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Light scattering by a multicomponent plasma coupled with longitudinal-optical phonons:
Raman spectra ofp-type GaAs:Zn

G. Irmer, M. Wenzel, and J. Monecke
Institute of Theoretical Physics, University of Mining and Technology, D-09596 Freiberg, Germany

~Received 2 August 1996; revised manuscript received 27 January 1997!

The LO-phonon–hole-plasmon coupling is investigated forp-type III-V semiconductors. Due to a large
carrier damping, only one coupled LO-phonon–plasmon mode~CPPM! appears. Expressions for the theoret-
ical Raman scattering efficiency of a multicomponent plasma are derived in the random phase approximation.
They take into account wave-vector-dependent intraband transitions within the heavy- and light-hole bands as
well as interband transitions between them. Finite lifetime effects were included in a generalized Mermin
approximation. The theoretical band shapes of the CPPM at different temperatures are compared with Raman
measurements of Zn-dopedp-type GaAs in the hole concentration rangep51017–1020 cm23. At low tem-
peratures the contribution of the interband transitions cannot be neglected in the frequency range of the CPPM,
resulting in a mode broadening. Agreement between the theoretical band shapes and the Raman spectra is
obtained without any fit parameter if the hole concentrationp and the mobilitym are derived from the
measured Hall valuespH and mH evaluated on the basis of a two-band model of the conductivity. Raman
measurements of the CPPM in Zn-dopedp-type GaP show a different temperature dependence, which is
explained by the different ratio of the light- to the heavy-hole effective mass on the interband transitions.
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I. INTRODUCTION

In polar semiconductors the plasmons of free carriers
teract with the longitudinal-optical~LO! phonons via their
macroscopic electric fields. The resulting coupled L
phonon–plasmon modes~CPPM’s! were first discussed by
Varga1 and observed in the Raman spectra ofn-type GaAs
by Mooradian and Wright.2 Since then the CPPM’s hav
been intensively studied from both theoretical and exp
mental viewpoints. Methods of the electrical characterizat
of polar semiconductors based on the analysis of the CP
measured by Raman scattering or far-infrared spectrosc
have been established. By far most work has dealt w
n-type III-V semiconductors of high carrier mobilities an
low carrier effective masses, where a low-energy bra
(L2) and a high-energy branch (L1) of the CPPM can be
observed. Relatively little work has been reported on
CPPM inn-type polar semiconductors with low carrier m
bilities and higher effective electron masses.3–7 In this case
only one overdamped CPPM appears, for which freque
shift and halfwidth broadening are small in comparison w
the values of the pure LO phonon. Hence, the finite lifeti
of the lattice vibrations has to be included in the analysis
the CPPM.

In p-type polar semiconductors, the situation is mu
more complicated. Besides a lower carrier mobility than
most n-type semiconductors, different sorts of free ho
contribute to the free-carrier plasma. For example,
p-GaAs only about 5% of the free carriers are present
light holes. However, because their plasmon energy is ab
38% of that of the heavy-hole plasmon energy and beca
of their higher mobility, the influence of the light holes o
the optical and electrical properties of the plasma is imp
560163-1829/97/56~15!/9524~15!/$10.00
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tant. A theoretical treatment of the CPPM has to take i
account LO phonons, light holes, heavy holes, and all th
interactions.

In an earlier work Olego and Cardona8 investigated the
Raman scattering by coupled LO-phonon–plasmon mode
heavily dopedp-type GaAs:Zn with hole concentration
ranging from 1017 to 1020 cm23. They interpreted their re-
sults by wave-vector nonconservation and a breakdown
the selection rules due to scattering by ionized impuriti
Kamijoh et al.9 investigatedp-type GaAs:Si with carrier
concentrations of 631016–331018 cm23. They proposed
that long-wavelength CPPM could not be observed due
the low mobility of about 20 cm2/V s. The phonon mode
observed at the unchanged LO-phonon frequency was in
preted as theL2(q) mode at large wave vector9 due to scat-
tering by heavily doped ionized impurities. Its broadeni
was explained by the impurity-induced Fro¨hlich interaction,
similar to Ref. 8.

Yuasa and Ishii10 studied the Raman scattering from B
dopedp-type GaAs. They observed forp5331018 cm23 a
shoulder on the high-frequency side of the LO-phonon mo
and forp5231019 cm23 a broad peak near the TO phono
~‘‘mode B’’ !. By comparison with measurements of the TO
phonon mode from the~110! cleaved surface they conclude
that the selection rules are maintained in their molecu
beam epitaxy~MBE!-grown layers and that the modeB
should not be identified with the forbidden TO phonon b
with the low-frequency branch of the CPPM.

Mlayah et al.11 performed Raman measurements
GaAs:Be samples with very high doping levels ranging fro
1019–1.431021 cm23. They observed a single CPPM in th
vicinity of the TO-phonon frequency. By means of a lin
shape analysis, which took into account plasmon damp
the carrier densities of the samples were determin
9524 © 1997 The American Physical Society
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56 9525LIGHT SCATTERING BY A MULTICOMPONENT PLASMA . . .
Wan and Young12 investigated Be-doped samples in t
carrier concentration range from 1.131018–331019 cm23

and stated a single-mode behavior primarily due to the o
damped nature of heavy-hole intraband transitions. T
compared their Raman scattering spectra with a theory s
lar to that derived by Hon and Faust3 and Kleinet al.13 for
the one-carrier sort only. Intraband contributions were
cluded in the Lindhard-Mermin19 form for a Maxwell-
Boltzmann distribution of the free carriers, and interba
transitions were taken into account using an expression
Bardyszewski14 in the limit of zero wave vector generalize
to finite temperature. The carrier concentrations obtai
from the fits of the Raman spectra were compared with H
measurement data.

