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ABSTRACT

Tunable electroluminescence properties of size-controlled Si nanocrystals embedded in silicon rich oxide films are demonstrated at room
temperature, using an active light emitting layer in the metal oxide semiconductor device structure. Plasma enhanced chemical vapor depos-
ited Si-rich oxide films were annealed at elevated temperatures to form Si nanocrystals of varying diameters. A typical redshift in the photolu-
minescence peak is observed with increasing annealing temperature, confirming the formation of quantum confined Si nanocrystals. The
carrier transport and light emission mechanism have been studied in detail through current–voltage characteristics and ultrafast transient
spectroscopy, respectively. The origin of electroluminescence and the size-tunable emission peak have been analyzed and attributed to the
radiative recombination of carriers within Si nanocrystal quantum wells. The fabricated Si nanocrystal-based metal oxide semiconductor light
emitting diode and the resultant size-dependent tunable electroluminescence are very attractive as a potential CMOS compatible optical
source for future photonic integrated chips.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0001840

A great deal of research effort has been dedicated to develop
CMOS compatible optical sources on Si platforms replacing hybrid
systems based on GaN, GaAs, and Ge on Si.1–4 Reducing the dimen-
sions of Si structures below the excitonic Bohr radius of Si (�4.8 nm)
results in light emission due to the quantum confinement effect
(QCE).5–8 Different approaches of light emission through the QCE
have been reported to date based on Si nanowires,9–12 nanocones,13,14

colloidal nanocrystals,15,16 and nanocrystals in the oxide matrix.5,17–19

Among them, Si nanocrystals (Si NCs) embedded into the SiO2 matrix
are most promising due to chemical stability and wavelength selective
size-tunable photoluminescence (PL).8,17,20–22

Although there are many reports of size-tunable PL emissions
from Si NCs involving the QCE, their utilization as Si-based light emit-
ting diodes (LEDs) is few. The demonstrations of electroluminescence
(EL) are mostly broad, covering the visible spectral range or defect-
related blue emissions only.1,23–26 L�opez-Vidrier et al.27 and Fu et al.6

have recently demonstrated efficient EL in the Si NC/SiO2 superlattice
structure, but they too observed EL over a broad spectral range.
Therefore, the demonstration of tunable EL emission utilizing the
QCE in Si NCs may provide a colossal step toward optoelectronics in
Si platforms. We report unique size-tunable electroluminescence
characteristics at room temperature from Si NCs embedded into the
SiO2 matrix. The injected current transport through the devices has
been analyzed. The detailed analysis revealed that the QCE in Si NCs
leads to size-tunable PL and EL emission.

Si NCs of different diameters embedded into the SiO2 matrix
were fabricated by depositing silicon rich oxide (SRO) films using the
plasma enhanced chemical vapor deposition (PECVD) technique fol-
lowed by annealing of those films at three different temperatures
(900 �C, 1000 �C, and 1060 �C). Henceforth, the samples annealed at
900 �C, 1000 �C, and 1060 �C are referred to as P900, P1000, and
P1060, respectively. The details of the device fabrication, instruments
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for material characterization, and measurement processes are provided
in the supplementary material. High-resolution TEM (HRTEM)
micrographs presented in Figs. 1(a)–1(c) confirm the formation of
distinct spherical Si NCs with different average sizes embedded uni-
formly within the SRO matrix for P900, P1000, and P1060 samples.
For all the samples, the densities of smaller diameter NCs are found to
be higher along with large size NCs. It has been found out that the
P900 sample has the average size of �3nm, while for P1000 and
P1060, the average sizes are �4.5 nm and �6.5 nm, respectively.
Histograms showing the size distribution of Si NCs for all the samples
are presented in the supplementary material in Fig. S2. On annealing
at higher temperatures, the available energy allows the excess Si atoms
in the SRO matrix to diffuse, forming the Si NCs through the Ostwald
ripening process.5,27–29 The observed average size of the NCs is com-
parable to the excitonic Bohr radius of Si, suggesting that QCE may
play a dominating role in tuning the optical properties of samples.5 A
magnified image of a single Si NC, revealing lattice fringes with differ-
ent orientations and suggesting the polycrystalline nature of the grown
Si NCs, is presented in the supplementary material. The polycrystalline
nature and chemical stoichiometry of the Si NCs were further analyzed
using XRD and XPS data, respectively, and are discussed in detail in
the supplementary material.

