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Electrical transport and light emission properties of plasma-enhanced chemical vapor deposition
grown light emitting devices (LEDs) based on nanocrystalline silicon have been studied. Various
active layer compositions have been used. Electroluminescence and current-voltage measurements
have been performed on metal-oxide-semiconductor structures. We found that Poole—Frenkel
emission and trap-assisted tunneling between traps located at the nanocrystalline silicon interfaces
are consistent with the measurements. The interface trap density was estimated. Its dependence on
the composition of the active layer is discussed. We propose an equivalent electrical circuit model
for the LED based on complex impedance measurements. Nanocrystalline silicon
electroluminescence in the near infrared region is explained by hot-electron injection and impact
ionization mechanism. It is concluded that the trap-assisted tunneling and charge trapping limit the

external power efficiency of this kind of devices. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.2977749]

I. INTRODUCTION

The silicon light emitting device (LED) is a very desir-
able component in silicon photonics.1 Several physical and
engineering solutions exist, which demonstrate an enhanced
silicon emission in both infrared and visible regions.z’5 How-
ever, the device external or power efficiency remains low,
and has still to be radically improved for practical silicon
LED applications. One way to achieve high power efficiency
is to use the quantum confinement effects in nanocrystalline
silicon (nc—Si).1 As a result, visible light emission in silicon
becomes possible with high radiative recombination rates.

It is also very desirable to have devices compatible with
the present industrial complementary metal-oxide-
semiconductor (MOS) technology. This could be realized by
embedding silicon nanocrystals into the silicon oxide matrix
of a MOS device. The silicon nanocrystal composites could
be grown by plasma-enhanced chemical vapor deposition
(PECVD), for example, which is followed by a high tem-
perature annealing.

The problem of charge injection arises as a result of
embedding nanocrystals into the silicon oxide dielectric ma-
trix. To obtain an efficient light emitter, balanced bipolar
charge injection into the nanocrystals has to be realized.
Good nanocrystal passivation and isolation have to be opti-
mized with charge injected into the nanocrystals under low
voltages. In principle, this could be possible when the thick-
ness of the silicon oxide between the nanocrystals is reduced
at a value that tunneling currents become important. Direct
tunneling is a conduction mechanism that leads to large in-
jected electrical currents at low applied voltages without
leading to the oxide degradation. Present silicon LEDs work
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under high voltages (above 5 V) at which unipolar Fowler—
Nordheim tunneling is the main charge injection
mechanism.”® We are aware of only one work that claimed
the demonstration of the bipolar transport under 5 V in nano-
silicon composite.7 The Fowler—Nordheim tunneling induces
a positive charge in the silicon oxide and leads to its
degradation.8 There is some discussion in literature about
electroluminescence (EL) quenching due to charge trapping
in nc-Si LED.? On the other hand, in stoichiometric oxide
based MOS devices and depending on the oxide thickness
direct or trap-assisted tunneling (TAT) can dominate.'’ The
direct tunneling current is larger than the trap-assisted one
for the oxide thickness thinner than 2.6 nm, where the main
contribution to the direct tunneling current is from electrons
that belong to the twofold degenerated valleys only.lO

In this work we study nc-Si LED grown by PECVD and
discuss its light emission characteristics. We will show how
the electrical conductance and EL depend on the composition
of the active layer. The electrical conduction mechanism will
be analyzed and an equivalent electric circuit of the LED
will be presented.

Il. EXPERIMENT
A. Device fabrication

Different MOS-like capacitors were realized using either
silicon rich oxides (SRO) or silicon-rich oxynitrides (SRON)
deposited by PECVD as dielectric material. First, the active
layer of the LED was deposited by PECVD on 4 in. Si sub-
strates. The substrates were p-type (100) Si with the resistiv-
ity of 12—-18 () cm. During PECVD deposition, the ratio
among the precursor gasses (SiH,, N,O, and NH;) was var-
ied to control the excess amount of both Si and N in the SiO,
matrix. The different deposited layers are identified by a
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TABLE I. Device structural, optical, and electrical characteristics.