More recently Fukasawa and Perkowitz15 have reported
Raman spectra of Be-doped MBE-grownp-type GaAs with
hole concentrations between 6.331017 and 1.931019 cm23.
They analyzed the band shapes by comparison with theo
ical expressions.2,15 From the band fits hole mobilitiesmR

were obtained using fixedp values from Hall measurement
The ratio between the Hall mobilitiesmH and the mobilities
from the Raman measurements was found to bemH /mR

51.522.6 depending on the hole concentration. A simi
enhancement of the hole mobilities obtained by Raman m
surements in comparison with Hall mobilities was repor
by Gargouri et al.16 (mH /mR53.7), Mlayah et al.11

(mH /mR'2), and Irmeret al.17 (mH /mR'2.3).
In this work the differences between the results of elec

cal and optical measurements inp-type semiconductors ar
discussed on the basis of a two-band model of the free ho

In Sec. II the system of coupled polarizations of electro
and LO phonons, considered, e.g., by Kleinet al.,18,13is gen-
eralized to a multicomponent plasma. The Raman cross
tion is derived in random-phase approximation~RPA!. It
takes into account the wave-vector dependence of the s
tering as well as finite lifetime effects in the relaxation-tim
approximation. The interpretation of Raman measureme
in p-type semiconductors at low temperatures requires a
electric function that includes intraband as well as interba
transitions ~Sec. III!. A generalization of the Mermin
procedure19 was used.20 In Sec. IV the connections betwee
the Hall and the drift values of the free hole concentrat
and mobility are discussed. The Raman measurements
performed on Zn-doped GaAs with dominating impur
scattering of the holes in the concentration rangep51018 –
1020 cm23 at different temperatures. In Sec. VI the resu
of the Raman measurements are compared with the the
ical Raman cross sections. It is shown that the theoret
cross sections describe the experimental results well. At
temperatures the interband transitions are proven to m
important contributions.

II. RAMAN-SCATTERING EFFICIENCY

The cross section of light scattering can be written
terms of the matrix elements of the transition susceptibi
operator and is given by21–23,53
r-
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I 5
]2s

]V]v

5S vs

c D 4S vs

v l
D 2 V2

2pE dt eivt^ i udx~q,t !dx†~q,0!u i &T .

~1!

v5v l2vs is the scattering frequency,v l the frequency of
the incident laser light,vs the frequency of the scattere
light, V the scattering volume, andV the room angle. The
scattering wave vectorq is given byq5ql2qs . dx is the
transition susceptibility operator of the crystal in the Heise
berg representation given below.^ &T denotes the therma
ensemble average over the initial states.

In the transition susceptibility, contributions of the fre
carriers and of the phonons are involved.

For the calculation of the transition susceptibility atq
.0, two mechanisms of the electron-lattice interaction ha
to be considered. The deformation-potential interacti
leading to the contributiondxu , is due to the modulation o
the periodic crystal potential by the relative displacement
the atoms in the unit cells. The Fro¨hlich interaction of the
carriers with the longitudinal macroscopic electric fieldEL

associated with the longitudinal-optical polar phonons cau
another contributiondxE

L to the transition susceptibility:

dxu5S ]x

]uDu~q!5(
i , j ,k

ei
lej

sek
qS ]x i j

]uk
Du~q!, ~2!

dxE
L5S ]x

]ELD EL~q!5(
i , j ,k

ei
lej

sek
qS ]x i j

]Ek
L D EL~q!. ~3!

el(es) are the incident and scattered photon polarization u
vectors;eq5q/uqu is the unit vector parallel to longitudina
displacements. (]x i j /]uk) and (]x i j /]Ek

L) are the elements
of the Raman tensor and the electro-optical Raman ten
respectively.

In the q.0 quasistatic approximation both contribution
are assumed to beq independent.

For simplicity we assume that the free carriers of the ty
i move in a parabolic band with effective mass tensorm̃i* .
Their contribution to the transition susceptibility in additio
to Eqs.~2! and ~3! is

dxr i5
r ec

2

vs
2

m ir i~q!, ~4!

with

m i5el
•S mo

mi*
D •es5 (

j ,k51

3

ej
l ek

sS mo

mi*
D

jk

,

mi* 5momi ; ~5!

r e5(e2/4p«omoc2) is the classical radius of the electron.
r i(q)5(1/V)( je

iq•r i j is the Fourier transform of the free
carrier density operator. The sum extends over all free ca
ers of typei .

The Born effective chargese* associated with the dis
placementsu„q… produce dipole fields with theqth Fourier
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9526 56G. IRMER, M. WENZEL, AND J. MONECKE
component of the polarization given by

Po~q!5
e* u~q!

V
. ~6!

The free-carrier polarization is related tor i(q) by Poisson’s
equation:

Pi~q!5
eir i~q!

iq
~7!

with ei51e(2e) in the case of free holes~electrons!, re-
spectively.

The total polarizationP5Po1( i 51
nc Pi is screened by the

bound electrons and produces the longitudinal macrosc
field EL with the Fourier component

EL~q!52
P~q!

«o«`
. ~8!

Therefore, the total transition susceptibility as a function
the polarizations is obtained as

dx5
V

e*
S ]x

]uD Po2
1

«o«`
S ]x

]ELD S Po1(
i 51

nc

Pi D
1

iqr ec
2

evs
2 (

i 51

nc

m i Pi . ~9!

The calculation of the cross section@Eq. ~1!# can be carried
out using the fluctuation-dissipation theorem. In the case
the system of coupled longitudinal polarizations we obta

(
i , j

ci j

V2

2pE dt eivt^ i uPi~q,t !Pj
†~q,0!u i &

5
\

p
~nv11!(

i , j
ci j Im$Ti j ~q,v!% ~10!

with the linear-response function matrixTi j . nv115@1
2exp(2\v/kT)#21 is the Bose-Einstein statistical facto
Externally applied fictious driving fieldsDi(q,v), which act
on the ionic and carrier subsystems, are introduced with
aim of evaluating these response functions.

The interaction within and between the subsystems ca
taken into account in the random-phase approximation
linear response to the total effective electrical fields

Ei~q,v!5Di~q,v!2
1

«o«`
(
j 50

nc

Pj~q,v!, ~11!

where the Fourier components of the polarizations are gi
by

Pi~q,v!5«ox i~q,v!Ei~q,v!. ~12!

x i are the electrical susceptibilities of the subsystems.
solutions of Eqs.~11! and ~12! are

Pi~q,v!5
1

V«o
(

j
Ti j ~q,v!D j~q,v! ~13!

with
ic

f

of

e

be
y

n

e

Ti j 5V«o~x id i j 2x ix j /«!, ~14!

where

«~q,v!5«`1(
i 50

nc

x i ~15!

is the total dielectric function for electrical fields. The coe
ficientsci j in Eq. ~10! are evaluated to be given by

coi5cio5b2ao
2 , ~16!

ci j 5ao
21aiaj ; i , j Þ0 ~17!

with

ao52
1

«o«`
S ]x

]ELD ,

b512CFH

vT
2

vL
22vT

2
, ~18!

ai52
eqm i

4p«omovs
2

. ~19!

