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Microscopic investigation of phonon modes in SiGe alloy nanocrystals
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1Department of Physics, lllinois State University, Normal, lllinois 61790-4560, USA
2Institute of Low Energy Nuclear Physics, Beijing Normal University, Beijing, 100875, Peoples Republic of China
SDepartment of Physics, University of California, Berkeley, and Molecular Sciences Division,
Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
(Received 17 December 2003; revised manuscript received 14 April 2004; published 30 Jupe 2004

Phonon modes in spherical silicon germanium all@Ge nanocrystals containing up to 1147 atoms
(3.6 nm have been investigated as a function of the Si concentration. Microscopic details of phonon modes,
including phonon frequencies and vibrational amplitudes, phonon density-of-states are calculated directly from
the dynamic matrices. In particular, the dependence of phonon frequency on the config(satioras a
different ratio of Si to Ge atoms and location(surface or interior of clusters of atoms in SiGe alloy
nanocrystals have been investigated. Low frequency surface phonons that are related to the spheroidal and
torsional modes of a continuum sphere are identified and their frequency dependence on alloy concentration
elucidated. The calculated results are compared with measured Raman spectra in bulk, thin films, and super-
lattices of SiGe alloy reported in the literature. Insights into the behavior of Raman peaks usually identified as
Ge-Ge, Si-Si, and Ge-Si optical phonon modes are presented.

DOI: 10.1103/PhysRevB.69.235327 PACS nuni®er81.05.Bx, 63.22tm, 78.30—j, 63.50:+x

I. INTRODUCTION This paper is organized as the follows: In Sec. Il, the

Nanocrystal¥NC) of Ge have received a lot of interests theoretical model is described briefly. In Sec. Ill, the theo-
in recent years.Often such Ge structures are grown in g retical results are presented. In Sec. IV, the results are dis-

Si-rich environment. For example, self-organized quantunfussed and compared with available experimental measure-
dots(QDs) of Ge have been grown on Si substrates by mo/nents. Finally in Sec. V, we summarize and conclude.
lecular beam epitaxy via the Stranski-Krastanow mode of
growth? and NC of Ge have been grown by implantation of
Ge ions into Si@.2 Under these growth conditions, interdif-
fusion between Si and Ge to form an alloy may occur. This The theoretical model used in this research is a valence
interdiffusion has been observed in Si/Ge superlattites  force field moddl that we have developed in recent years to
well as in Ge QDs grown on Si without a Sh surfactantcalculate phonon modes in semiconductor QDs and(fé€
layer? A sensitive technique to detect the presence of SiGehe purpose of discussing their vibrational modes we will
alloy has been Raman scattering since it has been demomake no distinction between QD and NC in this paget®
strated that in bulk SiGe alloy Si produces a local mode within all these previous studies, reasonable agreements between
frequency ~410 cnt* in Ge®’ This mode is very well- theory and available experimental data were found. This
defined being intermediate in frequency between the opticahodel has also been employed successfully to study surface
phonons in pure Geat ~300 cmt) and pure Si(at  phonons in Ge NG5 This paper extends these previous stud-
~520 Cm_l). In addition to this local mode, alloying also jes to NC of semiconductor alloys.
results in shifts and broadening of the Si and Ge optical |n this model, the change in the total energy of an elemen-
phonon peaks relative to that of the pure matefidiIhe  tal semiconductor, such as Si or Ge, due to lattice vibration is
alloying effects can sometimes interfere with the use of Radescribed by the following equatidn:
man scattering to study the effect of strain and confinement
of phonon modes in Ge NC since both strain and confine- AE = 3(1/2)Co(Adi/d;)* + 2(1/2)C4(A6)?, (1)
ment can produce a red-shift of the Ge optical phonon simi- ' !
lar to that due to alloying.Thus it is desirable to investigate whereC, andC; are the bond stretching and the bond bend-
other effects of confinement, such as the effect on the locdhg force constants, respectively. The summation in &y.
phonon modes, the formation of surface modes, and the efuns over all the bond lengths and bond angles inside the
fect of alloying on the Raman spectra of Ge NC. NC. Because both of these two parameters have a simple and
In this paper, we have calculated phonon modes of spherilear physical meaning, this model allows us to treat the
cal SiGe NC containing up to 1147 atongdiameterd interaction between atoms near and at the surface appropri-
~3.6 nm. These NC are assumed to have a free surface arately. By using this model, the microscopic details of the
the alloy atoms to be randomly distributed for varying phonon modes, including both the vibrational frequencies
amounts of Si. We have investigated the effects of alloyingand atomic vibrational strengths, are obtained directly from
and confinement on the phonon density-of-stgl@®0S.  the dynamic matrices. However, because of its simplicity,
The results are compared with available experimental Ramatfiis model does not fully agree with experimental data in
measurements in bulk and NC SiGe alloys. terms of predicting correctly both the bulk sound velocities

Il. THEORETICAL APPROACHES
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and the zone boundary acoustic phonon frequencies. One Si,Gey NC 3.6 nm
should keep this in mind in interpreting the results of our 0021
calculations.

