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Thin film metal-oxide-semiconductor light emitting devices (LEDs) based on nanocrystalline silicon
multilayer structure were grown by plasma-enhanced chemical vapor deposition. Room temperature
electroluminescence was studied under direct current and time-resolved pulsed-current injection
schemes. Multilayer LEDs operating at voltages below 5 V and electroluminescence turn-on voltage
of 1.4-1.7 V are demonstrated. The turn-on voltage is less than 3.2 V which corresponds to the
barrier height at the silicon oxide interface for electrons. Electrical injection in the multilayer LED
is controlled by direct tunneling of electrons and holes among silicon nanocrystals. This injection
regime is different than the Fowler—Nordheim tunneling that controls the electron injection in single
thick layer LED operating at high voltages. A comparison of the power efficiency for the multilayer
based LED and a similar single thick layer LED shows larger power efficiency for the former than
for the second. Our results open new directions in the development of highly efficient room
temperature silicon based LED. © 2009 American Institute of Physics. [DOI: 10.1063/1.3194315]

I. INTRODUCTION

The improvement in the efficiency of nanocrystalline
silicon (nc-Si) light emitting device (LED) has been a topic
of intensive research over the past years.l_3 In spite of many
efforts, the reported device efficiencies are still low. There
are several reasons for this. A poor quality of the nanocrys-
talline composite material (formed by nc-Si and SiO,) yields
parasitic current paths, while the low density of nanocrystals
makes direct charge injection into the nanocrystals difficult.
Consequently, electroluminescence (EL) is observed only at
voltages that are normally much higher than 4.2 V,? the value
of the barrier at the silicon oxide interface for electrons.* At
these voltages, Fowler—Nordheim tunneling of hot electrons
into the oxide conduction band occurs; EL is then produced
by recombination of electron-hole (e-h) pairs in the nc-Si
which have been excited by the current of hot electrons via
an impact excitation mechanism. The impact excitation
mechanism is inefficient while hot electron injection dam-
ages the oxide. Thus LEDs based on these mechanisms have
both a poor low efficiency and a short lifetime.

In this work, to improve nanocomposite quality and to
achieve efficient EL nc-Si based LED, we use a multilayer
(ML) structure. It is formed by sequential depositions of a
silicon rich oxide layer and a silicon oxide layer. The ML
structure allows the control of nanocrystal formation since
the constrained growthsf9 and the design of the effective en-
ergy barrier in the current flow direction via the control of
the silicon oxide thickness. The constrained nanocrystal
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growth is also accompanied by more uniform nanocrystal
sizes and a higher nanocrystal areal density than in the usual
homogeneous layer deposition. In addition, the quality of the
silicon oxide in the barrier layer is higher (fewer defects)
than the quality of the oxide matrix resulting from the phase
sepalration.10 For these reasons, ML nc-Si/SiO, structures
have been studied both in the pastml_l3 as well as more
recently.&mf16 In this work, we will show that ML nc-Si
LEDs have superior properties with respect to a single layer
nc-Si LED. These include low turn-on voltages, low leakage
currents, and high power efficiency.

Il. EXPERIMENTAL

The device structure is a metal-oxide-semiconductor
(MOS) capacitor. Alternating layers of stoichiometric SiO,
and silicon rich silicon oxide (SRO) with a large Si excess
were grown by plasma-enhanced chemical vapor deposition
(PECVD). These are used as the gate oxide in the MOS. The
SRO layer within the ML structure has the following com-
position: 52 at. % of silicon, 44 at. % of oxygen, and 4 at. %
of nitrogen, which has been measured by x-ray photoelectron
spectroscopy. The pair of SiO, and SRO layers forms the ML,
period. In this work we detail, in particular, two devices, W9
and W10: the thicknesses of the SRO layer within the ML
period were 3 nm for the W9 device and 4 nm for the W10
device. The thickness of the oxide layer was 2 nm in both
devices. This layer thickness is a nominal value based on a
previous careful characterization of the deposition rates. The
number of ML periods is 5. The gate is formed by 100 nm
thick n-type in situ doped polycrystalline silicon (poly-Si),
while 500 nm thick Al (1% Si) is used to connect the gate
area of 7.94 X 10~ m? with the bonding pad. The poly-Si is
covered by an antireflective coating formed by a 50 nm thick
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FIG. 1. (Color online) LED schematic cross section (top), top view of the
LED (bottom right), and TEM image (bottom left) of the nc-Si/SiO, ML
(annealed structure of SRO 4 nm/SiO, 2 nm, five periods).

