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Figure E.1: Temperature dependent properties, predicted using 6th order Landau
model. There is a discontinuity in all parameters at 120 ◦C, corresponding to T0.
2Pr gradually decreases with increasing temperature, but drops at T0 when the
paraelectric phase becomes stable. E c decreases almost linearly with increasing
temperature. χ−1 has two different slopes, which depends on the temperature. χ
shows a maximum at T0. The properties are calculated using the parameters for
barium titanate [1] and artificially setting T0 to 120 ◦C (393 K). Note that Θ must
be calculated backwards from Eq. E.15.



Appendix E

Modelling the temperature
dependent properties of
ferroelectrics

The Landau (or Landau-Devonshire for ferroelectric materials) model belongs to
the category of mean-field models. The average property is considered, and fluctua-
tions are ignored. The Landau model is used to model phase transitions, but it can
qualitatively predict other properties close to the phase transition. A large variety
of temperature dependent properties are predicted qualitatively correctly, and are
shown in Fig. E.1. Of importance are that the susceptibility (χ) peaks at the tran-
sition temperature, and that the coercive field (E c) decreases as an approximate
linear function and vanishes at the transition temperature. The transition temper-
ature can either be directly determined from the peak susceptibility or extrapolated
for the coercive field.

The basic premise of the Landau model is that there is an order parameter φ
that vanishes at the phase transition temperature T0. The order parameter could
be magnetisation (M) in ferromagnets, Cooper-pair density (n) in superconductors,
or polarisation (P ) in ferroelectrics. The free energy density Φ is a function of φ.
Since φ is small close to T0, Φ can be approximated as a power-series function of φ,

Φ = c0 + c1
1 φ+ c2

2 φ
2 + c3

3 φ
3 + c4

4 φ
4 + c5

5 φ
5 + c6

6 φ
6 [ML−1T−2] (E.1)

Materials often impose a symmetry requirement. In a ferroelectric material, for
example, both P and −P are equally stable (ifE = 0) and thus Φ(φ = −P ) =
Φ(φ = P ). All even-numbered powers (0, 2, 4...) are preserved, but all odd-
numbered powers (1, 3, 5...) changes sign and thus the energy. By symmetry, the
odd-numbered coefficients (c1, c3, c5) must be zero.

Systems approach thermal equilibrium by minimising their free energy. If the
highest order coefficient (like c6 in Eq. E.1) were negative, the minimum Φ would
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occur when φ = ±∞, regardless of the other parameters. This is unphysical, and
thus the highest order coefficient is always positive.

Consider 4th order Landau model,

Φ = c0 + c2
2 φ

2 + c4
4 φ

4 [ML−1T−2] (E.2)

It was argued that the highest order coefficient was always positive, which in this
case is c4. Taking the first derivative of Φ gives all local minimums and maximums.
φ has three solutions,

φ [1] =
{

0
±
√
− c2
c4

(E.3)

The second case is only real provided that c2 < 0. If c2 < 0, the first solution
(φ = 0) corresponds to a local maximum and the second case to a local minimum
(φ = ±

√
−c2/c4). If c2 > 0, the solution (φ = 0) corresponds to the global

minimum. It is assumed that |φ| > 0 for T < T0 and φ = 0 for T > T0. A simple
solution is to assume that c2 is temperature dependent and that c2(T = T0) = 0.
c2 can be approximated as a linear function of T close to T0,

c2 = c′2 · (T − T0) [1] (E.4)

It is assumed that c′2 > 0.
In 6th order model, there are three coefficients, c2, c4 and c6. c2 is still modelled

by Eq. E.4 with one difference: T0 is replaced with Θ. c6 must be positive. c4 can
be either positive or negative, although the positive case is almost always ignored
in modelling. The interesting case is c4 < 0.

The symmetry of Φ may be broken by external stress ξ that is coupled to φ,

Φ = c0 + c2
2 φ

2 + c4
4 φ

4 + c6
6 φ

6 − φ · ξ [ML−1T−2] (E.5)

For ferroelectrics, the external stress is electric fieldE .
Finally, c0 represents the ground state energy. It is commonly set to zero, as it

does not affect the calculations.
The properties of a ferroelectric is modelled by both 4th order and 6th order

Landau model in this appendix. The order parameter is P and external stress is
E . The electrical properties are predicted. The reader is directed to textbooks for
thermal properties (entropy and specific heat capacitance) [2, 3], as these properties
are not of immediate relevance to this work. This appendix ends by modelling the
ferroelectric time response using the Landau-Khalatnikov model.
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Ferroelectric properties: 4th order model

Remnant polarisation Pr

The solution for the order parameter, in the absence of external stress, was given
by Eq. E.3.

Pr [L−2TI] =
{

0

±
√
− c
′
2·(T−T0)

c4

(E.6)

Susceptibility χ

The susceptibility (χ) is the measure of the response of P toE ,

χ = 1
ε0

∂P

∂E
[1] (E.7)

Start from 4th order version of Eq. E.5. Minimise Φ with respect to P . This
givesE as a function of P ,

E = c′2 · (T − T0) · P + c4 · P 3 [MLT−3I−1] (E.8)

Taking the derivative ofE with respect to P gives the reciprocal susceptibility
(χ−1),

χ−1 = ε0 · c′2 · (T − T0) + 3ε0 · c4 · P 2 [1] (E.9)

The important result is that Eq. E.9 gives Curie-Weiss law for T > T0 (P = 0),

χ = 1
ε0 · c′2 · (T − T0) [1] (E.10)

At T = T0, χ−1 is predicted to be zero and as such χ is ∞. In practice, χ
assume a high but finite value at T = T0. T0 can be determined from C − V data,
since χ peaks at T = T0.

Coercive fieldE c

This derivation is uncommonly covered in textbooks1. The derivation can be found
in [4].

AtE = ±E c, P switches rapidly from ∓P to ±P , and as such χ → ∞ and
χ−1 → 0. χ−1 was given by E.9. A dummy polarisation Pc is introduced to solve
the equation,

1I haven’t seen it in any textbook, but that doesn’t exclude the possibility that there may
exist a textbook with this derivation.
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lim
E →E c

χ−1 = ε0 · c′2 · (T − T0) + 3ε0 · c4 · P 2
c = 0 [1] (E.11)

The solution is

Pc = ±

√
−c
′
2 · (T − T0)

3c4
[L−2TI] (E.12)

Inserting this solution in Eq. E.8 givesE c,

E c = c′2 · (T − T0) · Pc + c4 · P 3
c [MLT−3I−1] (E.13)

Ferroelectric properties: 6th order model

Remnant polarisation Pr

Minimising Φ with respect to P gives two cases in P 2
r ,

P 2
r [L−4T2I2] =

0

− 1
2
c4
c6
±
√(

1
2
c4
c6

)2
− c′2·(T−Θ)

c6

(E.14)

The second case is quite complex. For T < Θ, the square-root term is positive
and larger than−c4/2c6. The negative solution is not real for T < Θ. At T = Θ, the
square-root term is |c4/2c6|, and as such the second case can assume two possible
values, 0 and |c4/c6|. A major difference from 4th order model is that P does not
have to be zero at c2 = 0, and as such Θ 6= T0 (T0 is the transition temperature).
|c4/c6| represents local minima and 0 a local maximum at T = Θ. The local
maximum splits in two for T > Θ, which is represented by the negative solution.
These maxima give an energy barrier between the paraelectric solution (P = 0)
and the ferroelectric solution (P = Pr, positive solution in Eq. E.14).

The two transition temperatures, T0 and T ∗

There exist two transition temperatures in 6th order model, T0 and T ∗. T0 is taken
as the temperature where both the paraelectric phase and ferroelectric phase are
equally stable. This convention keeps T0 reserved for phase transition, regardless
of the model being discussed. Other sources may reserve T0 for the Curie-Weiss
temperature (Θ in these equations). For T0 < T < T ∗, the ferroelectric phase
is metastable (paraelectric phase is stable). Only the paraelectric phase is stable
above T ∗. The paraelectric phase is metastable for Θ < T < T0, and only the
ferroelectric phase is stable for T < Θ.

It can be shown that Φ(Pr, T0,E = 0) = Φ(0, T0,E = 0) = 0 if T0 is given by
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T0 = Θ + 3
16

c24
c′2c6

[Θ] (E.15)

T ∗ is found by finding the temperature for which no real solution for P 2
r exists

(Eq. E.14),

T ∗ = Θ + 4
16

c24
c′2c6

[Θ] (E.16)

The difference between T ∗ and T0 is smaller than the difference between T0 and
Θ.

An important consequence of having multiple transition temperatures is that
the phase transition is discontinuous (first order) and hysteretic over the small
temperature difference T ∗ − T0.

Susceptibility χ

χ−1 is calculated using the same method as for the 4th order model,

χ−1 = ε0 · c′2 · (T −Θ) + 3ε0 · c4 · P 2 + 5ε0 · c4 · P 4 [1] (E.17)

The important result is that Eq. E.17 gives Curie-Weiss law for T > T0 (P = 0),

χ = 1
ε0 · c′2 · (T −Θ) [1] (E.18)

Θ corresponds to the Curie-Weiss temperature. χ is not predicted to go to
infinity at T0, but it does assume its largest value at T0. T0 can still be determined
from C − V measurements by finding the peak value.

Coercive fieldE c

The calculations are the same as before. The assumption is χ−1 → 0 atE →E c,
which gives dummy polarisation P 2

c ,

P 2
c = − 3

10
c4
c6
±

√(
3
10
c4
c6

)2
− c′2 · (T −Θ)

5c6
[L−4T2I2] (E.19)

The positive solution is of interest.E (P ) is given by

E = c′2 · (T −Θ) · P + c4P
3 + c5P

5 [MLT−3I−1] (E.20)

The special case of interest isE (P = Pc) =E c

E c = c′2 · (T −Θ) · Pc + c4P
3
c + c5P

5
c [MLT−3I−1] (E.21)
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The hysteresis loop is a dynamic response of P to cyclic sweep ofE . Since a
ferroelectric is a non-linear material, there are at least two possible values of P
for a givenE , provided that T < T0. P can be calculated for eachE , without
considering the sign, by minimising Eq. E.5. This is a fairly computationally
intensive process.

A much better method is to use the Landau-Khalatnikov model. It is assumed
that the ferroelectric cannot immediately respond toE , which is often the case
in reality. The simplest solution is to use an RC-type delay, like a ferroelectric
capacitor in series with a resistor. The displacement current density is given by
∂P/∂t. A current density through a resistor ρ causes a voltage dropE R. If the
externally applied voltage isE app, the voltage applied to the ferroelectric (E FE) is

E FE =E app −E R =E app − ρ
∂P

∂t
[MLT−3I−1] (E.22)

Using Eq. E.20, the change in charge of the capacitor is given by the first order
ordinary differential equation (ODE)

∂P

∂t
=E app − c′2 · (T − T0) · P − c4 · P 3 − c6 · P 5

ρ
[L−2I] (E.23)

The initial state can be (P = ±Pr,E = 0, t = 0), and Pr can be calculated
from Eq. E.14. MATLAB and SciPy have built in functions to efficiently solve
ODEs, and as such Eq. E.23 can be used to estimate the ferroelectric response for
an arbitrary time-varyingE app. The hysteresis loop in Fig. 2.9 was calculated this
way. The PUND sequence, discussed in Sec. 5.2, is simulated and shown in Fig.
E.2.
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Figure E.2: The ideal PUND response of a ferroelectric capacitor is simulated using
Landau-Khalatnikov model. Compare this figure to the results of Fig. 5.33 and
5.34. The properties are calculated using the parameters for barium titanate [1].





