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Light scattering by a multicomponent plasma coupled with longitudinal-optical phonons:
Raman spectra ofp-type GaAs:Zn
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The LO-phonon-hole-plasmon coupling is investigated deype IlI-V semiconductors. Due to a large
carrier damping, only one coupled LO-phonon—plasmon m{@RPM 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-dopguitype GaAs in the hole concentration range 107—1¢° cm™3. 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 concentratom@and the mobility . are derived from the
measured Hall valuepy and w, evaluated on the basis of a two-band model of the conductivity. Raman
measurements of the CPPM in Zn-doppdype 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.
[S0163-18297)01536-1

I. INTRODUCTION tant. A theoretical treatment of the CPPM has to take into
account LO phonons, light holes, heavy holes, and all their
In polar semiconductors the plasmons of free carriers ininteractions. ] ] ]
teract with the longitudinal-opticalLO) phonons via their In an earlier work Olego and Carddhmvestigated the _
macroscopic electric fields. The resulting coupled LO-R@man scattering by coupled LO-phonon—plasmon modes in
phonon—plasmon modd€PPM'S were first discussed by heavily dopedp-type GaAs:Zn with hole concentrations

Vargd and observed in the Raman spectraneiype GaAs ranging from 167 to 10?°° cm 3. They interpreted their re-
by Mooradian and Wrigh"l Since then the CPPM's have sults by wave-vector nonconservation and a breakdown of

. . . . .the selection rules due to scattering by ionized impurities.
been intensively studied from both theoretical and experi- . 9 : . - )
mental viewpoints. Methods of the electrical characterizationKamIJOh etal” investigatedp-type GaAs:Si with carrier

P ' oncentrations of 810-3x10® cm 3. They proposed

of polar semiconductors based on the analysis of the CPP at long-wavelength CPPM could not be observed due to

measured by Raman scattering or far-infrared spectroscqqy]e low mobility of about 20 crV's. The phonon mode
have been established. By far most work has dealt withyhserned at the unchanged LO-phonon frequency was inter-
n-type llI-V semiconductors of high carrier mobilities and preted as thé _(q) mode at large wave vecfbdue to scat-
low carrier effective masses, where a low-energy branchering by heavily doped ionized impurities. Its broadening
(L-) and a high-energy branch.() of the CPPM can be as explained by the impurity-induced Ttizh interaction,
observed. Relatively little work has been reported on the&imilar to Ref. 8.
CPPM inn-type polar semiconductors with low carrier mo-  Yuasa and Ishif studied the Raman scattering from Be-
bilities and higher effective electron mas3e§in this case  dopedp-type GaAs. They observed far=3x 10 cm 3 a
only one overdamped CPPM appears, for which frequencghoulder on the high-frequency side of the LO-phonon mode
shift and halfwidth broadening are small in comparison withand forp=2x10'® ¢cm™2 a broad peak near the TO phonon
the values of the pure LO phonon. Hence, the finite lifetime(*mode B” ). By comparison with measurements of the TO-
of the lattice vibrations has to be included in the analysis ofphonon mode from thé110) cleaved surface they concluded
the CPPM. that the selection rules are maintained in their molecular
In p-type polar semiconductors, the situation is muchbeam epitaxy(MBE)-grown layers and that the modg
more complicated. Besides a lower carrier mobility than inshould not be identified with the forbidden TO phonon but
most n-type semiconductors, different sorts of free holeswith the low-frequency branch of the CPPM.
contribute to the free-carrier plasma. For example, in Milayah etal!! performed Raman measurements on
p-GaAs only about 5% of the free carriers are present agaAs:Be samples with very high doping levels ranging from
light holes. However, because their plasmon energy is about0®~1.4x 10°* c¢cm™ 3. They observed a single CPPM in the
38% of that of the heavy-hole plasmon energy and becausdcinity of the TO-phonon frequency. By means of a line-
of their higher mobility, the influence of the light holes on shape analysis, which took into account plasmon damping,
the optical and electrical properties of the plasma is importhe carrier densities of the samples were determined.
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Wan and Youn¥ investigated Be-doped samples in the o

carrier concentration range from X10®-3x10° ¢cm™3 |
and stated a single-mode behavior primarily due to the over- A pein
damped nature of heavy-hole intraband transitions. They — [s)"[ ©s Lot/ .
compared their Raman scattering spectra with a theory simi- _(?) (a) Ef dte(ilox(a.)8x(a.0li)r-
lar to that derived by Hon and Fadisind Kleinet al® for !
the one-carrier sort only. Intraband contributions were in- @
cluded in the Lindhard-Mermii form for a Maxwell- @= o —wsis the scattering frequency, the frequency of
Boltzmann distribution of the free carriers, and interbandth€ incident laser lightw the frequency of the scattered
transitions were taken into account using an expression dignt: V the scattering volume, and the room angle. The
BardyszewsK{ in the limit of zero wave vector generalized scattering wave vectoy is given byg=gq,—gs. dy is the

to finite temperature. The carrier concentrations obtaineganSItlon susceptibility operator of the crystal in the Heisen-

f he fits of th ith Hal 9 representation given beloW.); denotes the thermal
rom the fits of the Raman spectra were compared with Hall,semble average over the initial states.

measurement data. In the transition susceptibility, contributions of the free
More recently Fukasawa and Perkowtthave reported carriers and of the phonons are involved.
Raman spectra of Be-doped MBE-growrtype GaAs with For the calculation of the transition susceptibility @t

hole concentrations between &30 and 1.9<10'° cm™2. =0, two mechanisms of the electron-lattice interaction have

