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We compare infrared absorption and Raman spectra of high-quality,Sk bulk crystals (6<x<0.4). We
use this comparison together with lattice-dynamical calculations to report on the behavior of the Ge-Ge phonon
at 300 cm'?, to identify Ge-Si and Si-Si modes, and to clarify contradictory assignments of certain Ge-Si and
Si-Si modes. The Ge-Ge optical phonon observed in Raman spectra at 38@luifts continuously to lower
energies with increasing Si content, also 61 0.03. This is in good agreement with theoretical calculations,
but in contradiction to previously reported experimental data. The Si local-vibrational mode at about 390 cm
is infrared and Raman active. We resolve the local-vibrational modes of the three Si isotopes. Two solely
Raman-active phonon modes at about 400 and 455'@re unambiguously identified as modes caused by
Si-Si pairs. We are able to resolve the two corresponding infrared active modes of this Si-Si pair at 310 and
370 cmL. In the range of about 460 cr, we can distinguish further modes caused by three and four Si
nearest-neighbor atoms in infrared and Raman experiments. Absorption lines at 675, 780, and B4mtm
reported hitherto, are identified as combination modes of phonons with the Si local-vibrational mode.
[S0163-182609)01816-7

[. INTRODUCTION Gaisleret al. observed in their Raman investigations on Ge-

rich samples two different Ge-Si vibrational modes at 390

Si and Ge are miscible over the whole composition rangeand 400 cm'.2 We compare IR absorption and Raman mea-

and they have the same crystal structure and valency. Nsurements in the spectral range of Ge-Si vibrations. The

new electronic states are introduced by alloying Si and GeGe-Si vibration at 390 cit is IR and Raman active. In

Therefore, Ge_,Si, is a prototype material to study the ef- accordance to the literature we attribute it to the Si local-
fects of disorder on the vibrational spectrum. In,GgSi, ~ Vibrational mode(LVM). The second Ge-Si phonon at 400

crystals, Ge-Ge, Ge-Si, and Si-Si vibrational modes arém is only Raman active. Based on the observed selection

present. The appearance and the properties of these vibradles and theoretical calculations, we attribute the Ge-Si pho-
tions are strongly influenced by alloy composition. non at 400 cm' to nearest-neighbor pairs of Si atoms. This

Several papers have been published investigating the |afittribution is i? agreement wit_h t_he theoreti_cal study o_f Grein
tice dynamics of bulk Ge ,Si, crystals by infrared(IR) anq Cardongé, but in contradiction to thja mterpretgtlon of
absorption:™* Ramarr~° and theory:*! Despite these pre- Gaisleret al.” They interpreted the 400 CFﬁ.rT?Ode with the
vious investigations, phonon spectra of ;GgSi, crystals nrreasm&méueggi of dsll atotrrr:s mdtr;ﬁ V'C'n'% of a smglefsﬂg
still show several discrepancies. We used IR absorption an o'\r;:. ?:r:thheernst-)r el v?/g deetr(]e?:t 'Ehaentwo Tli-%r::tivi ?T?g(;g)é c())f ae
Raman measurements on the same samples to clarify the !

. . . . 51 nearest-neighbor pair in our absorption spectra.
discrepancies. We used the anharmonic Keating mbde! Si-Si vibrations have been reported previously at about

compare IR absorption and Raman measurements Withgg cnil in Raman measuremert< These investigations
theory. Thus, we were able to identify the origin of different o performed fok>0.05 andT =300 K. Only broad lines
IR and Raman-active Ge-Si and Si-Si vibrations. Furtheryere observed. We clearly resolve an increasing number of
more, we can resolve several new peaks in our high-qualitgi-Sj modes in Raman spectra recordedTat80K for x
samples, which we explain using the anharmonic Keating=0.03 with increasing Si content. We are able to assign
model. these Si-Si modes to Si nearest-neighbor pairs, three neigh-

It is well known that the Raman active Ge optical phononboring Si atoms, etc., by comparing experimental spectra
at 300 cm * shifts to lower energies with increasing Si con- with the theoretical results. Cosand and Spitzer have reported
tent for x>0.05 due to disorder in the alldy. However, \eak absorption lines in the spectral range of Si-Si vibra-
Fuchset al. have reported a shift to higher energies for Otjons at 460 cm® in IR absorption spectra for=0.122 But
<x=0.03’ This result cannot be confirmed by our measure+hey could not assign these lines due to the weak absorption
ments. We observe a continuous, approximately linear destrength. We clearly resolve the Si-Si lines in IR absorption
crease of the Ge optical-phonon energy, even for low Sfor samples with Si content>0.10 and were able to com-
contentx<<0.03. pare them with the Raman-active Si-Si vibrations.

