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We have measured the room-temperature Raman spectra of the coupled LO-phonon-damped-hole-
plasmon modes of ten p-type, Be-doped, molecular-beam-epitaxy-grown GaAs films with hole concentra-
tions from 6.3X 10' to 2.9X 10' cm . Although coupled-mode theory predicts the existence of two
modes, we observed only one, with an asymmetric line shape. A line-shape analysis combining the
deformation-potential and electro-optic mechanisms shows that the theory reproduces the data very
well. It also suggests that one mode is suppressed by the large damping of the hole plasmon. The asym-

metry of the observed peak is shown to come from interference between Raman scattering from atomic
displacement fluctuations and that from macroscopic electric-field Quctuations. The ratio between Hall
mobilities of the holes and optical mobilities of the holes from the Raman measurements is pH, »/

p pt l 1.5-2.6 for diS'erent hole concentrations.

I. INTRODUCTION

In a polar semiconductor, the plasmon formed by the
free carriers and a longitudinal-optical (LO) phonon in-
teract via their macroscopic electric fields. ' The cou-
pled LO-phonon —plasmon (LO-PL) modes from such in-
teractions have been extensively studied in n-type semi-
conductors such as n-type GaAs by Raman spectroscopy 3

and far-infrared spectroscopy. However, there have
been few studies of the coupled modes in doped p-type
direct-gap compound semiconductors. Our first motiva-
tion in this work is to explore the fundamental properties
of the coupled modes in a p-type material with the use of
Raman spectroscopy. A second motivation is to study
the coupled modes under conditions of high plasmon
damping. This investigation of the dynamical response of
the phonon and hole systems also provides a way to opti-
cally characterize carrier concentrations and mobilities of
p-type material.

In earlier work, one of the present authors (R.F.} and
co-workers measured the Raman spectra of six Be-doped
p-type molecular-beam-epitaxy- (MBE}grown GaAs sam-
ples. Furthermore, Fukasawa et al. have analyzed semi-
quantitatively the Raman spectra from four p-type GaAs
samples with a theory of Raman scattering that included
surface depletion effects in a doped opaque semiconduc-
tor. They concluded that a broad band near the
transverse-optical (TO) phonon frequency coTo represents
the lower branch of the coupled LO-PL modes and sug-
gested that the lower branch is phononlike while the
overdamped upper branch is not observable.

Other measurements show a variety of results. Yuasa
and Ishii have reported Raman spectra from the (100)
surface of Be-doped p-type GaAs grown by MBE with
hole concentrations from 1X10' to 2X10' cm . They
observed the upper branch of the LO-PL modes on the
high-frequency side of the LO-phonon frequency colo for
p =3X 10' cm and found the lower branch of the cou-
pled modes near mTo for p =2 X 10' cm . Their spectra

resembled some of ours, but they did not make measure-
ments at the most critical values of hole concentrations.
Without these data, they concluded that the coupled
LO-phonon-hole-plasmon modes in p-type GaAs are like
those in n-type material, an interpretation that other
measurements and our analysis do not support.

More recently Wan et a/. ' have reported Raman
spectra from the (100) surface of Be-doped, MBE-grown,
p-type GaAs with hole concentrations of p =1X10' to
3 X 10' cm . They observed only a single coupled mode
at a frequency between the LO- and TO-phonon frequen-
cies for hole densities between 1X10' and 1.6X10'
cm . They pointed out that the coupled modes in p-
type GaAs do not behave like those seen in n-type GaAs.