Si

O N SRO

SRO thickness Refractive index at 600 content® content® content® capacitanceb

Device (nm) (nm) (at. %) (at. %) (at. %) (pF) SRO dielectric constant
I3 42+4 2.49+0.01 52 44 4 56+ 1 8.5+1.0
I'3N 32+4 2.58+0.01 54 38 8 88*2 10.1+1.5
I'10 502 1.82+0.01 48 47 5 34+1 6.1+04
I'ION 47+2 1.81+0.01 48 44 8 361 6.1+04
I'1s 49+2 1.69 = 0.01 44 50 6 311 55*x04

“Atomic percentages of oxygen, nitrogen, and silicon were calculated from XPS measurements using atomic

sensitivity factors.

"The electrical circuit capacitance values in the case of I'3 and I'3N devices.

symbol I, which is defined as the ratio between the N,O and
the SiH, fluxes used during the deposition process. I is in-
versely proportional to the Si content inside the oxide matrix.
In addition, in order to evaluate the role of the N content, 40
SCCM (SCCM denotes cubic centimeter per miunute at
STP) of NH; were added in the deposition chamber during
the deposition of a few SRON layers. In this case, the de-
vices are labeled with an index “N” following the I" value.
The thickness of the SRO layers was around 50 nm for all
devices (see Table I for details). After deposition, wet oxida-
tion was performed at 1050 °C for 1 h to grow both 480 nm
thick field oxide (for active area isolation) and Si nanocrys-
tals in the gate dielectric. Then, the devices were processed
by using a standard MOS process. The gate was formed with
a semitransparent 30 nm thick layer of n-type in situ doped
polysilicon. Different geometries were used for the metalli-
zation: a circular geometry with a ring-shaped metal line for
emission study (LED) and a disk geometry entirely covered
by the metal contact for electrical studies (capacitor). Metal-
lization was done with a 500 nm thick layer of Al (1% Si),
which is used to connect the gate area of 7.94X 107 m? in
the LED (capacitor for electrical characterization has a gate
area of 3.14X 107® m?) with the bonding pad. In the LED
geometry, the poly-Si is covered by an antireflective coating
formed by a 50 nm thick Si;N, layer and a 120 nm thick
Si0, layer to improve light extraction. Figure 1 reports the
schematic cross section and top view of the devices.

Al (1%Si)

Al (1%Si)

500 nm 500 nm

$i0, (TEOS) 120 nm
LPCVD Si;N, 50 nm

n-type Poly-Si
30nm

Si-rich Oxide
50 nm
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100pum

—_—

(b)

FIG. 1. The schematic cross section (a) and the top view of the devices (b).

A series of monitor wafers were prepared, which fol-
lowed the process flow of the devices except for the defini-
tion of the device areas and contacts by photolithography and
metallization. These monitor wafers were used for evaluation
of layer thickness and structural analysis.

B. SRO and SRON characterization

Layer thickness after annealing was controlled by vari-
able angle spectroscopic ellipsometry and depth profiling of
sputter craters from secondary ion mass spectrometry
(SIMS) on the monitor wafers. The SIMS measurement has
been employed to obtain direct information about the thick-
ness and the amount of excess silicon in the SRO layer.
X-ray photoelectron spectroscopy (XPS) measurements were
performed using a Scienta Esca-200 system equipped with a
monochromatic Al Ka (1486.6 eV) source. An overall en-
ergy resolution of 0.4 eV was routinely used. Si2p, O 1s,
N 1s, and C 1s core levels were collected. All core level
peak energies were referenced to the saturated hydrocarbon
in C 1s at 285.0 eV. The details of these analyses could be
found elsewhere.'!! Here we summarize the general proper-
ties of the samples relevant for the interpretation of the elec-
trical and EL properties, and discuss the structural changes
introduced by the addition of NH; during the deposition.
Photoluminescence (PL) measurements with the 488 nm Ar*
laser have been performed to confirm the formation of nano-
crystals in the SRO layer after the annealing.