SizNy layer and a 120 nm thick SiO, layer to improve light
extraction. Wet oxidation was performed at 1150 °C for 30
min to grow both a 480 nm thick field oxide (for active area
isolation) and the Si nanocrystals in the gate dielectric. The
total thickness of the ML was 27 nm (32 nm, depending on
the thickness of the SRO), which was controlled by both
profilometry and variable angle spectroscopic ellipsometry.
The substrate was p-type (100) Si with 12—18 () cm resis-
tivity. The device layout is shown in Fig. 1 along with a
cross-sectional transmission electron microscopy (TEM) im-
age of the W10 device (2 nm SiO,/4 nm SRO) ML. The
periodic structure is revealed by the alternating white and
gray stripes, where the white stripes are the SiO, layers and
the gray stripes are the SRO layers.

A series of monitor wafers was 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, photoluminescence (PL), and structural
analysis. The actual thickness of the layers is reported in
Table I (for details see Ref. 16). The refractive index at 633
nm of the SiO, layers is about 1.48, which indicates good
stoichiometry of the oxide.

The current-voltage (I-V) characteristics were recorded
with a HP 4145A semiconductor parameter analyzer. The
delay time in the /-V measurements was 1 s to balance mea-
surement speed and measurement integrity. The scanning
voltage step was 100 mV. The EL signal was collected with
a single photon-counting module SPCM-AQR. The total
light emission intensity (counts/s) was integrated over the
whole visible spectrum. A function generator, Tektronix AFG
3252, was used to drive the device under alternating current
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FIG. 2. Current-voltage (I-V) characteristics of the ML LEDs. Negative gate
voltages correspond to forward bias and positive voltages to reverse bias.
Solid lines: scanning the gate voltage from negative-to-positive value.
Dashed lines: scanning in the opposite direction, from negative-to-positive
voltages. The dots indicate the gate voltages (currents) at which EL signal
was recorded. Very weak EL emission was observed under a high reverse
bias and no emission at the hysteresis loop.

(ac) or pulsed-current injection scheme. Time-resolved EL
signal was recorded with a multichannel scaler SR 430. In
the PL experiment, silicon nanocrystals were excited with the
514.5 nm argon laser line at an incident power density of
~0.5 W/cm?. The EL and PL spectra were collected with a
fiber bunch and analyzed by a Spectra-Pro 2300i monochro-
mator coupled with a nitrogen cooled charge coupled device
(CCD) camera. The measurements were performed at room
temperature in a dark room.

lll. RESULTS AND DISCUSSION
A. Optoelectrical characteristics under direct current

The I-V characteristics of the W9 and W10 devices are
shown in Fig. 2. The logarithm of the absolute value of elec-
trical current is plotted as a function of the applied gate volt-
age. A negative gate voltage corresponds to forward bias,
i.e., the MOS is in accumulation. A positive gate voltage
corresponds to reverse bias, i.e., the silicon substrate is in
inversion. The I-V curves were collected by scanning the
device from accumulation to inversion and then backward
from inversion to accumulation. An /-V hysteresis loop was
found in both the W9 and W10 devices, which extends to
about 1.4 V under forward bias for the W10 device (1.7 V in
the case of W9). This hysteresis is due to charge accumula-
tion or trapping in the device.'” At these very low voltages,
the current might be due to the (inelastic) tunneling into the
nc-Si/Si0O, interface states.* The presence of subbandgap in-
terface states has been reported recently by us.'® The I-V
characteristics are symmetrical with respect to zero bias; the
current is the same under forward and reverse biases, which

TABLE I. Layer thicknesses of the as-deposited SRO/SiO, ML structures obtained from ellipsometry; the total
thickness of the structures is calculated from the layer thickness and the number of the layers (five layers of

SRO and six layers of SiO,).

