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Optical phonons in isotopic Ge studied by Raman scattering

J. M. Zhang, M. Giehlet, A. Gobel, T. Ruf, and M. Cardona
Max-Planck-Institut fu Festkaperforschung, Heisenbergstrae 1, D-70569 Stuttgart, Germany

E. E. Haller and K. Itoh
Lawrence Berkeley National Laboratory and University of California, Berkeley, California 94720
(Received 28 August 1997

The effects of isotopic substitution on tliepoint phonon in isotopically enriched%Ge, *Ge, “Ge, and
%Ge) and disorderednatural Ge and”’%Ge) germanium samples have been measured with Raman spectros-
copy. We believe, in contrast to earlier work, that intrinsic bulk Raman phonons are observed only when
surface oxides are removed by chemical etching, and a laser line in the red is used to greatly enhance the
penetration depth of the light. In high-resolution experiments at 10 K, performed under these conditions, we
obtain more precise phonon frequencies and find significantly reduced phonon linewidths than reported before.
Our observations improve on previous results, and are in better agreement with predictions of coherent-
potential-approximation and supercell calculatidi®0163-1828)00204-3

I. MOTIVATION nm, respectively, calculated with the optical parameters mea-
sured at 100 K’ In addition, the samples were chemically
Germanium has a wide range of stable isotopes spanningiched immediately before the Raman measurements to
from "%Ge to "5Ge. Intensive studies of the isotope effects inminimize the surface oxide thickness. This allows us to ob-
Ge have been performed in the past few years, since larggerve basically bulk phonons, and constitutes the starting
enough affordable quantities of highly enriched stable isopoint for a reinvestigation of the isotope effects in Ge. The
topes became availabte® Using high-resolution Raman measured data improve on the previous experimental results,
spectroscopy, Fuchet al. measured the average-mass de-and compare well with recent theoretical calculatithé
pendence of phonon frequencies and linewidths atIthe
point for some isotopically enriched Ge samples, natural Ge,
and a highly disordered”’%Ge alloy*® The isotopically en- Il EXPERIMENT
riched samples show a frequency inversely proportional to The isotopically pure samples, except for&e crystal,
the square root of the average mass, and a linewidth inare the same as those used befo¥®The surfaces investi-
versely proportional to the mass, in agreement with the hargated have th€111) orientation. The alloy sample?"%Ge,
monic approximation and Fermi's golden rule, respectivelyhas been grown in order to maximize the isotope disorder.
However, in natural Ge and th€"%Ge alloy isotope, disor- This sample was cut to obtain (400)-oriented surface. lts
der causes an additional shift of the phonon frequency and isotopic composition was determined with mass spectros-
broadening of the linewidth. These effects can be explainedopy as "°Ge (42.7%, "*Ge (2.1%), "3Ge (<0.1%), "‘Ge
within the framework of self-energy calculations based on(7.2%), and "®Ge (48.0% (accuracy=0.5%). Three natural
the coherent-potential approximati¢GPA). Ge samples were cut from the same crystal in the0),
Because of the small band gap in Gke indirect gap at (110, and(111) orientations, respectively. High-quality sur-
6 Kis E;=0.74 eV},® and the low frequency of the strongly faces for Raman measurements were prepared by chemome-
absorbingE; critical point (2.25 eV at 6 K.° light in the  chanical polishing with SYTON which was performed in an
visible is attenuated rapidly. The absorption coefficienat  identical way for all of the Ge samples. The surfaces were
5145 A, where most experiments have been performed sfurther etched for about 2 min in 5% HF aqueous solution to
far, is as high as 810° cm™* at 100 K’ This leads to an remove the oxide films immediately prior to the
effective penetration depth 12of only 8 nm, comparable to measurements®1%11
the typical thickness of oxide films on Ge surfaces prepared Raman measurements were performed in the usual back-
only by polishing (1 nm).”® Raman measurements at this scattering configurations using the 5145, 6471, or 6764 A
wavelength are therefore very sensitive to surface effectdaser lines from either an Ar- or a Kr-ion laser with excita-
Surface stress and enhanced nonradiative recombination tn powers of 100 mW and a line focus. We verified that
the Ge-oxide interface cause an inhomogeneous line broagample heating can be neglected. High resolution was
ening and a reduction of the signal intensity. They shouldachieved by measuring in the 11flor 5145 A excitation or
thus be avoided for precise measurements of isotope effectgighth (for the 6471 and 6764 A excitations, respectiyely
In this work, we present the Raman spectra of isotopicallydiffraction order of the 316 groves/mm echelle gratings of a
pure (%Ge, *Ge, “Ge, and"®Ge) and disorderednatural f=2.0 m SOPRA(Societede Production et de Recherches
Ge and’?"%Ge) samples, measured with the 6471 and 6764Appliquees double monochromatofmodel DMDP 2000.
A Kr-ion laser lines. At these wavelengths the samples havén f=0.85 m double monochromatémodel SPEX 1404
much larger penetration depths than at 514%6A and 87  with 1800 groves/mm holographic gratings was also used for

