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Raman scattering study of coupled hole-plasmon —LO-phonon modes
in p-type GaAs and p-type Al Ga& As
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The hole-plasmon —LO-phonon coupling has been studied with the use of Raman scattering from
Be-doped p-type GaAs and p-type Al Ga& „As layers grown by molecular-beam epitaxy. The Ra-
man spectra from heavily doped (100) p-type GaAs layers show a shoulder and a broad peak on the
higher- and lower-frequency sides of the LO-phonon peaks, respectively. The structures on both
sides of the LO-phonon peaks are assigned to the coupled hole-plasmon —LO-phonon modes by their
frequencies and dampings which are dependent on the hole concentration and by comparison with
the spectra from (110) cleaved surfaces. In the Raman spectra from (100) p-type Al Ga& As
layers with high hole concentrations, three modes in addition to two LO-phonon branches are ob-
served; they are identified as branches of the coupled modes by comparison with the Raman spectra
of p-type GaAs layers, with reference to experimental results for n-type Al„Gal As layers. The
coupling between single-particle hole excitations and TO phonons is also discussed for the spectra
from the (110) surfaces of p-type GaAs with different hole concentrations.

I. INTRODUCTION

Electronic excitations in semiconductors interact with
optical phonons. The single-particle and collective elec-
tronic excitations (plasmons) coupled with optical pho-
nons have been extensively studied in ZnS-type semicon-
ductors with the use of Raman spectroscopy. In degen-
erate binary semiconductors, two long-wavelength (q-0)
coupled plasmon —longitudinal-optical (LO)-phonon col-
lective modes participate in the first-order Raman scatter-
ing. The coupled modes have been investigated particu-
larly in n-type GaAs, and the behavior of the modes
denoted by L+ and L is well understood. ' The fre-
quencies and intensities of the Raman modes change as a
function of electron concentration. When electron con-
centration increases, the L+ mode weakens, and shifts
from the LO-phonon frequency to the higher-frequency
side, while the L mode strengthens, and approaches the
transverse-optical (TO)-phonon frequency from the
lower-frequency side. The electron-plasmon —LO-phonon
coupling has also been measured for mixed crystals by
Raman scattering. The number of coupled-mode
branches increases with increasing number of LO-phonon
branches in some mixed crystals. Three Raman lines due
to the coupling have recently been observed in n-type
A1~Ga& ~As with two LO-phonon modes.

The interaction between single-particle hole excitations
and TO phonons has been studied in p-type semiconduc-
tors. The shifts and broadenings of the TO phonons by
the interaction are observed in the Raman spectra of p-
type Si, p-type Ge, and p-type GaAs. Little is known
about the free-hole —LO-phonon coupling, compared to
the single-particle-hole —TO-phonon and the free-
electron —LO-phonon couplings. The reason is mainly
due to difficulties in obtaining degenerate p-type samples.
The effective masses of free holes in many semiconduc-
tors are much larger than those of electrons. The large ef-

fective masses produce a large density of states in the
valence bands, which requires heavy doping to make the
free carriers degenerate. Olego and Cardona have inves-
tigated Raman spectra in Zn-doped p-type bulk (100)
GaAs, and observed two free-hole-related lines near the
LO- and the forbidden TO-phonon frequencies in the
heavily doped samples. Processes in which the wave vec-
tor is not conserved have been observed in resonant Ra-
man and luminescence studies of p-type GaAs. ' '" The
wave-vector nonconservation induces the large-wave-
vector L mode which lies at a slightly lower-frequency
side of the LO phonons, and allows the appearance of the
forbidden optical phonons in the Raman spectra. ' For
this reason, they have assigned the two lines to the L
mode with large wave-vectors and the forbidden TO pho-
nons. On the other hand, they claim that no evidence was
found for the long-wavelength coupled modes in Ref. 9.
However, the crystalline quality limits the observability of
the coupled modes. For example, a spatial variation of
the dopant distribution causes inhomogeneous broadening
of the coupled modes, and precipitation of the impurities
spreads the coupled-mode lines with an increased scatter-
ing rate. ' These damping mechanisms weaken the
coupled-mode signals, and therefore make it difficult to
observe them.

