∂Π3Π3→0
=

ΩP s⋅(P s/ε0)

k BT c

sech2(Π1,r

Π2 )
Π2−sech2(Π1, r

Π2 )
=

[T >T c⇔Π2>1,Π1, r=0 ]=
ΩP s⋅(P s /ε0)

kB T c

1
Π2−1

=

ΩP s⋅(P s/ε0)

k B

1
T−T c

 [1 ]

(Eq. 24)

Note that Curie-Weiss law is only relevant in paraelectric phase, which is above both the 
transition temperature and the Curie temperature. The susceptibility is discontinuous at the 
transition temperature [48], [66]. Fig. 15 depicts the predicted susceptibility. Fig. 16 depicts a 
measured capacitance (capacitance is proportional to susceptibility). 
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Figure 15. Susceptibility vs. temperature. Fig 12 supplied Π1,r for this simulation. The
susceptibility is discontinuous at the Curie temperature Π2 = 1.

Figure 16. Capacitance vs. temperature. The material is PbTiO3 (PTO). The material has a
Curie temperature at 490 °C. Fig. 15 is somewhat similar to this figure in overall shape.

Image taken from [73].

The mean field model predicts only second-order transitions. The model is inaccurate close to 
and above the transition temperature. In the literature, the Curie temperature is more often 
given than the transition temperature. The temperature should be far below these temperatures
for device applications.

A full description of ferroelectric-paraelectric phase transitions requires Ginzburg-Landau-
Devonshire theory [74]. Ginzburg-Landau-Devonshire theory is outside the scope of this 
discussion. Thermodynamics of memory technologies covered basic Landau theory. Ginzburg-
Landau adds spatial variations to the order parameter. Ginzburg-Landau-Devonshire adds 
domain wall movement.

The final topic for this section is ferroelectric domains. A domain is a homogeneous field in 
space [66]. The domains are separated by domain walls. Domain walls are topological 
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defects. Vortices in type-II superconductors are another example of topological defects. In a 
real crystal, a large number of adjacent cells are aligned with each other. These cells form a 
group. Another group could be aligned in another direction. These groups are domains. The 
domain wall movement will determine how the crystal as a whole polarises. This 
phenomenon is illustrated in Fig. 17. The mean field model is a single domain approximation. 
The entire crystal has to take a single, mean, polarisation value. The mean field model cannot 
have a net zero polarisation because it cannot form domain walls. Single domain 
approximations work well for nanoparticles.

Consider a two domain crystal. One domain is polarised 'up' and the other is polarised 'down'. 
The domains are equally large and contribute an equally large field. The net field is zero. To 
polarise the crystal 'up', the domain wall has to be moved so that domain 'up' is larger than 
domain 'down'. The switching time will depend on how fast the domain wall can move 
through the crystal [75]. See [76] for a Flash animation illustrating this effect.

Figure 17. Spin-lattice model. Orange represents 'up', blue represents 'down'. A ferroic gains
energy by having its neighbours aligned. The top-right and top-left lattices have the same net-
field, but very different energies (the numbers indicate energy). The top-left lattice represents
the a configuration for net zero field. There is a huge energy cost to have a net zero field. The
bottom-right and bottom-left lattices have same field. The orange domain is separated from

the blue domain by a domain wall. The energy is increased by the domain wall, but the lattice
as a whole has much lower energy. The time it takes to polarise depends on the domain wall

movement.

The domain wall speed has the speed of sound as an upper limit. The speed of sound in a solid
is about ~103 m/s. A thin film is about 10 – 100 nm. The lower switching time limit is about 
10-11 s = 10 ps [77]. 

2.4 – Physics of magnetics and spintronics

Electrons have an intrinsic property called spin. Spin affects two things in electronics: It 
doubles the number of energy states and electrons follow Fermi-Dirac distribution instead of 
Boltzmann distribution. The energy state doubling is due to the energies being degenerate, 
that is electrons of different spins have the same energy. Electronics manipulate electrons only
through their charge. Spin-electronics, or spintronics, manipulate electrons through their 
charge and spin. The spin-manipulation is done through magnetism.

Magnetism is an effect that most likely everyone has encountered in everyday life. A simple 
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refrigerator magnet can magnetically hold itself to the refrigerator door. It is a force strong 
enough to overcome the entire gravitational pull of the mass of Earth. The magnetisation 
property of iron might be the oldest discovered effect of all effects described in this thesis. 
According to [78], the Olmec in Mesoamerica might have used magnets before 1000 BC.

The name “ferromagnetism” is derived from the latin word 'ferrum'. 'Ferrum' means iron. 
Most everyday ferromagnetic materials are based on iron and some iron oxides. 

The simplest ferromagnetic model is probably the 1D Ising model [48]. Spin carry a very 
small magnetic moment. The magnetic moment is on the same order as the Bohr magneton, 
~10-23 A m. Electrons can therefore interact with magnetic fields due to this the spin and not 
only through charge. In the Ising model, the Hamiltonian is

Ĥ=−µ0 µB H∑
j

σ̂ j−
J
2 ∑

i , j (nn)

σ̂i σ̂ j  [ML
2T−2 ] ,

σ̂ x |σ x=±⟩=±|σ x=±⟩  [1] ,
(Eq. 25)

where Ĥ is the Hamiltonian operator, µ0 is the free space permeability, µB the Bohr magneton, 
H is the external applied field, σ is normalised spin (operator), J the exchange interaction, and 
nn refers to nearest neighbour interaction. The exchange interaction has a quantum 
mechanical justification. When J is positive, parallel spins will reduce the energy. When J is 
negative, the antiparallel spins will reduce the energy. This difference in sign will provide 
quite different behaviour. When J is positive, spins can align and contribute collectively to a 
large magnetic moment. The material wants to magnetise. The material is ferromagnetic. 
When J is negative, it is preferential to have as many spins antiparallel as possible. The 
material is antiferromagnetic.

The Ising model can be simplified by using mean field theory. Statistical mechanics gives the 
familiar equation

f (Π1,Π2,Π3)=Π1−tanh(Π1

Π2
+
Π3

Π2)=0  [1 ] ,

Π1=
M

µB n
,Π2=

T
T c

,T c=
z J
k B

,Π3=
µ0 µB H

k BT c

 [1 ] ,
(Eq. 26)

where n is the electron density. Fig. 12 in Physics of ferroelectrics depicts a simulation of the 
dimensionless equation. It can be applied to both ferroelectrics and ferromagnetics, but with a 
difference is in how the dimensionless parameters relate to the physical parameters. The 
coercive field is a magnetic field for ferromagnetics, and the remnant field is a magnetisation 
field. 

Magnetism is a collective behaviour [72]. The spins are correlated. Mean field theory cannot 
correctly predict low temperature behaviour due to neglecting correlation [71]. For more 
information about this model, see [48]. The appendix goes into details as well.

Unlike the devices that are based on ferroelectrics, devices that use ferromagnets do not use 
the remnant field. The magnetisation magnitude is unimportant for device applications. Only 
the direction of the magnetisation is important.
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If a ferromagnetic layer is put on top of an antiferromagnetic layer, interesting things happen 
– the layers will interact with each other. This interaction is called exchange bias. Exchange 
bias phenomenologically causes the hysteresis loop to shift to higher magnetic fields. A 
simple microscopic model is that the spins are aligned along the interface. Changing the spins 
in the interface requires that the ferromagnetic layer magnetises in a different direction at the 
same time as the antiferromagnetic layer flips all the spins. The net result is a large coercive 
field and a preferred magnetisation direction [79], [80]. Fig. 18. illustrates this effect.

Figure 18. Exchange bias. The ferromagnetic (FM) layer is pinned by the antiferromagnetic
(AFM) layer. The spins at the interface are reluctant to realign. The reluctance qualitatively
explains why the coercive field is larger and why the hysteresis curve is shifted. Image taken

from [80].

Ferromagnets are like see-saws. A ferromagnet against an antiferromagnet is like a see-saw 
with a big rock on one side of the board (see Fig. 19).
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Figure 19. Another way to think of the exchange bias. The blue see-saw is the ferromagnet.
The orange rock is the exchange bias due to the antiferromagnet.

If there is a barrier in between two ferromagnetic layers, interesting thing happen. The layers 
will be coupled to each other, and this interaction is called interlayer exchange coupling. 
Phenomenologically, the coupling can either be ferromagnetic (layers are parallel), 
antiferromagnetic (layers are antiparallel) or no coupling. Synthetic antiferromagnetics (SAF) 
can be manufactured with this technique [79].

Electronic behaviour is governed by band behaviour. The bands depend on atomic orbitals. 
The orbitals are determined from four quantum numbers: principal n, azimuthal l, magnetic m 
and spin s. n can take any integer value from 1 to infinity. l is set by the principal number. It 
can take values l = 0, 1, 2... n-1. m is set by l, and can take values m = 0, ±1, ±2... ±l. s is an 
intrinsic property of electrons and is limited to ±1/2. The orbitals are labelled in accordance to
these numbers. Orbitals with l = 0 are s-orbitals, orbitals with l = 1 are p-orbitals and orbitals 
with l = 2 are d-orbital. The Pauli-exclusion principle states that fermions (like electrons) 
must have asymmetric wavefunctions. A result of this principle is that only one electron can 
occupy each state. 2 electrons can fill the s-orbital at most, 6 electrons can fill p-orbitals and 
10 electrons can fill d-orbitals. The orbitals are filled in accordance to Hund's rule. Electrons 
with parallel spins occupy the states first, and then the antiparallel spins fill the next available 
states. This filling mechanism is due to Pauli-exclusion principle and Coulomb interaction. 
Electrons close to each other experience a large repulsive force due to Coulomb interaction. 
The probability of finding electrons close to each other when they have the same spin is small 
due to Pauli-exclusion principle. It is therefore energetically beneficial to have parallel spin
[72]. For more description of quantum numbers and orbitals, see textbooks like [81], [82]. 

The most important ferromagnetic materials are the metals Fe, Co and Ni. There are 
semiconductors that are magnetic, like GaAs:Mn or ZnO:Co [83]. The materials are not 
currently interesting for memory applications, since their Curie temperature is far below room
temperature. Atomic Fe, for example, has electron configuration [Ar] 3d6 4s2. The 4s orbital 
has lower energy than 3d orbital, so 4s is filled first. The d-orbital has 5 states for each spin. 
There are six electrons to place in the d-orbital. According to Hund's rule, five states are filled
with parallel spins. The sixth electron has antiparallel spin. This filling means that iron has a 
net spin-polarisation. The spin-polarisation is the origin of magnetisation [72]. The 4s-
electrons are loosely bounded to the core. They can extend through space, and can overlap 
with other 4s-electrons in a crystal [84]. Tight-binding model predicts that the 4s-bands are 
rather wide [56], around 15 – 20 eV [84]. The 3d-electrons are spatially confined or tightly 
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bound. These electrons have much smaller bands, 4 – 7 eV [84].

These materials can have a large band spin splitting. The bands are split into four different 
bands: 3d spin-up, 3d spin-down, 4s spin-up and 4s spin-down. Some of these bands are more 
filled than the other bands, due to the principles previously described. The majority bands 
(bands with most spins in same direction) will have very different energy compared to the 
minority bands (bands with spin in the opposite direction compared to the majority band). Fig.
20 is a schematic illustration of the bands.

Figure 20. Schematic illustration of 3d bands and 4s bands. The left hand side illustrates a
paramagnetic transition metal. The right hand side is a ferromagnetic transition metal. The

bands are split for ferromagnetics. Image taken from [84].

The spin splitting leads to a large energy difference between the majority band and the 
minority band. This energy difference will cause the density of states (DOS) to be different 
for electrons with different spin [84]. The generalised DOS is [85]

N (E)=∑
n

δ(E−E n)=
Ω

2π2 ∫
k=0

∞

δ(E−E (k))dk  [M−1L−2T2 ] (Eq. 27)

The sum is for a discrete system. The integral is for a large system. Sometimes DOS include a
factor 2 due to spin degeneracy. However, these ferromagnetic systems are not spin 
degenerate. The energy states are shifted between the majority and the minority carriers. The 
most important aspect of this shifting occurs at the Fermi level,

N ↑(EF )≠N ↓(EF) (Eq. 28)

The Fermi level of the metal depends on the total electron concentration. Modelling transport 
through a magnetic material can be quite complex. Here is a very simple transport model 
based on diffusion. Diffusion transport is [58], [86]

J̄ =−q D∇ n  [L−2 I ] , (Eq. 29)

where J is current density, q is the charge, D is the diffusion constant and n is the electron 
concentration. At equilibrium, there is no concentration gradient, since there is no spatial 
variation in concentration. The statement is not generally true for a semiconductor where 
doping can vary spatially [58]. Semiconductors distinguish diffusion and drift current. In 
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metals, there is no real difference between drift and diffusion [86]. If a small bias is applied, 
the Fermi level will split into two quasi-Fermi levels. Consider the electric field to be 
constant, that is

Ē≈
V 2−V 1

L
Ê=

µ2−µ1

q L
Ê  [MLT−3 I−1 ] , (Eq. 30)

where E is the electric field, Vx is the voltage potential at contact x, L is length of metal, and 
µx is quasi-Fermi level at contact x. Consider the concentration at the two contacts,

n1=
1
Ω∫

0

∞

N (E) f (E ,µ1)dE ,n2=
1
Ω∫

0

∞

N (E ) f (E , µ2)dE  [L−3 ] , (Eq. 31)

where f is the Fermi-Dirac distribution function. The concentration gradient can be 
approximated as

∇ n≈
n1−n2

L
Ê=

Ê
L
⋅

1
Ω∫

0

∞

N (E )( f (E , µ1)− f (E , µ2))dE  [L−4 ] (Eq. 32)

In the small bias approximation, the difference is

f (E , µ1)− f (E , µ2)=−(µ2−µ1)⋅(−
∂ f
∂E

)=−(µ2−µ1)⋅FT (E)  [1] , (Eq. 33)

where FT is the thermal broadening function [85], [86]. It is a Gaussian-like function with a 
centre at the (equilibrium) Fermi level. The concentration gradient is simply

∇ n≈−q Ē∫
0

∞

N (E)⋅F T (E )dE=[T =0 K ]=−q Ē N (E F)  [L−4 ] (Eq. 34)

Only energy states close to the Fermi level will significantly contribute to the concentration 
gradient. In the extreme case of T = 0 K, only states at the Fermi level will contribute to the 
concentration gradient. The conductivity is then simply (at 0 K)

σ=q2 D N (EF )  [M−1L−3T3I2 ] (Eq. 35)

The conductivity is divided into two parts: one part for spin-up and one part for spin-down,

σ↑=q2 D N ↑(EF )≠q2 D N ↓(EF )=σ↓ (Eq. 36)

In this model, electrons diffuse through the metal. The random walk is predisposed to move 
along the electric field. The electrons that are disturbed from equilibrium are the electrons 
close to the Fermi level. The most important aspect here is that a ferromagnetic will have 
different conductance for different spins. The ferromagnetic filters spin.

Spin-filters can be used to produce the Giant MagnetoResistance (GMR) effect. 

The easiest way to think of the GMR effect is thinking of two ideal spin-filters. There are two 
filters. The first filter removes all spin-up electrons. The second filter removes all spin-down 
electrons. The filters are antiparallel. Electrons are spin-mixed in the leads. Electrons are 
injected from one lead to the first filter. Only spin-down electrons pass through. The spin-
down electrons are filtered by the second filter. No electron can pass through these two spin-
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filters, so the entire setup behaves as ideal insulator. Consider now if the filters are parallel: 
Both filters remove spin-down electrons (or spin-up). Spin-up electrons can pass through both
filters (or spin-down). Therefore, the setup behaves as a conductor. In this idealised picture, 
the resistance change is infinitely large. In the non-idealised world, the spin-filters are the 
ferromagnetic materials. 

The GMR is based around the spin-valve. There is a free layer and a fixed layer. The free 
layer can change magnetisation. The fixed layer cannot change its magnetisation. The free 
layer can be thought of as a changeable filter and the fixed layer as a fixed filter. See Fig. 21 
for a schematic depiction of a pseudo spin-valve.

Figure 21. Pseudo spin-valve. The storage layer is free to change its magnetisation. The fixed
layer will not change magnetisation. This setup has two distinguishable states. Image taken

from [87].

The fixed layer requires some explaining. The fixed layer is one of the ferromagnetic layers in
a SAF structure. The pinned layer is a ferromagnetic layer pinned by an antiferromagnetic 
material. The fixed layer is forced to have the opposite magnetisation of the pinned layer. The 
entire structure is FMF'A, where F is the fixed layer, M is a (non-ferromagnetic) metal, F' is 
the pinned layer and A is the antiferromagnetic layer [79]. The FMF'A structure has a smaller 
demagnetisation field compared to only having FA [39], [88]. 

The entire structure for a spin valve is FMF', where M is a (non-ferromagnetic) metal, F is the
free ferromagnetic metal and F' is the fixed ferromagnetic metal. For a structure with SAF, the
entire structure is FMF'M'F''A. Assuming that the majority carriers in the fixed layer is spin-
up electrons (it is an arbitrary choice), the conductivity is

σ↑
(↑)
=q2 D N↑

(↑)
(E F)=σ p  [M−1L−3T3 I2 ] ,

σ↓
(↑)
=q2 D N↓

(↑)
(E F)=σap  [M−1L−3T3 I2 ]

(Eq. 37)

The superscript refers to the majority carrier. The free layer can have either spin-up majority 
or spin-down majority. Between the free layer and the pinned layer is a transmissive barrier. 
Arguably, the most important aspect of the transmissive barrier is that spin is conserved under
transport. If a spin-up electron leaves the free layer, a spin-up electron will be injected into 
the fixed layer.

In the parallel current model, there are two channels. One channel for spin-up electrons and 
one channel for spin-down electrons. If both the free and the fixed layer are spin-up majority, 
the total resistance of the spin-up channel is 2ρp. The total spin-down channel resistance is 
2ρap. Since the channels are parallel, the total resistance is
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ρtot
↑ ,↑

=
2ρ pρap

ρp+ρap
,ρx=1 /σ x  [ML3T−3I−2 ] (Eq. 38)

Conversely, if the free layer is spin-down majority, the resistance is the same for both 
channels, ρp+ρap. The total resistance is

ρtot
↓ ,↑

=
1
2
(ρ p+ρap )  [ML3T−3 I−2 ] (Eq. 39)

The resistance of the same majority setup is always smaller or equal to the resistance of the 
mixed majority setup. The statement is true when the free and fixed layer are of the same 
metal. It is not generally true for different metals because of difference in band structure. The 
magnetoresistance ratio (MR), an important metric, is

MR=
ρtot
↓ ,↑

−ρtot
↑ ,↑

ρtot
↑ ,↑ =

1
4 (

ρ p
ρap

+
ρap
ρ p

−2)=1
4 (N ↓

(↑)
(EF )

N ↑
(↑)
(EF )

+
N ↑

(↑)
(EF )

N ↓
(↑)
(EF )

−2)  [1 ] (Eq. 40)

If there is a large difference in available states at Fermi level, then there is a large difference 
in MR. This metric is usually given in percentage in the literature. This thesis will not give the
metric in percentage since similar resistance ratios are not given in percentage. Real devices 
have MR around 1 at room temperature. The ratio can be higher at low temperatures. Lee et 
al., for instance, reported MR around 5 at room temperature and 10 at 5 K (helium is liquid at 
4.2 K) [89].

This simple model has problems.

1. Ignore surface scattering at M / F (contact resistance)

2. Ignore resistance in bulk M

3. Ignore difference in scattering between majority and minority spin

4. Ignore spin flipping

5. Valid only at 0 K

6. Valid only for small biases

7. Not self consistent (the concentration gradient needs to be evaluated together with the 
electric field, not separately)

Unfortunately, there is no easy way to predict MR quantitatively from this model. It is a toy 
model, meant only to illustrate the properties of a spin valve. 

The important thing is the DOS at Fermi level (and states within a few ~kBT), since this will 
set the conductivity properties for metals. The DOS depends on the band structure. The 
majority carriers could have larger DOS than the minority carriers, but the reverse could also 
happen.

There is a material class called half-metal12. These materials have a very interesting, if 
peculiar, behaviour. The Fermi level is in one of the spin bands (let us call it band 'A'). Spin 

12 Not to be confused with semi-metals, like lead.
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band A will have metallic behaviour. The other spin band (call it 'B'), however, has a bandgap 
where the Fermi level is. Spin band B will have semiconductor behaviour. This will lead to a 
100 % spin polarisation at 0 K! For band B, conductivity will be close to zero since there are 
no available energy states in the bandgap. This property is very desirable for spin-valves. For 
some materials, the majority band is metallic (like CrO2) and for some the minority band is 
metallic. Fig. 22 is a schematic illustration of a half-metals band diagram.

Figure 22. Schematic illustration of bands in half-metal. In this figure, the minority band is
metallic and the majority band is insulating. Image taken from [84].

de Groot et al. introduced the concept in 1983 [90], Schwarz predicted half-metal properties 
in CrO2 in 1986 [91] and Kämper, Schmitt and Güntherodt confirmed this prediction in 1987
[92]. Fig. 23 shows the calculated band structure. Fig. 24 shows the density of states.

Figure 23. Calculated band structure of CrO2 for majority spin (a) and minority spin (b).
Notice that the Fermi level EF is in the bandgap for minority spin. Image taken from [91].
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Figure 24. Calculated DOS of CrO2. (a) is majority spin and (b) is minority spin. Notice the
difference in DOS at Energy = 0 eV (Fermi level). Image taken from [91].

The transmissive barrier can be a tunnelling barrier (see Fig. 21). A tunnelling barrier can 
increase the MR (sometimes called Tunnelling MR, TMR). Basically all MRAMs today are in
some way based on a Magnetic Tunnelling Junction (MTJ). The barrier itself is important, 
too. Al2O3 is a popular barrier, but MgO is also an alternative [88], [93], [94]. Crystalline 
MgO has a better ordering than amorphous Al2O3. MgO can have larger spin-diffusion lengths
and better polarisation than Al2O3. Both materials are used today. The tunnelling barrier can 
today give higher MR than a metal transmissive barrier. It is also easier to have the MTJ 
impedance matched to the electronics than the metallic junctions. 

There is a phenomenon called Spin Transfer Torque (STT). The actual physics is quite 
involved and require quantum mechanics. This section will briefly go through the basics of 
STT from a semi-classical point of view.

Consider spins passing through a spin filter (take it as 'up'). The spin-up electrons encounter 
the next spin filter (take it as 'down'). If the spins are to pass through the filter, they have to 
flip their spin. Consider that a large spin-current tries to pass through the filter. The filter will 
force the spins to flip, because otherwise they would not pass through. In reality, the filter 
exerts a torque on the spins. According to Newton's third law, the spin exerts an equal and 
opposite torque on the filter. The torque is small, so the filter will barely be affected. Consider
now a billion spins acting on the filter at the same time. Each one will contribute with a small 
torque on the filter. The collective effort can be enough to flip the filter.

The idealised spin filter has a problem with switching into antiparallel configuration. Both 
filters will filter away the spin-down spins. This property actually occurs for real STT-
MRAM. STT-MRAM requires more current for (P → AP) than (AP → P).

Interested readers are strongly recommended to see [93] for details on the physics of STT.
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2.5 – Physics of resistive switching

The resistive switching property can be compared to a bucket. Consider an ideal bucket which
does not leak at all. Then, a big hole is punched through it, and all the water leaks away. It is a
bad bucket. The bucket is then repaired with a lot of duct-tape. It becomes a better bucket, but
not as good as the ideal bucket. The different distinguishable states are whether it leaks or not.
The duct-tape, for whatever reason, does not adhere well to the bucket. It can eventually fall 
off, and the good bucket becomes a bad bucket. 

Resistive RAM (RRAM) operates by having large changes in resistivity. The resistivity in 
thin-films can be switched between Low Resistive State (LRS, bad bucket) and High 
Resistive State (HRS, good bucket). In the 1960s, Hickmott was the first person to observe 
resistive hysteresis behaviour in insulators. He observed it for alumina films [95]. MRAM and
PCM could arguably be considered RRAM, since both of them use large changes in 
resistivity. RRAM differs from MRAM in that the resistive switching cannot be described in 
terms of magnetic scattering. RRAM differs from PCM in that the change in resistivity cannot
be attributed to a phase change between a glass phase and a crystal phase. RRAM is, in a way,
all resistive memories that cannot be categorised into MRAM and PCM [41]. 

FTJ and ferroelectric diode are sometimes included into the RRAM category [41], [96]. Both 
are based on ferroelectric device physics. Their device physics are not discussed here. These 
memories will be briefly discussed in FeRAM devices and basic operations.

This large umbrella term causes some significant problems for a section about Physics of 
resistive switching. There is no consensus about what the mechanism behind reversible 
resistance switching is [41]. The most popular explanation is formation of conductive 
filaments through a dielectric. One of the benefits of the filament model is that it takes into 
account that the current is independent of the cross-section area in the LRS [96]. The filament 
can be metal ions, localised redox of the insulator or oxygen vacancies. Fig. 25 shows a 
micrograph of a conductive filament between two metal electrodes.

Figure 25. SEM micrograph of a conductive filament. Image taken from [97].

There is a memory device called Conductive-Bridging RAM (CBRAM). CBRAM uses ions 
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that form conductive filaments. RRAM uses defects that form conductive filaments (not all 
RRAM have this behaviour, as discussed in this section). The literature rarely makes this 
distinction. This thesis will not differentiate the memory devices.

Not all resistive switching phenomena are described by a conductive filament model. Some 
try to describe the switching in terms of Mott transitions (Insulator-Metal Transition) [41]. An 
example of this would be that the whole insulating material becomes metallic. Some of the 
studied materials are Mott insulators like NiO, VO2 and TiO2 and might be able to undergo 
reversible Mott transition [98], [99]. It should be noted that filament mechanism has been 
confirmed for NiO and TiO2 [96]. Dubost et al. identifies Mott transition as the mechanism 
for GaTa4Se8 [100]. Fors et al. combined a filament model and Mott transitions, where the 
filament itself is undergoing the transition [101].

Another model for resistive switching is that the contact resistance changes. This change can 
be due to charge injection into traps. The charge injection can be due to FN tunnelling, like in 
EEPROM, or even due to hot electrons. The charge injection into traps can lower the Schottky
barrier across the metal-insulator interface [102]. Charge injection can act as doping. The 
doping in turn can cause an Insulator-Metal Transition [96].

Figure 26. The filament model and the interface model. Image taken from [97].

To further complicate the picture, switching can be unipolar (also called nonpolar) or bipolar. 
A unipolar device will switch when there is a large enough electric field. A bipolar device will
switch to a conductive state (LRS) when the electric field is large enough. Switching to an 
insulating state (HRS) however requires the electric field to be applied in the opposite 
direction. The bipolar switching can often be associated with an asymmetric MIM structure 
(Metal 1 / Insulator / Metal 2, Metal 1 is not Metal 2) [41], [96]. Fig. 27 depicts the difference
between unipolar switching and bipolar switching. Fig. 28 shows how unipolar switching 
could work in a filament model.
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Figure 27. Difference between unipolar switching and bipolar switching. Unipolar only care
about the amplitude of the applied voltage, whereas bipolar is polarity dependent. Image

taken from [96].

Figure 28. Unipolar switching in the filament model. The insulator starts in the pristine form
(initial state). A high electric field cause the formation of the filament. The current has to be
limited in the formation step. The insulator will have a hard breakdown otherwise. The reset
field will rupture the filament at the interface. The set field will restore the filament. Image

taken from [97].

There is a large number of materials that exhibits reversible resistance switching. Several 
binary transition metal oxides show reversible switching like NiO and FeOx. Some wide 
bandgap, high-κ materials also do it, like Al2O3. Solid electrolytes show it. Some perovskite 
materials, like BiFeO3, show it. Higher chalcogenides also join this distinguished group, like 
In2Te3 [41]. According to Fujisaki, “Most of the reported perovskite-oxide systems exhibit 
bipolar operation” [102]. Fujisaki further claims that “All devices using a binary transition-
metal oxide exhibit nonpolar operation [...]”. The solid electrolyte memories are designed like
batteries (two different electrodes separated by an electrolyte), so they are inherently 
asymmetrical and hence bipolar. Fig. 29 shows an electrolyte memory.
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Figure 29. Solid electrolyte cell. The solid electrolyte Ta2O5 allows Cu to migrate from the Cu
electrode to the Pt electrode. It forms a conductive filament. Image taken from [102].

The properties of a resistive switching cell are not set just by the resistive layer. The 
properties are set by the properties of the top electrode (TE) and the bottom electrode (BE). 
Or in other words, three different materials will set the resistive switching properties in a 
device. The choice of metal is important for both the filament models and the interface 
models [41], [103]. The solid electrolyte cell is a prime example of this dependence. Different
metals for the electrodes can lead to bipolar switching, as already mentioned.

It is possible that the deposition method also changes the properties. All deposition methods 
have their own quirks. One method might introduce defects that another method does not. 
Since defects are important to the forming process [104], the deposition method of choice is 
important.

So in short:

1. The insulating material affects behaviour

2. The top and bottom electrode affects behaviour

3. The interface between insulator and electrode affects behaviour

4. The deposition method might affect the device property

5. The switching can be unipolar or bipolar

6. The conductance mechanism can be due to filament. The filament can be

1. Metal ions

2. Oxygen vacancies

3. Local chemical reduction

4. Mott transition

7. The conductance mechanism can be due to changes in the interface. The changes can 
be

1. Charge injection into interface traps, lowering Schottky barrier

2. Charge injection into bulk causing smaller depletion width causing a transition 
from Schottky behaviour to Ohmic behaviour
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8. The conductance mechanism can be due to the bulk undergoing Mott transition

Interested readers are recommended to see the review articles for a much more comprehensive
description of all the mechanisms [41], [96], [97], [102].

Basically every MIM' has its own model. 

2.6 – Physics of chalcogenide glassy semiconductors

The phase change memories have the same bucket-analogy as the resistive switching devices. 
The bucket is either a good one or a bad one. The good bucket will eventually lose its duct-
tape and become a bad bucket.

Phase change memories use materials that spontaneously undergo a phase change for low 
temperatures. These materials are typically chalcogenide13 glassy semiconductors (CGS)
[105]. Kolomiets and Goryunova discovered this material class in the mid-1950s. A 
chalcogenide is a combination of a chalcogen (group 16/VI element) with an electropositive 
element. Most elements from group 1 to 15/V are electropositive compared to group 16/VI 
elements. Oxygen is usually not counted as a chalcogen, and polonium is usually not 
considered, due to radioactivity. The chalcogens that are used for chalcogenide alloys are S, 
Se and Te. Chalcogenides are metastable for temperatures under their melting point. 
Chalcogenides with S tend to form glasses, whereas chalcogenides with Te tend to crystallise
[106]. The process is sped up by increasing the temperature. The most well studied CGS is the
pseudobinary (actually a ternary) alloy (GeTe)x(Sb2Te3)1-x

14 and especially the composition x =
2/3. This alloy is AKA Ge2Sb2Te5 or GST-225.

PCM is in a way similar to RRAM. In some regards PCM could be considered RRAM where 
there is a conductive filament. The filament radius is actually larger than the nanoscaled 
devices [105]. The material itself switches between being a conductive filament and a non-
conductive material. It does this in terms of a phase change.

The resistivity of CGS changes dramatically between glass phase (High Resistance State, 
HRS) and crystal phase (Low Resistance State, LRS). The glass typically has a very low 
conductivity, whereas the crystal typically has a very high conductivity. This difference in 
conductivity is usually explained as a change in bandgap. The glass phase has a wider 
bandgap than the crystal phase [105]. 

Assume that the temperature is above the melting temperature Tm. The material is now a 
liquid. If the material is very, very rapidly cooled, then the liquid is supercooled. This 
quenching step has to cool the material at a rate of ~109 – 1010 K/s [105]. The liquid does not 
have time to crystallise. It is now in the glass phase. The end temperature sets the energy 
barrier and the time sets the average crystallisation at the end temperature. This description is 
somewhat simplified, though. The average crystallisation can be modelled with JMAK 
equation [43],

13 Pronounced with hard 'k' as in 'chemistry'.
14 GeTe is also a ferroelectric [66]! 
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χ(t )=1−exp(−(kt )n)  [1] , (Eq. 41)

where χ is average crystallisation, k is effective rate constant and n is the Avrami coefficient. 
Notice the similarities to Eq. 6. The supercooled liquid is only metastable. It will eventually 
crystallise. The crystallisation time can be very long for low temperatures [105].

The cooldown time is set by two parameters: heat capacity and heat conductance. Heat 
capacity is a measure of how much heat the volume can store. A large volume gives large total
heat capacity. Heat conductance is a measure of how much heat can flow from the surface 
interface to the outside environment. A large surface gives a larger total heat conductance. The
cooldown time scales as the characteristic length scale. These memory cells must by necessity
be small so that the cooldown time is small enough. A small cell has small heat capacity, so 
they require less energy to heat up, too. A too small cooldown time makes it difficult to heat 
the material for melting and crystallisation, though.

The crystallisation mechanism is usually described in terms of a nucleation model. There are 
small crystal nucleus throughout the liquid. These nucleus grow over time and crystallise the 
liquid. A real material will have defects that will act as nucleation sites. A quantitative 
nucleation model requires Ginzburg-Landau theory. The Ginzburg-Landau expression is

Φ (φ ( r̄ ))=∫
Ω
[ f (φ ( r̄ ))+

1
2
λ(∇ φ ( r̄ ))2]d 3 r  [ML2T−2 ] ,

f (φ )=α
2
φ 2

+
β

4
φ 4  [ML−1T−2 ] ,

(Eq. 42)

where λ is the stiffness parameter that penalises fluctuations. The order parameter represents 
in this case the nucleation density. For information about nucleation theory, see [43], [107]. 
For Ginzburg-Landau theory applied for nucleation theory, see [48] (it also covers the basics 
of nucleation theory!). Most of the modelling here is based on the simple models from [48]. 
The model is also covered in [108]. The end result is that the energy barrier is

E a=
16πκ3 f m

2 r (T )k BT

3(Δ f )2
 [ML2T−2 ]∝

f m
2 r (T )T

(Δ f )2
,

r (T )=
f mξc

3

k B T
 [1] ,

(Eq. 43)

where κ is a dimensionless constant of order ~1, fm is the thermodynamic potential barrier per 
unit volume, Δf is the difference in free energy between crystal phase and glass phase, r is a 
measure of fluctuation and ξc is the correlation length. Ginzburg-Landau theory works as long
as r >> 1. Fluctuations can occur for length scales larger than ξc. According to Landau theory, 
the fluctuation measure behaves as

r (T )=
α

1 /2
(T m−T )

1 /2
λ

3 /2

8√2βk B T
 [1 ]∝ 1

T
(1−T /T m)

1 /2 ,

T m>T  [Θ ]

(Eq. 44)

The thermodynamic potential can also be predicted from Landau theory as
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f m=
α

2
(T m−T )

2

4β
 [ML−1T−2 ]∝(1−T /T m)

2 ,

T m>T  [Θ ]

(Eq. 45)

The difference in free energy can be evaluated in terms of temperature. The difference is

V Δ f =Δ H−T Δ S  [ML2T−2 ] , (Eq. 46)

where V is volume, H is enthalpy and S is entropy. The crystal phase is in equilibrium with the
glass phase at the melting temperature. The difference in free energy is zero. The difference in
entropy can be eliminated from the expression. This elimination gives us

V Δ f =Δ H−T ΔS=

[0=Δ H−T mΔ S  [ML2T−2 ]⇔Δ S=Δ H /T m  [ML2T−2
Θ

−1 ] ]=
Δ H−T Δ H /T m=Δ H⋅(1−T /T m)  [ML2T−2 ]∝(1−T /T m)

(Eq. 47)

These equations finally gives the energy barrier as

E a=k (1−T /T m)
3/ 2  [ML2T−2 ] (Eq. 48)

k is a proportionality constant. The barrier decreases as the temperature increases from this 
temperature, but not linearly. The barrier to thermal energy ratio is

Π=
Ea

k B T
=k '

T m

T
(1−T /T m)

3 /2  [1] (Eq. 49)

k' is another proportionality constant. This ratio does not have a local minimum before the 
melting temperature. It will decrease all the way to the melting temperature. The mean field 
model does not predict an intrinsic crystallisation temperature. 