These disagreements about the behavior of the coupled
modes as a function of hole concentration may come
from the limited experimental data and the difBculty of
analyzing a complex Raman profile that combines the
LO-phonon —damped-hole-plasmon modes in the bulk
and the "unscreened" LO phonon in a surface depletion
layer. To fully examine this situation in p-type GaAs, we
have performed Raman scattering experiments on ten
Be-doped p-type GaAs samples over a wide range of hole
concentrations. We added four samples to the suite we
measured earlier to extract systematic trends as a func-
tion of hole concentration. We observed only one mode
of an asymmetric nature at all hole concentrations. We
analyze the complex Raman profile by applying the
theory of first-order phonon Raman scattering from an
opaque semiconductor derived by Katayama and Mu-
rase' and Fukasawa et al. These calculations assume
that the electronic susceptibility is modulated by the
atomic displacement field (deformation-potential mecha-
nism) and the macroscopic electric field (electro-optic
mechanism). "

The contribution to the Raman efficiency of the cou-
pled modes from the electro-optic mechanism is negligi-
bly small under the condition of large plasmon damping,
which means that the coupled modes in p-type GaAs are
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phononlike. The hole-plasmon-damping constant and
optical mobility p are determined from the line-shape
analysis and compared with the Hall mobilities p~. %'e

obtained the ratio pH/p, =1.5—2.6 for different hole
concentrations.

II. EXPERIMENT

Ten Be-doped p-type GaAs epitaxial films with hole
concentrations ranging from 6.3 X 10' to 2.9 X 10'
cm were grown on (100) semi-insulating GaAs sub-
strates by molecular-beam epitaxy, using a computer-
controlled Riber machine at the Electrotechnical Labora-
tory, Japan. ' The films were about 1.2 pm thick. The
hole concentrations and mobilities were determined from
Hall measurements at room temperature. Characteristics
of the samples are given in Table II.

Unpolarized Raman measurements were performed in
the near-backscattering geometry at room temperature,
using the 5145-A(2 41-eV) line of an Ar+-ion laser with a
power of about 400 mW. The optical penetration depth
of the incident light is -0.1 pm, much less than the
thickness of the film. The scattered light from an il-
luminated spot -300 pm in diameter on the sample sur-
face was collected in a direction near normal to the sur-
face and focused by an f/1. 2 camera lens on the en-
trance slit of a SPEX triplemate spectrograph equipped
with a subtractive stage containing two gratings, and a
dispersive stage containing a 2400-lines/mm holographic
grating. A sensitive optical multichannel analyzer detect-
ed the scattered light. Each data set consisted of 30 spec-
tra, exposed for 1 min each. The entrance slit, intermedi-
ate slit, and entrance slit of the dispersive stage were set
at 0.1, 4, and 0.05 rnm, respectively. The wave-number
scale of the spectrograph was calibrated by using the
known Raman lines of toluene. The accuracy of the Ra-
rnan shift was +0.5 crn '. The spectral resolution of our
spectrograph was 1.3 cm

III. RESULTS AND DISCUSSION

Figure 1 shows the Raman spectra of the ten samples.
The unscreened LO-phonon line appears at 290 cm ' for
all hole concentrations. A broad band is seen near the
TO-phonon frequency (267 cm ') in samples (g)—(j) with
hole concentrations ~ 1.5 X 10' crn . Shoulders at the
high- and low-frequency sides of the unscreened LO-
phonon line are seen for samples (e) and (fl, whereas only
a high-frequency shoulder is seen for samples (a) —(d).
The full widths at half maximum (FWHM) of the un-
screened LO-phonon line for samples (a), (b), (c), and (d)
are 7, 9, 13, and 14.5 cm ', respectively, all much larger
than the FWHM of 4.4 cm ' for semi-insulating GaAs.
This may be due to the superposition of two nearby Ra-
man bands, one from the unscreened LO-phonon mode,
one from the coupled LO-PL modes. Rarnan scattering
by the TO-phonon mode is forbidden for a true back-
scattering geometry for a (100) surface of a zinc-blende
crystal. ' However, a weak TO-phonon line is observed
at 266.5 cm ' in samples (a)—(c) because the incident
light is not exactly normal to the surface of the sample.

200
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l
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FIG. 1. Raman spectra from the ten Be-doped p-type GaAs
samples listed in Table II ~ All spectra were obtained in the

backscattering geometry at room temperature, using the 5145-A
line of the Ar+-ion laser. The arrows denoted co+ and co are
the frequencies predicted by the coupled mode theory. The full

widths at half maximum of the Raman spectra are 7, 9, 13, and

14.5 cm ' for samples (a), (b), (c), and (d), respectively.