In the present work, this model is generalized to study the
random binary alloy SiGe using the mass-difference-only ap-
proximation. In this approximation, the force constants for
both Si atoms and Ge atoms are assumed to be the same, and
they are taken to be equal to the force constants of bulk Ge:
Cp=47.2 eV andC;=0.845 e\® In the mass-difference-only
approximation, the difference in the bulk Si and Ge optical
phonon frequencies results from their different magses
=28.1 au andmg.=72.6 ay and different lattice constants
(asi=5.43 A, andag.=5.63 A). The highest Si bulk optical
phonon frequency calculated in this approximation is
502 cm?, which differs from the experimental value of
520 cm?! by only 3%, which suggests that this is a reason-
ably good approximation.

In our calculations, we further assume that the Si atoms
are randomly distributed within the NC, and there is no or-
dering of any type in the NC. In particular, there is no long-
range ordering of the Si and Ge atoms which have been 0.0054
found experimentally to give rise to well-defined Raman 0.000
peaks around 255 and 435 cth® Since Si and Ge bulk
materials have different lattice constants, the lattice constant
of the alloy SjGe,_, is approximated by an interpolation
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between those of Si and Ge using Vegard'siaw ooro] SixCe1xNC
=0.5
asice= Xasi + (1 = X)age, 2 7:‘.\ - W
* 0.000 . ; . ,
whereag; andag, are, respectively, the lattice constants of Si g ool
and Ge, andx is the silicon fractional concentration. We 5 ' =06
typically start from a small NC that is approximately spheri- = 00051
cal in shape. We fix the numbers of Si and Ge atoms and run ~ 000
the computer programs many times with different random 8 0.010 o7
locations of the Si atoms. Our results show that when the NC B ows ’
is small, the PDOS depends on the location of the Si atoms. 7 oo
However, as the size of the NC becomes large enough, the ‘454 0010
PDOS of the alloy will “stabilize” and become independent 0005 *0.8
of the distribution of the Si atoms. The results presented in %’ 0000 AN
this paper are obtained from the NC satisfying this condition @ ’
and contains a total of 1147 ator(diameterd~ 3.7 nm for 3 0010 =09
pure Ge decreasing te-3.5 nm for pure Siwith varying put 0.005
fractions of Si. S owool N\
2 §
Il RESULTS R =10 d=35mm

Figures 1a) and Xb) show the computed PDOS for 000 MA.

eleven SiGe alloy NCs all containing 1147 atoms but with Si 0 100 200 300 400 500

—_
o
~=

concentrations varying from 0(Ge) to 1 (Si). These figures Frequency (cm-1)

are plotted in the same scale for easy comparison. From

these calculations we have identified three main optical pho- FIG. 1. The calculated phonon density-of-stal@DOS in
non peaks in the PDOS and extracted information on theippherical SiGe NC with total number of atonfy=1147(d
frequencies, peak widths and heights as a function ghe ~ ~3:6 nm for Si concentratiorx equal to(a) 0 to 0.4 and(b) 0.5
results are listed in Table I. In the literature, the two peak<® 1.

with frequencies around 290 and 480 ¢rhave been iden-

tified as due to Ge-Ge and Si-Si bond vibrations from theirvibration amplitudes of all the atoms of the NC for each
proximity to the optical phonon frequencies of the pure bulkeigenmode, we have used these results to investigate the mi-
materials, and the peak with frequencies intermediate besroscopic details of these three main optical peaks.

tween them(around 400 cm') has been attributed to the  To facilitate our understanding of the behavior of phonons
vibration of the Si-Ge bonds’ Since we can compute the in alloy NCs, instead of presenting all the wealth of informa-
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TABLE 1. The frequenciegP), width (W), and height(H) of the three peaks: Ge, SiGe, and Si in the
phonon density of staté®DOS for Si,Ge,_, alloy NC, calculated as a function of the Si fractiariThe peak
positions and widths are given in unit of ctnThe unit forH is in arbitrary units.