Assume that the average crystallisation time at the crystallisation temperature is on the order 
of ~100 ns. The attempt frequency is absurdly large for GST-225: 1022 Hz! It should be noted 
that according to [43], there are many reported values in the literature, ranging from 1017 to 
1089 (!!) Hz. GST-225 has a melting temperature of ~900 K and a crystallisation temperature 
of ~450 K (~Tm/2). These values give k' a value about 42. Π is about 60 at the 10 year 
retention temperature. Π differs by 10 from the factor in Thermodynamics of memory 
technologies. It is larger because the attempt frequency is 10 orders of magnitude larger than 
the frequency in that section. The ten year temperature can be estimated to be around 0.4Tm or
about 360 K (60° C). The true value is about 400 K [109]. The model qualitatively predicts 
that the temperatures are related by dimensionless factors. These factors will be important for 
estimating a practical high temperature chalcogenide.

There are much more sophisticated models in the literature. For information about modelling, 
see [43], [105], [107].

It should be noted that not all materials are nucleation driven. Some materials are better 
described by a growth model. GST-225 is generally considered to be nucleation driven [44]. If
the material is growth driven, another model has to be used.

The chalcogenides can be temporarily switched into a high conductive state by electrical 

Page 50 of 179

mailto:mekstr@kth.se


IT261X 2014 High Temperature Memories in SiC Technology Mattias Ekström
900502-4972

mekstr@kth.se
Nanotechnology

stress [44], [109]. Ovshinsky was first to observe this effect. He observed it in the 
chalcogenide SiTeAsGe (STAG) [110]. This effect is an electronic effect [111], or possibly an 
electronic-thermal effect [105]. Phenomenologically, the film becomes conductive when the 
electric field (or the corresponding applied voltage difference) is larger than a threshold field 
(voltage). Note that the low resistive state is reversible. If the applied field (voltage) is 
removed, then the material returns to the high resistive state. The crystallinity does not 
directly change by applying field (voltage). This phenomenon is called dynamic switching.
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Chapter 3 – High temperature memories in SiC technology

This chapter goes into details about memory technologies. It details the problems each 
technology has with extreme environments. Some process integration aspects are also 
covered. The chapter begins with describing memory hierarchy. The sections 3.2 to 3.4 
discuss the “traditional” memories Static RAM, Dynamic RAM and Flash. The sections 3.5 – 
3.8 discuss the “novel” memories Ferroelectric RAM, Magnetic RAM, Resistive RAM and 
Phase Change Memory.

3.1 – Memory hierarchy

The CPU of a computer has direct access to the primary memory. The primary memory stores
instructions and data for the CPU to handle. The primary memory can be divided into main, 
cache and register. Main is the main memory, where all the data and instructions are stored. 
The main memory is also called the work memory. Cache memory is used to store the most 
often used data. The cache exists to reduce the number of times the CPU has to access the 
main memory. The registers are located inside the processor. These can be made from digital 
circuit elements, like flip-flops. 

The secondary memory is for long term storage. When the CPU has to work with data from 
the secondary memory, the data is loaded into the primary (main) memory.

There are two characteristic properties in memory hierarchy: Storage space and access time. 
Memories higher in the hierarchy are faster than memories lower in the hierarchy. Memories 
lower in the hierarchy have more storage space than memories higher in the hierarchy. The 
primary memory is higher than the secondary memory. Registers are higher than cache, and 
cache is higher than main [112]. Fig. 30 illustrates the memory hierarchy.
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Figure 30. Memory hierarchy. The memories highest in hierarchy are closest to the processor.
The memories highest in the hierarchy are the fastest, smallest and most expensive memories

in the hierarchy. Image taken from [112].

There is a distinction between random-access devices and sequential-access devices. The 
random-access devices are arranged in a matrix or in an array. The matrix arrangement makes 
it possible to access any address in a very short time. Random-access devices are typically 
used as primary memory (main and cache). The access time for sequential-access devices 
depends on the physical location of the address. These devices are typically used for 
secondary mass storage [113]. Only random-access devices are covered in this thesis, with 
one exception; NAND-Flash, which is covered in this thesis, is closer to sequential than 
random.

The matrix arrangement is divided into wordlines (WL) and bitlines (BL). If the WL has 2m 
addresses and BL has 2n addresses, the storage capacity is 2m+n bits. The WL accesses the 
memory cell, and BL either reads or writes data [40], [113].

The random-access devices can be divided into Random-Access Memory (RAM) and Read-
Only Memory (ROM). RAMs are characterised by having equally fast read-time as write-
time, and they can be rewritten. ROM can be divided into several different types of memories.
There are mask-defined ROMs, which are literal read-only memories. They cannot be 
rewritten. There are One Time Programmable ROMs (OTPROM or PROM), which are 
manufactured as blank memories. Data is written once onto these memories. The 
programming is usually done by burning fuses or antifuses. The Erasable PROMs (EPROM) 
can be rewritten several times. Ultraviolet light is usually used to erase the data. Finally there 
are Electrical EPROM (EEPROM, sometimes stylised as E2PROM), which can be electrically
rewritten several times. If the data is erased bit-by-bit, it is called simply EEPROM. If the 
data is erased block-wise in a flash, it is called Flash-memory. EEPROM differs from RAM in
several ways. EEPROM is characterised by having a much slower write time than read time 
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and it cannot be rewritten as many times. EEPROM and RAM can have the same read time
[113].

Read-out can be destructive or nondestructive. If the read-out is destructive, the data has to be
temporarily stored, amplified and returned back to the memory cell. Memory with destructive 
read-out has to have periphery electronics to restore the data. Dynamic RAM (DRAM) has 
destructive read-out [40]. All ROMs have nondestructive read-out.

A volatile memory can retain the data as long as it is connected to a power supply. The data 
will be lost once the volatile memory is disconnected from the power supply. There are two 
common volatile memories: Static RAM (SRAM) and DRAM. Not all RAMs are volatile. A 
nonvolatile memory retains data after being disconnected from the power supply. All ROMs 
are nonvolatile [40], [113].

Since RAM is the fastest memory, it is used as primary memory. SRAM is faster than DRAM 
but much bigger [40], so SRAM is often used as cache memory and DRAM as main memory
[112]. A computer must have another memory in addition to SRAM and DRAM, since both 
are volatile. Neither SRAM nor DRAM have stored data or instructions when a computer is 
turned on. Without starting instructions, the CPU cannot load new instructions. This problem 
is resolved by booting15: A small set of instructions (bootloader) is automatically loaded from 
ROM into the CPU at start up. These instructions load the operating system (OS) from the 
secondary memory into the main memory.

Nonvolatile RAM (NVRAM or NVR) is a very interesting research field. With these devices 
the entire booting sequence could potentially be skipped. 

Figure 31. Overview of different random-access devices. This thesis focuses on the memories
within the red ellipse. FRAM (AKA FeRAM), MRAM, PRAM (AKA PCM, PCRAM or Ovonic
Unified Memory, OUM) and RRAM (AKA ReRAM) are NVRAM. Original image taken from

[41].

This thesis covers several of the memories in Fig. 31. There are some other emerging 

15 The word 'booting' comes from the phrase “pull oneself over a fence by one's bootstraps”. The term reflects 
the impossibility of pulling oneself without leverage. For a computer, it would seem paradoxical to load 
instructions without having instructions to load it. 
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nonvolatile memories that will not be covered in this thesis. Examples are the carbon 
nanotube RAM and Racetrack memory.

The Venus lander would need a primary and secondary memory. The lander could also have 
cache memory. The cache memory would be in SRAM technology. The main memory would 
be either DRAM or one of the NVRAM. The secondary storage would be either Flash or one 
of the NVRAM. If the main memory is volatile, the lander would need a bootloader. The 
lander could also have a backup system. The bootloader and backup system would not need to
be rewritten very often, so EEPROM could suffice. 

Let us return to Curiosity to get an idea of the necessary memory requirements. Curiosity is 
equipped with 256 MB DRAM (primary, presumably main with no SRAM cache), 2 GB 
Flash (secondary) and 256 kB EEPROM (presumably for bootloader) 16[37]. What works on 
Mars might not work on Venus. Venus and Mars offer very different technical challenges. 
Mars has a large temperature variation (~150 K) with an average low temperature (-65 °C). 
The radiation dose rate is lower on Mars than on Venus, 100 Gy/year17 (Si) vs. 200 Gy/year 
(Si), and Mars has a thinner atmosphere [17]. 

For more information about memory design and memory hierarchy, see [114].

3.2 – Static RAM (SRAM)

3.2.1 – SRAM cell and basic operations

SRAM is currently the fastest random-access device. Unlike all other memories in this thesis, 
it does not store a physical property like charge, polarisation or magnetisation. Nor does it 
undergo phase changes. SRAM is designed from logic elements only. If the logic allows 
inverters, it allows SRAM. There are no compatibility issues with the CPU. 

This section is written with the assumption that the CPU is in CMOS logic. SRAM can be 
done in BJT logic, too [40].

The basic SRAM cell is composed of two cross-coupled inverters. An inverter is composed of
two transistors in full CMOS process, one PMOS and one NMOS transistor. The full CMOS 
SRAM cell contains a minimum of four transistors. Two pass gates are used to access the cell 
during the read and write operations. The pass gate is usually a single NMOS transistor, 
thanks to its superior properties compared to a PMOS transistor. The SRAM cell with two 
pass gates is called six transistor SRAM (6T-SRAM) [40]. The 6T-SRAM is depicted in Fig.
32. There are other types of SRAM, like 8T-, 10T- and 12T-SRAM. The 8T- and 10T-SRAM 
are discussed later on. See [115] for a design of 12T-SRAM.

16 The DRAM and EEPROM is presumably 256 MiB and 256 kiB, respectively.
17 Value reported in rad.
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Figure 32. M1 and M2 make one inverter, INVC, and M3 and M4 make the other inverter, INVT.
The output of INVT is coupled to the input of INVC, and the output of INVC is coupled to the

input of INVT. This coupling forms a bistable latch. M5 and M6 are the access transistors.
Image taken from [116].

Consider two inverters (INV), INV True (INVT) and INV Complement (INVC). Assume that 
the input of INVT is 0. The output of INVT is then 1. The output of INVT is coupled to the 
input of INVC. If the input of INVC is 0, the output is 1. The output of INVC is coupled to 
the input of INVT. The two inverters form a bistable latch. They have two stable operation, 
one where (INVT, INVC) = (0,1) and one where (INVT, INVC) = (1,0). The latch is stuck in a
state as long as power is supplied. SRAM is thus a volatile memory [40]. 

SRAM can be modified into a storage memory. The modification is quite simple: The 
memory is battery backed-up18. The memory is never turned off. The memory is still 
technically volatile, but the definition is meaningless if the memory is never turned off. As far
as storage memories goes, battery backed-up SRAM is completely outclassed by Flash 
memory.

SRAM is a prime example of a see-saw memory. When one side of the board is up (equivalent
to the output of one inverter being 1), the other side is necessarily down (equivalent to the 
output of the other inverter being 0). 

Reading SRAM is easy. The WL is set high (VWL = VDD). This charging allows the two pass 
gates to let current flow from the inverters to the BL(s). Each SRAM cell typically has two 
BLs, BLT and BLC. BLT is coupled to INVT and BLC is coupled to INVC. The read-out 
process can be sped up by differentiating the signal between BLT and BLC. Both BLs are 
typically precharged to VDD. Writing is also easy. Before accessing the cell (setting WL high), 
the BLT is pre-charged to the write value and BLC to the complementary value. When 
charged, WL is set high. The BLs will force the memory cell to the new stable operating 
point. For more information about basic SRAM operation, see [40], [118].

18 The Legend of Zelda (1986) for the Nintendo Entertainment System is famous for being the first cartridge-
based video game with an internal save function (as opposed to saving to external floppy-disk). It used 
battery backed-up RAM [117]. 
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Full-CMOS SRAM consumes very little power during standby [40]. It consumes most power 
during switching. SRAM is therefore very suitable for low-power applications.

SRAM is a Front End Of Line (FEOL) technology. SRAM is strongly dependent on SiC 
transistor-devices and processing.

For information about layout, simulation and periphery electronics, see [119].

3.2.2 – SRAM high temperature behaviour

SRAM is arguably the most temperature insensitive technology featured in this thesis. That 
said, there are some important aspects to consider for high temperatures and SiC technology. 
SRAM technology is ultimately set by CPU design. 

SRAM is composed of two cross-coupled inverters. The high temperature behaviour of the 
inverters will set the overall behaviour of the cell.

When the input to the inverter is Vss, the PMOS transistor is 'on' and the NMOS transistor is 
'off'. The PMOS transistor can be considered as a good conductor and the NMOS as a good 
resistor. The largest voltage drop occurs over the NMOS transistor, and it is approximately 
Vdd-Vss = Vdd (Vss = 0 V). The NMOS is in subthreshold. As discussed in Current and charge 
leakage mechanisms, there is a leakage current in subthreshold (Eq. 15). This leakage has 
modified Arrhenius behaviour. If the input is Vdd, the PMOS is in subthreshold instead of 
NMOS. SRAM is considered to consume very little power during standby, since there is not a 
direct current path from Vdd to Vss during standby [40]. The standby power increases 
exponentially with increasing temperature.

The subthreshold leakage can be managed with a scaling argument. The on-off current ratio is
given by the subthreshold slope. The subthreshold slope has an optimum of 60 mV/dec at 
room temperature. The slope is 140 mV/dec at 700 K. Suppose that a device is functional at 
room temperature. If the temperature is increased by a factor of two (700/300 = 2.33), the 
overdrive voltage should be scaled up by the same factor to keep the on-off ratio constant. 
Scaling the overdrive voltage means both scaling the power supply and scaling the threshold 
voltage. The device can further be scaled by generalised scaling rules (see [120]). Scaling is 
not an easy thing to do, though.

The reverse-biased junction leakage is more difficult to manage than the subthreshold 
leakage. The three parameters that can be manipulated are area, doping and doping profile. 
Changing the area will not change the current density – however, changing doping and doping
profile will. The current decreases with increasing substrate doping, since the minority 
concentration decreases. However, higher doping gives a smaller depletion width. For p+n+ 
junctions, the width is so small that band-to-band tunnelling becomes very likely. In that case,
the diode is a Zener-diode instead of a pn-diode. The Zener-diode has Zener breakdown at 
high reverse-bias. The big benefit of using SiC over silicon is that SiC has very few minority 
carriers, even at high temperature (ni ~ 108 cm-3 @ 700 K, p = Na = 1016 cm-3, n = ni

2/p ~ 1 cm-

3). The current should be quite small due to the low concentration of minority carriers.
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Both the subthreshold leakage and reverse-biased junction leakage can be decreased by 
decreasing the width of the device. The trade-off is that the on-current will also change by the 
same factor. The on/off ratio is unaffected by this change.

The inverter is sensitive to noise. The Static Noise Margin (SNM) can be determined from the
transfer curve of the inverter. There are two ways to increase the SNM. The first way is to 
make the inverter as balanced as possible [40]. To balance the inverter means that the PMOS 
and NMOS have the same on-resistance. When the on-resistance is the same, then the 
switching point Vsp will move close to Vdd/2. This value is the optimum value [121]. Balancing
is straightforward in silicon technology. The effective hole mobility is roughly half of the 
effective electron mobility. If the PMOS has twice the width of NMOS, the inverter is 
balanced [122]. The same does not apply for SiC technology. The electron mobility is roughly
ten times as large as the hole mobility (see Table 1). The effective mobility ratio is not quite 
10, but still larger than 2. Previous work indicates that the ratio should be around 5 [123]. This
ratio will unfortunately make the SRAM cell quite large. The second option is to make the 
overdrive voltage Vt/Vdd quite large. A large threshold voltage to supply voltage gives a more 
step-like transfer curve. The largest and best possible SNM for a balanced inverter is Vdd/2. 
The device is insensitive to thermal noise if the SNM is much larger than the thermal voltage. 
The supply voltage has a lower bound because of this optimal value. The lower bound is 
about ~4kBT/q. If the memory is to be thermally stable for ten years (unnecessary for volatile 
memories), the supply voltage should be about 50kBT/q, or 2 V at room temperature and 5 V at
700 K.

If the threshold voltage is half of the supply voltage (2.5 V), the on-off ratio is at best about 
~1018 (= 2500 mV dec / 140 mV). A more realistic ratio would be 1013 – 1015. The large drop is
due to body factor m, which was taken as 1.2 – 1.4 (18/1.2 = 15, 18/1.4 ≈ 13).

Another way to make the cell even more stable is to have separate read- and write-lines. The 
nodes are tied to the gate of another transistor. The current does not flow through the gate 
(assuming low gate-leakage), so the voltage of the node will not change when read. The trade-
off is the addition of two additional transistors (8T design) [124]. Fig. 33 shows the 8T design.

Figure 33. 8T-SRAM. The additional two transistors provide a way to read the cell without
compromising the stability. Image taken from [124].
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The 8T design does not have a complementary signal. This design could be extended to have 
the complementary signal by adding two transistors (10T design).

3.2.2 – SRAM radiation effects

SRAM can be hardened both by process and by design. The most common RHBP is the triple 
well process. The triple well process will prevent charge accumulation due to α-
bombardment. When an α-particle strikes a semiconductor, it generates electron-hole pairs. 
These electron-hole pairs can diffuse to the junctions and cause a number of different Single 
Event Effects (SEEs), like Single Event Upsets (SEUs) or even Single Event Latchups (SELs)
for SRAMs. The triple well process starts from the usual twin well process (PMOS has N-
well, NMOS has P-well). In the triple well process, a deep and heavily doped well is added. If
it is on a p-substrate, the well is n+-doped. If it is an n-substrate, the well is p+-doped. In SiC 
technology, n-substrate wafers are of higher quality than p-substrate wafers. n-wafers are the 
more common wafers. In silicon technology, p-substrate is more common. The triple well 
adds better electrical isolation to the substrate. It can also significantly reduce the Soft-Error 
Rate (SER) [125], [126], [127]. Fig. 34 illustrates the doping profile.
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Figure 34. Cross-section of the triple well process (not drawn to scale). Light green is p-
doping, dark green is p+-doping, orange is n-doping and red is n+-doping. PDW stands for P-
Deep Well, the layer for the third well. n-Sub is the SiC substrate. The PDW is biased by the
PWELL to Vss. The NWELL is biased to Vdd. The PDW and NWELL form a reverse-biased

junction with the depletion width in the NWELL. The PDW and n-Sub forms another reverse
biased junction with the depletion width in the n-Sub. Although it is not shown in this figure,

the PDW isolates the NWELL from n-Sub laterally, too.

The layers form a NPN-bipolar transistor in Fig. 34 (NWELL-PDW-n-Sub). The NPN can be 
vertical (as in Fig. 34), or planar. The planar bipolar transistor would have the substrate tap on
the surface. A surface substrate tap will increase the device area. The PDW could have a tap 
independent of the PWELL tap.

The width of the depletion region has to be considered. The width can be quite large for 
lightly doped NWELL at the junction to PDW. A large depletion width can disturb the PMOS
[125]. One way to prevent disturbing the PMOS is to use a retrograde doping profile. The 
depletion width in the n-substrate has to be considered, too. The depletion region cannot be 
too large. If it is too large, punch-through can happen. Punch-through occurs when the n-
substrate is depleted, and the depletion width reaches the power supply contact. Punch-
through leads to short-circuiting Vdd to Vss. The n-sub must be doped to a reasonably high level
to prevent punch-through.
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Consider the case when an α-particle strikes the substrate. The α-particle generates electron-
hole pairs. The excess electrons in the depletion region drift to the p+-side, where they can be 
collected by the power supply Vss. The excess holes in the depletion region drift to the n-
substrate, where they are collected by the power supply Vdd. However, this charge collection 
will cause a transient photocurrent. The photocurrent will in practice not be large enough to 
disturb the power supplies. The transient photocurrent will not cause latchup, either. The triple
well seems to generally inhibit latchup [128]. 

Puchner, Radaelli and Chatila reported that triple-well process can increase the radiation 
sensitivity. The increased sensitivity occurs if the wells do not have enough well taps. The 
solution is to have many well taps [129]. 

The point of the triple well is to redirect the charge from the substrate to the power supplies. 
Otherwise, the charge in the substrate can migrate to the MOSFET-junctions. The charge can 
accumulate at the junctions. The radiation sensitivity of the MOSFET comes, ideally, only 
from in-well irradiation when there is a deep well. In-well irradiation is much less likely than 
substrate radiation. The well is much smaller than the substrate (~1 µm vs. 500 µm). The 
radiation is unlikely to generate e-h pairs in a small volume.

If there is a sudden charge accumulation on one of the junctions of the MOSFET, one of the 
transistors might accidentally be turned on or off. The other transistor in the inverter will have
to compensate for the charge. Unfortunately, the transistor cannot drive infinite current, so it 
takes a while before the additional charge is removed. This time period is called recovery 
time. While the inverter compensates, the SRAM is unstable. If enough charge has 
accumulated, the voltage-output could cause the inverter to force the other inverter to flip. The
feedback loop will cause the SRAM to flip into the other state. The feedback loop takes a 
while, and is in fact the writing time of the SRAM cell [126]. For RHBD, the strategy is to 
change the racing conditions by purposefully slow the SRAM cell down, which can be 
accomplished by introducing a low-pass filter. The low-pass filter can be two resistors (6T-2R 
SRAM) or two capacitors (6T-2C SRAM) [127]. Fig. 35 shows the 6T-2C design. The 
disadvantage is that writing data to SRAM necessarily becomes slower. The cell size can also 
become larger.
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Figure 35. 6T-2C circuit. The capacitors slow down the cell, making it less prone to SEU.
Image taken from [127].

Another option for RHBD is to use more reliable memory cells like 10T- or 12T-SRAM
[126], [127].

For even more options for radiation hardening, see [130] and references therein.

3.2.3 – SRAM summary

SRAM is built from logic elements. The most common design is six transistor (6T-)SRAM. 
There are other designs, like 4T-SRAM and 8T-SRAM. Two inverters form a bistable latch 
with two stable states. The latch is self-amplifying, so the bit is stable as long as the cell is 
supplied with power. SRAM is therefore a volatile computer memory. SRAM consumes most 
power during switching. It does not consume much power during standby. 

SRAM is rather insensitive to temperature. The subthreshold and reverse-biased junction 
leakage will increase with increasing temperature. The standby power increases due to 
increased leakage. The subthreshold current can be decreased by having a large threshold 
voltage. The inverters in the SRAM are sensitive to noise. The static noise margin can be 
improved by careful design and with increased supply voltage. The read-disturb can be 
removed by using 8T or 10T design.

SRAM is sensitive to radiation. There are several ways to make it radiation hard. RHBP is an 
option. RHBP is done by including more wells than usual. RHBD is another option. More 
reliable design like 8T-, 10T- or 12T-SRAM are used instead of 6T-SRAM.

My conclusion for SRAM is that SRAM is very suitable for extreme environment 
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applications. SRAM can be designed for high temperatures. The most important thing to 
consider is radiation effects and leakage. 10T design offers better reliability than 6T thanks to 
the removal of read-disturb. The 10T design should automatically incorporate the 6T-2C 
design, since two of the transistors will behave as capacitors. The MOSFET has the MOS-
capacitor as a key element, after all.

3.3 – Dynamic RAM (DRAM)

3.3.1 – DRAM cell and basic operations

DRAM is the dominant memory device for main memory technology. It is easily fabricated 
and does not require very exotic materials. It is a very dense memory, too. The cell design is 
referred to as 1T-1C. Each memory cell is just one access transistor and one capacitor. 
Compare this to SRAM. SRAM requires six transistors. The bit per area is much larger for 
DRAM than SRAM, so DRAM is much cheaper per bit than SRAM [40], [131]. The DRAM 
cell is depicted in Fig. 36.

Figure 36. DRAM cell. Data line is called bitline in this thesis. Image taken from [114].

DRAM can be made more reliable by sacrificing bits. The cell could then be 2T-2C (2 x 1T-
1C). One capacitor stores the data and the other capacitor stores the complementary data. The 
sense amplifier compares the data and the complementary data to each other. If a 1T-1C has 
probability ~p to bit-failure, a 2T-2C has roughly ~p2 probability for bit-failure. This 
probability estimation assumes that both capacitors must have a simultaneous and 
independent bit-failure for the cell to have a bit-failure. 

DRAM ran into a brickwall when scaling reached design rules with minimum feature size 
smaller than 1 µm. The bottleneck is the capacitor. The capacitance decreases with decreasing 
feature size. An engineering solution is to abandon the planar capacitor in favour of trenched 
capacitor and stacked capacitor. Another engineering solution is to use high-κ materials, but 
the high-κ materials have their own issues [40], [132]. The introduction of high-κ materials 
allowed several more elements into the fabrication process. These materials can range from 
transition metal oxides to rare earth element oxides.
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DRAM stores memory in the form of charge on the capacitor. A charge could be '1' and no 
charge could be '0'. DRAM is a prime example of a bucket memory. The bucket is either filled
(equivalent to a charge on the capacitor) or empty (equivalent to no charge on the capacitor).

Writing a '0' is easy. The wordline is set high, so that there is a current path from the bitline 
through the access transistor to the capacitor. The bitline is grounded. The capacitor 
discharges. Writing '1' requires some more thought. The capacitor should store a charge 
equivalent to Vdd. As the capacitor gets charged, the voltage difference over the source-drain 
decreases. The source voltage approaches Vdd. If the wordline is only set to Vdd, the access 
transistor will enter subthreshold operation. It enters subthreshold because the voltage gate-
source difference goes to zero. Both have the same bias. The transistor will turn off before the 
capacitor is fully charged. The wordline must be boosted to a voltage larger than Vdd+Vt. The 
transistor will not enter subthreshold operation now. After the access transistor is boosted, the 
bitline is charged to Vdd. The capacitor becomes charged. The wordline is typically grounded 
after writing operation [40].

Circuits are usually designed with two voltages in mind: Vdd and Vss (ground). Boosting is 
problematic if the voltage does not go higher than Vdd. The wordline selector (or row decoder) 
has a charge pump. In very simplified terms, a charge pump shunts charge through diodes into
capacitors. The more charge forced upon a capacitor, the higher the voltage. See [61] for more
information about charge pumps.

Reading is more complex. If the capacitor has charge, the capacitor will discharge when the 
sense circuit reads the cell. Discharging is in itself not bad – the cell could not be read 
otherwise! The problem is that after the sense circuit has read the cell, the cell is in state '0'. 
The read-out is destructive, since it is not in the same state after read-out (except for '0' → '0').
The sense circuit has to do double duty – it must rewrite the memory back after read-out. The 
periphery circuit for DRAM is necessarily quite complex [40].

The reading starts with precharging the bitline to Vdd/2. The wordline is boosted, since the 
read operation must include a write operation. If the capacitor has stored a '1', the voltage of 
the bitline will increase. If the capacitor has stored a '0', the voltage of the bitline will 
decrease. The sense amplifier compares the value of the bitline to Vdd/2. The sense amplifier 
itself can be two cross-coupled inverters. It is similar to 6T-SRAM, except it does not have the
two access transistors. It is biased so that it is at the switching point (not either in '0' or '1'). 
When the value of the bitline changes, the bistable latch will jump into the stable state. In 
doing so, it will amplify the voltage on the bitline. The capacitor is now being written. The 
last step is simply turning off the sense amplifier and the access transistor [40].

The economics of DRAM might seem strange, compared to SRAM. What is gained by using 
DRAM compared to SRAM, if DRAM is more complicated than SRAM? If the memory was 
limited to ~kib, it might not make sense. Consider now the benefits if the memory is up in the 
order of GiB. An SRAM array would take a lot of area, whereas DRAM takes a small area.  
The complex DRAM periphery circuit adds several thousand or even million transistors, so 
the periphery is larger for DRAM than SRAM. The area saved by using DRAM more than 
compensates for the larger periphery circuit.  

DRAM has a key weakness that SRAM does not have. SRAM is self-amplifying: The signal 
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does not decay over time since it is always amplified. DRAM does not amplify the signal. It 
decays over time. It does this by charge leakage. Unfortunately, the decay time is on the order 
of millisecond at room temperature. The data must be refreshed, which is done by doing 
periodic read/write cycles [40]. Large leakages cause high power consumption, since the 
memory has to be rewritten all the time.

DRAM can be both a FEOL and a Back-End Of Line (BEOL) technology. It depends on 
where in the process flow the capacitor is manufactured.

For information about layout, simulation and periphery electronics, see [119]. See also [114] 
for more information about DRAM.

3.3.2 – DRAM high temperature behaviour

The high temperature behaviour of the DRAM is set by the high temperature behaviour of the 
dielectric capacitor. There are two aspects to consider at elevated temperatures: leakage and 
capacitance.

The capacitance is proportional to the susceptibility. The susceptibility obeys Curie-Weiss 
law,

C∝χ∝
1

T−Θ
, (Eq. 50)

where Θ is a transition temperature. This temperature can be at a simple crystallographic 
phase change. The point is that the capacitance decreases at elevated temperatures.

The leakage current will reduce the charge on the capacitor. The time it takes to discharge the 
capacitor is given by a generalised RC constant. The RC constant should be as large as 
possible, since it increases the retention time. R is increased by decreasing the leakage 
mechanisms. Unfortunately, most leakage mechanisms increase with temperature (resistance 
decreases).

Most of the leakage mechanisms have Arrhenius behaviour (see Current and charge leakage 
mechanisms). This behaviour is very problematic for high temperature applications. The 
retention time would decrease roughly 10 dec/eV (see Thermodynamics of memory 
technologies). Conversely, the refresh rate would have to increase 10 dec/eV. Let us be 
generous and assume that the refresh rate is 1 Hz at room temperature. The activation energy 
is probably low, since the refresh rate is large. Estimate that the activation energy is ~500 
meV. The refresh rate would increase 5 decades to 100 kHz.

The practical problem is not the frequency, nor the cell itself. The cell will be operational at 
elevated temperatures. The problem is the standby power consumption. Each refresh cycle 
stores an amount of charge on the capacitor, Q ~ CV. To load a capacitor with this charge 
requires an energy E ~ QV. The power consumption is then P ~ Ef. The power consumption 
will inherit the Arrhenius behaviour of the frequency. A typical DRAM today will have 30 fF 
and 1 V operation [40]. Charging this capacitor requires an energy of 30 fJ. The power 
consumption is about 30 fW at room temperature and 3 nW at 700 K. This is the power 
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consumption of a single DRAM cell (1 b). Consider now a 16 MiB (~100 Mb) memory. The 
memory array would consume approximately 4 µW at room temperature and 400 mW at 700 
K. The power consumption at elevated temperatures is too high for a lander. Since the power 
supply will be limited, a low power design is necessary. 

3.3.4 – DRAM summary

DRAM stores bits as charge on a capacitor. The usual design is 1T-1C. The transistor acts as 
access transistor. The access transistor isolates the capacitor from all the other capacitors. The 
1T-1C design is much smaller than the design of the 6T-SRAM. DRAM is therefore suitable 
as main memory. Unlike SRAM, DRAM is not self-amplifying. The bit will eventually decay 
over time. The bit decay is in the form of charge leakage. The bit must therefore be refreshed 
periodically. A typical DRAM requires a refresh rate of about 1 – 10 Hz at room temperature. 
Since the bit decays so fast, the memory has volatile behaviour.

DRAM will most likely be very leaky at elevated temperatures.  The power consumption is 
very high since the array has to be refreshed so often. The cell itself is operational at high 
temperatures.

My conclusion for DRAM is that it will be functional but not practical. It will most likely leak
too much. The high leakage leads to high power consumption. It is unacceptable for a lander 
with limited energy supply.

3.4 – Electrical Erasable Programmable ROM (EEPROM) and Flash

3.4.1 – EEPROM and Flash cell and basic operations

Flash absolutely dominate the nonvolatile memory market today. The cell is 1T (see Fig. 37). 
Compare this cell to 6T-SRAM and 1T-1C design of DRAM. Each memory cell can be 
designed for multilevel storage, too. If this is done, the bits per transistor goes up, and by 
extension, bit per area. Flash is per bit cheaper than both SRAM and DRAM [131].

Figure 37. EEPROM-cell with Floating Gate-transistor. This device is called FGFET in this
thesis. The EEPROM-cell is can be even denser than DRAM. Image taken from [118].
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The difference between EEPROM and Flash is that EEPROM is bit-wise erasure whereas 
Flash is block-wise erasure. Both EEPROM and Flash are based on the same cell design [40].

The cell is a field effect transistor. It has a threshold voltage that can be changed. The change 
can be done in several different ways. The method of choice depends on the cell structure. A 
MOS-transistor (usually NMOS) can be used, but there is also the Floating Gate-transistor 
(called FGFET in this thesis) and SONOS. All three designs are built on the same idea: Inject 
charge into the gate stack to change the threshold voltage. Charge is injected into the oxide in 
the NMOS-transistor cell, the floating gate in FGFET and the nitride layer in SONOS. The 
difference is in execution and properties of the stacks [40]. 

FGFET is a good example of a bucket memory. The bucket is either filled (charge in the 
floating gate) or empty (no charge in the floating gate).

The simplest EEPROM-cell has the drain of the transistor connected to Vdd and the source to 
the bitline. The wordline is charged to Vdd and the bitline is grounded when reading the cell. 
The device will either be in subthreshold [60],

I=μeff

W
L

Cox(k B T

q )
2

(m−1)eqV ov /mk B T (1−e−q V dd / k BT )  [I ] ,

V ov=V dd−V t , high<0  [ML2T−3 I−1 ]
(Eq. 51)

or in parabolic operation19 [60],

I=μ eff
W
L

C ox⋅(V ov⋅V ds−
m
2

V ds
2 )  [I ] ,

V ov=V dd−V t , low>0,V ds<V dsat=V ov /m  [ML2T−3I−1 ]
(Eq. 52)

If the device is biased into saturation (Vds > Vdsat), the charge carriers will gain quite a lot of 
energy by the time they reach the drain. As will be discussed later on, this can cause hot 
electron injection. Hot electron injection is a mechanism for writing a '1' to the device. The 
device is purposefully kept at low Vds during reading to prevent soft writing [118]. 

