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Abstract

Although silicon is the dominant semiconductor today, light emitting devices are
currently based on compound semiconductors due to their direct band-gap, which
promotes fast radiative recombination. However, in nanometer-size silicon structures,
carrier confinement enhances the radiative recombination, while, at the same time,
suppresses diffusion to non-radiative recombination centra, resulting in a significant
increase in light emission efficiency. Moreover, the band-gap is widening as the crystal
size is reduced (quantum confinement), enabling light emission in the visible range. In
this work, two different approaches to manufacture a light emitting diode (LED) in
silicon have been investigated. The first type of silicon LED's is based on porous
silicon (PSi) and manufactured by electrochemical etching of a previously formed pn
diode structure. After optimizing the etching process, PSi LED’s were produced with
an external quantum efficiency of ~ 0.2 % under pulsed excitation, more than an order
of magnitude higher than previously reported. Tunability of the emission wavelength in
the range 1.6 - 2 eV was demonstrated by varying the etching parameters. The EL
wavelength is determined by the band-gap of the nanocrystals, i. e. their size, as
evidenced by a lower threshold for longer EL wavelengths, due to lower barriers for
injection into larger crystallites. The EL decay after the bias pulse follows a stretched
exponential shape, in agreement with a model involving exciton migration in partially
interconnected nanocrystals. Under constant bias, the EL and forward current are
decreasing, due to charging, caused by carrier trapping in the porous network. After the
etching the hydrogen passivated porous silicon surface is being gradually oxidized,
resulting in increased barriers, permanent conductivity reduction and EL degradation.
To improve stability, the second LED approach, based on Si nanocrystals embedded in
SiO2, was studied. Nanocrystals were formed by the implantation of Si into thermally
grown SiO2 and by subsequent annealing at high temperatures (mostly 1100°C).
Photoluminescence investigation showed that luminescence properties are dependent
on nanocrystal size and similar to those of PSi. However, decay shapes and time
constants revealed a stronger isolation of the nanocrystals than in PSi. For the EL, good
current transport properties were necessary. That required a thin SiO2 layer and
efficient injection, realized using an in-situ doped poly-Si cap layer. The Si nanocrystal
LED's were stable, although the total light intensity was lower than in PSi, as a
consequence of a thin active layer.

Key words: Electroluminescence, photoluminescence, light emitting diode, porous
materials, nanostructured materials, silicon, etching, anodized layers, ion implantation.
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1. Introduction

The semiconductor technology has undergone a tremendous development over the past
couple of decades. Soon after the invention of the transistor in 1947, silicon started to
take over as a dominating semiconductor. Since then, a combination of new
technologies and potential applications has induced large investments and enabled a
development that still follows Moore’s law - after three decades component dimensions
are still reduced by a factor of two every 18 months. Silicon was one of the
cornerstones of that progress. One of the reasons was the possibility to produce a high
purity material at a low price. Also, a high quality protective and insulating oxide
enabled the design of MOS devices and a high level of integration, which resulted in
further performance improvement and price reduction. That development continuously
raises the need for communication capabilities both on the machine level, and between
humans and the machine.

Today, a large amount of information is transferred optically, thanks to a large
bandwidth and the opto-electronic devices are becoming more and more important. For
opto-electronic devices, predominantly III-V materials are used, while the use of silicon
is limited to detectors, charge coupled device (CCD) arrays and solar cells. Since
silicon processing technology is more developed and cheaper, it would be
advantageous to use silicon for these applications, as well. It would also allow for
direct integration of the opto-electronic devices and VLSI circuitry. But, crystalline
silicon is a poor light emitter at room temperature, mainly due to its indirect band-gap,
resulting in a low rate of radiative recombination.

The discovery of the visible porous silicon (PSi) photoluminescence (PL) in 19901 has
triggered a large research effort in the field of porous silicon and other silicon
nanostructures. The visible light emitted from porous silicon, despite the crystalline Si
band-gap of 1.12 eV was attributed to the quantum size effects in the nanometer-sized
Si crystallites1,2. It was shown, as well, that luminescence wavelength can be tuned in a
wide range and relatively high quantum efficiencies were achieved, improving the
prospect of using silicon for light emitting devices. However, the question is, whether
the silicon-based devices can satisfy demands created by e. g. modern displays and
communication systems. In this work electroluminescent devices based on porous
silicon and silicon nanocrystals embedded in SiO2 were designed and manufactured,
and their luminescent and electrical properties were investigated.
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2. Silicon nanostructures - background

2.1 Recombination and luminescence in crystalline
silicon

Luminescence from semiconductors is, generally, a result of electron-hole pair
recombination. The photon energy is equal to the energy released by the recombination.
Since photon momentum is negligible, photon emission requires either direct
recombination or generation /absorption of an additional phonon for momentum
conservation. The recombination processes in semiconductors are illustrated in Figures
2.1 and 2.2.

Figure 2.1. Illustration of indirect and direct recombination in a semiconductor.

Figure 2.2 Radiative and non-radiative recombination processes in semiconductors.
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In direct band-gap materials, the minimum of the conduction band and maximum of the
valence band are coincident in the k-space, the probability of radiative recombination is
high and the radiative lifetime is typically of the order of a few nanoseconds. Silicon
has an indirect band-gap, and its band structure is shown in Figure 2.33.

Figure 2.3 Band structure of silicon3. The arrow indicates the lowest energy
transition.

Thus, radiative recombination requires an additional phonon, which significantly
reduces the probability and rate of that process, resulting in a radiative lifetime of
around 100 µs above 20 K4,5 (depending on doping), given by:

)(
1

00 nnpBrad ∆++
=τ  (2.1)

where B is the coefficient for radiative recombination, p0 and n0 the dopant densities for
p-type and n-type material, respectively, and ∆n the injected carrier density.

At the same time, there are competing non-radiative processes, such as Shockley-Read-
Hall (SRH) recombination through deep traps6,7, with minority carrier lifetime in the
low-injection regime given by

 
TthT

SRH vN σ
τ 1= (2.2)
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where NT is the density of traps, vth is the thermal velocity of the minority carriers and
σT is the capture cross-section for the minority carriers.

Also, at high carrier concentrations (above 1017 cm-2) Auger recombination8 becomes
considerable. Since it involves three carriers, the Auger lifetime in the high-injection
regime is

2
1

nAuger
∆⋅

=
γ

τ ;         γ = 3.8 ⋅ 10-31 cm6s-1 (2.3)

Since different recombination processes act in parallel, the total lifetime is given by

nonradradAugerSRHrad ττττττ
111111 +=++= (2.4)

and the luminescence efficiency is

radnonrad

nonrad
ττ

τ
η

+
= (2.5)

The efficiency of light emission from crystalline silicon is low (10-6 to 10-7), since the
non-radiative recombination processes are relatively fast, sometimes with sub-
microsecond lifetimes. It can be increased either by reducing the radiative lifetime or
by increasing the non-radiative lifetime. A shorter radiative lifetime is beneficial for the
modulation speed of the luminescence, as well. Finally, the radiative brightness of a
device would be proportional to the radiative recombination rate, thus demanding a
short radiative lifetime.
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2.2 Quantum confinement and band-gap widening

To reduce the radiative lifetime it is necessary to increase the probability of radiative
recombination. One way to achieve this is by carrier confinement. When a carrier is
confined in real space, the k conservation rule may be partially relaxed due to the
Heisenberg’s uncertainty relation ∆x∆k ≥ 1. At low temperatures, excitons are captured
by impurities and a relatively strong impurity luminescence can be measured9 as a
result of this localization. However, at higher temperatures this mechanism is no longer
active, since the exciton binding energy is only ≈ 15 meV and the binding energies for
excitons at shallow impurities are only a few meV. Thus, at temperatures above 20 K
the majority of the excitons would be released and break into free electrons and holes,
which can diffuse to fast non-radiative recombination centra.

