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Inter-valence-band electronic Raman scattering due to photoexcited holes in Ge,Si,
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The inter-valence-band electronic Raman scattefiWgRS) corresponding to the hole excitation from the
heavy hole to light hole band has been studied in the bulk G8i, 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.

I. INTRODUCTION liquid-encapsulated Bridgman method with CaGls an
encapsulafitand the samples were cut from that ingot, pol-
The manipulation of semiconductor materials by thejshed by alumina polishing suspensions and etched with a
growth of their alloys and superstructures leads to new angjjuted hydrofluoric acid. As the growth of Ge-Si monocrys-
sometimes unexpected semiconductor properties. Examplegis of a uniform concentration is rather complicated, we
are the enhanced mobility and the appearance of new direglseq a portion of the ingot with a reasonable compositional
optical transitions in strained Si-Ge superlattices. Silicon ang o dient across the surface. We applied a coating on the pol-
germanium form a continuous series of solid substitutiona shed 1 cmx1 cm sample surface by a mask of a photo-
solutions in all proportions.Ge, -,Siy alloys have attracted resist(Positive S1400-S1800 series Photoresist, SHIPLEY
much revived attention because of their high potential for &, ihe whole surface was mapped by grids into 200 cells with

device application such as ‘“quasi-direct-gap” photodetec—a dimension of 0.5 mmx1 mm. Therefore, we have got

tors and staircase-avalanche photodetectors. When Si-Ggyq «jitferent samples” on a piece of one ingot with a defi-
mixed crystal is used as a substrate for the epitaxial growth. composition determined sequentially by EPMélec-
of Ge-Si superlattices, reduction of the stress due to latticg.,, probed micro-analysisnethod

mismatching is expected. Although the valence and conduc- Raman measurements have been performed in a quasi-

tion bands of the most important semiconductors are wel ack-scattering geometry at room temperature. A tunable cw

understood by now, our knowledge of the band structures i:sapphire laseTSL300, Showa Optronigsand a ring

their mixed crystals and strained lattices is still qualitative,RHGG_dye lasefCoherent &ZR-GQ)QNere used for excitation

especially in the r_eglcr)]ns ?waybfromkthe Zone center. tul tog e background fluorescence of the lasers was suppressed by
Raman scattering has long been known as a powerful tog] fiyer stage optics consisting of a prism and a slit. The laser

qur) chgracltenzatmn of eflgctlLonlc as WZ” as the stdrucltural aNGight was focused on the sample surface by a spherical ach-
Vi rat'on? prgpﬁrtles orbu s%mlcon_ uct(;)ri%an alSo NaNoz, matic lens f=30 mm) to a spot of 3850 xm diameter.
structural and heterostructured semiconducto®wing 10 oing to the long lifetime of carriers due to indirect-gap

the tune_1b|llty of the incident photon. energy, .the resonantaure of Ge, the carrier density reaches a rather high level
electronic Raman measurement provides additional mformaéVen under a cw excitation. The estimated density of the

tion, that is, selectivity in the momentum space in eXplomngphotoexcited holes was abouk@0 cm2 under the exci-

theT(re]Iec_tr?nlc bland stk:uctéjr;s. tterifdRS) oriai tation power of 150—170 mW, assuming the electron genera-
€ Inter-vaience-band raman sca e_r(_‘g ) origi- tion efficiency by one photon to be unity, and the same val-
nates from an electron transition from its initial energy state .o ¢ 4 diffusion constant and a lifetime of holes as in Ref

Idn' one of th? varllence t()jand_s toban?jth(?rrhstatehwaRan mterrtr]].E The estimated heating of the samples was about 30 K at
iate state in the conduction band. Thus the Raman shift) temperature.

corresponds to the energy difference between these two va- The maximum compositi -

; o position gradient across the sample
lence bands. Th|s_ Ramano}_ts)Sand has tée7en S_tUd'ed In trE‘?Jrfac:e is estimated to be 2.2%/mm from our mapping data,
heavily doped semiconduct ,a_nd in Ge."In th's_ report, nd the composition uncertainty within the 50m laser spot
We present a study of the [VRS in the bulk Ge-Si alloys an ill then be less thar-0.06%. The accuracy of the absolute

propose t_he use .Of IVRS as a tool for the band StruCtur%omposition depends also on the positioning error of the la-
investigation in this system. ser spot to the center of the cell. The error limit is estimated
to be £0.17%, corresponding to the positioning error of
*£75 pm.