Normalized PL spectra of the as-grown SRO film (un-annealed),
P900, P1000, and P1060 at room temperature are co-plotted in Fig.
1(d). The PL emission peak exhibits a gradual redshift with increasing
annealing temperature of the SRO films. The as-prepared SRO film
has weak emission intensity with a peak centered at �440nm. This
emission is frequently ascribed to oxygen-related defect states in the
SiO2 matrix (O–Si–O/Si¼O).2,19,20,30 For P900, P1000, and P1060
samples annealed at different temperatures, the PL peak is centered at
560, 594, and 642nm, respectively. It is to be noted that a small hump
at �440nm is also observed for the P900 sample, which is absent in

samples annealed at higher temperatures. This signifies the reduction
of defect state density with increasing annealing temperature. An
enhanced recrystallization on annealing at high temperature results in
10-fold intense PL emission due to NCs compared to the defect-
related emission. The monotonous redshift of the PL peak as a func-
tion of temperature suggests that the emission is due to excitonic
recombination as a result of QCE of carriers within Si NCs.2,19,20 Due
to the QCE, radiative recombination occurs between degenerate states
in the D-valley and the C-point, resulting in strong PL emis-
sion.2,19,20,30 The observed PL peaks are Gaussian in shape, and broad-
ening of the emission peak is due to the overall size distribution of the
NCs in the corresponding samples.

To gain a proper insight into the carrier dynamics involved with
the PL characteristics of Si NCs, time-resolved photoluminescence
(TRPL) measurements at the PL peak wavelengths have been per-
formed by employing time-correlated photon counting spectroscopy.
The corresponding PL decay spectra at room temperature are pre-
sented in Fig. 2. Time-resolved PL spectra have been fitted with the
standard stretched exponential decay function widely used for this
kind of system to find out the effective carrier lifetime (s). For P900,
two characteristic relaxation times are found to be s1¼ 0.82 ls and
s2¼ 4.51 ls. The corresponding values of s1¼ 0.86 ls and s2¼ 4.92
ls are estimated for the P1000 sample, whereas for the P1060 sample,
the estimated values of lifetimes are s1¼ 0.98 ls and s2¼ 5.58 ls. The
higher carrier lifetime (s2) of samples varies from 4.51 to 5.58 ms,
which is much larger than the defect-induced recombination lifetime
typically on the order of nanoseconds. So the origin of PL emissions is
attributed to the quantum confinement effect in Si NCs in agreement
with the results reported by several groups.1,6,11,18,26 On the other
hand, the observation of a faster decay channel (s1) may be due to the
presence of interfacial defects between Si NCs and the SiO2 matrix sur-
rounding it. For further studies of defect-induced carrier dynamics in
detail, transient reflectivity (DR) measurements at an ultrafast time-
scale were carried out for a typical sample (P1000). The experimental
details and results are presented in the supplementary material in
Sec. S5 and Fig. S4, showing the ultrafast depopulation of carriers from
quantized states of Si nanocrystals on the pico-second timescale to the
non-radiative trapping states.

To study the charge transport behavior of the fabricated metal-
oxide-semiconductor light emitting diode (MOSLED) based on Si
NCs embedded into the SRO matrix, current–voltage (I–V)

FIG. 1. Typical plane-view HRTEM images of Si NCs of different sizes embedded
into the SRO matrix for (a) P900, (b) P1000, and (c) P1060 samples. (d)
Normalized room temperature PL spectra of as-grown and SRO samples annealed
at different temperatures (900 �C, 1000 �C, and 1060 �C).