The discovery of the porous silicon luminescence at room temperature lead to the
proposal of another quantum confinement method1,2. In porous silicon, as well as in
other silicon nanostructures, carriers are confined in silicon nanocrystals bounded with
regions with a wider band-gap. A confined carrier has a higher energy than a free
carrier (Figure 2.4) and, therefore, the band structure of Si nanocrystals is different
from that of bulk silicon.

Figure 2.4 The quantum confinement influence on the effective band-gap in small
structures.
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Different approaches exist in the theoretical modeling of the band structure of Si
nanocrystals (linear combination of atomic orbitals, effective mass, tight binding), but
all models lead to an increase of the band-gap with decreasing crystallite size due to the
carrier confinement10,11 (Figure 2.5). The change is observable as the nanocrystal size
becomes smaller than 10 nm.

Figure 2.5 Theoretical and experimental values for band-gap in Si nanocrystals (after
Delerue et al.11. Dashed and solid line represent theoretical values with and
without excitonic correction.

Effective mass approximation can be illustrated by a simple case of confinement in a
nanocrystal with linear dimensions Lx, Ly and Lz, where the band-gap is given by the
expression:
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Theoretical calculations of band-gap widening have been confirmed experimentally by
the absorption measurements12-14, while PL measurements often show a large Stokes
shift13,15. This was attributed either to exciton trapping at a surface state, to the
formation of self-trapped excitons or to deep levels formed by oxygen bonds in the
nanocrystal shell11,16.
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The calculated dependence of radiative recombination lifetime on the band-gap shift17

is shown in Figure 2.6, and direct transitions are suggested to dominate for crystallite
sizes below 1.5 nm. Since carriers are confined within a nanocrystal and therefore less
sensitive to recombination centra outside the nanocrystal, SRH recombination is
suppressed in defect-free nanocrystals. At the same time, wave functions of confined
electron-hole pair overlap, increasing the probability of radiative recombination. Thus,
luminescence quantum efficiency can increase several orders of magnitude, compared
to crystalline silicon.

Figure 2.6 Calculated radiative life-time in Si nanocrystals (after Hybertsen17).

Recent measurements on spatially isolated Si quantum dots indicate quantum
efficiencies approaching unity for some nanocrystals18, while the majority is not
luminescent at all. In porous silicon, quantum efficiencies of several percent have been
reported for the room temperature PL 1,19,20. At a high excitation, with more than one
electron-hole pair per crystallite, Auger recombination becomes very efficient and leads
to luminescence saturation21,22.
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2.3 Preparation techniques

2.3.A Electrochemical etching

Electrochemical etching is the main technique used for the fabrication of porous
silicon. This technique has been initially utilized for device insulation by oxidation of
buried PSi layers. Light-emitting porous silicon is usually produced by anodization in a
solution of hydrofluoric acid (HF) and ethanol. While ethanol is used as a wetting
agent, the etching reaction itself involves HF, Si and free holes23-25. Depending on the
anodization current density, substrate resistivity and HF concentration, etching can be
either porous or electropolishing. Dissolution of each Si atom involves two holes in the
porous regime, and four holes during electropolishing. The requirement for free holes is
inherently fulfilled in p-type material, whereas appropriate illumination is needed to
create free holes in n-type material. Also, porosity, and therewith the luminescence
properties, can be controlled by variation of the mentioned parameters and the
anodization time. A porous silicon structure is depicted schematically in Figure 2.7.

Figure 2.7 Schematic representation of porous silicon wires that have been subjected
to different degrees of oxidation (from a review by Hamilton24).



Nenad Lalic: Light emitting devices based on silicon nanostructures

10

Immediately after the etching, PSi is passivated with hydrogen, but the hydrogen bonds
are weak and hydrogen is rapidly desorbed and replaced by a more stable oxide
passivation. A large internal surface area makes complete passivation difficult, which is
one of the main drawbacks of porous silicon, together with the sensitivity to the local
ambient which makes stability a serious issue.

Several post-anodization techniques have been examined in order to improve the
passivation, but, with limited success. The best quality and most complete passivation
can be achieved by high temperature oxidation in an atmosphere containing a very
small percentage of oxygen26,27, but it inherently increases barriers for the current
transport. Electrochemical oxidation requires charge exchange and, therefore,
preferentially takes place on larger structures with lower barriers28,29, having less
impact on the current flow than the thermal oxidation. Covering the surface with
organic materials30,31 is another approach. However, while the surface becomes much
more chemically stable, the passivation is not complete and the degradation is only
slowed down.

2.3.B Ion implantation

More stable luminescent Si nanostructures can be obtained by embedding Si
nanocrystals in SiO2 and can be produced by Si ion implantation into a SiO2 layer,
followed by a high temperature annealing. Ion implantation is a well known doping
technique in VLSI processing, and the high temperature annealing (≥ 1000°C)
facilitates subsequent VLSI compatibility, as Si nanocrystals are generally stable up to
these temperatures. In luminescent devices, Si ions are implanted into thermal oxide at
high doses, since the implanted ions would form the luminescent material itself. For the
same reason, moderate implantation energies (below 200 keV) are used, as lower
energy results in a narrower implantation profile and a higher peak concentration. Ion
implantation allows for good control of the excess Si concentration, but is a time
consuming process, since silicon excess concentrations of several percent are needed.
Implantation causes structural defects in SiO2, which can quench the nanocrystal
luminescence or exhibit luminescence themselves, usually green or blue32,33. After a
high temperature annealing, PL shifts towards red or near-IR34,35, due to nanocrystal
growth.

Nanocrystal formation generally involves two steps: a) the diffusion and the nucleation
of a Si phase, and b) the subsequent growth controlled by diffusion. Investigation of
nanocrystal growth in silicon-rich SiO2 deposited by chemical vapor deposition (CVD)
indicated a diffusion controlled growth36, with a diffusion coefficient for Si in SiO2 (in
the early stage of the annealing) given by:
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kT
Ea

eDD
−

= 0 ;     where   Ea = 1.9 eV   and    D0 = 1.2 ⋅ 10-9 cm2s-1 (2.7)

The nanocrystal size depends on the initial excess Si concentration, and the minimum
size observed was d = 2.5 nm. That indicates that there is a minimum excess Si
concentration necessary for nanocrystal formation. In reality, concentrations of a few
atomic percent are needed, requiring implantation doses in the range of 1017 cm-2.
Annealing provides a good surface passivation, in the form of an excellent interface
between Si and SiO2 (good quality MOS oxide is the foundation of Si technology!),
which is crucial for luminescence efficiency. The interface trap density can be further
reduced by a forming gas annealing (FGA), although it was reported that the
luminescence enhancement is not permanent37.

2.3.C Other techniques

Other techniques for manufacturing Si nanostructures include photolithography38,
electron-beam lithography39 and different deposition techniques. Silicon nanostructures
of regular shape and distribution can be produced by lithography, where the structures
are first patterned by anisotropic etching of the Si surface and then reduced by
oxidation. A low density of the nanostructures, due to the lithographic limitations, is a
drawback for total luminescence intensity, but can be useful for the investigation of
single dot luminescence and in non-luminescent devices (like single electron transistors
or memory cells) which utilize the Coulomb blockade.