They analyzed the band shapes by comparison with theoreto be considered. The deformation-potential interaction,
ical expression$’® From the band fits hole mobilitear  leading to the contributiody,, is due to the modulation of
were obtained using fixepl values from Hall measurements. the periodic crystal potential by the relative displacement of
The ratio between the Hall mobilities, and the mobiliies e atoms in the unit cells. The Hriich interaction of the

hel carriers with the longitudinal macroscopic electric figt
from the Raman measurements was found_to MR associated with the longitudinal-optical polar phonons causes
=1.5—-2.6 depending on the hole concentration. A similar

o . another contributiorSyt to the transition susceptibility:
enhancement of the hole mobilities obtained by Raman mea- XE ptibility

surements in comparison with Hall mobilities was reported ox

by Gargouri etall® (uy/ugr=3.7), Mlayah etalll 5Xu=<—)U(Q)=_E e!ejseﬂ(

(un!mr=2), and Irmeret alX’ (uy/ug~2.3). du ik

In this work the differences between the results of electri-
cal and optical measurements prtype semiconductors are .
discussed on the basis of a two-band model of the free holes. OXg=
In Sec. Il the system of coupled polarizations of electrons

and LO phonons, considered, e.g., by Kleiral,'33is gen- €(€°) are the incident and scattered photon polarization unit

eralized to a multicomponent plasma. The Raman cross setectors;e’=q/|qg| is the unit vector parallel to longitudinal

tion is derived in random-phase approximatiRPA). It  displacements.dy;; /duy) and @y;; /JE;) are the elements

takes into account the wave-vector dependence of the scaf the Raman tensor and the electro-optical Raman tensor,

tering as well as finite lifetime effects in the relaxation-time respectively.

approximation. The interpretation of Raman measurements In the =0 quasistatic approximation both contributions

in p-type semiconductors at low temperatures requires a did'¢ assumed to g independent. _

electric function that includes intraband as well as interband FOr simplicity we assume that the free carriers of the type

transitions (Sec. ). A generalization of the Mermin i move in a parabolic band with effective mass tensgr.

proceduré’ was used® In Sec. IV the connections between Their contribution to the transition susceptibility in addition

the Hall and the drift values of the free hole concentrationto Egs.(2) and(3) is

and mobility are discussed. The Raman measurements were

performed on Zn-doped GaAs with dominating impurity rec?

scattering of the holes in the concentration rapgel0t® — SXpi =" Kipi(Q), (4)

10?° cm™?2 at different temperatures. In Sec. VI the results @s

of the Raman measurements are compared with the theorewith

ical Raman cross sections. It is shown that the theoretical

cross sections describe the experimental results well. At low m, 3 m,

temperatures the interband transitions are proven to make ,ui=e'-(—) 8= 2 e}eﬁ(—) ,
jk

axi
L)u(q), @

Juy

IXij
EY(q)=> elefell =
(=2, eiefed] =

Ix
JE" "

)EL(q)- 3

. . . * P vt *
important contributions. m; k=1 m;

m* =mem; ; )
re=(e?/4me,m,c?) is the classical radius of the electron.
Il. RAMAN-SCATTERING EFFICIENCY pi(9)=(1NV)Z;e'%"ii is the Fourier transform of the free-
carrier density operator. The sum extends over all free carri-
The cross section of light scattering can be written iners of typei.

terms of the matrix elements of the transition susceptibility The Born effective charges* associated with the dis-
operator and is given By 253 placementsu(q) produce dipole fields with thgth Fourier
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component of the polarization given by Tij=Veo(xi & — xixj/e), (14)
e*u(q) where
Po(a)= (®)
Nc
The free-carrier polarization is related ge(q) by Poisson’s e(g0)=¢e.+ D xi (15)
equation: i=0
eipi(Q) is the total dielectric function for electrical fields. The coef-
P.(q)= — ilq (7)  ficientsc;; in Eq. (10) are evaluated to be given by
with e,=+e(—e) in the case of free holeglectron$, re- Coi=Cio=b%a], (16)
spectively. , N
The total polarizatiorP=P,+ X" P; is screened by the Cij=aptaa;; 1,j#0 17)

bound electrons and produces the longitudinal macroscop%ith
field E- with the Fourier component

P(q) _ 1 [ox
Lim)— a.=— -1,
EX)=—o - ®) ° eora| gE-
Therefore, the total transition susceptibility as a function of 2
the polarizations is obtained as T
polarizations i [ b=1-Cey——, (18
V [ dx 1 ([ ox N eLmer
Sx=— —) Po— ——| || Pot > Pi)
ex\du 8080 | JE- =1 equi
d=————. (19
iqr oc2 e 41e Mywg
+——2, miPi. C) _ o
ewg =1 In Eg. (18) we introduced the Faust-Henry coefficient,

The calculation of the cross sectifiq. (1)] can be carried which describes the contribution ratio of the deformation po-

out using the fluctuation-dissipation theorem. In the case o}f;;jér?cri‘gstgf tﬁleeftt)rr?g;ﬁﬂgfn;?r(;%i?/glrss};':gﬁ(cag)pﬁgiéﬂg
the system of coupled longitudinal polarizations we obtain . T
y P 9 P M their reduced mass. From Ed&) and (10) we obtain in

V2 ot ; _ the case of isotropic effective masses
IEJ Cij EJ dte“Xi|Pi(a,t)P{(q,0)[i)

0ol o s 4w 2f’L(nw-i-l)I Si1s
7 =latle=l 2000 " ¢ o ——Im(Sp+Sp)
=5 (ot 2 ¢y Im{T; (g,0)} (10
with the linear-response function matrik;;. n,+1=[1 with
—exp(—hw/kT)] ! is the Bose-Einstein statistical factor. - 2
Externally applied fictious driving field®;(q,®), which act S, = v olesga| 2Xii
on the ionic and carrier subsystems, are introduced with the A 808§_i,j,k:1 Ik ﬁEk

aim of evaluating these response functions.