Appendix F

Electrostatics and currents of the
bulk MOSFET

The MOS capacitor is an example of a non-linear capacitor. The simplest descrip-
tion is a linear oxide capacitor connected to a semiconductor capacitor in series.
The modulation of the electric field in the semiconductor through the electric field
of the oxide allows the charge carrier density to be modulated. The current through
the MOSFET is directly related to the amount of charge carriers that can conduct
from the source to the drain. In this appendix, details are provided on the electro-
statics of the MOSFET and derivation of the currents.

The displacement field through the gate dielectric (Dox) is given by

Dox(x) =
∫ x

x′=0
ρ(x′) dx′ [L−2TI], (F.1)

where ρ is the free charge density. The positive direction is defined as pointing
from the gate electrode to the gate oxide interface. The lower integration limits
correspond to the gate/oxide interface at x = 0. Eq. F.1 takes care of all the
charges inside of gate oxide. The ideal gate oxide is charge free (ρ = 0), in which
case Dox is a constant. The voltage drop over the gate oxide (Vox) is given by

Vox = − 1
εox

∫ dox

x=0
Dox(x) dx [ML2T−3I−1], (F.2)

where εox is the permittivity of the gate dielectric (assumed to be uniform) and
dox is the thickness of the gate oxide. The upper integration limit corresponds to
the gate oxide/semiconductor interface. In the absence of charges inside of the gate
dielectric, the displacement field of the gate oxide can be found as

Dox = −εox
Vox
dox

= εoxE ox = −CoxVox [L−2TI], (F.3)

F-1
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whereE ox is the electric field through the gate dielectric and Cox is the area
normalised capacitance of the gate dielectric. According to the dielectric boundary
condition, the displacement fields at gate oxide interface must satisfy

[Dox −DSiC ]interface = QIT [L−2TI], (F.4)
where QIT is the interface charge and DSiC is the displacement field inside the

SiC. The interface charge is extremely detrimental to device operation due to it
changing the electrostatics of the MOS-capacitor and causing Coulomb scattering.
The interface charge originate from defects at the interface that captures charge
carriers, and device processing often targets the reduction of the density of interface
traps (DIT ). The density of interface traps is discussed in several different places
in this thesis because of its importance to device non-ideality, see Sec. 2.1.4 and
5.1.3.2, and App. J. The displacement fields are equal in the absence of interface
charge.

The potential in the semiconductor (ψ) varies with band bending, as seen in
Fig. F.1. The potential variation is determined by the displacement field in the
semiconductor, which in turn depends on the free charges. Conversely, the free
charges are determined by semiconductor physics according to the band bending.
The Poisson equation is [5, Eq. 2.175]

∂2ψ

∂x2 = − 1
εSiC

∂DSiC

∂x
= − q

εSiC
[p(x)− n(x) +N+

d (x)−N−a (x)] [MT−3I−1], (F.5)

where εSiC is the permittivity of SiC, p is the hole concentration, n is the electron
concentration, N+

d is the ionised donor concentration andN−a is the ionised acceptor
concentration. The hole and electron concentrations are given by

p(x) = ni exp
(
q[ψB − ψ(x)]

kBT

)
[L−3] (F.6)

n(x) = ni exp
(
−q[ψB − ψ(x)]

kBT

)
[L−3] (F.7)

Note that, for an MOS-capacitor that is infinitely long, with uniform doping
and N−a >> N+

d ,

lim
x→∞

p(x) = N−a (x) = N−a [L−3] (F.8)

Consequently,

ψB = kBT

q
ln
(
N−a
ni

)
[ML2T−3I−1] (F.9)

The solution to the Poisson equation (Eq. F.5) with hole and electron concen-
trations given by Eq. F.6 and F.7 can be found in [5, Eq. 2.182] for uniformly
doped samples with N−a >> N+

d ,
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Figure F.1: Band diagram of the oxide/semiconductor heterojunction. The bands
bend according to the electrostatic potential ψ. The Fermi energy (Ef ) is constant
provided that the semiconductor is in thermal equilibrium. This requirement is
fulfilled as long as there is no current going from the surface to the bulk. Adapted
from [5, Fig. 2.32].

DSiC(x = 0) = ±
√

2εSiCkBTN−a[
(exp(−qψs/kBT ) + qψs

kBT
− 1)

+
(
ni

N−a

)2
· (exp(qψs/kBT )− qψs

kBT
+ 1)

]1/2

[L−2TI] (F.10)

The displacement field at the surface versus surface potential is plotted in
Fig. F.2. The interdependencies between displacement field in SiC, the electric
field in gate dielectric (assuming SiO2), surface potential and Fermi energy are
shown. A small change in surface potential in Fig. F.2a) and F.2c) causes an
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Figure F.2: Surface potential, displacement field in SiC, electric field in gate dielec-
tric and Fermi energy. There are three different regions. a) The surface potential
is negative and the device accumulates holes. The charge accumulation is exponen-
tially dependent on surface potential. b) The device is in depletion and the charge
depends on the surface potential as ∝

√
ψs. c) The device is in inversion. The

charge is exponentially dependent on surface potential. It should be noted that
the calculations predict that the Fermi energy crosses the valence band in strong
accumulation, and the conduction band edge in strong inversion. The models used
here are inaccurate in these regimes and Fermi-Dirac statistics should be used. The
SiO2 suffers dielectric breakdown around 10 MV/cm, which is a practical device
limit.

exponential variation of the surface displacement field, which is equivalent to the
accumulation and inversion charge.

At the gate voltage Vgs = Vfb, the surface potential and the displacement fields
are zero (in the absence of charges inside the gate dielectric and the interface). The
flatband voltage does not need to be zero volts even in the absence of charges, due
to the difference in work function between the gate and semiconductor,

Vfb = φm − φs [ML2T−3I−1], (F.11)

where φm is the work function of the gate electrode and φs is the work function
of the semiconductor. For n+-polysilicon gate electrode and p-type SiC semicon-
ductor, the ideal flatband voltage is given by

Vfb = φm − φs ≈ χe,Si −
{
χe,SiC + Eg,SiC

2q + ψB

}
[ML2T−3I−1], (F.12)

where χe,Si is the electron affinity of silicon, χe,SiC is the electron affinity of
SiC, Eg,SiC is the bandgap of SiC and ψB is the body potential of SiC. The ideal
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flatband voltage is about -2.8 V to -1.2 V, depending on doping, temperature, etc.
(-1.2 V to 0.4 V for n-type). For p+-polygate and p-type SiC semiconductor, the
ideal flatband voltage is given by

Vfb = φm − φs ≈
{
χe,Si + Eg,Si

q

}
−
{
χe,SiC + Eg,SiC

2q + ψB

}
[ML2T−3I−1],

(F.13)

where Eg,Si is the bandgap of silicon (∼1.1 eV). The flatband voltage increases
by approximately +1 V from the n+-polysilicon case (-1.8 – -0.2 V for p-type, -0.2
– 1.4 V for n-type).

The reference point for the electrostatics of the MOS-capacitor is not Vgs but
Vgs − Vfb. The voltage drops over the MOS-capacitor can be expressed as

Vgs − Vfb = DSiC

Cox
+ ψs [ML2T−3I−1] (F.14)

A common approximation is that the displacement field can be separated into an
inversion charge component (DSiC,inv) and a depletion charge component (DSiC,dep).
The displacement field in depletion is approximately [5, Eq. 2.189]

DSiC ≈ DSiC,dep(ψs) ≈
√

2εSiCqN−a · ψs = qN−a Wdep = 2Cdepψs [L−2TI], (F.15)

where Wdep is the depletion width and Cdep is the capacitance of the depletion
region. In depletion, the SiC displacement field is low, the inversion charge low, the
depletion width narrow and the depletion capacitance high. The surface potential
is an approximate linear function of the gate voltage,

Vgs − Vfb
2Cdep/Cox + 1 = Vgs − Vfb

2m− 1 = DSiC,inv

Cox · (2m− 1) + ψs ≈ ψs [ML2T−3I−1], (F.16)

where m is the bulk charge factor (= 1 + Cdep/Cox). It is a measure of the
charge sharing between gate dielectric and the depletion region. It is a weak func-
tion of surface potential through depletion capacitance. The lower limit of the
bulk charge factor is 1, and as will be discussed later on, a well designed transistor
minimises its value in inversion. As the gate voltage approaches the flatband volt-
age, the depletion capacitance approaches the Debye capacitance (εSiC/LD, LD =√
εSiCkBT/q2N−a ) and does not diverge to infinity [5, Sec. 2.3.3.3]. It can be

shown that Eq. F.16 gives ∂Vgs/∂ψs ≈ m. It can further be shown that this result
leads to the Berglund approximation [6],

ψs(Vgs) =
∫ Vgs

V=Vfb

(
1− Ctot

Cox

)
dV [ML2T−3I−1], (F.17)
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where Ctot is the series capacitance of Cdep and Cox. Ctot is measured in C−V
measurements, and consequently the surface potential, and by extention the Fermi
energy, can be estimated from the C−V measurement. This is typically used when
performing spectroscopic DIT extraction (DIT versus energy).

The displacement field at inversion is approximated by the depletion displace-
ment field, taken to the inversion limit,

DSiC ≈ DSiC,dep(ψs = 2ψB) ≈
√

2εSiCqN−a · 2ψB [L−2TI] (F.18)

Consequently, the threshold voltage is given by Vgs = Vt, ψs = 2ψB , and Eq.
F.18,

Vt ≈ Vfb + 2ψB +
√

2εSiCqN−a · 2ψB
Cox

[ML2T−3I−1] (F.19)

The threshold voltage depends on the flatband voltage, which can be expressed
to include all the non-idealities of Eq. F.1 and F.4 [7], the surface potential 2ψB ,
which is a weak function of doping but approximately Eg/q, doping (square-root
term) and gate dielectric capacitance.

For gate voltages lower than the flatband voltage, the device is in accumulation.
A change in gate voltage causes an approximate linear change in the displacement
field in SiC, according to Eq. F.14. The interdependent surface potential depends
logarithmically on the displacement field in accumulation, as seen in Fig. F.2.
A convenient approximation of the surface potential in accumulation is ψs ≈ 0.
Similarly, the surface potential varies logarithmically with the displacement field,
which in turn varies approximately linearly with the gate voltage. A convenient
approximation is ψs ≈ 2ψB in inversion.