The current-voltage (I-V) characteristics were obtained
using the Agilent 4156C precision semiconductor parameter
analyzer. The capacitance-voltage (C-V) measurements were
done with HP 4284A precision LCR meter. A 2-m-long ex-
tension cable was used. The open and short circuit correc-
tions were performed according to the operation manual. The
alternating current (ac) signal voltage level was 50 mV. The
C-V data were collected at two frequencies, 1 and 100 kHz.
The delay time in the /-V and C-V measurements was 1 s to
balance measurement speed and measurement integrity. The
scanning voltage step was 100 mV. The impedance spectros-
copy was utilized in the case of high-silicon excess, and
hence high-conductive I'3 and I'3N devices, to obtain an
equivalent electric circuit of the device and estimate the cir-
cuit capacitance. Impedance magnitude and phase were mea-
sured in the frequency range of 1-300 kHz. The bias swept
from —4 to 4 V.
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FIG. 2. High resolution XPS spectra of the Si 2p core levels of the samples
I'3, I'3N (a) and I'10, I'1ON (b).

The EL was collected with a Spectra-Pro 2300i mono-
chromator coupled with a nitrogen cooled charge coupled
device (CCD) camera. The monochromator was set to the
zero order configuration to measure the emission integrated
over the whole visible range. The total light intensity was
then calculated by integrating the CCD camera signal over
the illuminated pixels. The measurements were performed at
room temperature in a dark room.

We prepared a control MOS device with the stoichio-
metric SiO, gate dielectric using PECVD technique and
measured its I-V and C-V characteristics. Our C-V modeling
shows a good agreement with the experimental data. The
good agreement indicates that our control SiO, device has
good MOS-structure properties, namely, oxide layer is a
good insulator, the oxide is free from charge, and planar
interface Si/SiO, is free from electronic trap levels and
space charge.

lll. RESULTS AND DISSCUSION
A. Nanocrystals formation: XPS and PL analyses

The XPS results for oxygen, nitrogen, and silicon con-
centrations in the measured samples are reported in Table I.
The values (in atomic percentage) were calculated using
atomic sensitivity factors. The XPS spectra of the Si 2p core
level show that all the samples are phase separated in a Si(0)
phase (either nanocrystalline or amorphous) and a silicon
oxynitride matrix (with minor contribution of nitrogen with
respect to oxygen). The amount of Si forming the silicon
phase was estimated by comparing the intensity of the core
level spectra with the ones of different oxides and bulk sili-
con. The Si-excess [percentage of Si(0) with respect to the
total Si-content] for our samples has the following values:
11.2 % I'3, 11.3% I'3N, 5.2% I'10, 3.5% I'10N, and 0.7%
I'15. In Fig. 2 we show the Si 2p core levels of the samples
I'3, I'3N, I'10, and I'10ON. The Si 2p core level line shape
shows a different chemical binding state for silicon and can
be fitted into different components: SiO, (~104 eV), subox-
ides and silicon nitride (~103-102 eV), and Si(0)
(~99 eV). Comparing the Si(0) component of I'3 and I'3N
with that of I'10 and I'10N, we note the decrease in intensity,
which reflects the lower Si excess, and a change in the peak
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FIG. 3. High resolution XPS spectra of the N 1s core level of the samples
I'3, '3N (a) and T'10, T'10ON (b).