Ge-Si vibrations in the alloy have been previously inves-  The dominating phonon-absorption mechanism in Ge is
tigated by IR absorpticn® and Ramam® measurements. two-phonon absorption. The prominent two-phonon absorp-
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tion features in Ge are still present in GgSi, for low Si  in SiGe are adequately described by this simple two-force-
content. An absorption line at 505 c¢ihhas been reported constant model.
for x<0.01 and has tentatively been assigned to a two- The Keating modéf describes the strain energy of a dia-
phonon process with simultaneous absorption of a quasinond structure
LVM and a Si-LVM.* With our measurements we are able to
manifest this assignment. Furthermore, we observe addi-
tional SiGe-specific combination modes at 675, 780, and 845
cm™L, not reported hitherto.
This paper is organized as follows. In Sec. Il we describeédy a bond-stretching force constantand a bond-bending
the experimental details. In Sec. Ill we briefly summarize theforce constantg. The vectorsr;; connect nearest-neighbor
theory of the anharmonic Keating model. The experimentalattice sites andj, andA denotes the change relative to the
results are described in Sec. IV. We present the results in thgerfect diamond lattice due to a distortion, i.A(r;;-riy)
order of the wave number of the observed lattice vibrations=r; - rj— r% . riok is the change of the scalar product between
beginning with the lowest wave number. The discussion irnthe two vectors connecting atonwith its nearest-neighbors
Sec. V is organized in the same way. Finally, we summariz§ andk. In Eq. (1), the sums run over all bonds agng is the
the results. equilibrium lattice constant. For an alloy, the force constants
a and B8 depend on the atomic species forming the corre-
Il. EXPERIMENT sponding bonds.
The standard Keating model is inadequate for GeSi alloys
The Ge-rich Ge_,Siy single crystals withx<0.1 were because of large local distortions due to the different atomic
grown by the vertical Bridgman method in a monoellipsoid sizes of Si and Ge. As a consequence, the strain energy is not
mirror furnace'® The single crystals with higher Si content a quadratic form in the deformations. Anharmonic terms
x>0.1 were grown with the zone-leveling method in amust be included for a reasonable description of the lattice
double-ellipsoid mirror furnac¥. The crystals have a diam- dynamic. In the present model, anharmonic effects are in-
eter of 9 mm. The orientation of the sample$li$1). We cut  cluded by scaling the force constantsand 3 regarding the
samples with a thickness between 0.7 and 1.2 mm from thbond length. Fromab initio density-functional calculations
crystals. The free-carrier concentration of the samples is leshe scaling laws
than 1x10®°cm™3 at T=300K. Thus, the contribution of

W= SIAG2)2+ S
i.j 8

i,],k#]

(,31—'82[A(rij'rik)]2 ey
0

electronic transitions to the IR absorption spectra is negli- of T o [T5V"2 PR\ "% 60\ "
gible and only lattice absorption can be studied. @i = i\ p and  Bijk= Bij o e )
The accurate knowledge of the alloy composition is im- . 4 1k @)

portant for the interpretation of the spectra. We determined

the lattice constant for the Ge,Si, samples wittrx<0.1 by  have been derivetf. The scaling exponents for the bond

the x-ray diffraction method after Bortd.The alloy compo-  length dependence of the force constamtnd 8 have been

sition was obtained from the variation of the lattice constanfound to_be universal for all alloys of the group IV

with Si content determined by Dismukes, Ekstrom, andelements? The exponent describes the dependence of the

Paff'® Additionally, we determined the alloy composition Pond-bending force constapton the anglef between two

from photoluminescencéL) measurements as described bybonds as obtained from a fit to phonon-deformation poten-

Alonso and Webet” The Si content of the samples with ~ tials. In the present paper, we apply the parameters given in

>0.1 was determined by PL and energy dispersive x-rayXef- 12.

analysis EDAX. Measurements of the alloy composition at 10 Simulate the random alloy, we use a 512 atom super-

different spots on the sample surface revealed a high hom&ell with randomly distributed atoms according to the sto-

geneity in alloy composition. The variation of the Si contentiChiometry. Assuming the same polarizability for all atoms,

x was Ax<0.0015. the off-resonance Raman intensity is given, up to a multipli-
The IR absorption measurements were performed with &ative constant, by

BOMEM DA8.02 Fourier-transform-infrared spectrometer.