According to the coupled-mode theory, the frequencies
of two coupled LO-PL modes in a doped polar semicon-
ductor in the limit of long wavelength, and with no pho-
non or plasmon damping, are given by'

~y =
2 I (coLo+co& )+[(coLo+co& ) 4'&corp)

where co is the hole plasma frequency defined by
co =4+pe /e„m&*. e„,p, and mI,

' are the optical dielec-
tric constant, the hole concentration, and the effective
mass of the free hole, respectively. Figure 2 shows the
calculated frequencies (~ and co+) of the coupled LO-
PL modes in p-type GaAs plotted as a function of hole
concentration. The material parameters for GaAs used
in the calculation are listed in Table I. The efFective mass
of free hole in p-type GaAs was estimated by considering
the degeneracy at k =0 of the light-hole and heavy-hole
bands. Following the well-known two-band transport
theory, ' ' the average hole effective mass is estimated to
be m&*=0.34m with the light- and heavy-hole masses
0.09 and 0.45m, ' respectively.

For samples (a)—(c) (see Fig. 1), the shoulder extending
to the high-frequency side of the unscreened LO-phonon
line is seen near the upper-made frequency co+ calculated
from Eq. (1). These shoulders come from the upper
branch of the coupled LO-PL modes. However, no upper
branch of the coupled modes is seen at the upper-mode
frequency co+ for samples (d) —(j) with hole concentra-
tions (p ~3.5X10' cm ). On the other hand, the peak
of the lower branch is not seen at the lower-mode fre-
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FIG. 2. The predicted frequencies of the coupled modes (co+
and co ) and the plasmon mode co~ as a function of the carrier
densities. coLo and eTo are the LO- and TO-phonon frequencies.
The hatched area expresses the regime of single-particle excita-
tions (SPE) bounded by co(q)=qvF+Aq /2mi, , where v~ is the
Fermi velocity. The wave vector q was taken as listed in Table
I. The closed circles show the spectral peak positions of the
fitted spectra drawn by the broken lines in Fig. 3. The symbol
X shows the plasmon damping constant obtained from the
fitting.

gT=gi+g2+g3 ~ (2)

TABLE I. Material parameters ofp-type GaAs.

r. o
To

Eo

C
PPZp

v

q
a

LO-phonon frequency
TO-phonon frequency

Optical dielectric constant
Static dielectric constant
Faust-Henry coeScient

Average hole effective mass
Constant of velocity

Scattering wave vector
Absorption coe%cient

Barrier height

290.0 crn
266.5 cm

10 9'
12.9'

—0.59
0.34 rn

4.73 X 10 cm/s'
1.05 X 10 cm

0.833X105 cm
—I d

0.5 eV'

'Data from Ref. 24.
Data from Ref. 25.

'Data from Ref. 22.
Data from Ref. 10.

'Data from Ref. 26.

quency co for samples (a)—(h). These spectral features of
p-type GaAs specimens are quite different from the spec-
tra of n-type GaAs reported in earlier papers.

To explore the dependence on hole concentration of
Raman spectra of p-type GaAs, we performed a line-
shape analysis combining the deformation potential and
electro-optic mechanisms for an opaque semiconduc-
tor, ' the dominant mechanisms for unpolarized scatter-
ing under nonresonant conditions. '

As derived by Katayama and Murase, ' the Raman
line-shape function gT is

g3 =iri[n(co)+1]Im[ —4ir/e],

where C is the Faust-Henry coefficient, ' n(co} is the
Bose-Einstein factor, and the total dielectric function e
for the phonon and free-carrier system is given by

e=a„+4irg~„+4m y~, ,

2 2
NLO NTp

4m.y h=e
~TO —co —i~y

NP
Xfc 00

(

where y~h, y«, y, and I are the ionic susceptibility, the
free-carrier susceptibility, the phonon damping constant,
and the plasmon damping constant, respectively. In Eq.
(2), g& arises from the fact that the first-order Raman sus-
ceptibility is modulated by the atomic displacement. g3
arises from the fact that the Raman susceptibility is
modulated by the macroscopic electric field associated
with the coupled modes. g2 is the cross correlation term
between the atomic displacement and the macroscopic
electric field. ' '"