In this paper, we measure the coupled hole-
plasmon —LO-phonon modes in Be-doped p-type GaAs
and Al„Ga& As layers grown by molecular-beam epitaxy
(MBE) with the use of Raman scattering. Beryllium has
been extensively used as an almost ideal p-type dopant in
MBE growth of GaAs and Al„Ga~ As for fabricating
electrical and optical devices. ' '' The doping levels up to
the mid-10' -cm range have been achieved in both
GaAs and Al„Ga& As while maintaining surface mor-
phologies and hole mobilities comparable to those ob-
tained in liquid-phase epitaxy. Low-threshold current
densities of GaAs/Al„Ga& As double-heterostructure
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lasers with Be-doped p-type Al„Ga& „As cladding layers
demonstrate that excellent optical properties can be ob-
tained with this acceptor dopant. ' The high-crystalline
quality in heavily Be-doped samples should facilitate the
observation of coupled free-hole-plasmon —LO-phonon
modes in the Raman spectra. The organization of the pa-
per is as follows. The details of the experimental pro-
cedure are described in Sec. II. Following this, Sec. III
presents the experimental results on p-type GaAs and p-
type Al Ga

&
As. In Sec. IV, the coupling between

single-particle hole excitations and TO phonons as well as
the identification of the coupled modes are discussed in
the light of previous experiments.

graphic gratings. A cooled Hamamatsu R-649 photomul-
tiplier tube was used for the detector along with standard
photon-counting equipment ~ The counts were stored on a
multichannel analyzer with integration times per channel
ranging from 0.4 to 1 sec. A low-pressure Hg lamp was
used for wavelength-calibration purposes. The spectra
was recorded with a spectral resolution between 1 and 4
cm ' on an L- Yplotter.

III. EXPERIMENTAL RESULTS

A. p-type GaAs

1. Hole-concentration dependence

II. EXPERIMENTAL

The Be-doped p-type GaAs and p-type Al Ga& „As
layers were grown on Cr-doped (100) semi-insulating
GaAs substrates by MBE. The growth was carried out
using a three-chamber Varian MBE GEN II system,
which provides excellent uniformity in doping profiles in
addition to the uniformity in layer thickness and the alloy
composition over a large area, because of precise control
of beam fluxes and rotation of a substrate holder. Sub-
strate preparation and growth conditions are similar to
those described earlier. Elemental Al, Ga, As, and Be
were used as source materials.

For all samples, a 0.5-pm-thick unintentionally doped
GaAs buffer layer was first grown on the semi-insulating
GaAs substrate to obtain a good crystalline quality for the
succeeding —3-pm-thick p-type GaAs and -2-pm-thick
p-type Al Ga~ As layers. Differently doped p-type
GaAs layers were grown on the different substrates. On
the other hand, differently doped Al Ga& As layers
with a fixed alloy composition were successively grown on
a same GaAs substrate by only changing the temperature
of the Be source to keep the alloy composition of each
layer at constant. The hole concentrations of p-type
GaAs layers were obtained by Hall measurements. The
hole concentrations of p-type Al„Ga& As layers were
determined with the use of the Hall data of other p-type
Al Ga& As layers with the same alloy composition
grown on semi-insulating GaAs substrates at the same
temperatures of the Be source.

Crystalline quality of Be-doped grown layers was mea-
sured by photoluminescent (PL) emission. The PL inten-
sity increased almost linearly with increasing hole concen-
tration to the high hole concentrations above 1&10'
cm . The PL results demonstrate high quality of the
heavily Be-doped layers.

The Rarnan scattering from the samples was studied at
room temperature with the main use of the 514.5-nm line
of a Spectra Physics model 164 Ar-ion laser operated at
200—500 mW, in the standard backscattering geometry.
The 488.0-nm line of the laser was also used to study the
wave-vector dependence of some spectra. The laser beam
formed an illuminated area of -200 pm in diameter on
the sample surfaces. The scattered light was collected in a
direction normal to the surface and focused onto the en-
trance slit of a Jobin-Ybon RAMANOR U-1000 double
monochromator equipped with 1800-lines/mm holo-

The Stokes Raman spectra of p-type GaAs layers were
measured for a wide range of hole concentration starting
at 1 X 10' cm and up to 2 )& 10' cm for an excitation
wavelength of 514.5 nrn. The results in the frequency
range between 350 and 240 cm ' are shown for some typ-
ical spectra of the samples with different hole concentra-
tions in Fig. 1. The measurements were performed under
the same conditions. Accordingly, the intensities of the
peaks in Fig. 1 can be compared with each other. Only
LO phonons, which are allowed for scattering from the
(100) surfaces in backscattering geometry, are observed at
292 cm ' for lightly doped p-type GaAs layer with a hole
concentration (p) of 1 X 10' cm . The LO-phonon
mode is observed for all hole concentrations. However, its
intensity decreases with increasing hole concentration.
For the sample with p =3&&10' cm, a shoulder denot-
ed A appears on the high-frequency side of the LO-
phonon mode, and a weak shoulder denoted B also ap-
pears on the low-frequency side of the LO-phonon mode.
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FIG. 1. Raman spectra from (100}p-type GaAs layers with
hole concentrations ranging from 1 )& 10' to 2 && 10' cm
These spectra were obtained with the 514.5-nm line of an Ar-ion
laser. The line labeled LO is the longitudinal-optical (LO)-
phonon mode. The arrows labeled A and B represent the cou-
pled hole-plasmon —LO-phonon modes.
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FIG. 2. Spectra are rewritten from Fig. 1. We note that Ra-
man intensity is normalized by each peak intensity of the LO-
phonon mode.