A liquid-helium cooled Si-Bolometer and a broadband far IR S 2w

beam splitter were used for the measurements. The Raman m (wi—w2)2+ I w?

spectra were recorded using a Dilor triple-Raman spectrom-

eter with microscope entrance in backscattering configurawherew runs over all phonon modeg/’, is the displacement

tion. The scattering was excited by the 514.5-nm line of arvector of the atom at lattice siie ands; is +1 and—1 for

Ar* ion laser. the two fcc sublattices of the diamond structure. The Carte-

sian indicesy, B, andy specify the polarization. A Lorentz-

ian lineshape with a broadenifdg=3 cm ! is assumed.

The absorption coefficient for infrared light is given by
In this section we briefly summarize the basic features othe imaginary part, of the dielectric function. Due to a
the used lattice-dynamical model. An anharmonic vatfant small polar contribution to the Si-Ge bonds single-phonon
of the Keating modéf was applied for calculating phonon absorption becomes possible in GeSi alloys. Describing the
spectra. The theory of the anharmonic Keating model is decharge transfer between Si and Ge by the dynamical charge
scribed in detail in Ref. 12. It has been demonstrated in Refz* and applying Lorentzian broadening, can be expressed

12 that the effects of strain and alloying of optical phononsas follows:

2

: 3

Ei: Siuiuy

lll. THE ANHARMONIC KEATING MODEL
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FIG. 1. (a) Overview Raman spectrum of a sample with Si con-

tent x=0.098. Ge-Ge, Ge-Si, and Si-Si vibrations can be distin- 100 200 300 400 500 600
guished.(b) IR absorption spectrum of a sample wii+0.15. Wave Number (cm”)
Ge, _,Si, specific absorption lines are indicated.
FIG. 2. Absorption spectrum of Ge and spectra of; GSi,
Tw samples with different alloy composition recorded Tat 300 K.
7 22 2,2 E ZFzZfuf,uls. (4 The Sicontenk of the samples is given at the spectra. The spectra
H (“’M ®°) W are shifted upwards for better overall view. Arrows indicate the
While this model accounts for the single-phonon absorptiorPosition of the lines discussed in the text.

due to Si-Ge vibrations it does not describe the two-phonon

8§Bm

background of the pure Ge lattice. the overall two-phonon absorption background in the shown
spectral range.
IV. RESULTS The absorption line at 115 cm is already present for

low-Si content ofx=0.005. The strength of this absorption

Figure 1a) shows a Raman spectrum of a sample with Siincreases and the line broadens strongly with increasing Si
contentx=0.098. This spectrum gives an overview of vibra- content (Fig. 2). This absorption line and its temperature
tional modes in Gg_,Six: The Ge-Ge vibration at 300 M dependence was first detected and investigated by Shen and
and GeSi specific vibrations at about 400 Cand 460  Cardona for two samples with Si content=0.11 and 0.16.
cm™™. In Fig. 1(b) an IR absorption spectrum of a sample They attributed this absorption to a quasi-LVM associated
with x=0.15 is depicted. The Ge,Si, specific absorption with the TA band.
lines are indicated. Lines, which are absent in pure Ge, ap- The incorporation of Si in Ge gives rise to Ge-Si and
pear at about 115, 310, 390, 460, and 505 trThe devel- ~ Si-Si vibrations, but also the properties of Ge-Ge vibrations
opment of room-temperature IR absorption spectra in there affected by the Si atoms. The most intense line in Raman
range 100—600 cit as a function of Si content is depicted spectra of Ge-rich samples at 300 chis caused by the Ge
in Fig. 2. The IR absorption of Ge in this spectral range isoptical phonon at the center of the Brillouin zone. The influ-
determined by two-phonon absorption due to the lack of a
linear electric moment in the crystal with diamond symme- 25
try. The two-phonon absorption features of Ge are still
present in Ge_ ,Si, samples with low-Si content, but the
sharp peaks associated with the maxima of the combined
density of phonons smear out in the alloy.