X P(Ge  W(Ge H(Ge) P(SiGe  W(SiGe H(SiGe P(S))  W(Si) H(Si)

0.1 288.0 9.2 0.020 383.0 5.1 0.0066 444.6 0.0005
0.2 292.2 8.6 0.014 387.4 20 0.0072 450.0 0.0013
0.3 291.1 8.3 0.010 385.8 22 0.0074 436.0 0.0018
0.4 292.4 8.5 0.0077 387.2 23 0.0062 460.8 0.0022
0.5 293.7 23 0.0043 395.7 24 0.0061 469.9 0.0032
0.6 294.5 35 0.0028 397.5 23 0.0054 473.5 16.3 0.0055
0.7 291.9 89 0.0020 398.8 16 0.0048 475.5 15.3 0.0070
0.8 400.2 34 0.0032 476.9 13.7 0.0099
tion contained in our calculation, we will define a physical IV. DISCUSSIONS

quantity known as the vibration-amplitude-squar@@\S)
which is related to atomic vibration amplitude. For eachthem with available Raman measurements. Because the Si
single phonon mode, the sum of the VAS of all atoms is '

normalized to one. From the calculated VAS of each modeatoms are rar:domlyﬂ:jlstrlbuted, thle NC ddoes not h?[\/elltr:re]
we can select the single atom that has the maximum value osfﬁme _st))/mr_ne r)I/ asd € pureRsamp es an ?:S aresu fd' €
VAS (to be abbreviated as MVASand plot the MVAS as a alloy vibrational modes are Raman active. For ease of dis-
function of the phonon frequencies. Much useful information°USSIon We W!” divide th_e PDOS Into diffierent regions ac-
about the NC phonon mode can be obtained from these plotg.Ordlng to their frequencies and discuss them separately.
For example, if the MVAS of one mode is close to unity, this ] )

mode must be highly localized, since this indicates that only A. Surface *acoustic” peaks in the PDOS

one atom vibrates very strongly at this frequency and all the In the low frequency range<100 cm?) of Figs. Xa) and
other atoms are almost still. Conversely, if the MVAS is 1(b), we noticed that the PDOS consists of essentially one
much less than 1, it implies a large number of atoms argroad peak with a high frequency cutoff. In pure Ge NC this
involved in the vibration of this mode. In particular, if the cutoff occurs around 100 c¢ith Examination of the PDOS in
MVAS is close to the inverse of the number of atoms in thebulk Ge indicates that the phonon modes in this region cor-
NC, it indicates that all the atoms in the NC have nearly therespond to the transverse acouslid) branches. As the con-

same vibration amplitudes. Such plots have been shown tgentration of Six) increases, both the center of this peak and
be useful in studying surface vibrational modes of Ge NC as

distinct from those involving atoms lying in the interigr.

In this section, we will discuss our results and compare

In case of a binary alloy we have separately plotted the Sig 1Geg.9 NC
MVAS for the two different types of atomgSi or Ge pre- 081 (2) Si atoms g
senting in the alloy to highlight their different behaviors. 0.64 3 1
Examples of such plots are shown in Figs. 2 and 3 for NCs * g.fi* S
with two alloy compositionx=0.1 and 0.6, respectively. In 0.4 d 2
Figs. 4 and 5 the MVAS of the Si and Ge atoms in the same N g
two alloys are separated according to their different loca- % *
tions, surface atoms as opposite to “body” atoms lying in the éo.o water o o

interior of the NC. In this paper we have defined surface

atoms as atoms containing at least one dangling bond. Fi- 0.8 (®) Geatoms

nally, in Figs. 6 and 7 the MVAS of both Si and Ge atoms are

further separated according to their nearest neighbor configu- 061

rations in order to investigate the relation between the vibra- 0.4

tion frequency of an atom and its local environment. Each

interior atom, whether Si or Ge, has four nearest neighbors, 024 , .

so each atom with the MVAS can have up to five different g i ke

combinations of nearest neighbors. It should be noted that 0'0}) 100 200 300 400 500
we have treatednly interior atoms here, i.e., the summation Frequency(cm-!)

of all the MVAS in Figs. 6 and 7 should be equal to the upper

panel of Figs. 4 and 5, respectively. The lower panels of FIG. 2. Plot of the displacement amplitude-squai8) of the
Figs. 4 and 5 which correspond to the MVAS sfirface  atom whose value of AS has the maximum valoeMVAS) versus
atoms(which have at least one dangling bondse not in-  the mode frequency for the alloy SiGe, o The atoms are further
cluded in Figs. 6 and 7. separated according to whether they @gSi or (b) Ge atoms.
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Sig 6Geg.4 NC 061 SipgGegq NC