The different states could be thought of as a Low Resistive State (LRS) when in parabolic and
a High Resistive State (HRS) when in subthreshold. The key difference between these states 
is that the overdrive voltage changes between the states, because the threshold voltage 
changes. Vdd is between the two threshold voltages. See Fig. 38 for an illustration of I-V read-
out.

19 None of the references explicitly state that it is parabolic operation.
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Figure 38. I-V for FGFET. The read voltage VR is chosen so that the transistor is 'on' for low
threshold voltage and 'off' for large threshold voltage. Image taken from [118].

Stored charge will shift the threshold voltage according to [40]

ΔV t=−
1
εox
∫
0

tox

xρ( x)dx=−
1

Cox
∫
0

t ox x
tox

ρ(x )dx  [ML2T−3 I−1 ] (Eq. 53)

where ΔVt is the shift in threshold voltage due to charge, x is position in the oxide, x = 0 is the 
gate-oxide interface, tox is the oxide thickness and ρ is the charge density.

For NMOS EEPROM, the charge is in traps within the oxide. Charge is injected into these 
traps. Charge injection can be done in two ways for NMOS: Channel Hot Electron Injection 
(CHEI) or Fowler-Nordheim (FN) tunnelling. Current and charge leakage mechanisms 
covered FN tunnelling. The control gate is charged to a very large potential compared to the 
body. The bands will bend. Electrons can tunnel from the inversion channel into the 
conduction band of the oxide. It is also possible to have tunnelling from the source into the 
oxide, but this depends on device design.

Hot electrons are electrons that are accelerated to high kinetic energies. This acceleration does
not typically occur for a capacitor, but can happen for MOS-transistors. The electrons are 
accelerated by the electrical field of the channel. The vertical field attracts electrons toward 
the insulator. If they have high kinetic energy at the drain, where the fields are at their largest, 
they can jump into the conduction band of the insulator. 

If the insulator is SiO2 and the channel is n-Si (inversion-channel), the band-offset is typically 
~3.2 eV. This value is due to material constants. Material constants can cause scaling issues. 
How much kinetic energy must the electrons gain at the drain? At least 3.2 eV. How large 
voltage must be applied? At least 3.2 V. It is problematic to scale FGFETs, because scaling is 
limited to constant voltage scaling.

CHEI is discussed in [30], [40], [60]. CHEI is faster than FN tunnelling, but it is also much 
more power hungry. CHEI is an inefficient injection method [131]. FN tunnelling requires 
only a vertical field. CHEI requires a source-drain current, where only ~10-8 of the current 
contributes to charge injection. The rest of the current is wasted. Both mechanisms will 
eventually break down the oxide. EEPROM and Flash memories have terribly poor endurance
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compared to SRAM and DRAM. A Flash memory can be rewritten about 103 – 104, compared 
with SRAM and DRAM, > 1016.

Both mechanisms are self-limiting [119]. As charge is injected into the floating gate, the 
electric field through the tunnelling barrier decreases. The charge compensates the electric 
field. This effect can be seen from the change in the threshold voltage. The charge increases – 
the threshold increases – the overdrive voltage decreases. For CHEI, the drain current 
decreases with decreasing overdrive voltage. FN tunnelling slows down very fast with 
decreasing vertical field.

The charge is stored in the floating gate in the FGFET. The floating gate is usually poly-
silicon in silicon technology. The gate stack is metal (or doped poly-silicon) / dielectric 
insulator / poly-silicon / tunnelling barrier / silicon (see Fig. 39). The floating gate is in some 
ways similar to a quantum well (see Fig. 40). The poly-silicon is electrically isolated from the 
gate electrode (metal layer, also called control gate) and from the silicon. Charge injection can
be done the same way as for the simple MOS-transistor setup. There are a lot of different 
varieties of FGFET design [40].

Figure 39. Schematic cross-section of a FGFET with capacitances. Image taken from [118].

Figure 40. Band diagram of FGFET. The floating gate behaves as a quantum well for
charges. Image taken from [39].
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The change in threshold voltage for the FGFET is [40]

ΔV t=−
ΔQ
C FC

 [ML2T−3 I−1 ] (Eq. 54)

where ΔQ is the charge on the floating gate. A large CFC gives the control gate good 
electrostatic control over the transistor. The trade off is that the floating gate loses control over
the transistor, which inhibits change in threshold voltage, as seen in Eq. 54 [40].

SONOS is basically a FGFET, where the poly-silicon is replaced with Si3N4. Si3N4 is an 
insulator. SONOS has an advantage towards poly-silicon floating gate: A current-path through
the tunnelling barrier will not discharge the nitride layer, since the charges are in discrete 
traps. SONOS has an advantage towards NMOS: the nitride layer has more traps with larger 
cross-section. It can more readily trap electrons than SiO2 [39], [131].

The change in threshold voltage for SONOS is given by modifying Eq. 53 [40]

ΔV t=−t qΔQ /εox ,ΔQ=∫
0

t ox

ρ(x)dx , t q=
1
ΔQ∫0

t ox

xρ(x )dx  [ML2T−3 I−1 ] (Eq. 55)

where tq is the average distance to the nitride layer.

Erasing a memory in any of the three designs requires FN tunnelling. Hot electron injection 
cannot be used. It is possible to inject holes to compensate. Electrons in the conduction band 
can recombine with holes in the valence band. This method is disadvantageous because holes 
need higher kinetic energy for injection than electrons (~4.7 eV vs. 3.2 eV) [40]. 

FN tunnelling requires very high voltages, so a charge pump is necessary. CHEI also requires 
higher than normal voltages, but charge pumps cannot be used for CHEI. Charge pumps can 
deliver a lot of voltage but little current. CHEI requires both large voltages and large currents. 
FN tunnelling is so slow that it does not require large currents [40], [61], [118], [119].

Flash comes in two architectural varieties: NAND and NOR. NAND is shown in Fig. 41 and 
NOR in Fig. 42.

Figure 41. NAND-setup. All transistors are connected in series. Image taken from [118].
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Figure 42. NOR-setup. The left hand image illustrates the reading operation of the EEPROM.
The right hand image is the NOR-setup. All transistors are connected in parallel. Image taken

from [118].

The names NAND and NOR comes from the similarity to the logic gates NAND and NOR. 
Although it is not revealed in Fig. 41 and 42, NAND is much more dense than NOR.

Figure 43. NMOS transistors in a 2-NAND logic gate. For floating gate transistors, there
would be an additional poly layer. Each memory gate can store at least one bit.

Figure 44. NMOS transistors in a 2-NOR logic gate. For floating gate transistors, there
would be an additional poly layer. Notice that there is a contact between the two gates in a
NOR-configuration, whereas there is no contact in NAND. Each memory gate can store at

least one bit.
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As seen from Fig. 43 and 44, the NAND configuration can be much denser than NOR 
configuration. There is no need for a source/drain contact between each gate in NAND. The 
devices in the figures might look a bit weird, because it does not look like the usual layout in 
silicon technology. This is a NAND gate in SiC technology. There is no self-alignment 
process in SiC. The lack of self-alignment means that the layout has to be done in a different 
way from layout in silicon. See [133] for details about processing in SiC.

NOR-Flash is easy to read and write since all cells have random access. When reading a cell, 
the wordline is charged to an appropriate value. This value should not cause charge injection. 
The source-drain voltage difference is kept small to avoid soft writing, as previously 
discussed. Erasure is done by grounding all the wordlines and by having the common source-
line at high voltage. The electrons in the oxide tunnel into the source. NOR-flash today 
typically use CHEI for writing and FN tunnelling for erasure [40], [118].

NAND-Flash is a bit more complex than NOR-Flash. Unlike NOR, NAND does not have true
random access – cells cannot be accessed independent of other cells. NAND-Flash has poor 
random-access times – but if seen as serial-access times, NAND-Flash has good access times
[39]. NAND-Flash is used in Solid State Drives (SSD). SSD is an option to HDD. There are 
also hybrid drives, like Solid State Hybrid Drive (SSHD).

All FGFETs in NAND-Flash are connected in series. When a cell is to be read, the wordline 
of the cell is charged in between Vt,low and Vt,high. All other wordlines are charged above Vt,high. 
All transistors not to be read are turned on, independent of their individual programming. 
Even though all transistors are on (possible exception being the transistor to be read), the 
series resistance can be quite high. The read current is small as a result of the high resistance. 
Since the read current is small, NAND-Flash has very long access times [40], [118].

NAND-Flash is programmed and erased with FN tunnelling. Erasure is done by biasing the 
substrate and source to a high voltage and grounding all the wordlines. Programming a '1' is 
done by biasing the wordline high and grounding the bitline. Programming a '0' can be done 
by biasing the bitline to a high voltage, so that the voltage difference across the oxide is low
[40], [118].

Some final words about NOR- and NAND-Flash: NOR is used where access times are more 
important than density, and NAND is used where density is more important than access times.

EEPROM and Flash is a FEOL technology. It strongly depends on SiC transistor-devices and 
processing. 

See [119] for some information about EEPROM and Flash layout.

3.4.2 – EEPROM and Flash high temperature behaviour

Using EEPROM and Flash for extreme environment application is not advisable. Commercial
Off The Shelf (COTS) Flash memory fails quite rapidly at the high temperature of 300 °C. 
Temperatures at 250 – 300 °C is used for accelerated tests. The packaging will also fail. The 
packaging is typically in a polymer or plastic, both of which melt at about ~250 °C. The 
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solder will liquidate on Venus, too20 [134]. High temperature packaging is briefly discussed in 
Ch. 4. COTS EEPROM and Flash are also rather radiation soft.

According to De Salvo et al. [135], [136], the retention time has a very peculiar behaviour. 
The charge in the floating gate is stored on the surface of the gate. This surface charge is in 
contact with the insulating layer. The net effect is that there will be an electric field across the 
insulating layer. Consider that the insulating layer is designed for FN tunnelling. FN 
tunnelling is incredibly slow for these electric fields, so charge leakage is negligible at any 
significant time. However, when the temperature increases, the FN tunnelling increases. The 
increase in FN tunnelling is related to the temperature barrier lowering. If FN tunnelling is the
dominant leakage mechanism, retention time is not dominated by Arrhenius behaviour. The 
authors claim that their extrapolation model can cover Arrhenius behaviour if the activation 
energy has parabolic temperature behaviour. Simple substitution into the Arrhenius equation 
(Eq. 5) shows that the intrinsic switching must have a strong temperature behaviour. Their 
model simply cannot be joined with Arrhenius behaviour. The retention time in their model, 
the so called T-model, is

1
τ=

1
τ0

eT /T 0  [T−1 ]⇔τ=τ0e−T /T 0  [T ] (Eq. 56)

De Salvo et al. used this model in context of extrapolating retention times [135], [136]. In 
context of high temperature applications, this behaviour is even more problematic than 
Arrhenius behaviour. Arrhenius behaviour goes towards the intrinsic switching time as 
temperature increases. This behaviour predicts instead that the switching goes to 0 as 
temperature increases. See Fig. 45 for comparison between Arrhenius model and T-model.

Figure 45. Comparison between Arrhenius model (1/T Model) and T Model. The squares are
data points. The data points fit better to the T model in this figure. Image taken from [136].

FN tunnelling as a leakage mechanism is a big problem if it is the writing mechanism at the 
same time. The bucket analogy would be that the bucket can only be filled from the hole at 

20 Solder has a defined maximum liquidus temperature of 450 °C. High temperature packaging needs brazing, 
which has a liquidus temperature above 450 °C.
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the bottom. The hole can be made bigger to make the writing go faster, but the leakage will 
also increase. The hole can be made smaller to decrease the leakage, but the writing takes 
forever. 

Suppose that a SONOS device is made in SiC technology. The nitride layer should be kept, 
since it traps electrons. The material of the insulator is not an obvious choice. Like Si, SiC can
be thermally oxidised to SiO2 [137]. SiO2 can also be deposited.

Alumina, Al2O3, is a very suitable barrier for SiC [138]. It has a large bandgap (8.7 – 9 eV) 
and a large dielectric constant (εr  = 8.3 – 9) [139]. It can be deposited both with Atomic 
Layer Deposition (ALD) and PLD. It is also radiation hard [140]. 

Al2O3 has some different electronic properties compared to SiO2. It has a larger electron 
affinity than SiO2, 1.25 eV vs. 0.95 eV [30], [139]. The electron affinity gives a smaller 
electron barrier height to silicon than SiO2, 2.8 eV vs. 3.2 eV. The barrier height is even 
smaller to SiC, 1.9 eV (the height for SiC to SiO2 is 2.2 eV)21. Experimentally, the SiO2 / SiC 
barriers are 2.7 eV for electrons and 2.5 – 2.9 eV for holes [67]. FN tunnelling should be 
larger for SiC than for Si because of the smaller barriers. Since the barriers are smaller in SiC 
technology than in silicon technology, the writing voltages could possibly be smaller in SiC 
technology than in silicon technology. The insulators cannot be too leaky for retention time 
purposes, though.

The properties of Si3N4 have to be considered and compared to the other two insulating 
materials. Si3N4 is an insulator with a bandgap of 5.1 eV [139]. It has an estimated electron 
affinity of 2.01 eV. The electron affinity gives it an electron barrier of 1.06 eV to SiO2 and a 
barrier of 0.76 eV to Al2O3. The hole barriers are 2.74 eV to SiO2 and 2.84 eV to Al2O3. 

There is a SONOS derivative called SANOS [141]. The blocking layer is Al2O3 instead of 
SiO2. The main benefit of using Al2O3 instead of SiO2 is that there is a larger voltage drop 
over the tunnelling layer instead of the blocking layer. Zhao et al. got some very impressive 
performance from their device (see Fig. 46). The device was programmed within 2.5 ms at 5 
V. The flatband voltage shifted 2 V.  

21 These barriers can be estimated from the oxides electron affinities and the electron affinity of SiC in Table 1.
See also Table 3 and Table 4.
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Figure 46. Schematic cross-section of a SANOS device. The device had ANO = (8,5,2) nm.
Image taken from [141].

Furnémont et al. investigated the high temperature retention of SANOS and SONOS [142]. 
The SONOS device had somewhat better retention properties than SANOS. The SiO2 
blocking layer could inhibit the dominant failure mechanism better than the Al2O3 blocking 
layer. Fig. 47 shows the mechanism considered by Furnémont et al..

Figure 47. Leakage mechanisms in ANO layers, ANO = (10,5,4) nm. I: Trap to channel
tunnelling. II: Trap to gate tunnelling. III: Hole injection from channel. IV: Hole injection
from gate. V: Detrapping, followed by tunnelling to channel. VI: Detrapping, followed by

tunnelling to gate. Image taken from [142].

The significant difference between SONOS and SANOS is in mechanism VI in Fig. 47 [142]. 
The barrier across the A to N layer is smaller than N to O layer. This mechanism has 
temperature dependence, mainly because of the detrapping mechanism. The authors do not 
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explicitly state that if it is Arrhenius behaviour22. The electron traps have an energy 
distribution with a mean about ~1.8 eV. This trap is not very ”deep” (1.8 eV ≈ 31kBT @ 700 
K) at elevated temperatures and over long time periods. The trap offset to the alumina 
conduction band is quite close to 2.5 eV (50kBT @ 700).

So the question now is whether or not ANO is actually more suitable than ONO. A simple 
quantum mechanical argument shows that ANO can be better than ONO. Assume that the two
important qualities is electrostatic control and retention time. The control is set by the 
capacitance. A large blocking capacitance is desirable, so the quality merit will be CA/CO. This
ratio should be larger than 1. Assume that blocking thickness is semi-infinite. The tunnelling 
probability through the barrier is approximately

T=
16 E
U 0

e−2 k d  [1] ,

k=√2 m(U 0−E)

ℏ
 [L−1] ,

(Eq. 57)

where U0 is the barrier height and E is the kinetic energy. Assume that the thicknesses are 
chosen so that the leakage is on the same order. Calculating the leakage would require 
combining Eq. 11 and Eq. 57. This calculation is tedious, so estimate that the equal leakage 
ratio is set by

J O

J A

∼
T O(E=k BT /2)

T A(E=k B T /2)
∼1⇔

d O

d A

=
k A

k O

≈√U A−k B T /2

U O−k B T /2
 [1]

(Eq. 58)

Inserting the values at 700 K gives the thickness ratio as 0.84 (an 84 nm SiO2 film leaks as 
much as a 100 nm Al2O3 film). The capacitance ratio is about 1.9, so the capacitance is larger 
for an A layer than an O layer for the same leakage. 

3.4.3 – EEPROM and Flash radiation effects

EEPROM/Flash memories are very sensitive to radiation. The sensitivity comes from two 
aspects: the radiation soft FGFET and the radiation soft charge pump. Let us start with the 
charge pump vulnerability. 

Suppose that the supply voltage Vdd is 1 V. A typical FN tunnelling voltage for FGFET is 20 V.
To get up to 20 V from 1 V requires several stages in the charge pump. An integrated charge 
pump can be a Dickinson pump with MOS-transistors, acting as diodes.

22 It is a two-level energy system. It should have Arrhenius behaviour.
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Figure 48. Dickinson pump with MOS-transistors. Image taken from [143].

If all transistors are assumed to have the same threshold voltage, the Nth-stage voltage is [61]

V out=N⋅(V in−V t)  [ML2T−3 I−1 ] (Eq. 59)

If the threshold voltage is 0.5 V, then the charge pump needs 40 stages for this example.

Radiation damage accumulates over time. The accumulated damage is measured as the Total 
Ionised Dose (TID). TID will cause the threshold voltage to shift because radiation causes 
electron traps in the gate oxide. Suppose that the threshold voltage shifts up to 0.6 V for all 
transistors. The shift is not that big a difference for individual transistors. The charge pump, 
which has several transistors in series, will now only generate 16 V instead of 20 V. FN 
tunnelling depends very strongly on voltage, so the FGFETs cannot be erased now (or 
programmed for NAND-Flash), or at least they cannot be reprogrammed within any 
reasonable time frame. This example is a tad bit extreme, but the charge pump will eventually 
fail to deliver the correct amount of voltage due to TID. The charge pump of the COTS Flash-
memories fail at around 100 – 500 Gy (Si)23 [39], [144], [145].

If the SiC MOSFETs have a Vdd of 5 V and a Vt of 2.5 V, the charge pump needs 8 stages to 
deliver 20 V. A threshold shift of 0.1 V gives the output shift as 19.2 V.

Although charge pump failure is a concern for EEPROM/Flash, DRAM (and possibly 
FeRAM) does not seem to have the same problem. DRAM requires only one stage for 
boosting the access transistor. The one stage charge pump has a different design than the 
Dickinson pump. The boost voltage does not have to be as precise or as big compared to the 
write voltage for FGFET. The charge pump for DRAM is not as sensitive to radiation as 
compared to the multi-stage charge pump for EEPROM/Flash. 

The FGFET suffers also from TID problems. It will eventually cause the two threshold 
voltages to converge. Or in other words, the memory window decreases. Eventually, the sense
amplifier will not be able to tell the difference between a '0' and a '1'.

23 Value reported as 10 – 50 krad.
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Figure 49. Threshold voltage distribution. Notice that the threshold voltage distribution for '1'
and '0' approach each other with increasing TID. TID is measured here in krad, 1 krad = 10

Gy. Image taken from [39].

Read-errors begin to appear around 1 kGy24 [39]. See also [39], and the references therein for 
details.

SONOS is the best suitable Flash-memory today for harsh environments. For example, Adams
et al. presented a  SONOS technology that could operate up to 125 °C and was very radiation 
hard (> 3 kGy25) [146]. That said, this example fails to meet the ten year retention time mark 
at 460 °C.

Most of this discussion is generally true for silicon technology. There are two important 
differences between SiC technology and silicon technology. First, the periphery electronic is 
radiation hard. The charge pump should survive higher radiation doses in SiC technology than
in silicon technology. Second, as discussed in EEPROM and Flash high temperature 
behaviour, the write voltage does not have to be very large. The charge pump can have fewer 
stages. These two differences lead to a much more radiation reliable periphery. If SONOS is 
used, the entire system could very well be radiation hard.

3.4.4 – EEPROM and Flash summary

EEPROM and Flash memories are based on a floating gate transistor (FGFET). There are 
other devices that are similar to the FGFET, like SONOS or just plain, simple, NMOS. The 
floating gate (or Si3N4-layer in SONOS) traps charge. The charge shifts the threshold voltage. 
The change in threshold voltage can cause a large change in current through the transistor. 
These memories have poor endurance because writing cells require very large voltages. The 
tunnelling oxide will eventually break down. Once the charge is stored in the floating gate, it 
can remain there for several years at room temperature.

The periphery electronics require a multi-stage charge pump. The charge pump can increase 

24 Value reported as 100 krad.
25 Value given as as 300 krad.
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the voltage from the supply voltage. The charge pump delivers the voltages that the FGFET 
needs to rewrite the data.

FGFET will suffer at high temperatures. Most of the leakage mechanisms have Arrhenius 
behaviour, so retention time will decrease by 10 dec/eV. If FN tunnelling dominates, the 
retention time will be described by the T-model. One way to get around the leakage problem 
is to have a much thicker tunnelling barrier. Writing time must necessarily suffer with a 
thicker barrier. The barrier thickness will have a practical upper limit, since a too thick barrier 
makes the device unswitchable.

FGFET is sensitive to radiation. SONOS performs better than FGFET in radiation 
environments. A big issue will be the multi-stage charge pump. This device usually fails 
before the memory device in silicon technology.

SONOS might perform better in SiC technology than in silicon technology. The barrier 
heights are lower for SiC. The writing voltage can possibly be smaller in SiC technology than 
in silicon technology. The SANOS derivative could possibly perform even better than 
SONOS. A good starting point would be ANO = (12,5,10) nm (see Fig. 50). The charge pump 
should be much more radiation hard in SiC technology, too.

My conclusion is that SONOS might work, but there are some reliability concerns. These 
concerns are for retention time and endurance. The retention time could possibly be increased 
by having thicker barriers. A thick tunnelling barrier makes the device unswitchable. A too 
thick blocking barrier loses control of the transistor. The barriers will thus have practical 
upper and lower thickness limits. It is important to verify that the charge pump can actually 
deliver the necessary amount of voltage. It is also important to verify that it is radiation hard 
enough, too. The endurance will still likely be poor. I suggest that the SONOS memory is 
used for a bootloader or a backup system.

Table 3 summarises some of the properties for the materials in SONOS. Table 4 summarises 
the calculated barrier heights. Fig. 50 depicts the band diagram of a SONOS device in SiC 
technology.

Table 3. Electrical properties of semiconductors and insulators. Insulator parameters are
calculated from [139]. Silicon and SiC values are from Table 1.

Property Unit Si SiC Si3N4 Al2O3 SiO2

Eg eV 1.1 3.2 5.1 8.7 – 9 8.9 – 9

χ eV 4.01 3.17 2.01 1.25 0.95

εr 11.9 10.0 7 8.3 – 9 3.9
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Table 4. Barrier heights (electron / hole) in eV. Data for silicon and insulator parameters are
from [139]. Parameters for SiC are calculated from silicon parameters and values from Table
1 by Anderson's rule. Barrier heights for SiO2 / SiC are from [67]. The experimental barriers

would give the electron affinity of SiC as 3.65 eV, higher than estimated in [25] (3.17 eV).

Si SiC Si3N4 Al2O3 SiO2

Si - 0.84 / 1.26 2 / 2 2.8 / 4.8 3.2 / 4.6

SiC 0.84 / 1.26 - 1.16 / 0.74 1.92 / 3.58 2.22 – 2.7 /
2.5 – 3.48

Si3N4 2 / 2 1.16 / 0.74 - 0.76 / 2.84 1.06 / 2.74

Al2O3 2.8 / 4.8 1.92 / 3.58 0.76 / 2.84 - 0.3 / 0.1

SiO2 3.2 / 4.6 2.22 – 2.7 /
2.5 – 3.48

1.06 / 2.74 0.3 / 0.1 -

 

Figure 50. Proposed SONOS device in SiC technology at flatband (compare this image to
Fig. 40 and Fig. 47).The traps in the Si3N4-layer is about 1.8 eV from the conduction band

[142].
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3.5 – Ferroelectric RAM (FeRAM)

3.5.1 – FeRAM devices and basic operations

Most ferroelectrics are typical perovskites, which typically have three oxygen atoms. Fig. 51 
shows the perovskite unit cell.

Figure 51. Perovskite unit cell. The generic chemical formula is ABO3, with A (red spheres)
and B (green sphere) being cations (positively charged ion) and O oxygen (blue spheres) that

acts as anion (negatively charged ion). Perovskite-type materials show a wide range of
properties, like superconductivity and ferroelectricity. Image taken from [147].

It is desirable to have a good metal contact to the ferroelectric interface (the structure is MF, 
where M is metal and F is ferroelectric layer). The metal must either be nonreactive or form 
conductive oxides. If the metal tends to oxidise, for example Ti or Al (TiO2, Al2O3), there will 
be an insulating interfacial layer (MIF, I is insulating layer). The insulating layer will cause 
two problems. The first is the introduction of a capacitance between the ferroelectric layer and
the metal. The capacitor will decrease the effective electric field through the ferroelectric. The
second effect is the introduction of a depolarisation field. The depolarisation field and the 
electric field through the ferroelectric is [77], [148]

 

Ed=−E I

d F

d I

,

E I=(P−σ)/ε I

EF=Eapp+Ed

(Eq. 60)

Eq. 60 is a good approximation when the insulating thickness is very much thinner than the 
ferroelectric thickness (see appendix for derivation and full expression). Ed is the 
depolarisation field in the ferroelectric film. EI is the electric field through the insulating film. 
σ is injected charge into the ferroelectric-insulator interface. 

The depolarising field through the ferroelectric film is in the opposite direction of the 
polarisation. The depolarisation field introduces an energy cost for the ferroelectric. The 
crystal gains some energy by reducing the polarisation. 

Page 81 of 179

mailto:mekstr@kth.se


IT261X 2014 High Temperature Memories in SiC Technology Mattias Ekström
900502-4972

mekstr@kth.se
Nanotechnology

The depolarisation field adversely affects the retention time in two different ways. The first 
way through charge injection. The electric field through the insulator can cause charge 
injection. The injected charge will gradually compensate the surface charge. The polarisation 
vanishes [49].

The second way is due to a very large depolarisation. The energy penalty is not symmetry 
breaking if there is no injected charge. If the polarisation changes direction, the penalty is still
there with equal magnitude. The only way to remove the energy penalty is to decrease the 
polarisation. If the depolarisation field is very large, the net energy gain of polarisation is 
small compared to thermal fluctuations. The thermal fluctuations keep switching the crystal, 
so the crystal cannot stay polarised. The crystal is superparaelectric. See the appendix for 
details.

This phenomenon has an analogy in the see-saw memory. Consider that there are two springs 
under each side of the board (see Fig. 52). If one side of the board is down, one of the springs 
is compressed. The other side is up, and the other spring is extended. If the board is very large
and heavy in comparison to the stiffness of the springs, the board can remain stable in both 
configurations. If the reverse is true, the springs will force the board into an equilibrium 
position where neither side of the board is down or up. There is no difference between the two
states. The springs are the depolarisation field in this analogy.

Figure 52. The depolarisation field acts as springs under the see-saw. The springs, if strong
enough, will force the board into the equilibrium position on the right hand side. The device

has no stable distinguishable states.

Platinum (Pt) is a very common electrode for ferroelectrics. Some other popular materials are 
palladium, iridium and ruthenium (Pd, Ir and Ru, respectively) [77]. Ir and Ru form 
conductive oxides, whereas Pt and Pd are noble metals (they do not form oxides). All four 
elements are in the platinum group. The platinum group metals (PGMs) are used to ensure 
that there is a good contact to the ferroic. More importantly, the PGMs are used to ensure that 
there is no dielectric interfacial layer. The presence of an interfacial layer would depolarise 
the ferroic. Unfortunately, these materials are rare on Earth [149], especially compared to Al 
and Ti. The supply of platinum group elements is expected to become limited in the future
[150], [151]. It might become more important to recycle these materials in the future. The 
sustainability aspect of PGMs is discussed in Sustainability and environment impact.

I speculate that nickel (Ni) might work as a cheap replacement for PGM. Ni does form oxides 
(like NiO), but very slowly. It is fcc, just like Pt, but it has a smaller lattice constant than Pt 
(0.35 nm vs. 0.39 nm). Ni has a somewhat lower work function than Pt, 5 eV vs. 5.7 eV [54],
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[63]. The work function is roughly the same as Pd, though. The Schottky barrier would be 
smaller, so the Schottky leakage would increase (assuming Schottky limit). Leakage causes 
retention failure [49]. 

Ferroelectrics can be used to make ferroelectric capacitors. These capacitors are usually 
labelled Metal-Ferroelectric-Metal (MFM) capacitors. The surface charge of a parallel plate 
capacitor is given by Gauss' law as

Q=A D=A(ε0 E+P )  [T I ] , (Eq. 61)

where Q is surface charge, A is surface area, D is displacement field, ε0 is free space 
permittivity, E is electric field and P is polarisation. For dielectrics (Metal-Insulator-Metal, 
MIM), the polarisation is simply

P=ε0χ E  [L−2T I ] , (Eq. 62)

where χ is the susceptibility. The charge can be simplified to

Q=A(ε0 E+P)=ε0(1+χ)⏟
ϵr

A E=ε0εr
A
t⏟

C

E t⏟
V

=CV  [TI ] ,
(Eq. 63)

where εr is relative permittivity, t is the thickness, C the capacitance of the capacitor and V the 
voltage difference over the capacitor. The polarisation expression has to be modified for 
MFMs,

P (t )=P rev(t )+Pirr (t)  [L−2TI ] , (Eq. 64)

where subscript rev is for reversible and subscript irr is for irreversible. t is time. Reversible 
polarisation is the usual dielectric behaviour. The surface charge for a MFM-capacitor is

Q(t )=C V (t )+A Pirr (t)=C⋅(V (t )+V ' (t))  [T I ] ,

V ' (t )=
A
C

P irr (t )=
t

ε0εr
Pirr (t)  [ML2T−3 I−1 ] , (Eq. 65)

The charge is a superposition of the dielectric contribution (sometimes neglected in the 
literature) and the ferroelectric contribution. The surface charge can be non-zero even if there 
is no applied voltage. The capacitor is in this sense nonvolatile.

Ferroelectric RAM (FeRAM) has been considered a possible successor to DRAM and 
(FGFET) Flash. FeRAM is commercial today [152]. FeRAM has two general designs: 1T-1C 
and 1T. There are two other designs: Ferroelectric Tunnelling Junction (FTJ) and ferroelectric 
diode. These designs are rarely mentioned in the literature.

The 1T-1C is very similar to DRAM. In DRAM, the capacitor is a MIM. In FeRAM 1T-1C, 
the capacitor is a MFM. Fig. 53 is a micrograph of a 1T-1C.
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Figure 53. Scanning Electron Microscope (SEM) cross-section micrograph of a 1T-1C. The
MFM (IrO2 / PZT / Pt) is placed above the access transistor. This setup is called Capacitor

Over Field Oxide (COFO). Image taken from [74].

Writing is straightforward. The access transistor is boosted to Vcc + Vt, where Vcc is a voltage 
larger than the coercive voltage and Vt is the threshold voltage of the access transistor. By 
boosting the transistor, a full Vcc voltage difference can be put on the capacitor, just like for 
the DRAM. 

1T-1C FeRAM might need a charge pump for boosting, just like DRAM. Some articles claim 
that they do not need charge pumps. The question then is how the access transistors are 
boosted. One solution is to use multiple power sources. Multiple sources are likely not the 
case, since commercial FeRAMs from Ramtron require only Vdd and Vss [152].

The direction of the remnant polarisation will depend on the voltage difference polarity. '0' 
could be +Pr and '1' could be -Pr. In between writing and reading, the voltage difference over 
the capacitor is zero, so the stored charge is

Q=±A P r  [T I ] (Eq. 66)

Reading is not straightforward. There are two different read schemes: Cell Plate Step-Driven  
(CPSD) and Cell Plate Pulse-Driven (CPPD) [77]. Here is a brief description of CPSD. The 
trick is to force the capacitor to gain more charge by putting a voltage difference larger than 
the coercive voltage. This voltage difference will cause the polarisation to reach saturation. 
Some of the voltage will go to the bitline. The stored charge is

Q=C⋅(V cc−V BL)+A P s  [T I ] (Eq. 67)

The charge difference is

ΔQ=C⋅(V cc−V BL)+A(P s∓P r)  [T I ] (Eq. 68)

The change in charge will change the voltage on the bitline,
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ΔQ=C BL V BL  [T I ]⇒

V BL=
C

C+C BL

V cc+
A

C+C BL

(P s∓P r)  [ML2T−3I−1 ] (Eq. 69)

This read-out scheme is destructive. After the read scheme is finished, the remnant 
polarisation will set the bit to '0'. The bit must be rewritten. Fig. 54 shows how the voltage 
moves in the hysteresis loop. 

Figure 54. Basic 1T-1C behaviour. The charge increases to point C when there is a pulse or
step. If it started from point A, the charge increases by ΔQ1. If it instead started from B, the
charge increases by ΔQ1+ΔQ2. The capacitor will always relax back to point A. Image from

[102].

The charge on a dielectric capacitor is determined by three parameters (ignoring voltage): 
Material for high-κ, thickness and surface-area. A ferroelectric capacitor has only two 
parameters (ignoring dielectric contribution): Material for remnant polarisation and surface-
area. It is desirable to have both a large area and a large remnant polarisation. However, a 
large planar area makes the memory less dense. A possible engineering solution is to use 3D 
films instead of planar films. This approach is difficult, since the ferroelectric materials are 
anisotropic [65]. 

The 1T-1C FeRAM could in principle replace the 1T-1C DRAM. The advantage would be 
reduced standby power consumption and nonvolatile operation. If there is a perfect MF 
interface, there is no depolarisation field. The 1T-1C can have excellent retention time, but it 
can have endurance problems. The destructive read-out will unfortunately prematurely 
degrade the ferroelectric properties. The data has to be rewritten every time it is read. This 
degradation limits the endurance. Since memory is more often read than written, a 
nondestructive read-out option is preferable [74].

The 1T-1C FeRAM is the only true nonvolatile capacitance memory covered in this thesis. All
other nonvolatile memories are based on change in resistance.

A possible way to get rid of the destructive read-out is by incorporating the ferroelectric 
capacitor in the MOS-capacitor. This incorporation leads to the ferroelectric field effect 
transistor, or FeFET. When used as a FeRAM, it is called 1T FeRAM. The good thing about 
the 1T design is that it combines the access transistor with the memory cell. The gate stack 
comes in many varieties. The simplest is Metal-Ferroelectric-Semiconductor (MFS). Another 
common variety is Metal-Ferroelectric-Insulator-Semiconductor (MFIS). The stack can be 
even more complicated, like Metal-Ferroelectric-Metal-Insulator-Semiconductor (MFMIS). 
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Fig. 55 depicts the different stacks. In some cases, it can be better to use MIFIS than MFIS. 
See [49] for theory and [153] as a practical example.

Figure 55. Different gate stacks. a) is MFS, b) is MFIS and c) is MFMIS. Original image
taken from [74].

In some sense, the FeRAM is similar to EEPROM. Both rely on a shift in threshold voltage 
(see Fig. 56).