shape. In the I'3 and I'3N samples, the peak shape of the
~99 eV component shows the typical doublet structure
known for crystalline Si. This doublet is less evident for the
I'10 and I"10N samples. This change in peak shape might be
caused by the following two effects: (i) a transition from a
more crystalline structure to an amorphous phase for the ex-
cess silicon with increasing I', or (ii) different bond lengths
and angles for tiny nanocrystals caused by the strain near the
interface. Moreover, the spectra in Fig. 2 show evidence of
differences in bonding introduced by the NH; addition dur-
ing the deposition. These differences in the bonding of nitro-
gen to oxygen and silicon are evident in the N 1s core level
spectra as well. These spectra are shown in Fig. 3. It is clear
that I'3N and I"1ON samples have a larger overall nitrogen
content than the corresponding I'3, I'10 samples (see also
Table I). In addition the nitrogen bonding changes as well.
This is evident from the shifts in the binding energy from
399 and 399.5 eV (samples '3, I'10) to 398.5 eV (samples
I'3N, I'10N). A comparison with the binding energies of ni-
trogen in SisN, shows that the I'N samples have N 1s bind-
ing energies similar to those observed in SisN,. This means
that nitrogen introduced in the form of NH; is mainly bonded
to silicon [Si—N(S1)2].

The PL spectra of the various deposited layers are shown
in Fig. 4. The PL spectra reflect the formation of nc-Si in

Photoluminescence (arb.units)

PRy B T T T
600 700 800 900
Wavelength (nm)
FIG. 4. PL spectra collected from the monitor wafers with Ar laser at 488

nm. Incident power was 50 mW. The spectra are normalized for spec-
trograph response. The devices are indicated in the figure legend.
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FIG. 5. Absolute value of MOS-LED gate current density as a function of
applied gate voltage, I-V characteristics. Open symbols: scanning the MOS-
LED from inversion to accumulation. Closed symbols: scanning from accu-
mulation to inversion. Devices are marked.

SiO, matrix. It can bee seen that when the I' value is de-
creased (i.e., increasing the excess silicon content) the PL
peak wavelength redshifts, indicating the formation of large
nanocrystals. For the highest I value (I'15) the PL peak has
been found at around 720 nm while for the lowest I" value
(I'3) the spectrum peaks at wavelengths longer than 900 nm.
From the PL peak wavelength for high I values (I'10, I'10N,
and I'15) the band gap can be estimated to fall in the range of
1.6—1.7 eV. On the other hand, for low I" values the band gap
of the nanocrystals is very close to that of bulk Si. It is
noteworthy that PL peak intensity decreases in the following
order: I'10, I'1ON, and I'15 in correspondence with the de-
crease in the Si excess estimated from the XPS analysis.
Later we will show that the PL decrease is in opposite with
an increase in charge storage capacity of the devices.

B. Conduction mechanism and equivalent electric
circuit of the LED

The logarithm of the absolute value of current density
across the oxide layer is shown in the Fig. 5 as a function of
the applied gate voltage. The current-voltage (I-V) character-
istics were collected scanning the gate voltage from positive
to negative values and then in the opposite direction, from
negative to positive voltages. The positive gate voltages cor-
respond to a reverse bias. This is the gate polarity at which
the depletion (inversion) layer is formed in the p-type silicon
substrate. By analogy, the negative voltages correspond to a
forward bias; the MOS device is in accumulation. The device
conductivity increases to a large extent when the silicon con-
tent increases. The high-I" devices (I'10, I'1ON, and I'15)
have been found to be less conductive as well as highly
rectifying. The reverse currents in these devices were of the
order of a few picoamperes whereas the forward currents
were around few microamperes (at 5-10 V of biasing volt-
age). The I-V characteristics of the high-I" devices resemble
the -V characteristic of a p-n junction diode, demonstrating
an exponential dependence at low forward voltages and the
effect of a series resistance at high forward voltages. The
poor quality of the diode is reflected in an ideality factor
(which gives the slope of forward-biased I-V in the straight
region) that deviates significantly from unity, being smaller
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FIG. 6. Forward-bias I-V characteristics of I'3 device (shown in Fig. 5) at
several elevated temperatures between 22 and 124 °C. Inset: Arrhenius plot
of current density at the gate voltage value of —0.8 V.