The interaction within and between the subsystems can be 1 ) )
taken into account in the random-phase approximation by s exbXoF [+ (1—D) XO]Zl xif, (1)
linear response to the total effective electrical fields

Ne

1 e eq ’ i & Xi
- les| — AL

Ei(q,w>=Di(q,w>—%—%j§0 P(qw), (1)  B=Veo Ameqmoe? 2 eef| ) (et X0 2, 2
where the Fourier components of the polarizations are given N 12 (1 1)\2 05
by 22 \m ) X[ (22)

Pi(0,0) =£0xi(q,0)Ei(q, ). (12 The scattering efficiencyof the CPPM has a contributidn
Xi are the electrical susceptibilities of the subsystems. Théue to the phonon displacemanand electric fieldE" and a
solutions of Eqs(11) and(12) are contribution Iz due to the charge-density fluctuation. As

mentioned above, we used the dipole approximation. Then
1 the polarizations associated with the sublattice displacements
Pi(0,0)=g—2>, Tij(q,0)D;(q,o) (13 u(q) are real and the free-carrier polarizations imaginary and
VSO j . . s .
do not interfere; the scattered intensities simply add. How-
with ever, if the laser energy is close to a band gap, the dipole-
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forbidden Frdilich scattering becomes important and con-
tributes to the scattering amplitude. In this case the scattering
amplitudes are complex, and interference and partial cance-
lation of the different contributions is possible. Such inter-

ference effects were observed and discussatt@rAs, for
example, by Menedez and Cardorif.In our work we used

laser excitation out of resonance; the magnitudes of the corf.)-

tributions of S, and Sy to the scattering efficiency are added
depending on sample and polarization orientation.

We note that Eq(22) includes the special case of light
scattering by a two-component plasriwaithout phonon in-

teraction, considered in Refs. 24 and 25. Before discussings
: : ' ! c
the light scattering by a multicomponent plasma in a polar
semiconductor in the general situation, we prove that Egs.
(20)—(22) reduce to the scattering cross-section expressions

obtained earlier for special cases.

Ill. DIELECTRIC FUNCTION

A. One carrier type, phonon damping neglected, &0
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(O OF

X0~ €x s
w%——wz—lwy

(26)

the light-scattering efficiencies derived from E¢80)—(22)

can be expressed in the form of Ed24), (25 with the
refactors of Im{1/e) changed(see Appendix A The
ight-scattering cross section including phonon damping has
been successfully used to determine the carrier concentration
and mobility in accordance with electrical measurements,
e.g., inn-GaP? ZnSe®® and SiC’

In cases of large effective carrier masses the light-
attering efficiency, via deformation potential and electro-
optic mechanisms dominates, and the contributiglue to
charge density fluctuations is negligible.

Essential features of the influence of the free carrier and
of the lattice vibration dampings can be studied by a classical
treatment of the coupled phonon-plasmon system with Born-
Huang-type equations of moti&t’® assuming only one car-
rier type. In the presence of damping the solution of the
eigenvalue problem requires complex valueswofThe real

For small g, neglected phonon damping and one free-ang the imaginary parts give the frequencies and the damp-

carrier type of effective masm* (isotropic mass tenspr
with concentratiom and mobility . the dielectric function
can be approximated by

2 2
e=e,tXxot X1=6€x| 1+ - -
w%—wz o(w+il")

) (23

with the plasma frequencwp=(€’n/eqe..m*) 2 and the
plasmon damping =e/m* . The expressions In¥,) and
Im(Sg) in Eq. (20) reduce to

axi

9Ex

{‘U%(l"' Crp) — 0° ?
X

2

V
lm(SA)Zs_O

3
DIFEX
eee
kel "(

03— w?

and

(29)

ing rates of the coupled modes, respectively. In order to
demonstrate the behavior of these solutions depending on the
plasma frequency, two cases of loW£10 cm 1) and high
free-carrier dampingI{=500 cm'!) were calculatedsee

Fig. 1). For the phonon damping the valge=1 cm ! and

for the effective mass the value* =0.4m, were used.

For low damping rategcase | in Fig. 1 the coupled
modes can be classified in an upper brahchand a lower
branchL_ as observed, e.g., in-type GaAs. With increas-
ing carrier concentratiofplasma frequengythe upper mode
changes in energy from a phononlike to a plasmonlike char-
acter and vice versa for the lower-frequency mode, which
reaches the TO-phonon energy for large plasmon energies.
The mode dampings show similar tendendlgg. 1, case Ip
with —Im(w) =y atw,=0 and—Im(w) =T for w,>w, for
the upper mode and vice versa for the lower mode. For large
plasmon damping&ase Il in Fig. ) the separation into “up-
per” (full circles) and “lower” (open circlegis physically
meaningless. One mode is more phononlike, with energies
Re(w)=w_ at w,=0 and Rep)=w at wp>w and with
nearly pure phonon damping in both cases, whereas the other
mode is an overdamped plasmon mode.

In this context the simplest approach to describing the
Raman scattering efficiency ip-type semiconductors is to
take into consideration the contributionyg and y, of the
heavy and light holes with concentratigr=p,+ p, to the
electrical susceptibility, introducing an effective plasmon

which are identical to those obtained, e.g., in Ref. 4. Equafrequencya,:)c and effective dampind’*, substituting

tions (24) and (25) have been successfully applied by many

authors to interpret the light scattering by plasmons-iype
I1I-V semiconductors with high carrier mobility and scatter-

ing excitation in the region of transparency of the samples.

