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a b s t r a c t

Fabrication of Si (nc-Si), Ge (nc-Ge), and Si1�xGex (nc-Si1�xGex) nanocrystals embedded in SiO2 matrix is
achieved by thermal annealing of magnetron-sputtered thin films. Effects of annealing conditions,
namely duration and temperature, as well as Ge content on the photoluminescence properties are
investigated. Origin and evolution of the photoluminescence signal in the weak quantum confinement
regime are discussed. It is found that photoluminescence signals can be decomposed into four Gaussian
peaks originating from Ge-related radiative defects located at the sub-oxide (GeOx), either inside the
matrix or at the interface region (peak M), nc-Si1�xGex/SiO2 interface-related localized states (peak I),
localized states in the amorphous Si1�xGex bandgap (peak A) and quantum confinement of excitons in
small nanocrystals (peak Q). The role of small and large nanocrystals in the photoluminescence
mechanism is investigated by varying the mean nanocrystal size from 3 nm to 23 nm (from strong to
weak quantum confined regime). Our results demonstrate that the quantum confinement effect in Ge
nanocrystals manifests though spectral blueshift due to increase in Ge content. We also propose that the
decreasing photoluminescence signal intensity with an increase in Ge content may originate from
Ge-related nonradiative Pb centers.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Rapidly growing interest in using silicon (nc-Si) and germanium
nanocrystals (nc-Ge) in optoelectronic devices drives attention to
their optical properties, particularly to the origin of the photolumi-
nescence (PL) emission from these nanocrystals and the underlying
mechanism. Much of this activity has been focused on the identi-
fication of nc-Si PL mechanism and it is known that the decrease in
nc-Si size leads to a spectral blueshift accompanied by an increase
in the PL signal intensity. On the other hand, compared to their nc-
Si counterparts, studies on the size-dependent PL emission of nc-Ge
are still in the early stages [1–7]. Furthermore, while most of the
research on PL mechanism of the nc-Si and nc-Ge agree on the
important role of quantum confinement of excitons, it is clear that
other mechanisms also play a role [8–14]. We note that, since 1992,
more than 20 mechanisms have been proposed to underlie PL

emission from these nanocrystals [15]. In short, the subject needs
further investigation and insight.

An alternative and promising approach to investigate the PL
mechanism of nc-Si and nc-Ge is to study nanocrsytals of Si1�xGex
(nc-Si1�xGex) alloys, where one can observe and study the con-
tinuum of PL signal evolution from Si-rich to Ge-rich region.
Although there are several reports on the PL emission of nc-
Si1�xGex/SiO2 system and its mechanism [16–21], conclusive
results have not been obtained.

Here, we report an extensive PL analysis of the magnetron
sputtered thin films composed of nc-Si, nc-Ge, and nc-Si1�xGex
embedded in SiO2 matrix, where the nanocrystal sizes range
between the exciton Bohr radius of Si (�5 nm) and that of Ge
(�24 nm). In order to fully investigate and understand the PL
mechanism and the role of small and large nanocrystals, PL signal
evolution from Si-rich to Ge-rich region is scrutinized by carefully
tailoring the Ge content of the thin films. The PL emission between
1.24eV and 2.22 eV is decomposed into four Gaussian peaks and
analyzed. The PL spectra is identified in terms of Ge-related
radiative defects located at the sub-oxide (GeOx), either inside
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the matrix or at the interface region (peak M), nc-Si1�xGex/SiO2

interface-related localized states (peak I), localized states in the
amorphous Si1�xGex bandgap (peak A) and quantum confinement
of excitons in small nanocrystals (peak Q). We clearly demonstrate
that the quantum confinement effect in nc-Ge is manifested by a
spectral blueshift and we further show that Ge content plays
an important role as well as the annealing conditions in the PL
mechanism of nc-Si1�xGex/SiO2 system.

2. Experimental details

SiO2/SiO2:Si:Ge/SiO2 sandwich thin films are deposited onto Si
(1 0 0) substrate using magnetron-sputtering. 3 in.-diameter SiO2, Si,
and Ge targets are co-sputtered with RF (PSiO2¼350W) and DC
powers applied (PSi¼0 and 100W, and PGe¼0, 7, 10, and 20W),
respectively. In order to study the effect of Ge content on the PL
spectra, we have varied the DC power applied to the Ge target, while
keeping DC and RF powers applied to the Si and SiO2 targets fixed.
Bottom and topmost SiO2 layers with 40 nm thicknesses are used to
restrain the formation of poly-Ge and/or SiGe precipitates or the
intermixing of Si and Ge at the substrate/thin film interface during
post-annealing. The thickness of the co-sputtered layer is fixed at
250 nm in all experiments and the deposition rate is kept at 4 nm/
min. Post-annealing studies are carried under flowing N2 atmosphere
in a high-temperature furnace. Samples have been annealed at three
different temperatures (T) namely 900, 1000, and 1100 1C and the
annealing time (t) has been varied between 1 and 5 h.