SiO, layer thickness

SRO layer thickness  Total thickness

Sample name Nominal ML thickness (nm) (nm) (nm)
W10 2 nm SiO,/4 nm SRO 1.52+0.03 3.12+0.02 24.7+0.3
W9 2 nm SiO,/3 nm SRO 1.840.03 1.94+0.02 20.7£0.3

Downloaded 08 Oct 2009 to 193.205.213.166. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



033104-3 Anopchenko et al.

SiO, nc-Si

FIG. 3. (Color online) Schematic band diagram of an ideal ML structure
(without localized states in the oxide barriers, shorts, etc.) under (a) no bias,
(b) low forward bias, ~3 V without trapped charges in the oxide, and (c)
low forward bias with positive charge trapped near the positively biased
electrode.

might indicate a bulk-limited nature of the measured current
controlled by the direct tunneling of electrical charges be-
tween the nc-Si conduction/valence bands.'®*" The sym-
metrical /-V characteristics from nc-Si MOS-LEDs have
been reported in both experimental and theoretical works,
see, for example, Refs. 19-22. The I-V symmetry is related
to the symmetry of the energy barrier thicknesses of the ox-
ide containing the nc-Si. The current through the oxide is
controlled by the direct charge tunneling among the nano-
crystals in the bulk of the oxide and, hence, there is a small
difference between the current for positive and negative gate
voltages. Conduction band electron injection and electron
current dominate over hole injection due to the energy bar-
rier height asymmetry. This electron current is symmetric
with respect to the gate polarity.21

Figure 3 shows a schematic energy band diagram of an
ideal ML structure, i.e., without shorts or localized energy
states in the silicon oxide matrix, along a conduction path.
Gray areas represent the energy gaps in silicon electrodes,
nc-Si, and silicon oxide layers. Figure 3(a) shows the band
diagram with no bias applied, while Figs. 3(b) and 3(c) show
the band diagram under low, ~3 V, negative voltage applied
to the gate. Figure 3(c) shows the effect of positive charge
trapping near the positively biased electrode on the band
bending. The straight arrows (solid and dashed) indicate di-
rect charge (electrons and holes) tunneling in the ML struc-
ture, i.e., tunneling through the trapezoidal barrier. The wavy
arrows stand for light emission from the nc-Si. The excess
energy, AE, that electrons can gain by tunneling (elastically)
through the oxide (five silicon oxide layers) increases to AE’
when some positive space charge is built up (trapped) on the
Si nanocrystals near the positively biased electrode, compare
Figs. 3(b) and 3(c).
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It has to be noticed that even at low voltages (electric
fields), injection current into the silicon nanocrystals could
be large provided that the tunneling oxide thickness is small,
normally smaller than 2 nm.**2* For example, single elec-
tron injection current into a spherical nanocrystal having a
diameter of 5 nm with a 1.5 nm tunneling oxide could be a
few femtoamperes at the applied voltage of about 3 V. Mul-
tiplying this value by a typical density of the nc-Si in the ML
structure, which is of the order of 10" c¢cm™2, and by the area
of our device, the injection current amounts to a few micro-
amperes, which well compares with the measured tunneling
currents in Fig. 2.

The W10 device with thicker SRO layers has a higher
conductivity than the W9 device with thinner SRO layers.
The average silicon content in the W10 is 45 at. %, while it
is 44 at. % for the W9 device.'® Taking this into account, a
higher conductivity in W10 could be expected because of its
higher silicon excess.'"? However, for a ML structure it is
the silicon oxide thickness that determines the device con-
ductivity in the tunneling processes. Although both devices
have the same nominal thickness of the oxide, the actual
values obtained from ellipsometry studies are different,
namely: 1.5 nm for W10 and 1.8 nm for W9 (see Table 1.1
We believe that this is the main source of the difference in
the device conductivities.

