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Inter-valence-band electronic Raman scattering due to photoexcited holes in Ge1ÀxSix

Elena Nazvanova and Tohru Suemoto
The Institute for Solid State Physics, University of Tokyo, 7-22-1 Roppongi, Minato-ku, Tokyo 106, Japan

Shoichi Maruyama and Yukio Takano
Science University of Tokyo, Faculty of Industrial Science and Technology, Yamazaki 2641, Noda-shi, Chiba 278, Japan

~Received 28 December 1999!

The inter-valence-band electronic Raman scattering~IVRS! corresponding to the hole excitation from the
heavy hole to light hole band has been studied in the bulk Ge12x-Six alloys for 0,x,0.14. The measured
Stokes energy shift depends on the energy of the incident photons, and also on the alloy compositions. This
behavior is successfully explained invoking the resonant interband hole transitions at selected locations in the
Brillouin zone caused by the incident photons. The origin of the band width of the IVRS band is discussed in
terms of lifetime broadening and momentum uncertainty during the resonant scattering process.
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I. INTRODUCTION

The manipulation of semiconductor materials by t
growth of their alloys and superstructures leads to new
sometimes unexpected semiconductor properties. Exam
are the enhanced mobility and the appearance of new d
optical transitions in strained Si-Ge superlattices. Silicon a
germanium form a continuous series of solid substitutio
solutions in all proportions.1 Ge12xSix alloys have attracted
much revived attention because of their high potential fo
device application such as ‘‘quasi-direct-gap’’ photodet
tors and staircase-avalanche photodetectors. When S
mixed crystal is used as a substrate for the epitaxial gro
of Ge-Si superlattices, reduction of the stress due to lat
mismatching is expected. Although the valence and cond
tion bands of the most important semiconductors are w
understood by now, our knowledge of the band structure
their mixed crystals and strained lattices is still qualitativ
especially in the regions away from the zone center.

Raman scattering has long been known as a powerful
for characterization of electronic as well as the structural
vibrational properties of bulk semiconductors and also na
structural and heterostructured semiconductors.2 Owing to
the tunability of the incident photon energy, the reson
electronic Raman measurement provides additional infor
tion, that is, selectivity in the momentum space in exploiti
the electronic band structures.

The inter-valence-band Raman scattering~IVRS! origi-
nates from an electron transition from its initial energy st
in one of the valence bands to another state via an inter
diate state in the conduction band. Thus the Raman s
corresponds to the energy difference between these two
lence bands. This Raman band has been studied in
heavily doped semiconductors,3–5 and in Ge.6,7 In this report,
we present a study of the IVRS in the bulk Ge-Si alloys a
propose the use of IVRS as a tool for the band struct
investigation in this system.

II. EXPERIMENT

We investigated Ge12xSix bulk crystals withx varying
from 0 to 0.14. Polycrystalline ingots were grown by t
PRB 620163-1829/2000/62~3!/1873~5!/$15.00
d
les
ct
d
l

a
-
Ge
th
e
c-
ll
of
,

ol
d
-

t
a-

e
e-
ift
a-
he

d
e

liquid-encapsulated Bridgman method with CaCl2 as an
encapsulant8 and the samples were cut from that ingot, po
ished by alumina polishing suspensions and etched wit
diluted hydrofluoric acid. As the growth of Ge-Si monocry
tals of a uniform concentration is rather complicated,
used a portion of the ingot with a reasonable compositio
gradient across the surface. We applied a coating on the
ished 1 cm 31 cm sample surface by a mask of a pho
resist~Positive S1400-S1800 series Photoresist, SHIPLE!,
so the whole surface was mapped by grids into 200 cells w
a dimension of 0.5 mm31 mm. Therefore, we have go
200 ‘‘different samples’’ on a piece of one ingot with a de
nite composition determined sequentially by EPMA~elec-
tron probed micro-analysis! method.

Raman measurements have been performed in a qu
back-scattering geometry at room temperature. A tunable
Ti:sapphire laser~TSL300, Showa Optronics! and a ring
Rh6G-dye laser~Coherent CR-699! were used for excitation
The background fluorescence of the lasers was suppresse
a filter stage optics consisting of a prism and a slit. The la
light was focused on the sample surface by a spherical a
romatic lens (f 530 mm) to a spot of 30;50 mm diameter.
Owing to the long lifetime of carriers due to indirect-ga
nature of Ge, the carrier density reaches a rather high le
even under a cw excitation. The estimated density of
photoexcited holes was about 531017 cm23 under the exci-
tation power of 150–170 mW, assuming the electron gene
tion efficiency by one photon to be unity, and the same v
ues of a diffusion constant and a lifetime of holes as in R
7. The estimated heating of the samples was about 30
room temperature.