(a) Si atoms
(a) Body Atoms

MVAS

0.8 (b) Ge atoms (b) Surface Atoms

0.6 0.4 . .
0.4‘ o "++ +
%, "7 +

0.24 t ﬁ, - +‘¥"r e,

0.2 +3 ot g
g i .ﬁ " g - Ty

0.0- : 0.0 Y i %. it

0 100 200 300 400 500 0 100 200 300 400 500
Frequency(cm!) Frequency(cml)
FIG. 3. Plot of the displacement amplitude-squai&8) of the FIG. 5. Plot of the displacement amplitude-squai8) of the

atom whose value of AS has the maximum valaeMVAS) versus  atom whose value of AS has the maximum valaeMVAS) versus

the mode frequency for the alloy ¢3(5& .4 The atoms are further  the mode frequency for the alloy &Gey 4 The atoms are further

separated according to whether they @gSi or (b) Ge atoms. separated according to whether they g body or (b) surface
atoms.

its high frequency cutoff shift to higher frequencies and fi-

nally approaches the corresponding values in bulk Si. Super-

imposed on this broad peak are two relatively sharp peaks yeous sphere _predlcted theoretically by ITaW]b’nd their
requencies will be represented hy; (torsiona) and wg

the low frequency side that are present for nearly all NCS’(spheroida)I, respectively. The NC sizéd~3.6 nm) in the

independent of Si concentrations. Bor 0.8, their frequen- . L .
cies%re about 24 and 38 chln a separate publica?ion on present study is near the limit of NC size where the Lamb

Ge NC!® we have identified two similar peaks in pure Ge

NC as due to surface modes. These surface modes become, s _
in the limit when the NC size becomes large, respectively, 0.5 = Si-Ges
the torsional and spheroidal distortion modes of a homoge-
0.0
Si() lGeo 9 NC Ge-SisGe Si-SiGe3
0.8 ’ ’ : 0.5 LR
(a) Body Atoms ; + - %
0.6- L 2 00— . ,
¥ & g ' T
% EYTS G ) o .
0.4 = Ge-Si2Ge2 Si-SizGe2
205 +
4 ; % :
0.2 et t
2 " k L 0.0]—etermarrn S
‘E‘O.o-x—wﬂL e = i -
05 . Si-Si3Ge
0.8 (b) Surface Atoms :
0.6 LT 0.0ttt
’ Iy + Ge-Ges Si-Sig
0.4 + 0.5
tE
029, N % 0.0 —rtesmammpumsat — :
N . 0 100 200 300 400 5000 100 200 300 400 500
0.0 b Frequency(cm™)
) 100 200 300 400 500
Frequency(cm‘l) FIG. 6. Plot of the displacement amplitude-squai&8) of the

atom whose value of AS has the maximum valoeMVAS) versus
FIG. 4. Plot of the displacement amplitude-squai&8) of the the mode frequency for the alloySiGe, o The atoms are separated
atom whose value of AS has the maximum valoeMVAS) versus  according to whether they are Ge or Si atoms. The left-hand side
the mode frequency for the alloy SiGe, o The atoms are further column shows the Ge atoms surrounded by different numbers of Ge
separated according to whether they &g body or (b) surface  atoms while the right-hand side column shows the Si atoms sur-
atoms. rounded by different numbers of Ge atoms.
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T R SiGe alloy NC, this cutoff frequency is determined mainly
051 Gessis Si-Ges by the heavier Ge atoms. For SiGe NC witk< 0.5, the
; frequencies of the “Si dominated” surface modes are higher
N I o than this cutoff frequency in a region where the PDOS is
05 cesioe ss . large, so the “Si dominated” surface modes are strongly
e + damped. In the reverse case for alloys with larger values of
- # 7 this cutoff frequency will be determined mainly by Si atoms.
:::3 0.0 ittty = - 3 i @ Since the frequencies of “Ge dominated” surface modes lie
R 05| Gesices siSiies belowthe vibrational frequency of most Si modes, they oc-
= e cur in regions with low PDOS and therefore are not strongly
5 . i§ damped. As a result the Ge surface modes persist up to val-
% 0.0}~ sl e ues ofx as large as 0.8.
0.5 Gesites Si-SisGe According to Lamb’s theory, the ratio of the lower fre-
T guency torsional mode&w,) in pure Ge and Si should be
; % equal to the ratio of their TA phonon velocities (equal to
0.0 -on—mih A s 3.6x10° and 5.9< 10° cm/s in Ge and Si, respectivglgnd
0.51  Ge-Ges Si-Sis is equal to 0.61. The corresponding ratio of the spheroidal
. modes(wg) would be given by the ratio of some linear com-
0 J P bination ofv, and the longitudinal acoustic phonon velocities