The current (voltage) values at which EL emission in the
visible—near-infrared region was recorded are marked with
open and closed dots in Fig. 2. Strong emission is observed
for forward bias [Fig. 3(c)]. It is important to note that EL
emission occurs at low voltages, lower than 3.2 or 4.7 V
which are the values corresponding to the height of the en-
ergy barriers at the silicon oxide interface for electrons or
holes, respectively [Fig. 3(a)]. The light emission at these
low voltages is due to the bipolar (electrons and holes) in-
jection into the nc-Si via the direct tunneling mechanism.
Very recently the bipolar character of charge injection in the
nc-Si ML under low applied voltages was experimentally
confirmed by our group.27 At this low bias values, the EL
emission is not due to the hot carrier injection and impact
ionization of the nanocrystals.

The onsets of EL voltages are as low as 1.4 and 1.7 V for
the W10 and WO devices, respectively. These are the lowest
turn-on voltage values reported so far for this type of
devices.” In a simple interpretation, these values correspond
to the fundamental optical energy gaps of the involved nc-Si.
The corresponding diameters of the spherical silicon nano-
crystals with the optical gaps of 1.7 and 1.4 eV are 1.92 and
3.21 nm, respectively.28 These values are a result of the
quantum-confinement effects calculated within the density
functional theory (DFT) by Seino et al.”® Although the en-
ergy gap value of bulk silicon is underestimated by the DFT,
the confinement energies, i.e., the difference between excita-
tion energies and the bulk gap, seem to be overestimated
with respect to experimental values reported by Heitmann et
al.” These nanocrystal diameters are in good agreement with
the SRO thickness values obtained from ellipsometry for the
W9 and W10 devices, respectively (Table I).

When high biases (>3.2 or 4.7 V) are applied, the field-
enhanced Fowler—Nordheim  tunneling into  oxide
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FIG. 4. (a) EL spectra of wafer W9 (2 nm SiO,/3 nm SRO) at different gate
voltages; from the bottom up: 2.5, 3, 3.5, 4, 4.5, 5, 5.5, and 6 V. (b) The
same EL spectra normalized to the peak intensity and shifted along the
x-axis according to the peak energy value. The peak energy as a function of
applied gate voltage is shown in the inset. Solid symbols are PL data taken
from the monitor wafer with 514.5 nm argon laser line at the incident power
of 0.5 W/cm?. The PL peaks at the energy (wavelength) of 1.37 eV (895
nm).

conduction/valence bands occurs. At the high bias injected
charges could also gain sufficient energy to excite the nano-
crystals by impact ionization. However, very weak EL emis-
sion was observed at high voltages when the gate was posi-
tively biased. At this bias polarity the silicon substrate is in
inversion and the electrical current is due to conduction band
electrons. This indicates that impact ionization does not con-
tribute largely into observed EL emission which is due to the
radiative recombination of excitons formed by both electron
and hole injection into silicon nanocrystals. The absence of
EL emission under reverse bias is due to the fact that the hole
tunneling current is negligible at positive gate voltages and
conduction band electron current is dominant over the entire
voltage range.21 The heavily doped n-type poly-Si gate is not
a good source for hole injection into the nc-Si layers when
reverse biased. So these observations indicate that direct tun-
neling into the nc-Si is the predominant mechanism of exci-
tation of EL in our devices.

It is also noteworthy that the light emission is observed
at voltages beyond the I-V hysteresis region. Very weak EL
signal (within the sensitivity of our photon-counting module)
was observed in the very low forward bias range from 0 to
about 1.4 V (W10 device). This suggests that charge trapping
(the I-V hysteresis) is not consistent with EL emission. This
has been also pointed in Ref. 30.