In Eq. ~18! we introduced the Faust-Henry coefficien
which describes the contribution ratio of the deformation p
tential and the electro-optic mechanisms.13 vL(vT) are the
frequencies of the longitudinal~transverse! optical phonons,
M their reduced mass. From Eqs.~1! and ~10! we obtain in
the case of isotropic effective masses

I 5I A1I B5S ]2s

]V]v D5S vs

c D 4S vs

v l
D 2 \~nv11!

p
Im~SA1SB!

~20!

with

SA5
V

«0«`
2 F (

i , j ,k51
ei

lej
sek

qS ]x i j

]Ek
L D G 2

3
1

«H «`b2x01@«`1~12b!2x0#(
i 51

nc

x iJ , ~21!

SB5V«0S eq

4p«0m0vs
2D 2F(

i
ei

lei
sG21

«H ~«`1x0!(
i 51

nc x i

mi
2

1
1

2 (
i , j 51

nc S 1

mi
2

1

mj
D 2

x ix jJ . ~22!

The scattering efficiencyI of the CPPM has a contributionI A
due to the phonon displacementu and electric fieldEL and a
contribution I B due to the charge-density fluctuation. A
mentioned above, we used the dipole approximation. T
the polarizations associated with the sublattice displacem
u(q… are real and the free-carrier polarizations imaginary a
do not interfere; the scattered intensities simply add. Ho
ever, if the laser energy is close to a band gap, the dip
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56 9527LIGHT SCATTERING BY A MULTICOMPONENT PLASMA . . .
forbidden Fro¨hlich scattering becomes important and co
tributes to the scattering amplitude. In this case the scatte
amplitudes are complex, and interference and partial ca
lation of the different contributions is possible. Such inte
ference effects were observed and discussed inn-GaAs, for
example, by Mene´ndez and Cardona.47 In our work we used
laser excitation out of resonance; the magnitudes of the c
tributions ofSA andSB to the scattering efficiency are adde
depending on sample and polarization orientation.

We note that Eq.~22! includes the special case of ligh
scattering by a two-component plasma~without phonon in-
teraction!, considered in Refs. 24 and 25. Before discuss
the light scattering by a multicomponent plasma in a po
semiconductor in the general situation, we prove that E
~20!–~22! reduce to the scattering cross-section express
obtained earlier for special cases.

III. DIELECTRIC FUNCTION

A. One carrier type, phonon damping neglected, q50

For small q, neglected phonon damping and one fre
carrier type of effective massm* ~isotropic mass tensor!
with concentrationn and mobility m the dielectric function
can be approximated by

«5«`1x01x15«`S 11
vL2vT

2

vT
22v2

2
vP

2

v~v1 iG!D ~23!

with the plasma frequencyvP5(e2n/«0«`m*) 1/2 and the
plasmon dampingG5e/m* m. The expressions Im(SA) and
Im(SB) in Eq. ~20! reduce to

Im~SA!5
V

«0
F (

i , j ,k51

3

ei
lej

sek
qS ]x i j

]Ek
L D G 2

3FvT
2~11CFH!2v2

vT
22v2 G 2

ImS 2
1

« D ~24!

and

Im~SB!5V«0

«`
2

m1*
2S eq

4p«0m0vs
2D 2F(

i 51

3

ei
lei

sG2

3S vL
22v2

vT
22v2D 2

ImS 2
1

« D , ~25!

which are identical to those obtained, e.g., in Ref. 4. Eq
tions ~24! and ~25! have been successfully applied by ma
authors to interpret the light scattering by plasmons inn-type
III-V semiconductors with high carrier mobility and scatte
ing excitation in the region of transparency of the sample

B. One carrier type, phonon damping included, q50

In semiconductors with low carrier mobilities, i.e., larg
plasmon damping, instead of two coupled LO-phono
plasmon modes only one overdamped mode near the
phonon is observed. If we include the phonon dampingg
into the phonon contribution to the electrical susceptibilit
-
ng
e-
-

n-

g
r
s.
ns

-

-

.

–
O

x05«`

vL
22vT

2

vT
22v22 ivg

, ~26!

the light-scattering efficiencies derived from Eqs.~20!–~22!
can be expressed in the form of Eqs.~24!, ~25! with the
prefactors of Im(21/«) changed~see Appendix A!. The
light-scattering cross section including phonon damping
been successfully used to determine the carrier concentra
and mobility in accordance with electrical measuremen
e.g., inn-GaP,4 ZnSe,5,6 and SiC.7

In cases of large effective carrier masses the lig
scattering efficiencyI A via deformation potential and electro
optic mechanisms dominates, and the contributionI B due to
charge density fluctuations is negligible.

Essential features of the influence of the free carrier a
of the lattice vibration dampings can be studied by a class
treatment of the coupled phonon-plasmon system with Bo
Huang-type equations of motion25,26 assuming only one car
rier type. In the presence of damping the solution of t
eigenvalue problem requires complex values ofv. The real
and the imaginary parts give the frequencies and the da
ing rates of the coupled modes, respectively. In order
demonstrate the behavior of these solutions depending on
plasma frequency, two cases of low (G510 cm21) and high
free-carrier damping (G5500 cm21) were calculated~see
Fig. 1!. For the phonon damping the valueg51 cm21 and
for the effective mass the valuem* 50.4m0 were used.

