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Raman scattering by coupled LO-phonon— plasmon modes of large wave vectors and
forbidden TO-phonon Raman scattering have been measured in the first-order Stokes-
Raman spectra of (100) surfaces of heavily doped p-type GaAs with concentrations rang-
ing from 10'7 to 10%° holescm™>. The wave-vector nonconservation and the breakdown of
the selection rules are due to scattering by the ionized impurities. The measured peak po-
sitions, linewidth, and intensities of the LO-like and TO-like Raman lines are explained
by postulating a wave-vector distribution of the modes created in the Raman process. Ex-
pressions for this wave-vector distribution which depend on the scattering mechanism in-

volved are discussed.

I. INTRODUCTION

Owing to the presence of free carriers in heavily
doped semiconductors a strong interaction can take
place between the electrons (holes) and the optical
phonons. Two forms of interactions can be dis-
tinguished: (i) the coupling between single-particle
electronic (hole) excitations and transverse-optical
phonons and (ii) the coupling between plasmons
and longitudinal-optical phonons. Both types of
couplings have been extensively studied in the last
years using Raman spectroscopy.’

The transverse-optical phonons (TO phonons)
couple with single-particle electronic excitations
through the so-called deformation-potential
mechanism. This interaction changes the self-
energy of the TO phonons in heavily doped semi-
conductors and consequently produces a renormali-
ization of their frequencies and lifetimes. These
self-energy effects, which are rather small, have
been investigated with first-order Raman scattering
by measuring shifts and broadenings of the TO Ra-
man lines in the heavily doped material as com-
pared with those lines in a pure sample.? Together
with the mentioned self-energy effects an asymme-
trical broadening of the TO Raman lines was mea-
sured in p- and n-type Si,>* p-type Ge,>® and p-
type GaAs.»® The asymmetrical line shape arises
from a coherent discrete-continuum interaction be-
tween the one-phonon scattering and a Raman-
active continuum of electronic excitations. The
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electronic continuum interacting with the TO pho-
nons is provided by direct inter-valence-band tran-
sitions in p-type Si (Ref. 3) and direct inter-con-
duction-band transitions in n-type Si,* while it
arises in part from indirect transitions between the
valence bands in p-type Ge and p-type GaAs.>® A
direct observation of the electronic continuum in
the Raman spectra has been reported in the case of
p-type GaAs.’

The longitudinal-optical phonons (LO phonons)
couple strongly with collective oscillations of the
free-carrier system (plasmons) because of the mac-
roscopic electric fields associated with both kinds
of elementary excitations. The dispersion relations
of the coupled modes, denoted by L X q), are well
understood by now.8_19 For vanishing wave vec-
tors d the frequency of the L ~ modes is less than
or equal to the TO phonon frequency, while the
frequency of the L ¥ modes is greater than or equal
to the LO phonon frequency. When the plasma
frequency is very small compared with the LO fre-
quency, the L ~ modes show a plasmonlike charac-
ter and the L+ modes a phononlike one. In the
opposite limit (very large free-carrier concentra-
tion), L * is plasmonlike while L ~ has a phonon-
like behavior. In the latter case the frequency of
the L — modes approaches the TO phonon frequen-
cy, which means a nearly complete screening of the
electric field of the LO phonon by the free carriers.
When the plasmon and LO phonon frequencies be-
come comparable a strong repulsion of the two
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modes takes place.

For a given free-carrier concentration the L *
mode shifts to higher frequencies with increasing
wave vector q and ceases to exist (it becomes over-
damped) soon after penetrating the free-particle ex-
citation region. The L * mode becomes Landau
damped. The L ~ mode shifts also to higher fre-
quencies and approaches the LO phonon frequency
within the free-particle excitation spectrum. L~
emerges out of the free-particle excitation spectrum
with the LO frequency for wave vectors larger than
twice the Fermi wave vector. For these relatively
large wave vectors the free carriers are not able to
screen the electric field associated with the LO
phonons. The dependence of the L* frequencies
on free-carrier concentration and their dispersion
relations are summarized, respectively, in Fig. 4.3
of Ref. 8 and Figs. 2 and 7 of Refs. 9 and 10.

The coupled plasmon-LO-phonon modes have
been investigated mostly in n-type semiconductors
and particularly in n-type GaAs. The resonant
behavior of the different scattering mechanisms
contributing to the total Raman cross section of
the coupled modes has been reported for this ma-
terial,!! as well as a detailed study of the corre-
sponding dispersion relations using Raman back-
scattering techniques.” In the latter investigations
coupled modes were created in the Raman process
with wave vectors given by the q transfer of the
incident and scattered photons. By changing the
energy of the incident photons it is possible to
change the wave vector of the elementary excita-
tions created through the relationship between the
photon frequency, the frequency-dependent refrac-
tive index, and q.

There have been only very few investigations of
the interactions between LO phonons and free
holes or their excitations in p-type semiconductors
as compared with the amount of work on elec-
tron-LO-phonon interaction in n-type materials
and the TO continuum coupling in the p-type ones.
Fano-type line shapes have been reported recently
for the LO phonons of p-type GaSb and p-type
InSb.!? Coupled LO-phonon— plasmon modes of
large wave vector were observed for forbidden con-
figurations in the Stokes-Raman spectra of heavily
doped p-type GaAs.!> The large wave vectors were
attributed to wave-vector nonconservation due to
scattering by the ionized impurities.

