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We report on the time decays of surface photovoltage (SPV) and SPV spectra for Si nanocrystals
(nc-Si) embedded into a SiO2 matrix. After precipitation at 1150  C anneal in Ar the SPV increases
by a factor of 30 compared with the value observed in an oxidized Si substrate. An increase in
the signal is accompanied by longer time decays in the SPV transients (roughly from tens to
hundreds of microseconds). The separation of photoexcited electrons and holes at the nc-Si/SiO2
interface is expected to play a major role in increasing the SPV signal. We emphasize that
annealing of nc-Si at 450  C in either N2 þ O2 or H2 results in a remarkable increase (up to 10-fold)
in photoluminescence intensity, which is accompanied by a concomitant decrease in the SPV
signal and modification of the SPV decay transients. Anneal in N2 þ O2 ambient slightly
accelerates the SPV decay, whereas anneal in H2 dramatically speeds it up. Employment of Fourier
transform infrared absorption and x-ray photoelectron spectroscopy techniques allows us to gain
insight about the nature of chemical bonds into the oxidized matrix. A hypothesis is suggested that
the observed effects are attributable to different passivating abilities of H2 and N2 þ O2 ambients.
A simple model, which takes into account the capture of photoexcited carriers at the nc-Si/SiO2
interface and the varying passivation ability of the interface traps, is capable of explaining the
observed changes in the SPV transients, even quantitatively. The results may be of interest for
studying the passivation of dangling bonds at the nc-Si/SiO2 interface by SPV techniques and can
be used in advancing the development of silicon based photovoltaic materials with high efficiency.
C 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3693540]
V
I. INTRODUCTION

Nanocrystalline silicon (nc-Si) has been given remarkable
attention recently as a promising candidate for effective emission source compatible with common integrated optoelectronic and memory devices1,2 and also for low cost and high
efficiency solar cells.3–5 Particles of nc-Si have been fabricated using a variety of techniques, including ion implantation
of Si into SiO2 followed by a thermal annealing.6 At sufficiently high temperatures, the implanted excess Si precipitates
out from the SiO2 resulting in embedded nc-Si particles.
Significant interest has long been due to the fact that ncSi exhibits room temperature photoluminescence (PL),
although the light emission mechanism remains somewhat
uncertain. It is not clear yet whether this emission is due to
phonon assisted recombination of quantum confined excitons
in nc-Si7,8 or due to radiative recombination of localized carriers at the nc-Si/SiO2 interface. However, it has been established that the radiative processes at the nc-Si/SiO2 interface
play an important role,9–15 and both core and interfacial
emission centers contribute to the red and infrared PL by
varying the size of nc-Si. The larger the size and the higher
the interface state density (in particular, Si-O bonds), the
more beneficial for dominating the interface state recombination process over the quantum confinement process.14
a)
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The structure of silicon-rich oxide films is usually
described by a network of bonded Si and O atoms, assuming
either a simple mixture of Si and SiO216 or statistically distributed Si-Si and Si-O bonds.17 Recently, it has become
unequivocally clear that nc-Si is coated with a 1-nm thick
stressed oxide layer,12 which plays an important role in the
optoelectronic properties of the nc-Si/SiO2 system.
It is known that annealing ambients have a very strong
effect on the PL yield. For example, Ar gas provides an inert
environment. In turn, samples exposed to oxygen exhibit
electron-hole recombination processes occurring via carriers
trapped in oxygen-related localized states such as siliconoxygen surface bonds, oxygen-induced passivated dangling
bonds, and different types of defects, particularly at the interface of the nc-Si core and the amorphous shell.18–21
Molecular nitrogen also provides a relatively inert environment for annealing at temperatures <1200  C, although
prolonged annealing at >925  C results in the generation of
fixed oxide charge,22 affecting the electronic structure of ncSi. Furthermore, nitrogen can be incorporated into SiO2/Si
layers, predominantly at the interface, during high temperature anneal in N2 environment.23 Defect states localized at
the Si-N bonds are active in hole trapping and transport,
strongly influencing the balance between radiative and nonradiative decay processes.24–29
One of the key parameters affecting the PL is the presence of hydrogen.19,30–37 Thus, a rapid anneal in H2/N2 ambient yields the PL increase by a factor of 3 over a vacuum
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anneal being attributed to the passivation of nonradiative
defects by hydrogen.31,32
In this work, effects of low temperature (450  C) anneal
on the surface photovoltage (SPV) of nc-Si grown in SiO2
are studied for H2 and N2 þ O2 anneal ambients by employing a multitechnique approach based on SPV, PL, Fourier
transform infrared (FTIR) absorption, and x-ray photoelectron spectroscopy (XPS) measurements. A simple model,
which takes into account the capture of photoexcited carriers
at the nc-Si/SiO2 interface and the varying passivation ability
of the interface traps, is proposed to explain the observed
changes in the SPV transients.
II. EXPERIMENTAL DETAILS