0163-1829/98/5()/13484)/$15.00 57 1348 © 1998 The American Physical Society



57 BRIEF REPORTS 1349

s measured data i j 2076 !
—— _fitted Voigt profile Ge

Natural Ge

FIG. 1. High-resolution Raman spectra of iso-
topically enriched and disordered Ga&s marked
in the figurg. The spectra were taken at 10 K
with 6471 A excitation. Arrows point to the low-
energy shoulders in the spectra of natural Ge and
"07%Ge alloy samples.
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the measurements. With very narrow slit widths and longasymmetry almost vanishes when the spectra are measured
integration times the required high resolution can also bavith the red laser lines. As shown in Figi2, much weaker
achieved on this instrument. The scattered light was detectddw-energy shoulders with similar intensities for all three
by single-photon counting. A nearby emission line from adirections are then found in this series of natural Ge samples.
neon lamp was always measured together with the Ramafhe reduction of the absorption coefficient by almost one
peaks from the Ge samples in order to obtain a precise calorder of magnitude when the samples are excited with the
bration of the frequency scale. The phonon lines were meaed laser lines(6471 A: a=7.8x10* cm™%; 6764 A: o
sured several times for each sample. =5.8x10* cm™ ) results in a much slower spatial decay of
the incident laser light. From the phenomenological one-
dimensional modé, the half-width of the wave-vector
spread due to the attenuation of light, which is equal to the
Figure 1 shows the Raman spectra of the isotopically pur@bsorption coefficiente, thus decreases from 0.54% at
and disordered Ge samples at 10 K, measured with an excb145 A, to 0.07% and 0.05% of the length of Brillouin zone
tation of 6471 A. The spectra are normalized in intensity,(27/a) at 6471 and 6764 A, respectively. As a result, much
and constant backgrounds were subtracted for the sake &fwer(q+0) phonons contribute to the Raman spectrum. The
comparison. The dotted lines represent experimental datapsorption-induced line-shape asymmetry vanishes, while al-
while the solid lines are fits with Voigt profiles which corre- most only the isotopic-disorder-induced low-energy shoulder
spond to the convolution of a Lorentzian phonon peak withpersists. In addition, we have found small but systematic
the Gaussian instrumental profife A fixed width of 0.43 differences of the phonon linewidths in natural Ge samples
cm™ ! full width at half maximum, used for the Gaussian with different orientations. Measurements with the 6471 A
component in these fits, was obtained by measuring the spelaser line as in Fig. () yield I'=0.662), 0.632), and
trum of the laser line under identical conditions as the pho0.64(2) cm~? for (100)-, (110)-, and(111)-oriented natural
non peaks. In contrast to the case of the 2.41 eV excitdtionGe. These differences in linewidth, although marginal, seem
spectra of the isotopically pure sampléSGe, "°Ge, "“Ge, to be real. They are not yet fully understood. Significant
and "®Ge) can be well fitted by Voigt line shapes without differences in phonon line shapes for the various scattering
obvious low-energy tails. The tails persist, however, in thesurfaces were reported in Ref. 15. However, they only occur
two disordered samples, as indicated by the arrows in Fig. Jabove theE; gap (2.2 eV), i.e., in the presence of strong
Two processes are responsible for asymmetric Raman lingbsorption. It is therefore unlikely that the proposed origin of
shapes in G&'2 (i) isotopic disorder contributions to the these differencega double resonance at ti® gap (Ref.
frequency-dependent self-energy; diigl absorption of laser
light which occurs even in isotopically pure samples. In ad-
dition to an asymmetric broadening of the Raman line, iso-
tope disorder also leads to pronounced tails reflecting the:
phonon density of states 10—20 ¢ below the I'-point
phonon frequency.Strong absorption of the laser light leads
to a corresponding spread in the wave vecfoAs a result
(g#0) phonons on the lower-frequency side of thepoint
phonon can be observed. When the samples are excited wit
the 5145 A laser line, the second process makes the domi:
nant contribution to the low-energy tail because of the very
strong absorption. This can be seen in the spectra of natura
Ge samples with different orientations shown in Fi¢a)2
For the polarization chosen, only L@'{X), TO (I"-L), and NI VT e T
TO (I'-K) phonons are observed in tl#00)-, (111)-, and 303 304 305 306 307 303 304 305 306 307
(110-oriented samples, respectivéfyThe curvature of the Raman Frequency (em ) Raman Frequency (cm )
phonon dispersion around thiepoint increases when going  FIG. 2. Raman spectra of natural @ashed lineswith differ-
from LO (I'-X) to TO (I'-L), and further to TO K‘-K).14 ent orientations as indicated. The spectra were taken at 10 K with
This explains the significant enhancement of the asymmetrg145 A (a) and 6471 A(b) excitations. The fitgsolid lines were
in the spectra of Fig. @ from the bottom to the top. The performed only in the regions defined by the arrows.
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FIG. 3. Raman frequency as a function of the average mass FIG. 4. Intrinsic phonon linewidth of isotopic Ge vs the average
measured at 10 K, for isotopically enriched and disordered G&nass: measured at 10 K, with an excitation of 6471 A. @hénitio