Figure 56. Schematic CV and IV curves of an FeFET. Notice the similarity to FGFET (see
Fig. 38). Image taken from [74].

The ordinary triode equation for a long channel MOSFET is [60]

I=μeff
W
L

Cox⋅V ov⋅V ds  [ I ] ,

V ds≪V ov  [ML2T−3 I−1]
(Eq. 70)

For the FeFET, the equation should be modified to [68]

I=μeff
W
L
⋅(C tot⋅V ov±P r

*
)⋅V ds  [I ] ,

1
C tot

=∑
i

1
C i

=∑
i

t i
εi

 [ML4T−4 I−2 ] ,
(Eq. 71)

where P*
r is the effective remnant polarisation and i is a layer (F and/or I). For MFS, the 

effective remnant polarisation is the same as the remnant polarisation. The effective remnant 
field is decreased by the series capacitance. The voltage over the ferroelectric layer also 
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decreases due to the series capacitance. This reduction can be summarised in a scale factor,

κ=
1

1+
C F

C I

=
1

1+
εF t I

ε I t F

 [1 ] ,

V I=(1−κ)V gs ,V F=κV gs  [ML2T−3 I−1 ] , P*
=κP r  [L−2T I ] ,

(Eq. 72)

where subscript I is for insulator and subscript F is for ferroelectric layer. The scale factor 
should ideally be 1. The insulating layer should have a larger capacitance than the 
ferroelectric layer. A large insulator capacitance will also inhibit depolarisation [68]. The 
depolarisation field can be estimated from [154]

Ed=
−P r

C I t F

−
ψs

t F

 [MLT−3 I−1 ] , (Eq. 73)

where ψs is the surface potential of the semiconductor. See [30] for information about the 
surface potential. 

A large insulating capacitance means that the ferroelectric capacitance will dominate in the 
series capacitance in Eq. 71. The ferroelectric capacitance can be quite small for thick films. 

The polarisation can be considered a shift in threshold voltage.

C tot⋅V ov±P r
*
=C tot⋅V ' ov  [T I ] ,

V ' ov=V ov±
P r

*

C tot

=V gs+V t±
Pr

*

C tot

=V gs+V ' t ,V ' t=V t±
P r

*

C tot

 [ML2T−3 I−1]
(Eq. 74)

The read voltage is gate voltages between the two threshold voltages. The device is in some 
sense either in a High Resistance State (HRS) or a Low Resistance State (LRS), where the 
state depends on the polarisation. 

Another design consideration is the voltage over the insulating layer [68]. The voltage over 
the oxide is Pr/CI, and the electric field is Pr/εI. SiO2 breaks down when the electric field is 
above 10 MV/cm = 1 V/nm. From a reliability point of view, the electric field Pr/εI should be 
much smaller than 1 V/nm. A very large remnant field is actually a detriment [74]. The 
remnant polarisation must be smaller than 2 µC/cm2 = 20 zC/nm2.

The theoretical memory window is [155]

W≈2 tF E c  [ML2T−3I−1 ] , (Eq. 75)

where Ec is the coercive field. The memory window will in practice be smaller than what Eq.
75 estimates.

A key issue is how displacement fields are distributed over the capacitors in MFIS. A large 
problem is the inflexibility of Pr/CI. This ratio is impractically large for most sensible 
applications. A solution to this problem is to have capacitors of different areas. The 
ferroelectric capacitor has a smaller area than the dielectric capacitor. Both capacitors must 
have the same charge, so the ratio is instead PrAF/CIAI. The electric field through the insulator 
is also rescaled, PrAF/εI AI. The problem now is lateral field distribution from one capacitor to 
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the next capacitor. The solution is to insert a metal layer in between the capacitors. The 
structure is MFMIS. See Fig. 55. The equations have to be modified,

I=µeff

W
L
⋅(C tot V ov±P r

* AF

AI
)V ds

1
C tot

=AI⋅(
1

C I⋅A I

+
1

C F⋅AF

)  [ML4T−4I−2 ] ,

κ=
1

1+
C F⋅AF

C I AI

=
1

1+
εF AF t I

εI AI t F

 [1] ,

E d=
P r AF t I

ε I AI t F

+
ψs

t F

=( 1
κ−1) Pr

εF
+
ψs

tF

 [MLT−3I−1 ]

(Eq. 76)

Designing a FeFET can be quite difficult due conflicting properties. The main issue when 
designing FeFET is the depolarisation field. The field has to be small through the ferroelectric
film. The field can be reduced by increasing the thickness. A thick film leads to large 
switching voltages. The field can also be reduced by decreasing the insulating thickness. A 
thin film will be leaky. The charge injection increases. These properties set an upper limit for 
ferroelectric thickness and a lower limit for insulator thickness [68]. A MFMIS gives an 
option to area-match the ferroelectric and the insulating layer. See also [156] for more details 
in modelling FeFET.

The FeFET requires at least three different voltage levels: ground, Vdd and Vcc. Programming 
becomes tricky without a -Vcc. Programming is roughly the same as programming floating 
gate with FN tunnelling. The voltage difference over the ferroic is Vcc. The polarity of the 
voltage will set the polarisation direction. Programming negative polarisation is done by 
biasing the gate to Vcc and grounding the substrate. Programming positive polarisation is done 
by grounding the gate and biasing the substrate to Vcc. If there is -Vcc, the gate can be biased to
-Vcc and the substrate can be grounded. The programming voltages for FeFET can be much 
lower than the programming voltages for floating gate. As usual, multiple voltage levels 
generally require charge pumps.

The FeFET can be used instead of floating gate for NAND-flash [157]. Zhang et al. 
demonstrated a functional 64 kib Fe-NAND memory26 [158]. It is quite small compared to the
mature GiB Flash memories of today. 

There are several ways to downscale a transistor, such as constant-field and constant-voltage. 
The effective polarisation is a non-scaling factor (to first order). The total capacitance 
increases as the device is scaled down (remember that the total capacitance is normalised by 
area). The change in threshold voltage scales down as the device is scaled down. This is in 
itself not a bad thing for constant-field scaling. The downscaling is a problem for generalised 
scaling and constant voltage scaling, where the voltage changes independent of lengths. The 
maximum current ratio will decrease when downscaling, too. For more information about 

26 Value reported as 64 kb, but it is very clear that it is 64 kib. They explicitly stated that the number of 
memory cells was 65536, or 64×210 = 64 ki.
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scaling, see [120].

A final comment about 1T FeRAM: If the retention time is a problem for long-term storage, 
FeRAM could still be useful for low-power applications. It could replace DRAM. DRAM has 
retention times on the order of 100 ms, whereas FeRAM can have more than 100 ks [65]. The 
FeRAM would be used as a dynamic RAM, that is as a DFeRAM.

The FTJ differs quite a bit from the other cells [74], [159]. The ferroelectric property is not 
used to store surface charge. The property is to lock the piezoelectric material into two states: 
strained and relaxed. In the FTJ, the ferroelectric is used as a tunnelling barrier. It has a 
thickness d. d is a function of strain. Strain, in turn, is a function of applied electric field. In a 
simplified picture, the thickness can either be extended or contracted. The quantum 
mechanical tunnelling probability varies exponentially with thickness. The tunnelling 
probability can be estimated with WKB approximation. For the piezoelectric barrier, κ in Eq.
12 is 

κ
2
(E ,U , x )=

2 m0
(1+μ Δ S)

ℏ
2 [E−(E c

0
+K Δ S− eU x

d )]

=[Δ S=D U
d

 [1]]=
2 m0(1+μ D

U
d )

ℏ
2 [E−(E c

0
+(K D−e)U

d )]  [L−2 ] ,

(Eq. 77)

where constants with superscript 0 are unstrained values, μ is change in mass due to strain, ΔS 
is the change in strain, Ec is the conduction band of the piezoelectric barrier, K is the change 
in conduction band due to strain, e is the elementary charge, U is the applied potential 
difference, D is change in strain due to electric field. Last thing to consider is the change in 
thickness,

d=d 0
+D U  [L ] (Eq. 78)

The change in transmission can be several orders of magnitude. The highly transmissive state 
is the LRS, and the low transmissive state is the HRS. The FTJ is an interesting idea. 

The ferroelectric diode is another unconventional cell. Consider the metal-ferroelectric 
interface. The ferroelectric is a semiconductor. This property means that the metal-
ferroelectric can form either an Ohmic contact or a Schottky barrier. The difference between 
an Ohmic contact and a Schottky contact is the barrier width. Ohmic contacts have a very thin
barrier and electrons tunnel directly through the barrier. Schottky contacts require thermal 
injection and thus have rectifying behaviour. The ferroelectric diode is simply a Schottky 
diode that modulates the barrier width. The polarisation will cause a dipole moment over the 
interface. The dipole moment modulates the Schottky barrier width. This width can be 
estimated from the depletion width. The calculations of the depletion width for a 
semiconductor can be found in several textbooks [30], [54], but it has to be modified for 
ferroelectric semiconductors. Blom et al. have an interesting model for the ferroelectric 
Schottky diode [160]. Here is an abbreviated argument: The displacement field can be written 
as
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D̄=ε0 Ē+ P̄ rev+ P̄irr=[ P̄ rev=χ Ē ]=ε0(1+χ) Ē+ P̄ irr=

ε0εb Ē+ P̄ irr=ε0εr Ē=ε Ē  [L−2T I ] ,
ε=∇ Ē⋅D̄=ε0εb+∇ Ē P̄ irr  [M−1L−3T4 I2]

(Eq. 79)

The dielectric constant is now a function of the ferroelectric contribution. If the polarisation is
parallel to the electric field, the derivative, and by extension the dielectric constant, will be 
small. When the polarisation is antiparallel, the derivative will be large since the polarisation 
can now realign. The dielectric constant will be large. The depletion width is proportional to 
the dielectric constant (when it is actually a constant!) as √ε.

The depletion width can be predicted to be at its largest when the polarisation is antiparallel. 
When the depletion width is large, the contact has Schottky behaviour. When the polarisation 
is parallel, then the depletion width is at its smallest. The contact can have Ohmic behaviour. 
This difference can give large resistive differences at low biases [160]. Fig. 57 depicts the 
difference in barrier shape. 

Figure 57. Calculated bandstructure of La0.5Sr0.5CoO3 (LSC) / PbTiO3 / Au. The diode is a p-
type Schottky diode and the valence band is the important one. Notice how the barrier is very

wide for the anti-parallel case and very thin for the parallel case. Image taken from [160].

The depletion width would have to be evaluated self consistently with the polarisation 
behaviour (calculate both at the same time).

The cell itself is MFM, where the metals can be either the same or different. Different metals 
give asymmetric writing behaviour. The Schottky diode can be taken as the top electrode and 
the ferroelectric layer. The bottom contact should have Ohmic behaviour for both polarisation 
directions [160]. A symmetric MFM could switch the rectifying direction, if one electrode 
behaves as an Ohmic contact and the other contact as a Schottky barrier. The Ohmic 
behaviour is the LRS and the Schottky behaviour is HRS for small biases.

I speculate that 1T-1Z design could be used, where Z is an impedance. It is equivalent to a 1T-
1R design except that the signal must necessarily be an alternating current (AC) instead of 
direct current (DC). The impedance element is a ferroelectric capacitor. The small signal 
capacitance will differ between the polarisation states (when there is a DC voltage smaller 
than the coercive voltage to break symmetry). Since the small signal capacitance differs 
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between the states, the impedance will differ between states. The read-out could be 
nondestructive if the read-out is an impedance measurement. The appendix goes a bit more 
into details about this design. To my knowledge, no one has investigated this read-out before. 

Both the FTJ and the ferroelectric diode are sometimes included in the Resistive RAM 
(RRAM) category [41], [96].

FeRAM can be both FEOL and BEOL. 1T FeRAM must necessarily be FEOL. 1T FeRAM 
strongly depends on the SiC transistor-devices and processing. 1T-1C FeRAM can be BEOL, 
where the ferroelectric capacitor is put in the metallisation. 

3.5.2 – FeRAM high temperature behaviour

One of the most popular ferroelectrics is PZT. PZT is an alloy of PbZrO3 and PbTiO3. The 
alloy has a distorted perovskite structure. PbZrO3 is an antiferroelectric with a Néel 
temperature around ~200 °C. The Néel temperature is for antiferroics what Curie temperature 
is for ferroics. PTO is a ferroelectric with a Curie temperature of 490 °C. The alloy PZT has a 
transition temperature somewhere in between those two temperatures. The Curie temperature 
at the morphotropic boundary, Pb(Zr0.52Ti0.48)O3, is around 370 °C. PZT has high piezoelectric 
coefficients. The high piezoelectric coefficients makes PZT a popular material for 
electromechanical transducers [66]. PZT and PTO is unfortunately neither healthy nor 
environmentally friendly due to the inclusion of lead. The environmental aspect is discussed 
in Sustainability and environment impact.

Research groups at KTH have investigated PZT (morphotropic boundary) and PTO on SiC
[67], [73], [161], [162]. SiC has an advantage compared to silicon for PZT / PTO: It does not 
form non-ferroelectric interfacial layers with the lead compounds. The chemical stability of 
SiC makes it easier to make a MFS stack. The PTO film showed hysteresis behaviour. At high
temperatures (> 500 °C), the film underwent a phase transition to paraelectric phase and 
showed the usual Curie-Weiss behaviour (see Fig. 16). PZT has a relatively small bandgap of 
3.5 eV. This bandgap gives a small barrier to SiC. A possible way of reducing the leakage 
current is by introducing an insulating layer like Al2O3 (MFIS). The memory device in [162] 
worked up to 200 °C. The deposition method of choice for the ferroelectrics was Pulsed Laser
Deposition (PLD). The ferroelectric film thickness in [162] was 450 nm and the alumina film 
thickness was 5 nm. The device in [161] had an impressive memory window of 10 V (@ RT). 
This window is close to the theoretical value. The device in [162] had a memory window of 5 
V, even though the structure is basically the same as the one in [161].

I speculate that the PZT FeFET could be designed for higher temperatures. At least the 
ferroelectric part of the FeFET can be designed to be more reliable. Charge injection can be 
reduced by increasing the insulating barrier thickness, for example to 10 nm. This thickness 
increase will decrease the capacitance by half, though. A possible solution is to have 5 nm 
Al2O3 and then 5 nm of another high-κ material, like Y2O3. The depolarisation field can be 
reduced by increasing the ferroelectric film thickness. The memory window will also become 
larger. The thickness could increase to, for example, 900 nm. The capacitance of the 
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ferroelectric layer will decrease by half. The capacitance ratio remains roughly the same. If 
the MFMIS structure is used instead of MFIS, the areas can be optimised. PZT has a very 
large remnant polarisation (~30 µC/cm2 = 300 zC/nm2 [66]). FeFET should have polarisations
of < 2 µC/cm2 = 20 zC/nm2 [74]. The ferroelectric area should be roughly ~1/10 of the 
insulator area. 

The device has a fundamental limit of 370 °C. This temperature is the Curie temperature of 
PZT at the morphotropic boundary [79]. The ferroelectric film is paraelectric above this 
temperature. PZT has a too low transition temperature for extreme temperature applications. 
PTO has just barely high enough Curie temperature for extreme temperature applications. The
mean field model predicts very weak ferroelectric properties. Π2 is roughly 0.96 on Venus. 
Both the coercive and remnant field would be very small. It is doubtful if the material could 
store data for long time without having a very large volume. The remnant field would give a 
very weak signal.

SrBi2Ta2O9 (SBT) is another popular ferroelectric. It is a so called bismuth layered 
ferroelectric because bismuth oxide (Bi2O2

2+) layer separates perovskite-like layers. The 
crystal structure itself is orthorhombic. SBT has a higher transition temperature than PTO, 
570 °C compared to 490 °C. The transition temperature of SBT would give Π2 as 0.87 at 700 
K. It might just work. However, SBT is a more difficult material to work with compared to 
PZT. The polarisation direction depends on the perovskite layers. The polarisation direction 
depends on whether the number of octahedral structures in the perovskite layer is even or odd.
If it is even, the polarisation is in a – b plane (parallel to the layers). If it is odd, the 
polarisation is in c-direction (perpendicular to the layers). As a result of this dependence, the 
remnant field can be quite weak unless the film is highly directional [66]. 

A possible high temperature ferroelectric is YMnO3. It occurs as a perovskite, but strangely 
enough it is the wurtzite phase (2H-YMnO3, or h-YMO) that is interesting. The perovskite 
phase is non-ferroelectric [65]. It has a high ferroelectric Curie temperature, 640 °C or 
roughly 900 K. Thomas et al. describe h-YMO as a ”weak ferroelectric at room temperature”
[65], which is somewhat discouraging. h-YMO is a really fascinating material, because it is a 
multiferroic material. In fact it is both ferroelectric and antiferromagnetic at the same time. 
The antiferromagnetic Néel temperature is only 70 K, though.

There is a hypothetical memory device called FeMRAM. It combines the properties of 
FeRAM with MRAM. FeMRAM utilises a very interesting property that multiferroic 
materials have: M-E coupling. Some multiferroic materials are predicted to be able to 
magnetise when there is an external electric field. Another possible combination is multi-
storage, where a multiferroic layer is both magnetised and polarised at the same time. 
However, there are currently no known multiferroics that are both ferroelectric and 
ferromagnetic at the same time [65].
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Figure 58. Crystal structure of ferroelectric h-YMnO3. The small white spheres are Y, the
large white spheres are O and the black spheres are Mn. Image taken from [163].

Some simple estimations can be made from the critical temperature and mean field model 
simulations. Π2 is roughly 0.8 on Venus. The simulations give Π1,r as 0.7 and Π3,c 0.1. These 
values give the work prefactor as 0.044 (= 0.7×0.1 / 0.8). If the work is going to be larger than
50kBT, the volume has to be larger than ~1200 (~ 50/0.044) unit cell volumes. h-YMO has the 
lattice spacing a = 0.6125 nm and c = 1.141 nm 27[163], which gives a unit volume of 1.112 
nm3. The ultimate scaling limit is a volume of 1335 nm3. Any MIM-capacitor made in 
Electrum will be much larger than that limit, for example 100×100×5 = 5×104 nm3. From a 
thermodynamic point of view,  h-YMO should be able to retain the data for the given 
temperature. The coercive field can be estimated to ~1 mV/nm and the remnant polarisation to
~ 10 zC/nm2. Although the remnant polarisation sounds small, it is roughly the same charge as
a 50 nm feature size MOS-capacitor will displace at 1 V [164]. The estimated values seem to 
agree with experimental values [165], although the experimental values were taken at room 
temperature (Π2 = 0.3). The experimental values were 10 kV/cm = 1 mV/nm and 2 µC/cm2 = 
20 zC/nm2. It seems that epi-YMO has a higher coercive field, 80 kV/cm = 8 mV/nm [154]. 
An extrapolation to 700 K gives the values as 200 µV/nm and 14 zC/nm2. The small remnant 
field could be advantageous for MFIS application. The coercive field is a bit small, though.

h-YMO has some properties which make it desirable, even for silicon devices. Unlike PZT 
and SBT, it is relatively chemically inert on the silicon surface. h-YMO has similar lattice 
parameters to SiC and GaN. It is possible to grow highly c-oriented h-YMO on these 
materials [166]. This property would give an optimum remnant field.

The dielectric constant is important for FeFETs. h-YMO has a comparatively small dielectric 
constant for a ferroelectric, εr = 17 [65]. Ferroelectrics have large dielectric constants as a rule
of thumb. A large dielectric constant means a small bandgap, so ferroelectrics have small 
bandgaps as a rule of thumb. See [167] for a simple argument of why the dielectric constant is
correlated to the bandgap.

However, h-YMO cannot work as an insulator for a MFS-structure for SiC. This limitation is 
due to two properties:

1. According to Kim et al., h-YMO behaves poorly as an insulator [165]

27 Values in ångström.
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2. The bandgap of h-YMO is smaller than the bandgap of SiC, 1.5 eV vs. 3.2 eV [163]

A possible solution is to use MFIS. This solution introduces three new disadvantages:

1. Unless the barrier is epitaxially grown and has a hexagonal structure, h-YMO will be 
polycrystalline or amorphous instead of single crystalline

2. The barrier will increase the writing voltage

3. The barrier will introduce a depolarisation field 

h-YMO can be grown epitaxially on h-Al2O3 (sapphire), but it will suffer large lattice 
mismatch (0.35 nm vs. 0.48 nm) [168]. The alumina-film would then be under great 
compressive strain from both SiC and h-YMO. If the alumina-film is 5 nm thick and the h-
YMO film is 450 nm thick then κ is 0.98. The theoretical memory window is 180 mV, which 
may be a bit on the short side, maybe. The actual memory window will be smaller than this 
estimation, though. The equivalent oxide thickness would be 100 nm. The equivalent oxide 
thickness is that of a SiO2-film which gives the same capacitance as the multilayered 
capacitor. The electric field (Pr/εI) through the insulator is 0.19 V/nm < 1 V/nm, which is 
good. However, the depolarisation field is larger than the coercive field (~2 mV/nm vs. 200 
µV/nm). This device will not work. The ferroelectric layer has to be much thicker, for 
example 45 µm. The memory window is 18 V, a bit large. The series capacitance will be 
almost entirely set by the ferroelectric layer. 

It is easier to design a MFMIS than MFIS. The point of using a MFMIS is to have the 
additional area-matching option. The thickness of the insulating layer can be thicker and the 
ferroic layer can be thinner. A MFMIS requires an additional metal in between the ferroic and 
insulator, for example platinum (Pt). Ito et al. showed that h-YMO could be epitaxially grown
on Pt (111) / sapphire (Al2O3 substrate, 0001) with PLD [154]. The authors also got a high 
coercive field, 8 mV/nm (@ RT, ~1.6 mV/nm @ 700 K). A planar transistor will get very 
large if the area ratio is in the order of 10-1 to 10-2. In practice, a MFMIS needs to be a 3D-
MFMIS if the areas are to be properly scaled. The 3D-transistor can have a very large 
insulating area without having a very large lateral area. The ferroic layer can have the same 
area as the lateral area. Fig. 59 depicts a 3D-MFMIS.
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Figure 59. Cross-section of a 3D-MFMIS. A 3D-MFMIS will allow more design options at the
cost of higher process complexity. The grey layer is the metal, for example PGM or possibly

Ni. The blue layer is the ferroelectric, for example h-YMO. The magenta layer is an insulator,
for example Al2O3. The green layer is the SiC fin. The orange layer is the substrate. This

image is not drawn to scale.

The depolarisation field can be decreased by making the dimensional ratio r large,
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(Eq. 80)

n is the number of fins in the 3D-MFMIS. The approximation is valid for a large number of 
fins (n >~ 10) and a small insulator thickness. Assume that all of these dimensions can be 
manipulated in a process. Assume an insulator thickness of 10 nm, a ferroelectric thickness of 
100 nm – 1 µm, a fin aspect ratio of 2 µm : 20 µm, 10 fins, an insulator length of 20 µm, a 
ferroelectric length of 2 µm and a metal thickness of 2 µm. The ratio r is then about ~103 – 
104. A thicker ferroelectric film will have a larger ratio r, but it will also have a large switching
voltage and poor control over the transistor channel. Poor control is not necessarily a problem 
if there is an access transistor (2T-design). Remember that both the insulating and the 
ferroelectric layer have practical limits in thickness. The insulating layer should not be smaller
than 10 nm, because a thinner film will behave more like a tunnelling barrier. A 20 nm thick 
film would be even better, since the leakage would decrease about 10 decades (assuming 
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direct tunnelling). The ferroelectric film would have to be 200 nm – 2 µm, though, and the 
memory window doubles. The parameters that can be adjusted are the lengths and widths. The
total lateral width (WF) in this example is about 40 µm. The effective transistor width (WI) is 
about 420 µm (!). No one has made a 3D-transistor in SiC technology, to my knowledge. 

Another possible multiferroic is the perovskite BiFeO3 (BFO) [41], [65], [74]. According to 
Thomas et al., BFO had the same impact on multiferroics as YBCO-123 (YBa2Cu3O7-δ) had 
on superconductors in terms of research interest [65]. YBCO is another perovskite-like 
material. 

BFO has a Néel temperature 650 K (~350 °C) and a ferroelectric Curie temperature of 1100 K
(~800 °C), [169]. BFO is a rhombohedral distorted perovskite material. It can also be as a 
hexagonal crystal. The polarisation direction is in [111] for cubic cell and c-direction for a 
hexagonal cell. The hexagonal lattice parameter in a-plane is quite large, 0.56 nm. It is lead 
free.

Figure 60. The distorted rhombohedral perovskite structure of BFO. Image taken from [170].

The remnant polarisation is an oddity. The remnant field is 100 µC/cm2 (1 aC/nm2) at room 
temperature for thin films [65], [169], [170]. However, previous reports indicated that the 
remnant field was very weak for bulk, only 6 µC/cm2 (60 zC/nm2). It was the early bulk 
measurements that were anomalous [65], [169]. The coercive field is 220 kV/cm (22 mV/nm) 
according to Thomas et. al. [65], but according to Lin et al. the field is 48 kV/cm (4.8 
mV/nm) [155]. Like most ferroelectrics, it has a small bandgap, 2.7 eV. The dielectric 
constant is not very “constanty” and seems to vary quite a lot with frequency. A parallel plate 
capacitor can measure the dielectric constant to be between 50 to 300. Optical measurements 
give a value of 30.

BFO has a small resistivity, probably due to oxygen vacancies [65]. The leakage could be 
reduced by doping BFO with Mn (BFMO, BiFe1-xMnxO3, x = 0.05) [171]. It seems that Ohmic
transport dominates at room temperature. Ohmic transport is problematic for high 
temperatures, since Ohmic transport has Arrhenius behaviour.

The high transition temperature is beneficial for extreme temperature application. Π2 is 
roughly 0.7 on Venus. BFO should have good ferroelectric behaviour at this temperature. The 
mean field model can estimate the properties at high temperature from room temperature data.
Extrapolation gives the remnant field as 800 zC/nm2 and the coercive field as 1.4 mV/nm (4.8 
mV/nm @ RT). These values are much higher than what h-YMO had even at room 
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temperature. The remnant field might be too large for a MFIS. Since it is so large, BFO is 
more suitable for a 1T-1C.

Suppose that BFO is used for FeFET. The memory window for a 450 nm film is around 1.3 V.
The κ factor, with a 5 nm alumina-film and assuming BFO dielectric constant of 30, is 0.7. 
This factor is larger than for h-YMO. The ferroelectric properties are somewhat wasted. The 
equivalent oxide thickness would be roughly 60 nm. The electric field through the insulator 
(Pr/εI) is 11 V/nm > 1 V/nm. The electric field is too large for reliability purposes. Al2O3 is an 
unsuitable barrier due to a too low dielectric constant. Lin et al. for example, used Y2O3 as a 
barrier [155]. Y2O3 has a larger dielectric constant, 12 – 18. The field through the insulator 
would have to be reduced by at least two orders of magnitude. The area ratio maximum would
be ~10-3. A 3D-transistor is a requirement for BFO. The field through the insulator is then 11 
mV/nm < 1 V/nm. The memory window is quite good, so the ferroic thickness can still be 
around 450 nm. The insulating thickness should be 10 nm or more to decrease charge 
injection.

I speculate that CHEI could be an issue for FeFETs in SiC. CHEI occurs when there is both a 
vertical and horizontal field in the channel. The vertical field will almost always be there if 
there is an insulating layer. Electrons should not gain enough energy to jump over the barrier 
of the insulator. The electrons gain energy by accelerating through the channel from the 
source to the drain. As discussed in Electrical Erasable Programmable ROM and Flash, the 
electron barrier is estimated to 1.92 eV for SiC / Al2O3 and 2.2 eV for SiC / SiO2. A source-
drain voltage smaller than 1.92 V would inhibit CHEI.

The electron affinity can be used to heuristically draw the band diagrams for FeFETs. The 
electron affinity is either not interesting, or simply not studied. YMO is an insulator on 
silicon. It has a bandgap of 1.5 eV, and silicon has a bandgap of 1.1 eV. The offset to the 
conduction and valence band cannot be larger than the difference in bandgap. Otherwise, the 
interface would have type II band alignment. The maximum offset should be around 0.4 eV. 
The electron affinity can be estimated by using Anderson's rule and knowing the electron 
affinity of silicon (4.0 eV). The electron affinity of YMO is between 3.6 and 4.0 eV. Sai et al. 
studied theoretically the band alignment at the YMO/GaN interface. The authors found that 
the valence band offset was about ~0.1 eV (depending on spin majority band and relative 
polarization). GaN has an electron affinity of 1.8 eV and a bandgap of 3.4 eV (Ev lies 5.2 eV 
from vacuum). Anderson's rule gives the YMO electron affinity to about 3.6 eV (Ev lies 5.1 
eV from vacuum). These two estimations give the electron affinity as 3.6 eV. BFO had a 
reported value, 3.3 eV [172].

One final comment about FeFETs. The ferroelectric films are quite large. It is unlikely that 
thermal fluctuations will dominate, since the energy barrier (Eq. 21) is very large. The 
depolarisation can destabilise the crystal (see appendix). Proper design should reduce it 
enough to withstand thermal fluctuations. The depolarisation field will most likely cause 
problems with charge injection. The charge injection can be reduced by having a thick 
insulating layer, but the leakage can come through the metal-ferroelectric interface, too. This 
leakage mechanism is very problematic if it is dominated by Schottky behaviour. Schottky 
behaviour has modified Arrhenius behaviour. A rough estimation gives the attempt frequency 
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as 1013 Hz28. The energy barrier would be set by the Schottky barrier. If the metal is Pt, the 
barrier is smaller than 5.7 eV. If the metal is Pd or Ni, the barrier is smaller than 5 eV. As long 
as the barrier is larger than 2.5 eV, the device should hopefully work. This assumes that the 
barrier is set by the Schottky limit and not the Bardeen limit. Unfortunately, the Schottky 
barrier is quite small in either limits for YMO (0.6 eV to Pt [173]). The leakage could be 
prevented if the resistance of the ferroelectric film is large. The leakage of the ferroelectric 
capacitor must be investigated.

1T-1C design does not seem to have the high temperature issues the same way as 1T design 
has. The 1T-1C design does not suffer from depolarisation field, nor does it suffer from charge
injection. Retention time is not an issue, but the endurance might be. The 1T-1C design is 
expected to have an easier time for high temperature than 1T design, but at the cost of much 
more complex periphery electronics.

High temperature operation can be beneficial for ferroelectric Schottky diodes. Ferroelectrics 
are typically undoped wide bandgap semiconductors. At room temperature, they behave as 
insulators [174]. Diodes would suffer large series resistance and limited current [175]. 
However, the resistance of the intrinsic semiconductor decreases with increasing temperature. 
The series resistance could be lowered at elevated temperatures. Results from [174], where 
the authors used a Au / BFO / Au stack, suggest that the resistance ratio improves with 
increasing temperature, although the ratio seems to saturate at 350 K. There is no research 
into h-YMO diodes as far as I know. h-YMO might perform better than BFO thanks to lower 
dielectric constant.

3.5.3 – FeRAM radiation effects

FeRAM is radiation hard [176]. The ferroelectric film itself is quite resistant to radiation, as it 
can withstand > 1 MGy (Si)29. The main concern is displacement damage (DD). DD can 
prevent the crystals from polarising. The fluency must be very large for displacement damage 
to occur, 1016 neutrons/cm2. It is unlikely that radiation would cause polarisation reorientation.
Messenger and Coppage estimated the γ-dose required to reorient the polarisation. The key 
assumption was that the dose would deposit a pulse charge on the surface of the film. If this 
surface charge equalled the polarisation, the polarisation could reorient. The authors estimated
the repolarisation dose to ~25 kGy. The estimation was for PZT, which has a high remnant 
polarisation. Films with smaller polarisation might not be so resilient. Although there are 
probably bigger concerns if a sudden radiation pulse occurred.

There have been some work on RHBD, such as [177], [178]. Philpy et al. used reliable 2T-2C 
design, where the capacitors were made with SBT [178]. The memory array could withstand 
more than 10 kGy30 with radiation hardened CMOS electronics.

Zanata et al. did some work on commercially available memories [179]. The most interesting 

28 Same order of magnitude as A*T2/Pr @ 700 K. A* is the Richardson constant for Si. It is a material constant, 
so the constant for YMO and BFO should be used. Pr is in this case the same as for YMO @ 700 K.

29 Value is given in rad.
30 Value in rad.
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aspect was their investigation of temperature dependence on radiation damage. The authors 
used 10 keV x-rays and 5 MeV proton beam for irradiation. The radiation source was not 
mentioned. They investigated the radiation damage when the device was disconnected. There 
were no bit flips within the limits of their investigation (up to 90 kGy31). The number of bits 
that were stuck increased with increasing radiation dose. This type of measurement was 
performed at several different temperatures. The immediate effect was that the number of 
stuck bits increased with increasing radiation temperature. The damage eventually repaired 
(annealed) itself at room temperature. The recovery rate increased drastically with repeated 
rewrite cycles. The rate also increased rapidly at higher temperature.

The key-weakness is the periphery electronics [39], [176], [178]. Interestingly enough, Zanata
et al. identified the PZT films themselves as a key weakness when the device is unpowered
[179].

3.5.4 – FeRAM summary

A ferroelectric material can retain polarisation after the applied electric is removed. The 
polarisation comes from a collective ion displacement. A ferroelectric film is often 
characterised by three parameters: coercive field, remnant field and Curie temperature. 
Ferroelectric materials are ferroelectric for temperatures lower than the Curie temperature, 
and paraelectric for temperatures higher than the Curie temperature.

FeRAM typically comes in two varieties: 1T-1C and 1T. The 1T-1C has a very simple design. 
It is very similar to DRAM, and could be considered a nonvolatile variety of DRAM. It has 
destructive read-out. Ferroelectric materials with large remnant polarisation, like PZT and 
BFO, are suitable for 1T-1C. 1T design incorporates the ferroelectric into the gate-stack. The 
1T design is usually MFS, MFIS and MFMIS. The leakage can be reduced by adding another 
insulating layer (MIFIS). The 1T benefits from nondestructive read-out. The insulating layer 
introduces a depolarisation field that decreases the retention time. Ferroelectric materials with 
small remnant polarisation, like YMO and SBT, are suitable for 1T.

Both the coercive field and the remnant field of ferroelectrics will most likely decrease with 
increasing temperature. The operation temperature should be much smaller than the Curie 
temperature. A ferroelectric material cannot be ferroelectric above the Curie temperature. 
YMO and BFO have very high Curie temperatures, and are therefore suitable for high 
temperature applications. 

The ferroelectric material itself is very radiation hard. The key weakness will be periphery 
electronics. In SiC technology, the periphery electronics is also radiation hard.

My conclusion for FeRAM is that it is suitable for extreme environment application. The 
materials themselves can operate at the high temperature and they are radiation hard. I think it
could be a good idea to use YMO for 1T application, either by MIFIS or MFMIS (see Fig.
61). The depolarisation field must be investigated, since it will adversely affect the retention 
time. BFO will likely be suitable for 1T-1C. I strongly recommend that the properties of YMO

31 Value in rad.
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and BFO are investigated for high temperature. The investigation will only require a 
ferroelectric capacitor. It is very important that the hysteresis curve has an empirical model for
simulations. If the retention time is very low (~100 ms – 100 ks), consider using it as a low-
power volatile DFeRAM. The endurance has to be good (minimum of 1010 cycles, > 1015 
cycles would be very good) for practical DFeRAM applications.

