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Abstract

Ge nanocrystals (NCs) embedded in SiO, are synthesized by ion implantation, and the surface vibrational modes of the Ge
NCs are investigated using the low-frequency Raman scattering (LFRS) technique. LFRS studies show distinct low-frequency
Raman modes in the range 6.5-21.2 cm ™' for the Ge NCs depending on the implant dose and annealing temperature. These
low-frequency Raman modes are attributed to the confined surface acoustic phonon modes of Ge NCs with (0,0) spheroidal
mode and (0,3) torsional modes. Our results are in excellent agreement with the recent theoretical predictions of surface

vibrational modes in Ge NCs.
© 2005 Elsevier Ltd. All rights reserved.

PACS: 61.46.4+w; 63.22.4+m; 78.30.Am; 81.07.Bc

Keywords: A. Germanium nanocrystals; C. Low-frequency Raman scattering; D. Acoustic phonons; D. Ion implantation

1. Introduction

Group IV semiconductor nanocrystals (NCs) such as Si-
and Ge-NCs have attracted much interest because of their
potential applications in Si-based optoelectronics, nanopho-
tonics, and electronic/optical memory devices. In contrast to
Si NCs, Ge NCs show stronger confinement effect [1]
resulting in a direct gap semiconductor nature [2]. However,
studies have shown that optical properties of the Ge NCs are
dominated by defects [3] rather than the predicted bulk
properties of the NCs. Ge NCs based memory devices have
shown great potentials for future memory devices since they
exhibit high-speed programming and low-voltage operation
as compared to Si NCs based devices [4]. However,
contribution of interface traps in the charge storage
mechanism has not been understood properly [5]. There
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has been substantial controversy about the origin of intense
visible photoluminescence (PL) from Ge NCs [6,7], since
both the quantum confinement model and the defect model
have been put forward to explain the PL emission
characteristics. Hence, properties specific to quantum size
effect and surface/surrounding effect on Ge NCs need to be
identified properly.

Vibrational frequencies of a NC will differ from those of
the bulk crystal, since the surface atoms experience different
forces than those in the interior of the NC. Low-frequency
Raman scattering has proved to be a powerful tool to
monitor surface vibrational modes of embedded NCs [8].
While the optical Raman spectra of Ge NCs of different
sizes have been reported [9], distinctive features of Raman
modes dominated by surface atoms and those dominated by
interior atoms have not been identified yet. In the low-
frequency range, Raman modes whose frequencies increase
with decrease in NC size have been reported for various
metal [10] and semiconductor [8,11] systems, and were
attributed to the distortion modes of a continuum sphere
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[12]. However, no studies have been reported on Ge NCs
embedded in SiO, matrix. In a recent theoretical study,
Cheng et al. [13] predicted that low-frequency (<50 cm ™)
surface vibrational Raman modes of Ge NCs involve
relatively large motion of surface atoms. Experimental
determination of the low-frequency modes is often difficult
since the scattering cross-section is quite low for small sized
NCs, whereas for the larger size NCs low-frequency modes
fall in a region where the Rayleigh tail dominates the
scattering intensity. In this work, we present a detailed
investigation of the surface vibrational modes of Ge NCs
embedded in SiO, matrix. Our results are compared with the
theoretically predicted phonon modes.

2. Experimental details

To prepare the Ge nanocrystals, 300 keV Ge ™' ions were
implanted at room temperature on thermally grown SiO,
films of thickness ~300nm on Si(100) substrate with
fluences 3 X 10" (Gel), 1X10'7 (Ge2) and 2X 10" (Ge3)
ions/cm?. Implanted and unimplanted SiO, layers were first
heat treated at 800 °C for 1 h and further treated at 950 °C
for 2 h in argon gas ambient. Evolution of the Ge NCs has
been studied after each step of annealing by using X-ray
diffraction (XRD), optical Raman and low-frequency
Raman scattering (LFRS) techniques. A powder X-ray
diffractometer was used to record the XRD spectra in the
grazing incidence mode. Raman spectra were recorded in
the backscattering geometry using vertically polarized
488 nm Ar™ laser beam, double grating monochromator
and cooled photo multiplier tube detector. Low-frequency
Raman spectra were recorded from 5 to 40 cm ™! at steps of
0.5cm™'. Optical Raman spectra were recorded in the
range 150-660 cm ' using the same Raman spectrometer.