Deposition techniques can be divided into two groups: a) deposition of already formed
nanocrystals and b) deposition of silicon-rich SiO2 or alternating layers of SiO2 and
amorphous silicon, where nanocrystals are formed by subsequent annealing. By the
deposition of nanocrystals prepared in the gas phase20,40, record luminescence
efficiency of 50 % at low temperatures has been achieved. A small quantity of
crystallites results in similar intensity problems as for the structures prepared by
lithography. Laser ablation is another technique for the deposition of already formed
nanocrystals where the nanocrystal size is controlled by the ambient gas pressure, laser
pulse energy density, and the distance from the laser beam41. Deposition techniques of
type b) involve high temperature annealing, resulting in Si nanocrystals embedded in an
SiO2 layer, and are, therefore, VLSI compatible. These techniques are: plasma
enhanced CVD42,43 (concentration of Si is regulated by the gas flow rates
silane/oxygen), and sputtering44,45 (target area ratio Si/SiO2 determines excess Si
concentration). These techniques are attractive, since they allow deposition of thick
layers, but the excess Si concentration is not easy to control.
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2.4 Light emitting devices

The prospect of replacing III-V devices with silicon-based light emitting devices has
been the driving force from the beginning of the silicon luminescence research. The
band-gap in compound materials used for opto-electronic devices is predominantly
direct, generally resulting in very high quantum efficiencies. To achieve a high
efficiency in silicon, different approaches are possible: using confinement effects in
porous silicon and Si nanocrystals combined with good passivation27, introducing
impurities (such as rare-earth atoms to promote atomic radiative transitions, e.g.
erbium46,47, and band-structure modification to obtain a quasi-direct band-gap
(superlattices)48. The devices utilizing quantum confinement will be described here.

The first light emitting devices were porous silicon light emitting diodes (LED) with
liquid contacts49,50. The reported efficiency was approaching 1 %, still unpreceded, due
to the ability of a liquid to directly contact a large number of nanocrystals. However,
for practical applications, dry contact devices are necessary and different porous silicon
diodes with Schottky and pn junction have been designed51-55. But, the efficiency was
low (external quantum efficiency below 0.01 %) and stability poor. While the
efficiency was improved above 0.1 % externally (article 1)27,56,57, the stability was still
a problem, although an improvement was achieved by oxidation at increased
temperatures. By manufacturing the sub-micron size light emitting devices58,59 and the
successful integration of a PSi LED with a bipolar transistor27,60, VLSI compatibility
was also demonstrated. To solve the stability problem, devices based on silicon
nanocrystals embedded in SiO2 have been introduced. Since SiO2 is an insulator, there
are two approaches: a) the use of a thick oxide layers in combination with high voltages
or b) thin oxide layers and low operational voltages (article 8). From an application
point of view, the low voltage approach is of primary interest. However, the thin oxide
layer contains the active material itself, and its low thickness is an inherent limitation
for the light emission intensity.
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3. Porous silicon

3.1 Porous silicon preparation

Porous silicon is generally prepared by anodization in a solution of hydrofluoric acid
(HF) and ethanol. Using simple p-type or n-type Si wafers as a starting material, a
strong photoluminescence can be achieved under optical excitation. However, for
strong electroluminescence (EL), it is necessary to create conditions for efficient carrier
injection into the porous silicon network. This can be achieved either by placing a
metal contact in close proximity of the PSi layer or by forming a vertical pn diode. The
latter yields a high local concentration of both carriers in the vicinity of the pn junction.
The principal design of the PSi pn diodes in this work is derived from Steiner et al.61.
Phosphorus doped Si (100) wafers of resistivity 0.8 – 1 Ωcm were used as the substrate
for manufacturing different pn diodes. A thin p+ layer was created by ion implantation
of boron or BF2 at low energies. This layer serves as a p+ emitter and its thickness was
limited to the range 0.2-0.6 µm, to ensure a low absorption of the emitted light.

Figure 3.1 Simulated active dopant distribution near the front and back surface of two
pn diodes prior to etching. Front side was implanted with boron at the
energy of 50 keV and dose 5⋅1015 cm-2 (solid line) or with the same dose of
BF2 at 60 keV (dashed line). Back side was implanted with phosphorus at
100 keV and dose 5⋅1015 cm-2.
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For a good uniformity of the etched surface and to facilitate simple contacting during
the characterization, an uniform ohmic contact is required on the back side of the
samples. To form an ohmic contact, the back side was implanted with phosphorus to a
high concentration (1020 cm-3) and annealed at 950°C. This annealing step was
exploited for dopant activation for both the front side and the back side implants.
Immediately after the annealing and prior to etching, a 2 µm thick Al layer was
deposited on the back side of the wafers. Simulated doping profile for two diodes with
a pn junction at the depth of 0.24 and 0.6 µm (obtained using SUPREM process
simulation program) is shown in Figure 3.1.

Porous etching was performed using a single-tank set-up shown in Figure 3.2. To
ensure that only a limited area of the front surface of the sample was exposed to the
etchant, an HF-resistant etching case, made of Teflon (PTFE), was designed.
A photograph of etching cases with different opening areas is shown in Figure 3.3.

Figure 3.2. Etching apparatus for porous etching of silicon. Illumination is necessary
to create free holes in n-type samples.

The stainless steel plate inside the etching case serves as a large area anodic back-side
contact, which is necessary for a homogenous etching. The cathodic contact to the
etching solution is realized by the immersion of a platinum electrode. For porous
etching of n-type Si, the illumination is necessary to create free holes. In our set-up,
samples were illuminated by a 300 W tungsten lamp. When necessary, the light
intensity was varied by changing the distance between the lamp and the sample in the
range 15 to 50 cm. The shortest lamp distance was limited by the heating of the etching
solution. To reduce the influence of unstable temperature on the etching, the solution
temperature was kept below 30°C.
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Figure 3.3 Teflon etching cases for different sample sizes. The etched area is defined
by the size of the lock opening.

During the etching, a considerable amount of hydrogen gas is generated, resulting in an
intensive bubble formation, preventing the etchant to reach the surface. Thus, bubble
removal is crucial for homogenous etching. By using ethanol in the etching solution, as
well as vertical sample placement and a magnetic stirrer, efficient bubble removal and
etchant circulation is provided. The etching solution consisted of a mixture of 50% HF
and ethanol, typically in 1:1 ratio. For that HF concentration (25%), the pore formation
takes place for current densities up to ~ 75 mA/cm2, while electropolishing starts to
take place at current densities above that23. After etching, the samples were rinsed in
running deionized water and dried with nitrogen. The cross-section of the porous layer
is shown in Figure 3.4.

Figure 3.4 SEM micrograph of porous silicon structure after the etching. The thin
white layer on top is the p+ layer.
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Luminescence properties of the PSi LED, such as emission wavelength and efficiency,
can be tuned by variation of the etching time and current. The optimal etching times
and currents for different samples were obtained empirically. While the etching time
showed to be a suitable parameter for the tuning of the luminescence wavelength with a
relatively wide variation range (article 2), the optimal etching current was similar for
different porous silicon LED (40-60 mA/cm2). Etching currents below 30 mA/cm2

resulted in a low porosity and a low sheet resistance of the top p+ layer, causing a
significant lateral current spreading and poor device area definition. On the other hand,
too high etching currents (above 70 mA/cm2) caused electropolishing and partial
detachment of the top p+ layer. During the etching, a region around the pn junction
becomes more porous than the top layer and thereby very fragile, resulting in the
detachment of the top layer. This effect, although unfavorable for LED fabrication,
makes possible an investigation of the underneath layer. An analogous treatment is
used in the fabrication of free-standing porous silicon flakes. In porous silicon LED the
lateral conductance of the top p+ layer is low, due to its porosity. Therefore, the active
device area is defined by the area of the front-side metal contact, with no need for
patterning of the p+ layer. The final diode structure is shown schematically in
Figure 3.5.

Figure 3.5 Porous silicon LED structure

The front-side contacts were created by the masked evaporation of Au pads on top of
the p+ layer after etching. The contact diameter was 2-4 mm. Since the light was
generated in the region below the Au pads, the thickness of the Au pads had to be in the
range 10 – 15 nm to provide transparency, while maintaining a satisfactory lateral
resistivity. For 10 nm thick Au pads, the measured sheet resistance was ~ 10 Ω/square.
The transmission of a 10 nm thick Au layer was measured to be 50-60 % in the range
600-800 nm. However, thin Au pads could not provide a good and stable mechanical
contact between the probe tip and the devices. Therefore, 300 nm thick Au pads with a
diameter of 0.8 mm were deposited in the center of the thin Au contact with a larger
area. This way a stable contact to the thick part of the pad was obtained, while the rest
of the pad area was semi-transparent.
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3.2 LED Electroluminescence

3.2.A I-V Characteristics

The PSi LED’s showed a clear rectifying behavior, although the rectification factor was
relatively low (around two orders of magnitude). A deep porous layer, together with a
high porosity, resulted in a large series resistance. The series resistance was varying
depending on the etching parameters, but values of several kΩ were common for
devices of 2 mm diameter. The voltage drop caused by this series resistance required
the application of a higher external voltage to obtain EL, resulting in reduced external
power efficiency and a shorter lifetime of the devices. On the other hand, a deep porous
layer was a consequence of the etching time necessary to obtain optimal properties of
the top p+ layer.