— linewidth reported in Ref. 20 for isotopicall ure Ge with
samples. The solid line is a calculation witb=2595.73/\/a —726is ind?cated by the circle P yp
cm™ 2. ' '

" \ain the ob i red here. M « jherex; is the fraction of isotope, m its mass, andn the
) can explain the observations reported here. More work i verage mass. This equation yietgs=5.87x 10~ * for natu-

needed to elucidate the differences in linewidth reporteq,, - andg,=1.53x 10~2 for the alloy, respectively. Using

he::e_, aPed ;;h:ﬁ%posstsﬁzlemdezge?ggnpggn?gnlffr f;‘l”i'ﬁ%’& & g. (1) we obtain a disorder-induced frequency shift of 0.41
Igu W u quency shi m~* for the natural sample, and 1.07 crhfor the "¥"%Ge

the Ge samples versus the average mass. For the isotopica }foy sample, respectively

pure Ee samples, the phonon frequencies follow can The experimental values of our reinvestigated phonon fre-
~1/y/m behavior, indicated by the solid line, within the ex- quencies and linewidths are more precise than the previous
perimental errors. This behavior is expected within the harpnes, and in better agreement with the calculations. The
monic approximatior:* Additional frequency shifts are ob- disorder-induced frequency shift had been reported to be
served for the natural and alloy samples which arise fronp 74 cm! for natural Ge and 0.98 cmt for the 7776 Ge
their isotope mass disorder. This additional shift is 0.343]l0y %19 The value in the natural sample evidently deviates
+0.04 cm * in natural Ge, and 1.060.04 cm* in the  from the predictions, since the additional frequency shift
"%"Ge alloy sample, which has nearly the maximum isoto-should be proportional to the mass-fluctuation paramgger

pic disorder possible with natural isotopes. Recent single-sitghus the disorder-induced frequency shift is expected to be
CPA calculations, based on the density of states obtaine@rger by a factor of about 2.6 in the alloy than in natural Ge.
within the harmonic approximation, predict that the disorder-This is observed in the experiments reported here, and also
induced frequency shift of thd -point optical phonon predicted by the full CPA and supercell calculatidfis.
amounts t0(0.4+0.1) cm* for natural Ge, and1.2+0.1) The phonon linewidths measured with red laser lines are
cm ' for the alloy sample, depending on the lattice- significantly smaller than the ones obtained with 5145 A,
dynamical model used to obtain the phonon density oboth in the present work and in previous rep6rta. (111)-
states:® A 216-atom supercell lattice-dynamical simulation oriented natural Ge we find a full width at half maximum
predicts these values to §8.3+0.2) and (1.1+0.2) cm™*,  (FWHM) of 0.87+0.02 cni X when chemical polishing with
respectively:® A simple estimate from second-order pertur- SYTON is performed prior to the measurement and the