3. Results and discussion

Fig. 1(a) shows a set of XRD patterns on annealed Ge2
and Ge3 samples. Curve 1 is obtained for Ge2 sample
annealed at 800 °C, curves 2 and 3 are obtained with
different grazing angle of incidence for Ge2 sample
annealed at 950 °C, and curve 4 is for Ge3 annealed at
950 °C. A strong Bragg peak at 26.44° and a weak peak at
~27.4° (shown with arrow) in curve 1 correspond to GeO,
and Ge (111) NCs, respectively. Due to the very small size
of the NCs grown after annealing at 800 °C, Ge related peak
in XRD patterns is very weak. After 950 °C annealing,
Ge(111) peak became distinct due to larger size of the NCs
as shown in curves 2 and 4. Curve 3 shows Ge (311) peak
obtained with different angle (3°) of grazing incidence on
Ge2 sample annealed at 950 °C. These results show that
embedded Ge NCs of (311) and (111) orientations are
formed after post-implantation annealing.

The optical Raman spectra of Gel sample shown in

(1) :Ge2, 800 °C annealed Sio,
[ (2), (3): Ge2, 950°C annealed

'§ (4) :Ge3, 950°C annealed
£ .
z Si(311)
> Ge(111) a
2 (a)
2
=
T
<

25 26 27 28 1 54 57 60

26 (degree)

= 141 950°C annealed sif
€ 12
> —O— Experimental data
2 10 s 1
b3 { —— Fitted peaks
> 8j 1 (b)
2 6 e
(9]
s 4
c
©
g 2
O

Raman shift (cm™)

Fig. 1. (a) XRD patterns of Ge NCs formed by post-implant
annealing at 800 °C for Ge2 (curve 1), and 950 °C (curve 2, 3 for
Ge2, 4 for Ge3). Curve 2 and 3 are obtained for the same Ge2
sample under different grazing angle of incidence. (b) Optical
Raman spectra of the 950 °C annealed samples implanted with Ge
ions. Points in (b) are experimental data and solid line is the fit with
Lorentzian line shapes. Bonds responsible for the modes are
indicated.

Fig. 1(b) reveal peaks at 304 and 435 cm ™' corresponding
to scattering from optical phonons involving Ge-Ge and Si—
Ge stretching motions, respectively [14]. The peak at
521.6 cm™ ! arises from the Si substrate, and weak peaks
at ~230 and ~253cm” ! are signatures of Ge related
components [15]. Using the phonon confinement model
[15], the measured line width (15.1 cm™") of the 304 cm ™'
Raman peak yields a size of 5.6 nm for the Ge NCs, which is
similar to the size calculated from the LFRS spectrum
(shown below).

Figs. 2 and 3 show LFRS spectra of Ge NCs prepared
with different Get fluences (3 X 10'°-2x 10" ions/cm™?)
and subsequent heat treatment at 800 and 950 °C,
respectively. They are fitted to Lorentzian line shapes and
a background. Table 1 gives Lorentzian peak positions and
the calculated (vide infra) Ge NC diameters. For a particular
fluence, Ge NCs grow on increasing the annealing
temperature. Ge NC size reaches maximum for a fluence
of 1 X10"7 cm™2. As 800 °C annealed Gel sample contains
too few small sized Ge NCs (Table 1), Raman intensity is
expected to be low. SRIM calculation, a Monte Carlo code,
of ion profile shows that 300 keV Ge™ ions have a mean
range of ~205 nm with a straggling of ~60 nm in SiO,.
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Fig. 2. Low-frequency Raman spectra of 800 °C annealed samples
implanted with fluences 3 10'® (Gel), 1X10'7 (Ge2), 2x 10"
(Ge3) ions/cm?. Points are experimental data, solid line is the fit
with Lorentzian line shapes (broken lines) and background (dotted
line).