First, the formation and evolution of nc-Si, nc-Ge, and nc-Si1�xGex
are characterized through high-resolution cross-sectional transmis-
sion electron microscope (HRTEM) [JEOL2010F]. Next, the crystal
structure is determined from X-ray diffraction spectroscopy (XRD)
[Rigaku Miniflex System with Cu Kα line]. PL measurements were
made at room temperature using the second harmonic (532 nm) of a
Nd:YAG laser. For the PL peak fitting analyses the least square fitting
method to the Levenberg–Marquardt (L–M) algorithm using Origin
software is applied. Finally, chemical bond characteristics and atomic
percentages of the existing species in the system were determined
through Raman (RS) [HR800, Jobin Yvon using a He–Ne laser at
632.8 nm], and Fourier-transform infrared spectroscopies (FTIR)
[Bruker Equinox spectrometer] analyses.

3. Results and discussion

3.1. nc-Si1�xGex formation and its structural properties

Formation of the nanocrystals is verified by HRTEM, XRD, and
RS measurements. Fig. 1(a–d) shows the cross-sectional HRTEM
images and corresponding selected area diffraction (SAD) patterns
of the SiO2/Si:Ge:SiO2/SiO2 thin films for which the growth and
annealing conditions were PGe¼20 W, T¼900 1C, t¼1 h for Fig. 1a,
PGe¼20 W, T¼1100 1C, t¼1 h for Fig. 1b, PGe¼20 W, T¼1100 1C,
t¼3 h for Fig. 1c and PGe¼7 W, T¼1100 1C, t¼1 h for Fig. 1d,
respectively. As can be seen from Fig. 1a, small nanocrystals with
average sizes of 5 nm are just starting to form following the post-
annealing procedure at 900 1C for 1 h and the corresponding SAD
pattern suggests that the structure is mostly amorphous. Increas-
ing the annealing temperature to 1100 1C (Fig. 1b) leads to the
formation of larger nanocrystals with average sizes of 23 nm
within which the crystallinity is further improved (evidenced by
discrete spots of the SAD pattern). As we have demonstrated in a
recent study [22], prolonged annealing times at high temperatures
(at 1100 1C) does not affect the average nanocrystal size, but it
leads to the formation of nanostructures where Si-rich SiGe core is
covered by a Ge-rich SiGe shell. Similarly, in this study we observe

a core–shell structure as well, which can be seen through Fig. 1c.
It is observed that if the PGe is decreased from 20 W to 7 W, the
average nanocrystal size is also decreases from 23 to 9 nm when
the post-annealing conditions are kept constant (T¼1100 1C,
t¼1 h) (Fig. 1d).

XRD spectra of the fabricated nc-Si1�xGex alloys along with Si
(1 1 1) and Ge (1 1 1) diffraction peaks are presented in Fig. 2. Fig. 2a
shows the effect of annealing conditions on the SiO2/Si:Ge:SiO2/SiO2

thin films prepared at PGe¼20W, whereas Fig. 2b shows the effect of
Ge content on the SiO2/Si:Ge:SiO2/SiO2 thin films, annealed at
1100 1C for 1 h. As expected, Fig. 2a shows the amorphous nature
of the as-deposited sample, the sample to which no post-annealing
treatment is applied, and the appearance of the (1 1 1) diffraction
peak between Si (1 1 1) and Ge (1 1 1) Bragg peaks in post-annealed
samples is indication of crystallized structure. It is also seen that the
increasing the annealing temperature from 900 to 1100 1C leads to an
increase in the average sizes of nc-Si1�xGex and in improved crystal-
linity as evidenced by the increased XRD signal intensity and reduced
full-width at half-maximum (FWHM) of the peak. With prolonged
annealing times at 1100 1C, the intensity of the peak centered at
around 27.851 decreases and decomposes into two distinct Gaussian
peaks centered at around 27.651 and 27.851, respectively. We
attribute this to the formation of a core–shell structure in Ge-rich
nc-Si1�xGex as shown in Fig. 1c and discussed in our previous study
[22]. Furthermore, Fig. 2b shows pure Si (1 1 1) and pure Ge (1 1 1)
crystal diffraction peaks as well as the evolution of XRD spectra from
Si-rich to Ge-rich region, where the spectral shift from pure Si (1 1 1)
towards pure Ge (1 1 1) peak is observed when Ge content is
increased. We have calculated the amount of Ge content “x” from
XRD analyses using the relationship between lattice constant and Ge
content, assuming that Si1�xGex alloy system is relaxed [23]. We
have to stress that the x values are not absolute since there is
possibility of stress development on the nanocrystals. For the
samples annealed at 1100 1C for 1 h and prepared using PGe¼7, 10,
and 20W, we obtain x values to be 0.41, 0.45, and 0.69, respectively.