Two-phonon absorption decreases with decreasing tem-
perature, whereas single-phonon absorption as a first-order
process is temperature independent. In Fig. 3 the temperature
dependence of the lattice absorption is shown for a sample
with Si contentx=0.15 in the temperature range between
T=300 and 8 K. The overall lattice absorption decreases
with decreasing temperature. Due to the incorporation of Si
in the Ge lattice, the symmetry of e Si, crystals is low- 0
ered. As a consequence, temperature-independent single-
phonon absorption is observable at 115, 390, and 460'cm
As shown in Fig. 3, these Ge,Si specific absorption lines FIG. 3. Absorption spectra for a GgSi, sample withx
vary less strongly with temperature than the rest of the spec=0.15 at different temperatures. Temperature-independent single-
trum. The decrease of the absorption strength of these lingsonon absorption(arrows and temperature-dependent two-
betweenT =300 and 120 K is mainly due to the reduction of phonon absorption is observable in,GgSi, .
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FIG. 4. The Ge phonon shifts continuously to lower energies
with increasing Si content. Peak positions of measured Raman spec-
tra (symbolg are shown together with results of calculations with
anharmonic Keating modétlashed lingand calculations with zero y
anharmonicity (dotted ling. Inset: Raman spectra of the Ge-Ge Wave Number (cm’)
phonon for different alloy composition recordedTat 80 K.

370 380 390 400

FIG. 5. Raman spectrum of a GgSi, sample withx=0.013
recorded at 80 K. The Si local vibrational mofleVM ) is shown.
ence of alloy composition on the energy of this Ge phonon ifNext to the LVM of the?®Si isotope with natural abundance of
shown in Fig. 4. The energy decreases continuously wit92.2%, the LVM's of the isotope€’Si(4.7%) and®’Si(3.1%) are
increasing Si content, and also for small Si contentscof observable.
<0.03.

A significant difference between the lattice absorption oftions. A line at 455 cm?! appears in the Raman spectrum of
Ge and Ge_,Si, is the appearance of a line at about 390a sample with Si content of=0.034 recorded af =80K.
cm %, which is the LVM of an isolated Si atom in the Ge The intensity of this line increases with increasing Si content
lattice2 This absorption line shifts slightly to higher energies and more lines appear in the spectra. These lines are also
and broadens strongly with increasing Si contéfig. 2.  observable in IR absorption as demonstrated in the low-
The Si-LVM absorption is a first-order process and, thustemperature absorption spectra of Fig. 7, but are only detect-
temperature independent. This is observed in theable for Si contentx>0.1 due to the weak absorption
temperature-dependent absorption spectra of Fig. 3. The Sétrength and the two-phonon background.

LVM turns into a Ge-Si-like phonon, which is observable  Another Gg_,Si, specific absorption exists at 505 th
over a wide composition range. Cosand and Spitzer reporte@Fig. 8). This absorption mode has previously been reported
an absorption line near 400 Crhfor Si-rich crystals: The by Humlicek et al? They tentatively attributed the absorp-
Si-LVM is also Raman activé/ A Raman spectrum of the tion at 505 cm® to a combination mode of the quasi-LVM
Si-LVM recorded at 80 K for a sample with Si conteat  anqg the Si-LVM. In Fig. 8, these lines are shown for a
=0.013 is presented in Fig. 5. Next to the intensive line alsample with low Si content of=0.005. For this Si content,
387.3 cm'l, the spectrum exhibits two satellite peaks atthe quasi-LVM and the Si-LVM are also present in the spec-
lower energy. These three lines are the LVM'’s of the natural
Si isotopes?®Si, 2°Si, and °Si with the abundances of — —
92.2%, 4.7%, and 3.1%, respectively. The intensity ratios of @ Si-LVM [ ®  gipym SHSipar
the three lines in Fig. 5 correspond to the abundances of the T8 K T80T
isotopes and the energy shift agrees with the different masses
of the isotopes, i.e.,wyg/wyg=\Myg/Myg and wsg/ wog
=myg/Mgy. This observation of the isotope effect is re-
ported for the first time and demonstrates the excellent qual-
ity of the crystals, since the effect is not observable in crys-
tals of poor quality due to line broadening.