The preparation of nc-Si consists of the following
steps:38–40 (a) dry-oxygen oxidation of p-type Czochralski
Si(100) wafers (electrical resistivity of 10 X  cm) at
1150  C generating a thin (350 nm) amorphous films of
stoichiometric SiO2 on the substrate; (b) formation of a
silicon-rich oxide thin film (SiOx, x 1.5) from SiO2 by
room-temperature Siþ ion implantation. Ion energies of
100 keV and doses of (2  10161.2  1017) cm2 were utilized; (c) the implanted samples were subsequently furnace
annealed at a high temperature of 1150  C in Ar ambient for
20 min to precipitate nc-Si. To avoid oxidation of the nanocrystals during annealing, the furnace tube was carefully
evacuated before establishing Ar gas flow. After Si precipitation, the samples were cooled with Ar in the ambient and
then exposed to air. In these samples, marked in the following text as 9C1, well-defined nearly monodisperce nanocrystals were observed by transmission electron microscopy with
the density range of (4–5)  1011 cm2 and size d 2.2 nm.
After these steps, selected samples were annealed a second time at a low temperature of 450  C either in H2 (sample
9C1H) or N2 þ O2 (25% O2 in N2) for 2 h. From the latter
samples marked as 9C1T3, several ones were annealed a
third time at 450  C in H2 for 2 h (9C1T3H).
SPV transients and spectra were measured in the capacitor arrangement,41 where the open-circuit voltage was measured between the back of the sample and a metal net
electrode on the sample top side. Details of our setup are
given elsewhere.42 The transients were taken using a pump
pulse generated by a 468-nm light-emitting diode (LED)
with a half-width of 15 nm. The LED beam that excites the
sample was expanded to achieve nominally uniform illumination on the sample surface. The LED power was 5 mW or
I0 ¼ 25 mW/cm2 into the resulting 5-mm-diameter spot. The
corresponding photon energy (2.65 eV) is much greater than
the energy gap Eg of the Si substrate (1.1 eV at room temperature). This suggests that the absorbed photons are capable of creating electron-hole (e–h) pairs predominantly in a
thin subsurface layer, e.g., in nc-Si. The LED was controlled
by the external bias in the form of square-function pulse. A
light pulse length of 1 ls was used with rise and fall times of
70 ns. The LED pulse sequence had a period of 20 ms,
which was greater than the SPV decay time. A 1-GX load resistor, a high impedance buffer cascade (input resistance
1012 X, output resistance 50 X) based on a field-effect tran-
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sistor, a nanovolt preamplifier (amplification factor 102)
between the buffer and the 20 MHz sampling digital oscilloscope were used in the transient measurements.
In the SPV spectral measurements, the signal from the
buffer is fed to a lock-in amplifier, followed by an analog-todigital converter and a computer. In this case, the sample
surface was illuminated by a 150 W halogen tungsten lamp
along with an infrared prism monochromator and an optical
chopper.
PL measurements were performed using a laser light at
473 nm with the excitation power fixed at 50 mW. The room
temperature PL signals were analyzed by using a single grating monochromator equipped with a photomultiplier tube.
All PL and SPV spectra were corrected for the detector spectral response.
Fourier transformed-infrared (FTIR) spectra were
recorded in transmission mode with a Spectrum BXII (Perkin
Elmer) Fourier spectrometer, using an undoped crystalline Si
wafer as a reference.
XPS analysis was performed with a SPECS UHV surface analysis system with non-monochromatic Mg Ka1,2
radiation at 1253.6 eV (incident power was varied from 100
to 200 W). The system was equipped with a flood gun FG-40
for the sample charge neutralization. All spectra were calibrated by using C 1s of 284.8 eV as a reference. Because the
probing depth of the oxide layer was limited by a few nanometers and structure information was averaged over this
depth, sample wet etching was performed to achieve an XPS
signal from nc-Si.
III. RESULTS AND DISCUSSION