The motivation of the present work was to per-
form a detailed study of the LO-phonon— plasmon
coupling in p-type GaAs for a wide range of free-
hole concentrations. With this work we wanted to

complete the Raman scattering investigations con-
ducted on heavily doped p-type GaAs during the
past few years aimed at elucidating the electron
(hole)-phonon interaction. The results of such
studies concerning the TO phonon electronic-
continuum interaction>® and about this continuum
itself have already been published.” We have per-
formed Raman scattering experiments from (100)
faces in backscattering geometry. For this orienta-
tion of the sample surfaces, Raman scattering from
LO-like modes is allowed while TO scattering
should be forbidden. The first-order Raman spec-
tra from surfaces under consideration display, for
all the samples investigated, two kinds of lines.
One of these lines behaves as scattering by
longitudinal-optical modes. With increasing free-
hole concentration this LO-like line shifts from the
LO phonon frequency to lower frequencies. This
line corresponds to coupled LO-phonon— plasmon
modes with wave vectors much larger than those
given by the nominal q transfer of the photons.
We conjecture that the wave-vector nonconserva-
tion arises from elastic scattering by the ionized ac-
ceptor impurities. For the discussion of the shifts,
broadening, and intensities of the LO-like line as a
function of hole concentration we shall consider
phenomenologically the wave-vector nonconserva-
tion and how it affects the line shapes of the cou-
pled modes. We were not able to observe the
long-wavelength L * modes in p-type GaAs even
for allowed scattering geometry and with incident
photons away from resonance. Even in this case
we observed LO-like modes which resemble those
measured in forbidden configuration and under
resonant conditions.'®

The other lines observed in the Stokes-Raman
spectra seem to correspond to scattering by
transverse-optical phonons in spite of the fact that
such scattering is forbidden by the selection rules
for (100) surfaces. Together with the Raman
scattering by the coupled longitudinal modes, we
report in this paper the observation of forbidden
TO-phonon Raman scattering which is induced by
wave-vector nonconservation brought about in the
Raman process by the presence of impurities. The
forbidden TO Raman lines display self-energy ef-
fects which we can explain with the § nonconser-
vation mechanism postulated for the LO-like
modes.

The organization of the paper is as follows: The
experimental details will be given in the next sec-
tion. The results and discussions are presented in
Sec. III. In the first part of the discussions the
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LO-like modes are considered. The forbidden TO
scattering is discussed in the second part of Sec.
III. Finally, the Appendix gives a brief description
of how to calculate the observed self-energy effects
of the TO phonons.

II. EXPERIMENTAL DETAILS

The GaAs samples were cut from Zn-doped sin-
gle crystals and their hole concentrations deter-
mined by means of Hall-effect measurements. Sur-
faces with a (100) orientation, polished and etched
with an aqueous solution of NaOCl, were used in
the experiment. The samples were glued with
silver paste to a copper cold finger which was
placed in an evacuated glass Dewar and main-
tained in contact with a liquid-nitrogen bath.

The Raman measurements were performed in
the standard backscattering geometry. The spectra
were excited with either the 5145 A (2.41 eV) or
the 4579 A (2.71 eV) lines of an Ar™-ion laser.
The incident light was focused on the surface of
the sample with a cylindrical lens in order to avoid
heating. The scattered light was analyzed with a
Jarrell-Ash 1-m double monochromator equipped
with holographic gratings and detected with an
RCA 31034 photomultiplier with photon counting
electronics. The counts were stored in a multi-
channel analyzer with typical integration times
ranging from 2 to 10 s and a spacing of ~1 cm™
between adjacent channels. The wave-number scale
was carefully calibrated by using different lines of a
low-pressure Ne lamp. The calibration procedure
was repeated twice a day to take care of tempera-
ture drift.

1

III. RESULTS AND DISCUSSIONS

Figures 1 and 2 display typical Stokes-Raman
spectra recorded at =77 K from (100) surfaces in
the energy range between 240 and 330 cm™! for a
series of hole concentrations. The different scatter-
ing configurations are indicated, where x=[100],

y =[010], and z =[001]. In general, two Raman
lines are observed: One line peaks at around 295
cm ™! for samples of hole concentrations between
10'7 to 10'® holescm 3 and shifts to lower energies
with increaisng hole concentrations while the other
line peaks around 271 cm ™! for almost all hole
concentrations. From the well-known frequencies
of the optical modes of undoped GaAs it is easy to

establish that the lines peaking at 271 cm™"' corre-
spond to scattering by transverse-optical phonons
(TO phonons).® The other lines, lying at higher en-
ergies, arise from scattering by longitudinal-optical
modes (LO modes)."

For display purposes the measured Raman spec-
tra shown in Figs. 1 and 2 were normalized with
different constants. Therefore, a direct comparison
between the intensities of the Raman lines in these
figures is not possible. However, all the experi-
mental information about the dependence of inten-
sities on hole concentration, linewidth, and peak
positions of the TO- and LO-like Raman lines is
displayed in Figs. 3—8. In Table I the notations
we have chosen to represent the different scattering
geometries are summarized together with the selec-
tion rules for first-order Raman scattering from
(100) surfaces. The observed TO- and LO-like
lines correspond to scattering by bulk modes. The
penetration depth of the incoming photons varies
approximately from 400 A (for #iw; =2.71 V) to
800 A (for #iw; =2.41 eV), while the depth of the
surface depletion layer is of the order of 200 A for
10'® acceptorscm > and decreases with increasing
acceptor concentration. On the other hand, we do
not observe in our measurements with the heaviest
doped samples the unscreened LO phonon of the
depletion layer, which shows up when surface ef-
fects are dominant.

We discuss first the scattering due to the LO-
like modes, which is allowed by the second-rank
tensor selection rules quoted in Table I. As in the
case of heavily doped n-type GaAs we expect for
the long-wavelength (G~0) coupled modes, a Ra-
man line at the LO-phonon frequency ( ~295
cm ™) for very low hole concentrations and a shift
of this line (the G~0 L * coupled mode) to higher
energies when the hole concentration increases.®®
This behavior of the long-wavelength L * modes
does not show up in our experiments. Instead a
decrease of the LO-like Raman lines to lower ener-
gies with increasing hole concentration is seen (see
Fig. 3). Together with the expected shifts of the
L+ modes, the §~0 L ~ modes should appear at
very low frequencies for the samples with the
lowest hole concentration and reach the TO pho-
non for the heaviest doped samples.>® We did not
observe any evidence of the long-wavelength L ~
modes in the measured Stokes spectra of p-type
GaAs. We shall come back to this point when we
discuss the TO-like Raman lines.