EL spectra are shown in Fig. 4. Figure 4(a) shows the EL
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spectrum dependence on the applied voltage. Wide EL spec-
tra in the visible-near-infrared region, 500-1000 nm, are ob-
served. The large bandwidth of the emission is a conse-
quence of an inhomogeneous broadening due to the size
dispersion of nc-Si. When the applied voltage increases the
peak of the EL spectrum shifts toward high energies. A simi-
lar shift in the EL peak to higher energies was observed in
Ref. 15 but at the temperature of 80 K. This shift is large,
almost 150 meV, or 100 nm, for a voltage change of 4 V.
This is shown in the inset of Fig. 4(b). The peak energy fits
well to a linear function of the applied gate voltage, which is
shown in the inset. The extrapolation to 0 V gives a value of
1.22+0.02 eV, which is larger than the bulk silicon indirect
bandgap value. Even though this extrapolated value is purely
indicative, direct tunneling means that the e-h pair has to be
in resonant with the nc-Si states. Hence, at zero bias we are
injecting e-h pair into the lowest available state, which cor-
responds to the largest nc-Si size.

It is well known that the ground state energy of single
isolated quantum dots shifts toward lower energy in the pres-
ence of a low electric field (in the second order approxima-
tion) and the shift is a quadratic function of the field
strength.31 This is also known as the quantum-confined Stark
effect. The redshift (to longer wavelengths) of PL emission
in the presence of electric field was shown for Si nanocrys-
tals embedded in SiO, matrix.>>* This effect cannot explain
our observations since we observed a blueshift and not a
redshift. The strong blueshift of our EL peak wavelength
with increasing applied voltages is due to selective injection
into the ensemble of size dispersed Si nanocrystals. Larger
voltages allow direct charge tunneling into smaller nc-Si and,
consequently, the emission shifts to high energies.

To allow a more clear comparison among the EL line-
shapes at different biases, the EL spectra were normalized to
the peak intensity and plotted in a linear scale in Fig. 4(b). In
addition, the spectra were also energy shifted to the peak
energy value shown in the inset. The EL spectra superimpose
into a single spectrum, showing the same (within the error)
EL spectrum full width at half maximum of around 500 meV.
The same spectral width (the spectra become a little nar-
rower in the wavelength scale) is in opposite to results on a
similar but single layer nc-Si LED, which operates at very
high Voltages.22 The authors showed a broadening of the EL
spectra under high voltages due to impact excitation of the
nc-Si by injected electrons.

The PL spectrum collected from the monitor wafer is
also shown in Fig. 4(b). The agreement between both EL and
PL spectra is fairly good which points to the same mecha-
nism of radiative recombination. It should be noticed,
though, that EL and PL peak energies are the same at a
certain applied voltage only, around 3 V. This value is close
to the corresponding PL excitation energy of 2.4 eV. The PL
spectrum is also narrower than the EL one, which might be
due to the averaging over the nc-Si sizes of the photoexcited
carriers.

The total EL intensity measured with the photon-
counting module as a function of the injected current / and
applied gate voltage is shown in Fig. 5. For a comparison,
the results of similar measurements on a thick single layer
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FIG. 5. Total EL intensity as a function of injected current and gate voltage.
The dot line is the corresponding EL emission from a single layer LED
~50 nm thick having the same average silicon content as the W9 LED, 2
nm SiO,/3 nm SRO.

LED are shown. The single thick layer device has the same
average silicon content as the ML structure W9 and a thick-
ness of ~50 nm. From Fig. 5 it is clear that the ML LED has
much better performances than the single layer LED. The
operating voltages are largely decreased and are below 5 V
while the EL emission is not just kept at the same level but
also increased by a factor of 5 (at the same injection current).
The overall increase in the LED power efficiency is by a
factor of 25. These observations show the relevance of a
tight control on the nc-Si dispersions and of the tunneling
barriers to optimize the nc-Si injection and yield high EL
efficiency. At high injection currents (high voltages) the ML
LED efficiency decreases. This may be due to an increase in
Fowler—Nordheim tunneling and Auger nonradiative recom-
bination. The Fowler—Nordheim tunneling leads to the gen-
eration of nonradiative defects in the SRO layer which in
turn decreases efficiency. The W10 device has a larger EL(])
slope than the W9 device (0.97%=0.02 versus 0.8 =0.01).
This indicates once more the relevance of controlling the
barrier oxide thickness to improve the performance of the
LED.