Figure 1 shows the PL and SPV spectra of all samples
measured under the same conditions. The full width at half
maximum (FWHM) of the PL spectra [Fig. 1(a)] are 142
(sample 9C1), 140 (9C1T3), 140 (9C1H), and 137 (9C1T3H)
nm with nearly symmetric emission bands, corresponding to
the natural room temperature PL of a monodisperce nc-Si
size distribution.43 It is also seen in Fig. 1(a) that although
the PL spectra vary in intensity, their peak positions are similar, consistent with the fact that the size of the nanocrystals
does not depend upon 450  C anneal ambients.
It is well known that the carriers photogenerated in the
subsurface region of the samples must be separated by the
built-in electric field to contribute to SPV. When the sample is
illuminated with monochromatic light with energy close to
that of the silicon bandgap (Eg  1.1 eV), e–h pairs are generated in the substrate region (process 1 in Fig. 2). They are
then separated by the local electric fields at the SiO2/Si interface as shown by processes 2 and 3, thus giving rise to a negative photovoltage between the interface and the bulk of the Si
substrate. Consequently, the shoulder in the spectral range of
(1–1.2) eV is observed in the SPV spectra 1 to 4 of Fig. 1(b),
which is related to the Si band edge. Obviously, this process
dominates a rapid spectral rise at photon energies ranging
from 1 to 1.3 eV seen in spectrum 5. In marked contrast, spectra 1-4 exhibit much lower rises in the spectral range of
(1-1.6) eV, which can be related to nc-Si (process 4 in Fig. 2).
Notably, PL emission bands [Fig. 1(a)], characteristic of
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FIG. 2. (Color online) Schematics of the SPV generation processes in the
nc-Si/SiO2/Si structure within a band diagram of the SiO2/Si interface and
capturing potentials of nc-Si (V1) and the nc-Si/SiO2 interface traps (V2)
with respect to nc-Si and V3 with respect to SiO2 surrounding. The conduction (EC) and valence band (EV) edges are represented by thick solid lines.
Arrows 1 and 4 show the generation of e  h pairs in the Si substrate and ncSi, respectively, under the optical excitation. The carrier separation mechanism near the SiO2/Si interface occurring in the built-in electric fields is represented by arrows labeled by 2 and 3. The thermally activated carrier
escape mechanism from nc-Si is shown by arrows 5 and 6. The likely
involvement of interface states (IS) in the SPV generation process is
sketched by dotted arrows 7 and 8. Conduction and valence band offsets are
given for the SiO2/Si interface.44 The bandgap of SiO2 (8.9 eV (Ref. 44)) is
much greater then the light energies used in this work, so that direct excitation of the carriers in the oxide layer does not occur.

To obtain a simple estimate, the absorbed light intensity
can be found as
FIG. 1. (Color online) PL (a) and SPV (b) spectra of samples 9C1 (1),
9C1T3 (2), 9C1H (3), and 9C1T3H (4). Spectrum 5 in (b) is the SPV spectrum of an oxidized Si substrate.

nc-Si, are centered at about 1.6 eV closely matching the SPV
peak positions in spectra 1-4 of Fig. 1(b). This indicates that
well above the bandgap of the Si substrate, the SPV signal is
dominated by nc-Si.
However, because the size of nc-Si is small compared
with the built-in field variation length, the separation of carriers, excited in process 4 (Fig. 2), into the nc-Si itself
(sketched by capturing potential V1 in Fig. 2) does not play a
dominated role in the SPV generation process.45 Meanwhile,
the SPV signal related to nc-Si is believed due to photogenerated carriers that are thermally excited and escape from the
Si nanocrystals toward the nc-Si/SiO2 interface (processes 5
and 6 in Fig. 2). These carriers are subsequently captured by
interface traps, which are modeled here by introducing a barrier V2. Based on the fact that the SiO2 bandgap is remarkably large, the potential V3 in Fig. 2 is sufficiently deep to
provide a visible PL, thus preventing carrier escape from V1
and V2 into the substrate.
Due to the built-in electric field directed from the surface
inside the sample (which provides a negative SPV observed in
experiments), electrons move toward the surface (process 5 in
Fig. 2) and holes toward the substrate (process 6), thus generating SPV above 1.2 eV in spectra 1-4 of Fig. 1(b). Meanwhile, carrier capture at interface states (IS in Fig. 2) and their
release in processes 7 and 8 under illumination are also possible and capable of enhancing SPV above the Si bandgap.

