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The authors have investigated the photoconductivity (PC) phenomena of SiO, thin films during
annealing, which eventually lead to the formation of luminescent Si nanostructures. It has been
found that there are three characteristic annealing stages in the variation of the PC spectral response
depending on the microscopic structural transformations of the annealed samples, namely, the
elimination of defective midgap states of the as-deposited films, the evolution of conducting Si
nanostructures, and the subsequent formation of isolated luminescent Si nanograins. © 2007
American Institute of Physics. [DOI: 10.1063/1.2764441]

For the past decade, Si nanocrystals (NCs) embedded in
a SiO, matrix have attracted much attention because of their
robust photoluminescence (PL) in the visible and near-IR
regions, hence providing a promising perspective as Si-
compatible optoelectronic devices.'™” One of the often-used
methods to fabricate Si NCs/SiO, composites is based on
the following annealing-induced disproportionation reaction
of nosngtoichiometric silicon-oxide (SiO, with x<<2) thin
films,”

2—x

2

Si0,— =S+ 3810, 0<x<2. (1)
It has been well documented that the Si NCs are formed in
the SiO, films by annealing at temperatures 7,>
~ 1000 °C, and resulting the PL has been reasonably attrib-
uted to the presence of Si NCs.”"® However, the underlying
mechanism of the dominant radiative recombination process
is still under discussion.”

Recently, Tacona et al® have demonstrated that SiO,
films annealed at temperatures 7,,<<1200 °C include amor-
phous Si nanoclusters and Si NCs, both of which presumably
contribute to the observed PL signals.8 This implies that it is
not crucial for the generation of Si-related PL that the Si
nanostructures are crystalline or amorphous.11 In addition,
amorphous nanostructures in annealed SiO, films are inter-
esting since they show rather good electroluminescence (EL)
in spite of the inferior PL characteristics.'? These results im-
ply that there exist compromised optimum Si nanostructures
that show the best performance for the respective optical and
electrical properties of interest. It is hence interesting to in-
vestigate how the dynamics and active roles in optical and
electrical processes of carriers created in the Si nanostruc-
tures are changed during elevation of annealing temperature.
To clarify the issue, we here carry out photoconductivity
(PC) measurements of the annealed SiO, films since PC phe-
nomena such as the photosensitivity, the spectral response,
and the time-varying transients are highly influenced by the
transport of photoexcited carriers and the resulting recombi-
nation mechanisms."?
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The SiO, samples used in this study were prepared by
electron-beam evaporation of SiO powder (Kojundo Chemi-
cal Laboratory Co., Ltd., purity of 99.99%). The films, with
a thickness of 500 nm, were deposited on an optical grade
silica glass for PC measurements. Silicon substrates were
used for Fourier transform infrared (FTIR) spectroscopy and
x-ray photoelectron spectroscopy (XPS) measurements. In
the vacuum chamber, the background pressure was ~3
X 1075 Pa. The deposition rate was controlled by a quartz
microbalance system and was set at 1 nm/s. After deposi-
tion, the samples were annealed in an electric furnace with
flowing Ar gas at temperatures ranging from 100 to 1100 °C
for 2 h. For PC measurements, Au-film interdigital elec-
trodes (ten-pair fingers, 300 wm width, and 100 wm separa-
tion) were deposited on the sample, and a monochromated
Xe light was used as an excitation source. The intensity of
incident light, which is on the order of a few mW/ cm?, was
calibrated according to the spectral response of the optical
system. Dark (Z4,4) and photocurrents (Ipc) were measured
with a Keithley 6514 electrometer at room temperature under
the dc bias voltage of 30 V. No deviation from Ohmic be-
havior was found for the as-deposited sample for bias volt-
ages up to 35 V. The x values of the silicon oxide phase in
the annealed samples were estimated from the empirical re-
lationship between x and peak freguency v of the infrared
absorption band at ~1100 em™ 1 S 2p XPS spectra were
measured with a Shimadzu ESCA-3400 electron spectrom-
eter equipped with a Mg Ka x-ray source (1253.6 eV). All
XPS spectra were corrected using the C 1 s peak at a binding
energy of 284.4 eV. Time-resolved PL spectra of the an-
nealed samples were observed at room temperature with a
gated image intensifier charge coupled device camera and the
third harmonic (355 nm) of a nanosecond Nd:YAG (yttrium
aluminum garnet) laser (pulse width of 8 ns and average
power of 30 mW).