We investigated Ge ,Si, bulk crystals withx varying Raman spectra have been recorded by a single monochro-
from O to 0.14. Polycrystalline ingots were grown by the mator (SPEX 270 M,f=27 cm) equipped with a liquid-

Il. EXPERIMENT
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FIG. 1. Raman spectra of GgSi, (x=0.075) measured with

. o . FIG. 2. Raman spectra of GeSi, for variousx under 1.65 eV
various excitation energies at room temperature.

excitation measured at room temperature. The arrows show the
peak positions of the IVRS band.

nitrogen-cooled CCD camef&PEX and super notch filters
(Kaiser Optical SystemsThe spectral resolution of the sys-
tem was about 1 nm corresponding+d5 cm ! at 800 nm. !
The experimental spectra were corrected for the instrumentérﬂcriases' . . f holes in Si I
spectral response. The intensity of the IVRS spectra in The Ieneirgy d}Spersmn 'cu':ves of holes ’m SI"GIe a oy?
crossed polarization configuration was slightly larger tha Were calculated in a way similar to Lawaetz’s calculation o

n
that in parallel polarization. However, the shape and the poge energy band structuéAfter Lawaetz, the energy spec-

tra of the heavy-hole and light-hole bangs, (k), E;(k)]

sition of the band were independent of the polarization. an be calculated analvtically to the second ordéefor two
Therefore, the spectra were always taken in nearly paralle(f Y y

polarization during the measurements special directions ik space{100) and(111). For the(100
' direction we hav¥

photon energy dependence increases as the Si concentration

Ill. RESULTS
En(k)=—(A-B)K?, 1)
Typical Stokes spectra of Ge-Si alloy with 7.3 at. % of Si
recorded at room temperature for different incident photon
energies are shown in Fig. 1. The ordinate in the plot is ) 1 ) )
proportional to the photon counting rate per unit energy in-  Ei(K)=—=5[(2A+B)k™+A]+) 7[(2A+B)k"+A]

terval.

The prominent Raman-active peaks positioned at around 5 4 12
300, 390, and 480 cnt are attributed to the vibrations of —A(A+B)K"—(A+2B)(A-B)k ’ @
Ge-Ge, Ge-Si, and Si-Si neighboring pairS,respectively.
Their two-phonon replicas are found in the range from 600 1600
to 800. In addition to these features, the broad structures 1 pure Ge
were observed in the 900—1600 thregion on the Stokes 11— e

side of the emission. The shift of the structure becomes 1400-: _________________________________________________
larger with increasing the incident photon energy. A similar - - >

)

12.8 at% Si
13.5 at% Si

behavior was already found ip—, n-doped, and intrinsic § 1.1
Ge (Refs. 7,11 and this band has been assigned to an inter- £ 120 fss:
valence-band transition of the photogenerated holes. ‘2 e DPureGe
Typical spectra for a given photon ener¢y.65 e\j in % ] " 73a%Si
alloys with different Si concentrations are shown in Fig. 2. ~ 10007 : 9-3 au% Si
[ ]

When the Si concentration increases, decrease of Stokes shi
is observed. When the concentration exceeded about 1!
at. %, this broad structure overlaps with the intensive LO- A D D e e D

phonon related lines and becomes indistinguishable. 8 8 7 8 9 20 21
Photon energy (eV)

IV. DISCUSSION FIG. 3. Composition and photon energy dependence of the peak

) o ) frequencies of the IVRS band. The symbols correspond to experi-
We have plotted their Stokes shifts in Fig. 3 for different mental results. The broken curves show the calculated results for

Si concentrations as a function of the laser frequency. In a|{100) and (111) directions. The uppermost curve corresponds to
the samples, we can see the following aspéttShe Raman  pure Ge for111) but shifted for+ 135 cm L. The solid curves are
shifts increase as the photon energy increaggsthey con-  calculated results fof111) direction shifted for+135 cm*. See
verge to similar values at 2.06 eViii) The slope of the text for the detail.
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2.0 1 - served in experiments. Another possible resonant IVRS pro-
1= Ge,, 81, ) cess is the excitation of an electron from the split-off band

! through an intermediate state in the conduction band and its
deexcitation into the HH band. But this process is hardly
relevant to our experimental situation, since the resulting
Stokes shift should be much larger than 2000~ ¢m

The Raman spectrum in this model is given by

: ", x=13.5at%
1.5 .