for the low-I" devices (I'10). The excess of nitrogen in the
SRO layer decreases the conductivity. /-V hysteresis is ob-
served for high-I" devices (low silicon content). The hyster-
esis width is larger for the devices with lower conductivity
although no hysteresis was observed for the low-I"-devices
with high conductivity (I'3 and I'3N). The hysteresis origi-
nates from the charge accumulated within the SRO layer.
Positive charge is accumulated under the negative (forward)
bias. Negative charge is accumulated under the positive (re-
verse) bias. As we will show later this accumulated charge is
the charge trapped near the nanocrystal interfaces in the ox-
ide layer. The low-I" devices (I'3 and I'3N) are more con-
ductive, and are a poor rectifier. The large reverse-bias cur-
rent is due to the presence of electron traps (electron
generation centers) in the nc-Si layer. The reverse current
increases linearly with increasing bias. It is noteworthy that
I-V characteristics for I'3 and I'3N devices under forward
bias show a kink at the gate voltage around -2.4 and
—1.6 V, respectively. We associate this kink with the energy
barrier height at the interface between the silicon substrate
and the active SRO layer, as detailed in the following:

To clarify the electric transport mechanism in our de-
vices, we undertook some I-V experiments at several el-
evated temperatures. The 7-V characteristics of I'3 device are
shown in the Fig. 6. When temperature increases the device
conductivity increases, demonstrating a larger increase at
low gate voltages. This temperature increase is not consistent
with any known tunneling mechanisms. It should be noticed
that the change in the forward-bias voltage for a 10 °C tem-
perature change is much larger than the typical —17.3 mV
value for the ideal p-n junction diode. The increase obeys the
Arrhenius law (see the inset), which is characteristic for a
charge emission process. At voltages higher than the voltage
value of the /-V kink, the temperature dependence is moder-
ate, which points to a change in the conduction mechanism
above and below the kink.

The electric field assisted thermal emission, also called
Poole-Frenkel emission, is the most probable conduction
mechanism at low electric fields. Poole—Frenkel emission is
not a tunneling mechanism, and, in general, dominates at
room temperature and moderate electric fields, and is gov-
erned by the following equation:12
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FIG. 7. Forward-bias I-V characteristic of I'3 device at 22 °C (the same as
shown in Figs. 5 and 6). Left (a): TAT plot for the high-voltage region
(above the kink). Right (b): the Poole-Frenkel plot showing a straight-line
region at moderate voltages. The dielectric constant value calculated from
the straight-line fit is 10.2+0.6.

Ipg = V exp[— (q/rkT) (¢, — NqVidme)]. (1)

Here ¢ is the unit charge, d is the oxide thickness, € is the
oxide permittivity, k is the Boltzmann’s constant, T is the
absolute temperature, ¢, is the trap energy level, V is the gate
voltage, and r is a parameter ranging from 1 to 2 depending
on the position of the Fermi level. Electron emission could
occur through interface trap states. The interface trap states
are probably located at the nc-Si interfaces, as we will show
later. For a trap to experience the Poole-Frenkel effect, it
must be neutral when filled and positive when empty.12 The
slope of the plot of log(I/ V) versus V2, which is also called
Poole—Frenkel plot, will yield the dielectric constant of the
device under test (the flatband voltage and surface potential
are neglected being small). Figure 7 shows the Poole—
Frenkel plot of the I'3 device at 22 °C, where a linear varia-
tion can be identified in the intermediated applied field. A
linear regression through the data points gives a dielectric
constant of 10.2 = 0.6, which is a good estimate for I'3 nano-
crystal composite and agrees well with the value obtained
from C-V measurements, as we will show later. The Fig. 7
shows also the high-voltage part of the same /-V character-
istic, which is plotted in the so-called TAT plot, which is
log(1) versus reciprocal voltage. The TAT current is governed
by the following equation at high electric fields: "
[N
1 ) .

Itar CXP(— EYA% i

Here m" is the electron effective mass in the SRO layer, and
h is Planck’s constant. A straight-line dependence is observed
indicating a TAT of electrical charges under forward bias
above the kink voltage of 2.4 V. This is the tunneling mecha-
nism in which electrons from the gate electrode are able to
tunnel directly into the nc-Si/SiO, interface trap states and
then to tunnel into the silicon substrate.