The derivation of the current in a MOSFET is rather lengthy, and the interested
reader is referred to [5, Sec. 3.1.1–3.1.3] for the full derivation. The key derivation
steps are presented here. The continuity equation along the channel (y-direction)
is

Jn(x, y) = −qµnn(x, y)∂V (y)
∂y

[L−2I], (F.20)

where Jn is the electron current density and V is the quasi-Fermi electron po-
tential and is assumed to be a function of the channel. The Fermi energy does
not vary along x-direction as long as there is no current along this direction. The
current is flowing through a cross-section area that isW×di, withW the width and
di an arbitrary depth but not infinitely deep. The channel length is L. Integrating
over the volume gives the left-hand side∫ xi

x=0

∫ L

y=0

∫ W

z=0
Jn(x, y) dx dy dz = −Id · L [LI], (F.21)
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Current continuity requires that the current into the device is the same as the
current out of the device, hence it is independent of location. Integrating the
current density over the cross-section area gave the current, integrating current
over the channel length just gave the current multiplied with the channel length.
The right-hand side is

− q
∫ xi

x=0

∫ L

y=0

∫ W

z=0
µnn(x, y)∂V (y)

∂y
dx dy dz = µeffW

∫ Vds

V=0
Qinv(V ) dV [LI],

(F.22)
The mobility µn, which can depend on the vertical electric field (E x), is approx-

imated by an effective mobility µeff . Since voltage assumes unique values for each
y, there is an inverse function y(V ). The inversion charge Qi(y) varies along the
channel because the Fermi energy [V (y)] varies along the channel, but it can be
expressed in terms of voltage along channel instead by the inverse function [y(V )].
Formally, the inversion charge is the integration of the charge along x-direction.
The lower voltage integration limit is the voltage at source, the upper integration
limit is the voltage at drain. Putting the two equations (Eq. F.21 and F.22) gives

Id = µeff
W

L

∫ Vds

V=0
[−Qinv(V )] dV [I] (F.23)

The current is proportional to mobility and width. A longer channel device has
lower current. The higher the inversion charge (|Qinv|), the higher the current.
From here, the exact Pao-Sah double integral can be derived, but the charge-sheet
approximation will be used instead. The depletion charge is given by Eq. F.18
(displacement field is the same as a charge density). Subtracting the depletion
charge from the total charge, given for example by Eq. F.10, gives the inversion
charge. Electrostatically, the displacement field in SiC (total charge) must equal
the displacement field in the gate dielectric (see Eq. F.4). Since the gate dielectric
is a linear capacitor,

Qinv = DSiC,inv = Dox −DSiC,dep

= Cox · (Vgs − Vfb − ψs)−
√

2εSiCqN−a · ψs [L−2TI] (F.24)

The integration Eq. F.23 turns into

Id = µeff
W

L

∫ ψs,d

ψs=ψs,s
[−Qinv(ψs)]

∂V

∂ψs
dψs [I] (F.25)

The two equations Eq. F.24 and Eq. F.25 can be solved analytically with an
approximation1 [5, Eq. 3.21],

1The terms involving the derivative use the approximation Cox(Vgs − Vfb − ψs) ≈√
2εSiCqNaψs.
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Id = µeff
W

L

{
Cox(Vgs − Vfb −

kBT

q
) · ψs

− 1
2Coxψ

2
s

− 2
3

√
2εSiCqN−a ψ3/2

s

+kBT

q

√
2εSiCqN−a · ψs

}ψs,d
ψs,s

[I] (F.26)

Eq. F.26 is continuous over all operating regions of a MOSFET. However, Eq.
F.26 is usually further piecewise approximated in linear, saturation and subthresh-
old operation.

Subthreshold

Subthreshold is defined as weak inversion region, where the surface potential is
ψB < ψs < 2ψB , or equivalently the Fermi energy is from midgap to upper half of
the bandgap. It can be shown that Qinv, given by Eq. F.10 and the charge-sheet
approximation is approximately given by

−Qinv ≈

√
εSiCqN

−
a

2ψs
kBT

q

(
ni

N−a

)2
exp

(
q(ψs − V )
kBT

)
[L−2TI], (F.27)

If inserted directly in Eq. F.23 and integrated, the current is approximately

Id ≈ µeff
W

L

√
εSiCqN

−
a

2ψs

(
kBTni

qN−a

)2
e
qψs
kBT ·

(
1− e

−qVds
kBT

)
[I] (F.28)

The surface potential is an approximate linear function of gate voltage in weak
inversions, with ∂ψs/∂Vgs ≈ 1/m. If ψs is approximated as ψs ≈ (Vgs − Vt)/m +
2ψB ,

Id ≈ µeff
W

L
Cox(m− 1) ·

(
kBT

q

)2
· e

q(Vgs−Vt)
mkBT ·

(
1− e

−qVds
kBT

)
[I], (F.29)

The important result is that the current has a weak drain voltage dependence
and an exponential dependence of gate voltage. The slope is determined by the
bulk charge factor, which in turn is determined by the depletion capacitance (a
weak function of gate voltage) and practically by the interface traps being probed
by the Fermi energy from midgap to inversion.
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Inversion

In inversion, ψs,s ≈ 2ψB and ψs,d ≈ 2ψB + Vds. The kBT/q-terms in Eq. F.26 are
small in comparison to the other terms and the equation can be approximated to
[5, Eq. 3.22]

Id = µeff
W

L
{Cox(Vgs − Vfb − 2ψB − Vds/2) · Vds

−2
√

2εSiCqN−a
3Cox

·
(

(2ψB + Vds)3/2 − (2ψB)3/2
)}

[I] (F.30)

For small drain voltages, Eq. F.30 assumes its linear form,

Id = µeff
W

L
Cox(Vgs − Vt) · Vds [I] (F.31)

The current depends linearly on drain voltage and overdrive voltage (Vov, =
Vgs−Vt). At larger drain voltages, the higher order terms becomes important, and
the current becomes linear-parabolic in Vds,

Id = µeff
W

L
Cox

(
Vgs − Vt −

mVds
2

)
· Vds [I] (F.32)

The bulk charge factor enters the linear-parabolic equation, and assumes the
value m = 1 +Cdep/Cox, with Cdep =

√
εSiCqN

−
a /4ψB . Defects may still influence

the charge sharing. The current has a maximum at Vds = Vdsat = Vov/m. At this
condition, the electrostatic potential at the drain is large enough that the voltage
division over the MOS-capacitor cannot sustain the channel. The channel becomes
pinched-off because Qi(y = L) = 0. The voltage drop over the channel is fixed
at Vdsat. Increasing the drain voltage does make the channel shorter, which is a
non-ideality for short-channel devices, and the voltage drop Vds − Vdsat is over the
pinch-off region, which is in depletion. The condition with maximum current is
called saturation. The saturation current is given by

Id = µeff
W

L
Cox

(Vgs − Vt)2

2m [I] (F.33)



Figure G.1: Layout of the ring oscillator characterised in the third version of the
SiC CMOS process flow, see also Fig. 5.1. 17 lithographic steps (15 unique masks)
were necessary to fabricate the circuit.



Appendix G

λ-based layout rules for recessed
channel SiC CMOS

The ring oscillator in Fig. G.1 was drawn full custom - no procedurally generated
layout was used. The transistors had to be custom drawn specifically for this
process. The layout of the recessed channel SiC CMOS was based on λ-based rules,
which can be found extensively covered in textbooks [8, 9]. Unlike silicon CMOS,
very few process steps can be self-aligned in SiC technology. As such, the layout
will look different and even counter-intuitive for the reader who is familiar with
silicon CMOS layout. The rules are defined in the Figs. G.2, G.3, G.4, G.5, G.6,
G.7 and G.8. In this technology, λ = 1 µm.

G-1
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Figure G.2: Mesa layout rules, relevant for mesa etch process module (see Sec. 4.1).
a) Distance between two mesa edges is 1λ. b) Well surrounds source/drain by 2λ.
c) Source/drain is 10λ long. d) Distance between ISOL edge of NMOS to ISOL
edge of PMOS is ≥10λ. Exactly one metal/poly-line will fit within this distance.
e–h) Rules regarding placements. The separation distance between source/drain is
the channel length, in this example 2λ.
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Figure G.3: Active layout rules, relevant for FOX process module (see Sec. 4.2).
a) ACTIVE on source/drain has a distance of 1λ from edge. b) The distance from
mesa edge for non-source/drain placement is 2λ. c) Length of ACTIVE on non-
source/drain regions is 6λ. Contacts will fit within this length. d) ACTIVE may
be placed outside of NPLUS/PWELL/PPLUS/NWELL/ISOL to open FOX to the
p+-buffer.
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Figure G.4: Polysilicon gate electrode layout rules, relevant for gate process module
(see Sec. 4.3). a) POLY width/length is 6λ where VIA1 will be placed. b) Contact
areas are placed 2λ away from the ISOL edge. c) The length of POLY, when used
as gate electrode, is exactly the channel length ("gate length") and 2×1λ overlap,
with 1λ on source and 1λ on drain. d) POLY extends 1λ from ACTIVE. e) POLY
is allowed to cross topography.
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Figure G.5: Contact layout rules, relevant for contact process module (see Sec. 4.4).
a) The contact hole openings (both NCONT and PCONT) are 5λ long. b) The
distance to ACTIVE edge is 0.5λ. c) Distance from contact hole opening to gate is
2.5λ. d) The metal covering contacts to p-type (PCM) is 6λ long. e) PCM overlap
of PCONT is 0.5λ. f) The distance from PCM edge to gate is 2λ. g) NCONT must
always be surrounded by both ACTIVE and either NPLUS or ISOL. f) PCONT
must always be surrounded by both ACTIVE and PPLUS. i) PCM must always
surroung PCONT. j) NCONT/PCONT is not allowed to open to POLY.
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Figure G.6: First level metal and via 1 layout rules, relevant for metallisation
process module (see Sec. 4.5). a) VIA1 openings are exactly 4λ×4λ. b) Sepa-
ration distance between two VIA1 openings is 2λ. c) The distance between the
edge of VIA1 opening and PCM and POLY is 1λ, and 0.5λ to PCONT and
NCONT. d) The distance between the edge of ME1 and VIA1 is 1λ. e) The
standard length/width of a metal line in ME1 is 6λ. f) ME1 is allowed to cross
topography. g) The POLY/VIA1/ME1 stack must always be on FOX and not
on NPLUS/PWELL/PPLUS/NWELL/ISOL/ACTIVE. g) VIA1 must always be
surrounded by ACTIVE and NCONT/PCONT, or by POLY.



G-7

Figure G.7: Two level metallisation layout rules, relevant for metallisation process
module (see Sec. 4.5). a) Distance between edge of ME1 metal line and ISOL is 2λ.
b) Distance between two metal lines is 4λ. c) VIA2 openings are 4λ×4λ. d) The
distance between the edge of VIA2 opening and ME1 is 1λ. e) ME2 surrounds VIA2
with 1λ overlap (same as rule d). f) The standard length/width of a metal line in
ME2 is 6λ. g) Distance between edge of ME2 metal line and ISOL is 2λ (same as
rule a). h) Powerlines in ME2 are 12λ long/wide. i) Separation distance between
two powerlines in ME2 is 8λ. j) ME2 is allowed to cross ME1. k) No stacked vias
are allowed, POLY/VIA1/ME1 must be placed next to ME1/VIA2/ME2. VIA1
and VIA2 cannot occupy the same area. l) ME2 is not allowed to cross topography.
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Figure G.8: Bond pad and measurement pad layout rules, relevant for metallisation
process module (see Sec. 4.5). a) Human readable text must be ≥25 µm to be
visible in probestation microscopes. b) Pads are exactly 100 µm × 100 µm. c)
OGC is exactly 88 µm × 88 µm. d) The edge between OGC and ME2 is 6 µm.
e) Separation distance between two pads that will be probed simultaneously needs
to be ≥50 µm, the larger the easier the probing. f) OGC is always surrounded by
ME2. OGC is only for bond/measurement pads and is always 88 µm × 88 µm
openings (see rule c and d).