The shifts of the LO-like Raman lines to lower
energies with increaisng hole concentration (see
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FIG. 1. First-order Stokes-Raman spectra from (100) surfaces of heavily doped p-type GaAs with hole concentra-
tions ranging from 10'7 to 5% 10'® holescm 3. The spectra drawn with solid lines were taken with an incident photon
energy of 2.41 eV while the dashed lines correspond to spectra excited with an incident photon energy of 2.71 eV.
Standard notation is used to describe the scattering configurations, e.g., x [y,z]¥X, where x and X are the incident and
scattered wave vectors, y and z the incident and scattered electric field vectors. x,y,z are chosen as follows: X=(1,0,0),
¥=(0,1,0), and Z=(0,0,1). Two different Raman lines can be distinguished: the line peaking around 271 cm~!, very
close to the transverse-optical phonons, and a second line at around 295 cm~! (or slightly below) due to impurity-
induced scattering by coupled LO-phonon— plasmon modes of large wave vector. Raman scattering by LO-like modes
is allowed by the selection rules quoted in Table I, while scattering by TO modes is forbidden.

Figs. 1—3) correspond to the fact that we measure from resonance. The wave-vector nonconservation
coupled modes (L ~) with average wave vectors is attributed to elastic scattering of the photoexcit-
much larger than the q transfer of the incident and ed electrons and holes by the ionized acceptor im-
scattered photons (see inset in Fig. 3). At low dop- purities.’* Processes in which q is not conserved
ing the “coupled mode” coincides with the LO fre- have been observed in many Raman and lumines-
quency; at high doping we measure an average fre- cence investigations of p-type GaAs (Refs. 6, 13,
quency of this coupled mode which lies slightly and 16) as well as in Raman and Brillouin studies
below LO. Raman scattering by coupled modes of performed on Cdse.!”

large wave vectors has been observed in forbidden The scattering efficiency of the LO-phonon—
scattering geometry and with incident photons in plasmon modes has a contribution due to their
resonance with the E; gap of GaAs.!* It seems phonon component and another one due to the
that the dominant process does not conserve wave plasmon. The latter is of the charge-density —

vectors even in the allowed configuration and away fluctuations type and contains interband (electro-
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FIG. 2. First-order Stokes-Raman spectra from (100) surfaces of heavily doped p-type GaAs with hole concentra-

tions ranging from 8 10'® to 10% holes cm 3.

The spectra drawn with solid lines were taken with an incident photon

energy of 2.41 eV while the dashed lines correspond to spectra excited with an incident photon energy of 2.71 eV. The
notation for the scattering configuration is described in the caption of Fig. 1. The Raman lines lying in the high wave-
number side of the spectra arise from scattering by coupled LO-phonon— plasmon modes of large wave vectors. The
Raman lines around 271 cm~! for the samples with 8 10'® and 1.6 10"° holes cm ~* correspond to forbidden TO pho-
non scattering. For the samples with 4 10" and 9 X 10" holes cm ~—* these lines are the completely screened LO pho-

non modes.

optic) and intraband terms.>® The intraband con-
tribution is significant only near direct resonant
gaps which start or end at the positions of the free
carriers in k space (Ey and Ey+ Aj gaps in the
case of GaAs).!! This is not the case in the experi-
ments discussed here which involve only the E,
and E| + A, resonances. The interband terms of
the charge-density fluctuations can be estimated to
be negligible with the known Faust-Henry coeffi-
cient.»® We are thus left here with phonon contri-
butions to the scattering efficiency. These, in turn,
can be of two types: deformation potential and
Frohlich (for LO phonons), each of the intraband
and interband variety.'*!®

Near the E;| gaps (two-dimensional critical
points) the intraband deformation-potential contri-
bution to the scattering efficiency of pure samples
is of the form | E| —iw | 2. The interband contri-
bution, dominant near E, is of the form

|In|E|—%o| |2 for |E,—#w| <A, and for

| Ey—#w| > Aj, a condition which holds in our
experiments; it regains the same form as the intra-
band contributions (see Table II). A, is the spin-
orbit splitting along the A direction.

In an undoped material the Frohlich effects of
LO phonons on valence and conduction bands can-
cel to first order, leaving only a forbidden q-de-
pendent term which contributes a resonance like
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TABLE I. Scattering configurations measured in our experiments and notations adopted to display the results in
Figs. 3—8, together with the selection rules for first-order Raman scattering by optical phonons and coupled modes.

The mechanisms involved in the light scattering by coupled modes are also quoted.

Selection rules for longitu-
dinal-coupled modes and

Selection rules for first-
order Raman scattering

Scattering Notation adopted
configuration® fiwp =2.41 eV fiw;, =2.71 eV assuming wave-vector con- scattering mechanisms in-
servation® volved®
x[1/V2y +2),1/V2y +2)]x O ] LO-allowed Allowed deforma-

TO-forbidden tion potential,
electro-optic
charge-density fluc-
tuations, and
impurity-induced
Frohlich interac-
tion

x[1/V2y +2),1/V2—y +2)]% A A LO-forbidden .
: g y+2)] TO-forbidden Forbidden
x(y,y)x O ¢ LO-forbidden Allowed charge-

TO-forbidden density fluctuations
and impurity-
induced Frohlich
interaction

x(y,2)X o [ ) LO-allowed Allowed
TO-forbidden deformation-

potential and
electro-optic

2x and X are the directions of incident and scattered wave vectors, y and z the incident and scattered electric fields. ,

X =(1,0,0), y=(0,1,0), and Z=(0,0,1).
Reference 14.
‘Reference 8.

| E; —#w | ~* to the scattering efficiency. For
doped materials an intraband Frohlich charge-
density — fluctuation term appears. As for the
plasmons mentioned above, it is zero only if effects
of the E; —E;+A, gaps are treated. Another way
of lifting the conduction-valence Frohlich cancella-
tion is through elastic scattering by the impuri-
ties.!*!5 The corresponding scattering potentials
have opposite signs for electrons and holes and the
total scattering matrix element depends on the
square of the carrier charge: The effects of the
conduction and the valence bands thus now add in-
stead of canceling. However, the resonance should
contain an extra energy denominator due to the ad-
ditional impurity potential perturbation (scattering
efficiency ~ | E; —#iw | ~*). The electro-optic in-
terband Frohlich term of the phonons will also be

neglected.

Likewise one can have impurity-induced intra-
band deformation-potential terms (scattering effi-
ciency ~ | E|{—#w | ~*) and interband terms
(scattering efficiency ~ | E; —#w | ~%). All the
cases of relevance here (intraband for |E; —%o |
> A, and impurity-induced Frohlich) resonate like
| E\ —#w | ~*. Table II summarizes the resonant
behaviors of the scattering efficiency discussed
above.

