
JOURNAL OF APPLIED PHYSICS VOLUME 89, NUMBER 9 1 MAY 2001
Electron spin resonance study of defects in Si 1ÀxGex alloy nanocrystals
embedded in SiO 2 matrices: Mechanism of luminescence quenching
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Dangling bond defects in Si12xGex alloy nanocrystals (nc-Si12xGex) as small as 4 nm in diameter
embedded in SiO2 thin films were studied by electron spin resonance~ESR!, and the effects of the
defects on photoluminescence~PL! properties were discussed. It was found that the ESR spectrum
is a superposition of signals from Si and Ge dangling bonds at the interfaces betweennc-Si12xGex

and SiO2 matrices~Si and GePb centers!. As the Ge concentration increased, the signal from the
Ge Pb centers increased, while that from the SiPb centers was nearly independent of Ge
concentration. The increase in the number of GePb centers was accompanied by strong quenching
of the PL. The observed correlation between the two measurements suggests that the GePb centers
act as efficient nonradiative recombination centers for photogenerated carriers, resulting in the
quenching of the main PL. ©2001 American Institute of Physics.@DOI: 10.1063/1.1362410#
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I. INTRODUCTION

In recent years, nanometer-sized Si and Ge crys
(nc-Si and nc-Ge! have been extensively studied becau
they offer new possibilities for indirect band gap semico
ductors as new materials in photoelectric applications. It
been demonstrated that the photoluminescence~PL! energy
of nc-Si is tunable from the bulk band gap to the visib
region by simply controlling the size.1–6 This wide tunability
of PL energy indicates that the PL is due to the recombi
tion of excitons confined in zero-dimensional Si quantu
dots. The tuning range can be expanded by Si12xGex alloy
formation. In a bulk Si12xGex alloy, it is well known that Si
and Ge resolve each other over the entire concentra
range, and the band gap energy changes from a Si one
Ge one when the concentration is changed. Similar effe
have been successfully observed in nanometer-s
Si12xGex alloy crystals (nc-Si12xGex);

7,8 the band gap en
ergy ~luminescence energy! of nc-Si12xGex changes from
the widened band gap ofnc-Si to that ofnc-Ge as the Ge
concentration increases.7

The other advantage of Si12xGex alloy formation is the
breakdown of thek-conservation rule and the enhanceme
of the oscillator strength due to the violation of the trans
tional symmetry of the crystalline lattice. In purenc-Si, it
has been demonstrated that the indirect band gap natu
bulk Si crystals is preserved even fornc-Si several nanom-
eters in diameter, although the probability of the no-phon
optical transition is much larger than that of bulk crystal9

The indirect band gap nature results in a relatively long
lifetime, which is one of the obstacles to realizing Si-bas
light-emitting devices. In our previous work on resonant
from nc-Si12xGex , we demonstrated that the structures c
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responding to the momentum conserving phonons
smeared out by increasing the Ge concentration.8 Further-
more, shortening of the radiative lifetime with increasing G
concentration has been commonly observed.8,10,11 These re-
sults provide strong evidence that the oscillator strength
nc-Si is greatly improved by Si12xGex alloy formation.

However, in actualnc-Si12xGex , the luminescence ef
ficiency is smaller than that of purenc-Si.7 One of the pos-
sible explanations for the low PL efficiency is the generat
of defects caused by alloying at the interfaces betw
nc-Si12xGex and SiO2 matrices, and the defects act as no
radiative recombination centers. Although some kinds of
fects have been reported to exist at the interface between
Si12xGex alloy and their oxide,12,13 it has not yet been clari-
fied which defects act mainly as nonradiative recombinat
centers. In order to make good use of the advantages o
nc-Si12xGex mentioned, detailed studies on the mechani
of PL quenching are indispensable.

In this work, we preparednc-Si12xGex as small as 4 nm
in diameter embedded in SiO2 thin films with different Ge
concentrations and studied the electron spin resonance~ESR!
and PL properties. It will be shown that both properties d
pend on the Ge concentration. From a comparison betw
these two measurements, we will discuss the mechanism
PL quenching.

