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With the use of a KCIL:T] color-center laser, light scattering by free carriers has been studied in
heavily doped p-type germanium with the incident-photon energy resonant with the E, gap. The
doping levels investigated range from 8.5 10'® up to 2 10" ecm—3. The electronic contribution to
the Raman spectrum shows up as a broad and intense band with the maximum shifted relative to
the laser frequency by approximately the Fermi energy of the holes. This electronic scattering arises
predominantly from interband excitations of electrons from the light-hole into the heavy-hole
valence band. The theory for the electronic scattering efficiency, which assumes wave-vector con-
servation, gives only an incomplete description of the observed Raman spectrum. This emphasizes
the importance of transitions without wave-vector conservation for the light scattering by electronic
excitations in this material. The Raman phonon shows a strong asymmetry due to a Fano interfer-
ence with the electronic continuum. The line shape is found to depend strongly on the correspond-
ing hole concentration. The absolute scattering efficiencies have been determined for both the elec-
tronic and the phonon scattering. For the phonon efficiency an order-of-magnitude decrease is ob-
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served as compared to intrinsic material.

I. INTRODUCTION

Free carriers in semiconductors introduced by heavy
doping can be observed in Raman scattering.! Interband
and intraband excitations of the free carriers can interfere
with the zone-center optic phonon and produce Fano-type
asymmetric line shapes.! For heavily doped p-type Si the
electronic Raman scattering, as well as the effect of heavy
doping on the one-;)honon Raman spectrum, have been
studied in detail.>~’ For p-type Ge, however, only the
Fano-type asymmetry of the one-phonon Raman line has
been investigated.®®

Electronic Raman scattering in Ge has been reported by
Doehler, Colwell, and Solin using the 2.1-um radiation of
an ABC-YAG (yttrium-aluminum-garnet) laser.'®!! They
studied pure and doped samples with carrier concentra-
tion in the range from 10" to 10" cm™3. For n-type
samples valley-orbit as well as single-particle scattering
was observed,!%!! whereas the spectral features in the Ra-
man spectra of p-type samples remain unexplained.lo
More heavily doped n-type samples show scattering by
plasmons'? and by intervalley density fluctuations.'?

In this study we present electronic and vibronic Raman
spectra of heavily doped p-type germanium (p=10'—10"
cm™3). The spectra were measured using a tunable color-
center laser for the excitation with photon energies just
below the E, gap (0.85 eV for the present carrier concen-
trations'¥). Excitation with these photon energies has the
advantage of a relatively large scattering volume because
only indirect valence to conduction-band absorption is
possible.”® Another advantage of this laser for studying
light scattering by free holes is the resonant enhancement
of the scattering intensity for photon energies close to the
E, gap.

The electronic scattering shows up as a broad band with
its maximum at an energy shift roughly equal to the hole
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Fermi energy. This band arises from momentum-
conserving as well as nonconserving interband excitations
of free holes. The scattering of light by the 304-cm~! Ra-
man phonon shows a strong interference with the elec-
tronic continuum. From the the present experiments, the
absolute cross section for both the electronic and the pho-
non scattering are determined.

In Sec. II of this paper we give a description of the ex-
perimental setup. The experimental results are presented
in Sec. III and discussed in Sec. IV. In Sec. V the con-
clusions are given.

II. EXPERIMENTAL DETAILS

The samples used in the present study were bulk-doped
with gallium, having carrier concentrations in the range
from 8.5 10'® to 2 10! cm~3. Backscattering was ob-
served for (111) and (110) surfaces polished with Syton.
The carrier concentration was determined from the
minimum in the infrared reflectivity.!® For the Raman
experiments the samples were cooled down to 5 K. A
KCI:Tl color-center laser'”'® pumped optically by the
1064-nm line of a Nd**-YAG laser was used to excite the
spectra. At 1.49 um the output power of the color-center
laser was typically 400 mW at an output coupler tran-
sparency of 25%. The scattered light was analyzed with a
1-m double spectrometer and detected by a cooled intrin-
sic Ge photodiode.