Sample heating results in a current increase which can be described by a thermally
activated mechanism:

kTE
o

aeJJ /−⋅= (3.1)

where k is Boltzmann constant, T the absolute temperature and Jo the current density
prefactor. The extracted activation energy Ea was in the range 0.1 – 0.2 eV (article 4).
A low value of the activation energy is ascribed to the barriers formed by the band-gap
variation between adjacent crystallites.

3.2.B Electroluminescence spectra and efficiency

The investigations on porous silicon LED luminescence presented here were generally
conducted at room temperature and in air ambient, unless explicitly stated otherwise
(e. g. in temperature dependence measurements and some degradation recovery
measurements). The EL from porous silicon LED’s was obtained only under forward
bias. The tunability of the EL wavelength is a very important issue and is achieved by
varying the etching current and time. Three EL spectra from samples of different
etching parameters are shown in Figure 3.6. The bias necessary to observe the EL with
a naked eye depended on forward current, efficiency and peak wavelength, but
minimum values were around 7 V. The emitted light appeared bright orange to deep
red, due to a wide bandwidth of the EL, with full width at half maximum (FWHM) of
around 100 nm. For potential display applications, this bandwidth is acceptable, but for
optical communication applications it would be advantageous to significantly limit the
bandwidth, e. g. by using PSi superlattices. In Figure 3.7 are shown photographs of the
EL and PL from the PSi structures.
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Figure 3.6 The EL and PL spectra for porous silicon LED’s with different etching
parameters. All EL spectra are plotted using the same scale, while the PL
intensity scale is different.

Figure 3.7 a) Electroluminescence from a PSi LED b) Example of the spectral
tunability of the PL from three PSi samples (excitation by an UV lamp).

Depending on the etching parameters, the EL peak position was tunable in the range
630 - 780 nm. The dependence of the current density, external quantum efficiency, and
the EL peak on the etching parameters is described in articles 2 and 4, and a summary
is shown in Figure 3.8. During the course of etching, the Si structures become smaller
and more isolated. Thus, the band-gap of the Si nanocrystals widens and the barriers
between them increase.
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Figure 3.8 The etching parameters influence on the current density, efficiency and EL
peak position for porous silicon LED’s. The squares and the diamonds
represent etching current densities of 40 mA/cm2 and 50 mA/cm2,
respectively. The dashed and the solid line are the trend-lines for each
etching current. The PL peak position for the etching current density of
50 mA/cm2 is added for comparison.

According to the quantum confinement luminescence model, a shorter peak wavelength
of the luminescence is a consequence of a wider band-gap, associated with a smaller
crystallite size. Indeed, the EL peak wavelength decreases with further etching. Also,
the quantum efficiency is improved by extended etching since the migration of carriers
is reduced due to a stronger confinement, reducing also the non-radiative
recombination. When finer structures are produced using a lower etching current
(within the applicable etching current range - see section 3.1), instead of a longer
etching time, the EL peak is similarly blue-shifted and efficiency increased
(Figure 3.8). However, the peak shift and the efficiency improvement were limited by
the mechanical fragility of the layer beneath the p+ layer. Due to its high porosity, the
detachment of the top p+ layer occurs for long etching times or high etching currents,
exposing the active nanoporous layer. This layer exhibits a strong PL. The PL peak
wavelength from such an area agrees well with the trend of the EL peak wavelengths.
The forward current of the final devices is decreasing with further etching, due to
increased barriers. Even in such border cases when detachment does not take place yet,
but the porosity is very high, the forward current is very low, resulting in a low EL
intensity despite a high efficiency. Another possible limitation for the luminescence
blue-shift is the influence of oxygen on the nanocrystal surface. According to
theoretical calculations, Si=O bonds would limit the nanocrystal band-gap to
~ 2.2 eV62, despite the size reduction.

0 5 10 15 20 25 30

1.6

1.7

1.8

1.9

2.0

PL

EL
 P

ea
k 

  [
eV

] 

Exchanged charge density   [C/cm2]

0

0.1

0.2

η ex
t   

[%
]

0

50

100

J 
  [

m
A/

cm
2 ]



Nenad Lalic: Light emitting devices based on silicon nanostructures

20

The achieved external quantum efficiency for the PSi LED’s was ~ 0.2 % under pulsed
operation (article 1), exceeding the previously reported values by more than an order
of magnitude. The pulsed operation was necessary, due to a EL degradation under a
constant bias, as described later. Soon thereafter, similar efficiencies were reported
under continuous operation27,56, although some of the experiments were performed in
vacuum. One fundamental efficiency limitation is that a significant part of the current
most likely flows through regions with lower barriers i.e. large non-luminescent
structures. To reduce this “leakage current” a post-anodization electrochemical
oxidation was recently implemented resulting in an external quantum efficiency as high
as ~ 1.1 %29. Anodic oxidation significantly reduced leakage current, since it
preferentially takes place at larger, non-confined structures. An optimal oxidation level
was achieved by in-situ monitoring the EL intensity. These results indicate that the
main drawback of these devices is poor stability in air ambient rather than a low
efficiency.

Using a high-sensitivity measurement set-up, the EL onset was detectable at forward
biases in the range 2.5 – 4 V (articles 4 and 5), depending on the sample. The EL
threshold voltage was higher for devices with shorter peak wavelengths. A nanocrystal
with a wider band-gap requires application of a stronger bias for carrier injection,
implying a higher threshold voltage for the EL, which is illustrated in Figure 3.9.

Figure 3.9 Illustration of carrier injection into crystallites of different size.
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Thus, a higher EL threshold voltage observed for devices with a shorter peak
wavelength is an expected consequence of the quantum confinement model. Moreover,
for the same sample, emission at longer wavelengths starts at a lower bias than the
shorter wavelength emission (article 5), also consistent with the quantum confinement
model. The blue-shift of the EL peak with increasing bias voltage, resulting from a
different EL threshold for different wavelengths, is shown in Figure 3.10. Both the EL
peak shift and the quantum efficiency saturate at 4 - 5 V above the EL threshold and,
above that, they both are independent of bias.

Figure 3.10 The bias dependent peak shift of the EL for two different samples operated
near the EL threshold

3.2.C Transient properties of the electroluminescence

To investigate carrier injection and relevant carrier recombination mechanisms, time-
resolved measurements of the EL have been performed. By analyzing spectrally
resolved EL decays, a stretch-exponential dependence was found for each observation
wavelength, which can be described by the function

β

τ





−

=
t

oeItI )( (3.2)

where the decay is described by a time constant τ and a dispersion factor β. In the case
of single exponential decay (as for a homogeneous system of luminescent centra) the β
is equal to 1. If the decay consists of a combination of several exponentials, reflecting a
dispersion in lifetimes for the same observation wavelength, then the value of β is less
than 1 and the decay is faster in the beginning. Several possible origins of this
dispersion have been suggested for porous silicon: a) a difference in carrier localization
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due to varying barrier height and distance to non-radiative recombination centra63,
b) exciton migration and capture in a disordered system of interconnected
nanocrystals64, and c) a distribution of crystal shapes for the same volume.