For low damping rates~case I in Fig. 1! the coupled
modes can be classified in an upper branchL1 and a lower
branchL2 as observed, e.g., inn-type GaAs. With increas-
ing carrier concentration~plasma frequency! the upper mode
changes in energy from a phononlike to a plasmonlike ch
acter and vice versa for the lower-frequency mode, wh
reaches the TO-phonon energy for large plasmon energ
The mode dampings show similar tendencies~Fig. 1, case Ib!
with 2Im(v)5g at vp50 and2Im(v)5G for vp@vL for
the upper mode and vice versa for the lower mode. For la
plasmon dampings~case II in Fig. 1! the separation into ‘‘up-
per’’ ~full circles! and ‘‘lower’’ ~open circles! is physically
meaningless. One mode is more phononlike, with energ
Re(v)5vL at vp50 and Re(v)5vT at vp@vL and with
nearly pure phonon damping in both cases, whereas the o
mode is an overdamped plasmon mode.

In this context the simplest approach to describing
Raman scattering efficiency inp-type semiconductors is to
take into consideration the contributionsx1 and x2 of the
heavy and light holes with concentrationp5p11p2 to the
electrical susceptibility, introducing an effective plasm
frequencyvp* and effective dampingG* , substituting

2
«`vp1

2

v~v1 iG1!
2

«`vp2
2

v~v1 iG2!
52

«`vp*
2

v~v1 iG* !
~27!

with vp*
25e2p/«0«`mp* andG* 5e/mG* m. p5p11p2 is the

hole concentration; the ‘‘effective’’ massesmp* and mG* in-
troduced invP* and G* have a weak dependence on t
dominating hole scattering process.27

With the parameters given in Table I and assumingmp*
5mG*50.43m0 dependence of the Raman-scattering e
ciency on the plasmon dampingG* was calculated.
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9528 56G. IRMER, M. WENZEL, AND J. MONECKE
The maxima of the CPPM obtained are shown in Fig.
For dampingsG* *100 cm21 only one coupled mode ap
pears; its maximum shifts to the TO-phonon frequency w
increased hole concentration, in qualitative agreement w
the experimental results given in Sec. VI. However, t
quantitative interpretation of the Raman-scattering spe
obtained at different temperatures, using an excitation wa
length at which the samples are opaque, requires a m
refined model of the dielectric function.

C. Two carrier types „holes…, interband transitions
and dampings included, qÞ0

In p-type diamond or zinc-blende semiconductors
valence-band top atk50 is fourfold degenerate and spli
for kÞ0 into the bands of heavy and light holes with mas
m1* and m2* , respectively. Band-structure effects such
nonparabolicities, warping, and the split-off band, separa
by spin-orbit coupling, are neglected in the following.

The free holes contribute to the dielectric function by
traband transitions as well as by interband transitions
tween the two bands. An expression of thev- and

FIG. 1. Real part~a! and imaginary part~b! of the normal mode
frequencies of the coupled phonon-plasmon system in depend
on the plasmon frequency assuming one type of carrier. The
part ~imaginary part! corresponds to the frequency~damping rate!
of the coupled modes.~I! Small plasmon damping~parameters
used:G510 cm21,g51 cm21). ~II ! Large plasmon damping~pa-
rameters used:G5500 cm21,g51 cm21). In the calculations
m* 50.4m0 was used.
.

h
th
e
ra
e-
re

e

s
s
d

e-

q-dependent RPA dielectric function, which takes into a
count finite-lifetime effects in a relaxation-time approxima
tion, is given by28

«~q,v!5«`1(
i 50

2

x i5«`1x01 (
n,n851

2

xnn8, ~28!

with the intraband contributions
ce
al

TABLE I. Parameters used in calculations.

m1 Heavy-hole effective mass 0.56m0
a

m2 Light-hole effective mass 0.08m0
a

«` High-frequency dielectric constant 10.6b

«S Static dielectric constant 12.8b

vT TO(G)-phonon energy
at T 5 300 K 268.1 cm21 c

at T 5 10 K 271.8 cm21 c

vL LO(G)-phonon energy
at T 5 300 K 291.4 cm21 c

at T 5 10 K 295.1 cm21 c

g Phonon damping constant 2 cm21 c

C Faust-Henry coefficient
at T 5 300 K 20.48 d

at T 5 10 K 20.53 d

a Absorption coefficient 0.803105 cm21 e

aReference 44.
bReference 42.
cReference 40.
dReference 43.
eReference 41.

FIG. 2. Maxima of the CPPM according to Eq.~21! depending
on the plasma frequency. The parameter in the figure is the plasm
damping. The calculations were performed withm* 50.4, assuming
one carrier type.
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xnn5
x̃ nn~q,v1 iGn!

12
iGn

v1 iGn
F12

x̃ nn~q,v1 iGn!

x̃ nn~q,0!
G , Gn5Gnn , ~29!

and the interband contributions

xnn85
x̃ nn8~q,v1 iG12!

12~ iG12!/~v1 iG12!†12@ x̃12~q,v1 iG12!1 x̃21~q,v1 iG12!#/@ x̃12~q,0!1 x̃21~q,0!#‡
, nÞn8, G125G21,

~30!

where

x̃ nn8~q,v1 iGnn8!5
e2

4p3«0q2E d3k@ f n8~k1q/2!2 f n~k2q/2!#

\v1 i\Gnn82@«n8~k1q/2!2«n~k2q/2!#
Gnn8 ~31!

and

Gnn85 z^k2q/2,nue2 iqr uk1q/2,n8& z2.

f n is the Fermi distribution function. The matrix elementsGnn8„q… are given to a good approximation29 by

G115G225
1
4 ~113cos2Q!, ~32!

G125G215
3
4 sin2Q, ~33!

where Q is the angle between the vectorsk2q/2 and k1q/2. Using these expressions, two integrations in the threef
integrals of Eq.~31! can be performed~see Appendix B!. For small wave vectorsq the interband contribution Eq.~31! reduces
to

x̃ nn8~0,v1 iGnn8!5
e2

2p2«0
E

0

`

dk
f n~k!2 f n8~k!

\v1 iGnn82@en8~k!2en~k!#
. ~34!
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In semiconductors that are opaque to the light, the w
vectorsql andqs are complex. Therefore, the scattering wa
vector is not conserved in the scattering process. Wave
tors in the rangeDq5Im(ql)1Im(qs) about Re(ql2qs) are
involved in the scattering process. As shown by seve
authors,30–32 the cross section of light scattering in the ca
of opaque semiconductors and backscattering can
weighted by a Lorentzian function,

Ī ~q,v!52paE
0

` I ~q8,v!dq8

~q2q8!14a2
. ~35!