We have conducted RS analyses in order to monitor the evolution
of nc-Si1�xGex PL emission (Fig. 3). In general, Raman spectra of the
nc-Si1�xGex alloy consist of three main peaks due to the nearest-
neighbor Ge–Ge (�300 cm�1), Si–Ge (�400 cm�1), and Si–Si
(�500 cm�1) stretching vibrations [24]. The signal originating from
Si–Si stretching vibrations is weak in Ge-rich nc-Si1�xGex and is
partially masked by the intense signal originating from the Si
substrate. As can be seen from Fig. 3, an increase in the annealing
temperature affects both the Ge–Ge and Ge–Si vibrations; not only
peak intensities increase but also Ge–Si peak shifts towards the
Ge–Ge peak, towards lower frequencies. Evolution of the Ge–Ge peak
as well as the Ge–Si peak as a result of the increased annealing
temperature is consistent with improved crystallinity, which is
evidenced by Fig. 2b where FWHM of the signal decreases and its
intensity increases. The Si–Si longitudinal optical (LO) peak, originat-
ing from the Si substrate (evidenced around 301 cm�1) is suppressed
by the intense Ge–Ge peak for the sample annealed at 1100 1C. There
is also a broad amorphous component observed in RS spectra that is
centered at �270 cm�1 for all annealing temperatures, confirming
the remaining presence of amorphous features, which is more
prominent for the sample annealed at 900 1C.

3.2. Influence of Ge content and annealing conditions on nc-Si1�xGex
PL emission

3.2.1. Influence of the annealing conditions on nc-Si (PGe¼0 W) PL
emission

The dependence of the PL spectra on the annealing conditions
(temperature and time) of the sample that has no Ge content
(PGe¼0 W) is shown in Fig. 4. Fig. 4(b–g) shows peak fitting
analyses, where the left column represents the effect of annealing
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temperature and the right column represents the effect of annealing
time. As can be seen from the figure, all samples exhibit a broad PL
emission between 480 nm and 1050 nm at room temperature. This
phenomenon is often associated with a broad size distribution of
nanocrystals inside the matrix [25,26]. The spectra show a peak
centered at around 600 nm for the as-deposited sample. When
annealed at 900 1C for 1 h, the spectra shifts to higher frequencies
due to precipitation of the nanocrystals. Further increase in the
annealing temperature leads to the formation of a well-defined
interface between the nanocrystals and the surrounding matrix. This
also leads to increased crystallinity and larger average nanocrystal

sizes. In addition, the spectra shifts towards higher frequencies when
annealing time is increased at 1100 1C.

In order to understand the underlying mechanism of PL
emission, we have decomposed this broad peak into four Gaussian
peaks (Fig. 4(b–f)), which we have labeled and attributed to:

� peak M (610–626 nm): Ge-related radiative defects located at
the sub-oxide (GeOx), either inside the matrix or at the inter-
face region [27,28],

� peak Q (780–801 nm): quantum confinement of excitons in
small nanocrystals [1,7,28–30],

Fig. 1. Cross-sectional HRTEM images and corresponding SAD patterns of the SiO2/Si:Ge:SiO2/SiO2 thin films of which the growth and annealing conditions are
(a) PGe¼20 W, T¼900 1C, t¼1 h, (b) PGe¼20 W, T¼1100 1C, t¼1 h, (c) PGe¼20 W, T¼1100 1C, t¼3 h, and (d) PGe¼7 W, T¼1100 1C, t¼1 h.
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� peak I (894–914 nm): nc-Si1�xGex/SiO2 interface-related loca-
lized states [26,28], and

� peak A (984–1000 nm): localized states in the amorphous
Si1�xGex bandgap.

Peak M is generally attributed to the radiative defects in SiO2

matrix [27,28]. A PL signal in this range (�600–630 nm) has also
been observed in nc-Si/SiO2 systems, which is understood to be
originating from the non-bridging oxygen hole centers (NBOHC)
located inside the SiO2 matrix [27,28]. However, the intensity of

the peak M is increased significantly accompanied by spectral shift
with Ge incorporation, which suggests that the signal is originat-
ing from the Ge-related radiative defects located at the sub-oxide
(GeOx), either inside the matrix or at the interface region [27,28].