Comparing the sensitivity of the experimental setup
used for the Present study with the system used by
Dochler et al.,'® an improvement by a factor of ~10 is
found. This value is due mainly to the ~ 500-times-
higher sensitivity of the Ge diode compared to the PbS
detector in the setup described in Ref. 10. This increase
in sensitivity is only partially offset by the lower output
power of the color-center laser (~ 55th of the output of
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the ABC-YAG laser used by Doehler et al.!9. For the
scattering length in Ge, a typical value of ~1 mm is ob-
tained at 1.5 um laser wavelength!> as compared to 2.3
mm estimated for 2.1-um excitation.!® Therefore, for
electronic light scattering, the system used here is as a
whole about 10 times as sensitive as the one described in
Ref. 10. When dealing with scattering by phonons, also
the w* dependence of the scattered intensity has to be tak-
en into account. All this enhances the sensitivity ratio by
a factory of 40 for scattering by phonons, regardless of
other resonance-enhancement factors involving the Ra-
man susceptibility.

III. RESULTS

Figure 1 shows typical spectra of p-type Ge with carrier
concentrations of 8.5 108, 1.7 10'%, and 2x 10" cm 3.
The spectra were recorded in backscattering configuration
and the scattered light was not analyzed for its polariza-
tion. However, the transmission of the spectrometer used
was about 3 times higher for light polarized parallel to the
incident laser [x (y,y)X configuration] than for perpendic-
ular polarization [x(y,z)X configuration], so that nearly
polarized spectra could be obtained. The photon energy
of the exciting laser was 0.835 eV. The spectra consist of
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FIG. 1. Raman spectra of Ge:Ga for three different hole
concentrations indicated in the figure. The spectra are not
corrected for detector response. They were taken in backscatter-
ing geometry from a (111) surface (8.5x 10'® cm~3) or a (110)
surface (1.7x 10" and 210" cm~3). The incident light was
polarized parallel to [110]. Because of the throughput of the
monochromator the collected scattered light was mainly polar-
ized parallel to [110]: no analyzer was used. The spectral reso-
lution was 16 A (0.8 meV). Or denotes the zone-center optical
phonon and Lum. indicates indirect band-to-band luminescence.
The arrow on the energy scale shows the incident-laser-photon
energy.
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a broad band at ~0.78 eV with its maximum shifting to
lower photon energies with increasing hole concentration.
Superimposed to this band is the Raman phonon line (Or)
at 0.798 eV, corresponding to a Raman shift of 37.7 meV
(304 cm~!). The two peaks at photon energies below 0.75
eV arise from the radiative recombination of photoexcited
carriers across the indirect gap of germanium.!* The
spectral shape of these luminescence peaks is distorted due
to the cutoff in the sensitivity of the Ge detector at 0.7
ev.

The Or phonon line, which is only observed for the
two samples with the lowest and the highest carrier con-
centration, shows a strongly asymmetric shape, as seen in
Fig. 2. Going from 8.5 10'® to 2 % 10" holes/cm?, the
asymmetry is inverted and, for the sample with the inter-
mediate concentration of 1.7X10!° holes/cm?3, no Or
phonon line is observed within the noise limit. For the
samples with the lowest carrier concentration, the intensi-
ty of the scattered light was strong enough to record Ra-
man spectra with the color-center laser tuned between
0.815 and 0.85 eV. At these two photon energies the out-
pout power of the laser dropped to about 50% of the
value in the center of the tuning curve at 0.83 eV
(~1.5 pm).

The position of the Or Raman line as well as the peak
position of the broad band observed in the Raman spectra
is plotted in Fig. 3 versus the incident-photon energy. For
comparison also the position of the two luminescence
peaks, which is independent of the incident-photon ener-
gy, is plotted. The broad band, however, shifts parallel to
the Or Raman line, showing that also this band arises
from inelastic light scattering. Polarized Raman measure-
ments show a partial polarization, which corresponds to a
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FIG. 2. Raman spectra of the zone-center optical phonon in
Ge:Ga with two different hole concentrations. The zero of the
vertical scale is suppressed. The spectral resolution was 16 A
(0.8 meV). The dashed line in the lower spectrum shows the es-
timated background of electronic scattering, the dotted curve in
the upper spectrum is a fit using Eq. (5). For details, see text.
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FIG 3. Shift of phonon Raman line and of the peak of the
electronic spectrum versus incident-photon energy (circles and
crosses). For comparison also the peak positions of the two
luminescence lines observed are shown (triangles and squares).
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Raman tensor with I';s» symmetry. Changing the experi-
mental configuration from forbidden to allowed, with
respect to the I'y5 symmetry, an increase in scattered in-
tensity by about 20% is observed. This is also consistent
with the strong interference of this band with the Op
phonon, which also has I',5 symmetry. Based on the fact
that this light-scattering process is only observed in p-type
germanium, and that the position of its maximum varies
with the carrier concentration, we conclude that this band
is due to electronic excitations within the valence band.