When the hole concentration increases up to 2 &( 10'
cm, the shoulder A disappears while the shoulder B
grows into a broadband peaking around 266 cm '. The
peak frequency of the band B is near the TO-phonon one
(268 cm ').

The linewidth of the LO-phonon mode also changes
with increasing hole concentration. To compare correctly
the widths and profiles of the Raman lines, the spectra in
Fig. 1 are rewritten as shown in Fig. 2. In Fig. 2, the peak
heights of the LO-phonon mode are normalized to unity.
The LO-phonon mode broadens initially with a slight in-
crease of peak frequency for hole concentrations up to
3&(10' cm, and then narrows with a decrease of the
peak frequency for 2&&10' cm . For the sample with

p =1&(10' cm, the phonon profile shows symmetry of
Lorentzian type which has been investigated on phonon
profiles of binary semiconductors such as GaAs, ' and
GaP. ' However, the profile becomes asymmetric with a
high-frequency tail for the sample with p =5 & 10' cm
The change in linewidth at the high-frequency side is no-
ticeable, while that at the low-frequency side is very
slight. Asymmetry of the phonon-line profile for
p =3&(10' cm is enhanced by the two shoulders with
different intensities. Shoulder A at the high-frequency
side of the LO-phonon mode is much stronger as corn-
pared with shoulder B on the low-frequency side, but
shoulder 3 vanishes for the sample with p =2&& 10'
cm, resulting in the narrow LO-phonon line. In addi-
tion, no additional structure due to the shift of shoulder 3
was observed in the higher-frequency range. The intensity
of the band B is so high that it is comparable to that of
the LO phonons, and the band markedly spreads com-
pared to the LO-phonon line. It is noted that the peak
frequency (266 cm ') of the band B is slightly below the
TO-phonon frequency (268 cm ').

Figure 3 shows the linewidth and the peak frequency of
the LO-phonon mode as a function of the hole concentra-
tion. The peak frequencies were determined to an accura-
cy of 0.3—0.5 cm . The linewidth, which is defined as
the full width at half maximum, increases from 5 to 15
cm ' for hole concentrations ranging from 1&(10' to
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FIG. 3. Peak frequency and linewidth of the LO-phonon
mode in p-type GaAs as a function of hole concentration. After
the initial increases with increasing hole concentration, both the
peak frequency and the halfwidth decrease for very high hole
concentrations. The large halfwidth at p =3&&10'" cm ' con-
tains partly the shoulder of the high-frequency coupled mode.

3&10' cm . The width, however, decreases to 6 cm
for p =2 & 10' cm . The peak frequency increases
slightly by about 1 cm ' for a hole concentration ranging
from 1&(10' to 5&(10' cm, and then decreases for
higher hole concentrations. The peak frequency for
p =2&&10' cm is lower than that for p =1&10' cm
by about 1 cm