In our previous report [28], we have discussed the evolution
of the four-abovementioned recombination mechanisms with
respect to the annealing conditions (temperature and time) for
nc-Si in detail by conducting temperature-dependent PL measure-
ments (emission energy and integrated intensity). We have con-
cluded that the crystallinity, size, radiative centers, nonradiative
defects, and the energy transfer between the nanocrystals also
contribute to the PL emission from nc-Si. In Fig. 4, we show the PL
emission of the sample devoid of Ge as a reference on the effect of
Ge content “x” on the PL emission from nc-Si1�xGex.

3.2.2. Influence of annealing conditions on nc-Si1�xGex (PGe¼10 W)
PL emission

Fig. 5 shows the evolution of the PL spectra with respect to the
annealing conditions of the SiO2/Si:Ge:SiO2/SiO2 thin films that
were prepared using PGe¼10 W with the experimental conditions
kept identical to that of the Ge-devoid (PGe¼0 W) test samples as
control experiment. Compared to Fig. 4, the most striking feature
in Fig. 5 is the abrupt decrease in PL intensity (by about two orders
of magnitude) with incorporation of Ge to the system. We relate
this decrease to increased density of defects when Ge is intro-
duced, as these defects act as nonradiative recombination centers.
Schoisswohl et al. [31] have reported an electron spin resonance
(ESR) study on the density of defects for oxidized porous Si0.8Ge0.2
and they found out that the density of Ge Pb centers is significantly
larger than that of Si Pb centers. In another ESR study on nc-
Si1�xGex Toshikiyo et al. [32] found out that the obtained ESR
spectrum is a superposition of the signals originating from Si and
Ge Pb centers. In their study, Toshikiyo et al. [32] have shown that
the signal originating from Ge Pb centers is increased with
increasing Ge concentration, while the signal originating from Si
Pb centers is nearly independent of Ge concentration. Ge Pb centers
have defect levels in the nc-Si1�xGex bandgap, which are deeper in
energy than those of Si Pb centers. They have demonstrated a clear
correlation between increasing number of Ge Pb centers and
decreasing PL signal intensity, as we have also observed and
confirmed experimentally.

Another prominent feature of the Fig. 5 is the broad PL spectra
observed between 480nm and 1050 nmwhere the most intense PL
signal is observed for 1100 1C annealed samples for prolonged
annealing durations of 3 and 5 h. In order to investigate the origin
and evolution of the PL emission with respect to the annealing
conditions and to distinguish the role of quantum confinement
effect and interface-related radiative defects, we have decomposed
the PL spectra into four Gaussian peaks as shown in Fig. 5(b–g).
Fig. 5(b–d) shows the effect of annealing temperature, whereas
Fig. 5(e–g) shows the effect of annealing time to the PL emission,
respectively. Before commenting on Fig. 5, it is necessary to first
discuss the structural damage on the SiO2 network fabricated by
co-sputtering and its repair by the post-annealing treatment. This
will help determine the relationship between the radiative defect
characteristics and the observed PL spectra. To this end, we have
resorted to FTIR analysis.

Fig. 6a shows the FTIR absorption spectra of the as-deposited
SiO2 and co-sputtered SiO2/Si:Ge:SiO2/SiO2 thin films, which were
prepared at PGe¼10 W. The well-known symmetric stretching (SS,
�810 cm�1) and asymmetric stretching (AS, �1084 cm�1)
absorption modes of the Si–O–Si bridging bond [33] are shown
in the figure. A detailed discussion on the identification of
different absorption modes via FTIR analyses and their significance
to nanocrystal formation is discussed in Ref. [34], where we have

Fig. 2. XRD spectra showing (a) the effect of annealing conditions on the SiO2/Si:
Ge:SiO2/SiO2 thin films that are prepared using PGe¼20 W and (b) the effect of Ge
content on the SiO2/Si:Ge:SiO2/SiO2 thin films that are annealed at T¼1100 1C for
t¼1 h.

Fig. 3. Raman spectra showing the effect of annealing temperature on the SiO2/Si:
Ge:SiO2/SiO2 thin films that are prepared using PGe¼20 W.
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shown that the as-deposited sample has many kinds of point
defects, including neutral oxygen vacancies (NOV) and non-
bridging oxygen hole centers (NBOHC), which act as radiative
recombination centers or so-called luminescence centers (LCs).
The 880 cm�1 absorption mode has also been discussed in earlier
reports as it is related to the NBOHC situated on Si6 rings that is
located between 570nm and 630 nm and disappears after the
post-annealing treatment above 900 1C [35–37]. In this study,
the matrix stoichiometry is further improved and the 880 cm�1

absorption mode is annealed out by increasing the post-anneal-
ing temperature. As a result, we have attributed the signal located
at 580 nm for as-grown sample to the matrix related NBOHC
centers.