The maximum composition gradient across the sam
surface is estimated to be 2.2%/mm from our mapping d
and the composition uncertainty within the 50mm laser spot
will then be less than60.06%. The accuracy of the absolu
composition depends also on the positioning error of the
ser spot to the center of the cell. The error limit is estima
to be 60.17%, corresponding to the positioning error
675 mm.

Raman spectra have been recorded by a single monoc
mator ~SPEX 270 M, f 527 cm) equipped with a liquid-
1873 ©2000 The American Physical Society
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nitrogen-cooled CCD camera~SPEX! and super notch filters
~Kaiser Optical Systems!. The spectral resolution of the sys
tem was about 1 nm corresponding to;15 cm21 at 800 nm.
The experimental spectra were corrected for the instrume
spectral response. The intensity of the IVRS spectra
crossed polarization configuration was slightly larger th
that in parallel polarization. However, the shape and the
sition of the band were independent of the polarizati
Therefore, the spectra were always taken in nearly para
polarization during the measurements.

III. RESULTS

Typical Stokes spectra of Ge-Si alloy with 7.3 at. % of
recorded at room temperature for different incident pho
energies are shown in Fig. 1. The ordinate in the plot
proportional to the photon counting rate per unit energy
terval.

The prominent Raman-active peaks positioned at aro
300, 390, and 480 cm21 are attributed to the vibrations o
Ge-Ge, Ge-Si, and Si-Si neighboring pairs,9,10 respectively.
Their two-phonon replicas are found in the range from 6
to 800. In addition to these features, the broad structu
were observed in the 900–1600 cm21 region on the Stokes
side of the emission. The shift of the structure becom
larger with increasing the incident photon energy. A simi
behavior was already found inp2, n-doped, and intrinsic
Ge ~Refs. 7,11! and this band has been assigned to an in
valence-band transition of the photogenerated holes.

Typical spectra for a given photon energy~1.65 eV! in
alloys with different Si concentrations are shown in Fig.
When the Si concentration increases, decrease of Stokes
is observed. When the concentration exceeded abou
at. %, this broad structure overlaps with the intensive L
phonon related lines and becomes indistinguishable.

IV. DISCUSSION

We have plotted their Stokes shifts in Fig. 3 for differe
Si concentrations as a function of the laser frequency. In
the samples, we can see the following aspects.~i! The Raman
shifts increase as the photon energy increases.~ii ! They con-
verge to similar values at 2.06 eV.~iii ! The slope of the

FIG. 1. Raman spectra of Ge12xSix (x50.075) measured with
various excitation energies at room temperature.
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photon energy dependence increases as the Si concentr
increases.

The energy dispersion curves of holes in Si-Ge allo
were calculated in a way similar to Lawaetz’s calculation
Ge energy band structure.12 After Lawaetz, the energy spec
tra of the heavy-hole and light-hole bands@Eh(k), El(k)#
can be calculated analytically to the second order ink for two
special directions ink space:̂ 100& and^111&. For the^100&
direction we have12

Eh~k!52~A2B!k2, ~1!

El~k!52
1

2
@~2A1B!k21D#1H 1

4
@~2A1B!k21D#2

2D~A1B!k22~A12B!~A2B!k4J 1/2

, ~2!

FIG. 2. Raman spectra of Ge12xSix for variousx under 1.65 eV
excitation measured at room temperature. The arrows show
peak positions of the IVRS band.

FIG. 3. Composition and photon energy dependence of the p
frequencies of the IVRS band. The symbols correspond to exp
mental results. The broken curves show the calculated results
^100& and ^111& directions. The uppermost curve corresponds
pure Ge for̂ 111& but shifted for1135 cm21. The solid curves are
calculated results for̂111& direction shifted for1135 cm21. See
text for the detail.
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where A513.2760.025, B58.6360.12, uCu512.460.25
in units of \/2m, and m is the free electron mass. For th
^111& directions,B is replaced byD/A3, whereD5(3B2

1C2)1/2.
The energy spectrum of the conduction band is given

parabolic approximation by

Ec~k!5Ek21Egap, ~3!

whereEgap is the direct gap at theG point and is equal to
0.805 eV atT5300 K andE523.8 in units of\/2m. We
suppose that the incorporation of Si into Ge matrix in Si-
alloy only slightly affects the band structure of Ge, so
remained Ge type. Thus we assumed this influence to
represented simply by change of the direct band gap