The LED power efficiency is about 0.01% at the injec-
tion current of 1 wA (corresponding to a driving voltage of
2.3 V). It was measured with a large area p-i-n photodiode
(UDT PIN-10DF), whose output current signal was mea-
sured by a Keithley 6485 picoamperometer. The photodiode
was placed within a few millimeters above the device. A
simple correction for the collection solid angle was taken
into account. The emitted optical power density was about
0.2 wW/cm?. The emitted power increases when injection
current increases, but the efficiency decreases. Despite this
power efficiency value being among the highest reported for
this system,s’27 it is still too low for practical purposes. The
low value of the power efficiency might be explained by the
fact that the control over the layer thickness in the PECVD
machine is still not optimized, since the used machine is a
standard commercial one. A precise control of the thickness
and composition of such thin layers is a must in order to
avoid high field effects which can open parasitic shunting
paths or destroy the thin SiO, layers.

J. Appl. Phys. 106, 033104 (2009)
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FIG. 6. Time-resolved EL signal in the W9 device, 2 nm SiO,/3 nm SRO.
The driving gate signal is a square waveform with the rms voltage value of
4 V. (a) EL emission decay at the bias transition from forward to reverse,
which is sketched in the inset; (b) EL decay at the bias transition from
reverse to forward. The driving gate frequency value is shown in the figure
legend.

B. Time-resolved and pulsed-current
electroluminescence

When the direct current (dc) voltage is swept abruptly
from positive-to-negative value and vice versa the EL of the
nc-Si MOS-LED shows a peak. This was predicted theoreti-
cally in Ref. 34 and demonstrated experimentally in Ref. 35.
In the former work, bipolar charge injection into nc-Si is
studied by Monte Carlo simulations. A perturbation of the
static electric field was induced by a larger electric field. This
perturbation increases the e-h density in the nc-Si and gives
rise to an enhanced EL emission. Alternatively a field-effect
EL model was developed in Ref. 35 based on an alternate
polarity charge injection from the silicon substrate into the
nc-Si which was followed by exciton formation and recom-
bination in the nanocrystals. Both electrons and holes are
injected from the silicon substrate into the nc-Si through
Fowler—Nordheim tunneling. The injection is not simulta-
neous and charge leakage brings about an asymmetry in the
EL peak intensities at different bias transitions.

We explored these proposed effects by applying a square
waveform signal to the gate of our LED. Figure 6 shows the
peak EL emission at both negative-to-positive and positive-
to-negative bias transitions for the W9 device. It also shows
the EL peak decay during the period of constant bias with a
root-mean-square (rms) value of 4 V. Figure 6(a) shows EL
peak and decay after forward-to-reverse bias transition while
Fig. 6(b) shows the EL peak and decay after reverse-to-
forward bias transition. The time axis is given in unitless
values, ¢/ T, where T is the period of the driving square-form
voltage signal. The following reasoning might explain the
peak EL emission at the bias transitions. Under a constant
bias, the holes accumulate at the anode side of the oxide
layer containing the nc-Si and the electrons at the cathode
side.**”® At the bias transitions these charge populations will
exchange positions moving toward each other and bringing
the peak of EL emission.
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FIG. 7. Parameters of the time-resolved EL signals (Fig. 6) obtained from a
fit against the stretched exponential function. Solid symbols correspond to
the bias transition from forward to reverse [Fig. 6(a)]; open symbols corre-
spond to the bias transition from reverse to forward [Fig. 6(b)].

The amplitude of the EL peaks is about four times larger
for the forward-to-reverse bias transition than for the reverse-
to-forward one. This asymmetry might be explained by the
difference in electron and hole injection efficiencies from the
n-type polysilicon gate and p-type Si substrate.”>*” Under
forward bias, holes accumulate in the gate oxide in a greater
amount than under reverse bias, because hole injection takes
place from the accumulation layer in Si substrate. There is a
constant EL signal under the forward bias to which the EL
peak emission decays after reverse-to-forward bias transi-
tion. This constant EL signal under the forward bias is the
direct current EL emission.