Appendix H

Cleaning and lithography processes
used in SiC CMOS

In this appendix, the cleaning and lithographic processes are presented. They occur
in every process module.

Cleaning

Cleaning precedes every process step. It ensures that there is as little debris,
residues or other unwanted material that can cause a fault. Pieces were cleaned in
beakers and had to be manually handled. A single wafer wet process tool, a Vecco
SSEC 3300, was qualified during the first SiC CMOS process flow version. This
tool was used for wafers when possible. Whenever a clean could not be performed
with the SSEC, the wafers had to be cleaned in dedicated cleaning baths.

Three different cleans were commonly used. Furnace processes demanded the
highest level of cleanliness, and used the Radio Corporation of America (RCA)
clean. This clean was performed before sacrificial oxidation after mesa etch, Sec.
4.1.1, deposition of polysilicon/PECVD-SiO2 in field oxide processes, Sec. 4.2, and
the gate oxide deposition, Sec. 4.3.1. The less critical process steps used Piranha
and hydrofluoric acid. This was mostly limited to the SiC mesa etches, Sec. 4.1.1
and before nickel deposition for contact processes, Sec. 4.4. Organic solvents were
used whenever metals were exposed and other aggressive cleans could not be used.
Solvents were use mostly in Ni-Al contact process, Sec. 4.4.3 and in the metallisa-
tion process module, Sec. 4.5.

Wafers that have been polished by CMP needs to be cleaned. CMP was used
in the high-temperature metallisation process, Sec. 4.5.3.

Radio Corporation of America
The RCA clean used in SiC CMOS was as follows:

H-1
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1. Clean with freshly mixed H2O : NH4 : H2O2 in 5:1:1 v/v ratio (standard
clean 1, SC-1 or ammonia peroxide mix, APM), heated to 75 ◦C, for 5 min

2. Wash wafers in dionised water (bubbler) for 5 min

3. Clean with freshly mixed H2O : HCl : H2O2 in 5:1:1 v/v ratio (standard clean
2, SC-2 or hydrochloric peroxide mix, HPM), heated to 75 ◦C, for 5 min

4. Wash wafers in dionised water (bubbler) for 5 min

5. Rinse-dry

RCA clean is well understood in silicon technology, but the question is if it works
the same with SiC, which is chemically different. Cleaning SiC is not covered in
standard textbooks like [10, 11]. Silicon is hydrophobic when exposed to HF but
not SiC because the Si-face is polar [12], and as such it is debatable if the RCA
clean works the same. The RCA clean was used simply because there were no
better alternatives. In silicon technology, the RCA clean does the following: The
first step, SC-1, removes surface organic contaminants. Additionally, it removes
metals like chromium, cobalt, nickel, copper, zinc, silver, cadmium and gold. The
mechanism can be through forming water-soluble amino-complexes. It oxidises
the silicon surface and etch the chemical oxide at the same time, which helps in
removing particles but roughness the surface. The second step, SC-2 removes alkali
ions, gold and silver. Additionally, it removes metal hydroxides / metal cations like
Al3+, Fe3+ and Mg2+ that were formed during the first step. A chemical oxide is
formed by these steps and protect the silicon surface [13, ch. 4], [14, ch. 1]. These
cleaning steps could not be performed with SSEC and had to be mixed in dedicated
baths.

Piranha and hydrofluoric acid

This clean is as follows:

1. Clean with freshly mixed H2SO4 : H2O2 3:1 v/v (Piranha or sulphuric per-
oxide mix, SPM1)

2. Rinse/wash in dionised water

3. Strip chemical oxide in diluted hydrofluoric acid (1 %)

4. Optional: dilute SC-1.

1Some call it 7-Up because of its resemblance to the soft drink. You never want to drink soda
again after having seen what this mixture does to pork meat.
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I used the Vecco SSEC 3300 tool for this clean. It mixes Piranha immediately
before dispensing it. Piranha strips organic material and metals. The powerful ox-
idiser H2O2 grows a chemical oxide on silicon that is contaminated with sulphuric
compounds and should be stripped. The chemical oxide is stripped with the hy-
drofluoric acid. Piranha is a viscous fluid and can tenaciously stick to wafers, which
requires that the wafers are thoroughly washed in dionised water. The last step
removes particles on the surface by using a high pressure stream of highly diluted
SC-1 (only in SSEC).

If manually mixed, use proper protective equipment: face mask, chemical gloves
and plastic apron. You do not want to get these chemicals on your skin or eyes.
Best case is horrific scaring, worst case blindness if Piranha gets in your eyes, or
cardiac arrest and death if exposed to enough HF.

Organic solvents
This clean is as follows:

1. Acetone with ultrasonic stimulation (5–15 min)

2. Isopropyl alcohol with ultrasonic stimulation (5–15 min)

3. Dionised water with ultrasonic stimulation (5–15 min)

4. Rinse/Dry

It is appropriate to use this clean if chemical remover (Micro resist technology
mr-Rem 700) was used to strip photoresist.

Post CMP clean
CMP is a dirty process. The wafers are puposefully put in contact with SiO2
particles and chemicals (the slurry), and as such the wafers need to be cleaned
after CMP. It is important that the wafer is kept wet until clean. If it dries before
clean, the particles are virtually embedded in the SiO2-film and difficult to remove.
The first step of cleaning is submerging the wafers in dionised water bath with
megasonic capability. The wafers are left there for 30 min. The megasonic bath
forms microcavities in the water close to the surface that mechanically dislodge
particles on the surface. The water boils from the megasonic stimulation alone, and
the water is hot after the clean. The second step is to clean the wafers with diluted
SC-1 (100 DIW : 1 NH4 : 1 H2O2) using the SSEC. The wafers are transported
and kept in a water-filled box until they are cleaned in the SSEC. SSEC sprays the
solution at high pressure to brush away particles. In hindsight, this clean might
not have been sufficient. I later learnt that the slurry (Cabot Microelectronics
Semi-Sperse 25E, diluted in dionised water at 1:1 ratio) likely contains potassium
hydroxide (KOH, <1 % by weight), which requires more aggressive cleans. The
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main issue of KOH is that K+-ions are mobile ions in oxides, and as such could cause
reliability issues at high-temperature operation. Possible K+-ions contamination
could be addressed by cleaning the wafers in SC-1 and SC-2.

Lithography

Lithography is used to define the pattern used for devices and circuits. In this
section, the equipment and lithographic process will be presented.

Equipment
Several different tools were used in the lithographic process.

Photoresist adhesion was promoted by exposing the wafers to 1,1,1,3,3,3-
hexamethyldisilazane (HMDS) vapour before coating. This was done in dedicated
ovens. This step was used when the exposed surface contained silicon, like polysili-
con (gate module, see Sec. 4.3.2), SiO2 (PECVD-FOX, contacts and metallisation,
see Secs. 4.2.1, 4.4, 4.5), SiNx (high-temperature metallisation, Sec. 4.5.3) and SiC
(SiC mesa etches, Sec. 4.1.1).

Photoresist coating and development was most commonly performed by us-
ing the automatic SSE Maximus 804. It handles wafers in cassette-to-cassette
mode. Two different photoresists are installed: Microposit SPR 700-1.2 and Clari-
ant AZ4533, both of which are positive photoresists (exposed areas are dissolved
by developer). The chemical developer Microposit MF CD-26 is installed. It is an
alkaline solution that uses TMAH (no KOH) to dissolve the exposed photoresist.
Pieces were coated using a manual spinner (SSE spincoater OPTISPIN SST20) and
developed in beaker.

Contact lithography, used for pieces, was performed with a Karl Suss MA6/BA6
mask aligner. It gives broadband exposure (mercury lamp). The mask design
and reticles used in this work (MOS-capacitors, ferroelectric capacitors and TLM
structures) was designed by K. Smedfors. Mask alignment was performed manually
by using a microscope.

GCA/Ultratech ALS 2035 g-line (Hg 436 nm) stepper was used in the first SiC
CMOS process flow version. It can handle 200 mm automatically, but wafers with
smaller diameters could be loaded manually, one wafer at a time. The tool gives
partially incoherent exposure and the optics are not adjustable. Global alignment is
performed manually by rotating and off-setting the wafer while imaging the wafer
through two microscopes separated by a 76.2 mm spacing. Local alignment is
performed automatically by laser scanning alignment (LSA) over a diffraction grid.

Nikon NSR TFHi12 i-line (Hg 365 nm) stepper was used for the second and
third SiC CMOS process flow version and the wafer processed for PAPER II. It can
handle 100 mm and 150 mm wafers automatically. It is unique in that it can handle
multiple wafer size and silicon, SiC and GaAs wafers automatically. The first step
of alignment is performed by pre-alignment, wherein the major and minor flats are

https://www.scientific.net/MSF.924.389


H-5

found and aligned. This alignment error is about 1 mm. The rough alignment and
fine alignment can be performed by two different systems. The alignment marks
are either identified by LSA or by field image alignment (FIA). In LSA, the 1st

order diffraction is detected by a sensor, and the signal maximum is identified as
the position of the alignment mark. FIA uses microscopes to image the alignment
marks, and the contrast signal is used to find the alignment mark. LSA is the
default alignment method, and FIA should be used for special purposes. FIA is
suitable for rough specular surfaces which scatters the laser light, like aluminium
surfaces.

The alignment in NSR proceeds as follows: each alignment mark is placed at
a known coordinate, (x, y). The stepper finds at least two of these marks, which
are physically located at some stage relative coordinate (x0, y0) and (x1, y1). By
knowing |x1 − x0|, |y1 − y0| and the coordinates, the stepper can do a first-order
rough (global) alignment that corrects for offset in x, y, rotation Θ and scaling. The
position of the wafer is known within 1 µm uncertainty. Once the rough correction
is implemented, the stepper proceeds by finding fine (local) alignment marks that
defines the shot grid (equivalent to the dies). Each measured shot (typically 10
shots) is assigned a (x, y) coordinate, followed by creating a shot map that corrects
for offset in x, y, rotation Θ, orthogonality and scaling. The error remaining after
first order correction is the random factor (3σ). The uncorrected error is rated at
3σ ≤50 nm for the NSR stepper for an ideal pattern.

The NSR optics are adjustable. The lens numerical aperature is continuously
adjustable from 0.3 to 0.45. The illumination numerical aperature is adjusted by
a revolver located inside of the lamp house. The revolver has six slots for differ-
ent aperatures. The lens numerical aperature determines the resolution (Rayleigh
criterion) and depth of focus, according to the following equations:

r = k1
λ

L-NA [L], (H.1)

DOF = ±k2
λ

L-NA2 [L] (H.2)

Eq. H.1 gives resolution, Eq. H.2 gives DOF. k1 is 0.61 and k2 is 0.5. λ
is wavelength (Hg 365 nm) and L-NA is lens numerical aperature. High L-NA
gives high resolution (low r) but low DOF. Since the SiC CMOS has very large
topography, the L-NA was set to 0.3 to provide a DOF of ±2 µm.