v, (equal to 5.5¢ 10° and 9x 10° cm/s in Ge and Si, respec-
tively). Since the ratio of, in Ge and Si turns out to be equal
to 0.61 also the ratios of both; and wg for pure Ge and Si
from the Lamb theory are 0.61. These ratios from our calcu-
lated PDOS are both equal to 0.63, in good agreement with
Iéamb's theory.

0 ,
0 100 200 300 400 5000 100 200 300 400 500
Frequency(cm™)

FIG. 7. Plot of the displacement amplitude-squai&8) of the
atom whose value of AS has the maximum valoeMVAS) versus
the mode frequency for the alloy3iGe, 4. The atoms are separated
according to whether they are Ge or Si atoms. The left-hand sid
column shows the Ge atoms surrounded by different numbers of Ge
atoms while the right-hand side column shows the Si atoms sur-
rounded by different numbers of Ge atoms.

B. Optical phonon modes in the PDOS

The frequency range from-300 to 500 cmt in bulk
samples is dominated by the optical phonon branches. We

theory is still valid for understanding the frequency of theseshall therefore refer to this frequency range as the “optical

low frequency surface modes. One characteristic of the honon range.” As we discussed in Sec. ll, this range is

Lamb surface modes is that their frequencies scale as tH2 e . ) . . i
inverse of the diameter of the sphere and linearly with theusually_dlwded Into thr_ee regions In th_e literature: t_he bulk

: o , Ge optical phonon region around 300 ¢mthe bulk Si op-
acoustic phonon velocities. These Lamb’s modes have been

observed experimentally in several N&2° Figure 1 shows ical phonon region around 500 chji;md the “so-called
that these surface acoustic modes also exist in alloy NC. Thi§"(,[3.e \Inbratlo?_ retg|on around ;Ootc dl_sasedf otnhour the- K
can be verified directly by checking Figs. 4 and 5 where thereuca '?Vgsb'%a |ono our unlters anding o d e'sr? tkﬁ)ea S
MVAS of surface atoms also show two sharp peaks at the> Presented below. Lur resulls are compare with the ex-
; : perimental measurements in bulk SiGe alloy reported by
same frequencies. We found that>aghanges in the alloy enucciet al® and SiGe thin films and superlattices by oth-
NC the frequencies of these surface acoustic phonons remaﬁm uect ' : n up : y
more or less the same as those of the pure Ge NC until '
reaches 0.7. There is also no obvious change in the widths
and heights of those two peaks. However, wienecomes
>0.8, they are replaced by two peaks with frequencies equal Based on the results of our calculatifsee Figs. (a) and
to ~38 and ~60 cnil. We attributed these peaks to “Si 1(b) and Table ], we found that the Ge vibration mode spec-
dominated” surface acoustic modes of NC. These resulttum shows little change with the increase in the number of
suggest that the dependence of the two Lamb modes on tl& atoms except for a rapid decrease in the strength of the Ge
alloy composition in SiGe NC is similar to the “two-mode optical phonon peak around 300 ¢inThis peak blueshifts
behavior” of optical phonons in bulk alloy8We note that at  slightly asx increases. While the decrease in strength agrees
x=0.8 [Fig. 1(b)] there is only one peak due to surface with the experimental measuremefitsthe experimental Ge
acoustic modes in the PDOS spectrum. We think this peakhonon peak frequency in bulk alloy showsealshift with
results from an accidental coincidence whepof Ge hap- an increase ix rather than a slightly blueshift predicted by
pens to overlap withw, of Si. The behavior of these surface our calculations. Two factors influence the frequency of this
modes can be further understood by noting that the “Si domipeak in our understanding. First, the contraction of the
nated” surface modes are strongly hybridized while the reSi-Ge alloy lattice constant by Vegard's law would cause a
verse is not necessarily true. This results from the fact thaplueshift of the peak, and second, the increasing localization
for NC of a given size, there is a low frequency cutoff in the of Ge optical modes due to the increasing amount of Si
vibration modes. Since Si atoms are lighter than Ge atomsyould cause a redshift of this peak. One effect which has

this cutoff frequency is higher for pure Si NC than for Ge. In been neglected in our simple model is the softening of the