In Figs. §a) and Gb) is a comparison between the IR and
Raman-active modes in the spectral range between 360 and :
420 cmi . The Si-LVM at 390 cm* is present in absorption %0 360 400 420 %0 380 400 420
and Raman spectra. In the absorption spectra an additional Wave Number () Wave Number (o)
weak line is observable at 370 ¢t In the Raman spectra, 2  fig. 6. (a) Absorption spectra & =8 K and(b) Raman spectra
second line appears at 400 thwhich increases strongly in at T=80K of Gg_,Si, samples with different Si content The
intensity with increasing Si content. This vibration is only sj-LvM is infrared and Raman active. A second, only Raman-
Raman but not IR active. active vibration appears with increasing Si content. The IR-active

Figure 7 shows Raman spectralat 80 K and IR absorp- mode at 370 cm' and the Raman-active mode at 400 ¢nare
tion spectra aif =10K in the spectral range of Si-Si vibra- caused by Si nearest-neighbor pairs.

Si-Si pair 4

Absorption
Raman Intensity

x =0.033

x=0.013
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FIG. 7. Raman spectra at=80K and IR absorption spectra at
T=10K for Gg _,Si, samples with different alloy composition in

the wave-number range of Si-Si vibrations. The two-phonon back- 0 6(I)0 7(')0 . 8(')0 . 9(')0 . 7000
ground is subtracted for the absorption spectra. The different modes
are caused by an increasing number of neighboring Si atoms. Wave Number (cm™)

trum. The energetic position of the absorption line at 505binF|G' 9. Absorption spectra in the wave-number range of com-

cmL corresponds to the sum of the energy of the quasi ation modes. GeSi-specific lines appear at 675, 780, 825, and
. : . 845 cm L. With th tion of the line at 825 crh th f
LVM and the Si-LVM for x<0.06 (inset Fig. 8. e . With the exception of the line at 825 ¢rh the energy o

. ) _ these absorptions correspond to combination modes as indicated in
In the wave-number regime higher than 600 ¢mfour P P

. o . the figure.
SiGe specific lines are observable, which are, to the best of

our knowledge, reported for the first tin€ig. 9. These  average bond length decreases, which results in an increase
lines appear with increasing Si content at 675, 780, 825, angf the bond stiffness. Thus, the reduction of the lattice con-

845 cm . stant leads to an increase of the Ge phonon energy with
increasing Si contentb) The second effect is disorder in the
V. DISCUSSION alloy due to random distribution of Si and Ge atoms on the
lattice sites. The Ge-Ge vibrations are confined to the sub-
A. Ge optical phonon at 300 cn* space of the Ge-Ge bonds. This effect lowers the Ge-phonon

Raman spectra of Ge-rich samples are dominated by thenergy-’ o
mode at 300 cm', due to the zone-center optical phonon in ~ As shown in Fig. 4, the phonon energy of the Ge-Ge

Ge. Two effects influence the energy of the Ge phonon in théode at 300 cm' decreases continuously with increasing Si
alloy:*® (a) One effect is the reduction of the lattice constantcontent. This demonstrates that the disorder effect overrides

due to the incorporation of Si atoms in the Ge lattice. Thethe increase of the bond stiffness due to the reduction of the
lattice constant, even for low Si content »&0.03. This

40 : , , , : continuous decrease was previously observed for Si content
_ 520 420,005 x>0.05 by different group8’ However, Fuchset al. ob-
_,E —5 510 . T=300 K served an increase of the Ge 9phonon energy for bulk
S 30—§ nn-m:ﬂﬂ::; Ge, _,Si, crystals fromx=0 to 0.037 Only for x>0.03 they
3 2 500 g quasiLvM s SLVM observed a decrease of the energy. The spectra of Fuchs
& £ | O Abs. line at 505 om” Si-LVM et al? were recorded aT=80K as our spectra in Fig. 4.
£ 204% 490 — Py e l . Fuchset al.observed an asymmetry of the Raman line on the
3 SiContentx 3usa.sL\l;:\//|M high-energy side for their samples witk<0.03° This asym-
5 metry on the high-energy side is not observed in our spectra.
B 101 Due to disorder in the alloy, the momentum conservation for
§ the Raman process is relaxed. Phonons with nonvanishing
< quasi-LVM momentum contribute to the Raman signal, which causes an
00 100 200 360 460 5(')0 800 asymmetry on the low-energy side of the Raman line as ob-

served for our samples. Our experimental results indicate

that reduction of the phonon energy due to disorder is the
FIG. 8. Absorption spectrum aT=300K for a Gg_,Si,  dominating effect on Ge-Ge vibrations in our samples, and

sample with low-Si content of=0.005. The inset shows the wave- also for low-Si content.