Referring to Raman studies for the coupled electron-
plasmon —LO-phonon modes in n-type GaAs, ' " we can
interpret the behavior of the LO-phonon mode, 3 and 8
modes in Figs. 1—3 as due to the interaction between the
free holes and the LO phonons. According to Raman ex-
periments on n-type GaAs, we observe both the coupled
electron-plasmon —LO phonons from the bulk and the un-
screened LO phonons from the surface depletion layer in
the spectra of n-type GaAs. As the carrier concentration
increases, the high- frequency branch of the coupled
modes shifts to the higher-frequency side with decreasing
the intensity, and the signal of the unscreened LO pho-
nons weakens because of the decrease in the depletion-
layer depth. At the electron concentration below
—5&&10' cm, the frequency shift of the coupled mode
is very small. Therefore, the unscreened and the coupled
LO phonons are observed as one line in the Raman spec-
tra. This superimposition effect can explain the initial
slight peak shift and high-frequency tail of the LO-
phonon line for p-type GaAs layers with hole concentra-
tions between 1&(10' and 5&&10' cm in Figs. 1—3 as
follows. The penetration depth is —1000 A at the wave-
length of 514.5 nrn. On the other hand, when the hole
concentration increases from 1 && 10' to 5 & 10' cm
the depletion-layer width decreases from —3000 to -400
A, and the high-frequency branch of the coupled modes
damps with a slight shift to the higher-frequency side, re-
sulting in weakening, spreading, and shifting of the LO-
phonon mode composed of both the unscreened com-
ponent from the depletion layer and the coupled com-
ponent from the bulk. When the hole concentration in-
creases up to 3)& 10' cm, the coupled LO phonons shift
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further to the higher-frequency side, separating from the
unscreened LO phonons. The two LO-phonon modes are
no longer observed as one line in the spectra. Consequent-
ly, the peak of the LO-phonon mode returns to the posi-
tion of the unscreened LO-phonon mode. The large
linewidth for p =3&10' cm is merely due to addition
of the broad width of the mode A. The large effective
mass of free holes introduces the large damping constant
of the coupled LO phonons through the smaller mobili-
ties. In addition, the damping constant increases with in-
creasing hole concentration, accompanying the larger
plasmon component. " Such a very large damping con-
stant should make it difficult to observe the coupled LO
phonons for the samples with high hole concentrations be-
cause of markedly broadening the coupled modes. Actu-
ally, the indication of the high-frequency branch of the
coupled modes was not clearly found in the measured
spectrum for the sample with p =2X10' cm . The de-
tailed evaluation of the damping constant will be
described later. The L mode with a sharp profile lo-
cates near the TO phonons for heavily doped n-type
CxaAs. ' This fact leads to the assignment of mode B at
266 cm ' for p =3)&10' and 1&10' cm to the low-

frequency branch of the coupled modes. The large
broadening of mode B is due to the low hole mobility. A
slight decrease in the unscreened LO-phonon frequency
for p = 1 & 10' cm is possibly associated with softening
of the crystal, that is, reduction in the elastic constants by
a number of carriers. '

2. Wave-vector dependence
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FIG. 4. Raman spectra from the (100) surfaces of heavily
doped p-type GaAs layers with (a) p =3&&10' and (b) 2)&10'
cm at two different laser-excitation wavelengths (A. ). The
spectra for X=514.5 nm are the same as those in Fig. 1. The
intensity ratios of the coupled modes A and B to the LO-
phonon mode decrease with decreasing excitation wavelength.

The relative intensities of the unscreened LO phonons
and the coupled ones depend on the excitation wavelength
because the penetration depth is a function of the excita-
tion wavelength. Figure 4 shows the Raman spectra of
the samples with p =3)&10' and 2&&10' cm, which
have been obtained with the 488.0- and 514.5-nm lines of
an Ar-ion laser. As can be seen, the A and B coupled-
mode signals relative to the LO phonons for the excitation
wavelength of 488.0 nm are smaller than those for the ex-
citation of the 514.5-nm line. The depth of the surface
depletion is less than 200 A for the hole concentration
above 1&(10' cm, while the penetration depth into
GaAs varies approximately from 1000 A for 514.5 nm to
900 A for 488.0 nm. Such a decrease in the penetration
depth explains the decreases in the intensity ratios of the
coupled modes in the bulk region to the LO phonons in
the surface depletion region in Fig. 4. The frequencies of
the coupled modes are almost unchanged for the different
excitation wavelengths, as seen in Fig. 4. The results indi-
cate that the wave-vector dependence of the coupled hole-
plasmon —LO-phonon modes is small. On the other hand,
the large wave-vector dependence of the coupled electron-
plasmon —LO-phonon modes is observed in n-type
GaAs. For a given electron concentration, the high-
frequency coupled mode L+ shifts to higher frequencies
with increasing wave vector, that is, decreasing excitation
wavelength. The low-frequency coupled mode L also
shifts to higher frequencies and approaches the LO-
phonon frequency. The large-frequency dispersion effect

in the electron-plasmon-phonon system arises from the
large-frequency dispersion of the electron plasma. The
wave-vector-dependent plasma frequency can be approxi-
mately written as '

co~(q)-co~+-, (qUO)

with

co& ——4~ne /e m'

and

Uo ——A(3~ n)'~'/m*, (3)

3. Crystal orientation dependence

Raman scattering from the forbidden optical phonons
has been reported in heavily doped CsaAs, and the break-

where co& is the plasma frequency when the hole interac-
tions are screened, e is the high-frequency dielectric con-
stant, uo is the Fermi velocity, n is the carrier concentra-
tion, q is the wave vector, and m * is the effective mass of
the carriers. Equation (l) indicates that the wave-vector
dependence of the plasma frequency depends on uo. The
Fermi velocity of the free holes is small because of the
large effective mass, as indicated in Eq. (3). Therefore,
the wave-vector dependence of the hole-plasmon gas is so
weak that the frequency shifts of the coupled modes can-
not be clearly observed.
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down of the selection rule for TO scattering has been ex-
plained by the wave-vector nonconservation attributed to
the elastic scattering by the ionized impurities.

