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Photoluminescence~PL! from Si12xGex alloy nanocrystals (nc-Si12xGex) as small as 4–5 nm in diameter
was studied as a function of the Ge content. The nc-Si12xGex samples were fabricated by the cosputtering of
Si, Ge, and SiO2 and postannealing at 1100°C. High-resolution transmission electron microscopy, electron
diffraction, and Raman spectroscopy clearly showed the growth of spherical Si12xGex nanocrystals in SiO2
matrices. The PL spectra of nc-Si12xGex were found to be very sensitive to the Ge content. A low-energy shift
of the PL peak from the widened band gap of Si nanocrystals to that of Ge nanocrystals with increasing Ge
content was clearly observed.
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I. INTRODUCTION

In recent years, great effort has been devoted to inve
gating the photoluminescence~PL! properties of nanomete
size Si and Ge crystals.1–3 In particular, many studies hav
been performed for Si nanocrystals~nc-Si! because of their
potential application to Si-based optoelectronic devices
high-energy shift of the PL peak and an increase in the
intensity with decreasing size have commonly been obse
in the near-infrared~NIR! to red regions.4–7 Recently, Polis-
ski et al. reported a continuous shift of the PL peak from t
bulk band gap to the red region.8 These strong size depen
dences indicate that the PL in the NIR to red regions or
nates from recombination of free excitons confined in nc-
In contrast to nc-Si, clear size dependence had not been
served until recently for Ge nanocrystals~nc-Ge!. Many au-
thors claimed that nc-Ge samples exhibit a PL peak aro
2.2 eV independent of the size.9–12 Size-dependent PL from
nc-Ge has now been observed by some of the pre
authors.13 We demonstrated that the PL peak shifts from 0
to 1.5 eV with decreasing size from 5 to 1 nm, and the
intensity increases by about two orders of magnitude. Fr
the observed size dependence, we concluded that the
arises from the recombination of free excitons confined
nc-Ge.

As for pure nc-Si and nc-Ge, in the case of nanometer
Si12xGex alloy crystals (nc-Si12xGex), the quantum confine
ment of carriers is expected to play an important role
determining the optical response. Since the energy b
structure of bulk Si12xGex alloy crystals strongly depends o
x,14,15 that of nc-Si12xGex should depend onx as well as the
particle size. It is expected that the band gap energy
nc-Si12xGex will change continuously from the widene
band gap of nc-Si to that of nc-Ge with increasingx. Fur-
thermore, shortening of the lifetime of the excitons by t
alloying is theoretically predicted,16 and an increase in th
PL efficiency with the Ge content is expected.

Recently, Tanget al. fabricated Si12xGex quantum dots
on ordered mesoporous silica.17 They reported a low-energ
PRB 610163-1829/2000/61~23!/15988~5!/$15.00
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shift of the PL peak with increasing Ge content. Lebibet al.
observed visible PL from porous Si12xGex and demonstrated
that the PL lifetime of porous Si12xGex is shorter than that of
porous Si.18 However, these authors did not succeed
evaluating the size of the particles. It is thus still unclear h
the band structure of nc-Si12xGex changes with the size an
x. Systematic studies controlling the size andx are highly
desirable to understand the optical properties
nc-Si12xGex .

In this work, we have succeeded in prepari
nc-Si12xGex samples with 4–5 nm diameter and with a G
content~x! of 0 to 0.31 by applying the cosputtering metho
The samples were studied by high-resolution transmiss
electron microscopy~HRTEM!, electron diffraction, Raman
spectroscopy, and PL spectroscopy. We demonstrate tha
PL peak energy of nc-Si12xGex samples as small as 4–5 n
in diameter shifts from that of nc-Si to that of nc-Ge wi
increasing Ge content. We also discuss the PL mechanis
pure nc-Si from the observedx and size dependences of th
PL spectra.