B. One carrier type, phonon damping included, g=0

*2
_ p

w(w+iT) o(0+ily)  o(e+il*)

2 2
smwpl wapz ExW

(27)

with w};*=e?pleqe..m}; andl™* =e/mf u. p=p,+p, is the
hole concentration; the “effective” masses; andmy in-

In semiconductors with low carrier mobilities, i.e., large troduced inwp and I'* have a weak dependence on the
plasmon damping, instead of two coupled LO-phonon-dominating hole scattering process.
plasmon modes only one overdamped mode near the LO With the parameters given in Table | and assuming
phonon is observed. If we include the phonon dampjng =mi=0.43n, dependence of the Raman-scattering effi-
into the phonon contribution to the electrical susceptibility ciency on the plasmon dampidg® was calculated.



9528 G. IRMER, M. WENZEL, AND J. MONECKE 56

TABLE |I. Parameters used in calculations.

600 !
1) ;7 T @ e m, Heavy-hole effective mass 056 2
i ..7 i ,’..' m, Light-hole effective mass 0.08, 2
o ,’.0 €s High-frequency dielectric constant 106
o~ 400 - Lo’ I~ S e Ly &g Static dielectric constant 128
g o . L oh ) o o7 TO(I')-phonon energy
S Rl D o o et paa oo art = 300 K 268.1 cm**
% TO 7 oo ST e, atT = 10K 271.8 cmt°®
& 200 /off’o - Sl P W LO(I')-phonon energy
L0 L S atT = 300 K 291.4 cmt®
- - atT = 10K 295.1 cm?°®
K ’ Lo y Phonon damping constant 2 che
o0& a2 C Faust-Henry coefficient
. E atT = 300 K —0.48¢
. ab) Fae atT = 10K ~0.53¢
B - i a Absorption coefficient 0.8810° cm™t®
= 100 3 E aReference 44.
g L E %9900, bReference 42.
~ - - o Lo e °Reference 40.
\EE’; L. Le T o dReference 43.
< 10 200000000, R it R ®Reference 41.
= s° Eoe
Z ,°° °°oo L. - g-dependent RPA dielectric function, which takes into ac-
L+..° ° 0000, o count finite-lifetime effects in a relaxation-time approxima-
S PO N RS R IR W tion, is given by®
O 200 400 O 200 400 600 X 5

R !
o cm) e(qow)=e.+ > xi=eatxot 2 X", (28

i r_
v,v =

FIG. 1 Real parta) and imaginary partb) of the normal mode with the intraband contributions
frequencies of the coupled phonon-plasmon system in dependence
on the plasmon frequency assuming one type of carrier. The real

part (imaginary park corresponds to the frequenégamping ratg b (e )

of the coupled modes(l) Small plasmon dampingparameters 1018 1019

usedI'=10 cml,y=1 cm1). (ll) Large plasmon dampinga- L | l .
rameters usedT'=500 cnit,y=1 cmY). In the calculations 400

r'*incm-l

m* =0.4m, was used.

The maxima of the CPPM obtained are shown in Fig. 2. 360 —
For dampingsl'* =100 cmi ! only one coupled mode ap-
pears; its maximum shifts to the TO-phonon frequency with
increased hole concentration, in qualitative agreement witl ~ 354 _|
the experimental results given in Sec. VI. However, the &
quantitative interpretation of the Raman-scattering spectr £
obtained at different temperatures, using an excitation wave é
length at which the samples are opaque, requires a mor 8 280
refined model of the dielectric function. i

C. Two carrier types (hole9, interband transitions 240
and dampings included, g~ 0 _

In p-type diamond or zinc-blende semiconductors the 200 '
valence-band top & =0 is fourfold degenerate and splits ' ! ' ! ' ' '
for k+0 into the bands of heavy and light holes with masses 0 200 400 600 800
m; and m} , respectively. Band-structure effects such as mp* (em™)
nonparabolicities, warping, and the split-off band, separatea
by spin-orbit coupling, are neglected in the following. FIG. 2. Maxima of the CPPM according to E@1) depending
The free holes contribute to the dielectric function by in- on the plasma frequency. The parameter in the figure is the plasmon
traband transitions as well as by interband transitions bedamping. The calculations were performed with= 0.4, assuming
tween the two bands. An expression of the and one carrier type.
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X"(q0+il",)
ir, '1 X(qo+ilT,)|’

B w+iF,,_ ;("”’(q,O)

124

X=

127 (29)
1

and the interband contributions

: X" (q,0+iT )

vy = ~ ~ —~ —~ 7 ,1 F :F L}
X I (Pl T [~ (XG0t T 1) + X2 a0 H T VXG0 + x2Hq,0]] v 0
30
where
- e? d3k[ f,(k+q/2)—f (k—q/2
XVV (q’w+irvv’): f . [ ( a ) ( a )] GVV’ (31)
413e09%) ho+ihl,, —[e,(k+q/2)—e,(k—q/2)]
and
G, =|(k—q/2,v|e" ' k+q/2,v" ).
f, is the Fermi distribution function. The matrix elemef@s, (q) are given to a good approximatorby
Gll:GZZZ%(l‘i‘SCOg@), (32)
G12=Gp=3sir’0, (33

where O is the angle between the vectdts-q/2 andk+q/2. Using these expressions, two integrations in the threefold
integrals of Eq(31) can be performeésee Appendix B For small wave vectorg the interband contribution E¢31) reduces
to

X (0w+il,, )=

2 o - !
e fdk f(k) =1, (k) (34

m2e0l0  ho+il,, —[€,(K)—e, (k)]