Figure 1 shows the changes in the x values in the silicon
oxide phase as a function of the annealing temperature esti-
mated from the FTIR measurements. We see from Fig. 1 that
the x values increase with increasing annealing temperature
and reach the stoichiometric value at 7,=~800 °C. This
tendency is in harmony with the XPS spectra shown in the
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FIG. 1. Composition x of the silicon oxide phase estimated from FTIR
measurements for the SiO, samples as a function of the annealing tempera-
ture. The inset shows Si 2p peaks in XPS spectra of the (a) as-received, (b)
500 °C, (c) 800 °C, and (d) 1100 °C annealed SiO, samples.

inset of Fig. 1. The XPS Si 2p spectrum of the as-received
sample consists of a broad peak centered at ~102 eV. After
annealing at 7,=800 and 1100 °C, the Si 2p signals split
into two peaks of ~103.5 and ~98.5 eV, which are attrib-
uted to a SiO, phase and a Si phase, respectively.16 These
observations indicate that the present SiO, films have sepa-
rated into two more stable SiO, and Si phases after annealing
at T,> ~800 °C according to Eq. (1). It is also interesting
to note that we observed a substantial red PL emission only
from the samples annealed at temperatures 7,= 1000 °C
(see Fig. 2). We found that the observed PL decay occurs in
the time range of microseconds and is characterized by a
stretched exponential function: 1()=1, exp[—(¢/ 7)?], where 7
is a characteristic decay time and S is a dispersion factor.
Since the observed PL behaviors show the typical Si-related
PL characteristics of the Si/SiO, nanocomposite,g’nf19 it can
be concluded that the present high-temperature (7,
= 1000 °C) annealed samples contain luminescent Si nano-
structures.

We next investigate the PC characteristics of the an-
nealed SiO, films. As for the as-deposited sample and those
annealed at 7, <500 °C, the observed PC buildup Ipcg(?) is
reasonably described by the following double exponential
function irrespective of the wavelength of the excitation
hght [see F]g 3(3-)] [PCB(I)_Idark:Imax_Al exp(_t/ 7-1)
—A, exp(~t/ 1), where I, is the expected saturated photo-
current and A and 7 are fitting constants. Figure 4 shows the
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FIG. 2. The photoluminescence decay of the SiO, sample after annealing at
1100 °C. The PL detection was made at 765 nm. The third harmonic
(355 nm) of a pulsed Nd:YAG laser was used for excitation. The experi-
mental data are fitted with a stretched exponential function [Eq. (2)] shown
as a solid line. The fitted values of 7and S are 6.0 us and 0.58, respectively.
The inset shows a time-integrated PL spectrum of the same 1100 °C an-
nealed sample. All the measurements were carried out at room temperature.
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FIG. 3. Examples of transient photocurrent of the (a) as-received and
500 °C, (b) 650 °C, and (c) 800 °C annealed SiO, samples under the bias
of 30 V. A monochromated Xe lamp (A.,=350 or 400 nm) was used as a
light source. The thick solid lines in (a) are least-squares fits with Eq. (3).

values of I, as a function of the excitation wavelength.
When the illumination was terminated, there was corre-
spondingly a slowly decreasing current [see also Fig. 3(a)].
These PC buildup and decay behaviors have been generally
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FIG. 4. Photocurrent spectra of the (a) as-received, (b) 300 °C, (c) 500 °C,
(d) 650 °C, and (e) 800 °C annealed SiO, samples under bias of 30 V. As
for (a), (b), and (c), the I,,,, values obtained by fitting with Eq. (3) were
plotted. As for (d) and (e), the maximum transient photocurrents obtained at
the respective excitation wavelengths were plotted. The lines are guides to
the eye.