FIG. 2. Time-resolved photoluminescence decay spectra of P900, P1000, and
P1060 samples (from top to bottom).
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characteristics of the P1060 device under the forward bias condition
have been measured and are presented in Fig. 3(a). The device shows a
MOS-like I–V behavior with a forward current of 7mA at an applied
forward bias of 10V with a turn-on voltage of 2V. The schematic dia-
gram of the device is presented in the inset of Fig. 3(a). To investigate
the charge injection mechanism, which can be either direct or
Fowler–Nordheim (F–N) tunneling, the current density (J) and elec-
tric field (E) determined from the I–V data are presented as ln(J/E2) as
a function of (1/E) plot in Fig. 3(b). The F–N tunneling can be repre-
sented analytically by

JFN ¼
A
4/B

E2:exp � 2B/3=2
B

3E

 !
; (1)

where A and B are the constants and /B is the effective barrier height
for carrier injection.1,6,31 The linear fitted F–N plot in the high electric
field region reveals that the carrier conduction in the fabricated device
is dominated by the F–N tunneling mechanism between the NCs
through the triangular-shaped SiO2 barriers.

1,6,31 In a low electric field
region below 4.38� 106 V/cm, the F–N plot becomes non-linear,
denoting that the carrier conduction between NCs follows the direct
tunneling mechanism through SiO2 barriers. This kind of carrier
transport mechanism combining both F–N tunneling and direct
tunneling in different electric field regions has been reported in the lit-
erature for similar systems.6,18,31,32

Each of the MOSLEDs fabricated using P900, P1000, and P1060
samples exhibited EL emission of different colors at room temperature,
which is visible even in the naked eye. Figures 4(a) and 4(b) present
the deconvoluted EL spectra from P900 and P1000 devices, respec-
tively. The spectra were obtained at forward bias conditions when cur-
rent densities of 3.5mA/cm2 and 4.4mA/cm2 were passed through
P900 and P1000 samples, respectively. Interestingly, the broad EL
spectra for both devices can be deconvoluted into two distinct peaks.
For the P900 sample, the emission is in the range of 360–730nm, with
peaks centered at �445 and �567nm, whereas the emission is in the
range of 360–760nm with peaks centered at �443 and �603nm for
the P1000 sample. From the previous discussion of PL data [Fig. 1(d)],
it can be deduced that the peaks at �445 and �443nm are due to
the radiative transitions associated with oxygen defect states in SiO2.
However, the emission centered at �567nm for P900 and �603nm
for P1000 samples is at similar energy in agreement with corresponding

PL data [Fig. 1(d)], suggesting that the origin of those emissions is due
to the QCE of carriers in Si NCs. The defect-related peak is intense
compared to QCE-related emission for the P900 sample [Fig. 4(a)],
whereas an opposite result is observed for the P1000 sample, where
QCE-related emission is clearly intense and dominant. This observa-
tion suggests that increased annealing temperature resulted in the for-
mation of larger density of Si NCs due to improved recrystallization
and simultaneous reduction in the defect density. The insets of Figs.
4(a) and 4(b) show the photographs of the EL emissions from P900
(blue) and P1000 (yellow), respectively.

EL spectra from the P1060 sample with varying injection current
densities at room temperature are shown in Fig. 4(c). The emission
range is 440–890nm with a single peak centered at �650nm. Here,
the peak position of the EL emission is also similar to that observed in
PL emission from the sample [Fig. 1(d)]. The absence of defect-related
peaks confirms that the emission is entirely from quantum-confined Si
NCs. The inset of Fig. 4(c) presents the photograph of red EL emission
from the device. Figure 4(d) presents the normalized EL spectra from
Si NC samples annealed at different temperatures at an applied for-
ward bias of 30V. For P900 and P1000 samples, only EL emission
peaks from Si NCs are considered. The plot clearly shows a monoto-
nous redshift in the peak position with increasing annealing tempera-
ture in agreement with PL results. It may be noted that several results
have been reported on the dominance of interference phenomena on
the PL peak position of Si NCs due to the thickness-dependent opti-
cal-geometrical effects in the superlattice and multilayer sample struc-
tures.33–37 However, such interference effects are unlikely to be
dominant here since the thickness (�350nm) and Si content (�4.8%)
in Si-rich oxide have been kept constant in our study. In order to sub-
stantiate this claim, the optical thickness for each sample (P900,

FIG. 3. (a) Current–voltage (I–V) characteristics in the forward bias condition of the
fabricated Si NC-based MOSLED device (P1060), while the inset shows the sche-
matic illustration of the same. (b) The plot of ln(J/E2) as a function of 1/E obtained
from the I–V plot fitted using the Fowler–Nordheim equation at a higher field and
direct tunneling one at a lower field.