IV. DISCUSSION

A. Electronic scattering

As discussed above, we conclude from our experiments
that the broad band observed in the Raman spectrum of

2 3/2
as e? V7?2 IRV 0,—0 m*
900w |,, me? | 4572 N #
with
m mm+m
A(@)=Eq+—2 | 2T 46w, ,
e | Mhh—Mp
m muyn+m
B(ow)=Eq+—= | =277 g0 +io, .
e | Mph—Mmn

O(x) denotes the step function and wpni, and wpm,, are the
smallest and the largest allowed scattering frequencies,

heavily doped p-type Ge for incident-photon energies
nearly resonant with the E, gap arises from light scatter-
ing by electronic excitations. Scattering by plasmons, as
observed in n-type Ge,!? can be excluded as the origin of
this band for the following reasons. Plasmon scattering is
only observable in the Raman spectrum for incident and
scattered light with the same polarization. The band
under discussion, however, is also observed for crossed po-
larizations. Furthermore, in all the samples studied the
frequency shift of the maximum of this band is smaller
than the frequencies of the corresponding hole plasmons.

Single-particle intraband excitations for a p-doped
semiconductor such as Ge can be caused either by spin-
density fluctuations,!® by fluctuations of the quadrupole
moment of the holes, or by mass fluctuations.%?° For the
two former scattering mechanisms the spectrum extends
from zero Raman shift to a maximum shift
Omax~qup.'>?° The latter is expected to be small for Ge.°
Here, g is the wave vector transferred from the incident
photon to the electronic excitation and vy is the Fermi
velocity. For backscattering geometry and an incident-
photon energy of 0.83 eV, fiw,.,~qurfi lies in the range
of 5—10 meV for the hole concentrations studied here
(8.5%10®—2% 10" cm™3). Thereby, only the heavy
holes were taken into account, because their concentration
is much larger than that of the light holes due to the large
difference in effective mass.?! From this consideration we
conclude that single-particle intraband excitations may
only contribute to the observed electronic Raman spec-
trum for relatively small frequency shifts. '

To account for the part of the spectrum for o >q¥V5,
inter-valence-band scattering has to be considered.??—2*
In this scattering process, an electron is excited out of a
filled state in the light-hole band into an empty state in
the heavy-hole band. The corresponding scattering cross
section is expected to show a strong resonance enhance-
ment for incident-photon energies close to the E, gap.?>%*
Such a resonant scattering process is shown schematically
in Fig. 4.

The scattering efficiency per unit solid angle Q and per
unit frequency shift » for such an inter-valence-band
scattering can be written as®*

2 2
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m is the free-electron mass, my, and my; are the masses
of the light and heavy holes, respectively, and m, the elec-
tron mass in the I" conduction band. m* is defined by

m*=mpg'+mgH)-!. A3)
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FIG. 4. Diagram of electronic inter-valence-band transitions
in p-type Ge assuming wave-vector conservation.

The photon energy of the incident light is denoted by #iw;.
E, is the energy gap between the top of the valence band
and the bottom of the I' conduction band and Epf is the
Fermi energy of the holes measured relative to the top of
the valence band. Equation (1) is valid for incident and
scattered polarization parallel to each other. Further-
more, we have used the relation P‘,2 =m?2Ey/2m* instead
of P?=3(m2E,/m*) given by Srivastava and Arya? for
p-type InSb. This difference arises from the much small-
er spin-orbit splitting, relative to the E, gap energy, for
Ge as compared with InSb.