0 Ei(K) —E¢(K .
gl . |(Aw)“; P(Ej) & %—Aw lex(R)es |2,
gﬁ _ (5)
5 o5 w L UAIGERD o
#om ey ﬁwincident_[En(E) - Ei(E)]'HF ’

whereAw is the Raman shiftli),|n), and|f) are the wave
functions of the multiparticle system in initial, intermediate
and final states, and the energies of these states are denoted

by E;(k), E,(K), and E¢(K). In the intermediate state, we
have an excited electron in the conduction band, an hole left
behind in the LH band, and thermally populated holes in the
HH band. Neglecting the nonresonant terms in &j).and

X =—— Wave Numbers (10'cm™) —L assumingk-conserving transitions, the Raman shifio, can

be estimated as

0.0 1

-0.5
1 <100> 0.0 <111> 1.5

FIG. 4. The calculated band structure of,GgSi, and resonant

Raman processes. The solid curves correspond to purex&6)( EI(IZA) _ Eh(IZA)
and the broken curve shows the conduction bancfe0.135. The Awg= Z PkAT’ (7)
inset shows slightly nonvertical transitions in resonance with the Ka

incident photons. where P, is the normalized weighting function reflecting

where A=13.27+0.025, B=8.63-0.12, |C|=12.4+0.25 h(1~f)[Mi,- [My,| contains the matrix element of this
in units of #/2m, andm is the free electron mass. For the ransition, fn(En), fi(E,) are the distribution functions of
<]_l]_> directions,B is replaced byD/\/g, WhereD:(382 holes in the HH and LH bands, arid is a solution of the

+C2)12 equation
The energy spectrum of the conduction band is given in . .
parabolic approximation by f wincident= Ec(K) — E(K). (8)
E.(k)=EK? + Egapy 3) If we had nonk-conserving(indirect) transitions involv-

ing the Fermi surface in the heavy-hole band, the Raman
where E g, is the direct gap at th& point and is equal to  shift should decrease at higher excitation power correspond-
0.805 eV atT=300 K andE=23.8 in units of4/2m. We ing to the lowering of the Fermi level. However, such depen-
suppose that the incorporation of Si into Ge matrix in Si-Gedence was never observed, so we rejected the possibility of
alloy only slightly affects the band structure of Ge, so itan indirect resonance and assumed kimnserving transi-
remained Ge type. Thus we assumed this influence to béons.

represented simply by change of the direct band gap The dependence of Raman shifto on the incident pho-
ton energy for the pure Ge was calculated {400 and
Egap= 0.805+ 3.38/100, (4) (111 directions and shown in Fig. 3 by broken lines. Al-
) . o . though the tendency of the experimental data is well repro-
wherex is the Si concentration in atomic percefits.  gyced, the absolute values of the calculated Raman shifts for
~ The calculated band structures for,GgSi, are shown in  these two directions are smaller than experimental values.
Fig. 4 for (100 and(111) directions ink space. While the ~ As was already mentioned, the Kane’s calculations have

valence bands shown by the solid curves are common for ajhowrt* that the energy difference between the LH and HH

values ofx, and the conduction bands displayed by solid an : > N -
broken curves correspond to those fo=0 at.% andx dnands has a maximum ki(111) directions, and a minimum

=13.5 at. %, respectively. The resonant IVRS processes fdp K|(100), while the energy gap between LH and conduc-
f wincigen= 1.63 €V are depicted in the figure by upward andtion bands is the smallest ki(111) direction. Therefore, all
downward arrows. This process involves excitation of anthe possible values of Raman shift are expected to lie in the
electron from the light- to the heavy-hole band via an inter-definite range from the smallest one for the holes with
mediate state in the conduction band, resulting in scattering||(100), to the largest—for the holes wit[(111), i.e., be-

of the corresponding hole from the heavy-hole to the light-tween these two curves.

hole band. In this process, the increase of the photon energy As the hole population in the light hole band will be neg-

should result in the increase of the Stokes shift, as was obigibly small under steady state excitation, the intensity of
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IVRS will reflect the hole density in the heavy hole band.levels contributing to the light scattering process. As a con-
Assuming the Boltzmann distribution for heavy holes atsequence of the finite lifetime of the carriers, the mean free
room temperature, we estimated a “center of gravity” for path of the carrier will have a finite value. This brings about
the Raman shift from a ratio a wave vector uncertainty. Therefore, we cannot assume
_ _ strict vertical transitions in the resonance process with the

En(kall(112)) En(kall(100) incident light. The uncertainty in the wave vector is given by

ex kB—T kB—T : ©) Ak=1/(rvg)=(dkldw)I', wherev, is the group velocity

and I' is the lifetime broadening of the relevant carriers.