Therefore, the Ge NCs are embedded inside the thermally
grown SiO; layer.

X-ray diffraction analysis shows that Ge NCs are
surrounded by SiO,/GeO, that impedes the vibration of
the Ge atoms at the surface of the NC. In the calculation of
the low-frequency Raman modes, NCs are assumed to have
stress free surface or a sharp change in acoustic impedance
z=pc at the NC-SiO, boundary. In contrast to the case of Si
NCs embedded in SiO,, Ge NCs satisfy this condition since
they are much heavier than the SiO, matrix. In predicting
the surface vibrational modes of Ge NCs, Cheng et al. [13]
assumed that surface atoms are those which have at least one
dangling bond and a large motion of the surface atoms gives
rise to Raman modes below 50 cm ™. Hence, the observed
low-frequency Raman modes are attributed to the surface
acoustic vibrational modes of Ge NCs [13].
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Fig. 3. Low-frequency Raman spectra of the Gel, Ge2 and Ge3
samples after subsequent annealing at 950 °C. Points are exper-
imental data, solid line is the fit with Lorentzian line shapes (broken
lines) and background (dotted line).

We observed the LFRS peaks only in VV configuration
when both incident and scattered rays are vertically
polarized. These Raman results can be interpreted in terms
of the vibrations of a homogeneous and spherical elastic
body under different boundary conditions. These vibration
modes can be classified as either spheroidal or torsional. The
frequencies of these modes are quantized and depend on two
integers: A branch number n and the angular momentum /,
and a particular Lamb mode can be conveniently denoted as
(n,l). Only the lowest frequency modes with n=0 in the
spheroidal mode and n=0 in the torsional mode correspond
to the surface modes because these modes have large
amplitudes near the surface of the NCs [13]. The higher
frequency modes of n>1 correspond to the inner modes.
The surface quadrupolar mode (/=2) appears in both
polarized and depolarized geometry, whereas the surface
symmetrical mode (/=0) appears only in the polarized

Low-frequency Raman peak positions v, (for spheroidal (0,0) mode) and v, (for torsional (0,3) modes) and their ratio (v4/v,), and the calculated

NC size, d, from the spectra shown in Figs. 2 and 3

Dose (cm ™~ %) 800 °C annealing

950 °C annealing

v (em™ Y v (em™ 1) ve/v, d (nm) v (em™ Y v (cm™ ) v/, d (nm)
3% 10" 21.2 27.6 0.77 4.0 13.8 17.6 0.78 6.1
1x10" 15.7 - - 5.4 6.5 9.8 0.66 13.0
2% 10" 20.3 29.7 0.68 4.1 9.2 - - 9.2
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geometry. Our results are consistent with (0,0) spheroidal
mode of acoustic phonons, since we observe LFRS peak
only in the polarized geometry. Hence, we identify the
lowest frequency mode in each sample as (0,0) spheroidal
mode of surface acoustic phonons. For Ge NCs embedded in
SiO, matrix, Cheng et al. [13] predicted that strongest
contribution to spheroidal mode comes from (0,0) mode and
to torsional mode from (0,3) mode. These two modes appear
only in VV configuration [13]. Cheng et al. also showed that
contributions from other low-frequency torsional modes
(I values) would be very small [13]. Hence, we assign the
high frequency mode to (0,3) torsional surface acoustic
mode. The Raman shift »5 and »] corresponding to
spheroidal (0,0) and torsional (0,3) modes, respectively,
are given by [11]