1. Ge optical phonon peak

235327-5
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Ge-Ge bonds caused by Si atoms. This discrepancy betwestightly, reaches a maximum value, and then decreases as
theory and experiment suggests that the Vegard’'s Law mightecomes greater than 0.5. This broadening withan be
have over estimated the effect of decreasing lattice constamixplained by the fact that, aincreases, more Si atoms form
in the alloy. Experimentally the width of the Ge optical pho- Si-Si clusterg(i.e., cluster containing one or more than one
non peakincreaseswith x. The calculated peak width de- pair of neighboring Si atomsFigure 7 shows that the vibra-
creases slightly ag increases to 0.5 but increases dramati-tional modes of such Si-gbe, and Si-SiGg clusters can
cally whenx>0.5, due to an overlap between the Ge opticalhave both lower and higher frequencies than the frequency of
phonon mode with the Si modes as well as SiGe modethe local mode of isolated Si atoms. An examination of Fig.
leading to a broad tail on the low energy of the peak. It is5 suggests that the surface Si-Si clusters with their dangling
difficult to make a direct comparison between theory andoonds tend to contribute to the lower frequency side in re-
experiment since we have defined the peak width as the fuljion (i) with frequency centered ~330 ¢fn On the other
width at half maximum of the strongest peak in the PDOS inhand the body clusters tend to dominate the higher frequency
this region. This definition which does not separate the sharpegion(iii ) with frequency centered around430 cm?. The
peak from its tail may not be the same as the one used in theeight of these body cluster modes is larger since there are
experiments:” more clusters in the interior of the NC. Modes in both re-
gions(i) and(iii ) exhibit large inhomogeneously broadening
2. SiGe optical phonon peak as a result of the statistical variations in the configuration of
Figures 2 and 3 show that while the Ge atoms dominatéhese Si-Si clusters.
vibrational peaks with frequencies around and below o
300 cn1!, Si atoms dominate modes with frequencies above 3. SiSi optical phonon peak
300 cnit. In general, no Ge atoms have the MVAS for  Figure 1 shows that for>0.5 a sharp peak appears in the
modes with frequency above 300 ¢nin the Si dominated frequency regior(iv) at around 480 cit and its height in-
optical phonon frequency range, we can further identify thecreases rapidly and width decreases slightly ascreases.
following four distinct frequency ranges in Figs. 1-3 and Figure 7 shows that this frequency is associated with Si clus-
6-7:(i) ~330 cm?, (i) ~390,(iii ) ~430, andiv) ~480 cmi.  ters containing no Ge atoms and is therefore related to the
In particular Fig. 1 shows that the peak in regi@ntends to  optical phonon mode in bulk Si. The frequency of this peak
be the strongest one for almost all alloy concentrations. Thelueshifts as the Si concentration increases due to two fac-
experimental frequency of this mode is 395¢rfor small  tors: (1) it blueshifts as a result of the decrease in the average
values ofx and it is usually referred to as the Si-Ge peak injattice constant when more Si is introduced g&&dmore and
the Raman spectra of SiGe alloys and superlattices. Examiarger Si clusters appear in the alloy when the amount of Si
nation of Figs. 2, 3, 6, and 7 suggests that this peak is duicreases and this causes the vibrational frequency of the
entirely to the vibration of Si atoms that are surrounded bycluster to shift towards that of the bulk Si optical phonon.
more than two Ge atoms. Furthermore the large value of
MVAS indicates that the vibration is strongly localized on
the Si atom. In particular from Fig. 6 we see that, in
Siy 1G&. the major peak occurs at 383 thand is mainly Our theoretical results can help with the interpretation of
from Si atoms surrounded bgur Ge atoms with only small experimental Raman results in both bulk and NC of SiGe.
contributions from Si atoms surrounded by two to three Ge~or example, in NC the effect of confinement has been rec-
atoms. From our calculatiofsee Table), we found that this ognized to produce a redshift of the Raman modes. On the
peak blueshifts from 383 to 400 cfas x increases. In other hand we have shown that dangling bonds on the sur-
SipeGe.4 (see Fig. 7 the major Si-Ge peak occurs at face of the NC can also produce surface phonon modes with
~397 cm?, and the MVAS atoms have similar local environ- frequencies lower than those in the bulk. In SiGe NC we
ment as $j,Ge o, i.€., Si atoms are surrounded by two or found that the localized Si-Ge peaks contain more informa-
more Ge atoms. The slight blueshifts in peak frequencies argon on the local environment of the Si atoms than the other
caused by the variation in the number of neighboring Si atphonon modes. In particular, the modes on the lower fre-
oms. The Si-Ge local mode peak totally disappears whisn quency side of this peak indicates the presence of Si atoms
greater than 0.9 because very few Si atoms would now baear the surface of the NC while peaks on the higher fre-
surrounded by two or more Ge atoms. It is interesting toquency side suggest the existence of cluster containing more
contrast the different behavior of the vibrational modes ofthan one Si atoms within the interior of the NC. In strained-
clusters with Si at its centgSi-Ge,, Si-SiGeg, Si-ShGe,, layer superlattices and also thick epilayers of SiGe alloys
and Si-SiGe), from those with Ge at its centgiGe-Sij, grown on Si substrates, relatively sharp peaks have been
Ge-GeSj, Ge-GgSi,, and Ge-GgSi) in Figs. 6 and 7. For found in the Raman spectra at around 255 and 435.&fn
the latter cluster there are no localized phonon mode sinc&hese peaks have been attributed to the presence of long-
these modes overlap with the Si vibrational frequencies andange ordering of Si and Ge planes along[th#l] direction.
become resonant modes. If the ordering involves the formation of a new “supercell”’
Another thing we notice from Figs. 1 is that, asin-  consisting of two layers of Si and two layers of Ge as sug-
creases, the Si-Ge peak appears to broaden asymmetricafjgsted by Ourmazd and Bé&arthen the sample will be
with a large width on the high energy sidthe numerical dominated by only two kinds of clusters: Si;Ge and
results are shown in Table).llts strength increases only Ge-GgSi. From Figs. 6 and 7 we found that indeed