The ferroelectric materials are summarised in Table 5. Fig. 61 depicts the band diagram of a 
FeFET in SiC technology.

Table 5. Ferroelectric material selection for FeRAM. Rh is rhombohedral, Hx is hexagonal.
Data from 32[65], [66], [67], [77], [154], [155], [161], [163], [165], [169], [170], [172].

Property Unit PZT SBT YMO BFO

Crystal phase Distorted
perovskite

Aurivillius
(Perovskite like)

Wurtzite Distorted
Perovskite

Structure Cubic Orthorhombic Hexagonal Rhombohedral

a nm 0.5506 0.6125 0.3965 (Rh),
0.558 (Hx)

b nm 0.5534

c nm 2.498 1.141 1.39 (Hx)

α ° 89.3 – 89.4

Eg eV 3.5 1.5 2.7

χ eV 3.6 3.3

εr 200 – 700 17 30 – 300

Fc kV/cm 80 40 10 – 80 4.8 – 220

Ps µC/cm2 30 – 80 [001] 10 – 20 2 [0001] 100 [111]Rh,
[0001]Hx

Tc K 640 860 910 1100

32 Some values reported in ångström.
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Figure 61. MFMIS band structure at flatband with YMO. The band bending of YMO is not
included. The Pt / YMO / Pt capacitor will experimentally have a Schottky barrier of 0.6 eV
[173]. It does not seem to matter if the hole barrier is at the Bardeen limit (ϕ(p) ~ EF – Ev ~
Eg/2 ~ 0.75 eV) or the Schottky limit (ϕ(p) ~ ΦM-(χS + Eg) ~ 0.6 eV). YMO is an intrinsic p-

doped semiconductor (Mn acts as hole dopant) [180].

3.6 – Magnetic RAM (MRAM)

3.6.1 – MRAM devices and basic operations

Resistive cells typically come in three varieties: 1T-1R, 1D-1R and 1R. This section will 
describe 1T-1R, but the read-out for the other cells is very similar. MRAM comes in only one 
variety: 1T-1R. This design is sometimes called 1T-MTJ in the literature. Most of this is from
[113], which goes a bit more into detail.

The transistor acts as the access transistor. It isolates the memory cell from other memory 
cells on the same bitline. When the cell is to be read, the bitline is first precharged. The 
precharge value depends on the circuit. When the charging is done, the cell is accessed by 
increasing the wordline to Vdd. There is now a current path through the bitline and the resistive
cell. The bitline suffers from parasitics like resistivity and stray capacitance. A large 
capacitance will cause the bitline to slowly discharge the precharged voltage. The bitlines 
voltage will eventually settle at a steady state, 

V BL= I 0⋅(RS+RL)=V min+ I 0 RS ,V min= I 0 RL  [ML2T−3 I−1 ] (Eq. 81)

Where VBL is the bitline voltage, I0 is the drive current, RS is the cell resistance and RL is the 
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parasitic bitline resistance. 

A sense amplifier compares the bitline voltage to a reference voltage. The sense amplifier will
have a practical minimum sensing ability, Vs,min. The minimum sensing ability sets a 
requirement for the resistance difference between a '1' and a '0'. Suppose that the high 
resistance state (HRS) is '1' and the low resistance state (LRS) is '0'. The requirement for 
resistance change is

Δ R=RHRS−RLRS  [ML2T−3 I−2 ]⇒V s=
I 0

2
Δ R>V s , min  [ML2T−3I−1 ] (Eq. 82)

The access transistor is turned off after the read-out. The cell is isolated.

The device has two Figures Of Merit (FOM): MR and RA [181]. Physics of magnetics and 
spintronics has already covered MR. RA is the LRS resistance-area product. The LRS 
resistance depends on the intrinsic properties of the vertical stack layer. It is set by the 
process, so a layout designer has no control over it. A layout designer has control over the 
layout and can decide on the lateral dimensions, like area. Resistance through the stack can be
described as

R= 1
A∫0

t

ρ( x)dx= 1
A
⟨ρ⟩ t= 1

A
ρt  [ML2T−3I−2 ] ,

ρt=⟨ρ⟩ t  [ML4T−3 I−2 ] , ⟨ρ⟩= 1
t ∫0

t

ρ(x )dx  [ML3T−3I−2 ] ,
(Eq. 83)

where R is resistance of the stack, t is the total thickness of the stack, ρ is the resistivity and A 
is the surface area. As stated before, the layout designer has no control over t or ρ. The 
designer has control over A. The process designer has control over t and ρ but not A. It is easy 
to see that the LRS resistance-area product is a constant, since

R⋅A=ρt  [ML4T−3 I−2 ] (Eq. 84)

The RA FOM is a process determined constant. A layout design is limited by this intrinsic 
value. The RA FOM offers a way to compare the resistance between different layouts and 
devices.

The MTJ is laterally elongated. It is magnetised along the elongated direction. It is 
energetically favourable to magnetise in the longest dimension. It is possible to magnetise it 
along the shortest dimension, but it is unfavourable. The direction that is easiest to magnetise 
is called the ”easy axis” and the direction that is hardest to magnetise is called ”hard axis”
[181].

The hard axis and easy axis can be used for MTJ. For the plain, simple MTJ, two magnetic 
fields switch the cell. The “hard” magnetic field is parallel to the hard axis and perpendicular 
to the easy field. The “easy” field is parallel to the easy axis and perpendicular to the hard 
axis. Suppose that only the easy field tries to switch the free layer. The layer is either already 
parallel to the field or antiparallel. A complete 180° remagnetisation would require a huge 
field. Suppose that the hard field tries to switch the free layer. It simply cannot switch because
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it is not parallel to the easy axis. It is energetically unfavourable to magnetise in the hard 
direction. So in other words, neither the easy field nor the hard field alone can switch the free 
layer. Suppose now that both fields try to switch the free layer. The hard field tries to switch it
into the hard direction. The easy field tries at the same time to rotate the field 180°. The hard 
field reduces the energy cost (the coercive field) along the easy axis, and it becomes much 
easier to switch. So in other words, the free layer can switch when both fields work together. 
Fig. 62 illustrates the fields working together to switch the device. Fig. 63 illustrates the 1T-
1R cell.

Figure 62. Resistive switching of a field switched MTJ. Notice the square-like hysteresis loop.
Compare it to the simulated loop in Fig 12. The coercive field is very large when the hard axis

field is not applied. When the hard axis field is applied, the coercive field is almost halved.
This device has a TMR of 0.58. The field is measured in ørsted here, 1 Oe = 103/4π A/m.

Image taken from [181].

Figure 63. 1T-1R cell. The MTJ is detailed and shows the two writelines. Each line provides a
magnetic field for switching. Image taken from [181].

Page 103 of 179

mailto:mekstr@kth.se


IT261X 2014 High Temperature Memories in SiC Technology Mattias Ekström
900502-4972

mekstr@kth.se
Nanotechnology

The magnetic fields are in practice generated by two writelines (see Fig. 63). A current 
generates a magnetic field when it moves through a wire in accordance to Ampère's law,

∇×H̄= J̄ +∂ D̄
∂ t

 [L−2 I ]

⇒ H̄=
J A

2π(r c+Δ r )
θ̂  [L−1 I ]

(Eq. 85)

The last equation is the field strength outside an infinitely long wire with constant 
displacement field. J is the current density, A is the cross-section area (assumed to be circular),
rc is the radius of the wire and Δr is the distance from the wire. Eq. 85 can be used to make a 
rough order of magnitude estimation of the current density. Assume a 500 nm process. This 
process is quite large by today's standards. Today's processes are at the 22 nm node. 500 nm is
the feature size, or in other words the minimum transistor length. MOSIS-rules gives the ME1
width as 1 µm and 1 µm spacing between adjacent ME1. Assume that ME1 is 1 µm thick, so 
it has a cross-section area of 1 µm2. The target magnetic field strength is 3×103 A/m (from 
Fig. 62, also 3.5 mT assuming µr = 1). The current density is then about 7 – 8 MA/cm2. This 
current density is very high. To put this current density in perspective, consider YBCO-123. 
YBCO is considered for 2nd generation superconductor power wires – wires that can carry 
large amount of current without power loss. High quality YBCO can carry at most ~5 
MA/cm2 (@ 77 K). Superconductors are also used for persistent electromagnets. These 
electromagnets are made from superconductive filaments or tapes. The filaments or tapes are 
about 20 – 30 µm in diameter, much thicker than the interconnect thickness in this example. 
The filaments are winded into bigger cables, too. The current density can be decreased by 
having very thick interconnects, but the density would decrease. The large current density is 
arguably the biggest problem for the field written MTJs [102].

These devices have scaling issues. Local interconnects scale down together with transistors. 
The dimensions scale down as L → L/κ, where κ is a scale factor > 1.  For constant magnetic 
field scaling, the current density has to scale as J →  κJ. Large current densities can cause 
serious issues like electromigration and large power dissipation (P/A → κP/A) [182], [183].

The writelines can write several cells, just the same as how a wordline can access several 
cells. While the hard field is applied, all cells close to the hard writeline are half-selected. The 
half-selected cells can in practice be rewritten even without the easy field [39], [87], [181].

Savtchenko switching (AKA Toggle switching) removes the half-select problem. The free 
layer is replaced with a SAF stack (see Fig. 64 for a comparison between field switched MTJ 
and Toggle MTJ). In very simplified terms, both ferromagnetic layers in the SAF stack have 
to be flipped at the same time. The hard writeline does not lower the energy barrier. The hard 
writeline makes it preferable to reorientate the magnetisation by rotating the magnetic field in-
plane. The two writelines are pulsed so that the SAF flops to the other stable state. The timing 
scheme is a bit complicated (see Fig. 65). The flopping is symmetric for both the LRS and the
HRS. The same pulse scheme can be used to go to LRS as to HRS. The state is 'toggled'.
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Figure 64. a) is just a plain, simple MTJ. b) is the Toggle-MTJ. Image taken from [181].

Figure 65. Timing scheme for Toggle-MTJ. Image taken from [87]

The Toggle MTJ still requires the large current densities [39].

The Toggle-MTJ has the most complicated device structure examined in this thesis. The 
structure is (M)FMFTFMFA(M) (F = ferromagnet, M = metal, T = tunnelling barrier, A = 
antiferromagnet). See Fig. 66. Compare this structure to the most complicated FeRAM 
structure, MFMIS(M).

Figure 66. Typical materials for a Toggle-MTJ. The Toggle-MTJ is much more complex than
the average capacitor. Image taken from [87].

STT-MRAM can be downscaled unlike the field switched MRAM. The spin current is the 
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ordinary current through the device. The current itself will switch the cell. The current-density
for STT-MRAM is still quite high, ~10 MA/cm2 [102], [93], but that is the current density 
through the devices, not the leads. Fig. 67 is a schematic depiction of a STT-MTJ.

Figure 67. a) is a schematic of STT-MRAM and b) is a cross-section. Image taken from [88].

The STT-MRAM itself comes in two varieties: Point-contact and nanopillar (see Fig. 68).

Figure 68. Difference between point contact device and nanopillar device. Image taken from
[93].

The nanopillar device has lower current densities than point contact devices (< 10 MA/cm2 vs.
100 – 1000 MA/cm2) [93]. The point contact devices have some properties which make it 
desirable for device physics research.

The switching current itself is modelled as [93]

I c(θ)=
2 e
ℏ

α
η(θ)

Ωµ0 M s⋅(H +H k+
M s

2 )  [I ] ,

η(θ)=
q

A+B cos(θ)
 [1] ,

(P⇒ AP ): I c= I c(0) ,(AP⇒ P): I c= I c(π)< I c(0) ,

(Eq. 86)

where α is Gilbert dampening coefficient, η is a factor that summarises magnetic structure, Ω 
is free layer volume, µ0 is free space permeability, Ms the saturation field, H is the external 
field and Hk is the anisotropy field. The switching current can be reduced by minimising the 
magnetic fields and the volume [87]. Eq. 86 has many forms in the literature. η can be related 
to spin polarised current as [88]
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ηP⇒ AP=
P

2 (1+P2 )
,ηAP⇒ P=

P

2 (1−P2 )
 [1] , (Eq. 87)

where P is the spin polarisation.

Note that the switching current density scales down for STT-MRAM, L → L/κ, Ic → Ic/κ3, Jc 
→ Jc/κ, κ > 1. Interestingly enough, the interconnects can be scaled more aggressively than 
usual, Li → Li/κ3/2, since JL2

i = I <=> L2
i = I/J, L2

i →  I/κ3J = L2
i/κ3. However, this scaling is 

concerned only with the current density.

Both the field switched MTJ and the STT-MTJ can be switched very fast. Typical switching 
time is on the order of ~10 ns [41]. The large current flows only for this short duration.

MRAM requires several different metals (see Fig. 66 for metal selection). The MTJ is a 
BEOL technology. 

3.6.2 – MRAM high temperature behaviour

It is possible that the ferromagnetic materials could be used for extreme environment 
application. The usual ferromagnetic materials for MRAM are Fe, Co and Ni and all these 
materials have high Curie temperature: 1388 K for Co, 1043 K for Fe and 627 K for Ni [71]. 
Only Ni cannot be used, since it will be paramagnetic at 700 K. The Π2-factor on Venus is 0.5 
for Co and 0.7 for Fe. Co would basically behave as an ideal ferromagnet at these 
temperatures. Most of the used ferromagnetic materials are alloys, as can be seen from Fig.
66. CrO2 cannot be used at the desired temperatures. It has a too low Curie temperature, 400 
K [92].

The antiferromagnetic materials have quite low Néel temperatures. Only NiMn seem to meet 
the temperature requirements. It has a Néel temperature of 1100 K. Unfortunately, the 
blocking temperature is not as high as the Néel temperature. The blocking temperature is only
497 °C. The antiferromagnetic material cannot pin a ferromagnetic material at temperatures 
higher than the blocking temperature [79], [80]. There are other materials that are 
antiferromagnetic for these temperatures, such as PtMn and CrAl. However, these materials 
have a too low blocking temperature.

It might be possible to use a SAF instead of an antiferromagnet to pin a ferromagnet. If the 
fixed layer is another SAF, the structure would be FMFMF. Another solution is to have a very 
thick fixed layer, since the energy cost increases with volume. The RA FOM will be affected 
by having a thicker film, though. Note that this solution does not pin the ferromagnet, so the 
hysteresis curve does not shift to higher fields (see Fig. 18).

Lee and Kang investigated high temperature (up to 125 °C) behaviour of STT-MRAM [45]. 
The authors noted several interesting properties at high temperature. The HRS resistance 
decreased at high temperature, but the LRS resistance was unaffected. The MR decreased as a
result of the decrease of HRS resistance. The MR was 0.928 at room temperature and 0.811 at
125 °C. The energy barrier decreased more than predicted by single domain approximation. 
The approximation assumes that the material does not have several domains. A domain is a 
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localised magnet. Domain A can have a different magnetisation than domain B, where A and B
are adjacent. The mean field model assumes a single domain. Physics of ferroelectrics 
discussed domains for ferroelectrics. The lowered energy barrier lowers the retention time. 
The Néel-Brown relaxation model was a good model for the retention time.

Ono et al. also investigated high temperature behaviour (up to 150 °C) of STT-MRAM [184]. 
The HRS resistance once again decreased and the LRS resistance remained constant. The MR 
decreased. They observed that the coercive field decreased. The switching current decreased. 
The reduced field contributed with a decrease in energy barrier, so retention time is a problem 
for aggressively scaled devices. Fig. 69 compares the switching characteristics of a MTJ at 
room temperature and at 120 °C.

Figure 69. Switching behaviour. a) is resistance vs. magnetic field and b) is resistance vs.
current. Notice that it is resistance and not resistance-area, as in Fig. 62. The resistance

decreases with increasing temperature. The coercive field and switching current also
decrease. The magnetic field strength is given in ørsted, 1 Oe = 103/4π A/m. Image taken from

[184].

The reduced MR at higher temperature is further demonstrated in the work of Parkin et al.
[94]. The authors investigated only from 4 to 300 K. As usual, the HRS decreases and the 
LRS remains constant (see Fig. 70).

Figure 70. TMR and RA at different temperatures. The squares are RA and the circles are
TMR. The LRS is constant, whereas the HRS decreases. Image taken from [94].

The authors attributed the decrease to thermal excitation over the MgO barrier [94]. 
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Incidentally, their device were annealed in vacuum at various temperatures. The device 
performance increased up to a certain temperature. Temperatures higher than 425 °C caused 
the device to completely fail. This behaviour would certainly be problematic if the device 
itself cannot be operated higher than 425 °C.

The resistances for thin-films can be modelled trough thermally excited spin waves, AKA 
magnons [185]. A magnon is similar to phonons – it is a collective excitation due to vibrations
in the crystal. The conductivity for the MTJ is, simplified,

GP=GT (1+P2)  [M−1L−2T3 I2 ] ,
GAP=GT (1−P2)  [M−1L−2T3 I2 ]

(Eq. 88)

Both the conductivity and polarisation have different temperature dependencies [185]. These 
are

GT=
GT ,0

sinc(T /T 0)
 [M−1L−2T3I2 ] ,

T 0=z d
√φ

 [Θ] ,

P=P0(1−αT 3 /2)  [1]

(Eq. 89)

z is a constant33 and T0 is related to the tunnelling barriers properties. d is the thickness and ϕ 
is the barrier height. α varies about 10-5 K-3/2 for Co-NiFe junctions to 10-6 K-3/2 for Co-Co 
junctions [185]. 

The decrease in spin-polarisation is a definite problem for high temperature applications. The 
reduced spin-polarisation leads to smaller differences between the states. The polarisation can 
change up to 0.01 to 0.1 from 300 K to 700 K. A perfect polarisation (P = 1) at 0 K would 
give about 0.8 at 700 K (assuming α = 10-5 K-3/2). The MR will be smaller than 3.6. A more 
reasonable estimation would be a polarisation of 0.37 @ 0 K, a polarisation of 0.3 @ 700 K 
and a MR less than 0.19. The key assumption is that Eq. 89 can be extended above Π2 = 0.4 (>
100 °C for Fe and Co), which is in doubt [186]. Magnon population is a measure of the 
decrease in magnetisation. The magnetisation decreases as T1/2 in Landau theory with Ising 
model (close to the Curie temperature). The point is that the polarisation decreases with 
increasing temperature because the magnetisation decreases with increasing temperature.  

The biggest problem is the large current densities. Suppose that the MRAM cell itself works 
perfectly. What about the local interconnects? The interconnects can fail after a while due to 
electromigration, hillocks and other effects. The Median Time To Failure (MTTF) is 
empirically modelled by Black's equation [183]

MTTF=A J −n eE a/ k B T  [T ] , (Eq. 90)

where A is a constant that depends on the film structure, n is (close to) 2 and E
a

 is the 
activation energy (typically 0.5 – 0.8 eV for poly-Al). The reciprocal of MTTF has Arrhenius 
behaviour. Eq. 90 is basically the same as Eq. 5, where τ0 depends on current density. The 

33 1.387×10-4 K Å-1 eV1/2 [185]. The author do not state how this is related to physical constants, frustratingly 
enough. It is proportional to kB

-1 ħ m0
1/2.
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MTTF drops rapidly as the temperature increases. Al and Cu interconnects encounter 
problems already at room temperature with current densities at  ~1 MA/cm2. Suppose now 
that the temperature increases to 700 K. The exponential factor goes down by 5 orders of 
magnitude (according to the 10 dec/eV rule). The MTTF crash. Plummer, Deal and Griffin 
give an example of a sensible MTTF of ~4000 years (Al, 70 °C, 0.1 MA/cm2) [183]. The 
MTTF at 700 K would be around ~30 h. However, aluminium is a rather extreme example. 
Copper and platinum interconnects can handle higher current densities, for example. 

As mentioned before, a very simple way to get around high current densities is to have large 
devices and large interconnects. Large interconnects will have smaller current densities for the
same current. The trade off is smaller memory density. Even if the device itself is very small, 
like STT-MRAM, the bottle-neck will be the metallisation.

One of the arguments in favour of MRAM is the very short switching times, something on the
order of 10 ns. MRAM is arguably much more resilient than what Eq. 90 predicts. The cell is 
rewritten by current-pulses that are on the order of 10 ns, so there is not a large current at all 
times. It is easy to think that short current-pulses will not significantly contribute to MTTF. If 
the rewrite frequency is a lot smaller than 100 MHz. 

Assume that MTTF is independent of pulse kinetics. Electromigration is cumulative, so each 
current pulse contributes with some damage. The pulse duration δ is 10 ns. The rewrite 
frequency f is 100 MHz. δf is then 1, which is the worst case scenario. The δf-product is a 
measure of the time-average scaling factor. The time average current-density is roughly the 
switching current density times the δf-product. Even if the pulses are short, the rewrite 
frequency causes a large amount of current to pass through the interconnects. If the MTJ is to 
have the smallest size of 4F2, f should be smaller than 100 kHz, or once per 10 µs. This 
frequency gives a δf smaller than 10-3. If the pulse current density is 10 MA/cm2, the time-
average current density is smaller than 10 kA/cm2. This “effective” write time is large for 
random-access memories, but small for storage. MRAM might be suitable as a storage 
memory at high temperatures.

The current can probably be lowered somewhat at elevated temperatures (see Fig. 69) [93]. 
The coercive field is predicted to decrease with increasing temperature. The device does not 
need to have as large switching magnetic fields at elevated temperatures. And by extension, 
the device does not need to have as large currents.

The MR is often smaller than 1 at room temperature. Consider now that the ratio will most 
likely decrease with increasing temperature. Factor in that the noise increases with 
temperature. The signal to noise ratio can be a problem for the periphery electronics. 

3.6.3 – MRAM radiation effects

MRAM is radiation hard [39], [187], as it can withstand > 10 kGy34. MRAM is almost 
completely made of metals. Metals are very resistant to ionising radiation. Unless the 
radiation dose is extremely large, there will be no radiation damage to the ferromagnetic 

34 Value reported in rad.
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materials. Higher doses will eventually damage the tunnelling barrier, which can lead to 
leakage. MRAM is quite possibly the most radiation hard memory investigated in this thesis.

3.6.4 – MRAM summary

MRAM uses several properties. It utilises superstructure properties, such as interlayer 
exchange and exchange bias, the difference in transport for majority and minority spin in 
ferromagnetic materials, and the fact that spin is likely conserved during tunnelling transport. 
It uses magnetic fields to magnetise the ferroelectric layers. It can also take advantage of spin-
torque transfer to magnetise ferroelectric layers. MRAM is the most complicated memory 
device featured in this thesis.

MRAM today use Magnetic Tunnelling Junctions (MTJ) and Spin Torque Transfer (STT) for 
switching. The switching current densities are very large, typically on the order of 10 
MA/cm2. The MTJ acts as a resistor that can be set into a Low Resistance State and a High 
Resistance State (LRS and HRS, respectively). The device has a 1T-1R design.

Ferromagnetic materials, like ferroelectric materials, are characterised by three parameters: 
Coercive field, remnant field and Curie temperature. These parameters are in practice 
irrelevant for MTJ and they are never cited in the literature. Unlike ferroelectric memories, 
the coercive field and remnant field do not set the device properties. Ferromagnetic materials 
should operate far below their Curie temperature. The energy barrier can be engineered since 
it is proportional to the volume. The antiferromagnetic material selection is limited, since the 
materials typically have low Néel temperatures. The only suitable antiferromagnetic material 
for high temperature application is NiMn. 

The high currents will cause reliability issues for the metallic leads.

Since MRAM is composed almost exclusively by metals, it has almost no degradation 
mechanism due to ionising radiation. The key weakness will be the periphery electronics and 
the tunnelling barrier.

My conclusion for MRAM is that it might work for high temperature applications. The key 
issue will be the reliability of the metallic leads. The current density is high, but the current is 
also applied as very short pulses. The degradation is cumulative, so a high rewrite frequency 
will eventually degrade the leads to the point of failure. The endurance of the leads will most 
likely be poor. MRAM is unsuitable as a main memory if the endurance is poor, but it might 
be suitable as a secondary storage memory. The MR will most likely be very small, ~0.1. The 
read-circuit might have problem with signal-to-noise.

Table 6 lists the critical temperatures for some of the relevant magnetic materials.
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Table 6. Critical temperatures for several magnetic materials. Data from [71], [79], [80], [92].

Material Curie (K) Néel (K) Blocking (K)

CrO2 400 - -

Fe 1043 - -

Co 1388 - -

Ni 627 - -

PtMn (poly, [111]
textured)

- 480 – 980 400 – 650

IrMn [111] - 690 400 – 520

NiMn (poly) - 1100 770

AlCr [110] - 900 550

3.7 – Resistive RAM (RRAM)

3.7.1 – RRAM devices and basic operations

There are two common cell types: 1T-1R and 1D-1R. The transistor is the usual selector. A 
diode can act as a selector too, but it has some requirements. Since a diode has rectifying 
behaviour, the writing has to be unipolar. Bipolar devices cannot use 1D-1R design. The 
benefit of using a diode instead of a transistor is the higher density. It is also possible to use a 
passive matrix, 1R, for maximum density. A passive matrix also has the possibility of 3D 
integration, which dramatically increases density. The disadvantage of a passive matrix is that 
it suffers from read disturbance when there are no select transistors/diodes [41], [102]. 

MRAM devices and basic operations detailed how resistive read-out is performed. There are 
no significant differences between reading a MTJ from a resistive MIM.

A device that has a conductive filament needs a formation step. The device is pristine (also 
called 'virgin') after fabrication. There is no conductive filament. The conductivity is then 
proportional to the cross-section (or pad-area). The formation is a purposefully 'soft' 
breakdown of the dielectric film. This formation step can be done in two different ways: either
with voltage controlled formation or current controlled formation [188]. 

For the voltage controlled formation, the voltage across the device is increased until soft 
breakdown occurs. At breakdown, the resistivity goes either into the HRS or the LRS, which 
in any case is much lower than the resistivity for the pristine device. The decrease in 
resistance is a serious problem because the formation step needs large voltages. The current 
skyrockets during the formation step due to decreasing resistance. A high current can cause 
the dielectric to have a hard breakdown. The hard breakdown can be avoided in two different 
ways. The first option is to have the device that supplies voltage to limit the current by means 
of current compliance. The second option is to connect a large resistor in series with the 
memory cell [188].
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Current controlled formation is a better option than voltage controlled formation. The current 
through the device is increased until the soft breakdown occurs. Just like the formation step 
for voltage controlled formation, the resistivity drops. Unlike the voltage controlled step, the 
voltage does not skyrocket, but instead drops rapidly with the resistance. Current formation is 
a more reliable method for formation [188].

The filament switching is a rather stochastic process [104], [189], and leads to variation 
between cells. It is therefore desirable to have devices that do not require filaments. A 
forming-free device does not need an initial forming step, either.

The switching differs between unipolar switching and bipolar switching. In the literature, 
setting the cell into HRS from LRS is called 'set'. Setting the cell into LRS from HRS is called
'reset'. To set (HRS → LRS), a set voltage is applied. To reset (LRS → HRS), a corresponding
reset voltage is applied. The set- and reset-voltages are very ill-defined values in the literature.
It is not that surprising, since each device has its own quirks. Jeong, Cheong and Kohlstedt 
have probably the best defined switching voltages of all works cited in this thesis. Their 
definition is [189] 

∂ I LRS

∂V
|V '=

∂ I HRS

∂V
|V ' , (Eq. 91)

where V' is the switching voltage. Unfortunately, their definition will most likely not work for 
all devices. Their device had continuous switching instead of abrupt switching, and their 
device was bipolar. Their device will be discussed in more detail in RRAM high temperature 
behaviour. Even if the switching voltage is ill-defined, voltages larger in magnitude than the 
set/reset voltages can be expected to switch the device. 

Unipolar switching is desirable for high-density integration. The 1D-1R design can be used 
for the unipolar devices. The switching can in theory be done either by current or voltage, but 
in practice this is problematic. Suppose that the set action (HRS → LRS) is to be done. If the 
switching is done with voltage control, the problem is the same as the formation step. The 
resistivity drops and the current skyrocket. The problem also occurs for reset (LRS → HRS) if
done with current. The resistivity increases and the voltage skyrocket. The power dissipation 
can cause the dielectric to breakdown [41].  Jeong et al. claim that “both voltage and current 
can be successfully used as an input bias source for bipolar switching measurements”, and cite
Jeong's thesis from 200935 [41].

RRAM is one of the few technologies that has the possibility of minimum layout size (for 1R 
cell). The absolute minimum size is (2F)2 [41], where F is the feature size. 2F is the minimum
width of a ME1- and ME2-layer and (2F)2 is the area. See [190] for more information about 
layout and feature size.

RRAM is typically a BEOL technology, since the MIM is placed in the metallisation. The 
work by Chen et al. might count as FEOL since they used a MIS structure [191]. 

There is no general model that can be used to quantitatively, or even qualitatively, estimate 
switching characteristics. There does not seem to be much discussion yet in the literature 

35 The thesis cannot be accessed, so the claim cannot be verified.
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about cell design. This memory technology is relatively immature compared to all the other 
technologies.

3.7.2 – RRAM high temperature behaviour

The lack of general models for RRAM makes it difficult to make general statements about 
high temperature behaviour. Each MIM' device has its own behaviours and quirks. This 
section showcases case studies instead of models.

Not all of these cases are discussed explicitly within the context of high temperature 
behaviour. Some of these cases are meant to show how a device could work.

This section is limited to three oxide materials: Al2O3, BFO and ZnO. As will be seen, the 
metallisation is often limited to Ti and Pt for these devices. Ti and Pt occur in SiC technology.
This section is limited to these materials because, with the exception of ZnO, they occur in the
other memory technologies. A MIM' is easy to design and manufacture. These devices could 
be interesting side projects to pursue while investigating the other memory technologies. ZnO 
is included in this section because

1. It is a well investigated material36 [83]

2. It is a common material for RRAM

ZnO is a wide bandgap material, like SiC and GaN.

Wu, Lee and Wong investigated ALD-Al2O3 [192]. Several different MIM stacks were 
investigated (see Fig. 71). In all cases the BE was a Pt electrode. The device was bipolar when
the TE was Al, but unipolar when the TE was Al / Ti (1 nm). The Ti acted as an oxygen 
gettering site. The 10 nm Al2O3 film required a forming voltage of ~7 V, which would give an 
electric field of ~700 mV/nm when there was a Ti-layer. Interestingly enough, the stacks 
without Ti did not require a formation step. However, the stacks without Ti did not show any 
hysteresis when the Al2O3  film was deposited at 100 °C. The stacks deposited at 300 °C did 
show hysteresis. 

Devices with 30 nm thick Al2O3 films were also investigated, but these devices did not show 
switching behaviour. All of the functioning devices required a set voltage (HRS → LRS) of 3 
– 4 V (300 – 400 mV/nm) with a current compliance of 5 µA. The current compliance for the 
formation step was not explicitly stated. The maximum reset current (LRS → HRS) varied 
quite a lot. The bipolar device had a very low switching current, ~1 µA. It seems that only one
pad size (150 µm × 150 µm) was tested, so no information about the pad size dependence of 
the current exists. The conduction mechanisms were not investigated.

The Al / Al2O3 / Pt device had quite high resistivity in both states. The resistivity was about 
100 MΩ – 1 GΩ. The resistance ratio was around 8. Compare this value to the MR of MRAM
devices, where the MR ratios was around 10 only at liquid helium temperatures. The Al /  Ti / 
Al2O3 / Pt device had larger ratios, although the ratio decreased after annealing. The ratio 
decreased because the HRS resistance decreased quite a lot. The ratio was 100 before 

36 It is so extensively studied that it is difficult to publish new work regarding ZnO. 
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annealing and 16 after annealing [192]. 

The Al / Al2O3 interface has a “larger ion migration barrier”, so a negative potential must be 
applied to drive back the oxygen. The Ti layer introduces defects [192].

Figure 71. Sketch of the stacks. Image taken from [192].

Lin et al. have also investigated Al2O3 [193]. The stack was a Ti / Al2O3 / Pt stack. RF 
magnetron sputtering was the deposition method of choice for Al2O3. The film was 40 nm 
thick. Several different TE, like Pt and Al, were tested, but the devices with these TE did not 
work. It is explicitly stated that the forming voltages for Pt and Al were so high (> 25 V, > 600
mV/nm) that the Al2O3  film had a hard breakdown. The forming voltage for the Ti TE was 11 
V (~300 mV/nm) with a current compliance of 5 mA. The device showed bipolar 
characteristics. The reset voltage (LRS → HRS) was -1.7 V (~40 mV/nm) and the set voltage 
(HRS → LRS) about 1.4 V (~40 mV/nm). 

The LRS showed Ohmic behaviour, whereas the HRS showed FP emission. It is not stated 
whether the LRS was metallic Ohmic or semiconducting Ohmic. High temperature 
measurements were also performed at 150 °C. The resistance ratio at room temperature was 
103, whereas the ratio was only 102 at 150 °C. This drop is discouraging for extreme 
temperature application. The ratio can be extrapolated to elevated temperatures by assuming 
Arrhenius behaviour, which gives the ratio as ~20 at 700 K. The device had otherwise good 
retention at room temperature, more than 104 s. The endurance was at least 100 cycles [193].

A possible switching mechanism was proposed: the Ti extracts oxygen ions from the alumina-
film, which introduces a large number of oxygen vacancies at the interface. The oxygen 
vacancies modify the conductivity. It was also proposed that the oxygen distribution in the 
alumina-film changed. It is not explicitly stated whether it was the contact resistance or the 
bulk resistance that changed. Since Ohmic and FP emission are bulk effects, it is probably the 
bulk resistance that changed. Only one contact size, 250 µm in diameter, was used in the 
measurements [193].
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The switching characteristics were investigated by Electrical Pulse Induced Resistive change 
(EPIR) measurements. EPIR measurements are basically done by applying voltage pulses, and
the resistivity change is measured. The device could switch at 10 ns, 6 V / -3 V. The fast 
switching was attributed to interface changes at Ti / Al2O3 and Joule heating. The possibility 
of Mott transitions was also acknowledged [193].

Jeong, Cheong and Kohlstedt did a tunnelling junction [189]. The structure was Pt / Ti (10 
nm) / Al2O3 (3 nm) / Al. Instead of depositing Al2O3, the film was oxidised from the Al-
electrode. This device did not require a forming step, and showed bipolar characteristics. The 
change in resistance was attributed to change in the Ti / Al2O3 interface. The set/reset voltage 
was just short of ±1.5 V (500 mV/nm).

The pad-size dependence was investigated. Both the reset and set voltages were insensitive to 
pad-size. The relative change from pristine resistance to HRS resistance was also insensitive 
to pad-size. In fact, the HRS and the pristine state was basically the same [189].

Xu et al. investigated bipolar switching in BFMO [194]. BFO was doped with Mn to reduce 
the leakage. The structure was LaNiO3 (LNO) / BFMO (80 nm) / Ag, and the BFMO film was
deposited by PLD. 

Figure 72. BFMO test structure. Image taken from [194].