To gain more insights into the electrical transport in our
devices we derived an equivalent electrical circuit of the
LED using impedance spectroscopy experiments. The com-
plex impedance of I'3 and I'3N device was measured in a
broad frequency range and plotted in the log-impedance plot
(Fig. 8) also called Nyquist or Cole-Cole plot. The lines
through the data points are nonlinear least-squares fits, which
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FIG. 8. Left: (a) Log-complex impedance plot for I'3 and I'3N devices. The
small-signal frequency spans the range of 1-300 kHz. The gate voltage is
—100 mV. The inset shows an equivalent electrical circuit model for the
LED (CPE stands for the constant phase element). Right: (b) The complex
impedance phase as a function of the gate biasing voltage at the small-signal
frequency of 100 kHz.

model the equivalent circuit shown in the inset. The fit pa-
rameters for series and parallel resistances of the I'3 device
are 992*138 () and 622=*2 k(), respectively, and
44929 () and 24.1 =0.1 kQ for the I'3N device. The cir-
cuit capacitance values are listed in Table I. The circuit was
derived for the gate voltages bracketing zero bias. The
equivalent circuit resembles a small-signal equivalent circuit
of the forward-biased p-n junction diode in which the circuit
capacitance is the parallel combination of the junction and
diffusion capacitances. The diffusion capacitance is the
change in the stored minority carrier charge beyond the
space charge region, which is alternately being charged and
discharged through the junction as the voltage across the
junction changes. The junction or depletion layer capacitance
is normally much smaller than the diffusion capacitance and
might be neglected.

As the gate bias increases (being forward or reverse) the
conductivities of the I'3 and I'3N device increase very rap-
idly and the equivalent circuit, which was described above, is
no longer valid. The impedance phase as a function of the
gate bias voltage is shown in the Fig. 8 at the fixed driving
frequency of 100 kHz. As the forward voltage increases, the
impedance phase decreases from around —90° (capacitive) to
around —5°, and its derivative has a discontinuity at the kink
voltage. Then, shortly after this, the phase becomes positive
(inductive). This indicates that a larger amount of charges is
able to tunnel through the oxide layer without being
trapped.14 It is noteworthy that the bulk silicon edge emis-
sion was collected under these voltages (above the kink). The
electrons tunnel through the oxide layer and ionize the sili-
con substrate where radiative recombinations inefficiently
take place.

C. Charge trapping: Capacitance-voltage experiments

We undertook some high-frequency C-V measurements
in order to clarify the trap-assisted charge transport model
described above. Figure 9 shows the C-V characteristics for
I'10, T'10N, and I'15 devices. The measurements were per-
formed in a progressive cycling manner around zero biasing
voltage. The cycling starts at zero voltage and the device was
first swept to —1 and then to +1 V. In the subsequent cycling
scans the absolute value of the biasing voltage increases by 1
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FIG. 9. The hysteresis of capacitance-voltage characteristics for the high-I'
devices: I'10 (a), I'1ON (b), and I'15 (c). The small-signal frequency was 1
(or 5) and 100 kHz. The arrows indicate the scanning direction.

V. C-V hysteresis was found at =1 V cycle (a “scanning”
voltage value is 1 V) and became wider and wider until the
scanning voltage reaches the value of 6 V. The C-V curves
have a distorted shoulderlike shape, which is more evident in
the case of I'10 device. This shoulder might be attributed to
the mechanism of charge trapping at the nc-Si/SiO, interface
or near the interface region.ls_17 There is another interpreta-
tion of the shoulder. It might be linked to the mechanism of
charge tunneling into the nanocrystals, which is similar to the
observations on  quantum dots in  compound
semiconductors.'>'® The hysteresis is counterclockwise (the
arrows in the Fig. 9 point at the voltage scanning direction),
that is the indication of the net positive charge accumulated
in the oxide layer. We did not observe any dependence of the
C-V characteristic on the small-signal ac frequency. We at-
tribute this to a low density of the interface states at the
SRO/substrate interface.'”