Here, q is the real part of the scattering wave vectorq
54pn/lL) inside the scattering volume, anda is the ab-
sorption coefficient withaL'aS . The effective depth of
crystal that contributes to the light scattering is 1/a. For
a→0,

Ī ~q,v!5I ~q8,v!d~q2q8! ~36!

is reobtained.

IV. HOLE CONCENTRATION AND MOBILITY

In the standard method of electrical characterization
Hall coefficientR and the conductivitys of the samples are
measured and the Hall valuespH51/eR and mH5Rs are
obtained. Assuming a Hall factorr 51 and a one-band
e

c-

al

be

e

model, the valuespH andmH agree with the free-hole con
centrationp and the conductivity mobilitym. However, be-
cause these premises are not fulfilled as well inp-type GaAs
as in otherp-type group-IV and group III-V compounds
considerable deviations between the Hall values and the
responding conductivity valuesp and m are possible. They
are characterized in the parabolic valence-band mode
heavy and light holes by an effective Hall factor27

r eff5p/pH5mH /m5
~11a3/2!~r 1a3/2b21r 2!

~11a3/2b!2
, ~37!

where the abbreviationa5m1 /m25(p1 /p2)3/2 is used. 1/b
5m2 /m1 describes the mobility enhancement of the ligh
hole mobility in comparison with that of the heavy ones, t
ratio depends on the scattering mechanisms involved an
the temperature. In the case of different scattering mec
nisms, Matthiessen’s rule can be applied to obtain an e
mate ofb. r 1 andr 2 are the Hall factors of the single band

Unlike the situation for electrons, the Hall factors of hol
are difficult to measure, and even more difficult to calcula
Values between 1 and 2.7 of the effective Hall factor
p-type GaAs were deduced from experimental and theor
cal work.33–37 If we user 15r 251 andm2p5a3/2m1p ~Ref.
38! for polar-optic-mode scattering,m2D5am1D ~Ref. 39!
for deformation-potential scattering, andm2I5a1/2m1I ~Ref.
38! for ionized impurity scattering, effective Hall factor
5.14, 2.02, and 1.11 would be obtained, respectively, in
case of only one dominant scattering mechanism. These
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ues reflect the pure ‘‘two-band’’ contribution to the effectiv
Hall factor. The damping constants of the light and hea
holes corresponding to these three scattering processe
related by G2p5a21/2G1p , G2D5G1D and G2I5a1/2G1I .
The relative importance of the different scattering mec
nisms for our highly doped samples will be discussed in S
VI.

V. EXPERIMENT

The Hall and the Raman measurement taking were
formed on small samples~size 33530.5 mm3) of differ-
ently doped GaAs:Zn single crystals. The Hall measureme
were carried out in Van der Pauw geometry in a magn
field of 0.23 T.

The choice of the optimal excitation wavelength of t
Raman spectra of the CPPM depends on the carrier con
tration. Excitation in the near-infrared region with the las
line at 1.064mm ensures small absorption and a small wa
vector transfer, which renders the comparison with theor
cal cross sections much easier for low carrier concentrat
than for excitation with visible light. For the interband pa
of the dielectric function the expression in Eq.~34! can be
used. Moreover, due to the large light penetration depth
contribution of a depletion layer to the Raman signal can
neglected. However, forp*1018 cm23 and near-infrared
excitation, the CPPM are superimposed with strong sing
particle scattering, which prevents the analysis of the CPP

The intraband and interband contributions of the sing
particle scattering contribute to a different extent depend
on the hole concentration and the wavelength of the exci
laser. Forp*1018 cm23 the interband scattering betwee
the bands of the light and heavy holes is very significan
the frequency range of the CPPM for excitations with sm
wave vectors. In this case vertical transitions between
two bands dominate, which are selected by wave-vector c
servation. For larger wave vectors diagonal transitions
possible; the interband scattering extends to a broader
quency range and is weaker in the CPPM region. The ran
of dominating intraband and interband transitions depend
on hole concentration, wave vector, and temperature are
cussed in more detail in Ref. 46. Excitation with laser en
gies near the direct energy gap of GaAs should be avo
for the Raman measurements of the CPPM. First, the sin
particle scattering is enhanced by resonance and sec
Fano-like interferences with the single-particle scatter
~Ref. 45! renders the CPPM analysis more difficult. It w
shown that the interaction causing the Fano-like interfere
is due to the forbidden Fro¨hlich mechanism, which contrib
utes to the Raman scattering only under resonance co
tions. We therefore used for the heavy doped samples e
tation with l5514.5 nm far from resonance and cou
measure the CPPM without disturbing influence of the sin
excitation spectrum and Fano interferences.

A. p*1018 cm23

The Raman spectra were excited with the 514.5-nm
of an Ar1 laser. Resonance effects are avoided because
energy of this excitation line lies away from critical points
combined densities of states. The laser power was kep
about 20 mW in order to avoid sample heating. The meas
y
are
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ments were performed in backscattering geometry from
~001! plane. For the measurements at low temperature
samples were glued with silver paste to a copper cold fin
mounted in a cryostat. The scattered light was analyzed w
a triple monochromator T64000~Jobin Yvon! equipped with
holographic gratings 1800 lines/mm and detected by
cooled charge-coupled device. The wave-number scale o
spectrometer was calibrated by comparison with the em
sion lines of a neon lamp. The spectra at T5 300 K were
recorded in the additive mode of the spectrometer with
spectral resolution of 1.2 cm21, the spectra at low tempera
tures in the subtractive mode with a spectral resolution
3 cm21.

B. p&1018 cm23

The GaAs samples were excited with the 1.064-mm line
of a Nd:YAG laser. The scattered light was analyzed with
double monochromator GDM1000~Carl Zeiss Jena! with
1350 lines/mm gratings and detected with a cooled
characteristic-photomultiplier R 632~Hamamatsu!. The
spectral resolution was about 1 cm21.