The efficiency for light scattering by the coupled
modes of a given wave vector  due to the
deformation-potential mechanism (DP in what fol-
lows) is given by

1

9’R(q)
— I 1
303w (0ho—w?)? me(?]’,w) W

(0h—?)?
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FIG. 3. Hole-concentration dependence of the peak
positions of the LO-like Raman lines. The notation
used is explained in Table I. The LO-like Raman lines
shift to lower energies with increasing hole concentra-
tion. The shifts are more pronounced for the lines due
to the impurity induced Frohlich mechanism. The solid
and dashed lines display the results of the theoretical
calculations for an incident photon energy of 2.71 eV.

multiplied by the appropriate resonance factor
described above and in Table II. In Eq. (1)
w1o=271.5 cm~! is the transverse-optical phonon
frequency and wy=wrol1+C)"?=180 cm~!, with
C the Faust-Henry coefficient. The total diejectric
constant can be written in the following way:

N (L)io—a)z
E(q,w)=€w"—2—’—2‘
wto—O

+47Tth(a,(D) s (2)

where w1 =295.5 cm™! is the longitudinal-optical
frequency and X s, (q,w) the susceptibility of the
free holes at the frequency w and wave vector q.
€, =11.1 corresponds to the high-frequency dielec-
tric constant of GaAs at frequencies well below the
optical gap. When wave-vector nonconservation
takes place, the efficiency of the light scattering
due to the DP mechanisms can be represented by

R« [ @< 3)

808 do an

with the functions f(q) and g(q) accounting,
respectively, for some weighting in the relative con-
tributions of the different phonon wave vectors par-
ticipating in the total scattering process and the
resonant enhancement of the scattering efficiency
as the photon energy of the incoming photons ap-
proaches some direct energy gap of the material.

We attribute the nonconservation of the wave
vectors to elastic scattering of the photocreated
carriers by the ionized acceptor impurities.'> The
potential of one isolated impurity is approximated
by

V(r)=%e*q“’ , 4)

with qrr the Thomas-Fermi wave vector taking
into account the screening of the potential due to
the presence of the free carriers. We use as a
weighting function for the different wave vectors

TABLE II. Resonant behavior of the Raman scattering efficiency near the E; and E; + 4,

energy gaps.

Process Undoped samples Impurity induced
Deforn'latxon poatentlal: |In| E,—iw | |2 | By —ior |
interband
Deformation potential:
intraband and |E) —#io | ~2 |E—fiw | ~*
interband®
Frohlich — o | ™ |E)—fiw | 4
Charge-density 0 0

fluctuations

*Holds for |E,—%iw| <A,.
*Holds for |E|—%iw| > A
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participating in the Raman scattering process the
square of the Fourier transform of the impurity po-
tential (this procedure is correct except in the
high-impurity concentration limit). The function
f(q) in Eq. (3) will thus be replaced by

4 2

—_— (5)
¢ +q%e

f(q)=

To excite the Raman spectra we used the 2.41-
and 2.71-eV lines of an Ar*-ion laser. At these
energies the resonance of the E, and Ey+ A, gaps
have completely died out.!® The energies of the in-
coming photons lie, however, sufficiently near the
E, gap of GaAs (~3 eV) for resonance effects to
appear, especially at 2.71 eV. To consider the
enhancement of the Raman efficiency when the
laser line goes from the green (2.41 eV) to the blue
(2.71 eV), we use for the function g(q) in Eq. (3)
the following expression:

3R

2 2

1
E\~fio;

L 1
g(q)_ ﬁzqz

E
YT

(6)

—tiwy,

Equation (6) is equivalent to the results of Table II
except that the large wave-vector transfer for one
of the intermediate states has been included in the
corresponding energy denominators. fiw; repre-
sents the incident photon energy and h%g?/2M*
the increase of the effective gap in the resonant
Raman process for phonons or coupled modes of
finite wave vectors. M* stands for the center-of-
mass exciton mass near the E; gap:

M* =M, +M; with M} (M}) the effective electron
(hole) effective mass at the E| gap. We note that
the square of the scattering probability amplitude
appears in Egs. (5) and (6)." Inserting Egs. (1),
(5), and (6) into Eq. (3) and performing the angular
integration, the efficiency of the light scattering by
coupled modes due to the DP mechanism is

2

2
1 g*Im

dq .

E\—tfo; | (0ho—w?)?

2 (02— e
o« 1 ((1)0 ®*) f
dNdw 0

9’ +qte

E|+(#q*/2M*)— i, elq,0)

@)

The other mechanism responsible for the light scattering by the coupled modes is the impurity-induced
Frohlich mechanism (IIF in what follows) for which!3

3’R(q) PN
———— « —f(q)g(qd)Im .
009w LR e(q,w)
Although listed as allowed for parallel incident and scattered polarizations in Table I, Raman scattering by
the IIF mechanism is of a forbidden nature: It corresponds to g-dependent Raman tensors.'>'%1® With the
wave-vector nonconservation produced by the impurity scattering the product of the functions £(q)g(q) can
be written for two-band Frohlich processes as follows:
2
1
J o

(8)

1 2

9> +q%F

1 1

1
+
E\+(#q*/2M})—tiwo,  E,+(#q%/2M}) —#oy,

q

f(qlg(q)= Bty

The factor ¢ ~! comes from the Frohlich electron-phonon coupling and the positive sign in the expression
within the brackets describes the different signs of the interactions of electron impurity and hole impurity.
Inserting Egs. (8) and (9) in a type of expression given by Eq. (3) and performing the angular integration,
one gets the equivalent of Eq. (7) for the case of the IIF mechanism:

3°R 1 2 e 1 1 2
300w “= E,~h fo 2 2 * ) * (10)
1 —hoy, E, +(#q*/2M*)~#iw;, = E,(#q*/2M}) —#w,
2
1 1
X m dq .
9’491 e(g,0)

r
of the scattering configuration x[1/ V2y+2),
1/V2(y +2)]%, the scattering by the IIF
mechanism will be neglected in comparison with