To calculate the line shape, we need the material pa-
rameters p, cozo, coTO, e„, C, m&*, I, and y, respectively.
The values of coLp, coTO, e„,C, and mz' for GaAs listed in
Table I were fixed for all calculations. The hole concen-
trations p are given in Table II for each sample. Taking

y and I as adjustable parameters, we fitted the spectra in
the best least-squares fit sense, except that the peak near
290 cm ' was separately fitted with an optimized
Lorentzian function. The results are shown in Fig. 3.
Table II shows the values of y and I obtained from the
fitting. For samples (d) —(f), the calculation reproduces
observed asymmetric broadbands with a tail extending to
the high-frequency side of the unscreened LO-phonon
line and the broad feature at about 265 cm ' in samples
(g) —(j). But the calculated spectra do not reproduce the
unscreened LO-phonon line from the surface depletion
layer. The frequencies of the coupled LO-PL modes
denoted by co+ and co in Fig. 3 were obtained from Eq.
(1}. The closed circles in Fig. 2 show the spectral peak
positions of the calculated spectra (broken lines) in Fig. 3.
The behavior of the peak positions with hole concentra-
tion is similar to the result shown in Fig. 4 of Ref. 9 ob-
tained by Wan and Young. The peak positions of the
coupled modes in p-type GaAs do not correspond to the
frequencies predicted from Eq. (1) as shown in Fig. 2,
whereas Eq. (1) does give the correct coupled-mode fre-
quencies for n-type GaAs. The crosses in Fig. 2
represent the plasmon damping constant I obtained from
the line-shape analysis. m is larger than I for samples
with higher hole concentrations (p ~1.5X10' cm ), a
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TABLE II. Parameters for the ten Be-doped p-type GaAs samples. The hole concentration p and
mobility pH are determined by Hall measurements. The thickness of surface depletion layer dL is es-

timated by using the Schottky barrier model. The phonon damping constant y, the hole-plasmon

damping constant I, the phonon damping constant of the unscreened LO phonon y„ the peak frequen-

cy co& of the single coupled mode, and the optical mobility p,~ are determined by Raman measure-
ments.

Sample

(a)

(b)

(c)
(d)
(e)
(f)

(g)
(h)
(i)

(j)

(cm

6.3X10'
9.1X10'
1.5 X10"
3.5X10"
6.3 X10"
1.1X10"
1.5X10"
2. 1 X 10'
2.5X 10"
2.9X10'

PB
(cm /V s)

190
177
158
128
118
85
72
69
76
82

(A)

336
280
218
143
106
81
69
58
53
50

4.4
4.8
5.0
5.0
5.8
6.0
6.2
6.5
7.0
6.2

(cm ')

350
400
400
450
480
550
560
610
590
510

Vl

(cm ')

5.0
6.7
7.0
7.0
7.5
7,5

8.0
8.0
8.0
9.0

COg

(cm '}

291.5
292.0
293.0
293.5
285.5
273.0
269.0
267.0
266.5
265.5

pop
(cm /V s)

78
69
69
61
57
50
49
45

54

condition of relatively light damping for the hole
plasrnon. On the other hand, co is smaller than 1 for
samples with lower hole concentrations (p ~1.1X10'
cm ), a condition of heavier damping.