VI. RESULTS AND DISCUSSION

A. p*1018 cm23

From temperature-dependent Hall-effect measuremen
the heavily Zn-doped GaAs samples it is concluded t
ionized-impurity scattering is by far the most important sc
tering mechanism. Based on the two-band model of the e
trical conductivity from the measured Hall valuespH and
mH , the carrier concentrationp and mobility m, and the
concentrationp1 (p2) of the heavy~light! holes, their mo-
bilities m1 (m2) and corresponding damping value
G1 (G2) were calculated~see Table II!. The unknown damp-
ing constantG12 was taken to be the average ofG1 andG2.
The material parameters used for the calculations are g
in Table I.

With these parameters the Raman scattering efficienc
the CPPM was calculated without any additional free fit p
rameter. The Raman spectra atT 5 300 K of eight samples
with Hall carrier concentrations in the rangepH51.5
31018 cm23–9.031019 cm23 are shown in Fig. 3. For
comparison the Raman spectrum of semi-insulating GaA
enclosed.

The penetration depth of the laser light with the wav
length of 514.5 nm is about 100 nm. Therefore, the Ram
spectra of the CPPM are overlaid by the Raman spectr
the LO phonons from the depletion layer. A small contrib
tion ~less than 2% of the area of the CPPM in all cases! of
the TO phonon can be seen. For backscattering from
~100! plane, the TO phonon is forbidden by the selecti
rules in a crystal ofTd symmetry. The small TO-phonon
contributions could be due to misorientation of the samp
The measured Raman spectra were fitted to the sum of
calculated CPPM, to a LO-phonon contribution from t
depletion layer, and to a TO-phonon contribution. T
dashed line is the theoretical result for the CPPM accord
to Eq. ~21! with x0 from Eq. ~26! and x i from Eqs.~28!–
~30!, and ~B1!–~B9!. The spectra were measured with th
laser-beam polarizationel i @110# and the scattered-light po
larizationesi @110#.
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TABLE II. Characterization of the Zn-dopedp-type GaAs samples.pH andmH are the Hall values of the
hole concentration and mobility, respectively, determined by Hall measurements at room temperaturep and
m are hole concentration and mobility derived from the Hall values assuming dominating ionized im
scattering~samples 5 – 12! and combined ionized impurity/phonon scattering~samples 1 – 4! of the carriers.
G1 (G2) are the damping constants of the heavy~light! hole plasmons;G is the effective plasmon damping
These values were derived fromm.

Sample pH mH p m G G1 G2

(cm23) (cm2/V s! (cm23) (cm2/V s! (cm21) (cm21) (cm21)

1 1.431017 246 2.131017 164 135 125 182
2 4.831017 179 7.231017 118 186 173 250
3 8.231017 177 1.231018 117 188 174 253
4 1.031018 160 1.531018 107 205 190 276
5 1.531018 148 1.731018 133 167 152 402
6 2.731018 119 3.031018 107 203 183 484
7 4.731018 105 5.231018 94 227 203 538
8 7.231018 92 8.031018 83 252 222 588
9 1.131019 88 1.231019 79 266 236 626

10 1.431019 75 1.631019 67 308 271 717
11 4.531019 55 5.031019 50 411 353 935
12 9.031019 50 1.031020 45 450 383 1014
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Raman spectra measured at other surfaces and with
ferent polarizations gave evidence that the selection rules
maintained and the momentum of the incident phonon
conserved for Raman scattering. This applies even for
heavily doped samples as shown in Fig. 4 for the case
sample withpH51.431019 cm23. For backscattering from
the ~001! surface and polarizations of the incident and sc
tered light parallel to direction@110#, the Raman scattering
of the CPPM and LO phonons is allowed in accordance w
the selection rules@see Fig. 4~a!#, and forbidden at crosse
polarizations@see Fig. 4~b!#.

Whereas in backscattering off the~001! surface with po-
larizations along the@110# axes the contributionsSA andSB
of the CPPM are allowed, with polarizations parallel to@100#
and@010# only SA contributes. We measured in both config
rations, but no remarkable differences in the spectra w
observed. Therefore, we conclude that theSA contribution
dominates. This assumption is confirmed by the observa
that, in backscattering off the~110! surfaces, independent o
the doping level, no band was observed in the para
parallel@ 1̄10# polarization, where only theSB contribution is
allowed @see Fig. 4~d! and Eqs.~25! and ~26!#. In back-
scattering off the~110! surface and crossed polarizations p
allel to @001# and @ 1̄10# the CPPM and the LO phonon ar
forbidden, while the TO phonon is allowed. The band o
served@see Fig. 4~c!# appears at the position of the TO ph
non with 3.1-cm21 bandwidth. The value of 2.6 cm21 ob-
tained after deconvolution with the slit function is not ve
different from the bandwidth of 2.2 cm21 observed in un-
doped GaAs.40 DominatingSA contributions were observe
in CdS,48 GaP,49,4 CdTe,51 ZnO,52 SiC,18 as well. Forn-type
GaAs the two contributions are comparable in intensity50

Calculations based on Eqs.~25! and ~26! for n-type GaAs
and p-type GaAs with the same carrier concentration a
characteristic mobilities show that theSB contribution in
p-type GaAs is much smaller mainly due to the larger car
masses and smaller mobilities. At low carrier concentrati
if-
re
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e
a

t-
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re

n

l/

-

-

d

r
s

the frequency of the CPPM is slightly enhanced in compa
son with the LO-phonon frequency, crossing the gap
tween the LO and TO phonons with increasing carrier c
centration and reaching the TO-phonon frequency at v
large ones. The measured frequencies and dampings o
CPPM correspond well to the calculated ones~see Fig. 5!.

From the fit of the measured spectra with the sum of
calculated CPPM and LO phonons the depthd of the deple-
tion layer can be estimated. Using the Schottky model
assume that at distanced away from the surface the carrie
concentration abruptly rises to the bulk value. Then
depletion layer depth is obtained by

d5~1/2a!ln~11k! ~38!

with k5kA /kS . kA5AL /AP is the ratio of the measure
areas of the LO-phonon band from the depletion layer a
the CPPM band in the Raman spectrum,kS5I L /I P is the
areas ratio of the calculated Raman cross sections from
LO phonons, and CPPM in a volume element. The deple
layer depthsd calculated with Eq.~38! are shown in Fig. 6.
Our values are lower than those calculated with the bar
heightefB50.5 eV reported in Ref. 34 according to

d5S 2«0«SfB

e2p
D 1/2

. ~39!