The scattering efficiency 3S/3Q dw calculated from Eq.
(1) is shown in Fig. 5 together with the measured spec-
trum. The parameters used for the calculated are Er =43
meV (8.5%10'® holes/cm3), #w,=0.835 eV, my
=0.347m,*! m;,=0.042m,*' and m,=0.038m.?> The
direct-gap energy E, was replaced by the optical gap ener-
gy Eqn=Eq+Ep=0.901 eV (Ref. 14) because of the fil-
ling of the valence band. The amplitude of the calculated
curve is adjusted to match the experimental intensity at
the peak of the spectrum.

The calculated spectrum has its onset at #iwp,;,=38
meV and it shows a pronounced enhancement for frequen-
cy shifts @ ~wp;, caused by the resonant denominator
A(®) in Eq. (1). For frequency shifts larger than wp;,, a
fairly good agreement between the measured and the cal-
culated spectrum is observed, whereas for o < wp,;, theory
cannot account for the experimentally observed scattering
intensity. Intraband single-particle excitations, on the
other hand, are only expected to contribute for #w < 10
meV, as discussed above, leaving a wide gap between
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FIG. 5. Raman spectrum (drawn line) or Ge:Ga recorded in
backscattering from a (111) surface with incident and scattered
light polarized parallel to [110]. The spectrum has been correct-
ed for detector response. The dashed curve is the spectrum of
momentum-conserving inter-valence-band transitions calculated
using Eq. (1). Parameters used for the calculation are given in
the text.

#i > 10 meV and #iw < fiwn;, =38 meV.

One limitation of Eq. (1) is the assumption of an isotro-
pic valence band.?* The valence bands of germanium,
however, are not completely isotropic, as can be seen from
the energy eigenvalues®®

E . (k)=Ak*+[B*k*+ CUkZk] + kK2 +k7Kk2)]? .
4)

The parameter C/B describes the anisotropy or warping
of the bands. The positive sign refers to the light-hole
and the negative sign to the heavy-hole bands. Kanchisa
et al?? have shown for p-type silicon that if one takes into
account the anisotropy of the valence bands, interband
transitions with a frequency shift smaller than oy, are
also allowed. Their calculated spectra of interband excita-
tions actually resemble very much those observed here for
p-type germanium. On the other hand, the valence bands
of germanium are more isotropic than those of silicon, as
seen from the ratio C/B, which is 1.55 for germanium
and 6.47 for silicon.?"?” Therefore, the effect of the an-
isotropy on the inter-valence-band spectrum is expected to
be insufficient to explain all the scattering intensity ob-
served for @ < @i, in our p-type Ge spectra.

Another possible explanation for the low-frequency
part in the experimental spectrum are inter-valence-band
transitions without wave-vector conservation, contrary to
the assumption of momentum conservation made in Eq.
(1). Scattering processes without wave-vector conserva-
tion, as already discussed in Ref. 9 for the electronic Ra-
man scattering in p-type germanium, also produce a spec-
trum with nonvanishing intensity for @ <@p;,. This in-
terpretation in terms of inter-valence-band transitions
without wave-vector conservation is also consistent with
the incomplete vanishing of the electronic spectrum at the
Or phonon frequency. For a Fano-type line shape, a
nearly vanishing scattering intensity is expected in the
minimum of the asymmetric phonon Raman line (see
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below). In the present spectra, however, this is not ob-
served, indicating a considerable amount of electronic
scattering incoherent with the phonon, which can be
caused by additional impurity or carrier-carrier scattering,
the mechanisms responsible for the wave-vector noncon-
servation discussed above. The I'; component of the
scattering with k conservation, however, should also be
incoherent with the I';5» phonon.

From the isotropic model used in Eq. (1), about 20%
larger scattering intensity is expected for incident and
scattered light polarized perpendicular to each other than
for light with parallel polarization, irrespective of the
orientation relative to the crystal axis. For a strongly an-
isotropic system such as holes in p-type silicon, a Raman
tensor with mainly I',s symmetry is predicted.?’ The
present experiments on p-type germanium show only a
weak polarization (also I'ys symmetry), which is con-
sistent with the smaller anisotropy of the valence bands of
germanium as compared with silicon. '