The NSR has adjustable chuck height. It can raise the wafer during exposure
to artificially increase the DOF but at a resolution penalty. This process, focus
drilling, finds use for deep via processes.

The degree of partial coherence (s) is defined by the ratio of the lens numerical
aperature and the illumination numerical aperature, as given by

s = I-NA
L-NA [1], (H.3)



H-6
APPENDIX H. CLEANING AND LITHOGRAPHY PROCESSES USED IN

SIC CMOS

where I-NA is the illumination numerical aperature. s = 0 is coherent exposure,
s = 1 is incoherent exposure (the waves are either perfectly in phase or not). This
has implications for the contrast transfer function, as discussed in Sec. H.

Standard lithographic process
The standard lithographic process was as follows:

1. HMDS priming (polysilicon, SiO2, SiNx and SiC surfaces)

2. Spin-coat Microposit SPR 700-1.2 (Maximus)

3. Expose (NSR)

4. Develop resist with chemical developer CD-26 (Maximus)

5. Hardbake for 30 min in convection oven at 110 ◦C

The standard resist thickness is spin-coated at 5000 rpm to give 1.1 µm (0.9 µm
after hardbake). The SiC mesa etches used a slightly thicker resist, 1.4 µm after
hardbake (spin-coated at 3000 rpm). The thickness is tuned by varying the spin-
coat velocity. The resist is removed at the edge of the wafer by edge bead remover.
This is absolutely necessary for any process that uses the P5000 etch chambers, as
the wafers are clamped at the edge.

The exposure in NSR was with a lens numerical aperature of 0.3, which gave
a resolution of 0.75 µm (Rayleigh criterion) and DOF of ±2 µm. The contrast
transfer function was tuned by using different illumination aperatures. NCONT,
NCM, PCONT, PCM, VIA1, VIA2 and OGC used a conventional aperature with a
numerical aperature of 0.09, giving a s of 0.3 (close to coherent). NPLUS, PWELL,
PPLUS, NWELL, ISOL, ACTIVE, POLY, ME1 and ME2 used a conventional aper-
ature with a numerical aperature of 0.18, giving a a s of 0.6 (close to incoherent).
High s gives higher spatial frequency bandwidth and reproduce corners better and
gives a larger sloped photoresist walls. Low s gives very high contrast for patterns
larger than the minimum transferable pitch (about 0.5 µm for this process) and
sharp photoresist sidewalls. The exposure dose was 150 µJ/cm2.

Development was done with a double puddle. The developer is sprayed on the
wafer and allowed to wet the surface for 15 s. Following the wetting, fresh developer
is dispensed and the resist is developed for 45 s. The wafer is rinsed, dried, and
baked. The baking step removes the standing wave interference pattern generated
by the monochromatic light used by the stepper.

The last step hardens the photoresist, which helps it to survive the harsh plasma
etch.

The photoresist was stripped either by O2-plasma by using a STS 308PC or by
using a chemical remover (Micro resist technology mr-Rem 700).
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Table H.1: AZ4533 photoresist processing. The coating gives 3.3 µm. The exposure
has a high dose, sweeps the stage in z-direction by 1–3 µm, and adjust the optics
for sharp vias with large DOF. The development time is necessary long to dissolve
the thick photoresist.

Step Param.

Coat 5000 rpm, 25 s

Exp. 175 mJ/cm2, focus range: 1–3 µm, s = 0.3, L-NA: 0.3

Dev. 2×50 s (CD-26)

Deep via process

Microposit SPR 700-1.2 is the standard positive photoresist in Electrum laboratory.
It serves well for most plasma etches and was used throughout the entire SiC CMOS
process. However, the thickness (1.2–1.4 µm) was not sufficient for a 2.8 µm etch.
As such, a new lithographic process was developed. The choice of resist was easy -
the automatic spin coater Maximus had two photoresists available, SPR 700-1.2 and
Clariant AZ4533. Coating AZ4533 at 5000 rpm gives 3.3 µm thickness, which was
deemed suitable for the via etch. There was also development processes available
in Maximus2, and as such only the exposure process with the NSR was needed
to be developed. The exposure, like all contact openings, was partially coherent.
While the DOF was theoretically high (±2 µm) and the focusing should be easy
on a planar surface, it was found that it needed some fine adjustment in auto-
focusing and focus drilling. The process was complicated by a lack of exposure
guidelines in the photoresist datasheet. The lithographic process was evaluated by
focus-exposure matrices (FEM) on silicon wafers, and judging the quality of the
exposure using an optical microscope. The process is shown in table H.1.

It should be noted that this lithographic process is suitable as long as the amount
of resist that needs to be developed is small, like in contact openings. The devel-
opment time is insufficient for the opposite polarity process, like for metal line
etch.

Lift-off process

This process was used in the third process flow version to define the bond pad
metal, Sec. 4.5.3.

The lift-off process was a bilayer process3, and was as follows:

2Thanks goes to Cecilia Aronsson at KTH MST for helping me with processing AZ4533 with
Maximus.

3Thanks goes to Ahmad Abedin at KTH ELE for giving me his lift-off process.
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1. Spin-coat Microposit LOL 2000 (Manual spinner)

2. Bake LOL at 175 ◦C for 3 min

3. Clean edge and backside of wafer with remover

4. Spin-coat Microposit SPR 700-1.2 (Maximus)

5. Expose resist using partially coherent illumination (NSR)

6. Develop resist with chemical developer CD-26 (Maximus)

No HMDS priming is needed. The partially coherent exposure helps in getting
sharp edges, which is important for lift-off process. The photoresist is developed
as normally. LOL is not photosensitive, but it dissolves controllably in CD-26.
By proper choice of development time, the LOL develops an undercut. No post-
exposure bake is used, since the sidewalls need to be as sharp as possible.

The OGC mask was reused to define the lift-off pattern. The issue of re-using
the same mask is that any misalignment can cause part of the TiW to be exposed
to ambient atmosphere. Ideally, the BPM would be processed in two separate
lithography steps, similar to the NASA process [15].

The lift-off is performed in a beaker with fresh acetone, and the acetone is
stimulated by ultrasonic vibrations. This dissolves the photoresist, and lifts off
the evaporated metal film (Au/Pt/Ti), and leaves the LOL-film remaining on the
surface. Once the photoresist is completely removed (∼60 min), the wafers are
washed in dionised water and dried. The LOL is stripped in chemical remover
(with ultrasonic) for 15 min, followed by cleaning in solvents.





Figure I.1: Calculations that was used in the FOX and Gate modules. a) Dry oxi-
dation at 1050 ◦C, no initial oxide thickness. The oxide growth is highly anisotropic
between the Si-face (black, solid) and a-face (red, solid). The blue dashed line gives
the ratio of a-face oxide thickness to Si-face oxide thickness. Uniform gate oxide
is not possible under these conditions. b) Dry oxidation at 1050 ◦C with 35 nm
initial oxide thickness. This corresponds to the version 3 gate oxide process. The
uniformity is good up to ∼1000 s (15-20 min). c) Polyoxide growth in pyrogenic
steam at 1000 ◦C. The consumed polysilicon is 1/2.25× that of the grown oxide
thickness. d) Wet oxidation at 950 ◦C, with an initial thickness corresponding to
600 s in b) (about 35 nm). The C-face of 6H-SiC (red, solid) and wet oxidation is
used to model oxidation of a-face of 4H-SiC in pyrogenic steam. The uniformity is
decent up to ∼1000 s (15-20 min). If it had grown for 10800 s (3 h), like in version
2 gate oxide, the C-face oxide would be about 100 nm. Virtually no oxide growth
occurs on Si-face.



Appendix I

Modelling of thermally grown SiO2
on SiC and polysilicon

Growth of polyoxide from polysilicon became important in the second SiC CMOS
process flow version, as an alternative way of fabricating FOX over topography was
needed (see Sec. 4.2.2). The sidewall oxide seen in Fig. 5.8 was likely formed
because of poor consideration of how thermal oxide grows anisotropically on 4H-
SiC. The thermal oxidation growth was modelled by using the Deal-Grove (DG)
model by the third process flow version. Conditions for which a conformal gate
oxide could exist was found, as seen in Fig. I.1. In this appendix, models for SiO2
growth on both silicon and SiC have been compiled, both for dry oxidation and
wet/steam oxidation.

SiC oxidation differs from silicon oxidation by the inclusion of carbon. The
oxidation pathways for silicon is given by Eq. I.1 and I.2,

Dry: Si(s) + O2(g) → SiO2(s) [N] (I.1)

Wet: Si(s) + 2H2O(g)→ SiO2(s) + 2H2(g) [N] (I.2)

Only SiO2 and possibly hydrogen gas (H2) form during oxidation. H2 can easily
be out-gassed by annealing in inert ambient and is not an issue. The oxidation
pathways for SiC is given by Eq. I.3 and Eq. I.4 [10, 11, 16],

Dry: 2SiC(s) + 3O2(g) → 2SiO2(s) + 2CO(g) [N] (I.3)

Wet: SiC(s) + 3H2O(g) → SiO2(s) + 3H2(g) + CO(g) [N] (I.4)

The oxide thickness can be modelled reasonably with the DG model, or a modi-
fication of the model [10, 11, 17]. Modifications require taking the carbon monoxide
(CO) out-diffusion and CO reverse-reaction into account [17]. The end result is the
parabolic-linear growth equation, given by the equivalent equations I.5 and I.6,

I-1
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d2
ox +ADGdox = BDG(t+ t0) [L2], (I.5)

x = ADG
2

(√
1 + t+ t0

A2
DG/4BDG

− 1
)

[L], (I.6)

where dox is the oxide thickness, BDG is the parabolic component, BDG/ADG is
the linear component and t is time. t0 takes into account non-zero oxide thickness
at t = 0. The parameters BDG/ADG and BDG have different underlying physics in
SiC to silicon in the modified DG model [17]. When the oxide is thin, the growth is
reaction-limited and the thickness increases approximately linearly with time. As
the oxide gets thicker, the diffusion of oxygen limits the growth in silicon and the
oxide thickness increases as the square-root of time. In SiC, it appears that oxygen
diffusion limits growth on (0001̄) but not on the other faces [17]. For very thin
films (or equivalently short oxidation times), the DG model is inaccurate, and can
be better modelled by a silicon and carbon emission model [18].

Both the reaction and diffusion mechanisms are thermally actived, as given by
Eq. I.7 and I.8 [13],

BDG = C1,DG exp(−E1,DG/kBT ) [L2T−1], (I.7)

BDG
ADG

= C2,DG exp(−E2,DG/kBT ) [LT−1], (I.8)

where C1,DG and C2,DG are preexponentials and E1,DG and E2,DG activation
energies. High oxidation rates can be achieved with high temperatures (>1250 ◦C).
There are conflicting results in the literature as to which temperature range gives
the best oxide (relevant metric is lowest amount of interface state traps, ITs). Good
interface can be obtained at both high temperature (1050 ◦C) [19] and at ultrahigh
temperature (1450 ◦C) [20].