number sum of the quasi-LVM and the Si-LVill) and the posi- The experimentally determined shift of the Ge phonon is

tion of the line at about 505 cnt (O) as a function of the Si compared with results of calculations in Fig. 4. One set of

contentx. calculations was done with the anharmonic Keating model.

Wave Number (cm™)
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Si nn-pair vibrations. This assignment is in agreement with a
previous publication of Grein and Cardona, who used a
Green’s function approach to calculate the vibrations of

0.20 0.20

< different Si clusters?!

£ 5 A Si nn pair in the Ge lattice haBs4 symmetry. Thus,

2 4 two IR-active and two Raman-active vibrations exist for this
019 0.10 defect?® These vibrational modes are indicated by the arrows
M Si-LVM in the calculated spectra of Fig. 10. We are able to detect the

IR active modes of the Si nn pair in our absorption spectra.
In Figs. 1b) and 2 an absorption line is observable at 308
cm ! and weak absorption is present at 370 ¢nin the
absorption spectra of Fig(#. In the calculated and experi-

) _ mental Raman spectra, the line at 400 <¢mincreases
FIG. 10. (@ Absorption andb) Raman spectra calculated with g1y in intensity with increasing Si content and lines at
the anharmonic Keating model for different alloy composmons.abOut 460 crit appear.
The IR or Raman-active vibrational modes of a Si-nearest-neighbor * o" g vipration is also observable in PL spectra. The
pair are indicated by arrows at the corresponding lines. phonon coupling to excitonic emission in low-temperature
PL spectra reveals the phonons of Ge-Ge, Ge-Si, and Si-Si

cells of 512 atoms were used. Raman spectra were obtain%i

b : X s with randomly distributeqct-S! Phonon observed in PL for 08%<0.75Y" They
y averaging over ten supercells with randomly distribute compared their results with the Raman energies of the Ge-Si

atoms. To clarify the role.of the anharmonlcny we have a.lsovibrations reported by other groups and found different en-
performed calculations with a harmonic model and |dent|ca{ergies for the PL and Raman Ge-Si vibrations. We directly

force constants. The anharmonicity was turned off by Settm%ompared the Ge-Si phonon observed in PL, IR absorption
the exponents in Eq2) to zero. Both calculations result in a and Raman for our Ge-rich samples. Althouéh the PL Iine-,

cont!nupus deprease of the.Ge phO”OF‘ energy. This regsu“ Width is about a factor of 3.5 larger than the IR and Raman
qualitatively different to earlier calculations by Fuatisal., lines, the maximum of the PL line agrees with the IR and

though both calculations used a Ke_:atlr_lg model and SUPeI3 4 man-active Ge-Si vibration at about 390 ¢m
cells. We are not able to resolve this discrepancy. We have

tested the sensitivity of our calculations to the numerical
values of the two force constangésand 8. A monotonously
decreasing frequency of the Ge-Ge mode with increasing Si
content was found for all ratioa/g3 between 2 and 12.

C. Si-Si vibration at 460 cm*

Raman and IR absorption spectra reveal several lines in
the wave number range of 460 ¢ (Fig. 7). Different
groups previously observed Raman-active modes in this

B. Ge-Si vibrations at 390 and 400 cri* spectral range af =300K.>® These modes were first re-

Different Ge-Si vibrations exist in the alloy. The IR and Ported by Feldman, Ashkin, and Parker, who observed a
Raman-active Si-LVM at 390 ciit and a second, only band at 462 cm for x=0.05, which consists of two unre-
Raman-active Ge-Si phonon at 400 ¢inFig. 6). Gaisler ~ Solved lines. They tentatively attributed these lines to dif-
et al. observed the two Raman-active modes at 390 and 4of¢rent Raman-active modes of Si nearest-neighbor-pair vi-

cm ™' in Raman spectra recorded at 8 Rhey interpreted  Prations. Further investigations were performed on samples
this effect with the increasing influence of Si atoms in theWith Si contentx>0.1. The observed broad bands were at-