This ratio gives a value of 10 for a resonant condition atConsidering this effect for the light holes and the conduction
1.5 eV excitation, and 77 for a resonance at 2.06 eV, whiclelectrons, we can expect slightly nonvertical transitions as
means the difference in the efficiency of Raman scatteringhown in the inset of Fig. 4. The contribution to the band

for the holes withk||(111) is about 12 orders of magnitude Width from this effect is
&wh) ( Ik

larger than that for holes witk]|(100). Thus we can expect

that the “center of gravity” should practically be located on Ak(vgitvgn)=(I'+ ) ok [\ dw,

the ngr;]/zvcealsctﬁlla;e(i;ggégng)'/ri?g?;'t han 150 dmbow. tr?ehh?avy hole massI is sEfficientlyO:arger than that o(; the

ever, it does not seem too large, considering the rather Iard[!ﬁq t Oleé) W% cag Q?g ectt %secon term in EXp), an

width of the Raman band (400-500 ch). Furthermore, € total band width is given by

the calculation based on the p method may not be very Tyoi=20+ T+ T . (11)

accurate, because relevdats as large as one tenth of the

Brillouin zone. Therefore, we shifted the curve for  Asfor the electrons, it has been shown that most electrons

+135 cm ! to get a better agreement with the experimentare initially scattered to th¥ valleys with a rate greater than

as shown by a solid curve fgf111). The dependence of 10%sec !, even though they ultimately relax to the lower-

Raman shiftAw on the incident photon energy for other Si energyL valleys!® They are scattered into thé valleys,

concentrations was calculated and shown in the same figurelax there, and are scattered from there tolthvalleys in 1

by solid curves, which are shifted with the same amounfs range.

+135 cm . All the important feature$) to (iii ) are repro- According to the cooling time of the heavy holes obtained

duced quite satisfactorily. The relatively large deviation atfrom a transient Raman scattering experimérihe phonon

2.06 eV is again ascribed to the inaccuracy of the calculationemission rate of the hot heavy hole is in the order of 100 fs.

because the relevaktis even larger. Although very little is known about the time scale of the
This IVRS band has an extremely large bandwi@thout  relaxation of the light holes, we can assume a similar value

500 cmi ! for excitation photon energies from 1.50 to 1.65 as heavy holes. As a rough estimation, we assume 100 fs for

eV), and it exceeds 700 cm for 2.06 eV. As mentioned in each carriefwhich gives a Lorentzian band widtRFWHM)

Sec. II, the composition deviation within the laser spot is lesof 106 cni '] and sum up these widths following E€.1).

than +0.06%, which gives an additional broadening of Then we obtain 424 cm', which is close to the observed

7.7 cm ! for 1.5 eV excitation, according to the calculated band width.

composition dependence of the Raman shift shown in Fig. 3. The carrier lifetime is shorter at positionts sufficiently

Since this value is far smaller than the observed Ramaabove the conduction band ed@e below the valence band

bandwidth itself, this cannot be the origin of the large bandedge provided that most levels below are unfilled. Because

width. We can suppose several origins for the band broaderhe carrier—LO-phonon scattering probability is proportional

ing: (1) Contribution from the transitions at variollsn the  to the density-of-state®OS) of the final state of a scattering

Brillouin zone, (2) effect of disorder, andd) lifetime broad-  process, and the DOS is in proportion {&. Thus we can

ening. Although the contributiofil) has been suggested as qualitatively understand the larger band width observed at

one of the reasons for the broadening in Ref. 7, this cannat.06 eV excitation.

be larger than the(111)-(100 splitting, which is only

100 cm ! as seen from the dash-dot curves in Fig. 4 and is V. CONCLUSIONS

not enough to explain the observed width. Effec{2)fdoes

not seem to be important, because there is no indication of The inter-valence-band Raman scattering has been re-

the increase of the width in Si-doped samples compared tported for Ge_,Si; alloys with x ranging from 0 at. % to

the pure Ge. The charged defects have been shown to ha@out 15 at. % and for the incident photon energies from 1.46

no effect on the band widthin the following, we will dis- to 2.06 eV. The comparison to a calculation based on the

cuss the effect of3) in some detail. When the resonant Ra- k- p method showed very good agreement in the tendency of

man process occurs among discrete three levels, the basgcitation energy dependence and in the compositional de-

width of the Raman spectrum is determined by the lifetimependence.

broadening of the initial and the final states:

1+ (10)
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