Both SiC and silicon has orientation dependent oxidation. (0001) has the slowest
oxidation rate, (0001̄) has the fastest oxidation rate, and the orientations inbetween
like m-face (11̄00) and a-face (112̄0) have intermediate oxidation rates. It is inter-
esting to compare SiC to silicon. (111) oxidises the fastest of the planes of silicon
and (001) the slowest, unlike SiC that has its extremes at the polar faces. This
orientation dependency has practical implications. Some transistors have trench-
like geometry, and the designer needs to take into consideration that the sidewalls
oxidises faster than the trench-bottom, assuming the trench is etched in the Si-
face. The impact of orientation is much larger in SiC than silicon - the linear term
changes only by a factor of 1.68× between (001) and (111), whereas the oxidation
rate for (0001) and (0001̄) changes by a factor of about ∼ 5× at ∼1000 ◦C.

The oxidation rate is known to depend on two more properties: ion implantation
and doping. Ion implanted regions are damaged regions and are easier to oxidise
[11]. Regions with higher doping oxidises faster than regions with lower doping
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Table I.1: DG parameters for dry oxidation. Data from [13, 17].

Crystal plane C1,DG (m2/s) C2,DG (m/s) E1,DG (eV) E2,DG (eV)

SiC (0001) 1.18× 10−8 6.50× 10−7 3.12 1.34

SiC (11̄20) 1.15× 10−7 4.94× 10−7 2.94 1.20

SiC (0001̄) 5.58× 10−11 1.65× 10−6 1.99 1.29

Si (001) 2.14× 10−13 1.03× 10−3 1.23 2.0

Si (111) 2.14× 10−13 1.73× 10−3 1.23 2.0

Si (110) 2.14× 10−13 1.49× 10−3 1.23 2.0

[16, 21]. These dependencies have implications for device design. High dose ion
implanted source/drain would oxidise faster than the more lightly doped body.
This phenomenon can be beneficial - it allows thicker oxides on the source/drain
that have lower capacitive coupling to the gate than the gate oxide to channel.

Wet oxygen gas (O2) or pyrogenic steam (H2O) oxidation (similar, but different
[13]) on 4H-SiC has been poorly studied. The studies on wet O2 / H2O oxidation
that could be found was on 6H-polytype [16, 22, 23]. The oxidation rate between
the two polytypes is likely similar, as previous results gave similar thickness for
same oxidation conditions [24]. Petit et al. did not extract the linear activation
energy E2,DG for the B/A-term, likely due to the lack of monotonic increase. The
ellipsometer and capacitance data in [23] does not follow DG-model well enough
that a linear term can be extracted in a physically meaningful way.

Since SiC has a higher bond strength than silicon, the reaction with O2 is much
slower for SiC than silicon. Oxidation conditions that would give 200 nm oxides on
silicon would only result in 20 nm oxide on SiC, as an example. This large difference
in oxidation rate can be exploited in an creative way. A low-pressure chemical
vapour deposition (LPCVD) polysilicon film is oriented in the (110) orientation
and has grain boundaries that enhances oxygen diffusion. The polysilicon film can
be completely oxidised into a polyoxide in short time, and the oxidation basically
stops once the polysilicon film has been converted. This method can be used to
produce thick thermal oxides of reasonable quality on SiC [10, 25, 26, 27]. The
DG-parameters for Si (110) are used for the purpose of modeling the growth of
polyoxide. 1 nm of consumed polysilicon gives ∼2.25 nm polyoxide.

Tables I.1, I.2, I.3 summarises DG parameters. The difference in linear term
between crystal-planes and between silicon and SiC can be, at least somewhat,
understood as differences in reaction chemistry. The more significant challenge is
to understand the face dependance of diffusion in SiC. SiO2 is isotropic - as such,
it should not exhibit face-dependent diffusion, as in silicon.

Local oxidation (LOCOS) was the standard method to form FOX silicon tech-
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Table I.2: DG parameters for wet oxidation (can be used to estimate growth in
pyrogenic steam). The SiC parameters are estimated from the data in I.3 (best fit
to all). a-face oxidation is between that of Si-face (lower limit) and C-face (upper
limit). Silicon data from [13].

Crystal plane C1,DG (m2/s) C2,DG (m/s) E1,DG (eV) E2,DG (eV)

SiC (0001) 1.32× 10−4 1.22× 100 4.06 3.00

SiC (0001̄) 1.04× 10−8 1.30× 10−4 2.38 1.70

Si (001) 5.94× 10−14 1.48× 10−2 0.71 2.05

Si (111) 5.94× 10−14 2.49× 10−2 0.71 2.05

Si (110) 5.94× 10−14 2.15× 10−2 0.71 2.05

nology, until the introduction of shallow trench isolation (STI) and silicon on in-
sulator (SOI) technology for the sub-micrometer technology nodes [13, 28]. Silicon
nitride (Si3N4) is deposited, typically by low pressure chemical vapour deposition
(LPCVD), on silicon and removed from the areas where the FOX is supposed to
grow. The silicon wafer is oxidised in wet oxygen or pyrogenic steam to grow a
thick silicon dioxide (SiO2) film. Si3N4 is an excellent diffusion barrier and pre-
vents oxide growth where it remains. The active regions are thus defined by the
presence of Si3N4 in the oxide growth. To the best of my knowledge, LOCOS has
not been implemented in SiC technology. Using oxide growth models, it is easy to
see why.

Si3N4 is consumed during the oxidation and transforms into SiO2. The oxide
growth from nitride is complicated, but can be approximated by the empirical
equation [13, Eq. 6.55]

∆xN = (1.1× 10−2 m) · exp
(
−1.9 eV
kBT

)
·
(

t

60 s

)0.7
·
(

P

1 atm

)
(I.9)

∆xN is the consumed Si3N4 thickness and P is the pressure of H2O/wet-oxygen.
A typical nitride thickness in the LOCOS process is 80 nm [13], which would be fully
consumed in 16.6 h at 1050 ◦C in one atmospheric pressure of H2O/wet-oxygen.
This 80 nm nitride would produce an oxide of 130 nm (=1.6∆xN ). Using the DG-
models presented, the oxide thickness on (100) silicon face would be 2.5 µm after
this long oxidation. On SiC (0001), it would be 47 nm. Increasing the temperature
to 1250 ◦C would consume the nitride in 44 min, give a 830 nm thick oxide on
silicon and 97 nm on SiC. It is predicted that LOCOS cannot produce a thick SiO2
film on SiC under any normal oxidation condition.

There is a way to do LOCOS-like process on SiC. The surface is intentionally
destroyed by argon ion-bombardement, which greatly enhance the oxidation rate. It
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Table I.3: Parabolic and linear terms found or calculated from the literature. The
data is for 6H-polytype.

BDG (m2/s) BDG/ADG (m/s) Temp. (◦C)

Petit et al. [22]

(0001) 3.33× 10−20 5.44× 10−12 1047

2.94× 10−19 3.38× 10−12 1147

4.88× 10−19 9.39× 10−12 1247

(0001̄) 1.33× 10−18 1.66× 10−11 947

1.22× 10−17 2.51× 10−11 1047

5.44× 10−17 1.47× 10−10 1147

Rys et al. [23]

(0001), Ellipsometer 3.08× 10−19 -1.93× 10−11? 1150

1.43× 10−18 2.77× 10−10 1200

5.83× 10−18 1.49× 10−10 1250

(0001), Capacitive 2.86× 10−19 -5.07× 10−11? 1150

1.11× 10−18 -3.88× 10−9? 1200

5.49× 10−18 9.61× 10−11 1250

(0001̄), Ellipsometer 5.87× 10−18 9.03× 10−11 1100

1.98× 10−17 1.82× 10−10 1150

(0001̄), Capacitive 5.34× 10−18 6.90× 10−11 1100

1.81× 10−17 1.57× 10−10 1150

Fu et al. [16]

p−-type 1.39× 10−18 1.11× 10−11 1150

n-type 3.33× 10−18 1.55× 10−11 1150

p+-type 1.81× 10−17 1.67× 10−11 1150

n+-type 9.03× 10−17 2.44× 10−11 1150
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is possible to pattern the regions to be oxidised by masking the ion-bombardement
[29].

This section will end with a brief discussion of internal stresses. The SiO2 unit
cell is larger than both silicon and SiC and grows compressively strained. One
unit volume of silicon gives 2.2 (=1.33) unit volume of SiO2 [13]. SiO2 can relax
the internal stresses by viscous flow at high temperature concurrent to its growth.
Internal stress is virtually absent for growth temperatures higher than 1000 ◦C [30].
1000 ◦C can be considered the practical lower temperature for stress-free oxidation.





Figure J.1: Charge pumping cycle. In this example, there are 9 defects, but only
2 interface traps (ITs) and 2 near-interface traps (NITs) are active. a) The NMOS
is biased in accumulation (acc.). Trapped e− recombine with h+. The injected
h+ charge from the substrate is the acc. charge (Nacc) and the recombined charge
(3+2). b) The NMOS switches to inversion (inv.). 1 IT has time to capture 1 e−
from the valence band, which is same as emission of 1 h+. The charge returning to
the substrate is Nacc and the emitted charge (1). 4 ITs and 4 NITs are empty. The
difference between injected and returned charge is 4 (2 IT, 2 NIT). c) All empty
ITs capture e− in inv. Only 2 e− have time to tunnel into 2 NITs. The injected
e− from source is Ninv and the trapped charge (4+2). d) During the transition to
acc., 2 ITs emit e− to the conduction band. The returned e− charge is Ninv and
the emitted charge (2). 3 ITs and 2 NITs are filled. The difference between injected
and returned charge is 4 (2 IT, 2 NIT). a) follows d). 4 charges are shuttled from
substrate to the source by 4 defects every cycle.



Appendix J

Pulsed measurement extraction of
interface defects

Interface traps (ITs) and near-interface traps (NITs) have detrimental impact on
transistor performance. The higher the density of ITs (DIT ) and density of NIT
(DNIT ), the more non-ideal the transistor behaves. ITs are considered to be phys-
ically located at the interface, whereas NITs are physically located inside the gate
dielectric but near enough to the interface that inversion/accumulation charge can
interact with the defects. Physical characterisation methods often do not have
the resolution power to detect electrical defects, which can be 1 atom out ∼1000.
Electrical measurement can detect electrically active defects, although it is often
difficult to uniquely separate defects into ITs and NITs. The characteristic differ-
ence is their response time: ITs interact with inversion/accumulation charge in very
short time scales, whereas NITs interact very slowly. They also behave differently
in different parts of a periodic voltage cycle, as seen in Fig. J.1, which will be the
key to differentiate ITs from NITs.

A defect is characterised by its size, often by its interaction area, σ (in cm2,
geometrically equivalent to the spherical area of the interaction volume). The size
of a defect can range over several orders of magnitude, from the small Coulomb
repulsive 10−21 cm2, to the medium sized neutral traps 10−17–10−15 cm2 to the
large Coulomb attractive 10−12 cm2 [31]. Traps with apparent size smaller than
10−21 cm2 are NITs deep inside of the gate dielectric, because their interaction
volume is effectively decreased by the distance needed to tunnel into the defect
[32, 33]. A small defect has a small interaction volume, and it takes time before it
captures a charge. A large defect has a large interaction volume and can quickly
capture charge.