C. Comparison with experiments
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Si-SkGe clusters will produce a peak in the PDOS around N [ Experiment |
420 cmil. We conclude that the Si-Ge optical phonon peak

at about 430 cnt is formed by the Si-SGe clusters whose
number is enhanced by the long-range ordering present in
some samples. We also found that the vibration modes of

Ge-GaSi clusters cover a range of frequencies including the e o e
255 cm? region but there are no sharp peaks in the PDOS.

However, this does not preclude the possibility of a peak in x=02
the Raman cross section since the long-range ordering will

affect the electronic wave functions leading to the enhance- /\ "

ment of the Raman cross section of specific modes.

So far there have been very few experimental results on
the phonon modes in SiGe NC. On the other hand extensive (@) Frequency(cm 1)
experimental Raman result in bulk SiGe alloys is available.

Since we know that the NC surface affects mainly either the — I
low frequency region or the frequency region slightly above x:054 si-si
the op?ical nilodeg of Ge we cgn stiII)/utilgigze ourgregults to Ge_ce

understand the experimental Raman spectra in bulk SiGe al-
loys in the higher frequency regions. To compare our theo-

0 100 200 300 400 500

Ge-=Si

retical results with the experimental results reported by Re- T o w0
nucci et al® we have plotted in Fig. 8 the experimental 0.5
Raman spectra of SiGe alloy on top of the theoretical PDOS

for comparable values of In making these comparisons we

should keep in mind that the theoretical frequencies for the M/\M .

peaks identified as “Si-Si” and “Ge-Si” by Renucat al® 0 100 200 300 400 500
(straightly speaking the so-called Ge-Si peak is really due to

Si atomic vibration as we have shoywvill be slightly low- (b) Frequency(cm-1)
ered than those in the experimental spectra because of our

approximation in using the Ge force constants for even Si -

atoms. In addition our PDOS does not include the electron-
phonon interaction necessary for calculating the intensity. R

Because of these limitations our calculation cannot repro- &:‘/\,\J
duce some of the quantitative results obtained by Reretcci Ly
al.® such as the dependence of the peak position on the alloy oo™
concentration. Otherwise our computed PDOS agrees in gen- =08 Si.Ge, NC d=3.6nm
eral quite well with the experimental Raman spectra shown il

in Fig. 8. For example, Renucat al® found that forx

=0.54 and 0.76 the “Ge-Si” Raman peak broadened asym- , !
metrically while another broad peak appeared at 430'cm 0 100 200 300 400 500
and grew withx. Our calculations suggest that the peak at ©