Interestingly enough, the device was forming-free. It did not have a very high resistance ratio 
though, only about 3. The set/reset voltage was roughly 1 V (12.5 mV/nm) in magnitude. The 
authors did not comment the ferroelectric polarisation. These voltages (or rather these fields) 
should be larger than the coercive voltage (field). The current compliance was 1 mA when 
setting (HRS → LRS). The conduction mechanisms were investigated. For small voltages, the
conduction was Ohmic. For large voltages, the conduction was charge limited (J ~V2) [194]. 
Both Ohmic and charge limited conduction are bulk conduction mechanisms. 

When the voltage increased to 6.5 V (81.25 mV/nm) without current compliance, the 
resistance ratio increased several orders of magnitude. The final ratio was 102, two orders of 
magnitude larger than before. The HRS resistance increased, whereas the LRS resistance 
decreased. It seems that the device formed a conducting filament. The switching 
characteristics changed, too. The set voltage (HRS → LRS) was still 1 V, but the reset voltage
(LRS → HRS) moved to -2 V (25 mV/nm). The LRS was Ohmic, whereas the HRS was 
Ohmic for low voltages and charge limited at higher voltages. The LRS conduction was 
explained as conductive filaments along grain boundaries, were the filaments were formed of 
oxygen vacancies [194].
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Li et al. investigated bipolar switching in La-doped BFO (Bi1-xLaxFeO3, x = 0.05, La-BFO)
[195]. Fig. 73 shows the device and measured hysteresis curve.

Figure 73. The I-V plot shows hysteresis. The inset is the La-BFO test structure. The material
of the top electrode (TE) varied. In this case, the TE was Ag. Image taken from [195]. 

Al, Ag, Cu and Au were the metals that were used as TE. The BE was Pt for all test structures.
The deposition method of choice was spin coating sol-gel. Sol-gel is an unusual method for 
semiconductor devices. It is a Chemical Solution Deposition (CSD) method, in contrast to the 
Physical Vapour Deposition (PVD) methods. PVD is preferred instead of CSD in the 
semiconductor industry. The La-BFO film was 300 nm thick [195].

The Ag / La-BFO / Pt device was forming-free. The set voltage (HRS → LRS) was about 0.5 
V (1.7 mV/nm) and the reset voltage (LRS → HRS) was about -0.35 V (1.2 mV/nm). The 
current compliance was 10 mA. The resistance ratio was 102. The Cu TE showed good 
behaviour, too. The Al and Au TE showed large distribution in switching characteristics. The 
Al TE forms AlOx at the interface, which inhibits Al diffusion. Au has small diffusion through 
the BFO film [195]. Low diffusion inhibits filament formation and rupture.

The LRS conduction was attributed to metallic filaments. Interface change could be excluded 
for several reasons. All four TE materials showed bipolar switching. The reactivity could not 
have affected the switching characteristic, since Ag and Au are not reactive. The work 
function could not have affected the switching characteristic, since Au has a larger work 
function than BFO, whereas the other metals have a smaller work function than BFO. The 
switching characteristic would then have to be a bulk effect. The filament is formed by metal 
diffusion from the TE [195].

The LRS resistivity increased with increasing temperature. The HRS resistivity decreased, 
which means that the HRS was semiconducting. The device area dependence was 
investigated. The LRS resistance was independent of size, which indicated filament 
conduction [195]. Fig. 74 shows the measured resistance.
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Figure 74. a) shows the resistance as a function of temperature. b) shows the size
dependence. The LRS is metallic (dR/dT > 0) whereas HRS is semiconducting (dR/d(1/T) >

0). The conduction is size-independent for LRS. Image taken from [195].

Chen and Wu investigated unipolar switching in undoped BFO [196]. The device was Pt / 
BFO (200 nm) / Pt. The deposition method of choice was spin coating sol-gel. The annealing 
temperature dependence was investigated, where three different temperatures were tested: 
450, 500 and 550 °C. The forming voltage for the 500 °C annealed film was 5.8 V (29 
mV/nm), and the forming step required a current compliance of 1 mA. The film was in LRS 
after forming. The 450 °C annealed film did not exhibit resistive switching. The set (HRS → 
LRS) and reset (LRS → HRS) voltages were basically the same for the 500 and 550 °C films. 
The set voltage was 3.5 V and the reset voltage was 1.4 V (17.5 mV/nm and 7 mV/nm, 
respectively).

The conduction mechanisms were investigated. The LRS was Ohmic and the HRS had FP 
emission. The change in resistance occurs in the bulk, since both Ohmic and FP emission are 
due to bulk effects. The LRS conduction was attributed to oxygen vacancies along grain 
boundaries, which formed conductive filaments [196].

Zhao et al. investigated bipolar switching in Ga-doped ZnO (GZO) [197]. RF magnetron 
sputtering was used to deposit the GZO and ZnO films, where the ZnO film acted as a buffer 
layer for the switching GZO film. The buffer layer allowed for good GZO growth and 
improved memory window. The entire structure was Ag / GZO (100 nm) / ZnO (15 nm) / Pt.
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Figure 75. Schematic cross-section of memory device. Image taken from [197].

The device did not need a forming step. The set voltage (HRS → LRS) was 0.5 V (5 mV/nm).
The set-step needed a current compliance of 10 mA. Interestingly enough, the reset voltage 
(LRS → HRS) needed two steps. The first step was at -0.35 V (3.5 mV/nm) and the second 
step was at -0.55 V (5.5 mV/nm). The resistance ratio was quite good, 2×103 [197].

The LRS was Ohmic and the HRS was Ohmic for low fields and charge limited (J ~ V2) for 
higher voltages. The temperature dependence of the conduction mechanisms was not 
investigated. The LRS conduction was attributed to conductive filaments, and the filaments 
were made of oxygen vacancies. The Ag / GZO interface controlled the formation and rupture
of the filaments by electrochemical redox reactions [197].

Yang et al. investigated bipolar switching in Mn-doped ZnO (ZnO:Mn) [198]. The ZnO was 
doped to increase the resistance in the HRS. Semiconductors are usually doped to decrease the
resistance. ZnO is intrinsically n-type, because there are a lot of defects due to non-
stoichiometric ratio (ZnxO1-x) [83]. These defects are interstitial zinc and oxygen vacancies, 
but it is believed that interstitial zinc defects are the dominant donor. These donors are 
shallow, and they lie only 20 – 50 meV from the conduction band. High concentrations of Mn 
can increase the ionic defect scattering, which in turn cause the mobility to crash. Mn is a 
deep donor (2 eV from conduction band), so it does not significantly contribute to the electron
concentration at room temperature [199], [200]. SiC can similarly be doped with vanadium 
(V) to increase the resistivity.

RF magnetron sputtering was used to deposit ZnO:Mn, where the thickness was 30 nm. The 
entire structure was Ag / ZnO:Mn / Pt [198]. Fig. 76 depicts the device.
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Figure 76. Device structure. Image taken from [198].

The device showed some good device properties. It did not require a forming step. The set 
voltage (HRS → LRS) was 1.9 V (63 mV/nm). It is not stated whether or not the set process 
required a current compliance. This device also required a multistep reset (LRS → HRS) 
switching. The first voltage was -1.9 V (63 mV/nm) and the second voltage was -2.2 (73 
mV/nm). The resistance ratio was very large, ~107 [198].

The LRS was Ohmic, whereas the HRS was Ohmic at low fields and charge limited at higher 
fields. The resistance switching was attributed to electrochemical redox reactions. The LRS 
conduction was due to a Ag conductive filament from the Ag TE to the Pt BE, see Fig. 77
[198].

Figure 77. The left image is STEM micrograph of the filament. The right image is Energy-
dispersive X-ray spectroscopy (EDX) measurement. The EDX measurement shows that the

filament is made of silver. Image taken from [198].

The high temperature behaviour was also investigated. The HRS resistivity decreased with 
temperature, which indicated that the state was semiconducting. The LRS resistivity increased
with temperature, so the state was metallic. Because of these temperature behaviours, the 
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resistance ratio decreased to 105 – 106 at 400 K [198]. Arrhenius extrapolation gives a worst 
case scenario of 250 at 700 K. This ratio is quite high, so the device could possibly work at 
elevated temperatures.

Chang et al. investigated unipolar switching in ZnO [201]. RF magnetron sputtering was used
to deposit ZnO, where the thickness was 100 nm. The entire structure was Pt / ZnO / Pt. 

The device needed a forming step at 3.3 V (33 mV/nm). The current compliance is not 
explicitly stated. The device was in LRS after the forming step. The reset (LRS → HRS) was 
roughly 1 V (10 mV/nm), independent of polarity. The set (HRS → LRS) was roughly 2 V 
(20 mV/nm), independent of polarity. The device was thus unipolar. The switching voltages 
was symmetric since the device stack was symmetric. The resistance ratio was a good 103 – 
104. The LRS was Ohmic, and the HRS was Ohmic for low fields and FP emission for high 
fields. Ohmic and FP emission are due to bulk effects. They only attributed the conduction to 
a conducting filament [201].

Zhu et al. investigated switching kinetics at elevated temperatures [202]. The device was a 
Al / AlOx / Al structure, which had unipolar switching. The LRS conduction was attributed to 
metallic conductive filaments. The set (LRS → HRS) and reset (HRS → LRS) voltages had 
reciprocal Arrhenius behaviour. The activation energy was quite small for both switching 
voltages, 50 meV. The HRS was stable for a large temperature range (300 K to 500 K). The 
LRS was not stable, as it eventually decayed into the HRS after 104 s at 500 K. This behaviour
confirms that RRAM is a kinetic memory (see Fig. 8), but the result is somewhat surprising. 
The HRS is usually unstable for these devices and the LRS is the stable one, as will be seen 
further on. The retention time had also reciprocal Arrhenius behaviour. The activation energy 
was quite large, 1.3 eV.

Zhang et al. investigated the retention time, too [50]. The device used a TiN / TiOx / HfOx / 
TiN device. It had bipolar switching and a defect conductive filament. A model was developed
which described the retention time of the HRS. This model included both voltage and 
temperature,

1
τ=

1
τ0

e−(Ea−α√V )/ kB T  [T−1 ] (Eq. 92)

The exponent has the same form as the image barrier lowering in Schottky emission and FP 
emission. The high electric field conductivity was attributed explicitly to quasi-FP emission 
and not to FP emission in HRS, because the current was not proportional to the voltage. The 
HRS degradation was attributed to stress current, which was due to FP emission.

Gao et al. also investigated retention time for HRS [203]. The device was TiN / HfOx / Pt / Ti, 
and it exhibited bipolar characteristics. The LRS had defect conduction filaments. Like the 
other cited works [50], [202], the retention time had reciprocal Arrhenius behaviour. The 
retention time was modelled, and this model differ somewhat from the model of Zhang et al.,

1
τ=

1
τ0

e−(Ea−αV )/k B T  [T−1 ] ,

α=ql /2 d  [T I ] ,
(Eq. 93)
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where Ea is the energy necessary to generate an oxygen vacancy, l is the lattice constant and d 
is the length of the ruptured region. An important observation was that the degradation was 
abrupt – the device can be in HRS for a long time and then suddenly drop into LRS. It is not a
cumulative degradation, but a completely stochastic process.

There are several common attributes in these case studies. Most of the works attributed the 
LRS conduction to conductive filaments and the HRS to semiconductor conduction 
mechanisms. The film thicknesses were on the order of 1 – 100 nm. The devices which 
needed a forming-step required a forming voltage on the order of 1 – 10 V.  The electric fields
were on the order of 10 – 100 mV/nm, but mostly on the order of 100 mV/nm. The current 
compliance for these devices was mostly in the range of 1 µA – 1 mA.

Some of the works have metallic filament. The resistance of metals increase roughly linearly 
with temperature, which will cause the LRS resistance to increase linearly with temperature. 
The HRS is often Ohmic-semiconducting, which means that the reciprocal of the HRS 
resistance has Arrhenius behaviour. The resistance ratio should behave as

RHRS

RLRS

≈

[ RHRS≈RHRS ,300 K e
−

Ea

k B T 300 K e
E a

k B T

RLRS≈RLRS ,300 K⋅(1+α(T−T 300 K))
]≈

RHRS ,300 K

RLRS ,300 K

e
−

Ea

k BT 300 K⋅
e

Ea

k B T

(1+α(T−T 300 K))
 [1 ]

(Eq. 94)

Ea is the activation energy. If the activation energy is related to the intrinsic Fermi level (Eg/2),
it would be best to choose a wide bandgap material. The ratio will increase by 10 dec/eV at 
700 K, as usual.

3.7.3 – RRAM radiation effects

There is little research to be found on how RRAM devices are affected by radiation. Wang et 
al. attributes this lack of research to lack of understanding of the switching mechanisms [204].
Unfortunately, there does not seem to be any radiation research for Al2O3, BFO or ZnO films 
for RRAM applications.

Wang et al. investigated how radiation affected a Cu / HfO2:Cu / Cu / HfO2:Cu / Pt device (no
mention of any periphery electronics) [204]. HfO2 is a high-κ dielectric. Like most high-κ 
materials, it has a ”small” bandgap, 6 eV. The device had conductive filaments made of Cu, 
and it exhibited bipolar switching behaviour. TID effects were investigated for several key-
parameters: Switching voltages, resistances, endurance, retention time and switching time. 
60Co was used as a γ-ray source, and the device was irradiated to a total dose of 3.6 kGy37. The
reset (LRS → HRS) voltage was basically the same as before irradiation: -1.03 (σ = 0.54) V 

37 Value reported in rad.
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vs. -0.99 (0.42) V. However, the set voltage increased by almost 1 V: 4.17 (1.96) V vs. 5.15 
(1.99) V. The voltage shift was not a big issue, because the maximum switching voltage did 
not significantly change (8.89 V vs. 9.10 V). The resistance ratio did not significantly 
decrease, nor did the device suffer in endurance. The device could be switched more than 
1000 times after irradiation. There were no bit-flips up to 100 kGy, which was the maximum 
dose in the experiment. The switching time did not change significantly after irradiation. The 
device was basically radiation hard. The radiation hardness was primarily attributed to the 
metallic filaments. Metals are not as affected by radiation as semiconductors are. The HRS 
was more degraded than the LRS, most likely because the HRS properties depended on the 
semiconducting material.

Zhang et al. investigated how radiation affected a TiN / TaOx / Pt device [205]. Ta2O5 is a 
high-κ dielectric with a bandgap of 4.4 eV. One of the concerns with high-κ dielectrics is that 
narrow bandgaps make the material sensitive to radiation. Ta2O5 has a lot of defects too, 
which could make it vulnerable to radiation. The defects, which are oxygen vacancies, form 
conductive filaments. 60Co was used as a γ-ray source. Several devices were irradiated up to a 
total dose of 1.8 kGy38. Some of the devices had a film-thickness of 25 nm, and some had 50 
nm. The thin films did not significantly degrade, but the thick films suffered due to radiation. 
Some of the HRS switched into LRS, which indicate that radiation could generate oxygen 
vacancies and form defect filaments. The resistance was also a factor. A high resistance in the 
HRS made the device much more radiation hard.

Bi et al. investigated how radiation affected a TiN / HfO2 / Hf / TiN device [206]. Unlike the 
HfO2 device of Wang et al., this device used oxygen vacancies as a conductive filament. Both 
x-ray bombardment and proton irradiation was used. The x-ray was used for TID 
investigations and proton irradiation for DD. The total dose was 70 kGy39. Interestingly 
though, there was no performance degradation due to TID. There were no bit-flips, unlike the 
work of Zhang et al. [205], despite that both devices used defect filaments. The devices did 
suffer from DD when the fluency increased up to 1014 proton/cm2. Both the HRS resistance 
and LRS resistance increased due to DD. 

3.7.5 – RRAM summary

RRAM uses a large change in resistance as data storage. The device is either in a Low 
Resistance State or in a High Resistance State (LRS and HRS, respectively). There is 
currently no consensus about how these memories usually switch. The most common model is
a conductive filament which can be ruptured and formed over and over again. This model is 
not the only model used, though. The conductive filament is either made of defects like 
oxygen vacancies or metallic ions. The switching can be either unipolar or bipolar.

RRAM comes in three varieties: 1T-1R, 1D-1R and 1R. The 1D-1R requires unipolar 
switching, and 1R suffers from bad signal isolation.

38 Value reported in rad.
39 Value reported in rad.
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There are no general rules for how a RRAM device will behave at high temperature. If the 
device has a metallic conductive filament and a semiconducting HRS, the resistance ratio will 
have Arrhenius behaviour (Eq. 94). The switching voltages might have Arrhenius behaviour. 
One of the works attributed retention failure to stress-induced leakage [50]. The leakage 
mechanisms can possibly be inhibited by the strategies outlined in Current and charge 
leakage mechanisms.

It is difficult to draw any conclusions from the three radiation studies. On one hand, the work 
by Zhang et al. makes it sound as if defect filaments are vulnerable to radiation [205]. 
However, this is in contrast to the results of Bi et al. [206]. Wang et al. also showed that 
RRAM based on HfO2 is radiation hard, but with a different conduction mechanism (metallic 
filament instead of defect filament) [204]. It is possible that there are no general rules – the 
radiation sensitivity has to be investigated for each device.

Based on all three radiation works, it seems that a wide bandgap dielectric might be best from 
a radiation point of view. A device with wide bandgap and metallic filament would likely be 
most radiation hard. The metallic filament, which sets the properties for LRS, is insensitive to 
radiation. A wide bandgap dielectric like Al2O3, which sets the property for HRS, is radiation 
hard.

If a metallic filament is desirable, the TE should be a metal which can diffuse through the 
Al2O3 film. Al TE on AlOx gives a metallic filament [202]. However, the device had Al BE, so
the device properties will change if another BE is used. A safe bet is to use Ti to modify the 
Al-interface. However, Ti will not give a metallic filament. The BE should be a PGM. The BE
could also be highly doped SiC if FEOL technology is desirable.

The properties of the Al2O3 film could be enhanced by doping. There are three possible 
doping strategies: doping for filaments, doping for resistivity or doping for interesting 
characteristics. If the TE is, for example, Ni, the film could be Al2O3:Ni. Doping with Ni 
could promote filament formation. Doping for resistivity requires a deep-level dopant. Doping
for interesting characteristics can be done by La-doping to get (LaAlO3)x(Al2O3)1-x = LaxAl2-

xO3. LaAlO3 is an insulating perovskite. Another possibility is to use multilayer Al2O3 / 
LaAlO3 / Al2O3. A more advanced structure could be Ni / Al2O3:Ni, La / LaAlO3:Ni / LaNiO3 /
LaAlO3:Ni / Al2O3:Ni, La / (Pt, n+-SiC). LaNiO3 is a metallic perovskite. This structure is 
similar to the one in [204].

RRAM has the possibility of being the best possible memory technology for extreme 
environments. It has also the possibility to be the worst memory technology. The stochastic 
nature of RRAM makes any sort of predictions very difficult. Despite the unpredictable 
nature, I recommend that this memory technology should be investigated. It could be a side-
project to the more easily predictable memory technologies, like SONOS or FeRAM. I 
recommend the use of Al2O3 first and foremost because it is such a common material in all the
other technologies.
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3.8 – Phase Change Memory (PCM)

3.8.1 – PCM devices and basic operations

PCMs have been on the market for several years. Most of us have probably encountered a 
PCM, since Compact Disks (CDs) are made of phase change materials. CDs use change in 
refractive index instead of change in resistance. A laser writes the data instead of electrical 
pulses [44], [105], [108].  

The PCMs (for NVRAM applications) occur in several cell types, just like RRAMs. PCM can
be 1T-1R, 1D-1R and 1R. Each design still has the same advantages and disadvantages: 1T-
1R is reliable but large, 1D-1R is small but requires unipolar switching, which is not a 
problem for PCM, and 1R has maximum density, but cells can disturb each other. Fig. 78 
shows schematically 1T-1R and 1D-1R.

Figure 78. Cell design for PCM. a) is 1T-1R, with the resistor being above the transistor.
Compare this design to the 1T-1C COFO in Fig. 53. b) is the 1D-1R design. Image taken from

[109].

The basic idea is that the memory bit is stored in glass phase or in crystal phase. To switch 
between states, the device needs heat, as previously discussed in Physics of chalcogenide 
glassy semiconductors. The heating is done by Joule heating. A very simple model of heating 
for a cylinder is

dT
dt

=
1
C

P− κ
C
(T−T r)=[C=cV =c L S ,κ=k S , P=U 2

/R , R=ρ L /S ]=

1

cρ L2 U 2
−

k
c

1
L
(T−T r)

(Eq. 95)

where T is the temperature of the device, C is the total heat capacity, R is the resistance, κ is 
total heat conductivity and Tr is the temperature of the thermal reservoir. c is the volumetric 
heat capacity, k is the heat-flow through the area surface area and ρ is the resistivity. V is the 
volume, L is the length and S is the surface area. The general idea is that a large surface area 
lets through a lot of heat. The heat flow is proportional to the temperature difference. A large 
heat capacity requires a lot of heat for a temperature change. The heat capacity is proportional
to the volume. A better description can be found by using Fourier equations.
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Suppose that the cell is to be reset (LRS → HRS). To reset the cell, a high temperature pulse 
is needed to first melt the crystal. The liquid is then supercooled. This pulse is simply a short 
duration, large magnitude voltage pulse. The temperature rapidly increases to the melting 
point, and the device is then rapidly cooled down passively. Setting the cell (HRS → LRS) is 
a bit more tricky. It could be done by using current control, although the current would have 
to be increased as the resistivity goes down. Here is where the dynamic switching matters. 
The device is dynamically switched into a low resistive state by applying a voltage larger than
the threshold voltage. The voltage is then increased above the threshold voltage, which causes
significant Joule heating. The voltage is kept high for quite some time, so that the supercooled
liquid has time to crystallise [109]. Fig. 79 shows the temperature-timing scheme.

Figure 79. Temperature pulses for writing actions. The reset pulse is short and large enough
to melt the crystal. The set pulse is long enough so that the liquid can crystallise. The

temperature is at the crystallisation temperature. The pulses correspond to voltage pulses,
which generate heat through Joule heating. Image taken from [109].

Like RRAM, PCM is one of the few technologies that can have the minimum size (2F)2 [41].

PCM is a BEOL technology.

3.8.2 – PCM high temperature behaviour

It is possible to make an educated guess of the properties of a hypothetical high temperature 
CGS. According to the very simple mean field model presented in Physics of chalcogenide 
glassy semiconductors, the three key temperatures are related to each other by dimensionless 
constants. Assume that the hypothetical material has the same switching frequency as GST-
225, which is ~1022 Hz. The melting temperature is then ~2.5T10Y and the crystallisation 
temperature ~1.25T10Y. The ten year retention time temperature has a lower limit of 700 K, 
which is roughly the surface temperature of Venus. This temperature gives the melting and 
crystallisation temperatures as ~1750 K (~1450 °C) and ~900 K (~600 °C), respectively. GST-
225 would not work. It would crystallise at 700 K and melt at 900 K instead of staying 
amorphous and crystallise, respectively. Even if the mean field model is completely wrong, 
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the crystallisation temperature must be significantly higher than the ten year retention 
temperature. If the reverse is true, then rewriting the memory would take more than ten years.

These temperatures are much higher than any temperature reported in the literature. It is not 
that strange, really. Most research of these materials are for temperatures around room 
temperature to ~150 °C. There are no benefits in looking for a high temperature material for 
room temperature applications. The highest crystallisation temperature reported in the 
literature was 450 °C, just short of the surface temperature on Venus [207].

I speculate that a pseudotrinary (actually a quaterny) alloy of SiGe, GeTe and SbTe might 
work. Silicon has a high melting temperature, 1400 °C. Si can be alloyed to Ge to get SiGe. 
Germanium has a slightly lower melting temperature, 1200 °C. SiGe has a melting point 
somewhere between 1200 °C and 1400 °C. GeTe and SbTe might enhance the crystallisation 
properties of SiGe at elevated temperatures. In practice SiGe would be doped with Sb and Te 
to locally form clusters of GeSbTe or SiSbTe. These clusters would act as nucleation seeds. 
SiGe:Sb,Te might have roughly the right crystallisation temperature and melting temperature. 
The switching frequency will probably be several orders smaller than for pure GST-225. This 
low frequency will give a high 10 year retention temperature and also a high rewrite time (> 1
µs). This high rewrite time might make the material undesirable for NVRAM applications, but
might make it suitable as an EEPROM replacement. The proposed alloy could have one major
problem, however it might not be a CGS. If it is not a CGS, it cannot be dynamically switched
into LRS. Joule heating would be very problematic in that case.

3.8.4 – PCM summary

PCM uses chalcogenides. Chalcogenides are materials that can crystallise very fast. They can 
remain amorphous for a long time at low temperature. Heat is used to rapidly crystallise the 
chalcogenide, or to melt it and then supercool it. The chalcogenide is amorphous after it has 
been supercooled. Chalcogenides have a large resistance difference between the crystalline 
phase and the amorphous phase. They can be dynamically switched into LRS, which allows 
the chalcogenides to have a large Joule heating.

PCM comes in three varieties: 1T-1R, 1D-1R and 1R, just like RRAM. Unlike RRAM, PCM 
is always unipolar, so using 1D-1R is not an issue. The chalcogenide film is heated through 
Joule heating.

I could not find any chalcogenide that was metastable at 460 °C.

I draw the conclusion that PCM simply will not work at high temperatures, since I could not 
find any suitable materials.
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Chapter 4 – Sustainability and environment impact

This chapter discusses the environmental aspect of the memory technologies. Section 4.1 
serves as a general introduction to the issues of sustainability. Section 4.2 and section 4.3 
detail where materials come from and their environmental impact. Section 4.4 summaries the 
chapter. 

4.1 – Introduction to the issues of sustainability

There are several interesting materials featured in this thesis. These materials cover more than
30 different elements. It is important to know where these elements come from and their 
environmental impact.

Sustainability is linked to knowing where the elements come from and the possible 
environmental impact. Sustainability rests on three pillars: environmental sustainability, social
sustainability and economic sustainability. The core idea is basically to have economic and 
social development and environmental protection that is sustainable [208].

Sustainability has become more important in electronics these recent years. There is for 
example the Global e-Sustainability Initiative (GeSI [209]), which was launched 2001 by the 
United Nations Environment Programme (UNEP [210]). EU has also been a driving force 
with the Waste Electrical and Electronics Equipment (WEEE) Directive from 2002.

The natural question is “what does sustainability have to do with this small scale space 
project?” As history has shown, space programs (like the space programs of NASA [211]) 
have led to spinoff technologies – technologies that started as space-tech but later became 
consumer-tech. One of the hopes of WOV is that there will be spinoff technologies. 
Consumer-tech is mass produced, which means that a large amount of materials are used.

As will be discussed, one of the problems in the future will be the limited availability of many
of the elements, especially the Rare Earth Elements (REEs) and Platinum Group Metals 
(PGMs). The REEs include the lanthanoids40, yttrium (Y) and scandium (Sc). The PGMs 
include Ru, Rh, Pd, Os, Ir and Pt.

In 2010, both the EU commission and the US Department of Energy (DoE) released reports 
that assessed the availability of industry critical materials [151], [212], [213]41. The reports 
identified availability of several elements that could become limited in the future. The critical 
elements included REEs and PGMs. Some other elements were gallium, germanium and 
indium, which are important for semiconductor alloys. Fig. 80 shows these 'endangered' 
elements in the periodic table.

40 The lanthanoids have their own mnemonic: “Lately College Parties Never Produce Sexy European 
Girls/Guys That Drink Heavily Even Though You Look” (La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, 
Tm, Yb, Lu).

41 Most of this will focus on problems from the point of view of Europe and EU. 
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Figure 80. Endangered elements. Image taken from [151].

The consumption of these critical elements are expected to increase due to increasing 
consumer population and emerging technologies. REEs, for example, will most likely see an 
increase in demand [214]. Some elements that are expected to be used up rapidly are 
antimony (Sb, used in PCM), gallium (Ga, used as dopant for ZnO in this thesis), hafnium 
(used in RRAM), indium (In, not used in this thesis), platinum (Pt, various applications), 
silver (Ag, used in RRAM), tantalum (Ta, various applications), uranium (U, not used in this 
thesis) and zinc (used in RRAM). Germanium (Ge, used in PCM) seems to also be limited
[150].

The limited supply of elements will be severely detrimental for green-energy electronics 
(solar cells, wind power and hybrid cars) [151], [212], [213], [214]. The limited supply will 
also limit the memory technologies in this thesis.

Limited materials limit device production. The devices cannot be manufactured if there are no
materials, after all. The next sections will detail where the materials come from and where 
they will eventually end up.

4.2 – Primary source: Mining

The limiting problem is not due to lack of minerals. There are plenty of more raw minerals to 
mine. The limited supply problem can come from demand rising faster than supply. In that 
case, the demand will be running straight into a brickwall. It could also be that it is 
economically infeasible to produce the volume of elements desired. For example, germanium 
is a by-product of zinc production. To increase germanium production would require a large 
increase in zinc production, which might not be economically feasible. This problem is the so 
called balance issue, which also occurs for REEs. It could also be very difficult to mine the 
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minerals. For example, REEs are going to be limited, but there are huge reserves on the 
seabed of the Pacific Ocean [212], [214]. The problem is that it is difficult to mine beneath the
ocean. Another problem is the lack of concentrated deposition. However, the big issue for 
these elements are geopolitical and economical forces.

REEs are very important for green-energy electronics [151], [212], [213], [214]. However, 
this thesis has only discussed yttrium (Y) in-depth. This thesis has mentioned lanthanum (La) 
but not discussed it. Opinions on how 'endangered' yttrium is, seems to vary. Davies' article 
included it as in the “limited availability, future risk to supply” (see Fig. 80) [151]. The 
European Commission did not stress any supply risk [212]. However, Massari and Ruberti, 
includes it in the list of critical elements [214], specifically for fluorescent illumination 
purposes. Interestingly enough, none of the sources discussed the upcoming high temperature 
superconductor power wires. The second generation superconductor wires will likely use 
YBCO-123.

The REE mining operations have a significant impact on the environment. Uranium and 
thorium occur in the same minerals that REEs are extracted from. Both uranium and thorium 
are radioactive, so mining REE minerals is a serious health issue for miners. The refining 
process requires a large amount of chemicals and water [214]. A concern is that the 
radioactive and chemical sludge and waste will be released into the environment. A mine in 
California, USA, had to close down because of radioactive and chemical leakage. A lot of the 
REEs mined in China comes from Baotou in Inner Mongolia, which currently has big 
problems with untreated radioactive and chemical waste [215].

PGMs are very important for many different applications, such as catalytic converters in cars 
and electrodes in electronics [216]. PGMs do not form insulating oxides, which are necessary 
for contacts to ferroelectric-oxides. They occur in MRAM for some antiferromagnetic alloys. 
Platinum is a very common electrode material in RRAM. Platinum occurs also as an 
interconnect and wire bonding.

The PGM mining operations have a significant impact on the environment. PGMs occur in 
minute concentrations, typically 5 mg/kg (1 kg mineral contain on average 5 mg PGM)42. 
Because of the minute concentrations, the production is very energy intensive and requires a 
lot of water. A side-effect of the high energy consumption is the high amount of greenhouse 
gas emission. The emission depends on the energy source, of course. Saurat and Bringezu use 
South Africa mines (not really specific) as an example. The mines used “inefficient coal-fired 
power plants” as an energy source. 1 mg PGM released 40 g CO2 equivalent of greenhouse 
gases43. PGMs often occur in sulphide minerals. A lot of sulphuric dioxide (SO2) is released 
during processing. Sulphuric dioxide causes acid rain and is a health hazard when inhaled
[216]. 

Another issue to consider is the 3TG elements. The elements are Tantalum (Ta), Tin (Sn), 
Tungsten (W) and Gold (Au). These elements occur in several applications. Ta, for example, 
occurs in the electrode TaN for MRAM and SBT for ferroelectrics. Tin occurs in many solders
and brazings [134]. Gold is used in wire bonding. These elements can be extracted from the 

42 The ratio was given as 5 g/t, t is metric ton.
43 40000 ton CO2 per ton PGM.
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minerals columbite-tantalite (AKA coltan), cassiterite and wolframite (gold is mined from 
gold ore). These minerals are conflict minerals (comparable to the similar concept 'blood 
diamond'). The elements occur in many different places in the world, but all four minerals 
occur in the Democratic Republic of the Congo (DRC, not to be confused with Republic of 
the Congo). 

DRC has been in several consecutive conflicts for more than twenty years. The conflicts have 
their background in the proxy wars of the Cold War and support of dictators. In 1996, there 
was an increase in ethnic tensions following the Rwanda (east of DRC) civil war and 
genocide. This conflict sparked a revolution in Zaïre that eventually led to the first Congo 
war. Congo has had several names over the years, and it was called Zaïre from 1971 to 1997. 
The country changed its name to DRC after the first Congo war. One year after the first 
Congo war came the second Congo war, which involved several different countries in Africa. 
This war has been one of the bloodiest wars in recent times, with a death toll estimated 
somewhere between 900000 and 5.2 millions. Although the war formally ended with a peace 
treaty in 2003, the conflict continued with the Ituri conflict and Kivu conflict. The Kivu 
conflict is currently ongoing and occurs in the eastern part of DRC (south and north Kivu 
regions) [217]. Both forced recruitment of child soldiers and rape have been, and still are, 
prevalent in these conflicts [218], [219]. These conflicts are either partially financed by 
conflict minerals, or the acquisition of the minerals is the reason for continuing the conflict
[220], [221].

The electronic industry is aware of the conflict mineral issue, thankfully. The GeSI formed the
Conflict Free Smelter Program in 2010 [222]. This project allows coordinated industry efforts 
for conflict free resources. 

All these problems, from acid rain, conflict minerals and radioactive waste comes from the 
fact that these elements are mined. Mining is called the primary source. There is another 
source for these elements, called the secondary source. It is also called the urban mine. 

4.3 – Secondary source: Recycling

Suppose that a miner spends several hours in a mine. There, the miner extracts an ore with the
same weight as a typical cell phone. The ore is sent to a refinery. At the refinery, strong 
chemicals are used to separate the valuable metals from the ore. The rest product can be 
chemical waste, greenhouse gases or even radioactive sludge. The end product is some traces 
of REEs and PGMs. The entire process gives less than if the cell phone had been recycled. A 
cell phone today contains 100 parts per million (ppm) to 1 ‰ in weight PGMs and REEs, 
whereas PGMs and REEs occur only in about 1 ppm to 10 ppm for minerals. This is the urban
mine: high-quality Waste Electrical and Electronic Equipment (WEEE) [223], [224].

The potential benefits of recycling WEEE cannot be understated. If WEEE is recycled for 
REEs, both the balance issue and the radioactive sludge are avoided [225]. A state of the art 
recycling facility can recover 95 % of PGMs from WEEE [223]. There are recycling facilities 
in Europe for WEEE. Umicore, in Belgium, is an often cited facility in the literature. Closer at
home is Boliden in Sweden. Recycling PGMs leads to a net-reduction of SO2 by a factor of 85
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and a net reduction of CO2 by a factor of 10 compared to mining PGMs [226]. Bigum, 
Brogaard and Christensen did a literature survey for a Life Cycle Assessment (LCA) for 
several metals (Al, Cu, Au, Fe, Ni, Pd, Ag) [227]. The environmental impact and economic 
cost of recycling the materials was compared to mining these materials. In all cases, recycling 
had smaller environmental impact and lower economic cost compared to mining. Proper 
recycling has always a lower environmental impact than landfilling or open-air incineration
[228].