In semiconductors that are opaque to the light, the wavenodel, the valuep, and uy agree with the free-hole con-
vectorsg, andgs are complex. Therefore, the scattering wavecentrationp and the conductivity mobility.. However, be-
vector is not conserved in the scattering process. Wave vecause these premises are not fulfilled as wepitype GaAs
tors in the rangeAg=Im(q,) +Im(qgs) about Re;—qs) are  as in otherp-type group-IV and group Ill-V compounds,
involved in the scattering process. As shown by severagonsiderable deviations between the Hall values and the cor-
authors®®~32the cross section of light scattering in the caserésponding conductivity valugs and u are possible. They

of opaque semiconductors and backscattering can b@re characterized in the pal’aboliC valence-band model of

, , (1+a%?)(r,a%?B%+r,)
= 1(q",0)dq (35 Fetr=P/Pn=pn/pn= (1+2%23)2
where the abbreviatioa=m,; /m,=(p,/p,)*? is used. 18
Here, q is the real part of the scattering wave vectar ( = u,/u, describes the mobility enhancement of the light-
=4mn/\) inside the scattering volume, and is the ab-  hole mobility in comparison with that of the heavy ones, the
sorption coefficient witha ~ag. The effective depth of ratio depends on the scattering mechanisms involved and on
crystal that contributes to the light scattering isxlFor  the temperature. In the case of different scattering mecha-
a—0, nisms, Matthiessen’s rule can be applied to obtain an esti-
mate of 3. r, andr, are the Hall factors of the single bands.
I_(q,w) =1(q',0)8(q—q") (36) Unlike the situation for electrons, the Hall factors of holes
. ) are difficult to measure, and even more difficult to calculate.
is reobtained. Values between 1 and 2.7 of the effective Hall factor in
p-type GaAs were deduced from experimental and theoreti-
IV. HOLE CONCENTRATION AND MOBILITY cal work®*~3"1f we user;=r,=1 andu,,= *?u;, (Ref.
38) for polar-optic-mode scatteringy,p=aup (Ref. 39
In the standard method of electrical characterization thgg, deformation-potential scattering, apg, = a?u,, (Ref.
Hall coefficientR and the conductivityr of the samples are 38) for ionized impurity scattering, effective Hall factors
measured and the Hall valugg,=1/eR and uy=Ro are  5.14, 2.02, and 1.11 would be obtained, respectively, in the
obtained. Assuming a Hall factor=1 and a one-band case of only one dominant scattering mechanism. These val-

_ , (37
| (q,w)=277afo (q—q’)+4a2'
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ues reflect the pure “two-band” contribution to the effective ments were performed in backscattering geometry from the
Hall factor. The damping constants of the light and heavy(001) plane. For the measurements at low temperature the
holes corresponding to these three scattering processes aamples were glued with silver paste to a copper cold finger
related by I'pp=a Yy, Tpp=T1p and Ty=aT;;.  mounted in a cryostat. The scattered light was analyzed with

The relative importance of the different scattering mechaa triple monochromator T640000obin Yvon equipped with
nisms for our highly doped samples will be discussed in Secholographic gratings 1800 lines/mm and detected by a
VI. cooled charge-coupled device. The wave-number scale of the
spectrometer was calibrated by comparison with the emis-

V. EXPERIMENT sion lines of a neon lamp. The spectra at=T300 K were
. recorded in the additive mode of the spectrometer with a

The Hall and the Raman measurement taking were pelspectral resolution of 1.2 cit, the spectra at low tempera-

formed on small samplesize 3x5x0.5 mn?) of differ-  tyres in the subtractive mode with a spectral resolution of
ently doped GaAs:Zn single crystals. The Hall measurementg cp1.

were carried out in Van der Pauw geometry in a magnetic
field of 0.23 T. B. p= 108 cm~3

The choice of the optimal excitation wavelength of the . . .
Raman spectra of the CPPM depends on the carrier concen. | '€ GaAs samples were excited with the 1.Q6#line

tration. Excitation in the near-infrared region with the laser® @ Nd:YAG laser. The scattered light was analyzed with a

line at 1.064um ensures small absorption and a small Wave-dOUbIe monochromator GDM100@Carl Zeiss Jenawith

vector transfer, which renders the comparison with theoretit-3°0 Iine_s/ mm gratings_ gnd detected with a cooled S1-
haracteristic-photomultiplier R 632ZHamamatsy The

cal cross sections much easier for low carrier concentration$ . _
than for excitation with visible light. For the interband part SPECtral resolution was about 1 ch
of the dielectric function the expression in E&4) can be

used. Moreover, due to the large light penetration depth the
contribution of a depletion layer to the Raman signal can be A. p=10% cm™3
neglected. However, fop=10'® cm 3 and near-infrared

excitation, the CPPM are superimposed with strong single;

particle scattering, which prevents the analysis of the CPP he heavily Zn-doped GaAs samples it is concluded that
The intraband and interband contributions of the Single_on|zed—|mpur|ty scattering is by far the most important scat

. . . . .~ tering mechanism. Based on the two-band model of the elec-
particle scattering contribute to a different extent dependin 9

Yrical conductivity from the measured Hall valugeg and
on the hole concentration and the wavelength of the excitin : . -
_ : : , the carrier concentratiop and mobility &, and the
laser. Forp=10' cm 2 the interband scattering between%H p Y #

. . 2 . concentratio of the heavy(light) holes, their mo-
the bands of the light and heavy holes is very significant INiities iy E‘,le)(pg)nd correspoyrgd?ng) damping values

the frequency range of the CPPM for excitations with smallrl (T',) ere calculatedsee Table Il. The unknown damp-

wave vectors. In this case vertical transitions between thvieng constant 1, was taken to be the averageof andT,.