DI ¼ ð1  RÞð1  ead ÞI0 ;

(1)

where R and a are the reflectance and absorption coefficients,
respectively. Taking the values R  0.4 and a  1.4  104 cm1
available in the literature46 yields the photogeneration rate of
1  1014 cm2 s1 in nc-Si (each absorbed photon generates
one electron and one hole). Approximating a free carrier lifetime in silicon nanocrystals by 50 ls,47 this amounts to the
excess carrier density of electrons and holes neh 5  109 cm2.
Then in a parallel plate capacitor configuration the peak SPV
signal is48
U¼

e
neh  reh ;
ee0

(2)

where e is the elementary charge, e0 is the permittivity of
free space, e is the dielectric constant of Si (e ¼ 11.7), and reh
is the separation length of the photoexcited electrons and
holes. For reh  d  2.5 nm, U  1.9 mV, which is very close
to the value of U  1 mV obtained experimentally in spectrum 1 of Fig. 1(b). This strengthens the evidence of the
model, suggesting the observed SPV signal is mainly due to
nc-Si. The next key clue for relating SPV to nc-Si is an
increase in U in spectrum 1 by a factor of 33 over that in
spectrum 5 for the Si substrate.
The data of Fig. 1(a) show that the annealing ambient has
a strong effect on the PL yield. Thus, an annealing at 450  C
in N2 þ O2 for 2 h results in enhanced PL (spectrum 2) over
that measured from a sample annealed once at 1150  C in Ar
(spectrum 1). A subsequent 450  C anneal in H2 ambient for
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2 h increases the PL even greater (spectrum 3). Also shown in
Fig. 1(a) for comparison is spectrum 4 measured from the
sample that underwent 450  C anneal in N2 þ O2 ambient for
2 h and then in H2 for 2 h. For this the PL enhancement
reaches a maximum.
Figure 3(a) shows SPV decays obtained in all samples. It
is seen that the SPV signal in an oxidized Si substrate decays
non-exponentially [curve 5 in Fig. 3(a)] being well fitted to a
stretched-exponential time decay, U(t) ¼ U(0)e(t/s0)b, with
the characteristic stretched-exponent lifetime s0 ¼ 4.9 ls and
the dispersion factor b ¼ 0.33. Annealing the samples varies
SPV decays remarkably, both in their shapes and decay times
[curves 1-4 in Fig. 3(a)], offering further evidence against the
possibility of the substrate origin of the SPV.
For sample 9C1 with nc-Si in SiO2, a short rapid decay
at times t < 2 ls is followed by a very long exponential
decay component at greater instants [curve 1 in Fig. 3(a)]. A
450  C anneal in N2 þ O2 slightly accelerates the decay making it nearly single-exponential (curve 2). A subsequent
450  C anneal in H2 drastically speeds up the decay leaving it
single-exponential (curve 3). Similar acceleration is observed
in the sample single-annealed at 450  C in H2 (curve 4),
although this sample exhibits a weak non-exponential component at t >2 ls.

Comparison of the FTIR spectra of our samples is given in
Fig. 4. All exhibit similar peaks, including Si-O-Si stretching,
bending and rocking modes at 1083, 808, and 460 cm1,
respectively, which are remarkably enhanced after sample
annealing at 1150  C in Ar ambient [spectrum 1 in Fig. 4(a)].
These values are very close to that obtained in stoichiometric
SiO2 exhibiting vibrational frequencies at 1080, 810, and
465 cm1, respectively.54
Annealing this sample at 450  C in N2 þ O2 results in a
20-25% reduction of these bands (sample 9C1T3 in Fig. 5).
At a subsequent 450  C anneal in H2, the photon absorption
increases up to nearly the same value obtained for sample
9C1 (sample 9C1T3H in Fig. 5). A single 450  C anneal in
H2 weakly affects the oxygen-related bands (sample 9C1H
in Fig. 5).
It is also seen in spectrum 2 that a 450  C anneal in
N2 þ O2 causes broadening of the Si-O bands. To interpret
this, a 808 cm1 band in spectrum 2 is deconvoluted into two
Gaussian components shown by dotted lines in Fig. 4(b).
The band at 846 cm1 appears to fall clearly into the range
of Si-N bond, which has been reported to occur at
848 cm1.49–51,55 As seen in spectrum 3, for third annealing
at 450  C in H2 (9C1T3H), there is a quenching effect on the
846 cm1 band relative to spectrum 2.