The values of τ and β were found to be similar for the EL and the PL from similarly
prepared samples, indicating that the same luminescence mechanism is responsible for
both EL and PL. The observation of a stretched exponential decay has been attributed
to excitonic decays in a disordered system64, where diffusive motion and trapping is
possible. In the case of migration and recombination of single carriers, a power-law
decay characteristics is expected64. Thus, to explain the mechanism of carrier injection
during EL, it is probable that exciton formation in a crystallite results from a hot
electron impact, rather than from separate electron and hole injection from the n and p
side, respectively. For the porous Si samples, β has lower values than for Si
nanocrystals and extracted time constants are ~ 2-5 times lower for the porous silicon
samples with respect to Si nanocrystal samples (cf. Figure 2 in article 7). A possible
reason for that is stronger confinement in Si nanocrystals, compared to PSi, due to
larger separation between the crystallites and higher barriers.

The carrier migration mechanism (in the form of excitons) is further supported by a
partially reversible red-shift of the EL at increased temperatures (article 4). The EL
peak dependence on the ambient temperature during one heating/cooling cycle is
shown in Figure 3.11.

Figure 3.11 EL peak shift at elevated temperature. The inset shows EL spectra at three
different temperatures during the heating
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Increased temperature enhances carrier migration to larger crystallites, partially
accounting for the red-shift of the EL peak. The observed EL quenching at increased
temperature is a combination of a reduced confinement and thermally activated
non-radiative recombination processes within “active” crystallites. After cooling, the
red-shift and the intensity reduction were only partially restored, reflecting a permanent
reduction of the ratio between the radiative and the non-radiative recombination rate,
which seems to be more expressed for smaller crystals. This is assumed to be due to
hydrogen desorption, which causes inferior passivation65,66.

For any application of PSi diodes, the EL response time is an important parameter.
Apparently, the limiting factor is the EL decay after the pulse (τfall ~ 30 µs), while the
rising edge is much sharper (τrise < 10 µs). This would limit the functional frequency
range to ~ 10 kHz. By applying further oxidation in HNO3 to reduce carrier lifetimes, a
bandwidth of 200 kHz was achieved28. However, this reduces the efficiency, as well.

3.2.D Electroluminescence degradation

3.2.D.1 Reversible degradation

When a constant bias is applied to PSi diodes, the EL intensity and the current remain
constant for a short time (≤ 1 ms) and then decrease with time constants in the order of
~ 100 ms. The degradation is partially reversible and depends on the pulse current and
duration. At a low operating power the recovery is complete and there is no spectral
shift, indicating no structural changes in the PSi network. The temperature dependence
of the EL recovery is studied in article 3. The recovery time constants at room
temperature are in the range of tens of seconds, but decrease rapidly with a temperature
increase (Figure 2 in article 3). By fitting the data with the expression:

kTE
or

ae /11 −−− = ττ  (3.3)

as for a thermally activated recovery process, an activation energy Ea ≈ 0.4 eV was
obtained. This was attributed to the thermally activated release of trapped carriers from
larger crystallites with lower band gap. Thus, the reversible EL degradation has been
attributed to a charging mechanism in the PSi network and we propose that it might be
assigned to a Coulomb blockade, caused by the trapping of carriers at larger crystallites
with lower band-gap, inhibiting further injection of carriers into luminescent
crystallites. This interpretation, rather than a mechanism of transient change of
passivation, is supported by a concurrent reduction of the injected current (at a fixed
voltage). Since the recovery process is two orders of magnitude slower than the
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degradation, a low resulting operational duty-cycle is a serious limitation for potential
applications of these LED’s.

3.2.D.2 Permanent degradation

Only part of the degradation of the EL from the PSi LED’s is recoverable. Permanent
degradation takes place during the operation, as well. One of the possible reasons for
the degradation is a local heating in the region of high porosity, due to a low heat
conductivity. The heating causes deterioration of the surface passivation through a
stimulated hydrogen desorption and, thus, increases the non-radiative recombination.
A reduced forward current after a “thermal runaway” event (article 3) indicates that the
temperature increase may be so large that it can stimulate oxidation of the nanocrystals
or, even, structural changes in the PSi network (melting).

Furthermore, the EL degrades continuously during the storage in air ambient and can
typically be observed only for a few weeks. The poor stability of porous silicon
structures has its origin in the fragile hydrogen surface passivation. The EL threshold
shifts towards higher voltages and the current significantly decreases with aging, which
is attributed to an increase in barrier heights, due to the oxidation of the PSi network,
which readily takes place even at room temperature.

One way to prevent degradation is to adjust etching parameters to form structures larger
than the optimal for EL and to perform post-anodization oxidation. From the
passivation point of view, the thermal oxidation is superior to the electrochemical
oxidation, but one should keep in mind that thermal oxidation inherently increases
barriers between crystallites. This is not a problem for PL, but it can be detrimental for
EL, as it hinders current flow through the structure. Different passivation approaches
are described in section 2.3.A.
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4. Silicon nanocrystals in SiO2

While porous silicon from the beginning exhibited promising luminescence properties,
its poor stability was a driving force for the investigation of other structures, where Si
nanocrystals would be better passivated. By forming Si nanocrystals within SiO2 the
unstable hydrogen passivation would be replaced by SiO2 and, at the same time,
mechanical stability of the structure would be significantly improved. One way to form
Si nanocrystals embedded in SiO2 is to create an excess Si concentration in the oxide
by Si implantation and to induce nanocrystal formation and growth by a subsequent
high temperature annealing67-71. Also, the high formation temperature ensures VLSI
compatibility since the nanocrystals would be perfectly stable during a subsequent
normal CMOS process.

4.1 Nanocrystals preparation

In this work, different structures with Si nanocrystals have been prepared by
implantation and annealing. Thermal oxides with different thicknesses between 100 Å
and 1000 Å, as well as 5000 Å, were grown on (100) Si wafers. The implantation of
28Si+ ions was done with energies 37-40 keV for oxide thicknesses up to 1000 Å and
with 160 keV for an oxide thickness of 5000 Å. The implantation energies were
determined by Monte Carlo simulation, using the TRIM code72. For oxide thicknesses
of 100-500 Å, an amorphous Si (a-Si) layer of appropriate thickness was deposited on
top of the oxide, to position the implantation peak in the middle of the oxide as
described in article 6. Calculated depth distributions of excess Si atoms for an
implantation energy of 37 keV is shown in Figure 4.1a. The implanted profile is nearly
Gaussian and for thin films the excess concentration is virtually constant within the
oxide film. If a constant excess concentration is required for thicker films, multiple
implantations with different energies are required.

Lower implantation energies result in a higher and narrower excess concentration peak;
however, for thin oxides (< 500 Å) there is a significant loss of the implanted Si ions,
due to stopping in the a-Si cap-layer and in the substrate. Besides peak positioning, the
cap layer serves as a protection for the oxide layer. Nevertheless, its thickness must be
limited, since it introduces optical absorption losses, both for the excitation and the
luminescence light. Implantation doses between 2⋅1016 cm-2 and 3⋅1017 cm-2 have been
used to investigate the excess Si concentration influence on the luminescence. Excess
concentration profiles for energies 40 keV and 160 keV and at different implantation
doses are compared in Figure 4.1b.



Nenad Lalic: Light emitting devices based on silicon nanostructures

26

Figure 4.1 TRIM calculation of the excess Si concentration. a) Distribution for
implantation energy of 37 keV and used oxide thicknesses of 100-1000 Å
and appropriate cap a-Si layers. b) Comparison of the excess Si
concentration at implantation energies of 40 and 160 keV for different
implantation doses used in experiments.