The C-V hysteresis correlates very well with the hyster-
esis observed in the /-V characteristic. Its width is larger for
the high-I" devices. The shift in the flatband voltage and the
hysteresis width is larger for ['10N device than for I'10 one,
namely, it is 1.5 versus 0.75 V in the latter case. The ['10N
device has around 3 at. % of nitrogen in excess with respect
to the I"'10 device (see Table I). The excess of nitrogen in the
oxide matrix, which was introduced in the form of NHj,
slows down the formation of the nanocrystals. Nitrogen is
bonded differently when deposited using NH; than nitrogen
originating from N,O which might be bonded to oxygen
forming an O-N bond. In I'3N and I"10N devices nitrogen is
threefold bonded to silicon as in SizNy. This conclusion is
derived from our XPS data analysis. Nitrogen tends to mi-
grate to nc-Si interface where it is bonded to silicon and
where it works as a diffusion barrier for oxygen.20 This slows
down the nanocrystal formation and creates interface trap
states, which are due to the excess of Si—N dangling bonds.

The C-V hysteresis width should scale linearly with the
integrated PL intensity because both C-V hysteresis width
and PL intensity depend on the nanocrystal density.21 How-
ever, this does not hold for our measurements. The PL inten-
sity values are in a reverse relation to the hysteresis width
(Fig. 4). PL peak position for I'15 is blueshifted with respect
to I'10, which means that nanocrystals in I'15 are smaller
than in I'10. The same holds for I'10 and I'10N devices, as
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FIG. 10. The flatband voltage shift as a function of the scanning voltage for
the C-V measurements shown in the Fig. 9. Closed symbols: negative charge
branches, open symbols: positive charge branches. See the text for details.

confirmed by our XPS analysis. Taking this fact into account,
the interface to volume ratio is increasing when I increases
and hence the interface trap density will increase too. The
smaller are the nanocrystals (the PL peak blueshift is more
pronounced) the larger is the hysteresis width.

Estimating the flatband capacitance of our MOS struc-
tures, we calculated a shift in the flatband voltage, AV,
with respect to the theoretical flatband voltage, which is
around —0.9 V. The results are shown in the Fig. 10. A zero
value of the flatband voltage shift corresponds to the neutral
state of the oxide, while positive and negative values indicate
the accumulation of net negative and positive charges, re-
spectively. All fresh devices show some positive charge ac-
cumulated in the oxide layer. The bias change from positive
to negative values (inversion to accumulation) leads to the
negative charging of the oxide (electrons injection). Scan-
ning in the opposite direction, from accumulation to inver-
sion, charges the oxide positively. The positive and negative
branches (open and closed symbols in Fig. 10, respectively)
demonstrate different voltage dependencies for the I'10 and
I'ON devices. Scanning from inversion to accumulation
(electrons injection) brings about the neutral state for the I'10
device and negative charge trapping for the I'lON device
under the scanning voltage above 2 V. Higher scanning volt-
ages are needed to reach the neutral/negative oxide state (re-
verse bias), while the positive oxide state is almost voltage
independent. This points to a different origin of the positive
and negative charges in the oxide layer: the positive charge is
the detrapped interface states at the nc-Si/SiO, interface,
while the negative charge is due to injected electrons, which
become trapped at the nc-Si/SiO, interface. The process of
charge trapping/detrapping is reversible. In the case of I'15
device, the number of detrapped interface states and hence
the net positive charge of the oxide increases when the
forward-bias voltage increases. At the scanning voltage of 4
V the net positive charge saturates. It is noteworthy that
I'1ON and I'15 have a larger capacity to trap injected elec-
trons in excess with respect to the I'10 device.