two bands dominate, which are selected by wave-vector COMhe material parameters used for the calculations are given

servation. For larger wave vectors diagonal transitions are. Table |

possible; the interband scattering extends to a broader fre- With these parameters the Raman scattering efficiency of

quency range and is weaker in the CPPM region. The raNg9&Re CPPM was calculated without any additional free fit pa-

of dominating intraband and interband transitions dependin )
on hole concentration, wave vector, and temperature are digﬁameﬁglITthrF:inrna(:r:)r?ESr?g::i—it:ss?r? Iihc;f ?g:gt:ainf I5e S
. oo . . . 2 H_ .

cussed in more detail in Ref. 46. Excitation with laser ener 10 cm3-9.0¢10!° cm-2 are shown in Fig. 3. For

gies near the direct energy gap of GaAs should be avoide X - : .
for the Raman measurements of the CPPM. First, the Singlec_on:parlgon the Raman spectrum of semi-insulating GaAs is
closed.

particle scattering is enhanced by resonance and secon%‘,1 . . . i
Fano-like interferences with the single-particle scatterin The peneiration depth of the laser light with the wave

: . ength of 514.5 nm is about 100 nm. Therefore, the Raman
(Ref. 45 renders the CPPM analysis more difficult. It was pectra of the CPPM are overlaid by the Raman spectra of

shown that the interaction causing the Fano-like interferenc§1 ) X
- : o - - .~ the LO phonons from the depletion layer. A small contribu-
is due to the forbidden Fhdich mechanism, which contrib c?i-on (less than 2% of the area of the CPPM in all casss

VI. RESULTS AND DISCUSSION

From temperature-dependent Hall-effect measurements of

utes to the Raman scattering only under resonance con he TO phonon can be seen. For backscattering from the
tions. We therefore used for the heavy doped samples exc 100 plane, the TO phonon is forbidden by the selection

tation with A\=514.5 nm far from resonance and could !
measure the CPPM without disturbing influence of the singlémes. in a crystal offy symmetry. The small TO-phonon
excitation spectrum and Fano interferences. contributions could be due to misorientation of the samples.
The measured Raman spectra were fitted to the sum of the
calculated CPPM, to a LO-phonon contribution from the
depletion layer, and to a TO-phonon contribution. The
The Raman spectra were excited with the 514.5-nm linelashed line is the theoretical result for the CPPM according
of an Ar* laser. Resonance effects are avoided because thie Eq. (21) with x, from Eq. (26) and x; from Egs.(28)—
energy of this excitation line lies away from critical points of (30), and (B1)—(B9). The spectra were measured with the
combined densities of states. The laser power was kept #iser-beam polarizatiogl| [110] and the scattered-light po-
about 20 mW in order to avoid sample heating. The measurdarizatione®|| [110].

A. p=10® cm™3
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TABLE II. Characterization of the Zn-dopguttype GaAs sampleq,, andu are the Hall values of the
hole concentration and mobility, respectively, determined by Hall measurements at room temppratae.
wu are hole concentration and mobility derived from the Hall values assuming dominating ionized impurity
scattering'samples 5 — 1IPand combined ionized impurity/phonon scatterisgmples 1 — Ylof the carriers.
I'y (T',) are the damping constants of the hedlight) hole plasmonsf is the effective plasmon damping.
These values were derived from

Sample PH MH p M r Iy L,

(cm™3) (cm?/V s) (cm™3) (cm®Vs) (eml)  (em?b)  (em™Y

1 1.4x< 10Y 246 2.1x 10" 164 135 125 182
2 4.8x 10" 179 7.2<10Y 118 186 173 250
3 8.2x 10" 177 1.2< 10 117 188 174 253
4 1.0<10'® 160 1.5< 10 107 205 190 276
5 1.5<10%® 148 1.7 10 133 167 152 402
6 2.7x10'8 119 3.0<10'8 107 203 183 484
7 4.7x 108 105 5.2<10'8 94 227 203 538
8 7.2<10'8 92 8.0x10'® 83 252 222 588
9 1.1x 10% 88 1.2x10'° 79 266 236 626
10 1.4 10'° 75 1.6x10'° 67 308 271 717
11 4.5<10% 55 5.0x 10'° 50 411 353 935
12 9.0x 10¥° 50 1.0 107° 45 450 383 1014

Raman spectra measured at other surfaces and with difne frequency of the CPPM is slightly enhanced in compari-
ferent polarizations gave evidence that the selection rules ason with the LO-phonon frequency, crossing the gap be-
maintained and the momentum of the incident phonons isween the LO and TO phonons with increasing carrier con-
conserved for Raman scattering. This applies even for theentration and reaching the TO-phonon frequency at very
heavily doped samples as shown in Fig. 4 for the case of karge ones. The measured frequencies and dampings of the
sample withp,=1.4x10' cm 3. For backscattering from CPPM correspond well to the calculated oitese Fig. 5.
the (001) surface and polarizations of the incident and scat- From the fit of the measured spectra with the sum of the
tered light parallel to directiof110], the Raman scattering calculated CPPM and LO phonons the degtbf the deple-
of the CPPM and LO phonons is allowed in accordance witttion layer can be estimated. Using the Schottky model we
the selection rulegsee Fig. 4a)], and forbidden at crossed assume that at distanceaway from the surface the carrier
polarizationg see Fig. 4b)]. concentration abruptly rises to the bulk value. Then the

Whereas in backscattering off tti@01) surface with po- depletion layer depth is obtained by
larizations along th¢110] axes the contributionS, and Sg
of the CPPM are allowed, with polarizations paralle] 160 d=(1/2a)In(1+ ) (38
and[010] only S, contributes. We measured in both configu- ) )
rations, but no remarkable differences in the spectra wer8ith k=«a/xs. ka=A_/Ap is the ratio of the measured
observed. Therefore, we conclude that S contribution ~ areas of the LO-phonon band from the depletion layer and
dominates. This assumption is confirmed by the observatiof’®¢ CPPM band in the Raman spectrua=1,/lp is the
that, in backscattering off the. 10 surfaces, independent of areas ratio of the calculat_ed Raman cross sections from pure
the doping level, no band was observed in the parallel)—o phonons, and CPPM in a volume element. The depletion