After implantation, samples were annealed in nitrogen atmosphere to induce
nanocrystal formation. Temperatures in the range 800-1200°C and durations between
1 h and 5 h were used to investigate the influence of annealing parameters on the
luminescence. A TEM image revealed Si nanocrystals in a 1000 Å thick SiO2 after
annealing at 1200°C for 5 h as shown in Figure 4.2 (note that only the fraction of
nanocrystals which aligned with the electron beam can be seen in the image.)73.
Nanocrystals were readily observed for high implantation doses and high annealing
temperatures, while it was more difficult in other cases. TEM images revealed an
undulating Si/SiO2 interface, indicating precipitation of excess Si from the oxide at the
interface. The Si losses due to precipitation may become significant for thin oxides
(≤ 200 Å). For example, the diffusion length of Si for a 1 h annealing at 1100°C can be
estimated to L ≈ 68 Å36. This can result in a zone denuded from nanocrystals in the
vicinity of the Si/SiO2 interface.
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Figure 4.2 TEM lattice resolution micrograph showing Si nanocrystals as revealed by
atomic planes with a spacing appropriate for (111) Si planes (the marked
circles have a 3 nm diameter). The sample had a 1000 Å thick SiO2 layer,
and had been annealed for 1 h at 1200°C in N2 atmosphere. Implantation
energy and dose were 40 keV and 1⋅1017 cm-2, respectively.

4.2 Spectral properties of the photoluminescence

PL from Si nanocrystals can be tuned by varying implantation and annealing
parameters. As an example, the annealing temperature dependence of PL spectra is
shown in Figure 4.373. The spectra presented here are measured a few microseconds
after the excitation pulse. Therefore, they contain only the slow PL component, while
the fast luminescence is not included. The observed PL spectra from Si nanocrystals are
similar in shape and width to those of porous silicon (article 7). The peak emission
energy is lower for a higher annealing temperature. This is consistent with a band-gap
reduction, due to quantum confinement, caused by an increase in crystallite size with
increased annealing temperature32,36,74,75.

Furthermore, a higher excess concentration results in a larger average crystallite
size36,76, which is reflected in a similar red-shift, measured for an increased
implantation dose in article 6. Figure 4.4 shows the PL spectra for samples with
different implantation doses. Besides the red-shift, there is also a non-linear intensity
increase, shown as the inset in Figure 4.4. Such non-linear dependence confirms that a
certain minimum concentration is necessary for nanocrystal formation36. The shortest
wavelength of ~ 720 nm (article 7) is in good agreement with the minimum size of
~ 2.5 nm, proposed by Nesbit36.

10 nm
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Figure 4.3 PL spectra for different annealing temperatures. The annealing time was
1 h, implantation dose 3⋅1017 cm-2, and the implantation energy 160 keV.
Solid lines represent Gaussian fits to the data.

Figure 4.4 PL spectra dependence on the implantation dose. Inset shows the peak
intensity as a superlinear function of the implantation dose. Implantation
energy was 160 keV and the annealing temperature 1100°C and time 1 h.
Solid lines represent Gaussian fits to the data.
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One should also take into account that the excess Si concentration created by ion
implantation is not homogeneous in depth, while the integral PL is measured. This
means that the PL measurements reveal only the average properties of the film.
Average excess Si concentration in thinner films is higher than in thicker films
(cf. Figure 4.1a). Consequently, the PL peak wavelength after annealing should be
longer for thinner films. This is, indeed, observed and described in article 6 and shown
in Figure 4.5.

Figure 4.5 PL spectra dependence on oxide thickness. The implantation energy was
37 keV and the dose 2⋅1016 cm-2. Solid lines represent Gaussian fits to the
data.
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4.3 Stretched exponential photoluminescence decays

The PL decays are described and analyzed in article 7. Since at room temperature non-
radiative recombination dominates, the PL decay is a probe of the carrier concentration
in nanocrystals, as demonstrated for porous silicon by the free carrier absorption
technique77. Different lifetimes are observed for different wavelengths, but also the
decay at each wavelength is composed of different lifetimes. Thus, it is
non-exponential in general and can be described by a “stretched exponential” function,
as in PSi64,78 (equation 3.2). The extracted time constants τ and dispersion factors β are
shown in Figure 4.6. For Si nanocrystals, the time constants are strongly wavelength
dependent, with values in the range 10-150 µs, while β varied between 0.7 and 0.8.

Figure 4.6 Comparison of the PL from porous silicon and Si nanocrystals, regarding
the dispersion factor β and decay time constants τ. Different porous silicon
samples have been produced under different illumination power densities
(Po = 18 mW/cm2)
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As for porous silicon, the PL decays are faster at shorter wavelengths (cf. Figure 2 in
article 7). The time constants at the same wavelengths are 2-5 times longer for Si
nanocrystals than for porous silicon. This can be explained by a reduced non-radiative
recombination rate due to a better passivation and a reduced carrier migration.
A superior oxide passivation, compared to the fragile hydrogen passivation of porous
silicon, is further confirmed by longer time constants for samples annealed at 1200°C.

For Si nanocrystals the dispersion factor increases with a decrease in the implantation
dose (cf. Figure 7 in article 7), while in porous silicon it increases with further etching.
In both cases a higher β is associated with more isolated nanocrystals. Additionally, the
decay shape is changing during the transient. A gradual transformation into a single
exponential towards the end of the decay has been observed (Figure 4.7), indicating
that a fraction of the PL originates from crystallites with similar size and lifetime. The
model based on a partially interconnected system of nanocrystals64,78 can explain both
the dose dependence of the decay shape, and the single exponential behavior by exciton
migration and trapping in such a system. The dispersion factor β is, then, a measure of
exciton diffusion and trapping. For lower doses, β approaches unity, indicating a large
fraction of isolated nanocrystals. A similar effect occurs at the end of the decay, when
excitons remain only in a small amount of isolated nanocrystals.

Figure 4.7 Normalized PL decays from Si nanocrystals. The decay shape at longer
wavelengths transforms from stretched exponential into single exponential
(cf. single exponential with τ = 107 µs).
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4.4 LED Structure and processing

The high stability of the luminescence from Si nanocrystals embedded in SiO2 is an
important advantage for LED applications, compared to porous silicon. EL from Si76,79

and Ge80 rich SiO2 has been already demonstrated. Since SiO2 is an insulator, there are
two possible approaches in LED design: a) using a thick oxide layer and high bias
voltages or b) using a thin oxide and low voltages. Both cases have advantages and
disadvantages. In case a) high voltages are limiting practical applications, while the
small active volume and small number of nanocrystals results in a low intensity in
case b).

In article 8 we have presented an LED structure using thin oxides and a highly doped
poly-Si top contact layer, providing good carrier injection at low voltages. For efficient
external EL, it was necessary to have a semi-transparent top contact. By using in-situ
doped poly-Si (IDP) with a total thickness of 3700 Å, the absorption of the emitted EL
was limited to ~ 20 % for wavelengths longer than 600 nm3. The LED structure is
shown in Figure 4.8.

Figure 4.8 Cross-section of the LED structure based on Si nanocrystals.
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The processing consisted of the following steps:

1. 4” n-Si wafers: <100>, with resistivity 20 Ωcm were used as substrates.

2. Thermal oxides of thicknesses 120, 180, 500 and 1000 Å were grown by dry
oxidation at 900-950°C:

3. An undoped a-Si layer (2100 Å) was deposited by LPCVD on top of the oxide to
locate the implantation peak in the middle of the oxide. The thickness used allowed
for applying the same implantation energy of 150 keV for all oxide thicknesses, as
obtained by TRIM simulations. This layer would serve as the top contact, together
with another highly-doped IDP layer, deposited after the annealing. Furthermore,
this layer protected the underlying oxide layer during subsequent wafer handling.

4. 28Si+ ions were implanted at 3 different implantation doses (3⋅1016, 1⋅1017 and
3⋅1017 cm-2) in order to investigate the influence of the excess Si concentration on
electrical and luminescence properties.

5. Samples were annealed at 1100 oC for 1 h in N2 atmosphere to form nanocrystals.
Also, during this step the a-Si cap layer crystallized into poly-Si.

6. An in-situ phosphorus doped poly-Si layer (1600 Å) was deposited by LPCVD and
activated for 1 h at 650°C to provide top contact for the diodes. The obtained
resistivity of 1.5 mΩcm ensured a negligible series resistance, good injection and
ohmic contact with later deposited Au contacts.