Fig. 6b shows the effect of annealing conditions on the FTIR
spectra of both SiO2/Si:Ge:SiO2/SiO2 thin films that were prepared
at PGe¼10 W and thermally-grown SiO2. Post-annealing treatment
improves the matrix stoichiometry. The AS mode shifts towards
higher frequencies, approaching those of thermally grown SiO2

films. The type and density of the point defects are expected to

change with post-annealing treatment. In the case of a Ge-rich
oxide, Si atoms might be substituted by Ge atoms, leading to the
formation of two possible modifications such as RSi–GeR and
RGe–GeR for the neutral oxygen vacancy (NOV) and to the two-
fold-coordinated Ge atom. Also, the existence of a divacancy
consisting of three neighboring atoms of Si or Ge is assumed
[38]. Luminescence between 560 nm and630 nm in Si-rich or Ge-
rich SiO2 was previously reported and several LCs were identified
[27,36,39]. Further, the appearance of the low-frequency side
shoulder in the FTIR spectra, which covers the Si–O–Ge
(�990 cm�1) and Ge–O–Ge (�890 cm�1) vibrations, is attributed
to the formation of sub-stoichiometric Ge oxide (GeOx) during
annealing treatment [40]. It appears that the intensity of this
shoulder changes with annealing conditions (temperature and
time). For prolonged annealing times (3 and 5 h) at 1100 1C, the
intensity of Si–O–Si AS mode is decreased, accompanied by an
increase in the intensity of the low-frequency side shoulder,
implying that additional Si–O–Ge and Ge–O–Ge bonds are formed
(Fig. 6a). This feature, together with the evolution of peak M in

Fig. 4. PL spectra showing (a) the effect of annealing conditions on the SiO2/Si:Ge:SiO2/SiO2 thin films that has no Ge content (PGe¼0 W). PL spectra showing peak fitting
analyses of the SiO2/Si:Ge:SiO2/SiO2 thin films that are annealed (b) at T¼900 1C for t¼1 h, (c) at T¼1000 1C for t¼1 h, (d and e) at T¼1100 1C for t¼1 h, (f) at T¼1100 1C for
t¼3 h, and (g) at T¼1100 1C for t¼5 h.
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Fig. 5, leads us to attribute peak M to the Ge-related radiative
defects located at the sub-oxide (GeOx), either inside the matrix or
at the interface region, which is consistent with the findings of
Kartopu et al. [27].

As confirmed also by TEM and XRD analyses, the average sizes
of the nanocrystals are 4, 7, and 11 nm for the samples annealed at
900, 1000 to 1100 1C, respectively. The first stages of the phase
separation between SiGe and SiO2 matrix starts at 900 1C, where
the SiGe clusters begin to form within the amorphous SiO2 matrix.
There is no well-defined interface between the nanoclusters and
the matrix. This means that, for the sample annealed at 900 1C for
1 h (Fig. 5b) the contribution of radiative recombination centers at
the sub-oxide (GeOx), either inside the matrix or at the interface
region (peak M, between 570 nm and 629 nm) to the PL spectra is
the highest. When the annealing temperature is increased up to
1000 and 1100 1C, crystallization of the SiGe improves (the mean
crystal sizes become 7 and 11 nm, respectively) and a well-defined
interface between the nanocrystals and the matrix develops. This
is accompanied by shift of the peak Q from 715 to 750 nm due to
increasing average nanocrystal size (Fig. 5(b–d)). It can also be

seen that the peak position is essentially unchanged with pro-
longed annealing times at 1100 1C, but its intensity increases by
about three times. As shown in Ref. [22], the number of large
nanocrystals is increased with longer annealing times, whereas
the average nanocrystal size does not change appreciably
(�11 nm). Thus, it can be concluded that the prolonged annealing
can eliminate the nonradiative centers and increase PL peak
intensity without increasing the average nanocrystal size.