II. EXPERIMENT

Si12xGex alloy nanocrystals were prepared by the sa
method used in our previous work.7,8 Si, Ge, and SiO2 sput-
tering targets were simultaneously sputtered in Ar gas of
Pa using a multitarget sputtering apparatus. The substr
were fused quartz plates. The thickness of the films for
and ESR measurements were about 700 nm and 8.4mm,
respectively. Ge concentration in the films was controlled
changing the rf power and the distance between the subs
il:
7 © 2001 American Institute of Physics
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and the target during cosputtering. After the deposition, fil
were annealed in a N2 gas atmosphere for 30 min at 1100 °
During the annealing,nc-Si12xGex were grown in SiO2 ma-
trices. Ge concentration (x) was changed from 0 to 0.41. Th
values ofx were determined from Raman spectra.7,14 The
size ofnc-Si12xGex was estimated by cross sectional hig
resolution transmission electron microscopic~HRTEM! ob-
servations. HRTEM observations revealed that spher
nanocrystals as small as 4–5 nm in diameter were grow
amorphous SiO2 matrices. Each nanocrystal was isolat
from the others by SiO2 barriers several nanometers in thic
ness. The PL spectra were measured with a single monoc
mator equipped with a liquid N2 cooled Ge detector~0.8–1.9
eV! and a liquid N2 cooled InSb detector~0.4–0.8 eV!. The
excitation source was the 488.0 nm line of an Ar ion las
The PL spectra were measured in the temperature range
tween 10 and 300 K in a continuous-flow He cryost
X-band ESR was measured with a conventional ESR sp
trometer at room temperature. The intensity of ESR sign
was calibrated by simultaneously measuring the signal fr
a fixed amount of Mn21/MgO powder.

III. RESULTS

Figure 1~a! shows the room temperature PL spectra
nc-Si12xGex with various Ge concentrations. For the samp
with x50 ~purenc-Si!, a PL peak is observed around 1.4
eV. This PL arises from the recombination of electrons a
holes confined innc-Si.3,4 We can see that, as the Ge co
centration increases, the PL peak shifts to lower energies
reaches 1.29 eV for the sample withx50.30. This shift is
accompanied by the quenching of the PL by about one o
of magnitude. By further increasing the Ge concentration,
was completely quenched. Figure 1~b! shows the PL spectra
at 10 K. In addition to the main PL band, an additional P
peak is observed around 0.9 eV. The 0.9 eV peak is ge

FIG. 1. PL from nc-Si12xGex dispersed in SiO2 thin films ~a! at room
temperature and~b! at 10 K. Ge concentration is changed from 0 to 0.30
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ally assigned to the recombination of photoexcited carri
via Si dangling bonds at the interfaces betweennc-Si and
SiO2 matrices~Si Pb centers!.15–18The intensity of this peak
shows the same Ge concentration dependence as that o
main band. The integrated PL intensities of the 0.9 and
eV peaks at 10 K are shown in Fig. 2~a! as a function of Ge
concentration. Both the peaks become weaker at almos
same rate by increasing Ge concentration.

Figure 3 shows the ESR derivative spectra
nc-Si12xGex with various Ge concentrations. For pu
nc-Si, a sharp ESR signal is observed; theg value and the
peak-to-peak linewidth are 2.0055 and 10 G, respectiv

FIG. 2. ~a! PL intensities of the 1.4 and 0.9 eV peaks at 10 K, and~b! the
integrated intensities of the ESR signals from Si and GePb centers as a
function of Ge concentration.

FIG. 3. ESR derivative spectra ofnc-Si12xGex dispersed in SiO2 thin films
at room temperature. Ge concentration is changed from 0 to 0.41.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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This signal can be assigned to SiPb centers.16,19 For pure
nc-Si, a clear correlation has been observed between
intensity of this signal and that of the 0.9 eV PL.16 For the
sample containing Ge atoms, in addition to the signal from
Pb centers, a broad signal appears at the low-magnetic-
side~LMF! ~e.g.,x50.24). The intensity of the broad sign
increases as the Ge concentration increases. For the sa
with x50.41, theg value and the peak-to-peak linewidth
the broad signal are 2.0199 and 47 G, respectively.

IV. DISCUSSION

A. Origin of the ESR signal

Although the observed ESR spectrum apparently c
sists of more than two peaks, we tentatively deconvolu
the ESR spectrum into two components. All the spec
could be well deconvoluted by two Lorentzian function
Figure 4 shows theg values of the high magnetic field sid
~HMF! signal and the LMF signal as a function of Ge co
centration. The broken curves are drawn to guide the e
By increasing the Ge concentration, theg values of both
signals increase. For comparison, we plotted the data fo
Pb centers and GePb centers from the literature on surfac
oxidized porous Si12xGex,

12 an oxygen implanted Si12xGex

layer,13 surface oxidized porous Si,19 andnc-Si in SiO2 pre-
pared by a cosputtering method.16 We can see that the
present results agree well with the previous results, sugg
ing that the HMF and LMF signals can be assigned to Si
Ge Pb centers, respectively.

Since Si and Ge are mixed with each other random
each signal is assumed to consist of four components du
the difference in the arrangement of back-bond atoms.
signals from Si Pb centers consist of – Si[Si3 , – Si
[Si2Ge, – Si[SiGe2 , and – Si[Ge3, while those from Ge
Pb centers consist of – Ge[Si3 , – Ge[Si2Ge, – Ge
[SiGe2 , and – Ge[Ge3. Since the spin–orbit coupling
constant of Ge~940 cm21) is larger than that of Si~142
cm21) by a factor of 7, as the number of Ge atoms at

FIG. 4. g values of the HMF (m) and LMF (j) signals as a function of Ge
concentration. The data for SiPb centers@n ~Ref. 12!, , ~Ref. 16!, and.