T o T layer depthgd calculated with Eq(38) are shown in Fig. 6.
parallel[ 110] polarization, where only th8g contribution is . .
allowed [see Fig. 4d) and Egs.(25) and (26)]. In back- Our values are lower than those calculated with the barrier

scattering off thg110) surface and crossed polarizations par—hGighteqﬁB:O'5 eV reported in Ref. 34 according to

allel to [001] and[1_10] the CPPM and the LO phonon are 5 12
forbidden, while the TO phonon is allowed. The band ob- _[ 2e0este (39)
served see Fig. 4c)] appears at the position of the TO pho- e’p

non with 3.1-cm ! bandwidth. The value of 2.6 ciit ob-

tained after deconvolution with the slit function is not very  The accuracy of our fit increases with increasing carrier
different from the bandwidth of 2.2 cit observed in un- concentration, indicating that at least at high carrier concen-
doped GaA$? DominatingS, contributions were observed trations the depletion layer is narrower than that predicted by
in CdS?® GaP#*CcdTe® Zn0O 52 SiC!® as well. Fom-type  the Schottky model witlegpg=0.5 eV.

GaAs the two contributions are comparable in intendlty.  With decreasing temperatures the CPPM are broadened.
Calculations based on Eg&5) and (26) for n-type GaAs This is shown for three carrier concentrations in Fig. 7,
and p-type GaAs with the same carrier concentration andwvhere the room-temperature Raman spectra are compared
characteristic mobilities show that th8; contribution in  with those measured at 10 K. The Raman cross section was
p-type GaAs is much smaller mainly due to the larger carriercalculated with input parametepsand i derived from Hall
masses and smaller mobilities. At low carrier concentrationgneasurements gfy and u using an effective Hall factor
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FIG. 3. Raman spectra of the samples characterized in Table Il. The Raman spectrum of a semi-insulating sample is included for
comparison. The spectra were obtained at room temperature in backscattering. The solid line gives the experimental result, the dashed line
the theoretical result for the CPPM according to E{) with xo from Eq.(26) and x; from Egs.(28)—(30), (B1)—(B9) without additional
fit parameters; the dash-dotted line takes into consideration the contribution of the LO plotted ling from the depletion layer and a
small TO-phonon contributiofdotted line.

re¢= 1.1 valid for dominating ionized impurity scattering. At the Raman spectrum of sample 3 excited with 514.5-nm laser
low temperatures the contribution of the interband transitiondight and theoretical Raman cross sections basedr gn

to the dielectric function cannot be neglect8dt resultsina  =1.5. However, due to the larger depletion layer depth at
mode broadening, especially in the concentration rgmge low carrier concentration and the small frequency shift of the

=10* cm™3. For comparison, theoretical curves calculatedCPPM in comparison with the pure LO-phonon frequency it

without interband term are given as well. is difficult to separate the contributions of the bulk CPPM
from the depletion layer LO phonon in the measured Raman
B. p<10® cm™3 spectrum. Fomp-type GaAs with low carrier concentration

Hall measurements of these samples proved the freezin§€ therefore excited the Raman spectra with the laser line at
of the free carriers at low temperatures and indicated contrit-064 nm in the transparency region of the samples, where
butions of phonon scattering to the mobility of the free holesthe depletion layer influence can be negletidaee Fig.
Therefore, fits of the Raman spectra based on an effectiv@(b)]. In this case, for the theoretical curve ER1) was used
Hall factor r¢>1.1 gave better results than withy=1.1,  With the approximations for small wave vectors in the dielec-

assuming ionized impurity scattering only. Figut@&hows tric function.
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FIG. 4. Raman spectra of the sample withy=1.4 -3
X 10 cm™2 at 300 K measured in backscattering from two sur- pH(Cm )
faces.(a) (001) surface, incident and scattered light polarization
[110]. The spectrum shows the CPPM and the LO phonon from the FIG. 5. Energy shift(crosses and full widths at half height
depletion layer, the TO phonon is forbidden due to the selectior{circles of the measured CPPM depending on the hole concentra-
rules.(b) (001 surface, incident light polarizatign[110], scattered  tion. Theoretical results are drawn for the mobilitigs
light polarization|| [110]. The CPPM, LO phonon, and TO phonon =50 cnt/Vs (dotted lineg, uy=100 cnf/Vs (dash-dotted lings
are forbidden(c) (110 surface, incident light polarizatioh[001], and uy =150 cn?/Vs (dashed lines
scattered light polarizatiofp [ 110]. The spectrum shows the TO
phonon; the CPPM and the LO phonon are forbiddeh. (110
surface, incident, and scattered light polarizatiof001]. LO and
TO phonon are forbidden, the contributids (Eq. 22 of the

7T T

CPPM is allowed. ~ =
. \\\\/d)—O.SeV
Figure 9 presents the temperature dependence of the fre- 10 ¢ 2\\
guency and the bandwidth of the CPPM of thrnedype E o ® o \O\\\
GaAs samples in comparison with the LO-phonon mode of a - * e ,° S~
. g

semi-insulating sample. The parameters of the measured
samples are shown in Table Il. We observed no significant
changes of the Raman shift and of the halfwidth of the 1
coupled phonon-plasmon mode with decreasing temperature

in comparison to the values of the LO-phonon mode of the
semi-insulating sample. Hall measurements, however,

showed distinct temperature dependences of the hole concen-

tration and of the mobility. Based on these values, the simple Lyl i
Drude theory would predict a narrowing and downshifting of (13018 10" 102
the CPPM with decreasing temperature, as shown for one
sample in Fig. 10. The calculations taking into account the
interband part of the dielectric function describe the ob- F|G. 6. Depletion layer deptd vs hole concentratiop. The
served temperature dependence well. The spectra showcalculations using Eq(38) were performed withk =k, /s (full
broadening of the bandwidth with decreasing temperaturesircles and k=, (open circlez The dashed line was calculated
That means the decrease of the carrier concentration in theith Eq. (39).