With Egs. (7) and (10) we expect to describe the
hole concentration dependence of the shifts and
linewidths of the LO-like Raman lines. In the case
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that of the DP mechanisms, due to the “forbidden
nature” of the first process. In the evaluation of
Eqgs. (7) and (10) we use the Lindhard expression
for the contribution of the free holes to the total
dielectric constant [Eq. (2)] and assume that the
free holes are all in the heavy-hole valence band
(i.e., we neglect the small amount of light holes).
The following effective masses were used in the cal-
culations: For the heavy holes near the I' point
mpy, =0.62,% for the electron and hole near the E|
gap M?=0.11 (Ref. 21) and My =2M,.*! The E,
energy gap was set equal to 3 eV.!%2! The other
parameters needed for the evaluation of the suscep-
tibility of the free holes are listed in Table III.
Computer calculations of the scattering efficiencies
as given by Egs. (7) and (10) were performed as a
function of w. From the results, a graphical deter-
mination of the theoretical peak positions and
widths of the LO-like Raman modes was made.
Figure 3 displays calculated and observed shifts
of the LO-like Raman lines with increasing hole
concentration. For a given hole concentration the
Raman lines corresponding to the IIF mechanisms
are observed at lower energies than the lines due to
the DP mechanisms. The solid and dashed lines
represent the calculated peak positions for an in-
cident photon energy of 2.71 eV. The experimental
trends for the different scattering mechanisms are
reproduced by the calculation. The larger shifts of
the Raman lines of the coupled modes by the IIF
are a result of the fact that the functions which
multiply the imaginary part of e~ weigh strongly
the smaller q vectors. Consequently, L ~ modes of
lower frequencies are more probable in the IIF
mechanism as compared with those participating

in the DP scattering (see inset in this figure).
Figure 4 shows the hole-concentration depen-
dence of the linewidths of the LO-like Raman
spectra of Figs. 1 and 2. For the DP mechanisms
an increase of the linewidth with increasing hole
concentration takes place. For concentrations
higher than 5 10'® holes cm ~3 the linewidths
seem to become smaller. The linewidths of the
coupled modes due to the IIF mechanisms ap-
parently increase monotonically with hole concen-
tration, although the experimental scatter is very
large. The experimental behavior just mentioned
agrees with the hole concentration dependence of
the broadening of the LO-like lines measured in
forbidden scattering geometries and resonant in-
cident photon energy.’* The lines drawn in Fig. 4
give the results of our calculations for an incident
photon energy of 2.71 eV. The observed hole-con-
centration dependence of the broadenings is quali-
tatively reproduced by the theory. The same kind
of analysis carried out to explain the different be-
havior of the shifts for a given hole concentration
and different scattering mechanisms can be made
for the broadenings. The width of the LO-like Ra-
man lines is proportional to the imaginary part of
the free-hole susceptibility. When the LO frequen-
cy lies within the free-particle excitation spectrum
the imaginary part of the susceptibility is very
large for wave vectors much smaller than the Fer-
mi wave vector . When the wave vectors be-
come larger than q a strong decrease of the ima-
ginary part of the susceptibility takes place.?? The
weighting factors for the wave vectors in the Ra-
man efficiency of the DP mechanisms allow
scattering by modes of wave vectors larger than the

TABLE III. Parameters used to evaluate the Lindhard free-hole susceptibility. The last
column includes the wave vector for which the function which multiplies the imaginary part
of €~!in Eq. (7) has its maximum.

Free-hole Thomas-Fermi
concentration Fermi energy Fermi wave vector wave vector
(10" em™1) Er (cm™}) qr [10° cm™1] grr [10° cm™!] Gmax/qF

90 990 13.9 134 0.4

40 576 10.6 11.7 0.5

16 312 7.8 10 0.64

7 180 5.9 8.7 0.79

5 143 5.2 8.3 0.88

3 102 4.5 7.6 1
1.6 67 3.6 6.9 1.14

0.17 15 1.7 4.7 1.92
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Fermi wave vector |, while, on the other hand,
wave vectors near zero are stronger weighted in the
case of the IIF mechanism. This fact and the
described behavior of the imaginary part of the
free-hole susceptibility can explain why the LO-like
lines for the IIF mechanism are wider than those
of the DP ones in the heaviest doped samples, as
the IIF mechanism samples regions where the ima-
ginary part of the susceptibility is very large.

At this point we would like to discuss the possi-
ble reasons why the long-wavelength L+ and L~
modes are not seen in our experiment. In the
description of the coupled modes for §~O it is
common to write a Drude-type susceptibility for
the free carriers with a phenomenological parame-
ter accounting for broadening effects within the
free-carrier system.® This parameter can be related
to the lifetime of the free carriers as obtained from
the mobility. In the case of p-type GaAs we expect
to observe the strong coupling of the ¢~0 LO
phonons and plasmons (the §~0 L * modes) and
the shifts of these modes for a hole concentration
ranging from 10'8 to 10'° holescm 3. However,
from mobility data for samples with hole concen-
trations within this range we estimate that the
phenomenological broadening should be compar-
able with the plasma frequency. This fact “decou-
ples” the §~0 LO phonons and plasmons. On the
other hand, assuming wave-vector nonconservation
(which allows to explain both the LO-like and
TO-like Raman lines), we see from Eq. (7) for the

Ga As (Zn-doped)
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FIG. 4. Hole-concentration dependence of the
linewidth of the LO-like Raman lines. The notation
used is explained in Table I. After an initial increase
with increasing hole concentrations (up to 5x 10’8
holescm™3) the linewidths of the LO-like lines due to
the DP mechanisms decrease for very large hole concen-
trations. The linewidths for the IIF mechanisms seem
to increase monotonically with increasing hole concen-
trations. The solid and dashed lines represent the
theoretical calculations of the linewidths for an incident
photon energy of 2.71 eV.

DP mechanism (the stronger one for the incident
photon energies used in the experiment) that the
density of states for coupled modes of very short
wave vectors is negligible. Therefore, Raman
scattering by those modes is less probable than
scattering by modes of larger wave vectors.