' In addi-
tion, frequency shifts and broadening for allowed optical
phonon lines, have been measured in the heavily doped
materials. For (110)-oriented p-type GaAs, the TO Ra-
man line shifts to the lower-frequency side and becomes
broadened compared with the undoped material when the
hole concentration exceeds 10' cm . The mode B
shows broadening with a peak very close to the TO-
phonon frequency, as shown in Fig. 1. The results men-
tioned above indicate the possibility of the identification
of the mode B as the forbidden TO phonon. However,
the spectrum from (100) surfaces does not distinguish
whether the mode B originates from forbidden TO-
phonon scattering or plasmon —LO-phonon coupling, be-
cause the two mechanisms are both possible in the config-
uration. In order to isolate the behavior of the TO pho-
nons in our heavily doped samples, we have performed
Raman scattering measurements from (110) cleaved sur-
face in the backscattering geometry. For this orientation
of the sample surface, Raman scattering from the LO
phonons and the coupled plasmon —LO-phonon modes is
forbidden, while TO-phonon scattering is allowed. For
the measurements, a 514.5-nrn Ar-ion laser beam was
focused on the cleaved surfaces with a spot size of —1

pm.
Figure 5 shows spectra from the (100) and (110) sur-

faces for a layer with p =2&&10' cm . The spectrum
from the (100) surface is the same as that shown in Fig. 1.
The spectrum from the (110) cleaved surface reveals only
the TO-phonon peak at 266 cm ' according to the selec-
tion rule. There is no indication of the LO phonons. In
addition, no unusual broadening of the TO phonons is
seen. The linewidth of the sharp TO-phonon mode from
the (110) surface is 5 cm ', while the broad B mode from
the (100) surface shows a width of 20 cm '. The above

results lead to a conclusion that momentum of the in-
cident phonons is conserved for Raman scattering, and
the selection rule is maintained in the sample, and there-
fore mode B should not be identified with the forbidden
TO phonons. Thus, our interpretation of mode B identi-
fies it with the low-frequency branch of the coupled hole-
plasmon —LO-phonon modes.

As mentioned above for Figs. 1 and 2, in spite of the
existence of the low-frequency branch, we were not able to
detect the high-frequency branch in the spectrum from
the (100) surface of the heavily doped sample. By com-
paring with the behavior of the coupled modes L+ and
L in n-type GaAs, we discuss in detail the reason why
the high-frequency branch is not seen in the spectrum
from p-type GaAs with p =2&&10' cm . The coupled-
mode intensity decreases and the mode damping increases
upon increasing the ratio of the plasmon content to the
phonon content. ' At higher carrier concentrations, the
L+ mode becomes plasmonlike. Consequently, the mode
weakens, and the damping is essentially dominated by the
plasmon damping. In heavily doped samples, impurity
scattering determines the scattering rate for electrons, i.e.,
the plasmon damping, and the scattering rate by impuri-
ties increases with increasing donor concentration. The
increased electron scattering rate causes the broadening of
the plasmonlike coupled mode. The electron scattering
rate 1/~ can be deduced from the mobility p as
1/~=e/m p. Very low hole mobility for heavily doped
p-type GaAs implies a large scattering rate for the hole
plasmon, and results in the large broadening of the cou-
pled mode. For an example of n-type GaAs, the observed
halfwidth was —80 cm ' for the L+ mode of the sample
with n =2&(10' cm and p=2000 cm /Vsec. From
this result on n-type GaAs and the above relation for the
electron scattering rate, the halfwidth of —302 cm ' is
roughly estimated from the coupled mode for the sample
with p =2& 10' cm and p =75 cm /V sec, as the
halfwidth is proportional to 1/~, using the heavy-hole ef-
fective mass of 0.48mo and the electron effective mass of
0.068mo. Such significant broadening and weakening ob-
struct the detection of the L+ mode. Inhomogeneous
broadening, which comes from a spatial variation of the
acceptor distribution, would further spread the width of
the high-frequency branch. As shown in Fig. 5, the low-
frequency branch is clearly observed because of its large
phonon content. However, the linewidth is much wider
than that of the low-frequency branch from heavily doped
n-type GaAs. This is also possibly owing to the large
hole-plasmon damping.