Downloaded 19 Jun 2008 to 133.30.51.107. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



041910-3 E. Koyanagi and T. Uchino

interpreted in terms of carrier trapping in, and releasing
from, midgap states.””?! Thus, the time-varying PC phenom-
ena observed for the samples annealed at 7,<500 °C most
likely originate from the defective midgap states in the as-
deposited sample and the related trap-assisted conduction.

When the samples are annealed at 650—800 °C, how-
ever, the PC signals show a tremendous increase over the
whole range of visible region [see Figs. 3(a), 3(b), and 4]. As
mentioned earlier, the disproportionation reaction is almost
completed, at least on the macroscopic length scale, in this
temperature range. We hence propose that the observed PC
gain results from the “silicon” phase in the annealed
samples. We also notice from Figs. 3(b) and 3(c) that the
transient photocurrent exhibits a gradual decrease even dur-
ing illumination. Since a similar time-dependent decrease in
photocurrent during illumination has been observed from
amorphous silicon and chalcogenides but not from the crys-
talline counterparts,22 we propose that the “amorphous sili-
con phase” is responsible for the visible PC response from
these samples. The above results are in agreement with the
previous observations that nanostructured amorphous Si net-
work, instead of isolated clusters, begins to appear in the
temperature range from ~500 to ~900 °C."® The sample
annealed at 650 °C shows considerable PC transients, simi-
lar to the case of the as-deposited sample, whereas the
sample annealed at 800 °C shows rather a prompt response
to illumination and exhibits virtually no PC transients after
the illumination light is switched off. These results imply
that the defective trapping centers in and/or around the amor-
phous silicon phase will be almost annealed out at 800 °C.
We also notice from Fig. 4 that the observed photocurrent
from the samples annealed at 650 and 800 °C does not sim-
ply increase with decreasing the excitation wavelength. This
probably results from a redshift of the absorption in the
course of the disproportionation reaction and the resulting
formation of the amorphous silicon phase. The absorption
coefficient of the silicon phase is expected to be quite large
in the blue/ultraviolet region as compared with that of the
SiO phase. In the high-absorption region, photocarriers are
generated only at the near surface, and, accordingly, the rel-
evant photocurrent will not necessarily increase with de-
creasing the excitation wavelength because of the surface
recombination centers.

Finally, we mention the PC characteristics of the samples
annealed at 7,= 1000 °C, from which the Si-related red PL
is certainly observed. We found that the dark and photocur-
rents of the samples annealed at 7,= 1000 °C were within
the noise level (~10 fA) under the present experimental con-
dition, indicating that the conductivity decreases by more
than three orders of magnitude with increasing annealing
temperature from ~800 to ~ 1000 °C. This result is in
agreement with the results reported by Cooke ef al.,® who
showed that the dc conductivity of the SiO, films annealed at
T,=1000 °C is highly suppressed. Thus, in the samples an-
nealed at 7,,=1000 °C, most of the Si nanostructures are
electrically isolated from each other by the surrounding sili-
con oxide region and the photoexcited carriers will be mainly
localized to the respective Si nanostructures, as has also been
predicted by the transient terahertz  conductivity
measurements.”

As implied earlier, the best annealing conditions for EL
does not match with those for PL; a lower temperature an-
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nealing is preferred to get a better performance for EL.*
This can be interpreted on the basis of the temperature de-
pendence of the PC mentioned above. Conduction paths,
which are prerequisite to an electron injection in the EL pro-
cess, are present in the samples annealed at lower tempera-
tures (650<T7,<800 °C). Such conduction pathways and
the related nonradiative recombination centers tend to be
eliminated by the higher temperature (7,,= 1000 °C) anneal-
ing, in harmony with the disappearance and appearance of
the PC and PL outputs, respectively. We hence believe that
the PC measurements are highly informative to characterize
the structural transformation process related to the carrier
conduction of variously prepared Si/SiO, nanocomposites
and will be useful to optimize their electronic and optical
properties.

In summary, we have shown from the PC measurements
that the photoexcited carrier generation and the relevant
transport mechanism in SiO, films are strongly influenced by
the degree of disproportionation reaction induced by anneal-
ing. The present observations will shed new light on the
evolution process of Si nanostructures and their interface
states in SiO, thin films during annealing.
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