Egap50.80513.38x/100, ~4!

wherex is the Si concentration in atomic percents.13

The calculated band structures for Ge12xSix are shown in
Fig. 4 for ^100& and ^111& directions ink space. While the
valence bands shown by the solid curves are common fo
values ofx, and the conduction bands displayed by solid a
broken curves correspond to those forx50 at. % andx
513.5 at. %, respectively. The resonant IVRS processes
\v incident51.63 eV are depicted in the figure by upward a
downward arrows. This process involves excitation of
electron from the light- to the heavy-hole band via an int
mediate state in the conduction band, resulting in scatte
of the corresponding hole from the heavy-hole to the lig
hole band. In this process, the increase of the photon en
should result in the increase of the Stokes shift, as was

FIG. 4. The calculated band structure of Ge12xSix and resonant
Raman processes. The solid curves correspond to pure Ge (x50)
and the broken curve shows the conduction band forx50.135. The
inset shows slightly nonvertical transitions in resonance with
incident photons.
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served in experiments. Another possible resonant IVRS p
cess is the excitation of an electron from the split-off ba
through an intermediate state in the conduction band and
deexcitation into the HH band. But this process is har
relevant to our experimental situation, since the result
Stokes shift should be much larger than 2000 cm21.

The Raman spectrum in this model is given by

I ~Dv!}(
i , f

P~Ei !dS Ei~kW !2Ef~kW !

\
2Dv D ueW2~R!eW1u2,

~5!

~R!mn5
1

m (
n

^ f u p̂mun&^nu p̂nu i &

\v incident2@En~kW !2Ei~kW !#1 iG
, ~6!

whereDv is the Raman shift,u i &,un&, and u f & are the wave
functions of the multiparticle system in initial, intermedia
and final states, and the energies of these states are de
by Ei(kW ), En(kW ), and Ef(kW ). In the intermediate state, w
have an excited electron in the conduction band, an hole
behind in the LH band, and thermally populated holes in
HH band. Neglecting the nonresonant terms in Eq.~6! and
assumingk-conserving transitions, the Raman shiftDv0 can
be estimated as

Dv05(
kA

PkA

El~kWA!2Eh~kWA!

\
, ~7!

where PkA
is the normalized weighting function reflectin

f h(12 f l)uMkA
u. uMkA

u contains the matrix element of thi

transition, f h(Eh), f l(El) are the distribution functions o
holes in the HH and LH bands, andkWA is a solution of the
equation

\v incident5Ec~kW !2El~kW !. ~8!

If we had non-k-conserving~indirect! transitions involv-
ing the Fermi surface in the heavy-hole band, the Ram
shift should decrease at higher excitation power correspo
ing to the lowering of the Fermi level. However, such depe
dence was never observed, so we rejected the possibilit
an indirect resonance and assumed thek-conserving transi-
tions.

The dependence of Raman shiftDv on the incident pho-
ton energy for the pure Ge was calculated for^100& and
^111& directions and shown in Fig. 3 by broken lines. A
though the tendency of the experimental data is well rep
duced, the absolute values of the calculated Raman shifts
these two directions are smaller than experimental value

As was already mentioned, the Kane’s calculations h
shown14 that the energy difference between the LH and H
bands has a maximum inkW i^111& directions, and a minimum
in kW i^100&, while the energy gap between LH and condu
tion bands is the smallest inkW i^111& direction. Therefore, all
the possible values of Raman shift are expected to lie in
definite range from the smallest one for the holes w
kW i^100&, to the largest—for the holes withkW i^111&, i.e., be-
tween these two curves.

As the hole population in the light hole band will be ne
ligibly small under steady state excitation, the intensity

e
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IVRS will reflect the hole density in the heavy hole ban
Assuming the Boltzmann distribution for heavy holes
room temperature, we estimated a ‘‘center of gravity’’ f
the Raman shift from a ratio

expS Eh~kA
W i^111&!

kBT
D Y expS Eh~kA

W i^100&!

kBT
D . ~9!

This ratio gives a value of 10 for a resonant condition
1.5 eV excitation, and 77 for a resonance at 2.06 eV, wh
means the difference in the efficiency of Raman scatte
for the holes withkW i^111& is about 1–2 orders of magnitud
larger than that for holes withkW i^100&. Thus we can expec
that the ‘‘center of gravity’’ should practically be located o
the curve calculated for̂111& direction.