FIG. 3. (Color online) (a) Time-dependent SPV of samples 9C1 (1), 9C1T3
(2), 9C1T3H (3), 9C1H (4), and oxidized Si substrate (5) in the semi-log
coordinates. (b) Simulated SPV transients fitted to Eqs. (3) and (4) using a
set of parameter values given in Table I (curves 1 and 2). Curve 3 is a fit to a
single exponential decay, exp(t/s0), with s0 ¼ 1.3 ls.

FIG. 4. (Color online) (a) FTIR transmittance spectra of samples 9C1 (1),
9C1T3 (2), and 9C1T3H (3) taken against the Si substrate as a background
with a 610 cm1 band magnified by 5  in spectrum 3. Spectra are arbitrarily
shifted in the vertical direction for a better separation of curves. (b) enlarges
absorption in the 808 cm1 band shown in (a) with two dotted Gaussian fits
to spectrum 2 of sample 9C1T3.
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FIG. 5. (Color online) Peak areas computed for the 1083 and 460 cm1
bands of the FTIR spectra.

Because there are no published peaks in our samples
close to 460 and 1083 cm1, broadening of these absorption
bands in spectrum 2 of Fig. 4(a) is probably due to local
structural rearrangement accompanying formation of Si-N
bonds. This can induce varying strains shifting the peak position and thus broadening the bands. The Si-O related vibrations concomitantly decrease in intensity, as indeed observed
in Fig. 5 (sample 9C1T3). It is then obvious that H diffusion
due to the following 450  C anneal in H2 is capable of melting down Si-N bonds thus making spectra 3 and 1 in Fig. 4
close in the peak strengths and widths.
The second and third anneal at 450  C in H2 (samples
9C1H and 9C1T3H, respectively) induce weak absorption
bands near 610 cm1 [enlarged portion of spectrum 3 in Fig.
4(a)] and above 2000 cm1 (not shown here). They can be
associated with the wagging and stretching modes of Si-Hn
(n ¼ 1-3), respectively.19,52,53
Notably, these results correlate with the change in the PL
intensity, revealing a clear correspondence between the hydrogen passivating ability [cf. spectrum 3 in Fig. 4(a)] and the
enhancement of the PL intensity (spectra 3 and 4 in Fig. 1).
For passivated Si clusters, different recombination
mechanisms are suggested.19 When nc-Si is passivated by
hydrogen, a free exciton recombination is observed for all
cluster sizes. However, if the Si nanocrystal is passivated by
oxygen, three competing recombination mechanisms are
present, depending on the size of the cluster. For the size
greater than 3 nm, recombination is via free excitons. As
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FIG. 6. (Color online) XPS high-resolution spectra of samples 9C1 (1),
9C1T3 (2), and 9C1H (3) in the Si 2p region. Inset: N 1s region for samples
9C1 (4) and 9C1T3 (5).

the size decreases from about 3 to 1.5 nm, recombination
involves a trapped electron and a free hole. For smaller sizes,
recombination may be due to trapped excitons. Because the
size of the nanocrystals used here is 2.2 nm, the involvement of the nc-Si/SiO2 interface states, modified by 450  C
anneals, would be expected to affect the PL.
XPS measurements were carried out to identify the Si
oxide and its electronic structure. Detailed scans of the Si 2p
region are shown in Fig. 6 and that of the N 1s region are displayed in the inset of Fig. 6. The Si 2 p spectra are dominated
by a 104 eV line characteristic of fully oxidized SiO2
(Si4þ),56 which is in agreement with FTIR results. This peak
remains nearly unchanged, both in its shape and energy position, with our 450  C treatments.
We also find that the Si0 peaks at about 99 eV attributed
to elemental silicon are observed in all spectra and their
energy position depends on the ambient atmospheres at
450  C anneals. After a second annealing at 450  C both in
N2 þ O2 and H2, a slight shift of about 0.2-0.4 eV is observed
in spectra 2 and 3 of Fig. 6 with respect to spectrum 1.
It is known that in silicon clusters, the relaxation time of
photoholes is larger than the time of the photoelectron emission. The clusters remain positively charged after the photoelectron emission process thereby decreasing its kinetic
energy due to Coulomb interaction. The relaxation time and
hence the loss in kinetic energy depend on cluster radius r as
1/r. It may therefore be suggested that 450  C anneals slightly