To conclude the discussion of the LO-like modes
we consider now the dependence of the intensities
of these lines on hole concentration. Figure 5 gives
the integrated intensities, that is, the area under the
experimental spectra, as a function of the hole con-
centration. Two different types of behavior are dis-
tinguished: The intensity of the lines due to the
DP mechanisms shows an increase for intermediate
hole concentrations with a remarkable decrease for
concentrations above 10'° holescm—>. The intensi-
ties of the LO-like lines due to the IIF mechanisms
do not depend strongly on hole concentration. By
comparing the intensities for the DP mechanisms
with those of IIF, the forbidden nature of the LO-
like Raman lines due to the latter mechanism is
confirmed: It is thus justified to have neglected the
IIF in the scattering geometry x [1/\/5(}) +2z),1/
V2(y +2z)]x, where the two scattering mechanisms
are present together (see Table I). Some residual
completely forbidden LO-like Raman lines were
observed in the configuration

GaAs (Zn-doped)
. T=80K

o

.
s "

3

LO-like INTENSITY (counts/sec mWatt)
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1017 101 101 R 1020
Hole Concentration (cm™)

FIG. 5. Hole-concentration dependence of the intensi-
ties of the LO-like lines. The notation is explained in
Table 1. The intensities for the DP mechanisms are
much larger than those for the IIF mechanism, a fact
which confirms the forbidden nature of the latter pro-
cess. The solid and dashed lines give the calculated in-
tensities for an incident photon energy of 2.71 eV.
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x[1/V2(y +2),1/V2(—p +2)]% (see Table I). The
origin of these lines can be attributed to slight
misorientations of the sample surfaces or to surface
irregularities due to the polishing-etching pro-
cedure.

A theoretical estimate of the intensities can be
made by calculating the following integral:

3’R
300w

ILOO:Nf do (11)

with the scattering efficiency 3°R /300w given by
Egs. (7) and (10). N is the acceptor concentration
taken equal to the free-hole concentration. The
lines drawn in Fig. S represent the calculated inten-
sities for an incident photon energy of 2.71 eV.
The intensities of the sample with 1.7 10"’

holes cm ~* were the only adjustable parameters.
They were fixed to the values shown in Fig. 5. As
seen in this figure, qualitative agreement of the cal-
culation with the experiment is achieved in the
case of the intensities of the LO-like lines, both for
the DP and the IIF cases.

In the second part of this section we want to dis-
cuss the behavior of the Raman lines peaking
around 271 cm~! in the spectra displayed in Figs.
1 and 2. These lines arise from scattering by
transverse-optical phonons (TO phonons). First-
order Raman scattering from (100) surfaces by
q~0 TO phonons is forbidden in backscattering
geometry as indicated in Table I. However TO-
phonon Raman scattering has been reported several
times in experiments dealing with (100) faces, par-
ticularly in heavily doped materials.'>?* The ap-
pearance of these lines was always attributed to
misorientation of the surfaces. We have performed
a detailed study of the TO lines displayed in Figs.

1 and 2 as a function of the hole concentration
covering a range from 10'7 to 10%° holes cm .
The TO line is present for all the samples. Its
linewidth and intensity show an interesting and
systematic behavior which excludes misorientation
of the (100) surfaces used in the experiment as the
main cause for the violation of the selection rule
for TO scattering.

Our interpretation of the origin of the forbidden
TO Raman scattering can be summarized as fol-
lows: According to the irreducible components of
the Raman tensor and the polarization of the in-
coming and outgoing photons, an optical phonon is
created in the first-order Raman process. If the
wave vector of the created phonon is given by the
q transfer of the light, then the polarization of this
phonon with respect to q is fixed by the irreducible

components of the Raman tensor. However, when
wave-vector nonconservation takes place, this is no
more the case. We believe that the TO Raman
lines observed for all the samples measured corre-
spond to forbidden TO scattering (in the sense of
the selection rules quote in Table I) which becomes
allowed because of the wave-vector nonconserva-
tion. The DP and IIF mechanisms discussed pre-
viously for LO-like modes are also responsible for
the creation in the Raman process of a phonon
which becomes transverse due to the change of the
wave vector with respect to the polarization pro-
duced by the impurity scattering.

We consider now the hole-concentration depen-
dence of the properties of these TO lines. Figure 6
reproduces the peak positions of the lines as a
function of the hole concentration. Up to 10"
holes cm~3 within the experimental error no shifts
are observed with respect to the TO frequency of
pure GaAs (~271.5 cm™!). For the samples with
410" and 9% 10" holes cm—* clear shifts to
lower energies are measured.

The linewidths of the TO Raman spectra which
are displayed in Fig. 7 show different behavior as a
function of the hole concentration depending on
the polarization of the incident and scattered pho-

:'2 GaAs (Zn-doped)
S 2% T=80K
§ ! -t
= 2712+ .
e.1° LI
x 270 ° ° .
o L d

& 268 Theory: 8 g: s
S| —w e
[>=4

1017 1018 ‘019 1020

Hole Concentration (cm)

FIG. 6. Dependence of the peak positions of the TO-
like phonon Raman lines on hole concentration. The
notation used is that of Table I. A clear shift of these
lines to lower wave numbers is measured for the samples
with 4X 10" and 9 10" holescm 3. The TO-like Ra-
man lines for these hole concentrations correspond to
the completely screened LO phonons. They shift to
lower energies due to the interaction with the Raman-
active intra-valence-band continuum reported in Ref. 7.
The TO lines for the samples with lower hole concentra-
tions correspond to impurity-induced forbidden scatter-
ing by TO phonons discussed in the text. The solid line
gives the calculated peak positions evaluated with the
equations in the Appendix for decay of the TO phonons
into free-particle excitations within the heavy-hole
valence band.
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FIG. 7. Hole-concentration dependence of the
linewidth of the TO-like Raman lines. The notation
used is explained in Table I. The linewidths of the sam-
ples with 4 10" and 9 10'° holes cm ™ do not depend
on the scattering configuration. The broadening of these
lines over the natural linewidth arises from the same in-
teraction which gives place to the shifts displayed in
Fig. 6. For samples of lower hole concentrations the
linewidths of the forbidden TO lines depend on the
scattering mechanisms involved in the Raman process.
A broadening is measured with increasing hole concen-
tration for the lines due to the DP mechanisms. The
natural TO linewidth is measured in the case of the IIF
mechanisms. The solid and dashed lines display the
linewidths calculated with the equations in the Appendix
for decay of the TO phonons into free-particle excitation
spectrum within the heavy-hole valence band.

tons. For the phonons created through the DP
mechanisms an increase of the linewidths with in-
creasing hole concentration takes place, while the
phonons created by the IIF mechanisms do not
broaden. Again an exception are the TO lines cor-
responding to the samples with 4 10" and

9% 10" holes cm ™3, for which the linewidths do
not depend on the mechanisms involved.