The most interesting feature of the PL spectra shown in
Figs. 4 and 5 is that the signal related to the quantum confinement
is located at lower frequencies for Ge-containing samples com-
pared to nc-Si. Although little is known about the effect of crystal
size to the nc-Ge electronic structure, various calculations point
out that nc-Ge has strong confinement, thus the bandgap of nc-Ge
is larger compared to that of nc-Si [2–4,29,41–43]. In an X-ray
absorption spectroscopy (XAS) study, on the electronic properties
of nc-Ge, Bostedt et al. [43] showed that the quantum size effects
for nc-Ge are always stronger than for nc-Si of similar size. More
recently, Pan et al. [3] studied the correlation between the size-
enlarged Stokes shift and bandgap expansion for nc-Si and nc-Ge

Fig. 5. PL spectra showing (a) the effect of annealing conditions on the SiO2/Si:Ge:SiO2/SiO2 thin films that are prepared using PGe¼10 W. PL spectra showing peak fitting
analyses of the SiO2/Si:Ge:SiO2/SiO2 thin films that are annealed (b) at T¼900 1C for t¼1 h, (c) at T¼1000 1C for t¼1 h, (d and e) at T¼1100 1C for t¼1 h, (f) at T¼1100 1C for
t¼3 h, and (g) at T¼1100 1C for t¼5 h.

E. Tuğay et al. / Journal of Luminescence 155 (2014) 170–179 175



in terms of bond-order–length–strength correlation. They found
out that the bond order deficiency of surface atoms dictates
electron–phonon coupling and crystal binding, further, it enhances
the size dependence of the observed blueshift in nc-Si and nc-Ge
photoemission and photoabsorption spectra. Compared to nc-Si,
nc-Ge exhibits stronger electron–phonon coupling due to larger
phonon-induced deformation of the crystal lattice. There is an on-
going and vibrant discussion on the quantum confinement in nc-
Ge. Our experimental results indicate that quantum confinement
effects are stronger in nc-Si1�xGex compared to those in pure nc-
Si, which is in agreement with previous theoretical reports [4,42].

Compared to Fig. 4 (PL spectra for PGe¼0W), Fig. 5 (PL spectra for
PGe¼10W) shows a decrease in relative contribution of the interface-
related signal (peak I). This feature is more pronounced in Fig. 7
for the samples prepared with higher applied DC power to Ge
(PGe¼20W). In our previous study [28] on the PL properties of
nc-Si in the weak quantum confined regime, we have proposed that
some of the small nanocrystals contribute to the PL emission
according to the model of radiative recombination of the excitons
in quantum confinement (peak Q), whereas the others take part in
energy transfer into the larger nanocrystals, where radiative recom-
bination through the interface occurs (peak I). In that study, we have
also discussed the origin of the interface-related localized states in
particular SiQO double bonds at the nc-Si/SiO2 interface (peak I) in
light of room-temperature PL, temperature-dependent PL, and FTIR
analyses. Here, in this study, for the samples containing Ge, we
mainly attribute the reduced relative contribution of the interface-
related component to the appearance of more nonradiative defects
especially Ge Pb centers in the nc-Si1�xGex/SiO2 interface [31,32].

Another important factor is that the existence of the silanone
structure (SiQO), which is the most stable chemical bond in pure,
partially oxidized Si, becomes far less stable in the case of oxidized
SiGe. Recently, Dkhissi et al. [44] performed density functional

theory calculations on partially oxidized pure Si and SiGe systems
by incorporating one, two, and three oxygen atoms to various
positions. They demonstrate that Ge atoms hinder O incorporation
in their vicinity and in the presence of Ge, the preferential
oxidation sites becomes the backbonds of Si atoms, forming dimer
units with Ge. In this study for Ge containing samples, we have
observed a reduction in the relative contribution of the interface-
related luminescence (peak I) and an enhancement in that of the
radiative defects-related component (peak M). This observation,
accompanied by the decreased intensity of the main AS mode of
Si–O–Si vibration and that of high-frequency side shoulder
observed in FTIR spectra, and the appearance of a low-frequency
side shoulder at 990 cm�1 is related to the formation of GeOx sub-
oxide either inside the matrix or at the interface region, especially
for the samples with prolonged annealing treatment. The high-
frequency side shoulder corresponds to the AS mode of the Si–O–
Si bridging bond when two adjacent oxygen atoms move out of
phase and is attributed to coupled modes induced by disorder.
Additionally, its intensity provides an estimation of the disorder
[34]. In the following section, we are going to show PL and FTIR
spectra of the samples prepared by PGe¼20 W for which the
abovementioned features are more pronounced.