II. EXPERIMENTAL PROCEDURE

Si12xGex alloy nanocrystals embedded in SiO2 matrices
were prepared by a rf cosputtering method. Si, Ge, and S2
sputtering targets were simultaneously sputtered in Ar ga
0.3 Pa~background pressure of 531026 Pa) using a multi-
target sputtering apparatus. The deposition rates can be
trolled separately by changing the rf power and the dista
between the substrate and the target. In this work, those o
and SiO2 were fixed and that of Ge was varied to control t
Ge content in the films. The substrates were~100!-oriented
Si wafers for Raman measurements and fused-quartz p
for PL measurements. The typical deposition rate was
nm/min, and the thickness of the films was about 300 n
After the deposition, the films were annealed in N2 gas at
ambient pressure and 1100°C to grow nc-Si12xGex in SiO2
matrices. The Ge content~x! was changed from 0 to 0.31
The values ofx were determined by electron probe m
croanalysis~EPMA!. For EPMA measurements, Si12xGex
15 988 ©2000 The American Physical Society
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alloy films were deposited on Cu plates by the cosputter
of Si and Ge to avoid the characteristic x-ray signals of
atoms from the substrates and the SiO2 matrices.

The Raman spectra were measured at room tempera
The excitation source was the 514.5 nm line of an Ar-i
laser. The Raman measurements were carried out
X@Y,Z#X̄ configuration, where theX, Y, and Z axes were
parallel to the@100#, @011#, and @011̄# axes of the Si sub-
strate, respectively. In this configuration, the Raman signa
520 cm21 from the underlying Si substrate is so weak19 that
we can neglect the contribution of the substrate to the m
sured spectra.

The PL spectra were measured at room temperature u
a single monochromator equipped with an InP/InGaAs p
tocathode near-infrared photomultiplier. The excitati
source was the 457.9 nm line of an Ar-ion laser. The exc
tion power density was about 1 W/cm2. The spectral re-
sponse of the detection system was calibrated with the ai
the reference spectrum of a standard tungsten lamp. Fo
PL decay measurements, the 532.0 nm line of a Nd–yttr
aluminum garnet~YAG! laser was used as the excitatio
source. The pulse width and the repetition frequency we
ns and 20 Hz, respectively. The time resolution of the sys
was 80 ns.

After the optical measurements, the cross section of
samples was observed with a transmission electron mi
scope~TEM!. The samples for the TEM observations we
prepared by standard procedures including mechanical
Ar-ion thinning techniques.

III. RESULTS AND DISCUSSION

A. TEM observation and Raman study

Figure 1 shows a cross-sectional HRTEM image and
electron diffraction pattern of a sample withx50.27. The

FIG. 1. Cross-sectional HRTEM image and electron diffract
pattern of a sample withx50.27. The electron diffraction patter
demonstrates that the nanocrystals have the diamond structure
g
i

re.

a

at

a-

ng
-

-

of
he
m

5
m

e
o-

nd

e

HRTEM image clearly shows the growth of spherical nan
crystals in an amorphous SiO2 matrix. Each nanocrystal is
isolated from the others by SiO2 barriers a few nanometers i
thickness. The electron diffraction pattern demonstrates
the nanocrystals have the diamond structure. The lat
spacing of the first diffraction ring@~111! plane# is 0.321 nm.
This value is between those of Si~0.314 nm! and Ge crystals
~0.327 nm!. The average diameter of the nanocrystals and
standard deviation determined from several HRTEM ima
were 4.6 and 1.1 nm, respectively. Cross-sectional HRT
observation was performed for all the samples. We fou
that the average diameter of the nanocrystals slightly
creases with increasing Ge content.

Figure 2 shows the Raman spectra of samples with v
ous Ge contents. For the sample withx50 ~pure Si nanoc-
rystals!, a peak with a tail on the low-frequency side is o
served around 520 cm21. This peak can be assigned to th
TO phonon mode. The full width at half maximum of th
peak is about 16 cm21, which is about five times larger tha
the bulk value (3.5 cm21 at room temperature!. The broad-
ening of the peak and the appearance of the low-freque
tail are due to the relaxation of the momentum conserva
rule.20

For the samples containing Ge atoms, three peaks are
served around 300, 400, and 500 cm21. In accordance with
the spectrum of bulk Si12xGex alloy crystals,21,22these peaks
are assigned to the Ge-Ge, Si-Ge, and Si-Si vibrations
indicated in the figure. As the Ge content increases, the
tensity of the Ge-Ge and Si-Ge peaks increases, and for
sample withx50.31, the intensity of the Si-Ge peak b
comes comparable to that of the Si-Si peak. Moreover,
Si-Si peak shifts to lower frequencies, down to 497 cm21.