We have also determined the absolute value of the
inter-valence-band scattering efficiency at the maximum
(40 meV in Fig. 5), using as reference the scattering
efficiency of the Or phonon in germanium.’® For
p-type material with  8.5X10"®  holes/cm?, we
obtain  3S/8Q0w=(1.7+£0.9)x 1077  sr~!/cmem™!
[backscattering from (111) plane, incident and scattered
light polarized parallel to (110)], and for the sample with
2 10" holes/cm, a value of 3S/0Q dw=(9+5)x 1078
sr—!/cmcm ™! [backscattering from (110) plane, incident
and scattered light parallel to (110)] is found. From Eq.
(1) we obtain theoretical values for (3S/9Q0dw),, of
5%10~% and 3x10~% sr~! for 8.5%10'® and 2Xx10"
holes/cm?, respectively. Therein, an optical gap energy of
0.901 and 0.926 eV, respectively, was used.!* The agree-
ment between experiment and theory is satisfactory con-
sidering the limitations of the theory and the accuracy of
the experimental values. The higher experimental values
(as compared with theory) may be due to enhancement by
the indirect transitions.

All the experimental spectra discussed so far have been

£ Ge:Ga 2x109cm?3

3 0 T=5K

= AV qeer = 1164 eV

£

=l HL

:‘? x5

2 ;

2 ! Eg+dy
= |

| h
08 09 10 11

Photon Enel;gy (eV)

FIG. 6. Luminescence spectrum of Ge:Ga containing 2 10"
holes/cm® taken with 1.164-eV exciting photon energy (indicat-
ed by an arrow on the energy scale) at a resolution of 8 A.
Emission across the E, and E,+ A, band gap is observed be-
sides the hot-luminescence feature (labeled HL) discussed in the
text.

taken for incident-photon energies fiw; slightly below the
E, gap energy. Increasing fiw, to 1.164 eV, a spectrum as
shown in Fig. 6 is observed. Besides the emission across
the E, and the Ey+ A, gaps, a peak (labeled HL) is found
at a frequency shift o, for which the denominator 4 (w)
in Eq. (1) is resonant. This peak has already been ob-
served in Ref. 14 and corresponds to either resonance Ra-
man scattering or hot luminescence. "

B. Phonon scattering

The Raman spectra of heavily doped p-type germanium
discussed here show a strong interference of the zone-
center optical phonon Or with the continuum of electron-
ic inter-valence-band excitations. This discrete-continuum
interaction causes a strongly asymmetric shape of the Ra-
man phonon, which can be described by®?°

. AG+n)? ’
I(n, =____q__77_’ (5)
74 1+7?
with
O —0;—A
=i 6
and
VR pn
g= . 7
q TR, )]

A is a constant describing the intensity of the electronic
scattering for frequency shifts much smaller or larger
than the phonon frequency. wy;, is the phonon frequency
in pure material, Aw,, is the renormalization of e, due
to the electron-phonon interaction in the doped material,
and T is the phonon linewidth. V¥ is the electron-phonon
matrix element and R, and R, are the phonon Raman
tensor and the Raman tensor for the electronic excita-
tions, respectively. The strongest asymmetry is obtained
for §=1, whereas for §— o the asymmetry disappears
and the line shape becomes Lorentzian. For §=0 an in-
verted, symmetric notchlike antiresonance spectrum is ob-
tained.

As can be seen from Fig. 2, the asymmetry changes
from that for §>0 (p=8.5X10'® cm—?) to that for § <0
(p=2x%10" cm™3. For the sample with 2x10"
holes/cm?, the experimental phonon Raman line was fit-
ted using Eq. (5). To account for the w-dependent nonin-
teracting electronic scattering background, a constant plus
a term varying linearly in » was added to Eq. (5). From
this fit, §=—0.6 is obtained. Within the experimental
resolution of 0.8 meV (6.5 cm™!), no detectable shift Aw,y,
of the phonon frequency is observed. The broadening
I'=1 meV (8 cm™)) is essentially determined by the in-
strumental resolution. For the spectrum with
p=8.5%10"® cm~—3, a similar analysis was not meaningful
due to the strong variation of the electronic background.
Olego and Cardona’ found, for p-type germanium with
p=2.4%10" cm~3 and for incident-photon energies vary-
ing from 1.92 to 2.41 eV, g§=~25,...,~150, and a re-
normalization Aw,y of the phonon frequency on the order
of ~1 cm™!. Comparing their results with the present
data, a consistent increase in ¢ is found with increasing
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incident-photon energy #w;. This can be understood in
terms of the resonance of R, for #iw;~E,. Considering
the small renormalization Aw,, reported in Ref. 9, the
lack of any detectable shift in the phonon frequency in
our experiment is also reasonable.