The accuracy of our fit increases with increasing carr
concentration, indicating that at least at high carrier conc
trations the depletion layer is narrower than that predicted
the Schottky model withefB50.5 eV.

With decreasing temperatures the CPPM are broade
This is shown for three carrier concentrations in Fig.
where the room-temperature Raman spectra are comp
with those measured at 10 K. The Raman cross section
calculated with input parametersp andm derived from Hall
measurements ofpH and mH using an effective Hall factor
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FIG. 3. Raman spectra of the samples characterized in Table II. The Raman spectrum of a semi-insulating sample is inc
comparison. The spectra were obtained at room temperature in backscattering. The solid line gives the experimental result, the d
the theoretical result for the CPPM according to Eq.~21! with x0 from Eq. ~26! andx i from Eqs.~28!–~30!, ~B1!–~B9! without additional
fit parameters; the dash-dotted line takes into consideration the contribution of the LO phonon~dotted line! from the depletion layer and a
small TO-phonon contribution~dotted line!.
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r eff51.1 valid for dominating ionized impurity scattering. A
low temperatures the contribution of the interband transiti
to the dielectric function cannot be neglected.20 It results in a
mode broadening, especially in the concentration rangepH
&1019 cm23. For comparison, theoretical curves calculat
without interband term are given as well.

B. p&1018 cm23

Hall measurements of these samples proved the free
of the free carriers at low temperatures and indicated con
butions of phonon scattering to the mobility of the free hol
Therefore, fits of the Raman spectra based on an effec
Hall factor r eff.1.1 gave better results than withr eff51.1,
assuming ionized impurity scattering only. Figure 8~a! shows
s

ng
i-
.

ve

the Raman spectrum of sample 3 excited with 514.5-nm la
light and theoretical Raman cross sections based onr eff

51.5. However, due to the larger depletion layer depth
low carrier concentration and the small frequency shift of
CPPM in comparison with the pure LO-phonon frequency
is difficult to separate the contributions of the bulk CPP
from the depletion layer LO phonon in the measured Ram
spectrum. Forp-type GaAs with low carrier concentratio
we therefore excited the Raman spectra with the laser lin
1.064 nm in the transparency region of the samples, wh
the depletion layer influence can be neglected26 @see Fig.
8~b!#. In this case, for the theoretical curve Eq.~21! was used
with the approximations for small wave vectors in the diele
tric function.
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Figure 9 presents the temperature dependence of the
quency and the bandwidth of the CPPM of threep-type
GaAs samples in comparison with the LO-phonon mode o
semi-insulating sample. The parameters of the meas
samples are shown in Table II. We observed no signific
changes of the Raman shift and of the halfwidth of t
coupled phonon-plasmon mode with decreasing tempera
in comparison to the values of the LO-phonon mode of
semi-insulating sample. Hall measurements, howe
showed distinct temperature dependences of the hole con
tration and of the mobility. Based on these values, the sim
Drude theory would predict a narrowing and downshifting
the CPPM with decreasing temperature, as shown for
sample in Fig. 10. The calculations taking into account
interband part of the dielectric function describe the o
served temperature dependence well. The spectra sho
broadening of the bandwidth with decreasing temperat
That means the decrease of the carrier concentration in

FIG. 4. Raman spectra of the sample withpH51.4
31019 cm23 at 300 K measured in backscattering from two s
faces.~a! ~001! surface, incident and scattered light polarizationi
@110#. The spectrum shows the CPPM and the LO phonon from
depletion layer, the TO phonon is forbidden due to the selec
rules.~b! ~001! surface, incident light polarizationi @110#, scattered
light polarizationi @110#. The CPPM, LO phonon, and TO phono
are forbidden.~c! ~110! surface, incident light polarizationi @001#,

scattered light polarizationi @ 1̄10#. The spectrum shows the TO
phonon; the CPPM and the LO phonon are forbidden.~d! ~110!
surface, incident, and scattered light polarizationi @001#. LO and
TO phonon are forbidden, the contributionSB ~Eq. 22! of the
CPPM is allowed.
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FIG. 5. Energy shift~crosses! and full widths at half height
~circles! of the measured CPPM depending on the hole concen
tion. Theoretical results are drawn for the mobilitiesmH

550 cm2/Vs ~dotted lines!, mH5100 cm2/Vs ~dash-dotted lines!,
andmH5150 cm2/Vs ~dashed lines!.

FIG. 6. Depletion layer depthd vs hole concentrationp. The
calculations using Eq.~38! were performed withk5kA /kS ~full
circles! and k5kA ~open circles!. The dashed line was calculate
with Eq. ~39!.
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FIG. 7. Raman spectra~solid lines! at two temperatures of the samples with~a! pH52.731018 cm23 ~300 K!, ~b! pH57.2
31018 cm23 ~300 K!, ~c! pH51.431019 cm23 ~300 K! . The theoretical Raman efficiencies of the CPPM are shown by dotted lines
dash-dotted curves include the contribution of the LO phonon from the depletion layer and a small TO-phonon contribution as w
comparison the theoretical Raman efficiency of the CPPM without interband contribution~dashed lines! is shown.
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56 9535LIGHT SCATTERING BY A MULTICOMPONENT PLASMA . . .
valence band is compensated by the increasing influenc
the interband contribution, which broadens the mode.

The interband part of the dielectric function is enhanc
with increased ratio of the effective hole massesr
5m1 /m2 . Therefore, the measurements performed on
p-type GaAs samples withr'7 were compared with Zn
dopedp-type GaP samples with a ratio of aboutr'3. In
order to realize small absorption, the GaP samples were
cited with a Krypton-ion laser at the wavelength 647 nm.

Figure 11 presents the dependence on temperature o
quency and bandwidth of the CPPM in thep-type GaP
samples in comparison with the LO-phonon mode of a se
insulating sample. Both the Raman shift and the bandw
of the CPPM decrease with decreasing temperature to
values of the LO-phonon mode of the semiinsulating sam
Below 100 K the carrier concentration in the valence ban
smaller than 1017 cm23 ~sensitivity limit of the Raman
method!.