I I I I I I

500 250
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FICz. 5. Raman spectra from both the (100) and (110) sur-
faces of p-type CzaAs layer with p =2&10' cm . The (110)
surface was obtained by cleaving the sample. A focused 514.5-
nm Ar-ion laser beam with a spot size of —I pm was used to
measure Raman scattering from the (110) surface.

B. p-type Al„Ga& „As

The Al Ga& As ternary alloy has two sets of optical
phonons, denoted GaAs-like and A1As-like, over the en-
tire composition, and the two longitudinal branches of the
phonons couple strongly with the electron plasmons in the
materials with direct band gap, as clearly seen in the Ra-
man spectra of n-type AlxGa& As layers. ' The cou-
pled modes consist of three branches at high frequency,
low frequency, and intermediate frequency which depend
on both the carrier concentration and alloy composition.
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The high- frequency branch shifts from the A1As-like
LO-phonon frequency to the higher-frequency side with
increasing carrier concentration. The low-frequency
branch approaches the GaAs-like TO phonon from the
lower-frequency side, and the intermediate-frequency
branch shifts from the GaAs-like LO-phonon frequency
to the A1As-like TO-phonon frequency. In the limit of
high carrier concentration, the low and intermediate
branches are located at the GaAs- and A1As-like TO-
phonon positions, respectively. Hole-plasmon —LO-
phonon coupling is also expected in p-type Al Ga& As
from the resemblance to the electron-plasmon —LO-
phonon coupling in n-type Al„Ga~ „As and the hole-
plasmon —LO-phonon coupling in p-type GaAs. Figure 6
shows the Raman spectl a fr om the p-type Alp 2Gaa 8As
layers with various hole concentrations. The alloy compo-
sition is constant for all samples, because the Ala 2Gao SAs
layers were grown successively on a GaAs substrate.
Each Ala pGa08As layer is separated by a 0.5-pm-thick
undoped GaAs marking layer. The spectra were mea-
sured under the same conditions using the 514.5-nm line
of the Ar-ion laser. The Raman intensities of the spectra
can be compared with each other. Only sharper GaAs-
and A1As-like LO phonons are seen in the sample with
the lowest hole concentration of p =2& 10' cm, at 282
and 371 cm ', respectively. The intensities of the two LO
phonons decrease with increasing hole concentration, as it
is observed for p-type GaAs in Fig. 1. Figure 7 shows the
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FIG. 7. Peak frequencies and linewdiths of (a) the AlAs- and
(b) GaAs-like LO-phonon modes in p-type A102Ga08As as a
function of hole concentration. The dependence of the peak fre-
quencies and the linewidths on hole concentration is similar to
that for p-type GaAs in Fig. 3.
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FIG. 6. Raman spectra from {100)p-type Ala 2Ga0 8As layers
with hole concentrations ranging from 2&(10' to 2&10' cm
The spectra were obtained with A, =514.5 nm. The arrows la-

beled L+, L0, and L are the coupled hole-plasmon —LO-
phonon modes. Sharp peaks labeled GaAs-LO and A1As-LO
are the GaAs- and A1As-like branches of the LO phonons in

Al„Ga~ „As.

linewidths and the peak frequencies of the GaAs- and
A1As-like LO phonons as a function of the hole concen-
tration. The hole concentration dependence of the
linewidths and frequencies of the LO phonons is very
similar to that for p-type GaAs in Fig. 3. The determina-
tion of the peak frequencies was made to an accuracy of
0.5 cm ' except the AlAs LO-phonon frequency for
p =1&&10' cm (the accuracy is larger than 2 cm ').
For the sample with p =2& 10' cm, the LO phonons
shift to the higher-frequency side by about 1 cm ', and
their halfwidths are somewhat wider than those of the
sample with p = 1 )& 10' cm . When p increases to
1 & 10' cm, the LO phonons return to the lower-
frequency positions, and for p =2&10' cm, they still
shift to the lower-frequency sides with the decrease in the
linewidths. The frequency shifts can be explained by con-
sidering hole-plasmon —LO-phonon coupling and LO pho-
nons from the surface depletion layer, as described above
for Fig. 3. In our measurements, we observe the Raman
signals from both the bulk and depleted surface of the @-

type Al Ga~ As layers, simultaneously. When the hole
concentration increases, the GaAs- and A1As-like LO
phonons show apparently slight shifts to the higher-
frequency sides due to the coupling to the hole plasmons,
and then they return to the lower-frequency sides due to
the separation of the coupled modes from the LO pho-
nons; the two LO-phonon modes from the depleted sur-
face are seen without the coupling component in the spec-
tra.