Downloaded 20 Feb 2013 to 128.135.12.127. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions

063501-6

Korotchenkov et al.

affect the cluster size distribution shifting the Si0 peak and
changing its amplitude.
Most notably, spectrum 2 in Fig. 6 taken after a 450  C
anneal in N2 þ O2 exhibits a subsidiary peak at 101.3 eV,
which may be attributed either to Sixþ suboxides39,57 or Si-N
bond.49,58 Because FTIR results measured in the same sample show the existence of Si-N bonds [the band at 846 cm1
in spectrum 2 of Fig. 4(b)], the 101.3 eV peak in spectrum 2
of Fig. 6 is most likely assigned to Si-N.
The inset in Fig. 6 shows the appearance of the N 1s
peak in spectrum 5 after 450  C anneal in N2 þ O2, which
is absent in spectrum 4 of sample 9C1. The peak in the
range of 398-399 eV is commonly attributed to nitrogen
bound to fully oxidized silicon,59,60 whereas the one
shifted toward higher energies up to 399.7 eV is due to
nitrided Si surfaces.50,61 Therefore, according to FTIR
and XPS results, we can suggest that Si-N bonds are
formed at the interface between silicon nanocrystals and
silicon dioxide matrix, as has also been reported so
far.57,62 Moreover, based on these observations, annealing
in N2 þ O2 is expected to affect the nc-Si PL because the
N atoms are generally beneficial in terms of interface
defects and PL intensity.29 Binding in terms of a Si-N
linkage is then broken by annealing at 450  C in H2, as
pointed out in the preceding text.
When hydrogen is incorporated into SiO2, it usually
binds to either silicon or oxygen, thus breaking the connection between these structural units. On the other hand, nitrogen typically substitutes oxygen in Si-O-Si networks and, to
complete its trivalent coordination, establishes a further
bond with a hydrogen atom or with another silicon atom. It
may also be noted that hydrogen is usually the more weakly
bound because it can be released by means of low temperature thermal treatments at temperatures as low as 450  C to
500  C.63 In contrast, nitrogen is usually tightly bound to the
network owing to its three bonds. For this reason, it does not
diffuse during heat treatments up to a temperature of more
than 1000  C.64
Therefore, the FTIR and XPS observations suggest a
key role of the H chemistry in determining more precise information and providing insight into the annealing mechanisms. Although our results do not distinguish the bonding
sites of the hydrogen atoms, a significant H concentration
would be expected in the region with an increased number of
dangling Si bonds at the nc-Si/SiO2 interface mostly as a
result of the Si precipitation damage. Hence, nc-Si provides
a sufficient number of trapping sites retaining H, which efficiently passivates Si dangling bonds at the nc-Si/SiO2 interface. An increase in PL following 450  C anneal in N2 þ O2,
which is observed in spectrum 2 of Fig. 1(a), can thus be in
part due to the fact that hydrogen diffuses into the layers
containing nc-Si from the bulk and from the interface
between the SiO2 layer and the Si substrate. Clearly 450  C
anneal in H2 ambient provides an additional number of
hydrogen diffusing inside the sample that enhances PL
[spectra 3 and 4 in Fig. 1(a)]. There still remains, however,
much to explore how exactly hydrogen affects Si-N bonds
and enhances the Si-O related absorption bands (samples
9C1H and 9C1T3H in Fig. 5).

J. Appl. Phys. 111, 063501 (2012)

FIG. 7. Annealing time dependence of the PL yield (area of the PL band)
for sample 9C1H annealed at 450  C in H2 (1) and for sample 9C1T3
annealed at 450  C in N2 þ O2 (2). The lines are guides to the eye.