However, recycling can never introduce new materials into the material flow. Sometimes, it is 
difficult to recycle minute elements from WEEE, like REEs [224]. In some cases, the recycled
amount is quite low (Pd, Au, Ag, 15 – 25 %), so there is room for improvement [227]. The 
environmental benefit of recycling is lost if the WEEE has long transport distances [228]. 
Recycling cannot replace mining because of these problems, and also because materials are 
exported [216]. Recycling can only serve as a very good complement to mining.

There are two major problems for recycling. First of all is the very low recycling rates. 
Industry is very good at recycling waste, with rates at 80 – 90 % [223], but consumers are not 
good at recycling. Consumer electronics, such as cell phones, have poor recycling rates: only 
one in ten cell phones is recycled [224]. The second major issue is that recycling often does 
not take place at the state of the art facilities. 50 – 80 % of the WEEE is sent to developing 
countries, sometimes illegally so. Transboundary waste transport is regulated by UNEP's 
Basel convention [229]. EU and Sweden have ratified the convention, and it is incorporated 
into regulation 1013/2006 [230]. The reason for dumping garbage in other countries seems to 
come down to price. EU has heavy legislation for protection of the environment and the 
health of the workers, and state of the art facilities are expensive to use. It is cheap to dump 
garbage in developing countries. The WEEE is sent to the developing countries to be recycled
in a backyard or dumped in a landfill [228], [231]. The backyard recycling is often done 
manually and with strong acids to separate metals. The manual recycling do not only pose a 
serious health hazard for the workers, it can also cause significant local pollution. If the 
material is not recycled, it is landfilled, and that can pollute the groundwater.

There is one final topic to discuss before summarising all of the environmental aspects. Lead 
is a health hazard and an environment polluter. Through the Restriction of Hazardous 
Substances Directive (RoHS, 2002/95/EC [232]) EU has restricted the use of lead. The 
current form of RoHS is directive 2011/65/EU. The Swedish legislation can be found under 
Förordning (2012:861) om farliga ämnen i elektrisk och elektronisk utrustning [233]. The 
important paragraph in Förordning (2012:681) is 8 §, 

“Elektrisk och elektronisk utrustning, kablar och reservdelar som ska släppas ut på marknaden
får inte innehålla bly, kvicksilver, kadmium, sexvärt krom, polybromerade bifenyler eller 
polybromerade difenyletrar”. 

It basically states that commercial electrical and electronic equipment cannot contain lead, 
quicksilver, cadmium, hexavalent chromium, polybrominated biphenyls or polybrominated 
diphenyl ethers. 9 § gives more details on the restrictions, 

“Trots förbudet i 8 § får ett material innehålla en koncentration av högst 0,1 viktprocent av 
vart och ett av ämnena bly, kvicksilver, sexvärt krom, polybromerade bifenyler och 
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polybromerade difenyletrar samt högst 0,01 viktprocent kadmium, om materialet är homogent
på så sätt att det har en genomgående konstant sammansättning eller består av en kombination
av material som inte kan åtskiljas eller separeras i enskilda material genom isärskruvning, 
kapning, krossning, slipning eller andra mekaniska åtgärder”.

It basically states that a material cannot contain more than 0.1 % weight lead. The material in 
question is either homogeneous in composition, or that it cannot be separated from other 
materials by mechanical means. PZT contains 64 % lead in weight and it is a homogeneous 
material in composition. PZT usage should therefore be restricted by Förordning (2012:681). 
That said, 3 § gives a free-pass to space equipment,

“Förordningen ska inte tillämpas på utrustning som är avsedd att skickas ut i rymden”. 

It basically states that space equipment is exempt from Förordning (2012:861).

4.4 – Sustainability and environment impact summary

The materials can have a significant environmental impact. Geopolitical issues and 
economical problems will limit the availability of materials in the future. Mining for REEs 
and PGMs causes a large amount of pollution. There are also social aspects to consider, such 
as the 3TG elements. Recycling can serve as a very good secondary source for materials. 
Recycling, when done properly, can give significant economical and environmental benefits 
compared to mining. In practice the recycling rates are very low and materials are shipped to 
developing countries.

KTH has an environment policy [234], which states that KTH shall “Encourage and educate 
staff and students to environmental awareness within and outside KTH”. The policy states 
also that KTH should economise the use of materials. A starting point would be to raise 
awareness of PGMs, REEs and WEEE recycling. Device processing should use materials, like
PGMs and REEs, effectively.

Promoting recycling could be indirectly beneficial. If recycling rates can be increased, the 
infrastructure for recycling could be improved due to interest. Recycling the materials could 
lead to improved material flow. It would also decrease mining dependence. There will be 
environmental benefits, too. These effects will promote sustainable research, both in terms of 
research into recycling and in terms of sustainable electronic research. Finally, if there is a 
well organised recycling system, any spinoff technology can take advantage of this system.
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Chapter 5 – Discussion

This thesis has gone in-depth into seven different memory technologies. SRAM, DRAM and 
SONOS are “traditional” memories and FeRAM, MRAM, RRAM and PCM are novel 
memories. This chapter serves to summarise and discuss all these technologies as to their 
suitability for the surface environment of Venus.

SRAM will have no significant problems for high temperatures. It will work. The major 
concern will be radiation sensitivity. If the memory cells are hardened, SRAM will be the 
most reliable memory of all the memory technologies. The radiation hardening can be done 
by introducing two capacitors, to get the 6T-2C design. 10T design can reduce the read 
instability for improved reliability.

SRAM will most likely be designed in the same logic as the CPU. The section on SRAM in 
this thesis assumed that the logic would be in CMOS logic. At the time of this writing (June 
2014), the logic design has not been decided. KTH has previous experience of ECL design, so
it will most likely be ECL logic. SRAM can be done in bipolar transistor logic, but ECL-
SRAM has higher power consumption and less density compared to CMOS-SRAM. One 
design solution is to have BiCMOS, where the logic is ECL and the cache memory is CMOS-
SRAM.

DRAM will be functional at elevated temperatures. The leakage will most likely be very high 
at high temperatures. The refresh rate must be large to compensate the leakage (estimated to 
100 kHz). A 10 MHz processor will not have an issue with the refresh rate. The big problem 
for DRAM will be the very high power consumption due to the refresh rate. DRAM is very 
appealing as a main memory due to its simplicity and density. However, it will most likely not
meet the low power requirement necessary for a lander. DRAM is not a practical memory for 
this application.  

I recommend that DRAM is not pursued, unless the other memory technologies do not work 
as main memory.

The FGFET, used in EEPROM and Flash, is unsuitable for extreme environments. It suffers 
from high voltage requirements and low endurance. The charge is stored on the surface of the 
floating gate. If either the blocking or tunnelling barrier break locally, the charge will leak 
away. It is also radiation sensitive. 

I recommend that the FGFET design is not pursued, unless the other memory technologies do 
not work as storage memory.

The SONOS design for EEPROM and Flash shows promise. SONOS is based on the 
traditional FGFET but has some modifications. The charge is trapped in discrete traps. The 
localised traps will inhibit leakage through blocking and tunnelling barrier. The traps will also
inhibit discharge due to radiation. The SONOS can possibly have a lower voltage requirement
than the FGFET. The SONOS derivative SANOS can further reduce the voltages. Lower 
voltages means lower reliance on the periphery charge pump. Having the charge pump in SiC 
technology also means that the charge pump is radiation hard. Therefore, it is highly possible 
that the entire memory system is reliable. However, the endurance could still be poor due to 
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the high electric fields. 

I recommend that SONOS is pursued. If the endurance is poor (< 1010 cycles), SONOS should
be used as EEPROM. The potential application could be a bootloader or a backup system. If 
the endurance is good (> 1010 cycles, unlikely), SONOS could be considered for storage 
applications. NAND-Flash should be used if the storage density is more important than access
time. NOR-Flash should be used if the access time is more important than storage density.

FeRAM will most likely work at high temperatures. The material selection is important, since 
the ferroelectric properties are limited by the Curie temperature. Previous efforts at KTH used
PZT, which has a too low Curie temperature (370 °C) for Venus. The two materials of interest 
for high temperature are h-YMnO3 (YMO) and BiFeO3 (BFO). These materials have high 
enough Curie temperature to be ferroelectric at 460 °C.

YMO has a low remnant field and is suitable for 1T FeRAM, whereas BFO has a high 
remnant field and is suitable for 1T-1C FeRAM. The 1T FeRAM will most likely have three 
issues: depolarisation field, charge injection through insulator and charge injection through 
the Schottky barrier at MF interface. These three issues lead to low retention times (< 108 s). 
The 1T design will require extensive optimisation. The 1T-1C design is simple in comparison 
to 1T design, but will have an issue with destructive read-out. Both the 1T and 1T-1C designs 
will most likely require 3D integration.

I recommend that FeRAM is pursued. Both the 1T design and the 1T-1C design have merits. 
If the retention time issue can be solved for 1T design, the 1T can serve as both main memory 
and as storage memory. If the retention time is poor, but still better than 100 ms, the 1T can 
serve as a DFeRAM for main memory applications. The 1T-1C design can possibly have 
endurance problem due to the destructive read-out. The retention time is potentially excellent 
(> 108 s). The 1T-1C can serve as a storage memory. If the endurance is good, the 1T-1C can 
serve both as main and storage memory.

MRAM will most likely function at high temperatures. Like FeRAM, the material selection 
will be important. Unlike FeRAM, the devices and their physics are very complicated and 
require several different materials. Co and Fe (and the alloy CoFe) have high enough Curie 
temperatures for Venus, and NiMn has a high enough Néel temperature. The spin polarisation 
will likely be very low at high temperatures since the polarisation decreases as T3/2. As a result
of the low polarisation, the MR will likely be very low, ~0.1. Signal-to-noise will likely be an 
issue. Furthermore, the high current density through the leads will cause reliability issues due 
to electromigration. Like DRAM, MRAM functions but it is impractical.

I recommend that MRAM is not pursued, unless the other memory technologies do not work 
as storage memory.

RRAM is unpredictable. Despite this quality, I recommend that RRAM is pursued. The 
structure is very simple (MIM) and it has very simple device operations. It does not need to 
introduce exotic materials into the process. It should be possible to add a MIM cell to the 
other processes of the other memory technologies, in which case RRAM can be studied 
simultaneously as the other memories.

PCM will not work. I know of no chalcogenide glassy semiconductors that are metastable at 
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460 °C for ten years. I recommend that PCM is not pursued.

Besides the core technologies, there are some other topics that should be discussed.

It is always possible to trade-off density for reliability. This thesis has discussed mostly the 
1T-1X designs. All of these cells can instead be 2T-2X. The benefit is that the complement 
signal can be used. If the complement signal can be used, the sense amplifier does not need a 
reference signal, since it can compare the signal to the complement. The cells are more 
reliable, since independent failures does not necessarily cause bit-failure (if one X fails, the 
other X can still function). The disadvantage is that the density is effectively halved. 
However, considering that Venus is a very harsh environment, I recommend that the 2T-2X 
design is pursued. The same goes for the 1T designs: I recommend that the 2T design is 
pursued.

This thesis has not covered architecture design. The simplest architectural design for 
reliability is to add a parity bit. Assume that the word is 8 bits (1 B). 7 bits store the data and 
one bit is parity. The even parity bit is calculated as

bP=b6⊕b5⊕b4⊕b3⊕b2⊕b1⊕b0 (Eq. 96)

The parity bit requires six XOR (exclusive or) operations. It calculates the parity of the word 
(even or odd number of false bits '0'). If the number of zeros are even, the bit is true '1'. If the 
word is sent and parity does not match with the parity bit, there have been an odd number of 
errors. Comparing the parity bit to the word data requires another XOR operation. Parity bit 
verification cannot detect even number of errors and it cannot correct the error. Error 
Correction Code (ECC) can be used, which requires more bits per word. ECC can correct a 
limited number of errors. Hamming code [7,4] (not a reference, it means 7 bit word, 4 bit 
data, 3 bit parity) is an example of ECC [130]. Hamming code [7,4] can detect and correct 
one bit. SECDED (Single-Error Correction, Double-Error Detected) is another ECC, which 
extends Hamming code by including another parity bit [8,4] (8 bit word, 4 bit data, 4 bit 
parity). See also [235] for the mathematical aspect of ECC.

Any strategy that involves ECC or error detection decreases the actual data storage density (at
least 1 bit has to be sacrificed as a parity bit, for example). The periphery electronics become 
more complex, too. Similar to the discussion on 1T-1X vs. 2T-2X design, I recommend that 
reliability is prioritised over density. It is better to have one functioning device than ten non-
functioning devices, after all.

Most of the memory devices will likely require Pt, which is a PGM. It can serve as 
interconnect, gate material, electrode or wire bond material. However, since mining PGMs 
causes environment pollution, the use of Pt should be economised and recycled, if possible.

The ferroelectric YMO contains Y, a REE. La occurs as dopant for some applications. REE 
use should be economised and recycled, if possible.

PZT is possibly illegal for commercial use under Förordning (2012:861), which limits spin-
off options.

Finally, there is the issue of encapsulation. This issue is not unique for high temperature 
memory technology in SiC, and the issue must be considered for the entire SiC system. 
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Encapsulation serves to protect the system and connects the various chips. High temperature 
encapsulation is an ongoing research field. Conventional encapsulation does not work for very
simple reasons: The conventional Printed Circuit Board, soldering, wire bond and capsule will
all fail at elevated temperatures [134]. AlN, a ceramic, shows great promise as a thick film 
substrate for SiC [236], [237]. Solder will not work, so brazing must be used. A brazing with a
melting point 1.7 times the operating temperature should be used for metallurgical reasons. 
For Venus, with a temperature of 700 K, the melting temperature would be ~1200 K or 900 
°C. There is a list of brazing alloys in [134], but none of them have a higher melting 
temperature than 780 °C. The best option would be to take Ag0.72Cu0.28, based only on the high
liquidus temperature. Table 7 lists some relevant brazing for high temperature SiC technology.

Table 7. Brazings with solidus temperature higher than 460 °C. Table from [134].

Alloy Liquidus (°C) Solidus (°C)

Ag0.45Au0.38Ge0.17 525 525

Al88.3Si11.7 577 577

Ag0.56Cu0.22Zn0.17Sn0.05 650 620

Cu0.80Ag0.15P0.05 705 640

Ag0.60Cu0.30Sn0.10 720 600

Ag0.72Cu0.28 780 780

For wire bonding, the bonding pad in SiC is typically Au [134]. Au wire to Au pad and Pt 
wire to Au pad have good high temperature behaviours [238]. Finally, the packaging itself can
be done with Al2O3 and AlN. AlN and Au/Pt metallisation shows promise. However, the 
materials are expensive. See the sources and references therein for more information about 
packaging. 

Let us, once again, revisit Curiosity [37]. It had about 256 MiB (2 Gib) main memory, 2 GiB 
(16 Gib) storage and 256 kiB (2 Mib) for bootloader. This memory is presumably in silicon 
technology and radiation hardened. SiC technology lags behind silicon technology by a 
couple of generations. It is unrealistic to expect that WOV will be able to produce an equally 
large and reliable memory as the memory of Curiosity. I think that a realistic, but still 
ambitious goal could be to demonstrate a reliable 256 b (= 24 × 24 b) to 64 kib (= 28 × 28 b) 
main, storage and backup / bootloader memory. The memory system should have the 
following properties at the end of the project:

• Complete system integration in SiC

• Operational at 460 °C

• Radiation hard (both periphery electronic and memory devices)

• Good endurance (> 1010 cycles) for main memory, good retention (> 108 s) for storage
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• Low standby power

• Error detection (parity check) or possibly error correction (SECDED)

And very importantly,

• Demonstrate the possibility for scalability and higher density

Memory technology progresses by scaling towards higher densities. No one will care if it is a 
dead-end technology – it is imperative to show that it can be improved and scaled to higher 
densities.

In conclusions,

• SRAM will work at high temperatures. Needs radiation hardening.

• DRAM will function but it has too high power consumption to be worth pursuing.

• SONOS will likely work at high temperature. Endurance, voltage requirement and 
radiation can be an issue.

• FeRAM will most likely work at high temperature. The 1T design has retention issues 
and 1T-1C design has endurance issues. Both designs require in practice 3D 
integration.

• MRAM will function but it has too many problems at high temperature to be worth 
pursuing.

• RRAM is unpredictable but it should be easy to add to the process-flow of the other 
technologies. 

• PCM has no suitable materials for high temperature.

• Density can be traded off for reliability.

• PGMs and REEs can cause environmental pollution due to mining. Recycling these 
materials is an option and is both economically and environmentally beneficial.

• High temperature packaging is ongoing research. AlN, Pt wire bonding and AgCu 
brazing shows promise.

Table 8 compares the different memory technologies for extreme environment applications.
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Table 8. Comparison of the memory technologies. The table lists expected performance,
suggested design, applications and concerns.

Technology Design Access time Endurance Retention time Radiation Application Concerns

SRAM 10T Very fast
Excellent (>
1015 cycles)

N/A
Soft –
Hard

Cache
memory

Radiation
softness

DRAM 2T-2C Fast
Excellent (>
1015 cycles)

Terrible (< 100
ms)

Soft, can
be

hardened
(not

discussed
in this
thesis)

Main
memory

Too high
power

consumption,
radiation
softness

SONOS 2T Slow
Poor (< 1010

cycles)

Good (1 – 10
a) – Excellent

(> 10 a)

SONOS:
Hard,

Periphery:
Soft –

Hard (SiC)

Backup,
bootloader

Periphery
radiation
softness,

retention time,
voltage

requirement

FeRAM
 

2T Fast
Good (1010 –
1015 cycles)

Poor (100 ms –
1 a) – Good (1

a – 10 a)
Hard

Poor
retention:

Main
memory,

good
retention:
Storage

Depolarisation
field, 3D

integration,
retention time

2T-2C Fast

Poor (< 1010

cycles) –
Good (1010 –
1015 cycles)

Good (1 a – 10
a) – Excellent

(> 10 a)
Hard

Poor
endurance:

Storage,
Good

endurance:
Main

memory

Destructive
read-out, 3D
integration,
endurance

MRAM 2T-2R Fast

Metal: Poor
(< 1010

cycles), MTJ:
Good (1010 –
1015 cycles) -
Excellent (>
1015 cycles)

Good (1 a – 10
a) – Excellent

(> 10 a)
Very hard Storage

High current
density, low

MR,
complicated

device, lack of
AFM

RRAM 2T-2R Fast Anything goes! Unpredictable

PCM Does not work at high temperatures
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Chapter 6 – Summary and future work

This chapter ends this thesis. The entire work is summarised. WOV memory project covers 
several aspects for future work. It lists some starting points, some process aspects and most 
importantly what sort of experiments should be performed. The sections detail possible 
experiments for the nonvolatile memories SONOS, FeRAM and RRAM. Finally, this chapter 
summarises the WOV memory project and suggests a project after WOV.

6.1 – Summary

This thesis is a part of the WOV project. The aim of WOV is to demonstrate a complete 
electronic system that can survive the harsh surface environment of Venus. The surface 
temperature is 460 °C and has an expected absorbed dose rate of 200 Gy/year (SiC). The 
electronic system is processed on SiC substrate.

This thesis investigates high temperature computer memories in SiC technology. The 
investigation is a literature survey. The device and material physics aspects of the computer 
memories are the focus of the survey. The computer memories that are investigated are some 
Random-Access Memories (RAM), Electrical Erasable Programmable Read-Only Memory 
(EEPROM) and Flash-memories. The RAM includes Static RAM (SRAM), Dynamic RAM 
(DRAM), Ferroelectric RAM (FeRAM), Magnetic RAM (MRAM), Resistive RAM (RRAM) 
and Phase-Change Memories (PCM).

The sustainability aspect of the memories is focused on the production of materials. The Rare-
Earth Elements (REEs) and Platinum Group Metals (PGMs) are of primary interest. Issues 
such as mining, recycling and conflict minerals are addressed.

This thesis discusses the suitability of the memories based on their device models and 
material physics. SRAM suffers from radiation and noise sensitivity. These issues can be 
solved by proper design and radiation hardening. SRAM is very suitable for high temperature 
applications. DRAM requires a very high refresh rate and is power hungry at elevated 
temperatures. DRAM is not suitable for high temperature. SONOS suffers from leakage, 
periphery radiation sensitivity and high voltage requirements. It can be designed for high 
temperatures in SiC technology. SONOS is suitable for high temperature. FeRAM is limited 
by material selection, depolarisation field and charge injection. Choosing high Curie-
temperature materials and proper design can solve the problems. FeRAM is suitable for high 
temperature applications. MRAM suffers from high current density, low signal, complicated 
device structure and physics, and lack of antiferromagnetic materials. MRAM is unsuitable 
for high temperature applications. RRAM is unpredictable. Despite the lack of models, the 
simple device design makes it attractive for future study. PCM has no materials for high 
temperatures.

The final recommendation is to investigate SRAM, SONOS, FeRAM and RRAM for high 
temperature applications.
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6.2 – WOV memory project

6.2.1 – General aspects

This thesis cites just short of 250 works. These works are collectively more than 750 pages of 
information (excluding the textbooks). If interested in some special topic, see the references, 
and the references therein. They are more detailed than what this thesis could possibly be.

This thesis is focused on bit-failure mechanisms for the different memories. Endurance is not 
investigated. It will presumably be degraded at elevated temperatures. It should be 
investigated, both in the literature and with experiments.

All the memories have at least one thing in common: MOSFET devices. MOSFET devices 
should be investigated for all memory technologies. It is absolutely critical for SONOS, since 
SONOS is a MOSFET. The MFMIS FeFET is also a MOSFET. The MOSFET occurs as the 
access device (the T in 1T-1X) for FeRAM and RRAM. A good starting point for all of the 
memories is therefore to investigate the SiC-MOSFET.

KTH has a 12-layer photomask set for CMOS technology. The photomask set includes several
different test-structures for CMOS-characterisation. At the time of this writing (June 2014), 
the photomask set has not been used. For memory technology, the gate material of the NMOS 
transistor should be Pt and the oxide should be Al2O3. For circuits, some other material than Pt
should be used. Pt will likely give a very large flatband voltage for PMOS devices. Ni might 
be an option, or in-situ doped poly-Si. The photomask set contains basic Static CMOS 
electronic. The layout has not been designed with radiation hardness in mind. Radiation 
hardening could be done by adding PDW and two contacts (one to PDW, one to n-sub).

Aspects that are of importance for memory circuits are on- and off-current, the on-resistance 
and threshold voltage. The capacitance of the insulator is important for FeRAM, so oxide-, 
gate-source- and gate-drain-capacitance are of importance. The gate-source- and gate-drain-
capacitance are larger in SiC technology than in silicon technology. SiC technology does not 
have self-alignment, so the gate must overlap the source and drain slightly (see Fig. 43 And
44). The overlap is 0.1 µm in the photomask set (gate-length is > 2 µm). There are of course 
other parameters that are of importance, such as subthreshold slope and DIBL (Drain Induced 
Barrier Lowering). Some other parameters are also necessary for SPICE models.

Most of the parameters can be extracted from C-V and I-V measurements and comparing 
them to simulated ideal long-channel devices. See also [239], which details several ways to 
characterise a MOSFET for various parameters. 

The MOSFET device will behave differently at different temperatures. The two most relevant 
temperatures are 300 K and 700 K (Venus surface temperature is 733 K). It should be fully 
characterised at both temperatures.

The effective mobility is for all intents and purposes unknown. The effective mobility could 
be interesting to investigate. Mobility can be measured in different ways. One way is to use 
split-C-V measurements (see [30] and [239]).

Leakage mechanisms are severely detrimental to the memory cells. The gate-, drain-body-, 
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and subthreshold-leakage of the MOSFETs should be investigated. 

Once the transistors have been well characterised both at 300 K and 700 K, the periphery 
electronics could be designed. There should be an accurate SPICE model at the relevant 
temperatures. The periphery electronics are discussed in [119], which also covers layout, 
design and simulation examples (in silicon technology). SRAM can be designed at this point.

Once all the electronics have been finished, radiation measurements can be done. The 
electronics can be bombarded with α-, β-, γ-radiation, or with protons and neutrons. The 
radiation measurements should verify whether or not the periphery electronics function after 
irradiation. SRAM should be checked to see if it has flipped. See the many various references 
about radiation hardening for how these measurements are typically done.

If the third well (PDW) is implemented, the radiation hardened process should be compared to
a non-hardened process. Although triple well usually inhibits SEE and SEL, there are reports 
that the triple well is detrimental. A comparison will show if the PDW is beneficial or not.

As usual, if the electronic process or design fails in any of these step, the process or design 
should be changed. If the electronic is not radiation hard enough, for example, harden it by 
any of the strategies outlined in this thesis, or take another hardening approach.

At this point, the electronic system should be investigated for high temperatures. In the 
simplest case, this is done by raising the temperature and see if the system works. This step 
can be done before testing for radiation sensitivity.

If the system is radiation hard at room temperature and it is functional at 700 K, the worst 
possible stress-test could be done: Radiation exposure at high temperatures. If the electronic 
system survives this test, the system might have a chance on Venus.

The general flow for the electronic system is

1. Use photomask set to process CMOS electronic.

2. Characterise electronic with I-V and C-V.

3. Does it compare to theoretical models? If yes, go to step 4. If no, something went 
wrong, go to step 1.

4. Add memory technologies.

5. Make empirical SPICE model.

6. Design and do layout of system electronics. Simulate system.

7. Does the simulation meet specifications? If yes, go to 8. If no, go to 6.

8. Process prototype system.

9. Characterise prototype.

10. Does the prototype meet specifications? If no (fabrication problem), go to 8. If no 
(specification problem), go to 1. If yes, go to 11.

11. High temperature characterisation with I-V and C-V.
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12. Make high temperature SPICE model.

13. Design and do layout of high temperature system electronics. Simulate system.

14. Does the simulation meet specifications? If yes, go to 15. If no, go to 13.

15. Process high temperature prototype system.

16. Characterise high temperature prototype.

17. Does the prototype meet high temperature specifications? If no, go to 13 if design 
error or 15 if process error. If yes, go to 18.

18. Radiation test.

19. Does the prototype meet radiation hardness specifications? If no, go to 6 or 13 for 
RHBD or RHBA, or go to 1 for RHBP. If yes, go to 20.

20. High temperature radiation test.

21. Does the prototype meet radiation hardness and high temperature specification? If no, 
go to appropriate step to solve the problem. If yes, go to 22.

22. Ready for Venus.

6.2.2 – SONOS

SONOS development can start after MOSFET characterisation. MOSFET is a key component
of the SONOS device, after all. By knowing the MOSFET, the shift in threshold voltage can 
be tracked.

One starting point would be to investigate MOS (Pt / SiO2 / SiC) and MAS (Pt / Al2O3 / SiC) 
capacitors. These device structures can be used to determine the FN tunnelling behaviour. The
barrier height can be found by fitting the current to the FN tunnelling model. PhotoElectron 
Spectroscopy (PES) can also be used to measure the barrier heights [62].

One way to measure low gate currents is by using the floating gate test structure. The test 
structure has a MOS-capacitor (MOS-cap) and a MOSFET. The MOS-cap and MOSFET 
shares the same gate electrode. The MOS-cap is very large compared to the MOSFET. The 
gate is biased to Vg, so that the MOS-cap is charged and the MOSFET is on. The drain-current
is measured. The circuit is opened so that the MOS-cap can discharge. There is a simple 
relation between the gate current and the drain current,

I g≈
C FG

gm

∂ I d

∂ t
 [I] (Eq. 97)

See [239] and [240] for details. The MOS-cap can be replaced with SONOS-cap to investigate
leakage-current. The leakage should be optimised at large temperatures, so that the leakage is 
kept below a critical value. The critical value is set by retention time.

The SONOS device is best characterised by I-V and C-V measurements. Pulsed C-V 
measurements can be used to track the shift in flatband voltage [141]. The shift in flatband 
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voltage indicates a shift in threshold voltage. I-V measurements can also be used to track 
threshold voltage.

The memory has to be characterised in more detail than the usual MOSFET. The endurance 
and retention time must be determined. The endurance is determined by rewriting the cell, 
measuring the threshold voltage, and then rewriting the cell again. The cell works as long as 
the threshold voltage shift is large enough for the sense amplifier to detect the difference. One
approach is to check the threshold voltage at each decade of cycle (1 cycle, 10 cycles, 100 
cycles, 1000 cycles...). If there is no sense amplifier, an arbitrary limit can be set, for example 
63 % of original memory window measured in voltage. Example: Original flatband voltage 
shift is 2 V. The device fails when the shift is only 1.26 V. The retention time can also be set 
the same way. The difference is that the retention time is measured after a time interval. The 
time interval could be at each decade of seconds (1 ms, 10 ms, 100 ms, 1 s...). 

The retention time is typically determined by accelerated testing, since it is impractical to wait
107 s (~ 1 a) to do the next measurement. The temperature is increased above the operating 
temperature. The retention time should decrease rapidly, assuming Arrhenius behaviour. Once 
the retention time is known at several temperatures, one can determine the ten year 
temperature. This temperature should preferably be higher than 700 K. If the ten year 
temperature is lower, the leakage must decrease, assuming leakage is the problem. This 
decrease is typically done by increasing the tunnelling- and blocking-layer thicknesses.

One special aspect of the SONOS is that it will most likely require a multi-stage charge pump,
like the Dickinson pump. The charge pump is covered in [61]. This device is very radiation 
sensitive in silicon technology. The same might not be true in SiC technology, but this must be
investigated. 

As before, once the complete system (periphery + charge pump + SONOS) works at high 
temperatures and under radiation, the system should be tested under both conditions 
simultaneously. If it still works after the stress-test, it is ready for Venus.

The general flow for SONOS is

1. Complete step 1 through 4 from system flow.

2. Investigate the FN tunnelling through Al2O3 and SiO2 for modelling purposes (both at 
400 K and 700 K).

3. Design and do layout of the SONOS device.

4. Process SONOS device.

5. Characterise SONOS device (read/write/erase) with I-V and C-V.

6. Does the device meet specifications? If no, go to 3 (2 if injection was completely 
wrong). If yes, go to 7.

7. Characterise SONOS device endurance.

8. Does it meet specifications? If no, is there an option to improve endurance? If 
endurance can be improved, go to 3. If it meets specification or the endurance cannot 
be improve, go to 9.
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9. Characterise SONOS retention by accelerated test and/or measure gate leakage.

10. Does it meet specifications? If no, go to 3 and increase thicknesses to decrease leakage
(assuming leakage is the problem). If yes, go to 11.

11. Characterise SONOS (step 5, 7 and 9) at high temperature.

12. Does is meet specifications? If no, go to 3 and fix the problem(s). If yes, go to 13.

13. Integrate the SONOS to the electronic system (step 4) in system flow.

6.2.3 – FeRAM

Unlike the electronic system and SONOS, FeRAM does not need to start by characterising the
MOSFET. It is possible to start with ferroelectric characterisation. Since everything needs 
CMOS electronics, MOSFET characterisation should still be done first of all.

The ferroelectric characterisation can be done on silicon substrate, which are cheaper than SiC
substrates. The intrinsic properties of the ferroelectric are not affected by substrate type. The 
starting point is the ferroelectric capacitor, which can be Pt / YMO (100 nm) / Pt / SiO2 / Si 
(see Fig. 81). YMO can be deposited both by sputtering and PLD. BFO can be deposited with 
PLD. Pt is difficult to etch and needs lift-off. As a very first test structure, a simple shadow 
mask (100 µm diameter opening) is enough. The mask blocks the Pt deposition.

Figure 81. Ferroelectric test structure.

The crystallinity is an important aspect of the ferroelectric. The crystallinity can be 
determined by X-Ray Diffraction (XRD) [239]. The strain will also affect the properties. 
Raman spectroscopy could also be an option.

The leakage current is important to determine. The leakage could be determined from static 
DC measurement, or perhaps by the floating gate structure (the test structure in Fig. 81 cannot
be used for floating gate, since it does not have a MOSFET). Both BFO and YMO are leaky 
insulators. The resistivity of BFO can possibly be improved by substitutional doping with Mn 
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(BFMO), Ni or La [65]. YMO can be improved by annealing. Yun et al. reported that 
crystallinity and c-axis improved after 1 h anneal in O2 atmosphere @ 800 °C, 270 Pa44 [180]. 
The MFIS leakage could further be improved by 30 min post-anneal in Ar atmosphere @ 800 
°C (no explicit pressure).

The hysteresis curve can be determined from C-V measurement. A Sawyer-Tower 
characteriser is usually used for ferroelectrics. Sawyer-Tower measurements are describe in
[67]. The characterisers are available commercially. At the time of this writing (June 2014), 
the electrical characterisation lab does not have a Sawyer-Tower characteriser.

The endurance can be determined from the ferroelectric capacitor.  It should not matter if it is 
on top of a transistor or not. The retention time can be characterised for the 1T-1C. The 
retention time is different for the 1T than the 1T-1C. It can still be worthwhile to investigate 
the retention time of the stand-alone capacitor, even if it is later integrated onto a transistor. 
Like characterising the SONOS, the endurance can be determined by a decrease in remnant 
polarization.

It is of interest to do kinetic measurements. The film starts in state 'down'. Voltage pulses with
different amplitudes and time durations are applied to the capacitor at different temperatures. 
The film is then checked to see if it has switched to state 'up'. After each pulse, a known 
switching pulse is applied to set the film to switch it to state 'down'. This step is done 
regardless if the film switched to 'up' or not. Kinetic measurements are averaged over several 
pulses. The average gives a probability amplitude. Kinetic measurements are interesting for 
modelling (see appendix where Eq. A11 predicts the kinetics).

The capacitor can also be used to determine the high temperature behaviour and radiation 
response. There are no problems with using a silicon substrate for high temperature 
measurements. It is only used for mechanical support. That said, the strain at different 
temperatures should be considered when doing the measurements. Strain affects the 
ferroelectrics. Silicon has a different thermal expansion than SiC, 2.6×10-6/K vs. 4.5×10-6/K 
(see Table 1). The strain exerted by the silicon substrate will be different from that of the SiC 
substrate.

BFO will utilise the ferroelectric capacitor as a part of the device. The capacitor can be used 
to directly measure the signal output. The capacitor is set into a known state, for example 
'down'. A voltage-pulse is applied that sets the film into the other state 'up'. The voltage is then
decreased back to 0 V. The second measurement is to measure 'up' → 'up'. The displacement 
current should be measured during this interval. The current is proportional to the change in 
sense voltage (see FeRAM devices and basic operations).

Once both BFO and YMO are characterised, the next step is device applications. The device 
applications differ for BFO and YMO. Integrating BFO ferroelectric capacitor should be 
straightforward. The capacitor is put in the BEOL. YMO is more complicated since it is put in
the FEOL.

At this point in the project, there should be a good ferroelectric capacitor model and a good 
MOSFET model. The MFMIS transistor is just the MFM on the MIS diode. What makes this 

44 Value reported as 2 Torr.
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device complicated is the depolarisation field and the 3D-integration. It is important to 
investigate the leakage current through the gate of this device. This measurement can once 
again be done by floating gate measurement (MFMIS-cap with MOSFET). If the leakage is 
too high, try increasing the insulator and ferroelectric thicknesses.