The simplest traps are two-state defects: empty or filled. The model trap is
(0/-), which is neutral (0) when empty and negatively charged (-) when it captures
an electron. A (0/-) that captures an electron from the valence band is equivalent to
emitting a hole into the valence band [34]. Recombination occurs when the trapped

J-1
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electron is neutralised by a hole, which leaves a neutral trap. The recombination
is either radiative (energy loss by emitting photon) or non-radiative (energy loss
by heat) Another model trap is the (0/+), which is neutral (0) when empty and
positively charged (+) when it captures a hole. A (0/+) that captures a hole
from the conduction band is equivalent to emitting an electron into the conduction
band. The Coulomb attractive traps are (+/0) for electrons and (-/0) for holes.
The Coulomb repulsive traps are (-/-2) for electrons and (+/+2) for holes.

Defects in the SiC MOS system has been characterised by a variety of electrical
characterisation methods [11], such as conductance method [19, 35, 36, 37, 38],
Terman method [39], low-frequency noise [40, 41, 42, 43], charge pumping [44, 45,
46, 47, 48] and pulsed I − V [49]. The conductance method and Terman method
are used for MOS capacitors and low-frequency noise, charge pumping and pulsed
I−V are used for MOSFETs. All methods have their advantages and disadvantages
with regards to sample choice, energy spectroscopy, modelling and interpretation
of measurement data, measurement requirements, etc.

This appendix will discuss the challenges of extracting DIT and DNIT by the
two pulsed measurements, charge pumping and ultrafast pulsed I−V . Some special
consideration for SiC MOSFETs is discussed. The other extraction methods can
be found in [7, 11, 50, 51] and references within.

Defects at the SiO2/4H-SiC interface and pulsed
measurement of SiC MOSFETs

The SiC interface has many defects, typically on the order of 1012–1013 cm−2 eV−1

(see also Sec. 2.1.4). The defects in the upper half of the bandgap are (0/-)
("acceptor-like") and the bottom half are (0/+) ("donor-like") [11, 33], similar to
that of silicon [7, Sec. 6.3.1]. There are studies that have used density functional
theory (DFT) calculations in order to predict what chemical defect acts as the
observed IT/NIT [52, 53].

Not only is DIT much higher in SiC than in silicon, but the wider bandgap
means that more defects are electrically active. A consequence of the high DIT

is a strong perturbation of the surface potential (ψs), or correspondingly a weak
coupling between gate voltage (Vg) and surface potential. The following discussion
assumes an NMOS transistor, although the situation is similar for PMOS transis-
tors. Sweeping from flatband to threshold requires a surface potential change of
2ψb, with ψb given by

ψb = kBT

q
ln
(
Na
ni

)
[MLT−3I−1] (J.1)

The surface potential change 2ψb is about ∼ Eg/q ∼3.2 V. While this may
suggest that Vt−Vfb ∼3.2 V, the situation is far different in practice. The lower half
DIT are probed by the Fermi energy in flatband conditions and charge/discharge.
The defects trap holes. The trapped holes repel accumulation charge, and a more
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negative gate voltage is required to reach strong accumulation. When sweeping
to inversion, a similar condition occurs. The upper half DIT traps electrons that
repel inversion charge, and consequently a very large positive voltage is required for
strong inversion. As such, the difference Vt − Vfb is much larger than the expected
∼3.2 V. Very large pulse amplitudes are required to pulse from accumulation to
inversion and back when there are a large amount of defects.

The channel mobility in SiC MOSFETs is low, ∼1–10 cm2/Vs (see also Sec. 2.1.4).
Electrons from the source require a finite amount of time to form a channel. Like-
wise, the channel electrons require a finite amount of time to return back to the
source when switching to accumulation. The low mobility increases the transit
time required to form/dissolve the channel. The practical implication is that puls-
ing needs to be relatively low-frequency. If high frequency pulsing is attempted, the
electrons in the channel will not have enough time to travel to the source during the
transition to accumulation. Once the accumulation has been reached, the channel
electrons recombine with accumulation holes. This recombination process does not
directly involve the ITs in the sense that the charge is trapped. In charge pumping,
this phenomenon gives rise to the unwanted "geometric component" [7, 45, 54]. The
geometric component can be minimised by using slow transitions during pulsing [45]
or by using short channel lengths [54].

Charge pumping

Charge pumping has many advantages compared to other NIT/IT measurement
methods. The measurement setup, shown in Fig. J.2, is fairly simple, one pulse
measurement unit (PMU, or one pulse generator, PG) and two source-measurement
units (SMUs, or one ammeter and a voltage source). Ordinary MOSFETs can
be use, although they should preferably be W/L >> 1 and they must have a
separate body connection. The total amount of defects can be extracted without
any complicated analysis. Both IT and NIT can be extracted separately, if properly
performed. The disadvantage of charge pumping is the difficulty of spectroscopy
extraction of DIT (determining DIT versus energy, Et − Ei).

The pulsing is usually swept. It is common to do base-sweep (constant ampli-
tude), or amplitude-sweep (constant base). Amplitude-sweep can identify geometric
component [7, 45, 54], and is used to find the proper amplitude settings. Base-sweep
helps to find the appropriate base-voltage for the amplitude sweep. Once an ap-
proriate base and amplitude range has been selected, it is arguably easiest to do
further measurements with base-sweep (constant amplitude). The maximum cur-
rent sampled during base-sweep is selected as the charge pumping current (Icp).
The differences between base-sweep and amplitude sweep is shown in Fig. J.3.

Charge pumping was illustrated in Fig. F.1. Charge is shuttled every cycle
from the substrate to the source through defects. The amount of shuttled charge
for one cycle (Qcp) is given by
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Figure J.2: Charge pumping setup. The gate of the transistor is connected to either
a PG or a PMU. The source and drain are short-circuited and connected to either
to a voltage source or a SMU. The body is connected to either a ammeter or a SMU.
It helps to have an amplifier to measure the low currents at low pulse frequencies.
The source and body is reverse biased by the voltage source, the gate is pulsed,
and current is measured through the body.

Qcp = qNcp [L−2TI], (J.2)

where Ncp is the number density of active defects in the transistor. The amount
of active defects depend on the pulse shape, timing and voltages, as will be discussed
in the Sec. J.0.1 and J.0.2. The measured charge pumping current (Icp) in the
substrate is given by

Icp = AgQcpf = qfAgNcp [I], (J.3)

where f is the pulse frequency and Ag is the gate area. The charge pumping
current is directly proportional to both Ag and f . If the measured current does
not scale with f , then it is not a charge pumping current. The number density of
active defects is given by

Ncp = Icp
qfAg

[L−2] (J.4)
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Figure J.3: Base and amplitude sweeps. a) & c) show amplitude sweep with con-
stant base, b) & d) show base sweep with constant amplitude. c) & d) is measured
at 200 ◦C from the pyrogenic steam treated wafer from the third SiC CMOS pro-
cess flow version. The NMOS size was 100×2 and the measurement pulses were
trapezium with 1 µs rise/fall time and frequency of 10 kHz. There are ∼ 6× 1012

cm−2 active defects in this transistor. c) The current increases at ∼13–16 V, which
is the amplitude required to pulse from accumulation to inversion. Non-saturating
current at high amplitude is the geometric component. d) The current has an in-
verted ’U’ shape. The maximum current, marked with a red dot, is the current
used to estimate defect density.

Frequency, area and current can be accurately and easily measured. As such,
charge pumping can accurately and easily measure the number density of active
defects. The challenge is extractingDIT andDNIT fromNcp. The key to extracting
DIT and DNIT is to recognise that different pulse shapes (shown in Fig. J.4) probe
different defects. The densities DIT and DNIT can be independently determined
[55], provided that the two contributions are uncoupled:

Icp = IIT + INIT [I] (J.5)
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Figure J.4: Pulse shapes. a) & b) Trapezium pulses at different frequencies. c) & d)
Triangular pulses at different frequencies. Varying frequency for trapezium pulses
changes the time dwelt in inversion/accumulation, whereas varying frequency for
triangular pulses changes both the transition time and the dwell time.

J.0.1 Extraction of NIT from trapezium pulses
Charge pumping was initially developed for IT extraction, but it was recognised that
the low-frequency content of trapezium pulsed charge pumping did not originate
from ITs, but from NITs [56]. There are several different microscopic models for
how NITs respond in charge pumping [32, 55, 57], however, all assume that the
tunneling front is logarithmic in time,

xm = 1
2κ ln

(
t

τ0

)
[L], (J.6)

κ =
√

2me(φb + Ec − Et)
h̄

[L−1], (J.7)

where xm is the tunneling distance, κ is the attenuation coefficient derived from
Wentzel-Kramers-Brillouin (WKB) approximation of tunneling (Eq. J.7), t is the
amount of time allowed for tunneling, τ0 is tunneling attempt time and depends on
which model is used [32, 55, 58], me is the effective mass of electron in SiO2 and φb
is the potential barrier for electrons (2.7 eV for SiO2/4H-SiC [59]). The attenuation
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coefficient is typically 109–1010 m−1. Increasing the tunneling time by one order of
magnitude increases the tunneling depth by 0.1–1 nm.

The amount of active NIT defects participating in charge pumping (Ncp,NIT ) is

Ncp,NIT =
∫
E

∫ xm

x=0
DNIT (E, x) dE dx [L−2] (J.8)

A difficulty with the theory of NIT is the energy distribution. Either a uniform
distribution may be assumed, in which case E is the energy swept by the surface
potential [57, 60], or a mono-energetic trap is probed [55]. If it assumed that only
traps located at the inversion Fermi energy interact [61], like in low-frequency noise
measurements [32], then the thermal broadening determines the energy range. The
assumption will give radically different results: the energy range is on the same
order as the bandgap or on the same order as the thermal energy. If E could be
varied in a predictable way, it could be determined independent of assumption.
However, the surface potential and Fermi energy is a weak function of gate voltage
in inversion. As such, I make no assumptions on the energy range but simply state
that I assume ∫

E

∫ xm

x=0
DNIT (E, x) dE dx =

∫ xm

x=0
NNIT (x) dx [L−2], (J.9)

where NNIT is the volume number density of near-interface traps. If it is as-
sumed to be approximately constant throughout the oxide, the next approximation
gives ∫ xm

x=0
NNIT (x) dx ≈ N̄NITxm [L−2], (J.10)

with N̄NIT as the depth-average volume number density of near-interface traps.
As will be discussed in Sec. J.0.2, varying the transition time of the pulses

(rise/fall time) varies the probed ITs. If the rise/fall time is kept constant, the
same ITs are ideally probed during every cycle. If the pulse shape is trapezium,
varying frequency varies the dwell time in accumulation and inversion. Since NITs
charge/discharge in accumulation and inversion, varying frequency of trapezium
pulses varies the probed NITs. A condition for proper timing is that 1/2f >> tr,f ,
as the dwell time in inversion (tinv) is 1/2f − tr,f (tr,f is the average of rise and
fall time). If the condition is satisfied, tinv ≈ 1/2f . Inserting this in Eq. J.6 and
Eq. J.8, together with assumption Eq. J.9 and approximation Eq. J.10, gives

Ncp,NIT ≈ −
N̄NIT

2κ ln
(
f

f0

)
[L−2] (J.11)

The key result is achieved by taking the derivative of Eq. J.8,

∂Ncp,NIT
∂ ln(f) = ∂Ncp

∂ ln(f) ≈ −
N̄NIT

2κ [L−2] (J.12)
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If Ncp is plotted to f in semilogarithmic scale, the slope is negative for NIT
contribution. Since the IT population does not vary with trapezium pulses, the
frequency dependency of Ncp is entirely due to NITs.