430 cm! originates from the vibration of small Si clusters in
the alloy in which a Si atom is surrounded by one to three Si
atoms. The width of this peak is caused by inhomogeneous FIG. 8. Comparison between the theoretical phonon density-of-
broadening of the vibration frequencies resulting from thestateSPDOS calculated for NC and the experimental Raman spec-
different configurations of these clusters. Our interpretatiorfrum in bulk SiGe alloy(Ref. € with comparable Si concentration

of this peak is thus different from the local phonon mode of* for (&) x~0.2, (b) x~0.5, and(c) x~0.8

a Si embedded in the $Ge,5 alloy model proposed by

Renucciet al® We also note that Tsafthas reported the configurations. Such intermixing induced broadening of the
Raman spectra of ultra-thifless than 6 monolayer or ML  Ge-Si mode in experimental Raman spectra have also been
Ge film grown on Si[100] surface. According to our model reported in Ge/Si superlattice by Headriek al* and by

the Si atoms at the film interface will have very well-defined Kwok et al? in self-organized Ge quantum dots superlattice
local configuration: Each Si will be surrounded by two Sigrown on Si substrates. When the superlattices are grown
and two Ge atoms and therefore will be even narrower thamithout a Sb surfactant layer these authors found that the Si
the Si-SiGe, spectrum shown in Fig. 7. Indeed the experi- local phonon peak around 417 chexhibits strong asym-
mental spectra for the 2—3 and 5-6 MRef. 23 show  metric broadening on the lower frequency side. Based on our
mainly one sharp peak without the higher energy tail due tacalculation this result can be explain by the infiltration of Ge
Si cluster containing more than two Si atoms in the nearesaitoms into the Si barrier layers producing Si clusters with
neighbor. On the other hand, the thinnest 1 ML Ge thinthree or more Ge atoms. As in the case of the ultra-thin Ge
shows two broad peaks indicating a lot of intermixing be-films 23 the Si local phonon peak in a perfect quantum dot
tween Si and Ge atoms to form many clusters of differenfilm should be very sharp and results from the vibration of

Frequency(cm-1)
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Si-Si,Ge, cluster only. Figures 6 and 7 show that the pres-383 cn?, and vibrations of Si atoms in SiGe alloy NC pro-
ence of clusters containing more Ge atoms such aduce a few bands of peaks centered around 330, 390, 430,
Si-SiGe produce additional modes mainly on the lower en-and 480 criit. These peaks are produced, respectively, by
ergy side of the Si local phonon. vibrations of surface Si atoms and Si clusters, localized vi-
bration of Si atoms surrounded by mostly Ge atoms, vibra-
tion of Si atoms surrounded by more less equal numbers of
V. SUMMARY AND CONCLUSIONS Ge and Si atoms, and vibration of Si atoms surrounded
In summary, we have investigated in detail the phonorf“ainly by Si atoms. From Fhese _results we understand _that
properties of spherical SiGe alloy NC with a total of 1147 the so-called Ge—$| modes in the Ilte_rature to be the Ioca_llzed
atoms(about 3.6 nm in diametges a function of Si concen- Phonon mode of isolated Si atoms in a Ge host. The vibra-
tration. The properties of phonon modes, including both vi-fional modes of Ge atoms surrounded by Si atoms, on the
bration frequencies and vibration amplitudes, have been cafther hand, do not produce localized phonons. Our theoreti-
culated directly by employing an average lattice constanf@l Phonons-density-of-states in NC have been found to ex-
following Vegard’s rule. The phonon spectrum of the alloy pl.am qualitatively experlme_nta_l Raman spectra in both bulk
NC is decomposed into different regions. The low frequency>/Ge alloy samples and thin films of Ge grown on Si sub-
region (<300 cni?) is dominated by Ge vibrations that are Strates.
the analogues of the acoustic and optical phonons in pure Ge
samples, while the higher frequency region300 cn?) is
dominated by the vibrational modes of Si atoms. Throughout S.F.R. and W.C. are supported by the National Science
most of the alloy series we found two low frequency peaksFoundation(NSF0245648 W.C. is grateful to lllinois State
associated with surface vibrational modes superimposed agniversity for hosting his visit. P.Y.Y. is supported in part by
the broad continuum that were usually identified as the sphethe Director, Office of Science, Office of Basic Energy Sci-
roidal and torsional modes of a continuum sphere. We havence, Division of Materials Sciences and Engineering, of the
further identified that isolated Si atoms surrounded entirelyJ.S. Department of Energy under Contract No. DE-ACO03-
by Ge atoms form a sharp localized phonon mode a76SF00098.
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