In this case, the influence of the interband transitions
much smaller, which can be seen by comparison with th
retical curves based on calculations without and with
interband part, respectively. For the sample withpH58.3
31017 cm23 this is shown in Fig. 12.

FIG. 8. ~a! Raman spectrum~solid line! of sample 3~character-
ized in Table II as excited with 514.5 nm. The Raman spectrum
fitted ~dash-dotted lines! by the sum of the CPPM contribution
~dashed lines! and a LO-phonon contribution from the depletio
layer ~dotted lines!. ~b! shows the Raman spectrum excited w
1.064mm ~solid line! and the theoretical Raman efficiency~dash-
dotted line!.
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VII. CONCLUSIONS

The Raman spectra of CPPM in GaAs:Zn were compa
with theoretical Raman cross sections in a large dop
range. Good agreement was obtained with a theory that ta
into account the contributions of heavy and light holes
well as of interband transitions. The interband transitio
make an important contribution at low temperatures that
sults in a broadening of the CPPM. The Raman-scatte
efficiencies derived can be used to analyze the CPPM
other polar semiconductors with similar valence-band str
tures, too. Comparative Raman measurements inp-type
GaP:Zn showed a smaller effect that is traced back to
smaller effective-mass ratio of the heavy and light holes.
InP with a mass ratio near that of GaAs (m1 /m254.8) we
expect, e.g., a similar strong influence of the interband c
tribution to the dielectric function.
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FIG. 9. Raman shift~a! and bandwidth~b! of p-type GaAs
samples and of the LO phonon of a semi-insulating sample~solid
line! depending on temperature; (d) sample 1, (s) sample 2, (h)
sample 4, (d) pH51.431017 cm23 ~300 K!, (s) 4.8
31017 cm23 (300 K), (h) 1.031018 cm23 ~300 K!.
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APPENDIX A: LIGHT-SCATTERING EFFICIENCY
FOR ONE CARRIER TYPE, PHONON

DAMPING INCLUDED, q50

In the case of one carrier type with low mobility whe
only one overdamped CPPM is observed near the LO p
non, and the LO-phonon damping cannot be neglected,
light-scattering efficiency derived from Eqs.~20!–~22! can
be written with Im(SA) and Im(SB) from Eq. ~24! and Eq.
~25!, respectively, but one prefactor in each case has to
changed according to4

FvT
2~11CFH2v2

vT
22v2 G 2

⇒112CFHvT
2@vP

2G~vT
22v2!

2v2g~v21G22vP
2 !]/N

1CFH
2

vT
4

vL
22vT

2
vP

2 $@G~vL
22vT

2!

1g~vP
2 22v2!#

1v2g~v1G2!%/N, ~A1!

and

FIG. 10. Relative Raman shift~a! and bandwidth~b! of the
p-type GaAs sample 4, withpH51.031018 cm23 ~300 K! depend-
ing on temperature. Raman measurement (d), theoretical results
with ~dashed line! and without~dotted line! interband contribution
included.
o-
he

be

S vL
22v2

vT
22v2D 2

⇒@vP
2G~vL

22v2!21vP
2G~vL

22vT
2!

1Gg2vP
2v2]/N ~A2!

with

N5vP
2G@~vT

22v2!21v2G2#1v2g~vL
22vT

2!~v21G2!.
~A3!

APPENDIX B: INTRABAND AND INTERBAND
CONTRIBUTIONS TO THE DIELECTRIC FUNCTION

In this appendix we analyze Eq.~31!. Using the matrix
elementsGyy8 given in Eqs.~32! and ~33!, two integrations
in Eq. ~31! can be performed, and we arrive at the followin
expressions for the intraband part:

x̃ nn5c1y23/2E
x50

`

f ~x!dxH ln
~y1Ṽ12Axy!

~y1Ṽ22Axy!

3
~y2Ṽ12Axy!

~y2Ṽ22Axy!
1

3

2
Ay

x

2
3

4

~x2y!2

~x22Ṽ2!
lnUAx1Ay

Ax2Ay
U

FIG. 11. Raman shift~a! and bandwidth~b! of p-type GaP
samples and of the LO phonon of a semi-insulating sample~solid
line! depending on temperature,~n! pH56.531017 cm23 ~300 K!,
(h) 8.331017 cm23 ~300 K!.
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1
3

16

@~y1Ṽ!224xy#

~x2Ṽ!
ln

y1Ṽ12Axy

y1Ṽ22Axy

1
3

16

@~y2Ṽ!224xy#

~x1Ṽ!
ln

y2Ṽ12Axy

y2Ṽ22Axy
, ~B1!

and for the interband part,

FIG. 12. Relative Raman shift~a! and bandwidth~b! of the
p-type GaP sample withpH58.331017 cm23 (300 K) depend-
ing on temperature. Raman measurement (d), theoretical results
with ~dashed line! and without~dotted line! interband contribution
included.
s

l-

nd

l.

pl
x̃ n8n5
c1

y3/2Ex50

`

dxH 2
3

4
Ay

x
@r f n~x!1 f n8~x!#

1
3~x2y!2

8x F f n~x!

~x2Ṽ!
1

f n8~x!

~x/r1Ṽ!
G lnUAx1Ay

Ax2Ay
U

2
3 f n~x!$@y1rṼ2~r21!x#224xy%

16x~x2Ṽ!

3 ln
y1rṼ2~r21!x12Axy

y1rṼ2~r21!x22Axy

2
3 f n8~x!$@y2Ṽ1~r21!x/r#224xy%

16x~x/r1Ṽ!

3 ln
y2Ṽ1~r21!x/r12Axy

y2Ṽ1~r21!x/r22Axy
J . ~B2!

The following abbreviations were used:

c15
e2Amn*

4p2«0\A2kBT
, ~B3!

x5
«

kBT
5

\2k2

2mn* kBT
, ~B4!

y5
\2q2

2mn* kBT
, ~B5!

Ṽ5
\ṽ

kBT
, ~B6!

ṽ5v1 iGnn8, ~B7!

r5
mn8
mn

, ~B8!

f n~x!5@11exp~x1m!#21, ~B9!

wherem is the chemical potential.
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