For more information on modelling NIT, I highly recommend reading the paper
by Paulsen and White [55] and the paper by Bauza and Ghibaudo [32].

J.0.2 Extraction of IT from triangular pulses
In 1984, Groeseneken et al. published the paper on how to reliably extract IT using
charge pumping [54]. The important feature is to use triangular pulses.

As illustrated Fig. F.1, only a fraction of the interface traps are probed by
charge pumping. Traps close to the bands emit charge during the transitions, and
these traps do not participate in charge pumping. A (0/-) electron trap close to
the conduction band will emit during the transition time (tt,f ) from inversion to
accumulation, provided that the electron emission time (τe,em) is shorter. The
electron emission time is given by [7, Eq. 5.24]

τe,em = 1
σnvthNc

exp
(
Ec − Et
kBT

)
[T], (J.13)

vth =
√

3kBT
me

[LT−1], (J.14)

where σn is the cross-section of the electron trap and vth is the thermal velocity
(given by Eq. J.14) and me is the effective electron mass in the semiconductor. The
closer the traps is to the conduction band, the faster it emits. There is an energy
level Ee,em for which the emission time exactly equals the transition time. Deeper
traps will not emit. The energy level Ee,em is given by

Ec − Ee,em = kBT ln(tt,fσnvthNc) [ML2T−2] (J.15)

Similarly, emission to valence band during the transition time (tt,r) from accu-
mulation to inversion is given by the two equations

τh,em = 1
σpvthNv

exp
(
Et − Ev
kBT

)
[T], (J.16)

Eh,em − Ev = kBT ln(tt,rσpvthNv) [ML2T−2] (J.17)

where σp is the cross-section of the hole trap [it can also be an (0/-) electron
trap that captures electrons from valence band] and Eh,em is the upper energy level
of hole emission. The active defects are in the energy range ∆E = Ee,em − Eh,em
(see Fig. J.5),

∆E = 2kBT ln
(

1
√
σnσpvthni

√
tt,rtt,f

)
[ML2T−2] (J.18)
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Figure J.5: Band diagram of active interface traps. The energy levels are deter-
mined by emission from defects. The active defects in charge pumping are those
within the recombination energy range, shaded in grey.

The term √σnσp is usually simplified to the geometric average σn,p.
The density of active defects (Ncp,IT ) is given by

Ncp,IT =
∫ Ee,em

E=Eh,em
DIT (E) dE = D̄IT∆E [L−2], (J.19)

where D̄IT is the average density of interface traps within ∆E.
In charge pumping, transition time from accumulation to inversion (tt,r) is set

by the rise time (tr), the amplitude of the voltage pulse (Vamp) and the difference
Vt − Vfb,

tt,r = |Vt − Vfb|
Vamp

· tr [T] (J.20)

Similarly, tt,f is given by

tt,f = |Vt − Vfb|
Vamp

· tf [T] (J.21)

If triangular pulses with 50 % duty cycle are used, tr = tf = 1/2f . Using Eq.
J.19, J.21 and ??, together with the simplification √σnσp = σn,p, gives
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Ncp,IT = 2D̄IT kBT ln
(

2f · Vamp
σn,pvthni|Vt − Vfb|

)
[L−2] (J.22)

The first key result is achieved by taking the derivative of Eq. J.22,

∂Ncp,IT
∂ ln(f) = 2D̄IT kBT [L−2] (J.23)

If Ncp is plotted to f in semilogarithmic scale, the slope is positive for IT
contribution. However, the NIT population varies when triangular pulses are used,
confounding the results. This is important, because

∂Ncp
∂ ln(f) = ∂Ncp,IT

∂ ln(f) + ∂Ncp,NIT
∂ ln(f) = 2D̄IT kBT −

N̄NIT
2κ [L−2] (J.24)

To understand this, consider that time must be spent in inversion to even form
a channel. The time spent in inversion is

tinv = Vamp + Vbase − Vt
Vamp

· (tr + tf ) = Vhl − Vt
f · Vamp

[T], (J.25)

where Vbase is the base voltage and Vhl is the high level of the pulse (Vll, the
low level of the pulse, is equal to Vbase). The time in inversion may be shorter in
triangular than in trapezium, but the time is still directly inversely proportional to
frequency and satisfies all equations for NITs.

The density of interface traps is underestimated if Eq. J.23 is used in the belief
that Ncp = Ncp,IT . Two sanity checks should be employed:

1. Is the slope positive?

2. Is the frequency intercept (fintercept) in semilogarithmic scale reasonable?

If NIT contributes strongly to Eq. J.24, the slope will be low or even negative,
and fintercept occurs at a very low frequency. The intercept frequency corresponds
to σn,p [54, Eq. 23],

σn,p = 1
vthni

Vamp
|Vt − Vfb|

· 2fintercept [T] (J.26)

If the intercept frequency is very low, σn,p assumes a very low value. While
charge pumping extracts σn,p very inaccurately, it should still be somewhere in the
range 10−21–10−12 cm2 - values outside of this range may indicate something is
wrong.

NIT can be estimated independently of IT, but IT cannot be estimated in-
dependently of NIT. NIT should be first extracted by trapezium pulsing and then
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followed by subtracting the NIT contribution from Eq. J.24. Alternatively, tri-level
pulsing could be used or other pulse-shapes [7].

A rigorous derivation of IT extraction by triangular pulses can be found in
paper by Groeseneken et al. [54], and is highly recommended. It does not discuss
the confounding effect of NITs, probably because NITs was a non-issue in silicon
MOSFETs at the time (1984).

Extracting NIT from ultrafast pulsed I − V

Charge pumping relies on measuring the recombined charge every cycle by a current
through the substrate. The pulsing can be quite fast, up to 100 kHz – 1 MHz. But
the ammeter/SMU is slow and integrates charge for a period of time to measure
current, and has very low temporal resolution (0.1 – 1 s). A similar but different
method requires high temporal resolution, with at least one million samples per
second (100 ns – 10 µs resolution). Ultrafast pulsed I − V measurements allows
directly measurement of the charging trapping of NIT [62].

The measurement setup is shown in Fig. J.6. Superficially it is simpler than
the charge pumping setup in Fig. J.2, but it requires at least one ultrafast PMU
and puts fairly high demands on the quality of ground connections and the choice
of triaxial cables.

Like in charge pumping, the pulsing starts by emptying the electron traps [62],
which is achieved by biasing the transistor in accumulation. The transistor is pulsed
into inversion, and the drain current is measured with time resolution of 100 ns –
10 µs resolution. The current is initially high but drops quickly as the traps gets
charged. When the transistor sweeps back to accumulation, the Id–Vg curve gives
a well-defined hysteresis loop, as seen in Fig. J.7.

The drain current (Id) of the transistor in superthreshold and at low drain
voltage (Vds) is

Id(t) = W

L
µnCoxVds · Vov(t) = gm · Vov(t) [I] (J.27)

where µn is the channel mobility, Cox is the gate oxide capacitance, Vov is the
overdrive voltage and gm is the transconductance (= ∂Id/∂Vgs = WµnCoxVds/L).
In this model, the mobility is assumed to be field-independent. The transconduc-
tance can be estimated by taking the derivative of the pulse flanks of the pulsed
Id–Vg measurement. The overdrive voltage is the difference between the gate volt-
age (Vgs) and the threshold voltage (Vt). Since µn, Cox, Vds and Vgs are assumed to
be constant in inversion, the time dependence of Id must be due to a time-dependent
Vt. If charge injection into NIT is assumed, the threshold voltage changes as [5,
Eq. 9.12]

Vt(t) = Vt,0 −
1
Cox
·
∫ dox

x=0
ρ(x) · x

dox
dx [ML2T−3I−1], (J.28)
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Figure J.6: Ultrafast pulsed I − V setup. The gate can be connected either to a
PMU or a PG. The drain is connected to a PMU for the ultrafast measurement.
The source and body are connected to ground. Although it is not shown in this
figure, ground is specifically the ground of the PMU, and the guard of the triaxial
cables must be connected to this ground. This is required to avoid transient effects
and improper ground in the triaxial cables, which would otherwise interfere with
the ultrafast measurement.

where Vt,0 is time-zero Vt and dox is the oxide thickness and ρ is the charge
density. The integration limits correspond to the gate/oxide interface at x = 0 and
the oxide/semiconductor interface at x = dox. The charge density is assumed as

ρ(x) = −qN̄NIT ·Θ(x− [dox − xm]) [L−3TI], (J.29)

where Θ(x) is the Heaviside step function. The near-interface states are charged
only for x ∈ (dox − xm, dox]. Inserting Eq. J.29 in Eq. J.28 and performing the
integration gives

Vt(t) = Vt,0 + qN̄NIT
Cox

· xm ·
(

1− xm
2dox

)
[ML2T−3I−1] (J.30)

Inserting the tunneling front model (Eq. J.6) in Eq. J.30 gives



J-13

Figure J.7: Ultrafast pulsed I − V measurement of a N100×2 (steam, SiC CMOS
process flow version 3) at 200 ◦C. a) Pulse measurement, with a sample rate of
1 sample/µs. The gate voltage is pulsed from -15 V (accumulation) to +15 V
(inversion). In inversion, the current decreases with time. b) Hysteresis loop of
data in a).

Vt(t) = Vt,0 + qN̄NIT
2κCox

· ln
(
t

τ0

)
·
(

1− 1
4κdox

· ln
(
t

τ0

))
[ML2T−3I−1] (J.31)

The term ln(t/τ0)/4κdox is fairly inconsequential for thick gate oxides. Assum-
ing a reasonable capture rate of 10−10 s, a κ of 5×109 m−1, a maximum pulse time
of 1 ms and a gate oxide thickness of 35 nm gives the term as 0.05, which is small
in comparison to 1. Very long pulse times are required before Eq. J.31 assumes a
parabolic behaviour. Eq. J.31 is approximately linear for the short pulses used for
NIT characterisation. Inserting Eq. J.31 in J.27 and taking the derivative gives the
key result

∂Id
∂ ln(t) ≈ −

q · gm
2κCox

N̄NIT [I] (J.32)

Plotting the current versus time in semilogarithmic scale, as seen in Fig. J.8,
should give a negative slope, and the slope corresponds to N̄NIT .
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Figure J.8: Current in inversion, replotted data from Fig. J.7a). The current
decreases. A linear region is marked with a dashed line. It should be noted that is
possible that NNIT is not exactly uniformly distributed, and could be lower closer
to the interface.
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