Some shoulders appear on the high- and low-frequency
sides of the A1As-like LO-phonon peaks in the spectrum
for p =1)&10' cm in Fig. 6. For the highest hole con-
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FIG. 8. Spectra for p =2)&10', 1)&10', and 2)&10' cm
are rewritten from Fig. 6. Raman intensity is normalized by
each peak intensity of the GaAs-like LO-phonon mode.

centration of p =2&10' cm ', the broad structures are
clearly seen on the low-frequency sides of the two LO-
phonon peaks. In order to make clear the hole concentra-
tion dependence of the additional structures, the spectra
for p = 1 ~ 10', 1 ~ 10', and 2 ~ 10' cm in Fig. 6 were
rewritten, as shown in Fig. 8. The Raman intensities are
normalized by the intensity of the GaAs-like LO phonons
in the layer with p =2& 10' cm . The shoulder labeled
L on the low-frequency side of the GaAs-like LO pho-
non grows up to the broadband at the GaAs-like TO-
phonon position in the spectrum for 2~ 10' cm, and
the shoulder labeled Lo on the high-frequency side of the
LO phonon vanishes. The broad structure designated
L+, which overlaps at the high-frequency tail of the
AlAs-like LO phonon, is not seen in the spectrum for
p =2 & 10' cm, and instead the peak Lo appears at the
A1As-1ike TO-phonon position. Thus, the hole-
concentration-dependent behavior of the L+, L, Lo
modes and the LO phonons is very similar to that of the
coupled modes in p-type GaAs for Figs. 1 and 2. Accord-
ingly, the L+, L, and Lo modes are assigned to the
coupled hole-plasmon —LO-phonon modes. They corre-
spond to the high-, low-, and intermediate-frequency
branches of the coupled electron-plasmon —LO-phonons.
When the hole concentration increases, the L+ mode
shifts from the GaAs-like LO-phonon frequency to the
higher-frequency side with the increase in damping. The
too large damping makes it very difficult to observe the
L+ mode in the spectrum for p =2& 10' cm . The
L mode approaches the GaAs-like TO-phonon frequen-
cy with the decrease in damping. However, the low hole
mobilities cause the broadening of the mode even for
p =2&10' cm, as shown in Figs. 6 and 7. The Lo

mode approaches the A1As-like TO-phonon frequency,
separating from the GaAs-like LO phonon. The phonon
content of the Lo mode is large at both very low and very
high hole concentrations, while it is small at intermediate
hole concentrations. Consequently, the mode is clearly
observed near the A1As-like TO-phonon frequency in the
spectrum for p =2&(10' cm . The large damping of
the hole plasmon can increase rapidly the Lo mode fre-
quency with increasing hole concentration, ' as shown in
the spectra for p =1)&10' and 2&10' cm

The behavior of the coupled modes in p-type
Al„Ga& As with other alloy compositions is similar to
that in p-type Alo pGao 8As. However, for larger a11oy
compositions, the coupled modes for a given hole concen-
tration shift to lower-frequency sides, and still broaden,
because the values of both m * and m *@„in Eqs. (1)—(3)
become larger.

IV. DISCUSSION

Raman scattering from heavily Zn-doped p-type bulk
GaAs has been studied by Olego and Cardona. They
have observed two Raman lines whose frequencies and
halfwidths depend on the hole concentration; one line is
the LO-like mode which peaks at around 295 cm ', the
other line is the TO-like mode which peaks at around 271
cm ', and the two lines shift to the lower-frequency side
with increasing hole concentration. The LO-like and
TO-like modes were interpreted as the coupled
plasmon —LO-phonon mode with large wave vectors, and
the forbidden TO phonons, respectively, in their study.
The wave-vector nonconservation and the breakdown of
the selection rules were attributed to elastic scattering of
the photocreated carriers by the ionized acceptor impuri-
ties. In contrast, our Raman spectra indicate the conser-
vation of the wave vectors and the selection rules even in
the heaviest Be-doped materials, as shown in the spectrum
from the (110) surface of Fig. 5. In addition, there are
some differences between the experimental results of
Olego and Cardona, and ours. In their Raman spectra,
the intensity of the LO-like phonon mode increases for in-
termediate hole concentrations with a remarkable decrease
for concentrations above 10' cm in the LO-phonon al-
lowed configuration, while the LO-phonon intensity de-
creases monotonously with increasing hole concentration
in our experiments. The TO-like mode is seen for a hole
concentration ranging from 10' to 10 cm in the spec-
tra from the Zn-doped GaAs. On the other hand, there
are no indications of the additional modes at around the
TO-phonon frequency in our spectra for the hole concen-
trations below 1 & 10' cm . The intensity ratio of the
TO-like mode to the LO-like one increases with increasing
hole concentration, and equals to unity for a hole concen-
tration between 5&(10' and SX 10' cm in their spec-
tra. On the contrary, our results show that the ratio is
less than unity even for a high concentration of 1&(10'
cm . These differences are probably related to the crys-
tal qualities. Crystal imperfection such as precipitates
and defects in the heavily Zn-doped GaAs possibly breaks
partly the selection rules and strengthens the TO-like
mode in the spectra.
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Olego and Cardona insist that they did not observe the
long-wavelength coupled plasmon —LO-phonon modes
and the unscreened LO phonon of the depletion layer.
However, a shoulder at the higher-frequency side of the
LO phonon peak, which is assigned to the high-frequency
branch of the coupled modes in our work, appears in their
spectra for the samples with p =2—5&10' cm, and
the TO-like mode for very large hole concentrations above
4 X 10' cm is characterized as the low-frequency
branch of the coupled mode corresponding to the com-
pletely screened LO phonons by themselves. The un-
screened LO phonons should be observed in the visibly ex-
cited Raman scattering experiments, because the thickness
of the depletion layer is not negligible compared with the
penetration depth of the incident laser light for all hole
concentrations. The behavior of the LO-like and TO-like
modes in the Zn-doped GaAs can be explained reasonably
by considering that the LO-like mode contains the high-
frequency branch of the coupled modes for a hole concen-
tration below —1 g 10' cm and the TO-like mode con-
tains the low-frequency branch for a hole concentration
above -2&(10' cm, as described in Sec. III.