FIG. 2. Dependence of the Raman spectra of nc-Si12xGex on the
Ge content.
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It is well known that, in bulk Si12xGex alloy crystals, the
frequency of the Si-Si vibration is very sensitive to the G
content.21,22 In Fig. 3, we plot the peak frequencies of th
Si-Si vibration as a function of the Ge content. The error b
show the spectral resolution. The broken line shows the d
for bulk Si12xGex alloy crystals.21 We can see that the
present result agrees well with that for bulk Si12xGex alloy
crystals. The relative intensity between the peaks also ag
well with that of bulk Si12xGex alloy crystals. The Raman
spectra and the electron diffraction pattern shown in Fig
indicate that the spherical nanocrystals observed in the
TEM images are indeed nc-Si12xGex .

B. Photoluminescence study

The PL spectra of nc-Si12xGex with various Ge contents
are shown in Fig. 4. The values of the average diamete

FIG. 3. Peak frequencies of the Si-Si vibration as a function
the Ge content. The error bars show the spectral resolution.
broken line is the data for bulk Si12xGex alloy crystals~from Ref.
21!.

FIG. 4. PL spectra of nc-Si12xGex with various Ge contents.
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nc-Si12xGex determined from the HRTEM images are give
on the left-hand side of each spectrum. The PL spectra
normalized at their maximum intensities and the scaling f
tors for the normalization are shown in the figure~a larger
factor corresponds to a smaller PL intensity!. For the sample
with x50 ~pure Si nanocrystals!, a PL peak is observed
around 1.45 eV. Although not shown here, the PL pe
shifted to higher energies and became intense with decr
ing size.6,7 The PL peak energy versus size relation was
good agreement with those reported for porous-Si and
nanocrystals,4,5 suggesting that the 1.45 eV PL originate
from the radiative recombination of free excitons confined
nc-Si.

In Fig. 4, we can see that as the Ge content increases
PL peak shifts to lower energies and reaches 1.21 eV for
sample with x50.31. Although the size of nc-Si12xGex
samples slightly increases with the Ge content, the obse
shift is considered to be mainly caused by Si12xGex alloy
formation. If the size of nc-Si increases from 3.8 to 4.7 n
the shift of the PL peak is only 50 meV,4–7 which is much
smaller than the present shift ('240 meV).

In Fig. 5, the PL peak energies obtained from Fig. 4 a
plotted as a function of the size~solid circle!. For compari-
son purpose, the data for nc-Si~Refs. 4–7! and nc-Ge~Ref.
13! are also plotted. The broken curves are drawn to gu
the eyes. We can see that the solid circles~present results!
are located in between the two curves. With increasing
content, the solid circles deviate from the curve for nc-Si a
approach that for nc-Ge. This figure clearly demonstra
that the PL energy of nc-Si12xGex is changed not only by the
size of the nanocrystals but also byx.

As described above, recent experimental results sug
that the PL from nc-Si observed in the NIR to red regio
arises from the radiative recombination of excitons confin
in nc-Si.4–8 The present results provide further evidence
support this model. If the PL originates from a localized st
such as the oxygen related trap at Si/SiO2 interfaces,23–25the
PL energy should be nearly constant independent of the

f
he

FIG. 5. PL peak energy versus average diameter of nanocrys
Solid circles represent the present results (nc-Si12xGex). The data
on nc-Si and nc-Ge are taken from Ref. 4 (3), Ref. 5 (n,,), Refs.
6 and 7 (s), and Ref. 13 (h). The broken curves are drawn t
guide the eyes.
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content because the PL energy in that case will be gove
by the local structures at the interfaces. We believe that
observed PL shift directly reflects the narrowing of the ba
gap of nc-Si by the Si12xGex alloying.