Figure 4 compares the mobilities p~ obtained from
Hall measurements to values obtained from the line-
shape analysis using p, =e/m&*I . The ratio pH/p p

is
1.5 to 2.6 for different hole concentrations. Similar
differences have been reported in p-type GaAs. Gar-
gouri, Prevot, and Schwab' made Rarnan measurements
in Be-implanted p-type GaAs and obtained pH/p, =3.7.
More recently Mlayah et al. obtained pH lp, -2 from
Raman measurements in Be-doped p-type GaAs. They
speculated that the difference may come from the fact
that the mobilities are measured at different frequencies„
but we are aware of no detailed argument that explains
why pHAp». However, since co and co+ are not in the
regime of single-particle excitation (see Fig. 2), it is clear
that the coupled modes are unaffected by Landau damp-
ing.

We further analyzed the Rarnan spectra to determine
the cause of the asymmetric line shape. Figure 5 shows
the results of Fig. 3 broken down into the separate terms

g, , g2, and g3 in Eqs. (3)—(5). g, and g3 arise from atom-
ic displacement fiuctuations and macroscopic electric
field fluctuations, respectively. The term g2 comes from
interference between the two kinds of fluctuations. ' The
contribution of g3 is negligible at all hole concentrations
and the calculated spectrum is the superposition of g,
and g2. At low concentrations (@~1.5X10' cm ), g,
and gz are of comparable size and give a symmetric peak.
The theoretical spectra begin to become asymmetric for
p & 3.5 X 10' cm, where g2 becomes asymmetric.

Figure 6 demonstrates the effect of plasmon damping
on line shape by assuming four different values of I at
p =6.3X10'8 cm, where a) =391 cm ', a) =249

p-GaAs LO
'
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FIG. 3. Experimental (solid lines) and theoretical (broken
lines) Raman spectra of the ten p-type GaAs samples. The ar-
rows denoted su+ and co are the predicted frequencies by the
coupled-mode theory.

FIG. 4. The optical mobilities p,~ obtained from the Raman

measurements compared with results of Hall measurements.

The solid line represents pH =p,~.
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FIG. 5. Details of the Raman profile for different hole con-
centrations. gr (solid lines) represent the observable line shapes,

g& (broken lines), g3 (dotted lines), and g2 (dot-dashed lines) ex-
hibit the line shapes due to atomic displacement fluctuations,
macroscopic electric-field fluctuations, and their interference.
The arrows denoted co+ and m are the predicted frequencies of
the coupled modes.

cm ', and co+ =418 cm '. The calculated line shapes
change drastically as I increases. For I =50 cm
sharp Raman lines appear at co and co+. The spectrum
resembles that from n-type GaAs. But when the darap-
ing becomes heavy with I =480 cm '&co =391 cm
the upper branch of the coupled LO-PL modes disap-
pears, while the peak from the lower branch shifts to
higher frequency with increased linewidth. This comes
from dramatic changes in gz and the disappearance of g3
with increased damping. From the results in Figs. 5 and
6, the asymmetric line shape for p &3.5X10' cm
comes from interference between Raman scattering from
atomic displacement fluctuations and from macroscopic
electric-field fluctuations, modified by large plasmon
damping. Our analysis also shows that the term
Im( —I/e), sometimes used by itself to describe the line
shape of the coupled modes in n-type GaAs, ' is inade-
quate under conditions of large plasmon damping, for
Im( —I/e) only describes the g3 term.

As pointed out in Sec. I, disagreements about the
behavior of the coupled LO-PL modes may come from
the difficulty of combining the complex Rarnan profile
from the bulk material with the profile due to the un-
screened LO phonon in a surface depletion layer. We
know of only one earlier relevant theoretical Raman
analysis, that of Fukasawa et al. , which uses a simple
two-layer model ' representing a surface depletion layer
on a highly doped bulk semiconductor. For the Raman
line-shape function, the analysis used the imaginary part
of the classical response function of the atomic displace-

I I I I

200 300 400 500 600 700
RANAN SHIFT (cm 1)

FIG. 6. Details of the Raman profile for four different values

of I for p =6.3 X 10"cm '. Symbols are the same as in Fig. 5.

ment (( u ( Q); u ( Q')' )) . The inclusion of the surface lay-
er, however, would have made the calculation intractable
if we also used the full theory of Katayarna and Murase
with its interference effects. Instead we used the disper-
sive continuum model, ' based on classical response
theory, to include correctly the unscreened LO phonon
in the surface layer. [Its detailed expression has been
given in Eqs. (10) and (1 la) —(lid) of Ref. 6.] Although
this omits the asymmetric features of the coupled-mode
peaks, it gives a sufficiently good fit to justify the role of
the surface layer in the Raman spectra.