bation theory can also provide a reasonable prediction 05145 A laser line is chosen. This value decreases to 0.76
these disorder-induced frequency shifts! The disorder-  +0.02 cni'? after chemical etching with HF, and further to

induced frequency shift is given by 0.66+0.02 cm * when the 6471 A laser line is used. The last
number is in excellent agreement with tab initio predic-
w3 1 tion reported in Ref. 20, which gives a linewidth of 0.67
Aw:gZEL —— s Na(w))doj, (D cm? for isotopically pure Ge withm=72.6. This result
0~ wj

confirms our hypothesis: because of the strong absorption in
where the phonon density of staté¢ke measured dathare ~ the visible, the measured phonon line shapes are strongly
chosen heneare normalized througliZNy(w;)dw;=6. The affected by surface oxide films, which have a thickness com-
parable to the penetration depth of the light, and by contri-
butions from phonons with nonzeip vector near the Bril-
m | 2 louin zone center. The present data are therefore much closer
1- —_') ,

mass-fluctuation parametgs is given by

(2)  totheintrinsic phonon linewidth in bulk Ge, since the oxide
films were removed and the penetration depth is much larger.

9222 Xj
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Figure 4 shows the FWHM versus the average atomic mass This calculation gives an additional broadening of 0.017
in isotopic Ge, measured with etched surfaces and an excem ! for natural Ge, and of 0.046 cm for the
tation of 6471 A. Within the experimental error, determined "°Ge, s "°Ge, 5 alloy, in agreement with the measured data.
from several measurements, the linewidths of the isotopi-

cally pure Ge samples decrease with increasing average IV. CONCLUSION
mass. This behavior, shown by the solid line in the figure, is _ o
well described b)l“:45.6/nT, and can be explained by Fer- In summary, nominally intrinsic Ge phonons can be ob-

mi's golden rule™* The broadening of the phonon lines due served in Raman spectroscopy using an excitatio_n line in the
to the anharmonic decay through three-phonon interaction iE.?]d to elnhtarr:g:e thfethpenetrat;on d]‘fpth 9I'fh'th(Ia I'ghtt' and a
proportional to the interaction strength-t~%?) and the chemical etching of the sample surace. this feads fo a sig-

o ) T oy nificant decrease of the measured linewidths, and to more
two-phonon joint density of states{(m*?).* This yields the precise data for the phonon frequency shifts with isotope

I'~1/m law at zero temperature, in good agreement with thesubstitution. Using this advantage we have reinvestigated the
experimental data for the isotopically pure samples. isotope effects on th&-point phonon in isotopically pure
An additional broadenin§(0.03+0.03 cm™ ! for natural  (7°Ge, *Ge, “Ge, and’®Ge) and disorderednatural Ge and
Ge, and(0.06:0.03 cm™* for the alloy samplgis clearly  7%7%Ge) samples. The observations improve on the previous
seen in the two isotopically mixed samples. Their linewidthsresults and are now in better agreement with CPA and super-
lie significantly above those expected from the inversecell calculations.
average-mass rule. This can be attributed to a combination of
disorder-induced scattering and anharmonic decay. Including
the anharmonic broadening in the phonon density of states,
Ng(w), yields a nonvanishing scattering probability on the We thank C. Ulrich for his help on the chemical etching
mass defects. One can thus estimate the mass-disordemd discussions. Thanks are due to M. Siemers, H. Hirt, and
induced broadening of the optical phonon with theP. HieR3l for technical assistance. This work was supported in
expression part by an INTAS grant. One of the authdis M. Z)) grate-
fully acknowledges financial support from the Max-Planck-
3) Gesellschaft. Thanks are also due to A. Cantarero for a care-
ful reading of the manuscript.
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