It is significant that twice-annealed samples (2 h at
450  C in N2 þ O2 and then 2 h at 450  C in H2) produce
greater PL yields [spectrum 4 in Fig. 1(a)] relative to samples single-annealed for 2 h in only H2 at 450  C (spectrum
3). This cannot be explained by a greater length of time in
the former case because the PL reaches a maximum after
450  C anneal in H2 for 1 h (curve 1 in Fig. 7). Then the Hdependent passivating ability for an N2 þ O2 anneal at
450  C would appear to have no enhancement effect on the
PL after 1 h annealing time as it is observed for an H2-only
anneal at 450  C. Therefore from the data presented here it
seems that annealing at 450  C in N2 þ O2 has an
H-independent ability to passivate defects. In this respect,
the observations that either oxygen65 or nitrogen29 bonded to
Si at the nc-Si/SiO2 interface may offer some degree of passivation are noteworthy.
It is then important to understand how the type of the
passivating ability affects the SPV decays and how the type
of the passivation may be inferred unambiguously from SPV
kinetic data. We now try to construct a consistent physical
picture to account for the changes in the SPV decays shown
in Fig. 3(a). From the preceding consideration, suppose there
are basically two types of the interface defect passivating
ability related to either H2 or N2 and O2.
Within this picture, the dynamics of the photoexcited
carriers can be described using the coupled rate equations,
which must be constructed and numerically solved to reproduce the decay changes observed in curves 1 to 3 of Fig.
3(a). We have noted that nc-Si and the surrounding SiO2 matrix can be modeled by the capturing potentials V1 and V2, as
shown in Fig. 2. Consequently, there is a position-dependent
carrier energy with valleys inside nc-Si and at the Si dangling bonds within the surrounding SiO2 matrix separated by
a barrier.
Because of interactions with phonons, each carrier has
kinetic energy kT, corresponding to a thermal velocity vth
2  105 m s1 at 300 K. The probability that a carrier is
thermally activated over a barrier of height DV in a single
attempt is proportional to exp(DV/kT), whereas the attempt
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frequency is roughly  0  vth/w, where w is the distance
between barriers (w ¼ d in nc-Si and  01 1014 s1). Therefore, the probability for carrier to get over the barrier DV is
P ¼  0  expðDV=kTÞ.
The rate equation of carriers within a Si nanocrystal
with the density n(t) is then
dnðtÞ
nðtÞ
¼ nðtÞ   o1  eV1 =kT þ nt ðtÞ   o2  eV2 =kT 
;
dt
s
(3)
and that of carriers captured at the nc-Si/SiO2 interface with
the density nt(t) is
dnðtÞ
¼ nðtÞ   o1  eV1 =kT þ nt ðtÞ   o2  eV2 =kT ;
dt

(4)

where s is the carrier lifetime. These allow us to numerically
compute the electron and hole densities, which can be used
in Eq. (2) to reproduce the SPV decays.
Because neither V1 nor V2 is accurately known, the
decays 1-3 in Fig. 3(a) were fitted to Eqs. (2) to (4) by varying V1 and V2 from 0 to 103 kT and keeping all other parameters constant: s ¼ 1 ls,  02 ¼ 1012 s1. In a second step, for
each decay, the lifetime s and the attempt frequency  02
were varied from 102 to 103 ls and from 1012 to 1014 s1,
respectively.
It is found that the shape of the decay curve is governed
by V1, V2, and s, whereas the trends of the modeled decay
are quite independent of the precise value of  02. Here a
crude estimate is made suggesting the parameters in Eqs. (3)
and (4) are the same for both electrons and holes. It turns out
that measured decays 1 and 2 in Fig. 3(a) are best fitted to
computed decays 1 and 2 in Fig. 3(b), respectively, for a set
of parameters V1, V2, and s given in Table I. In contrast,
decay 3 in Fig. 3(a) is a simple exponential, exp(t/s0), with
s0 ¼ 1.3 ls, indicative of the fact that carrier capture at the
nc-Si/SiO2 interface (processes 5 and 6 in Fig. 2) is not likely
to occur after 450  C anneal in H2. Indeed, the first and second terms on the right-hand side of Eq. (3) are absent in this
case, resulting in the exponential SPV decay.
In addition to the quantitative agreement of the experiment and the model given in the preceding text, it is also
possible to understand how the qualitative trends come
about. First, consider two types of passivating abilities of the
Si dangling bond revealed by 450  C anneal in either
N2 þ O2 or H2. When all traps able to capture N2 and O2 are
filled, deeper levels at the interface cannot capture carriers
excited from V1, and, therefore, the photoexcited carriers can
be trapped by shallower levels. Consequently, the barrier
height V2 decreases from 44 meV for curve 1 in Fig. 3(b) to

TABLE I. Values of V1, V2, and s in Eqs. (3) and (4) used to compute
decays 1 and 2 in Fig. 3(b).