To account for the change in the sign of § with increas-
ing carrier concentration, a change in sign of Raman
scattering amplitude (Raman tensor) for either the phonon
(Rpy) or the electronic scattering (R,) has to be assumed.
A change in sign of R,, however, seems to be unlikely, be-
cause otherwise one would expect a considerable decrease
in electronic scattering intensity for the sample with the

intermediate concentration of 1.7 10'° holes/cm?, which-

is not observed. Assuming a change of sign for R, an
inverted, “window”-type phonon line shape is expected
for R, =0. For p=1.7X 10" cm~3, however, no phonon
line is observed at all within the noise limit. A possible
explanation might be that the amount of electronic
scattering which is coherent with the phonon scattering is
too small in that particular sample to give in our experi-
ment a detectable “window” at .

In order to explain a change in sign for R, we have to
assume an additional negative contribution Rgopeq to the
positive phonon Raman tensor R, of undoped material,
induced by the heavy p-type doping. With the Fermi level
inside the valence band, additional diagrams for phonon
scattering can be constructed. A qualitative estimate
shows that the interband contribution to Rg.peq has the
same sign as R, whereas the sign of the intraband con-
tribution is the opposite of that of R,.. Therefore a
change in sign of R, should be possible, in principle.
However, a quantitative calculation is necessary in order
to decide whether the intraband contribution to Rggpeq is
large enough to cause a change in the sign of Rp;. In ad-
dition, scattering processes without wave-vector conserva-
tion have to be taken into account, as well as direct effects
of the doping on R,y.. Note that the resonance of the
phonon Raman tensor at the E; gap is lowered and
broadened in heavily doped germanium? and similar dop-
ing effects are expected for the resonance at the E, gap.
Therefore no final conclusion on the cause of the reversal
of the sign of § can be drawn.

An assumption of a change in the phonon Raman ten-
sor with increasing doping gets further support from the
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measurement of the absolute efficiency 3S/0Q of the
phonon Raman scattering. From the comparison with
pure germanium [3S/30Q=4.5X10"° sr~!'m~! for
#iw;=0.826 eV (Ref. 28)], we obtain 3S/0Q=6x10"°
st™!m™! for p=8.5x10"® cm~—3 and 35 /302 =2.4 10~
st 'm~! for p=2x10" cm™3 at #w=0.835 eV. There-
by we have taken §= —0.6 for p=2X%10' cm™3 (as ob-
tained form the fit) and an estimated value of §=+1 for
p=8.5X10' cm~3. The dropping of the scattering effi-
ciency by more than 1 order of magnitude for p =2 10"
cm~? indicates a significant effect of the p-type doping on
the corresponding Raman tensor. For n-type germanium
with comparable doping levels (1.9 10" cm~3), on the
other hand, the same absolute efficiency is found as for
intrinsic material.*°

V. CONCLUSIONS

We have studied in heavily doped p-type germanium
light scattering by the zone-center optical phonon and by
free holes. The study was carried out for incident-photon
energies close to the energy of the E, gap. The electronic
scattering is dominated by inter-valence-band transitions.
The comparison of the measured electronic Raman spec-
trum with the calculated spectrum of inter-valence-band
excitations shows that transitions with and without wave-
vector conservation contribute to the experimental spec-
trum. The scattering efficiency is determined from the
experiments and compared with theoretical data. The
phonon Raman line shows a strong Fano-type asymmetry
which is attributed to the interaction of the discrete pho-
non line with the continuum of electronic excitations.
This asymmetry is inverted when the hole concentration
exceeds 10! cm~3. A possible reason for that inversion,
involving a carrier-density-dependent change of the pho-
non Raman tensor, is discussed. The scattering efficiency
of the phonon is found to be about 1 order or magnitude
smaller for heavily doped p-type material than for pure
material.
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