d({nm)

T ll|||||

p (cm®)
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FIG. 7. Raman spectrgsolid lineg at two temperatures of the samples wit®) py=2.7X10® cm 3 (300 K), (b) py=7.2
X 10" cm™2 (300 K), (c) py=1.4x10"° cm 2 (300 K) . The theoretical Raman efficiencies of the CPPM are shown by dotted lines. The
dash-dotted curves include the contribution of the LO phonon from the depletion layer and a small TO-phonon contribution as well. For
comparison the theoretical Raman efficiency of the CPPM without interband contriljdéiehed linegsis shown.
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FIG. 8. (8 Raman spectrurtsolid line) of sample 3(character- ~ Samples and of the LO phonon of a semi-insulating sartgoéd
ized in Table I as excited with 514.5 nm. The Raman spectrum wadn€) depending on temperature®) sample 1, ©) sample 2, {J)
fitted (dash-dotted linesby the sum of the CPPM contributions Sample 4, @) p,=1.4x 107 em™® (300 K), (O) 4.8
(dashed linegsand a LO-phonon contribution from the depletion X107 em™® (300 K), (@) 1.0x10' cm * (300 K).
layer (dotted line$. (b) shows the Raman spectrum excited with
1.064 um (solid line) and the theoretical Raman efficienash- VIl. CONCLUSIONS
dotted ling.

° The Raman spectra of CPPM in GaAs:Zn were compared
valence band is compensated by the increasing influence w@fith theoretical Raman cross sections in a large doping
the interband contribution, which broadens the mode. range. Good agreement was obtained with a theory that takes

The interband part of the dielectric function is enhancednto account the contributions of heavy and light holes as
with increased ratio of the effective hole massps well as of interband transitions. The interband transitions
=m,/m,. Therefore, the measurements performed on thenake an important contribution at low temperatures that re-
p-type GaAs samples witp~7 were compared with Zn- sults in a broadening of the CPPM. The Raman-scattering
dopedp-type GaP samples with a ratio of abqut=3. In  efficiencies derived can be used to analyze the CPPM in
order to realize small absorption, the GaP samples were ether polar semiconductors with similar valence-band struc-
Cited W|th a Krypton-ion Iaser at the WaVelength 647 nm. turesy tOO. Comparative Raman measurement$_mype

Figure 11 presents the dependence on temperature of frgsap:zn showed a smaller effect that is traced back to the
quency and bandwidth of the CPPM in thetype GaP  smaller effective-mass ratio of the heavy and light holes. For
samples in comparison with the LO-phonon mode of a semitnp with a mass ratio near that of GaAsi{/m,=4.8) we
insulating sample. Both the Raman shift and the bandwidtigxpect, e.g., a similar strong influence of the interband con-
of the CPPM decrease with decreasing temperature to thgpution to the dielectric function.
values of the LO-phonon mode of the semiinsulating sample.
Below 100 K the carrier concentration in the valence band is
smaller than 18 cm 2 (sensitivity limit of the Raman
method.

In this case, the influence of the interband transitions is The authors would like to thank Professor W. Siegel for
much smaller, which can be seen by comparison with theohelpful discussions. They are indebted to the Freiberger
retical curves based on calculations without and with theCompound Materials GmbH and to Dr. E. Nowak for sup-
interband part, respectively. For the sample with=8.3  plying samples. Part of this work was supported financially
X 10" cm™ 3 this is shown in Fig. 12. by the Deutsche Forschungsgemeinscliaf23/1-3).
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included.
2_ 2\2
APPENDIX A: LIGHT-SCATTERING EFFICIENCY WL~ o 200 2 22, 20 2 2
FOR ONE CARRIER TYPE, PHONON (w$_w2) =lopl (0= )™+ wpl (o ~o7)

DAMPING INCLUDED, g=0

In the case of one carrier type with low mobility when +T Y’ wpw’]/N (A2)

only one overdamped CPPM is observed near the LO phqgtp,

non, and the LO-phonon damping cannot be neglected, the

light-scattering efficiency derived from Eq&0)—(22) can N=w,%l“[(w%—w2)2+w2F2]+w2y(wf—w$)(w2+ r'?).
be written with ImS,) and Im(Sg) from Egq. (24) and Eq. (A3)
(25), respectively, but one prefactor in each case has to be

changed according fo APPENDIX B: INTRABAND AND INTERBAND

2 CONTRIBUTIONS TO THE DIELECTRIC FUNCTION

=1+ 2Cry0i wil (03— w?) In this appendix we analyze E¢31). Using the matrix
elementsG,,,, given in Egs.(32) and (33), two integrations
in Eq. (31) can be performed, and we arrive at the following

|: (1)-2[-(1+ CFH_ (1)2

2_ 2
wT— W

— 0?y(0?+T?— w2)]IN expressions for the intraband part:
ot T oy Ryt 8+2vxy)
2 x''=cy” f(X)d —
+CFHw2 2 5 0p{[T (0}~ wf) x= (y+Q—2\/x—y)
L T
R 20D)] L 0+2\xy) 3\ﬂ
TR “y-B-24ky 2 Vx
+w?y(w+T?)}N, (A1) 3 (x— y
and 4 J— ﬂ



and for the interband part,

where . is the chemical potential.
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