We applied this theory to our present spectra, which
cover a wider range of hole concentrations than in the
earlier paper. To calculate the line shape, we need the
following material parameters: p coLp NTp E'„, C, m&*,

I, y, the thickness of the surface depletion layer dL, a
constant v with dimensions of velocity, the scattering
wave vector q, the absorption coefficient a, and the pho-
non damping constant in the surface depletion layer y, .

The values of ~~p, coTp, e„, C, mh*, v, q, and a for
GaAs listed in Table I were fixed for a11 our calculations
and the va1ues of p, I, y, and dL were taken as listed in
Table II. The values of p were determined from Hall
measurements. If the bulk hole concentration p is equal
to the density of ionized impurities X;, dL is estimated by
di =(cog/2me~Ã, )'~, where eo and P are the static
dielectric constant and the barrier height of the surface
potential for p-type GaAs, respectively.

Taking only y, as an adjustable parameter, we fit the
calculated Raman line shape to our data. Figure 7 shows
the calculated and observed Rarnan spectra for a11 ten
samples. Although there is only one adjustable parame-
ter, the calculated line shapes agree well with the data for
all ten samples. The fit values of y, range from 5 to 9
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FIG. 7. Experimental (solid lines) and theoretical (broken
lines) Raman spectra of the ten p-type GaAs samples. The bro-
ken lines represent Raman spectra calculated with the use of the
theory of Raman scattering that includes surface depletion
effects.

We have measured the room-temperature Raman spec-
tra of ten Be-doped p-type GaAs samples with hole con-

cm ', compared to a linewidth of 4.4 cm ' for semi-
insulating GaAs. The increase in y, may arise from
anharmonic effects due to the high-impurity doping. The
simple two-layer model explains the systematic trends as
a function of hole concentration, except for the
discrepancy on the high-frequency side of the unscreened
LO-phonon line for samples (d) —(f). Since the shoulder
extending the high-frequency side originates from the g2
term (see Fig. 5), the discrepancy comes because our
simplified theory eliminates the interference between the
atomic displacernent and the electric-field fluctuations.
The interference term is important in determining the
asymmetric Raman line shape for samples (d) —(fl.

IV. CONCLUSIONS

centrations from 6.3X10' to 2.9X10' cm and have
observed single-mode behavior of the coupled LO-
phonon —hole-plasmon modes in all of the samples. Fur-
thermore, we performed a detailed line-shape analysis
based on the theory of phonon Raman scattering due to
the deformation-potential and electro-optic mechanisms.
The theory reproduces the spectra fairly well for a wide
range of hole concentrations and shows that the single-
mode behavior of the coupled modes is due to the large
damping of the hole plasmon. The analysis also reveals
that the term g& associated with macroscopic electric-
field fluctuations is negligibly small under conditions of
large plasmon damping. This means that the upper and
lower branches of the coupled modes in p-type GaAS are
remarkably phononlike at all hole concentrations. Our
analysis suggests that the character of the single mode
changes from the damped upper branch to the damped
lower branch with increasing hole concentration, which
is quite different from the behavior of n-type GaAs. Fi-
nally, a theory of Raman scattering that includes surface
depletion effects explains the line shape of the unscreened
LO phonon. This indicates that the simple model of a
surface depletion layer on a highly doped semiconductor
is valid for a wide range of hole concentrations. To ob-
tain more information about the plasmon damping con-
stant of the LO-phonon-hole-plasmon system, we will
continue to investigate the Raman spectra of these sam-
ples at low temperatures and will attempt to analyze our
data with a full theory that includes both interference
and surface layer effects.
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