FIG. 4. EL spectrum of (a) P900 sample at an injection current density of
3.5 mA/cm2 and (b) P1000 sample at 4.4 mA/cm2. The insets show the photo-
graphs of the EL emissions from the respective samples. (c) EL spectra of the
P1060 sample as a function of injected current density, with the inset showing
the photograph of the strong emission at 5.32 mA/cm2. (d) Normalized EL spec-
tra of P900, P1000, and P1060 samples considering the contribution from
quantum-confined emission in NCs only.
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P1000, and P1060) has been calculated by estimating the effective
refractive index using Bruggeman effective-medium approxima-
tion.38,39 The calculated optical thicknesses are found to be 547.1nm,
546.4 nm, and 546.0nm for P900, P1000, and P1060 samples, respec-
tively, exhibiting the variation to be very minute. So it is concluded
that the interference effect, if any, will nearly be the same in all samples
keeping the differential shift unaltered and attributing only to the
quantum size effect. Moreover, a close agreement in size-dependent
PL and EL emission peaks (Fig. S5 in the supplementary material) cor-
roborates the radiative recombination of confined carriers within Si
NCs randomly embedded into the high-bandgap SiO2 matrix. The
plot of integrated EL intensity of the P1060 sample as a function of
injected current density in the forward bias condition and comparison
of shifts in the peak position of both PL and EL emissions with respect
to annealing temperature for P900, P1000, and P1060 samples are pre-
sented in the supplementary material.

To understand the carrier injection and recombination mecha-
nisms within the Si NCs responsible for the EL emission, a schematic
energy band diagram is proposed. Figures 5(a) and 5(b) present the
energy band diagram of Si NCs embedded within the SiO2 matrix at
the flatband condition and under an applied forward bias, respectively.
The concerned energy gap values are taken from the literature.25,40

Si NCs form a quantum well structure bound on both sides by the
dielectric barrier of high energy gap SiO2. The quantum confined
energy levels in Si NCs vary as a function of size following Brus’ equa-
tion given by

E ¼ Eg þ
h2

8R2

1
m�e
þ 1
m�h

� �
� 1:8e2

4pe0eaR
; (2)

where Eg is the bulk bandgap of the semiconductor, R is the radius of the
nanocrystals, e0 is the vacuum permittivity, and ea is the high-frequency
dielectric constant of the semiconductor.41 Under a forward bias, carriers
are injected into the system from the electrode and the substrate, which
tunnel through SiO2 barriers into the quantum well, as shown in Fig.
5(b). Within the quantum well, holes and electrons recombine to emit
photons specific to the energy gap in the quantum well.

In summary, we have fabricated MOSLEDs using Si NCs embed-
ded into the SiO2 matrix and studied its size-tunable emission charac-
teristics at room temperature. The PECVD-grown SRO films have
been annealed at different temperatures to form Si NCs of different

average sizes. Si NCs exhibited PL emissions with a monotonous
redshift with the increase in the size due to the quantum confinement
of charge carriers. The carrier decay dynamics manifested the radiative
recombination of photo-generated charge carriers on the timescale of
microseconds. The carrier transport through Si NCs at high and low
electric fields is ascribed to the Fowler–Nordheim and direct tunneling
mechanisms, respectively. The observed EL emission from the fabri-
cated MOSLEDs exhibits a size-induced blueshift/redshift of the emis-
sion peak. The size-tunable characteristics of both PL and EL emission
are attributed exclusively to the QCE of charge carriers within the Si
NC quantum well. The results reveal Si NCs to be potential candidates
for CMOS compatible integrated optical sources for future photonic
integrated chips.

See the supplementary material for experimental methods,
detailed material characterization, ultrafast reflectivity measurement
data, and extended EL data and their detailed discussions.
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