~Ref. 19!# and GePb centers@h ~Ref. 12!, and s ~Ref. 13!# are also
plotted. The broken curves are drawn to guide the eyes.
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back-bonding sites increases, theg value of a dangling bond
becomes larger.13,20 Therefore, the observed increase ing
values with Ge concentration indicates that the number ofPb

centers with a larger number of Ge back bonds increa
with Ge concentration.

Another factor that might be taken into account is t
narrowing of the band gap with increasing Ge concentrati
It is expected that theg values of the Si and GePb centers
would increase by narrowing the band gap because the
viation of theg value from that of a free electron is inverse
proportional to the band gap of a Si12xGex alloy.20,21 How-
ever, this effect is generally much smaller than that discus
above, so it is considered negligible.

B. Correlation between ESR and PL

The integrated intensities of the ESR signals from Si a
Ge Pb centers are plotted in Fig. 2~b!. The ESR intensity of
the Ge Pb centers increases with Ge concentration, wh
that of the SiPb centers is nearly independent of Ge conce
tration, indicating that the number of GePb centers in-
creases, while that of SiPb centers is constant. We can see
Fig. 2 that the increase in the number of GePb centers is
associated with the quenching of the PL, suggesting that
increase in the number of GePb centers is responsible fo
the PL quenching.

In Fig. 2~a!, not only the main PL band but also the 0
eV PL becomes weaker. As mentioned above, the 0.9 eV
is assigned to the recombination of photoexcited carriers
Si Pb centers. For purenc-Si, a clear correlation has bee
observed between the PL intensity and the intensity of
ESR signal from SiPb centers; the intensity of the 0.9 eV P
is nearly proportional to that of the ESR signal of SiPb

centers.16 Similarly, for nc-Si12xGex , it is expected that the
intensity of the 0.9 eV PL shows the same Ge concentra
dependence as that of the ESR signal from SiPb centers.
However, in Fig. 2~b!, in spite of the constant intensity of th
signal from the SiPb centers, the 0.9 eV PL becomes weak
with Ge concentration. This result suggests the followi
model for PL quenching by Si12xGex alloy formation. GePb

centers form defect levels in the band gap ofnc-Si12xGex .
The levels are deeper in energy than those of SiPb centers.
Photoexcited electron–hole pairs innc-Si12xGex are trapped
at the GePb centers and recombine via the centers, if there
at least one GePb center in a single nanocrystal. The recom
bination is made nonradiatively at temperatures higher t
10 K, because no PL signal was detected in the range
tween 0.4 and 0.8 eV. Under this assumption,nc-Si12xGex

in a sample can be classified into three categories. On
nc-Si12xGex which do not have anyPb centers. These
nanocrystals show a band edge PL around 1.4 eV. The
ond kind of nanocrystals are those having at least one SPb

center but no GePb center. Since the lifetime of the ban
edge PL is very long~several tenth ofms to ms!,5,8,22photo-
excited carriers in these nanocrystals are always trappe
the SiPb centers. Therefore, these nanocrystals do not sh
a band edge PL but only the 0.9 eV PL. The last kind
nanocrystal are those containing at least one GePb center. In
these nanocrystals, despite whether there exist SiPb centers,
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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photoexcited carriers always recombine via GePb centers.
The observed PL spectra are an ensemble of those from t
three kinds of nanocrystals. As the Ge concentration
creases, the ratio of nanocrystals having GePb centers in-
creases, resulting in the quenching of both the main PL
the PL from SiPb centers.

For purenc-Si, passivation of dangling bond defects b
hydrogen and oxygen has been reported to be effectiv
improving luminescence efficiency.23,24 Recently, we dem-
onstrated that doping of P atoms into SiO2 films containing
nc-Si brings about drastic improvement in the PL
nc-Si.15,16Similarly, for nc-Si12xGex , passivation of GePb

centers by similar approaches might be possible. These s
ies are now underway in our laboratory.

V. CONCLUSION

The dangling bond defects innc-Si12xGex embedded in
SiO2 matrices were studied by ESR, and the correlation
the defects with the PL properties was revealed. It was fo
that the ESR spectrum is a superposition of signals from
and GePb centers. The signal from the GePb centers in-
creased with the Ge concentration, while that of the SiPb

centers was nearly independent of Ge concentration. By
creasing the number of GePb centers, the PL intensity wa
strongly quenched. From the observed clear correlation
tween the two data, it can be concluded that GePb centers
act as efficient nonradiative recombination centers for p
togenerated carriers, resulting in the quenching of the m
PL.
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