To summarize, the observed C-V hysteresis is due to the
trapping and detrapping of injected electrons at the
nc-Si/Si0; interface rather than charging and discharging of
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FIG. 11. Total integrated EL intensity as a function of the injected current
(a) and applied gate voltage (b).

silicon nanocrystals itself. We estimated the trap density
from the following formula: N,=C,,AV/qAg;, where N, is the
trap density, A is the gate area, C,, is the oxide capacitance,
and AV is the hysteresis width. The estimates are 5 10'!
and 10'> cm™ for I'10 and T'10N devices, respectively. The
oxide capacitance value, C,, could be read directly from the
measured C-V characteristic. These values for all devices are
listed in the Table I. The oxide capacitance values allow us to
estimate the oxide dielectric constant (see the Table I). The
dielectric constant value for the I'3 device agrees well with
the value obtained from the Poole-Frenkel model, which
supports our model for trap-assisted electrical conduction.

D. Electroluminescence

Figure 11 shows the integrated EL as a function of in-
jected current and gate voltage. No EL emission from nano-
crystals was recorded for low-I" devices, I'3 and I'3N, where
PF and TAT are the main conduction mechanisms below and
above the kink voltage, respectively. Only silicon bulk edge
emission is present in these devices at the applied voltages
above the kink value, when electrons are injected directly
into the oxide conduction band and, being accelerated
through the oxide layer, gain sufficient energy to generate
electron-hole pairs in the silicon substrate. It is clear from
Fig. 11 that the I'10 device shows the highest external power
efficiency. At the same injected current the I'10 device shows
the largest emission at the lowest applied voltage. The power
efficiency value was conservatively estimated to be 2
X 107#% (measured with a silicon photodiode placed a few
millimeters above the device; no corrections for the collec-
tion geometry were taken into account). The lack of EL emis-
sion under low forward-bias voltages (injected currents, re-
spectively) and the low value of the external power
efficiency are attributed to the TAT that is larger in our de-
vices than the direct tunneling. At high injected currents the
EL intensity becomes a sublinear function of the current,
because of an increase in the rate of nonradiative processes.
At the current value of 10 uA the EL intensity from I'15
device becomes larger than the EL intensity from I'10 de-
vice. However, the gate voltages that provide this EL inten-
sity are much higher for I'15 than for I'10. As a result, the
EL spectra of I'l5 are much broader having an emission
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wing that extends to short wavelengths. The EL spectra col-
lected at the injected currents of 5 and 50 uA are shown in
the Fig. 12. The short-wavelength wing appears in the EL
spectra of all devices at the current of 50 uA. This wing in
EL emission might be attributed to the recombination of
electron-hole pairs generated by hot electrons injected under
high forward-bias voltages.22 A broad visible EL emission
was also recorded under large reverse bias. This white EL
emission from a reverse-biased silicon p-n junction has been
already observed in similar nanostructures, and it has been
well studied.” The clear differences between the PL and EL
spectra provide another argument for the hot-electron mecha-
nism of EL emission. The redshift in the EL spectrum of I'10
device at low injected currents can be also rationalized with
the fact that only large nanocrystals could be luminescent as
a result of rapid carrier tunneling.24

IV. CONCLUSIONS

The nc-Si LEDs were grown by PECVD technique, and
their electrical conduction mechanism and light emission
were analyzed in detail. An equivalent electrical circuit for
the LED was derived from the complex impedance experi-
ment. The hysteresis effect found in the current-voltage and
capacitance-voltage characteristics is explained by electron
trapping at nc-Si/SiO, interface traps. The decrease in sili-
con content and/or increase in nitrogen content promote the
formation of smaller nanocrystals and hence increase the
nc-Si/Si0, interface trap density, which serve as electron
generation-recombination centers. The absence of the EL
emission under low forward-bias voltages might be attrib-
uted to a large number of interface trap states and TAT. The
EL emission observed under forward-bias voltages above 5
V is due to the hot-electron injection and impact ionization.
The TAT and charge trapping near the nc-Si interface are the
main reason behind the low power efficiency of the devices.
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