The different behaviors in the shifts as well as in
the broadening of the TO lines for samples of these
two concentrations can be explained by considering
that these lines are the L ~ modes corresponding to
the completely screened LO phonons. For very
large hole concentrations (@, >> w10) the screened
LO phonons are almost dispersionless up to wave
vectors well inside the free-particle excitation spec-
trum, so that the characterization of these lines as
L~ modes does not invalidate our assumption of q
nonconservation. In the discussion of the intensi-
ties of the TO lines we will see that d nonconserv-
ing processes must also be present in the scattering
by the screened LO modes.

A very interesting point is that the peaks due to
completely screened LO modes show the same

self-energy effects seen for the TO phonons: A
shift of about 2 cm™! to lower energies and a
broadening of the same magnitude were measured
for the TO phonons of the heaviest doped p-type
GaAs samples in Raman-allowed configurations.*¢
These self-energy effects are the result of a de-
formation-potential-type interaction between the
TO phonon (or in this case the completeley
screened LO phonon) and a Raman-active continu-
um of indirect transitions within the heavy-hole
valence band.” Due to the indirect transition na-
ture of the electronic continuum, a quantitative
description of the self-energy of the screened LO
modes is very difficult to perform.°

Having characterized the TO-like Raman lines
of the heaviest doped samples we concentrate our
attention now on the forbidden TO scattering of
the samples with concentration lower than 4 X 10"°
holescm 3. We consider first the hole-concentra-
tion dependence of the broadening shown in Fig. 7
for the TO-like lines under the assumption that
they correspond to DP mechanisms. Because of
the q nonconservation the wave vectors of the TO
lines will be weighted by the function ¢2f(q)g(q).
After they are created, the TO phonons interact
with the holes decaying into the free-particle exci-
tation within the heavy-hole band (the presence of
some free holes in the light-hole valence band will
be again neglected). This hole-phonon interaction
gives place to changes in the phonon self-energy
which are of a dispersive nature in the sense that
they depend strongly on the wave vectors of the
phonon. For heavily doped p-type Ge, G-depen-
dent self-energy effects have been studied theoreti-
cally** and experimentally verified.® An even more
striking confirmation of this effect has been recent-
ly obtained by means of inelastic neutron scattering
for acoustic phonons in n- and p-type Si.> The
function ¢f(q)g(q) with £(q) and g(g) given by
Eqgs. (5) and (6) has a pronounced maximum for
the values of q listed in the last column of Table
III. Assuming that the TO phonons created
through the DP mechanisms have predominantly
wave vectors for which ¢%f(q)g(q) is maximum
and after being created, they decay in intraband
hole excitations, it is possible to evaluate changes
in the phonon self-energy. The details of the calcu-
lation are summarized in the Appendix. The solid
line of Fig. 7 represents the broadenings calculated
with Eq. (A3) without any adjustable parameter.
The increase of the linewidths for the DP mechan-
isms with increasing hole concentration is repro-
duced by the calculation and corresponds to the
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imaginary part of the self-energy of the phonons
with ¢ =¢,.x. For the IIF mechanism the max-
imum of the function which gives the wave-vector
distribution in Eq. (10) takes place at ~0. For
small wave vectors fiwtg lies well above the free-
particle excitation spectrum and the density of
states at the phonon frequency is zero independent-
ly of the hole concentration (see Appendix). There-
fore, the calculated additional broadening is zero
for all hole concentrations (dashed line in Fig. 7),
in agreement with the experiment. Hence for the
ITF mechanisms the natural linewidth is measured.
We come back to the hole-concentration depen-
dence of the peak positions of the TO lines shown
in Fig. 6. In the case of the DP mechanisms the
measured self-energy effects in the lifetime of the
TO phonons (broadening of the Raman lines)
should be accompanied by renormalizations of the
phonon frequencies (shifts of the Raman lines).
Within the model developed we can calculate the
expected shifts by performing an evaluation of the
integral (A1) with the expressions for the density
of states as given in the Appendix. The hole- con-
centration dependence of the calculated shifts is
shown by the solid line in Fig. 6. For samples
with concentrations above 5 10'8 holes cm ™3
slight shift to higher energies is calculated (this
shift represents the decrease in self-energy with in-
creasing ). The calculated shifts, however, lie
within the experimental uncertainty and are not
observed. It turns out from the calculations with
Eq. (A1) that a compensation takes place between
the shifts due to the states below the TO frequency
and those above this frequency. This fact can ex-
plain why strong self-energy effects are measured
for the broadenings while none are observed for the
shifts for concentrations below 10" cm 3.

The last point we want to discuss is the hole-
concentration dependence of the intensities of the
TO-like Raman lines as shown in Fig. 8. With in-
creasing hole concentration the intensities of the
TO-like lines due to the DP mechanisms are larger
than those of the lines corresponding to the ITF
mechanism. As in the case of the LO-like lines
(Fig. 5) some residual scattering is observed in the
geometry x[l/\/i(y +2),1/V2( —y +2)]X, in
which the creation of a phonon excitation is com-
pletely forbidden (see Table I). Also in Fig. 8 a

comparison is made between the intensities of the
TO-like Raman lines of the doped samples and the
LO-phonon Raman line of very pure GaAs with

carrier concentration lower than 10'* elec-

tronscm 3. The point displayed for the pure sam-
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FIG. 8. Dependence of the intensities of the TO Ra-
man lines on hole concentration. The notation used is
that of Table I. The intensities of the TO lines due to
the DP mechanisms are larger than those of the IIF
mechanism. A resonant enhancement of the intensities
takes place for the DP case when the incident photons
approach the E gap. The lines represent the intensities

calculated with Eq. (12).