As shown in Fig. 4, the PL intensity decreases with
creasing Ge content. The quenching of the PL intensity
considered to be caused by the following two factors. On
the slight increase in size. Since the size of nanocrys
studied in this work is close to the exciton Bohr radius
bulk Si crystals~4.9 nm!,1 the PL intensity is sensitive to th
size. In our previous work, we reported that as the size
nc-Si increases from 3 to 4 nm, the PL intensity becom
about one order of magnitude weaker, and for nc-Si as la
as 5 nm in diameter, the PL peak was too weak to
detectable.6,7 The other factor quenching the PL is that t
density of defects at the interface between nc-Si12xGex and
surrounding SiO2 matrices may increase with increasing G
content. Schoisswohlet al. studied the density of defects fo
oxidized porous Si0.8Ge0.2 by using electron spin resonanc
measurements and reported that the density of the GePb
center is about 40 times larger than that of the SiPb center.26

This suggests that, in our samples, the density of def
increases with increasing Ge content. Since defects suc
the Pb center act as nonradiative recombination centers
room temperature,27 the PL intensity decreases with increa
ing Ge content.

Figure 6 shows the PL decay curves for various Ge c
tents. The decay curves are monitored at the PL peak e
gies. We can see that the lifetime for all the samples is on
order of a microsecond. The decay curve is multiexponen
We define the PL lifetime as the time at which the intens
becomes 1/e of the peak value. The inset of Fig. 6 shows t
lifetime as a function of the Ge content. We found that t
lifetime becomes shorter with increasing Ge content. T
lifetime for x50 is 10.1 ms, while that for x50.31 is
1.5 ms. In the present study, the size of the nc-Si12xGex

FIG. 6. PL decay curves monitored at the PL peak energies.
inset shows the dependence of the PL lifetime (1/e time! on the Ge
content.
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samples slightly increases withx. In general, the PL lifetime
becomes longer with the size.1–3 Therefore, if the size of
nc-Si12xGex is fixed, thex dependence of the PL lifetime
should be larger.

Two possible explanations are considered as the me
nism of the lifetime shortening. The first one is the increa
in interface defects as described above and the resulting
crease in the nonradiative recombination process via defe
The other mechanism is the increase in the oscillator stren
of the excitons caused by the alloying.16 At present, we can-
not judge which mechanism is mainly responsible for t
lifetime shortening.

Although we have succeeded in observing the size anx
dependences of the PL energy and demonstrated tha
band gap energy of nc-Si12xGex changes between that o
nc-Si and that of nc-Ge depending onx, the detailed energy
band structures and recombination kinetics of the excit
are still unclear. In particular, it is not clear whether or n
the ratio of the no-phonon~quasidirect! to phonon-assisted
~indirect! optical transitions depends on the size andx. Usu-
ally, the spatial confinement of electrons and holes in nc
and nc-Ge increases the uncertainty of the crystal mom
tum, and the no-phonon transition is expected to be parti
allowed.28,29 In the case of nc-Si, the ratio has been expe
mentally obtained by resonant PL measurements, and it
shown that the ratio increases with decreasing size.28 It was
also reported that in nc-Ge samples with 3–4 nm diame
the no-phonon transition becomes the dominant proc
while in nc-Si with the same size the phonon-assisted tr
sition is still the dominant process.29 It is thus very plausible
that the no-phonon transition plays a significant role in
recombination process for nc-Si12xGex with a small size
and/or a high Ge content. Resonant PL studies of the pre
samples are now underway and the results will be publis
elsewhere.

IV. CONCLUSION

We have demonstrated that the PL energy of nc-Si12xGex

can be tunable in a wide range from the NIR to red regio
by combining two parameters, i.e., the size andx. The wide
tunability is important for future applications of nc-Si12xGex

as optoelectronic devices. The present results are also
important to understand the PL mechanism of nc-Si, beca
the results clearly demonstrate that the PL arises from
radiative recombination of excitons confined in nanocryst
and completely exclude the possibility that the PL aris
from localized trap states.
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