7. Poly-Si dots of 2 mm diameter were formed by dry mesa-etching.

8. Gold contacts were deposited on top of the poly-Si dots and patterned with the lift-
off technique to ensure a stable and easy contacting with a probe tip.
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4.5 LED Properties

The EL from the nanocrystal LED’s was stable and continuous operation at room
temperature and in air ambient was possible, unlike the PSi LED’s. EL was only
observed for the two thinnest oxides (tox ≤ 180 Å), due to a very low current in the case
of the thicker oxides. The EL peak position was in the near-IR, at ~ 800 nm, virtually
independent of the implantation dose and the oxide thickness. Although only an EL tail
extended into the visible range, EL was observable with a naked eye in a darkened
room, already from 8 V.

Stability was tested under 90% duty cycle operation in air ambient and very little
degradation was observed over > 150 h (Figure 4.9). The detected ~ 10 % reduction of
the intensity could be ascribed to aging effects of the top contact (probe tip - gold dot).
Nevertheless, the quantum efficiency was virtually constant. Moreover, no detectable
degradation occurred during a one year storage of the LED’s. In this regard, LED’s
based on Si nanocrystals are superior to porous silicon LED’s, due to the oxide
passivation.

Figure 4.9 The EL stability test. The oxide thickness and the implantation dose were
120 Å and 1⋅1017 cm-2, respectively. The LED was operating under pulsed
excitation with 90 % duty-cycle and pulse voltage of 16 V. At the end of
the measurement period, the probe tip was moved slightly and the initial
values were restored.
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The EL intensity and quantum efficiency were considerably lower than those reported
for porous silicon. The best value for external quantum efficiency (~ 3⋅10-5) was
obtained for a 180 Å thick oxide and an implantation dose of 1017 cm-2 (Figure 4.10).

Figure 4.10 Total EL intensity and external quantum efficiency dependence on the bias
voltage. The unity value of the EL intensity in upper panel corresponds to
the approximate lower limit for EL to be seen by the naked eye.

A low efficiency has its origin in a low radiative recombination and in alternative
current paths through the oxide or through optically inactive nanocrystals. The latter is
further supported by a lower efficiency for thinnest oxides, other parameters remaining
the same. Preferential current paths include larger nanocrystals, with narrower oxide
barriers, while carrier injection into smaller crystallites is more difficult. A near-IR,
dose independent, peak position of the EL, in contrast to a tunable PL and longer decay
time constants for EL than for PL at same implantation doses (Figure 4.11) indicate that
only larger crystallites are electrically excited.
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Figure 4.11 Decay time constants of wavelength-integrated luminescence for LED’s
with different oxide thicknesses and implantation doses.

An image of the EL, taken by a CCD camera using two different band-pass filters, for
700 nm and 600 nm, respectively, is shown in Figure 4.12.

Figure 4.12 A CCD image of the EL from a part of a LED based on Si nanocrystals in
SiO2. Left and right images are taken using two different band-pass filters
(bandwidth 40 nm), for 700 nm and 600 nm, respectively. The intensity
scale was the same for both images. The oxide thickness and the
implantation dose were 120 Å and 1⋅1017 cm-2, respectively. The operating
voltage was 12 V.
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One can see that there is a much larger number of luminescence sources emitting
at 700 nm than at 600 nm. At 700 nm the intensity is more homogeneously distributed
over the surface, while at 600 nm the luminescence originates from a few distinct spots
believed to be isolated Si nanocrystals. This further supports the hypothesis that main
part of the current passes through larger crystallites, which emit EL at longer
wavelengths.

The combination of oxide thickness and implantation dose is crucial for the EL
efficiency, as thinner oxides and higher implantation doses generally promote more
leakage current paths through the oxide. Furthermore, a low EL intensity is a
consequence of a combination of a small active volume (small number of active
nanocrystals in thin oxides) and the low radiative recombination rate in Si.

Besides its effect on the leakage current and efficiency, the implantation dose has a
strong impact on the decay time constant. A higher implantation dose and a thinner
oxide layer result in a faster EL decay after the excitation pulse (Figures 4.11 and
4.13). Indeed, a high excess Si concentration will result in a short distance between
neighboring nanocrystals, and between nanocrystals and the substrate, causing a strong
interconnection between them. Thus, the carrier confinement will be significantly
weakened and diffusion to non-radiative recombination centra more probable. A shorter
decay time constant allows a higher modulation frequency, but reduces the efficiency,
due to enhanced non-radiative recombination.

Figure 4.13 Total EL intensity decay after the excitation pulse for an LED with oxide
thickness of 120 Å.
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5. Summary and future outlook
This work was inspired by the recently discovered phenomenon that silicon structures
in the nanometer size range are able to emit visible light1,2. The aim was to investigate
the luminescent properties of the Si nanostructures and the feasibility of their use as a
basis for new, VLSI compatible, opto-electronic components. Potential integration of
the light emitting components with control circuits, as well as usage of silicon instead
of compound semiconductor materials, would open new opportunities and reduce
manufacturing costs. This work comprises investigations of electroluminescence and
related properties of two different types of silicon nanostructures. The first type was
porous silicon, as the visible light emission was first observed there, while the second
type was Si nanocrystals embedded in SiO2. Functional EL devices were designed and
manufactured from both types of structures.

Summary of results

The main findings of the thesis may be summarized as:
• Porous silicon LED's were manufactured by electrochemical etching under

illumination and this process is relatively simple. To enhance the carrier injection
into the active region, the porous structure is formed in the pn junction region.
LED’s based on porous silicon with an external quantum efficiency of ~ 0.2 %
under pulsed excitation were produced.

• Tuning of the EL emission wavelength by varying the etching parameters was
demonstrated, which would be crucial for potential display applications. The
dependence of the EL wavelength on etching parameters is in agreement with the
quantum confinement model for the luminescence. This is further supported by the
blue-shift of the EL peak with bias increase in the vicinity of the EL threshold.

• The decay time constants of both EL and PL increase with an increase in
wavelength. The stretched-exponential decay shape is in agreement with a model
assuming trapping and migration of excitons in partially interconnected
nanocrystals64,78. The same dependence was found for Si nanocrystals in SiO2, but
with 2-5 times longer decay time constants. This can be explain by a stronger
isolation of the nanocrystals, which is indicated by a single exponential decay shape
towards the end of the decay.

• Similarities between EL and PL of PSi structures suggest a related luminescence
mechanism. A similar luminescence peak position, spectral width and quenching at
increasing temperature, along with comparable quantum efficiencies and, finally,
similar decay kinetics and time constants, all imply the existence of the same
recombination mechanism for both EL and PL.

• Considering practical application of PSi LED’s, there is a number of issues to be
solved. The LED’s were not continuously operable due to charging, caused by the
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charge trapping in the porous silicon network. The long term stability of the PSi
LED is poor. Passivation of the PSi is generally difficult, due to the huge surface
area of the porous structure.

• The LED’s based on Si nanocrystals embedded in SiO2 were more stable, due to a
superior oxide passivation, compared to the hydrogen passivation of porous silicon.
Also, the high formation temperature of the nanocrystals ensures process
compatibility with CMOS technology.

• The PL spectra were consistent with the model implying a certain threshold for the
nucleation of Si nanocrystals from the Si rich SiO2 during a high temperature
annealing36.

• Continuous room-temperature EL was obtained from oxide layers with a thickness
up to 180 Å. The EL intensity remained essentially stable over the full period of
measurement (> 150 h) and no detectable degradation occurred during the one year
storage of the LED’s. However, the EL intensity and efficiency were around two
orders of magnitude lower than in porous silicon, as a consequence of a thin active
layer, providing tunneling or current paths through oxide defects or through
optically inactive nanocrystals. Also, the EL peak in the near-IR (~ 800 nm),
independently on the processing parameters, indicates preferential current paths
involving large crystallites.