The MFMIS is best characterised by C-V and I-V. An interesting aspect would be if the 
polarisation of YMO could be measured by split-C-V. Split-C-V allows measuring the charge 
of the semiconductor [239]. The charge must equal the charge of the ferroelectric, where the 
polarisation is the major contribution. 

The retention time must be investigated for the MFMIS. If the retention time is poor, it should
be immediately evident from a short-time I-V measurement. If the retention time is more than 
a couple of hours at room temperature, an accelerated test should be considered. If the 
retention time is poor, the best option is either to increase the area-ratios or to increase the 
insulator thickness. C-V measurements will show if charge injection occurs (see references).

Although not critical, it can be interesting to measure the barrier heights for BFO and YMO to
SiC (SiC is the insulator). This measurement can be done by PES [62].

The flow for YMO device is

1. Complete step 1 through 4 in the electronic system flow.

2. Process YMO ferroelectric capacitor on silicon.

3. Characterise YMO with C-V and Sawyer-Tower characteriser.

4. Investigate leakage.

5. Is the leakage to high? Try annealing, or have a thicker film (increase series 
resistance).

6. Investigate switching kinetics.

7. Investigate endurance.

8. Investigate high temperature behaviour.

9. Investigate radiation sensitivity.

10. Investigate radiation sensitivity at high temperatures.

11. Make a model of YMO ferroelectric capacitor.

12. Design and do layout of FeFET. Simulate.

13. Process FeFET.

14. Characterise FeFET with I-V and C-V.

15. Does the FeFET meet specification? If not, go to 12. If yes, go to 16.

16. Characterise gate-leakage.

17. Is the leakage to high? If yes, go to 5 or 12. If no, go to 18.

18. Investigate retention time by accelerated testing.
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19. Does the FeFET meet specification? If not, go to 12. If yes, go to 20.

20. Integrate into system flow (step 4).

For BFO,

1. Complete step 1 through 4 in the electronic system flow.

2. Process BFO ferroelectric capacitor on silicon.

3. Characterise BFO with C-V and Sawyer-Tower characteriser.

4. Investigate leakage.

5. Is the leakage to high? Try substitutional doping, annealing or thicker film.

6. Investigate switching kinetics.

7. Investigate endurance.

8. Investigate retention time.

9. Investigate high temperature behaviour.

10. Investigate radiation sensitivity.

11. Investigate radiation sensitivity at high temperatures.

12. Investigate read-out of ferroelectric capacitor (destructive and nondestructive, see 
appendix)

13. Make a model of BFO ferroelectric capacitor.

14. Design and do layout for 1T-1C FeRAM. Simulate.

15. Process FeRAM.

16. Characterise FeRAM device (read/write).

17. Does the device meet specification? If not, go to 14. If yes, then go to 18.

18. Integrate device into system flow (step 4).

6.2.4 – RRAM

Unlike SONOS and FeRAM, there is no straightforward way to investigate these memories. 
These memories should primarily be considered as an interesting basic research device. If the 
process flow allows for additional MIM capacitors, they should be added and tested.

First measurement is always a voltage (current) sweep with current compliance (if voltage is 
used). The device will either have a hard breakdown or be switchable. It should be determined
if the device requires a forming step – not all devices need this step. 

Kinetic studies are important. A voltage (or current) pulse is applied. The film is checked after
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the pulse to see if switching has occurred. This measurement is much more straightforward 
than kinetic studies for ferroelectrics. The resistivity is directly measured by I-V. It should be 
determined how the probability distribution is affected by voltage (current) amplitude, time 
duration and temperature.

If there are several devices, switching distribution can be interesting to investigate. If the 
devices require a forming step, investigate the forming distribution.

The nature of the conductive mechanisms is also important to know. This measurement is 
typically done by investigating the current density – electric field (J – E) characteristics. This 
measurement is done both for LRS and for HRS. The conduction mechanism can be 
determined to be metallic or semiconducting by varying the temperature. Metallic conduction 
decreases with increasing temperature, whereas semiconducting conduction increases with 
increasing temperature.

Another possible measurement is checking for pad-size dependence. Conductive filaments 
have a resistance that is independent of device area. The HRS should still be proportional to 
the area. 

If the device is suspected to have metallic conductive filament, try to get an image of the 
filament. This investigation could be done by STEM and/or EDX (AKA EDS) [239].

There are also the typical three measurements – radiation response, retention time and 
endurance.

As a starting point, devices with the structure (Al, Ni, Pt, Ti) / Al2O3 / (Pt, n-SiC) can be 
investigated. The (Al, Ni, Pt, Ti) / Al2O3 / n-SiC is the easiest device to integrate into a process
flow. It is just a modified MOS-capacitor, after all. More advanced structures could contain 
LaAlO3 and LaNiO3 in addition to Al2O3. These structures would add exotic materials to the 
process. These devices should only be investigated if RRAM shows promise, or if these 
materials are added to the process for some other reason.

6.2.5 – Summary for WOV memory project

In summary, there is a lot of basic research for high temperature operation and radiation 
response at high temperature to be done.

The SiC MOSFET is the first thing to investigate. It is primary because it will occur in all 
memory technologies. Most of the important parameters can be found by I-V and C-V 
measurements. Once the MOSFET is characterised, SONOS can be developed.

SONOS will require the usual I-V and C-V measurements. Unlike MOSFET characterisation, 
SONOS will have to be characterised for retention and endurance. The charge pump is most 
likely an integral part in the design if the write/erase voltages are high.

Ferroelectric YMO and BFO can be characterised independent of MOSFET. Ferroelectric 
materials are characterised by I-V and C-V measurements. Sawyer-Tower measurements are 
typically used for basic hysteresis investigation. Endurance and switching characteristics can 
be investigated from ferroelectric capacitor. Finally, the FeFET has to be characterised with I-
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V and C-V.

RRAM can be investigated in conjunction with the other technology processes. The easiest 
possible structure is a MOS-capacitor. Kinetic switching and conduction mechanisms are of 
great interest.

Once a whole prototype system has been fabricated, the final test to do is high temperature 
operation under radiation. If the system survives 460 °C and a radiation dose equivalent to 
200 Gy (SiC), the memory system is ready for Venus.

6.2.6 – Post-WOV project

Once WOV is done, Field Programmable Devices (FPDs) could be the next step. FPDs 
include Programmable Logic Devices (PLDs) and Field Programmable Gate Arrays (FPGAs).
FPDs, as the name imply, are devices that can be programmed. To program devices, the 
devices need memory. FPDs require a combination of logic design and memory design. The 
memory part is typically done with SRAM Look-Up-Tables (LUTs) or with Flash-memory. 
FPDs can be done with FeFETs and SONOS, since they have the same functionality.

The FPDs are competing with Application Specific Integrated Circuits (ASICs). An ASIC has 
better performance and less power consumption compared to a FPD that does the same 
function. A FPD can be reprogrammed into another function, which an ASIC cannot. FPDs 
are cheaper and have shorter development time than ASICs.

FPDs in SiC could find use in research and prototype building. The big advantage compared 
to silicon FPDs would be, as usual, high temperature operation and radiation hardness.
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Appendix: Ferroic model

Since the mean field model is such a big part of the predictions for FeRAM, it is a good idea 
to go through the details. The basics come from [48], which is an excellent introductory 
textbook to statistical mechanics. The Hamiltonian is

H=− p Eapp∑
j

σ j−
J
2 ∑

i , j(nn)

σiσ j  [ML
2T−2 ] , (Eq. A1)

Physics of magnetics and spintronics briefly mentioned the Hamiltonian. There are N sites. At
each site there is a dipole p. It points either 'up' (+1) or 'down' (-1). The direction is given by 
the pseudo-spin operators. A positive J means that the crystal gains energy by aligning the 
dipole moments. It is ferroelectric. A negative J means that the crystal gains energy by 
keeping the dipole moments antiparallel. It is antiferroelectric. The ferroic property is the 
interesting property so J is positive in these calculations.

Counting each and every site is a very tedious task. The spins are approximated as having a 
mean spin,

σiσ j=(σ i−⟨σ⟩+⟨σ ⟩)(σ j−⟨σ ⟩+⟨σ⟩)=[⟨σ⟩−σ x=δx ]
(⟨σ ⟩−δi)(⟨σ⟩−δ j)∼⟨σ ⟩

2
−⟨σ ⟩(δi+δ j)= [δi=δ j ]=

⟨σ⟩
2
−2⟨σ ⟩δi  [1]

(Eq. A2)

Eq. A2 requires some explaining. First, the product is expanded by adding and subtracting the 
mean. The difference from the mean is a fluctuation δ. Second order fluctuations are ignored. 
There is no reason for uncorrelated fluctuation from deviating from each other, so the 
fluctuation at site i equal site j. Eq A1 can be rewritten to

H=− p Eapp∑
j

σ j−
J
2 ∑

i , j (nn)

σiσ j=

− p Eapp∑
j

σ j−
z J
2 ∑

j
[ ⟨σ⟩2

−2⟨σ⟩δ j ]=

∑
j
[− p Eappσ j−

z J
2

⟨σ ⟩2+z J ⟨σ⟩ (⟨σ⟩−σ j)]=
∑

j
[ z J

2
⟨σ⟩

2
− p Eappσ j−z J ⟨σ ⟩σ j]=

N z J
2

⟨σ ⟩
2
−( p Eapp+z J ⟨σ ⟩)∑

j

σ j  [ML
2T−2 ]

(Eq. A3)

When summing over the nearest neighbour, only the adjacent cells are taken into account. The
number of adjacent cells are z. This assumption can be erroneous if there are long range 
interactions.

There are some more things to go through before going to the statistical mechanics. The 
polarisation P is
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P=n p ⟨σ ⟩=[n=1 /Ω  [L−3 ]]= p
Ω
⟨σ ⟩  [L−2T I ] ,

⟨σ ⟩=1  [1]⇔P=
p
Ω
=P s  [L−2T I ]

P=P s ⟨σ ⟩  [L−2T I ]⇔⟨σ ⟩=P /P s  [1]

(Eq. A4)

Eq. A4 gives several interpretations of the polarisation. The polarisation is the density of the 
average dipole moment. Each crystal cell is a dipole moment, so the density is the reciprocal 
of the cell volume. When all dipoles align, then the polarisation is in saturation. The mean 
alignment can be understood as the ratio of polarisation to saturation. The effective field can 
be rewritten,

E=Eapp+
z J
p

⟨σ ⟩=

[ p=ΩP s  [LT I] , z J=k B T c  [ML2T−2 ] ,⟨σ ⟩=P /P s  [1]]=

Eapp+
k BT c

ΩP s

P
P s

=[ k BT c

ΩP s

=E int  [MLT−3 I−1 ]]=
Eapp+Eint

P
P s

 [MLT−3 I−1 ]

(Eq. A5)

The internal field Eint is a measure of electric fields between dipoles.

Once the effective field is known, the free energy is determined. The canonical ensemble can 
be used to determine the free energy. There are N-number of sites. Each site contributes kBTc 
(P/Ps)2/2 to the total energy. Each site can either be in state +ΩPsE or state – ΩPsE. In mean 
field theory, the sites are uncorrelated. They are independent of each other. The Z-function is

Z=∑ e−E / k BT
=eΩ PS E / k B T

+e−ΩP S E / k B T  [1 ] ,

Z tot=∏
N

Z=Z N
=(eΩP S E / k B T

+e−ΩP S E / k BT )
N

 [1] (Eq. A6)

The Helmholtz free energy can be calculated as

F=
N k B T c

2 ( P
P s)

2

−k B T ln (Z tot)=

N k B T c

2 ( P
P s)

2

−N k B T ln (Z )  [ML2T−2 ]
(Eq. A7)

This equation can be rewritten a bit.

f (Π1,Π2,Π3,Π4)=
Π4

Π2
−

1
2

Π1
2

Π2
+ln(e

Π1

Π2
+
Π3

Π2+e
−
Π1

Π2
−
Π3

Π2)=0  [1]

Π1=
P
P s

,Π2=
T
T c

,Π3=
Eapp

E int

,Π4=
F

N k BT c

=
F

V
Ω

k BT c

 [1]
(Eq. A8)

The energy barrier can be found quite easily from simulation (see Fig. A1).
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Ea=F (P=0)−F (P r)=Δ F  [ML2T−2 ] ,

Δ F=
V
Ω

k BT c ΔΠ4=
V
Ω

k B T
ΔΠ4

Π2
 [ML2T−2 ] ,

ΔΠ4=Π4(Π1=0)−Π1,r  [1 ]

(Eq. A9)

Figure A1. Ferroic free energy. The top left image shows the free energy curves at various
temperatures (Π3 = 0). The top right image shows the free energy at different applied fields

(Π2 = 0.5). The lower images show the energy barrier decreasing.

The energy barrier fits well to a parabolic model,

ΔΠ4(Π3)=ΔΠ4(Π3=0)⋅(1−
Π3

Π3, c)
2

[1] (Eq. A10)

Notice that a symmetry breaking field (applied electric field) makes the polarisation 
metastable in Fig. A1. A low electric field will eventually switch the polarisation, but the 
switching could take a very long time for large barriers (Eq. A10 and Eq. A11). The coercive 
field is a bit ambiguous, considering this information. There is a thermodynamic coercive 
field, where the applied field removes the barrier, and there is a practical coercive field where 
the ferroelectric film switch within a reasonable time scale. The practical coercive field is 
always smaller or equal to the thermodynamic field.

This model predicts the thermodynamic coercive field. This model could be extended to 
include kinetics by having probabilistic switching. The switching probability can be modelled 
with Eq. 5. Combining Eq. 5, Eq. A9 and Eq. A10 gives the probabilistic switching as

p(t )=1−exp(− t
τ0

exp(−V
Ω

ΔΠ4(Eapp=0)
Π2

⋅(1−
Eapp

E c
)

2

))  [1 ] (Eq. A11)
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This probabilistic switching model qualitatively works well for field switched MTJs [241]. 
The difference is that the electric field is changed to a current or magnetic field.

An interesting aspect of the kinetic switching is that the mean field model predicts two 
different switching regimes: Fluctuation driven switching and field switching. The fluctuation 
driven switching occurs when the electric field is smaller than the thermodynamic coercive 
field. The field switching occurs when the electric field is larger than the thermodynamic 
coercive field. The switching is the same as the intrinsic switching, or in other words driven 
by domain wall movement.

If the voltage is ramped up at a very slow rate, the switching is in the fluctuation region. A 
very slow ramp will on average switch at a low voltage, because a lot of time passes before 
reaching the thermodynamic coercive field. A faster ramp will switch on average at a higher 
field, since the barrier is lowered at larger voltages. The effect is that the practical coercive 
field has a frequency dependence: A high frequency is predicted to have a large coercive field.
Conversely, a low frequency is predicted to have a small coercive field. It seems to agree with
other works (see Fig. A2) [242]. High frequency measurements should give a result close to 
the thermodynamic field. However, if the volume is very large, the frequency dependency 
cannot be very large. A large volume can easily give more than ~106 sites. The field would 
have to be around ~(1-10-3) Ec before the barrier is small enough for fluctuations to match it. 
By then, the electric field would already have reached the thermodynamic coercive field.

Figure A2. Hysteresis curves in TriGlycine Sulphate (TGS). Note how the coercive field
increases with increasing frequency. Image taken from [242].

Here is a real life example. Consider a superparamagnetic nanoparticle. These particles are 
made of a ferromagnetic material. They behave as if though they are paramagnetic. The 
volume is so small that the energy barrier is small compared to kBT [46]. The 
superparamagnetic nanoparticles have a large susceptibility and is used in biotechnology
[243].

One weakness of this model is that it predicts second order transitions, but most ferroelectrics 
have first order transitions. According to Bowley and Sánchez, the ferroelectric crystal has a 
Landau expression on the form of [48]
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1
2
αφ

2
+

1
4
βφ

4
+

1
6
γ φ

6
+δ x φ2

+
1
2
ε x2  [ML2T−2 ] ,

∂Φ
∂ x

=δφ
2
+ε x=0⇔ x=−δ

ε φ
2  [1]⇒

Φ=Φ0−ηφ+
1
2
αφ

2
+

1
4
(β−2 δ

2

ε )φ4
+

1
6
γφ

6
=

Φ0−ηφ+
1
2
αφ

2
+

1
4
β ' φ4

+
1
6
γφ

6  [ML2T−2 ] ,

φ=P [L−2T I ]:  β '=
V k BT

3ΩP s
4 −2 δ

2

ε  [ML10T−6I−4 ]⇒

δ
2

ε =
V k BT '

6ΩP s
4  [ML10T−6 I−4 ]

(Eq. A12)

x is a measure of strain. This equation is the same as Eq. 3. The order parameter is the 
polarisation. T' is a transition temperature. If the transition temperature is larger than the Curie
temperature, the transition at the Curie temperature is first-order. The first five terms can be 
derived from the current model. Eq. A8 can approximately be rewritten to

f (Π1,Π2,Π3,Π4)=
Π4

Π2
−

1
2

Π1
2

Π2
+ln(e

Π1

Π2
+
Π3

Π2+e
−
Π1

Π2
−
Π3

Π2)+ 1
4
Π5

Π1
4

Π2
=0  [1]

Π1=
P
P s

,Π2=
T
T c

,Π3=
Eapp

E int

,Π4=
F

V
Ω

k BT c

,Π5=
1
3

T '
T c

 [1 ]
(Eq. A13)

Eq. A13 is just Eq. A8 with the additional Landau terms. Landau theory is valid only for small
order parameters (Π1 << 1), or equivalently close to Curie temperature (Π2 ≈ 1). Strain is 
ignored from here on (assume T' = 0 K).

The polarisation can be found by minimising free energy.

∂F
∂ P

=N k BT c
P

P s
2
−N k B T 1

Z
∂ Z
∂ P

=0⇒

P=
T
T c

P s
2 1

Z
∂ Z
∂P

 [L−2T I ]
(Eq. A14)

Now to calculate some derivatives.

∂ Z
∂E

=
ΩP s

k BT
(eΩP S E / k B T

−e−ΩP S E / k BT )=

1
Eint

T c

T
(eΩPS E /k B T−e−ΩPS E / k B T )  [M−1L−1T3 I ]

∂E
∂P

=
E int

P s

 [ML3T−4 I−2 ] ,

∂ Z
∂P

=
∂ Z
∂E

∂E
∂P

=
T c

T
1
P s

(eΩPS E /k B T
−e−ΩPS E / k B T )  [L2T−1 I−1 ]

(Eq. A15)
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The polarisation can be found as

P=
T
T c

P s
2 1

Z
∂ Z
∂P

=P s
eΩPS E /k B T

−e−ΩPS E /k B T

eΩP S E / k B T
+e−ΩP S E / k BT

=

P s tanh(ΩP s E

k B T ) [L−2T I ]
(Eq. A16)

This expression is the same as the expression in Eq. 20.

So what can be estimated from the mean field model? Let us estimate the saturation field, the 
internal field and the coercive field. A typical large crystal has a volume of about ~1 nm3. The 
dipole moment is a charge displaced by ~10-1 nm. The charge is on the order of ~1 electron 
(~10-19 C). The dipole moment is thus ~10-20 C nm. The saturation field is on the order of 10-20 
C nm-2, or 10-2 C m-2. YMO is a good real-life example. It has only one polar axis (c-
direction), which was one of the assumptions for the model. The Ising model can be extended 
to 2D (called x-y model) and to 3D. YMO has a volume of Ω = 1.112 nm3 and a saturation 
field of about 20 zC nm-2, so the estimation was close. The Curie temperature is on the order 
of 100 K, so the Curie energy is on the order of ~10-21 J. The internal field is on the order of 
~100 mV/nm or 108 V/m. That is very big. Unfortunately, there is no real-life value to 
compare it to. The coercive field should be around one-tenth or one-hundreth of the internal 
field. Somewhere between or 106 – 107 V/m. YMO, which has a large Curie temperature, has 
a coercive field on the order of 106 V/m. It could be due to the inherent difference between 
'practical' and 'thermodynamic' coercive field. 

The model does not include the dielectric contribution for a reason. If another polarisation 
component is added, multi-component mean field theory must be used. Mean field theory in 
one component is messy enough. Here is how the model looks with multiple components. 
First, the Hamiltonian. The dielectric description is for a paraelectric phase. The dielectric 
contribution can be approximated for small electric fields,
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H=H F+H ε+H ε , F  [ML2T−2 ] ,

H F=
V
Ω

k B T c

2 ( P
P s
)

2

−ΩP s(Eapp+E int
P
P s
)∑i

σi , F  [ML2T−2 ] ,

H ε=− pε Eapp∑
i

σi ,ε=[ pε=αΩP s]=−αΩP s Eapp∑
i

σi ,ε  [ML2T−2 ] ,

H ε , F=−
I
2 ∑

i , j (nn)

σi , F σi ,ε=

V
Ω

k B T c
(ε , F )

2
P
P s

⟨σ⟩ε−k B T c
(ε , F ) P

P s
∑

i

σi ,ε−k B T c
(ε , F )

⟨σ⟩ε∑
i

σi , F=

[P irr=
β
Ω

pε ⟨σ ⟩ε=αβ P s ⟨σ ⟩ε⇔⟨σ ⟩ε=
Pirr

αβ P s

=
χε0 Eapp

αβP s
]=

V
Ω

k BT c
(ε , F )

2
P
P s

χ ε0 Eapp

αβP s

−

k B T c
(ε , F ) P

P s
∑

i

σ i ,ε−k BT c
(ε , F ) χε0 Eapp

αβ P s
∑

i

σi , F  [ML2T−2 ]

(Eq. A17)

α is a scaling parameter. It is the ratio of electronic dipole moment to ionic dipole moment. β 
is the number of electronic dipole moments in a unit cell. The dielectric pseudo-spin can only 
take the values ±1. I is the coupling energy. If it is zero, the dielectric polarisation is 
decoupled from the ferroelectric polarisation. The coupling can either be quantum mechanical
(most likely a strong coupling) or electronic (most likely a weak coupling).

The question now is what the origin of the dielectric contribution is. It could be ions that does 
not contribute to the ferroelectric polarisation. It could also be the electron gas that surrounds 
the ions. If it is both, it is possible that each component must be added separately.

The free energy can be found as

F=
V
Ω

k B T c

2 ( P
P s)

2

+
V
Ω

k B T c
(ε , F )

2
P
P s

χε0 Eapp

αβ P s

−

2
V
Ω

k B T ln (2)−
V
Ω

k B T ln(cosh(ΩP s E eff
(F )

k B T ))−
V
Ω

k BT ln(cosh(ΩP s E eff
(ε)

k BT )) [ML2T−2 ] ,

E eff
(F )
=γεr Eapp+E int

P
P s

, E eff
(ε)
=αEapp+Eint

(ε , F ) P
P s

 [MLT−3 I−1 ] ,

Eint
(ε , F )

=
k B T c

(ε , F )

ΩP s

 [MLT−3 I−1 ] ,γ=
1+χ

ε0 E int
(ε , F )

αβP s

1+χ
 [1]

(Eq. A18)

As can be seen, the relative dielectric constant cannot simply be added. The last interesting 
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equation is the irreversible polarisation,

P=P s tanh(ΩP s E eff
(F )

k B T )+P s

T c
(ε , F )

T c

tanh(ΩP s E eff
(ε)

k B T )−
1
2

T c
(ε , F )

T c

χ ε0 E app

αβ
 [L−2T I ]

(Eq. A19)

Strangely enough, Eq. A19 predicts that the irreversible remnant polarisation can be bigger 
than the saturation polarisation. The saturation polarisation occurs when all the ionic dipole 
moments align. If the irreversible polarisation is bigger than the saturation, this means that the
electronic contribution is also partly irreversible. Basically, the ionic contribution keeps the 
dielectric contribution polarised even without an applied field. 

It looks like there are two ferroelectric phases here. One phase occurs for temperatures larger 
than the dielectric-ferroelectric coupling temperature. This phase is the usual ferroelectric 
phase. The second phase occurs for temperatures lower than the coupling temperature. The 
dielectric-ferroelectric coupling is stronger than fluctuations, so the dielectric component has 
quasi-ferroelectric behaviour mediated by the displaced ions45. The dielectric coupling is 
ignored from here on.

The depolarisation field causes several problems for ferroelectrics. Here is a short derivation.  
Fig. A3 depicts the ferroelectric with insulator. The device has a total thickness d. This 
thickness is composed of ferroelectric thickness dF and insulator thickness dI.

45 It reminds me of the weird type 1.5 superconductor behaviour [244].
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Figure A3. Ferroelectric capacitor. There is a voltage difference U. The ferroelectric film
(blue with dipoles) has thickness dF, the insulator (magenta) has thickness dI. There are

electric fields EF and EI. As will be seen, EF is opposite to the polarisation when there is no
applied electric field. There is also an injected charge σ between the ferroelectric and the

insulator (green line).

Assume that the electric fields through the insulator and the ferroelectric are constant through 
space. The fields are given as

U=E F d F+E I d I  [ML2T−3 I−1 ]⇒

E I=
U
d I

−E F

d F

d I

 [MLT−3 I−1 ]
(Eq. A20)

The displacement fields must be continuous through the device. If the electric fields are 
constant through each film, then the displacement field must be constant through the device. 
This statement is true if there is no injected charge at the ferroelectric-insulator interface. The 
displacement field condition at the interface is

  
DF=D I+σ  [L−2TI ] ,

DF=εF E F+P , D I=εI E I  [L−2T I ]
(Eq. A21)

Eq. A20 and Eq. A21 give the field through the ferroelectric as
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EF=U
εI

εF d I+ε I d F

−(P−σ)
d I

εF d I+ε I d F

≈

[
d F

d I

≫1  [1]

εF
ε I
∼1  [1] ]≈ U

d F

−
P−σ

ε I

d F

d I

=Eapp+Ed  [MLT−3 I−1 ]
(Eq. A22)

What does the depolarisation field do in the mean field model? The effective field is

E=E d+E int
P
P s

=[E d=−P /ε  [MLT−3 I−1 ]]=−
P
ε +Eint

P
P s

=

(E int−
P s
ε ) P

P s

 [MLT−3 I−1 ] ,

ε=ε I r  [M−1L−3T4 I2 ] , r=
t F

t I

W I

W F

LI

LF

 [1]

(Eq. A23)

There is no applied electric field nor any injected charge in Eq. A23. The step in Eq. A15 has 
to be modified.

∂ Z
∂ E

=
1

E int

T c

T
(eΩ PS E / k B T

−e−ΩP S E / k B T )  [M−1L−1T3I ]

∂E
∂P

=(E int−
P s
ε ) 1

P s

 [ML3T−4 I−2 ] ,

∂ Z
∂ P

=
∂ Z
∂E

∂E
∂P

=

(1−
P s/ε

E int
) T c

T
1
P s

(eΩPS E / kB T
−e−ΩPS E /k B T )  [L2T−1I−1 ]

(Eq. A24)

The polarisation gains an additional term.

P=
T
T c

P s
2 1

Z
∂ Z
∂P

=κ⋅P s tanh(ΩP s E

k BT ) [L−2T I ] ,

κ=1−
P s/ε

E int

≤1  [1 ]
(Eq. A25)

Eq. A25 can be rewritten into the dimensionless equation. 

f (Π1,Π2,Π3=0)=Π1−tanh(Π1

Π2 )=0  [1] ,

Π1=
P

P ' s

,Π2=
T

T ' c

 [1 ] ,

P ' s=κP s  [L
−2T I ] ,T ' c=κ

2T c  [Θ ]

(Eq. A26)

The dimensionless equation is identical to Eq. 19. It has a remnant field as long as Π2 is 
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smaller than 1. The depolarisation field effectively reduce the critical temperature. Another 
way to look at it is that the operation temperature effectively increases. 

An interesting aspect of the depolarisation field is that it is not symmetry breaking. It is not 
that strange, really. No matter what the polarisation is, the depolarisation is always in the 
opposite direction. An applied field, which is symmetry breaking, can be in a direction 
independent of the polarisation. An interpretation of the depolarisation field would then be 
that it destabilises the internal field. The internal field is the electric field due to gain in energy
from having polarisation. The depolarisation field is the energy loss from having polarisation. 

Let us investigate what problems depolarisation causes. The scaled dielectric constant (or 
equivalently the dimensional ratio) can be found from 

ε=
1

1−κ
⋅

P s

Eint

 [M−1L−3T4 I2 ]⇔

r= 1
1−κ

⋅
P s /ε I

Eint

 [1]
(Eq. A27)

Take YMO as an example. It has a saturation field of 20 zC nm-2 and a coercive field of 8 
mV/nm. The internal field is about 2.5 – 250 times stronger than the coercive field at 300 K. It
is difficult to estimate the coercive field from the internal field. Conversely, it is difficult to 
estimate the internal field from the coercive field. The internal field can be estimated to 20 
mV/nm – 2 V/nm. The ferroelectric effect disappears if the operating temperature is the same 
or larger than the Curie temperature. κ must be 0.88 for Π2 to equal 1 at 700 K. Plugging these
values into Eq. A27 gives ε as 8.3 × 10-10 – 10-8 F/m. If the insulating layer is Al2O3 (εI = 8.3 ×
8.9 × 10-12 F/m = 7.9 × 10-11 F/m), the dimensional ratio r is about 101 – 103. The ratio will 
have to be about ~102 – 104 to get some safety-margin. If the insulating layer is 10 nm, the 
ferroelectric layer has to be 1 µm – 100 µm thick. The device will be practically unswitchable 
(coercive field 8 mV/nm @ RT: coercive voltage ~8 – 800 V @ RT, ~0.2 V – 20 V @ 700 K). 
There are two options, both of which are problematic:

1. Use another high permittivity material than Al2O3

2. MFMIS, with a different area ratio of about ~10-1 – 10-2

The second option would require 3D-transistors for the ratio to be feasible. See Fig. 59 and 
discussions about 3D-transistors in FeRAM high temperature behaviour.

FeRAM devices and basic operations briefly mentioned a possible nondestructive read-out for
1T-1C design. The idea was partially based on one of the arguments of Blom et al. [160]. 
They argued that the Schottky barrier was modulated by the polarisation [160]. The 
modulation came from a change in the effective dielectric constant. A result of this argument 
would be that the small signal capacitance will behave differently for different polarisations.

Eq. 24 is a simplified version of the irreversible susceptibility. That equation was valid for 
temperatures above the Curie temperature. The susceptibility below the Curie temperature is
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χ irr=
P s

Dint

sech2(Π1

Π2
+
Π3

Π2)
Π2−sech2(Π1

Π2
+
Π3

Π2 )
 [1 ] , Dint=ε0 E int  [L

−2TI ] ,

Π1=P /P s ,Π2=T /T c ,Π3=Eapp/E int  [1 ]

(Eq. A28)

Note that the susceptibility is the same for both polarisations when there is no applied electric 
field (Π3 = 0). This result is not that surprising. When there is no a symmetry breaking field, 
both states are indistinguishable. The applied electric field breaks the symmetry and 
differentiates the states. The problem with the symmetry breaking field is that it must be 
smaller than the thermodynamic coercive field. Otherwise, the polarisation flips. This 
problem puts restrictions on the applied read field.

Figure A4. Hysteresis curve and susceptibility. The material is YMO at 733 K. The black line
indicates a possible read-out field. It is roughly half of the thermodynamic coercive field. The

susceptibility is roughly 12 (antiparallel) and 4.6 (parallel) at this field. 

Interestingly enough, the displacement field ratio in Eq. A28 is about 4 ~100 for YMO. The 
coupling is most likely electronic in nature instead of, for example, quantum mechanical. 
Small internal fields give a larger susceptibility. Not that surprising. A small internal field is 
more likely to change the polarisation, after all.

Now to calculate the impedance through the ferroelectric capacitor. The steps will be very 
familiar to anyone who has calculated the impedance of a dielectric capacitor. The charge is 
given by modifying Eq. 61,
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Q=A D=A⋅(ε0 E app+Prev+P irr)=

[
E app=

U
d

 [MLT−3I−1 ]

P rev=ε0χrev E app  [L−2TI ]
Pirr=ε0χ irr(E app)⋅E app  [L−2T I ]]=

ε0 A

d
⋅(1+χrev⏟

εr , F

+χ irr(U ))⋅U=
εF A

d⏟
C rev

U +χ irr (U )⋅
ε0 A

d
U=

C revU +χ irr (U )⋅
ε0 A

d
U  [T I ]

(Eq. A29)

The first term is the dielectric contribution to the charge. The irreversible susceptibility in Eq. 
A29 can have two possible values for the same applied voltage difference. The applied 
voltage difference is

U=U DC+U AC  [ML2T−3 I−1 ] ,
U AC=U AC ,0ℜ{e jω t

} [ML2T−3 I−1 ]
(Eq. A30)

ω is the frequency. The DC signal gives the symmetry breaking field. The AC signal gives the 
output signal. The AC signal cannot be too big. If U at any time is larger than the 
thermodynamic coercive field, the crystal might flip. The susceptibility approximation in Eq. 
A28 becomes worse the larger the AC signal is. The error should be proportional to UAC. The 
AC signal should be smaller than one-tenth of the coercive voltage difference.

The current, and by extension the impedance, can be found from the time derivative of the 
charge.

I= I AC ,0ℜ{e j ωt
} [ I ] ,

I=∂Q
∂ t

=C rev
∂U
∂ t

+
∂ χirr

∂ t

ε0 A

d
U +χirr

ε0 A

d
∂U
∂ t

=

[
χirr (U )≈χ irr(U DC )  [1 ]

∂U
∂ t

= jωU AC  [ML2T−4 I−1 ]]≈
jωC rev U AC+ jωχ irr

ε0 A

d
U AC= jωC eff (U DC)⋅U AC  [I]⇒

Z (U DC)=
U AC

I
≈

1
jωC eff (U DC )

 [ML2T−3I−2 ] ,

C eff (U DC )=C rev⋅(1+χirr (U DC)/εr , F )  [M
−1L−2T4 I2 ]

(Eq. A31)

As can be seen, the ferroelectric capacitor has the behaviour of a tunable dielectric capacitor. 
Ferroelectric capacitors are currently considered for such applications [74]. In this case, the 
interesting aspect is not tunability but the difference in capacitance for different polarisation. 
The change is unfortunately not very large. The normalised impedance difference (ΔZ/ZLRS) is 
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only about 0.34 for YMO (εr = 17). About the same as a bad MTJ @ RT (this estimation is @ 
700 K). One of the problems in this estimation is the difficulty in estimating the internal field. 
If the internal field is 10-2 times smaller (same as 102 times larger susceptibility), the 
normalised impedance difference is about ~1.6. The ratio has the susceptibility ratio as the 
upper limit. In this case, the ratio is small. The ratio can be larger by putting the symmetry 
breaking field closer to the coercive field. The trade off is possible instability.

This nondestructive read-out is more complicated than the destructive read-out. The 
nondestructive read-out introduces three new parameters to consider: The symmetry breaking 
DC voltage amplitude, the AC amplitude and frequency. This technology would require a 
good empirical model and circuit simulations. 

The susceptibility might depend on the frequency. Kinetic effects are not included in this 
model.
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