ple was measured for #iw; =2.4: eV in the
x[ 1/\/§(y +2z), 1/\/§(y +2)]X scattering
geometry. As was discussed previously the Raman
lines measured from (100) surfaces near the TO
phonon frequency in the samples with concentra-
tions above 4 10'° holes cm 3 correspond to the
completely screened LO phonons. The intensities
of these modes for the DP mechanisms should be
smaller than the LO phonon intensity in pure
GaAs if wave-vector conservation holds as the
electro-optic scattering mechanism is completely
screened for these concentrations. However, that is
not the case as a consequence of the wave-vector
nonconservation.
From this comparison we obtain one more argu-
ment for the validity of the interpretation that g
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nonconserving processes dominate the Raman
scattering from p-type GaAs. For carrier concen-
trations between 3% 10'® and 10" holescm ™3 the
TO-like lines display the same preresonant behav-
ior of the E; gap as measured for the TO and LO
Raman lines of pure GaAs (Refs. 18 and 26): The
intensities of the lines excited with photons of 2.71
eV are larger than those excited with 2.41 eV. The
intensities of the TO-like lines due to the IIF
mechanisms are for all hole concentrations smaller
than the LO intensity of the pure sample due to
the forbidden nature of this mechanism. The IIF
scattering is expected to be strongly enhanced only
for laser photons exactly at the E; resonance.'

If we neglect lifetime effects in the phonon
dielectric constant, the intensities of the TO pho-
non Raman lines as a function of hole concentra-
tion can be described by

Lio=N [dd f(@)g(q), (12)

with £(q)g(q) given by Egs. (5) and (6) or (9)
depending on the scattering mechanisms involved.
The lines drawn in Fig. 8 were evaluated with Eq.
(12), using as a fitting parameter the intensity of
the TO-like lines of the sample with 1.6 108
holes cm 3.

In this case of the DP mechanism the hole-con-
centration dependence of the TO intensities is, ac-
cording to Eq. (12), approximately proportional to
Ngtv multiplied by the factors which give the
resonant enhancement of the scattering efficiency.
The evaluation of Eq. (12) for the IIF mechanism
gives a hole-concentration dependence of the TO-
like intensities of the type Nqi-'p3 < N2,

The calculated intensities account for the dif-
ferent behavior of the DP and IIF mechanisms as
well as for the preresonant enhancement with in-
creasing photon energy in the case of the DP
mechanism. A good agreement is obtained be-
tween the experiment and the calculated intensities
for concentrations ranging from 10° to 10°
holescm ™3, Above 10" holes cm ™3 the calculated
intensities are much larger than the experimental
ones, a fact which can be attributed to the possible
obliteration of the E; resonance by the doping.!>?’
The calculated intensities for the case of 1.7 X 10!’
holes cm~? are smaller than the measurements due
to the presence of some residual scattering, as men-
tioned before.

CONCLUSIONS

We have presented a detailed study of the cou-
pled LO-phonon— plasmon modes and conclusive

evidence of forbidden TO-phonon Raman scatter-
ing in heavily doped p-type GaAs. The results of
this work together with the investigations reported
in Refs. 5—7 show that breakdown of the wave-
vector conservation due to scattering by the ionized
impurities plays a very important role in the Ra-
man processes in heavily doped semiconductors. A
phenomenological model has been proposed to ac-
count for the contribution of each wave vector to
the total Raman process. The expressions devel-
oped to weight these contributions have been used
to calculate the hole-concentration dependence of
the peak positions, linewidths, and intensities of the
measured LO-like and TO-like Raman lines.
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APPENDIX

The frequency shifts and the broadening of pho-
nons by free carriers can be described as the real
and imaginary part of the phonon self-energy,
respectively.?* The frequency shift is given by

#haro=V?P [ 1(E',q)

1 1

- — —~ |dE'",

X

(A1)

where P stands for the principal part of the in-
tegral, 9(E’,q) is the combined density of states for
the electronic excitations, and V is the matrix ele-
ment of the electron-phonon deformation-potential
interaction. The linewidth can be decomposed in
two contributions:

I=T,+AT, (A2)

with I'( the natural linewidth and AT the ima-
ginary part of the self-energy which is equal to
#AT =7V (#iw10,q9) - (A3)
The matrix element ¥ is given by
fid
Vi=——G(k,q), (A4)
2pwtoap

where p=5.216 gcm ™ is the density of GaAs,
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ap=5.653 A the lattice constant, and d,~48 eV
(Ref. 26) the deformation-potential constant. The
factor G ( E,?]’) takes into account the fact that the
coupling of the valence bands induced by the pho-
non vibration depends on the relative orientations
of the phonon wave vector d and that of the elec-
trons k. Considering only hole excitations within
the heavy-hole valence band, a mean value of ~%
has been calculated for G (l—{,?]') as shown in Ref. 6.

In order to evaluate the shifts and the broaden-
ing we have to know the density of states 7 for the
free-particle excitations. For a given wave vector
q <2qF the free-particle excitation spectrum ex-
tends from O to a maximum value given by?

2
ar  qr

AEmax(q)z_EF (AS)

The density of states 7 for these excitations is pro-
portional to the imaginary part of the Lindhard
dielectric function.?? Its value at the energy E’ and
for a wave vector  depends on the ratios between
E' and Ep |2q /qr+q*/q} | . We are interested in
the values of 7 for the wave vector q,,,, for which
qf(q)g(q) has its maximum, with £(q) and g(q)
given by Egs. (5) and (6). ¢, is tabulated for dif-
ferent hole concentrations in Table III.

In turns out that n(E’,q ., =0 for samples with
1.7% 10" and 1.6 X 10'® when E'~#wgo. Corre-
spondingly, the natural linewidth is measured for
these samples. For the samples with 3 108,

5% 108, and 8 10'® holescm 3 the density of
states per unit volume at qp,,, is

ME’ ,gmax)=1.2X 103q—:2;E |1—-Z%| em™3
X (wave number)~! | (A6)
where
x ___25133&_ R (A7)
Ula
zZ= ZI?Fx -1 (A8)

When the hole concentration exceeds 10'°
holes cm 2 the density of states is given by

2
! q1F E' _
T](E 7qmax)= 1-2)( 1037-5; cm 3
X (wave number)~! . (A9)

In Table III the parameters needed to evaluate Eqgs.
(A6) and (A9) are listed.
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