We have still a discrepancy more than 150 cm21. How-
ever, it does not seem too large, considering the rather l
width of the Raman band (400–500 cm21). Furthermore,
the calculation based on thek•p method may not be very
accurate, because relevantk is as large as one tenth of th
Brillouin zone. Therefore, we shifted the curve f
1135 cm21 to get a better agreement with the experime
as shown by a solid curve for̂111&. The dependence o
Raman shiftDv on the incident photon energy for other
concentrations was calculated and shown in the same fi
by solid curves, which are shifted with the same amo
1135 cm21. All the important features~i! to ~iii ! are repro-
duced quite satisfactorily. The relatively large deviation
2.06 eV is again ascribed to the inaccuracy of the calculat
because the relevantk is even larger.

This IVRS band has an extremely large bandwidth~about
500 cm21 for excitation photon energies from 1.50 to 1.6
eV!, and it exceeds 700 cm21 for 2.06 eV. As mentioned in
Sec. II, the composition deviation within the laser spot is l
than 60.06%, which gives an additional broadening
7.7 cm21 for 1.5 eV excitation, according to the calculate
composition dependence of the Raman shift shown in Fig
Since this value is far smaller than the observed Ram
bandwidth itself, this cannot be the origin of the large ba
width. We can suppose several origins for the band broad
ing: ~1! Contribution from the transitions at variousk in the
Brillouin zone,~2! effect of disorder, and~3! lifetime broad-
ening. Although the contribution~1! has been suggested a
one of the reasons for the broadening in Ref. 7, this can
be larger than thê 111&-^100& splitting, which is only
100 cm21 as seen from the dash-dot curves in Fig. 4 and
not enough to explain the observed width. Effect of~2! does
not seem to be important, because there is no indicatio
the increase of the width in Si-doped samples compare
the pure Ge. The charged defects have been shown to
no effect on the band width.7 In the following, we will dis-
cuss the effect of~3! in some detail. When the resonant R
man process occurs among discrete three levels, the
width of the Raman spectrum is determined by the lifeti
broadening of the initial and the final states:

G l1Gh .

However in the present case, initial, intermediate and fi
states are continuously distributed and the Raman b
width depends also on the selectivity of the set of ene
.
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levels contributing to the light scattering process. As a c
sequence of the finite lifetime of the carriers, the mean f
path of the carrier will have a finite value. This brings abo
a wave vector uncertainty. Therefore, we cannot assu
strict vertical transitions in the resonance process with
incident light. The uncertainty in the wave vector is given
Dk51/(tvg)5(]k/]v)G, where vg is the group velocity
and G is the lifetime broadening of the relevant carrier
Considering this effect for the light holes and the conduct
electrons, we can expect slightly nonvertical transitions
shown in the inset of Fig. 4. The contribution to the ba
width from this effect is

Dk~vgl1vgh!5~G l1Ge!F11S ]vh

]k D S ]k

]v l
D G . ~10!

If the heavy hole mass is sufficiently larger than that of t
light hole, we can neglect the second term in Eq.~10!, and
the total band width is given by

G tot52G l1Gh1Ge . ~11!

As for the electrons, it has been shown that most electr
are initially scattered to theX valleys with a rate greater tha
1013sec21, even though they ultimately relax to the lowe
energyL valleys.15 They are scattered into theX valleys,
relax there, and are scattered from there to theL valleys in 1
ps range.

According to the cooling time of the heavy holes obtain
from a transient Raman scattering experiment,16 the phonon
emission rate of the hot heavy hole is in the order of 100
Although very little is known about the time scale of th
relaxation of the light holes, we can assume a similar va
as heavy holes. As a rough estimation, we assume 100 f
each carrier@which gives a Lorentzian band width~FWHM!
of 106 cm21# and sum up these widths following Eq.~11!.
Then we obtain 424 cm21, which is close to the observe
band width.

The carrier lifetime is shorter at positionsE sufficiently
above the conduction band edge~or below the valence band
edge! provided that most levels below are unfilled. Becau
the carrier–LO-phonon scattering probability is proportion
to the density-of-states~DOS! of the final state of a scatterin
process, and the DOS is in proportion toAE. Thus we can
qualitatively understand the larger band width observed
2.06 eV excitation.

V. CONCLUSIONS

The inter-valence-band Raman scattering has been
ported for Ge12xSix alloys with x ranging from 0 at. % to
about 15 at. % and for the incident photon energies from 1
to 2.06 eV. The comparison to a calculation based on
k•p method showed very good agreement in the tendenc
excitation energy dependence and in the compositional
pendence.
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