Curve 1
Curve 2

V1 (meV)

V2 (meV)

s (ls)

31
30

44
31

290
75

31 meV for curve 2 (see Table I). This leads the initial
double-component decay given by curve 1 in Fig. 3(a) to
change to a nearly single-exponential (curve 2), characteristic of the carrier trapping sites at the nc-Si/SiO2 interface
that are not passivated by N2 and O2.
Second, when all traps are saturated by hydrogen, the
SPV decays eventually become very rapid [curves 3 and 4 in
Fig. 3(a)]. This may actually be due to the fact that under
complete trap saturation, the number of photoexcited carriers
separated at the nc-Si/SiO2 interfaces [neh in Eq. (2)] drops
concomitantly, speeding up the decays and quenching SPV
[spectra 3 and 4 compared with spectra 1 and 2 in Fig. 1(b)].
The accelerated decays observed in curves 3 and 4 in Fig.
3(a) may also be thought of as arising from the enhanced
concentration of fast recombination states at the nc-Si/SiO2
interfaces after sample annealing in H2 ambient. However, it
may seem that the observation of increased PL lifetimes due
to hydrogen passivation66 weakens the evidence that a likely
explanation for the accelerated SPV decays is the presence
of additional recombination states after the anneal. Moreover, it is now generally accepted that the PL intensity
increase by annealing in H2 ambient is due to hydrogen passivation of competing nonradiative recombination centers
located at the nanocrystal surface, which would preclude any
accurate explanation of the observed accelerated decays by
the enhanced concentration of fast recombination states.
Because, as discussed in the preceding text, the separation of
excited carriers into the nc-Si itself would not generate
appreciable SPV signals, the suggested trap saturation and
concomitantly decreased number of photoexcited carriers
separated at the nc-Si/SiO2 interfaces are among the most
probable explanations for the remarkable quenching of the
SPV signal.
It is worth pointing out here that annealing of our nc-Si
samples in H2 ambient increases the PL intensity by as much
as an order of magnitude [spectra 3 and 4 compared with
spectrum 1 in Fig. 1(a)]. However, it turns out that the anneal
decreases the SPV signal by more than five orders of magnitude [spectra 3 and 4 compared with spectrum 1 in Fig.
1(b)]. To understand this seemingly unfavorable comparison,
we can distinguish two contributions to the quenching of the
SPV signal, originating not only from the aforementioned
nc-Si/SiO2 interfaces but also from the SiO2/Si substrate
interface.
It has been pointed out that exposure of SiO2/Si interfaces to hydrogen is capable of producing a considerable density of positively charged centers.67 As a consequence of the
attractive (for electrons) and repulsive (for holes) electrostatic interactions with a positively charged SiO2/Si interface
plane (see Fig. 2), the electron-hole separation processes (5
and 6 in Fig. 2) would be impeded, leading to a reduction of
the SPV signal developed at the nc-Si/SiO2 interface. It is
also obvious that in this case, the SiO2/Si interface can play
a significant role in generating SPV by processes 2 and 3
shown in Fig. 2.
As for the driving force, the thermal activation over a
barrier seems to sufficiently account for the observed effects.
However, the electric field assisted tunneling may also be
involved, which yields68
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where m* is the carrier effective mass, h is the Planck constant, and F is the electric field strength. For a set of the parameters given in the preceding text, Eq. (5) is dominated by
the second term at F
3  105 V/cm. It has been documented that electric field at the SiO2/Si interfaces can
increase due to charge trapping in the oxide and varying
interface state density.69 However, the qualitative analysis of
the field strength is made difficult by the preceding observations and hence is not attempted here.

IV. CONCLUSIONS

In conclusion, annealing of Si nanocrystals embedded in
SiO2 at 450  C in either N2 þ O2 or H2 results in a remarkable increase (up to 10-fold) in photoluminescence, which is
accompanied by a drastic change in the photovoltage.
Embedding Si nanoparticles in SiO2 formed at the Si substrate is found to be superior over the substrate in terms of
the SPV value increased by roughly a factor of 30 and a
greater SPV decay time. A 450  C anneal in N2 þ O2 ambient
slightly accelerates the SPV decay, whereas the anneal in H2
drastically speeds it up. The annealing also decreases the
SPV signals. The observed effects are assigned to different
passivating abilities of H2 and N2 or O2. A simple model capable of explaining the changes in the SPV with annealing is
developed. This suggests that capturing SPV decays should
be a good method of identifying nc-Si/SiO2 interface defect
passivating ability.
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