B =0782L (n=0) )
dc

T _ Vi _

=123 (n=0) )
dc

where c is the velocity of light, d is the average diameter of
the NCs, and v, is the transverse velocity of sound in Ge
NCs. As per our assignment, theoretically predicted ratio
vg/v} would be 0.634 if the modes arise from the same Ge
NC. From our experimental data shown in Figs. 2 and 3, and
the data presented in Table 1, the observed ratio closely
matches with the predicted value for Ge2 and Ge3 samples.
In case of Gel sample where the sizes of the NCs are very
small, experimentally determined ratio is slightly larger than
the predicted value, perhaps due to the non-spherical shape
of the small NCs. Hence, the observed two peaks are due to
spheroidal (0,0) and torsional (0,3) modes of the spherical
Ge NCs. The deviation of the NC shape from the perfect
spherical form may cause changes in symmetry and allows
the torsional modes to appear [16]. The torsional modes
becomes the mixed modes of transverse and longitudinal
nature and, therefore, possible to observe them by LFRS.
Ovsyuk et al. [17] observed similar modes for Ge NCs
embedded in GeO, with a frequency ratio of ~0.72. Egs. (1)
and (2) are used to calculate the average size of the Ge NCs
for different fluence and annealing conditions, and shown in
Table 1. We have assumed a v,=3.25X10° cm/s for Ge
[13]. Calculated NC sizes vary in the range 4.0-13.0 nm
depending on the dose and annealing temperature. It is
observed that Ge2 sample shows largest size NCs after
950 °C annealing. NC size increases with dose up to 1X
107 em ™2 red shifting the LERS peak positions. It is found
that NC size is smaller in highest dose sample as compared
to the size obtained in intermediate dose sample. Note that
we observed a black coating on the sample surface after the
high dose implantation performed at a high dose rate (beam
current). Although exact reason for obtaining smaller size
NCs in highest dose sample is not clear, it is likely that due
to this black carbon coating on the SiO, layer the
corresponding sample received less dose than the expected

dose of 2 10" ions/cm?. Since the size of the NCs depends
on the ion dose and the Ge3 sample may have received
effectively lesser dose than the Ge2 sample, the NC size in
Ge3 sample is lesser than the size found in the later case.
Note that our observation from photoluminescence
measurement [18] is also consistent with the observation
from LFRS studies and hence the observed effect is not an
artifact of measurement. We found that line width of the
LFRS peaks decrease with the increase of annealing
temperature. It is partly related to the change in size
distribution of the NCs with annealing, and may be partly
related to the recovery of lattice damage in the SiO, matrix.

We have recently shown that these embedded Ge NCs
exhibit two broad photoluminescence (PL) peaks centered at
~2.1 and ~2.3 eV related to Ge NCs and defects at the
Ge/SiO; interface, respectively [18]. Time resolved photo-
luminescence studies revealed nanosecond decay dynamics
[18] in agreement with theory [19], but the dynamics was
primarily controlled by the defects at the surface/interface of
the NCs. Our results show that despite the presence of
defects the low-frequency Raman modes are not strongly
affected by such defects, since the observed modes obey the
Lambs theory [12] of frequency versus NC size. In the
region of small sizes where many analytical techniques have
limitations, LFRS provides a non-destructive and con-
venient means to determine the size of the NCs by studying
their low-frequency Raman modes. However, theory [13]
predicts that for NC sizes smaller than 4 nm, Lambs theory
may not yield the correct frequency.

4. Conclusions

We provide experimental evidence of surface vibrational
modes of Ge NCs embedded in SiO,. Confined surface
acoustic phonon modes of Ge NCs with (0,0) spheroidal
mode and (0,3) torsional modes are observed in the
frequency range 6.5-21.2cm” ', as predicted by recent
theoretical calculation. Sizes of the NCs are found to vary
with ion fluence and post-implantation annealing tempera-
ture. Surface vibration mode arise as the NCs are embedded
in a matrix, which offers the restoring force that limits the
free rotation of the NCs. Despite the presence of defects at
the NC surface, acoustic phonon modes are least affected by
these defects. Our results are in excellent agreement with the
recent theoretical predictions.
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