Future outlook

The improvement and understanding of the luminescence properties of Si
nanostructures has largely advanced since the discovery of the visible luminescence
from PSi. It has also revealed some inherent limitations of these structures. One of
them is a low radiative recombination rate, causing a low brightness and modulation
speed and, thus, making these devices unsuitable for optical communication
applications. The porous silicon devices offer best efficiency up to date29, but the
stability problem is still far from being solved, although significant progress has been
made. The possibility remains in display applications, where a low price can be
advantageous if large quantities of nanostructures are produced by deposition
techniques. However, that requires better EL efficiency from such structures and
further studies of the current transport and luminescence mechanism in order to
improve the quantum efficiency and electroluminescence intensity. It seems that there
is a principal conflict between the requirement for efficient electrical excitation at a
relatively low voltage and the large thickness of the active layer needed for a high EL
intensity. Perhaps, one route could be to embed nanocrystals in a material of only
slightly higher band-gap.

On the other hand, the immense research in the field of Si nanostructures, initially
stimulated by the prospects for luminescent devices, has resulted in various
improvements and discoveries in other fields. For example, porous silicon superlattices,
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made by varying the porosity with depth, can be applied as mirrors or waveguides or
even as a small monochromator grating (by varying the superlattice laterally). Solar
cells can utilize the rough surface and wide band-gap of porous silicon to enhance the
light absorption in the cover layer. The huge internal surface makes porous silicon
suitable for sensors for different chemicals. The knowledge about controlled
electrochemical etching is very useful in micromachining, for producing large aspect
ratio macro-pores in Si. Probably, the most promising are Si quantum dots, defined by
lithography, which have the potential use in single electron transistors or low-charge
flash memories. This opens new opportunities, as the downscaling problems become
more important in microelectronics. Finally, porous silicon has shown great potential as
a bio-compatible material where the nanostructured surface promotes the growth of
bio-molecules and even serves as a host for neurons. This could eventually provide an
electrical interface between humans and computers!
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Appendix: Luminescence measurement system

Detection

The measurement system used for EL and PL measurements consists of a collecting
lens, a 1/8 m double monochromator, a cooled GaAs(Cs) photomultiplier tube
(Hamamatsu R636-10) and a digital oscilloscope. The photomultiplier tube (PMT) is
operated at temperatures between -10 oC and -15 oC, in order to reduce the anode dark
current (noise) to ~ 1 pA (~ 30 cps). The PMT, the monochromator and the lens holder
are placed on a rail, which can rotate around a vertical axis that coincides with the
sample position, allowing angular dependent measurements. The measurement set-up is
schematically shown in Figure A.1.

Figure A.1 Schematic drawing of the set-up for the EL and the PL measurement.

In spectrally resolved measurements, the choice of monochromator slit width is a
compromise between the total amount of light collected by the system and the spectral
resolution. Since the luminescence bandwidth was large (≥ 100 nm), the measurements
were mainly performed at the widest opening (spectral bandwidth 12 nm). The
measured data was corrected for system response, obtained by black body calibration.
Yet, the monochromator severely reduces the system sensitivity, hindering
measurements at the lowest pulse voltages (e. g. when determining the threshold level
for the EL). To achieve the highest possible sensitivity, a measurement configuration
without monochromator was used. In this way the spectral information was not
available but the system sensitivity was increased by more than two orders of
magnitude, allowing the detection of very low EL intensities (e. g. for the comparison
between the EL threshold voltages for different samples). In this configuration a lens
was used in front of the PMT to form a 1:1 device image on the photocathode.
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Excitation

Both photoluminescence and electroluminescence measurements have been performed
using a computer-controlled optical measurement system. The only difference between
the two measurements was that in the EL measurements the carriers were injected
under electrical bias, while in the PL measurements the sample was excited by a laser
beam. For the PSi samples the current monotonously declined under a constant bias,
thus it was necessary to apply pulsed excitation. That was accomplished with either
commercially available pulse generators or a home-built pulse generator designed for
the requirements of the time-resolved EL measurements.

In PL measurements, electron-hole pairs are generated by an incoming photon, whose
energy, therefore, must be larger than the band-gap of the tested material (i.e. the
wavelength of the pumping light has to be shorter than the wavelength of the expected
emitted light). The excitation light source used was either green (532 nm) or UV
(354 nm) light, obtained by frequency doubling or tripling (respectively) of pulsed
yttrium-aluminum-garnet (Nd:YAG) laser light (1064 nm). Two different Nd:YAG
lasers were used, with pulse duration of ~ 100 ns and ~ 3 ns, respectively. In cases
where the PL measurement was performed on structures covered by another layer,
highly-absorbing in the UV range, only green (532 nm) excitation light was used.

System calibration and EL efficiency measurement

To enable correcting of spectrally resolved measurements for system response and for
EL quantum efficiency measurement, the measurement system was calibrated using a
black body radiator. The energy radiated by a black body is given by Planck's radiation
law and can be written in the form:

1 - )( exp
dhc8  =  

d
dE

kT
hc5

o
o
λ

λ
λ

π
λ

⋅ (A.1)

where h, co, and k are Planck's constant, the velocity of light in vacuum and Stefan-
Boltzmann constant, respectively. The optical power entering the input slit of the
spectrometer, at a certain wavelength λ  (within the range λ - ∆λ/2  to  λ + ∆λ/2)  is
then

A    c    
d
dE  = P oopt ⋅Ω⋅⋅∆⋅ λ

λ
(A.2)

where Ω is the solid angle accepted by the front lens and A the opening area of the
black body, provided that its projection is smaller than the entrance slit of the
monochromator. The optical power radiated by a black body varies rapidly with
wavelength. While the short wavelengths are very weak at low temperatures, the long
wavelength radiation saturates the PMT at high temperatures. To cover the whole
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spectral range of interest (450-900 nm) with good accuracy, the calibration was done at
several different black body temperatures between 650 °C and 1030 °C and the final
calibration curve was obtained by a combination of the individual curves at different
temperatures. The total sensitivity of the system was also verified by a calibrated large-
area (1 cm2) Si detector.

The system response in Figure A.2 was obtained as a quotient between the output PMT
anode current and the input optical power at different wavelengths. The highly
non-uniform curve apparently results from the squared grating efficiency and the
reflectance of eight Al-coated mirrors of the double grating monochromator.

Figure A.2 Overall response of the measurement system.

The external quantum efficiency η has been determined as the number of photons
emitted into the surrounding ambient divided by the number of electrons passed
through the external electrical circuit and can be expressed as:

∫ ⋅⋅
⋅⋅⋅
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where e, h, c and λBW are the electron charge, Planck constant, the velocity of light and
the spectral bandwidth of the monochromator, respectively. The external radiation was
not isotropic. Thus, for the external quantum efficiency determination it is necessary to
integrate the luminescence over the whole front hemisphere (2π steradians). The
angular dependence measurements showed that the external radiation distribution
agreed well (for angles up to 70o) with an isotropic radiation within the sample,
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assuming a refractive index of ~ 1.6 in most cases. For larger angles the external
radiation decreased rapidly, probably due to the absorption in the p+ and the Au layers.

Taking into account the angular variation, we obtain:

Ω
Ω⋅

= ∫ d
R

IP PMT
opt

π

λλ
2 1

)()( (A.4)

where IPMT, R and Ω1 are the PMT anode current, system response and acceptance
angle of the front lens. Only a small part of the total EL optical power is detected by the
measurement system at each step due to a small acceptance angle Ω1 (~ 0.2 sr), which
corresponds to an even smaller angle within the sample, since n1 > 1. Because of this
difference in the refraction index and the absorption in the top layer and the Au contact
(which is estimated to ≤ 50 %), the internal quantum efficiency is significantly higher
than the external. Assuming isotropic radiation within the sample, a refraction index of
1.6 and 50 % absorption in the Au contact, the internal quantum efficiency is
~ 18 times higher than the external.
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