The evolution of the peak I for different annealing conditions
(duration and temperature) in the samples containing Ge is similar
to that of pure nc-Si. Increasing the annealing temperature from
900 to 1100 1C leads to the increase in average nanocrystals size
from 3 to 11 nm. Although for the sample annealed at 900 1C,
nanocluster agglomeration takes place without a well-defined
interface between nanocrystals and the matrix, further increase
in the annealing temperature up to 1000 and 1100 1C leads to a
formation of larger nanocrystals with a well-defined interface.
We attribute the observed redshift in peak I upon increase
of the annealing temperature to the increased number of

Fig. 6. FTIR spectra showing (a) the effect of annealing conditions on the SiO2/Si:
Ge:SiO2/SiO2 thin films that are prepared using PGe¼10 W and (b) the comparison
of identical annealing conditions on co-sputtered SiO2/Si:Ge:SiO2/SiO2 thin films
using PGe=10 W and only SiO2 sputtered films.

Fig. 7. (a) PL spectra showing the effect of annealing conditions on the SiO2/Si:Ge:
SiO2/SiO2 thin films that are prepared using PGe¼20 W, and (b) FTIR spectra
showing the effect of annealing conditions on the SiO2/Si:Ge:SiO2/SiO2 thin films
that are prepared using PGe¼20 W.
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interface-related radiative defects, which, in turn, leads to the
formation of deeper-lying states for larger nanocrystals. Increased
intensity of the peak I can be explained by the increased density
of the nanocrystals, when annealing temperature is increased up
to 1100 1C, hence the increased probability of the energy transfer
from small nanocrystals to the larger ones. On the other hand,
with a prolonged annealing time at 1100 1C, the average nano-
crystal size does not change (�11 nm) but, as discussed above, the
size distribution of the nanocrystals evolves from Gaussian-like to
log-normal-like in shape. This effect can be the reason for further
enhanced intensity of peak I due to increased level of energy
transfer between the nanocrystals.

3.2.3. Influence of annealing conditions on nc-Si1�xGex (PGe¼20 W)
PL emission

Fig. 7a shows the evolution of the PL spectra with respect to the
annealing conditions of the nc-Si1�xGex prepared using PGe¼20W.
The dominant feature of the PL spectra is the peak related to the
luminescence from Ge-related radiative defects located at the sub-
oxide (GeOx), either inside the matrix or at the interface region. For
Ge-rich SiO2 case, Si atoms are most probably substituted by the Ge
atoms, which leads to a reduction in the intensity of the main AS
mode of Si–O–Si vibrations and strengthening of the low-frequency
side shoulder in FTIR spectra (Fig. 7b), which covers the Si–O–Ge
(�990 cm�1) and Ge–O–Ge (�890 cm�1) vibrations (GeOx-related

radiative defects). This phenomenon is accompanied by an increased
intensity of the defect-related component (peak M) in the PL spectra,
where nanocrystal-related components (quantum confinement-
related, peak Q, and nc-Si1�xGex interface-related localized states,
peak I) have small contributions. We attribute this to the increasing
density of Ge Pb centers as Ge content in nc-Si1�xGex is increased.
These centers form defect levels in the bandgap and act as the
nonradiative recombination centers. As discussed above, our experi-
mental findings of quantum confinement effects are stronger in Ge.
Thus, the conclusion of Ge bandgap becoming larger than that of Si is
in agreement with theoretical expectations [4,42]. It is worth noting
that the localized states in the amorphous Si and/or Si1�xGex
bandgap, which contributed considerably to the PL spectra of the
samples with no Ge content (PGe¼0W), especially for the samples
that are annealed at lower temperatures (900 1C), have little con-
tribution to the PL spectra of the samples containing higher Ge
content (prepared with PGe¼10 and 20W). This is related to the good
miscibility of Si and Ge, which leads to the formation of the SiGe alloy
system and also to the decreased crystallization temperature of the
Si1�xGex structure as a result of increasing Ge content.

3.2.4. Influence of Ge content on nc-Si1�xGex PL emission under the
same annealing conditions

Fig. 8 shows the PL spectra of the samples prepared with
different Ge content (PGe¼0, 7, 10, and 20 W) but subjected to the

Fig. 8. PL spectra showing (a) the effect of Ge content on the SiO2/Si:Ge:SiO2/SiO2 thin films that are post-annealed at T¼1100 1C for t¼5 h. PL spectra showing peak fitting
analyses of the SiO2/Si:Ge:SiO2/SiO2 thin films that are prepared using (b) PSi¼100 W, PGe¼0 W, (c) PSi¼100 W, PGe¼7 W, (d) PSi¼100 W, PGe¼10 W, and (e) PSi¼100 W,
PGe¼20 W.
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same annealing treatment (annealed at 1100 1C for 5 h). It also
shows the PL spectra of pure nc-Ge, which was annealed at 900 1C
for 3 h. It is clearly seen that the spectra blueshifts with increasing
Ge content, from a pure nc-Si signal to a pure nc-Ge signal. We
also note that the strongest PL signal is obtained from pure nc-Si,
which is diminished by about two orders of magnitude with the
incorporation of Ge atoms. As discussed above, the reduction of PL
intensity with the incorporation of Ge is mainly related to the
increased density of Ge Pb centers, which act as nonradiative
recombination centers.