Figure 6 shows the EL peak decay for several driving
frequencies. The peak EL emission decreases when the driv-
ing frequency increases for both transitions. This is due to
the decrease in the time available for storing charges in the
nc-Si layers with increasing frequency.37 The EL decay could
be fitted by a stretched exponential decay equation:

1() = 1(0)exp[— (t/(7))*],

where (7) is an effective recombination lifetime (we name it
EL decay time) and the exponent B accounts for deviation
from the single exponential decay curves (B8=1). The
stretched exponential decay is related to the energy transfer
relaxation processes among nanocrystals with different di-
mensions in a dense ensemble. Figure 7 shows the EL decay
parameters as a function of the driving frequency for the
same device in Fig. 6. Figure 7(a) shows the dependence of
the EL decay time for both bias transitions. The EL decay
time is larger for the reverse-to-forward bias transitions than
for the forward-to-reverse transitions and both decay times
decrease when frequency increases. This is because when the
driving frequency increases, the injected electrical power in-
creases too. The decrease in EL decay time of Si p-i-n diode

J. Appl. Phys. 106, 033104 (2009)
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FIG. 8. The increase in total EL emission under ac injection over the EL
emission under dc (at the forward voltage of 4 V). The total EL intensity
was collected with a CCD camera for the period of 30 s. The ac driving
signal is a square waveform with the rms voltage value of 4 V. Solid sym-
bols: W9 device, 2 nm SiO,/3 nm SRO; open symbols: W10 device, 2 nm
Si0,/4 nm SRO.

after application of a reverse bias potential was observed in
Refs. 38 and 39 and attributed to the change in the width of
the space-charge region.39 Although no dependence on the
current pulse amplitude was observed in these works, a small
decrease in the EL decay time with increasing the density of
the extra peak current under a pulsed excitation was reported
in Ref. 40. Figure 7(b) shows the frequency dependence of
the stretched exponent. The difference in the exponent values
and the effective decay time corresponding to the two bias
transitions might be attributed to the difference in the mobil-
ity of electrons and holes that migrate among the nanocrys-
tals in ML ensemble. Electrons have larger mobility than
holes and, hence, shorter times and larger exponent value.

The total integrated EL emission as a function of the
driving gate frequency is shown in Fig. 8. Figure 8 shows the
EL signal integrated over a 30 s period by a CCD camera. At
low frequency, the EL emission is the same as under dc bias.
When the driving frequency increases, the number of bias
transitions in 30 s increases too. Although the peak EL emis-
sion at the bias transition decreases when the frequency in-
creases, the EL signal collected in the 30 s period will in-
crease. It peaks at a value of 50 kHz because the mean
radiative lifetime becomes equal to the driving gate fre-
quency at this value [the dashed line in Fig. 7(a)]. The EL
emission under such a pulsed excitation scheme is larger
than for dc by a factor of 4 at the peak (optimal) gate driving
frequency. A stronger emission is present up to a gate modu-
lation frequency of 1 MHz. A full modulation of the EL
signal exists until the frequency reaches its optimal value of
50 kHz (Fig. 6). The full modulation means that EL emission
peaks at the bias transition, decays exponentially, and
reaches a steady-state value at longer times. At higher fre-
quency the EL modulation is partial, i.e., the steady-state
value is not reached.