V|C|n|ty of a Sing'e Si atom on the Ge-Si bond |ength’ andtributed to vibrations of Si-Si bondas_.8 We Clearly resolve

thus on the energy of the Si-LVM. But following this inter- an increasing number of modes in the spectral range of 460
pretation the high-energy lines should be observable in ab=m - for x=0.03 in our Raman spectra @t=80K (Fig. 7).
sorption measurements. The most intensive lines are at 439, 455, and 464 ‘cfor

The different IR and Raman-active Ge-Si vibrations canx=0.098. They shift slightly to higher energies with increas-
theoretically be described with the anharmonic Keatinging Si content. The calculated Raman spectra obtained with
model. Figure 10 shows calculated IR absorption and Rama#fie anharmonic Keating model in Fig. (b) reveal these
spectra for different alloy compositions. These calculated?@man modes. The calculated spectra show a single line for
spectra agree well with the experimental results. The calcux=0.05. With increasing Si content, the intensity of these
lated spectra reveal the Si-LVM at 390 chfor absorption lines increases and more modes appear at the high- and low-
and Raman. Next to isolated Si atoms, vibrations of Si pairgnergy side of the initial line. From the evaluation of the
on second-nearest-neighb@nn) sites, 3 nn sites, etc., con- calculated eigenfrequencies and eigenvectors we identify the
tribute to the 390 cm' line. The vibration 6a 2 nn Sipair  line at 455 cm* as the Si nearest-neighbor pair vibration.
is 5||ght|y shifted to h|gher energy Compared with the Si-The lines at 439 and 464 C_riLl are two different modes origi-
LVM. The mode energy is almost unchanged if there is moré1ating from three neighboring Si atoms. For higher Si con-
than one Ge atom between two Si atoms. Next to the Sitent ofx=0.23, a detailed experimental and theoretical study
LVM, additional lines are present in the calculated IR ab-0f Raman spectra in the wave-number range of Si-Si vibra-
sorption spectra at about 310 and 370 ¢mand in the Ra- tions has been done by Alonso and Wifidfurther theoret-
man spectra at 400 and 460 chThese lines are caused by ical investigations have been done by Grein and Cardbna.
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Cosand and Spitzer observed weak absorption bands hbron LVM’s and Si critical-point phonon frequencies. The
about 450 cm? for x=0.122 but they could not attribute 780 cni * absorption line corresponds to twice the energy of
these lines due to the weak absorption strength. In our lowthe Si-LVM of 390 cm ™. A very weak SiGe specific absorp-
temperature IR spectra of Fig. 7, the same Si-Si vibrationsion line appears at 825 cm. With increasing Si content,
are observable as in Raman spectra. The two-phonon bactis line is masked by an absorption line developing at 845
ground is subtracted in the absorption spectra. The Si-Sim 1. The latter can originate from the combination of the
modes are only observable for-0.1 in IR absorption due to ~ Si-Si vibrations at 455 cm' and Si-LVM at 390 cm™. The
the two-phonon background and the weak absorptiororigin of the 825 cm? is unknown.
strength. The vibrational mode of a Si nearest-neighbor pair
as indicated in Fig. 1®) for the peak at 460 cit is the
origin of the observed Raman-active line at 455 ¢nfor V. SUMMARY
low-Si content. This vibration is not IR active due to tbg ) ) . ) i
symmetry of an isolated Si pair in Ge. With increasing Si not . 1€ incorporation of Siin Ge influences the Ge-Ge vibra-

only do modes of isolated Si nearest-neighbor pairs contribions and gives rise to Ge-Si and Si-Si vibrations. Comparing
ute to the line at 455 ciit, but also Si-Si vibrations involv- IR absorption, Raman, and theoretical results, we have inves-

ing more than two Si atoms occur at this wave numberltigated in detail these lattice vibrations in Ge-rich single