In order to clarify the role of Ge content in PL emission, the
signal is decomposed into four Gaussian peaks (Fig. 8(b–e)). First,
quantum confinement-related signal (peak Q) and the signal
assigned to the localized states on the nc-SiO2 interface (peak I)
are dominant for pure nc-Si and for the samples with lower Ge
content (PGe¼7 W with x¼0.42), whereas for pure nc-Ge and for
the samples with higher Ge content (PGe¼10 and 20 W with
x¼0.46 and 0.70), the Ge-related radiative defects (peak M) play a
crucial role. The evolution of the decomposed PL spectra with Ge
content is accompanied by the strengthening of the low-frequency
side shoulder in the FTIR spectra (Fig. 9), which comprises both Si–
O–Ge (�990 cm�1) and Ge–O–Ge (�890 cm�1) vibrations. In
addition, a significant reduction in the intensity of main AS mode
of Si–O–Si vibrations is observed for the samples prepared using
PGe¼20 W. Combining these two observations, it is logical to
conclude that peak M can be attributed to the Ge-related radiative
defects located at the sub-oxide (GeOx), either inside the matrix or
at the interface region in which Si atoms in Si–O–Si bonds is
substituted by the Ge atoms. Apart from that, the most striking
observation is the significant spectral blueshift of the quantum
confinement-related luminescence (peak Q) with increasing Ge
content. This is clear experimental proof that the quantum con-
finement effects are stronger in Ge, thus the Ge bandgap becomes
larger than that of Si. The evaluation of Fig. 8 in light of FTIR
spectra (Fig. 9) supports the contribution of peak M to the Ge-
related radiative defects located at the sub-oxide (GeOx), either
inside the matrix or at the interface region.

Finally, it is important to discuss the roles of smaller and larger
nanocrystals in the PL mechanism. In order to drive clear conclu-
sions, one has to consider the effect of different crystal sizes on the
PL emission, from the strong to the weak quantum confinement
regime. Takeoka et al. [16] have studied the PL emission of nc-
Si1�xGex alloys and observed a near-infrared PL for nanocrystal
sizes as small as �5 nm and with a Ge content of “x” between
0 and 0.31 (0oxo0.31). They have concluded that the nc-
Si1�xGex alloy bandgap energy is similar to that of bulk Si1�xGex

alloy crystals and suggested that the PL emission arises from the
radiative recombination of excitons confined in SiGe nanocrystals.
On the other hand, we have varied the Ge content “x” over a
broader range (0oxo1) and annealing conditions to obtain a
wide range of nanocrystal sizes (between 3 nm and 23 nm).
Therefore, we are able to identify possible PL mechanisms other
than quantum confinement of excitons. These mechanisms include
Ge-related radiative defects and nanocrystal-SiO2 interface-related
localized states. Therefore, it is necessary to discuss the origins of
nc-Si1�xGex PL emission in consideration of a wide range of
nanocrystal sizes.

4. Conclusions

The origins of the PL emission (1.24–2.22 eV) is investigated for
nc-Si, nc-Ge, and nc-Si1�xGex embedded in a SiO2 matrix. We have
identified four major luminescence mechanisms: (i) Ge-related
radiative defects located at the sub-oxide (GeOx), either inside the
matrix or at the interface region, (ii) nc-Si1�xGex/SiO2 interface-
related localized states, (iii) localized states in the amorphous
Si1�xGex bandgap and (iv) quantum confinement of excitons in
small nanocrystals. It is also found that the nanocrystal size,
crystallinity, energy transfer between the nanocrystals, and Ge
content are all important factors affecting the PL emission. A
gradual blueshift of the PL spectra from the pure nc-Si region to
pure nc-Ge region is demonstrated and a clear observation of
quantum confinement effect in nc-Ge is presented experimentally.
It is also experimentally demonstrated that nc-Ge has a stronger
quantum confinement than nc-Si. Furthermore, the decrease in PL
intensity with the introduction of Ge to the system is scrutinized.
We argue that this decrease can mainly be attributed to the
increased density of Ge Pb centers, which act as nonradiative
recombination centers. Finally, we distinguish between the roles of
smaller and larger nanocrystals in the PL mechanism by changing
the mean nanocrystal size from 3 nm to 23 nm (corresponding to a
span of the strong to the weak quantum confined regimes).
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