Estimation of the power efficiency under pulsed voltage
excitation is a difficult task. It requires knowledge of the load
impedance, which could not be measured under the pulsed
excitation waveform we used. Besides, the measurement is
impeded by parasitic capacitances and resistances of the
electrical circuit. Charging currents show very sharp and in-
tense peaks at the bias transitions which decay at the nano-
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FIG. 9. Normalized EL spectra collected at different ac driving voltage
frequencies for the W9 device, 2 nm SiO,/3 nm SRO. The frequencies are
(from the top to the bottom, in kHz): 1, 2, 5, 10, 20, and 100. The driving
gate signal is a square waveform with the rms voltage value of 4 V. The
inset shows the EL spectrum peak energy as a function of driving frequency.

second timescale.* The field-effect EL power efficiency of
similar devices was estimated in Ref. 41 based on the elec-
trical power provided by the voltage source. The value is
0.1%—1%.*" Our estimate of the power efficiency shows that
power efficiency decreases with the driving frequency and it
is about four times smaller at 50 kHz than the value at dc.
Our estimate is based on the frequency dependence of mea-
sured rms value of ac current through the device.

EL spectra collected at different frequencies are shown
in Fig. 9. The spectra are normalized in the same manner as
the spectra shown in Fig. 4(b): to the peak intensity and peak
energy. The peak energy dependence on the driving fre-
quency is shown in the inset. This dependence is consistent
with the dependence of the total EL emission shown in Fig.
8. The EL peak energy shifts to higher energies and has a
maximum at about 50 kHz, the optimal frequency of EL
emission. This blueshift is connected to the decrease in the
EL decay lifetime shown in Fig. 7(a). As it was shown in
Ref. 37, EL emission at shorter wavelengths peaks at larger
driving frequencies than emission at longer wavelengths.
Therefore, charge injection into small nanocrystals (more ef-
ficient) occurs faster than injection into large nanocrys.tals.37
When the gate modulation frequency increases, the EL peak
wavelength blueshifts and the effective EL decay time de-
creases. Variation in the optimal driving frequency at differ-
ent emission wavelengths was studied in Ref. 37 and used
later on to build a white light LED.*?

Very recently an alternative explanation for the field-
effect EL was suggested by Carreras et al.*' The authors
developed a multitunnel-junction model to simulate charge
transport in nc-Si MOS field-effect transistor structures and
field-effect EL using a simple rate equation. Showing good
agreement with their model, the authors stated that impact
excitation of the nanocrystals by electrons and holes injected
from the same silicon substrate is the origin of the field-
effect EL. A large difference in the tunneling times of elec-
trons and holes is the main argument of their work. The
tunneling times were calculated within the Wentzel-
Kramers—Brillouin approximation. However, tunneling time

J. Appl. Phys. 106, 033104 (2009)

dependence on bias voltage has a more complex serrated
shape,25 and so this argument should be taken with some
precaution.

IV. CONCLUSIONS

Few nanometer-thick nc-Si/SiO, ML LEDs were grown
by PECVD. The operating voltages of our LED are less than
5V, which is of importance for possible nc-Si LED applica-
tions. The turn-on voltage of our LEDs is 1.4—1.7 V, which is
less than 3.2 and 4.7 V corresponding to the barrier heights at
the silicon oxide interface for electrons and holes, respec-
tively. To the best of our knowledge, this is the lowest
turn-on voltage value reported so far for this type of devices.
Electrical injection in our LED is controlled by direct charge
tunneling between silicon nanocrystals in contrast to Fowler—
Nordheim tunneling that controls the injection in the LED
operating at high voltages. The EL emission peaks in the
visible to near-infrared region in accordance with the nano-
crystal sizes.

Time-resolved EL experiments were performed by driv-
ing the LED with a square waveform voltage. Under such a
pulsed excitation, an enhanced EL emission is observed at
the gate bias transitions, which decays in the time scale of a
few tens of microseconds. The EL emission is enhanced by a
factor of 4 at the driving frequency of 50 kHz. This could be
of interest for the applications in which LED is driven with
an ac.

The device power efficiency is larger than the power
efficiency of a corresponding single layer LED with the
value of 0.01% at the direct current of 1 uA. This is be-
lieved to be due to the better quality of the barrier oxide, to
smaller tunneling barriers, and to the controlled nc-Si forma-
tion. The device efficiency could be further improved by
achieving a better control over the PECVD growth of
nanometer-thick layers and hence better quality of nanocrys-
tals and silicon oxide.
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