These Si-Si vibrations can be IR active. crystals of high quality. The high crystal quality is seen from
The IR-active Si-Si vibrations shift to higher energies (e Observation of the isotope effect of the Si-LVM.
with increasing Si content and the maximum is at 467 tm | he Ge optical phonon measured by Raman spectroscopy

for x=0.364. This line probably develops into the absorptionSHifts t0 lower energies with increasing Si content. This
at 485 cm%, observed by Cosand and Spitzen the Si-rich shows the dominance of disorder effects in the alloy, even

side of the alloy composition. They attributed this line to fOr 10W-Si content ofx<0.03, which is in good agreement
impurity-induced single-phonon absorption. No structure isW'th theoretical calculations, but in contradiction to a previ-

present in the wave-number range of 460 ¢rim the calcu-  OUS publicatiorf _
lated IR-absorption specti&ig. 10a)]. This is due to the We have compared IR absorption and Raman measure-

chosen absorption selection ruk&ec. Il). Only Ge-Si dis- Ments in the spectral range of Ge-Si phonons. The Ge-Si

. . _l . .
placements contribute to the calculated IR-absorption spec4Pration at 390 cm-, developing from the LVM of an iso-
tra. lated Si atom is IR and Raman active. A second Ge-Si pho-

non at 400 crm? is only Raman active. We have identified
this Raman-active mode using lattice-dynamical calcula-
D. Combination modes for wave numbers higher tions. It is caused by at least two Si atoms at nearest-
than 500 cni-! neighbor lattice sites.
. , . ) ) Nearest-neighbor Si atoms also cause vibrations at about
Humliceket al, who investigated samples with Si content 450 ¢l For Ge-rich samples with low-Si content, we re-

up to x=0.01, tentatively attributed the absorption line atg,|ye an increasing number of Si-Si modes with increasing
505 cm ™ to the combination mode of the quasi-LVM at 115 g content in low-temperature Raman measurements in the
cm ! and the Si-LVM at 390 cm'.* They recorded their a - :

' y spectral range of 460 cm. We used an anharmonic Keating

absorption spectra only for wave numbers higher than 35(,,qe| to identify these different modes. The most intense
cm . Thus, Humlicelet al. did not observe the quasi-LVM  g;_g; jine at about 455 cit originates from Si nearest-

in their spectra, which is desirable to confirm their attrib“tionneighbor-pair vibrations. The other can be attributed to Vi-
71 . . - . . .
for the 505 cm ™ absorption. This is demonstrated in Fig. 8. prations of increasing number of neighboring Si atoms. The
The 505 cm™ is detectable for low-Si content af=0.005.  gj phearest-neighbor pair causes, in addition to two Raman-
For this low-Si content the quasi-LVM is already present in,cive modes, two IR active modes. We are able to observe
the spectra. The sum of the energies of the quasi-LVM anghese two modes in absorption measurements at 308 cm
the Si-LVM corresponds to the energy of the line at 50554 a5 a very weak line at 370 ch
cm” " up tox=0.06(inset Fig. 8. Forx>0.06 the absorption g confirm the attribution of Humlicelet al for the
maximum in the range of 500 cri does not correspond 10 505.cni ! absorption as a combination mode by the simulta-
the sum of the quasi-LVM and the Si-LVM anymore. The neous observation of the three lines: the quasi-LVM at 115
overall absorption in the wave-number range of 500 tm cm L the Si-LVM at 390 cmi’. and the combination mode
increases with rising Si conteffig. 2). This new develop- 4t 505 cmL, We observe further combination modes at 675,
ing absorption decreases with decreasing temperdfige 730 and 845 crit', which are attributed to the combination
3), indicating a two-phonon process. It can mask the line agf the Si-LVM with a TO phonon, two Si-LVM and the

505 cm ~ observed for low-Si content. Si-LVM plus Si-Si vibrations, respectively.
The absorption line at 675 cm (Fig. 9 appears already

at low-Si content, as the Si-LVM. The energy difference be-
tween this line and the Si-LVM is 285 c¢m. This corre-
sponds to the energy of a singularity in the density of states
for the TO phonon. Thus, we attribute the absorption line at The authors are indebted to Dr. J. Kifdich of the Uni-
675 cm ! to the combination of the Si-LVM and TO pho- versity of Jena for the x-ray diffraction measurements and L.
non. Such kind of two-phonon process was previously obRees-Isele for ampoule preparation. The financial support of
served by Waldner, Hiller, and Spitzer in lithium-boron- the DFG(Grant No. BE 896/7, PR 493/2nd DARA (Grant
doped SF! They found lines at the energy sum of lithium- No. 50 WM 95035 is gratefully acknowledged.
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