We have interpreted the hole-concentration dependence
of the LO-phonon intensities in Figs. 1 and 6 as the
change in the thickness of the surface depletion layer.
However, the coupled modes should be strictly taken into
account, because the coupled-mode components are in-
cluded in the LO-phonon modes on the Raman spectra at
the hole-concentration ranges below —1)& 10' cm for
p-type GaAs and below —5 & 10' cm for p-type
Alo 2Gao 8As. Figure 9 shows the LO-phonon intensities
of both p-type GaAs and p-type Ala 2Gao 8As layers as a
function of hole concentration. Although the ratio of the
decrease in the depletion depth to the increase in the hole
concentration for Alo 2Gao 8As is almost the same as that
for GaAs, reduction in the LO-phonon intensities of p-
type A102Gao 8As occurs at higher hole concentrations
than that of p-type GaAs. This is mainly due to the
difference in the degree of the separation of the coupled
modes from the LO phonons at the same hole concentra-
tion. The coupled modes very close to the unscreened LO
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FIG. 9. Raman intensities of two LO-phonon branches of p-
type Alo&Cxao&As layers as a function of hole concentration.
For reference, the intensity of the LO-phonon mode of p-type
GaAs is also plotted. The experimental data are normalized by
the Raman intensities for p =1)& 10' cm

phonons have the high intensities because of the large
phonon content, and therefore the LO-phonon modes in-
cluding the unseparated coupled modes maintain the high
intensity. The L+ and Lo modes in p-type Alo2Ga08As
layers separate from the GaAs-like and AlAs-like LO
phonons, respectively, at higher hole concentrations, com-
pared to the peak separation of the high-frequency cou-
pled mode 3 in p-type GaAs layers, as shown in Figs. 1

and 6.
Self-energy effects, which cause the shift to lower ener-

gies and broadening of the TO-phonon Raman lines, have
been reported for p-type GaAs (Ref. 8) as well as n- and
p-type Si, ' and p-type Ge (Ref. 8) with the Fermi level ei-
ther above the conduction-band minima or below the top
of the valence bands. The effects have been successfully
explained by the interaction between electronic excitations
and phonons through deformation-potential mecha-
nism. ' A long-wavelength optical vibration of the lat-
tice is similar to an externally applied stress. The lattice
vibrations, being displacements of sublattices with respect
to each other, produce splittings of the energy bands simi-
lar to those produced by shear strains. Carriers in the en-
ergy bands redistribute until equilibrium is restored.
When the redistribution time is comparable with the pho-
non frequency, as in the case of the optical phonons, self-
energy effects are induced as the result of a dynamical
coupling with the free carriers, that is, the interaction be-
tween the phonon scattering and one electron excitation
from filled to empty valence states. For Zn-doped p-type
(110) GaAs, the self-energy effects were observed for sam-
ples with hole concentrations larger than 4)&10' cm by
Olego and Cardona. Further, they have explained the in-
creased linewidth of the Raman mode peaking around 271
cm ' in the heavily Zn-doped (100) GaAs by the wave-
vector-dependent self-energy effects of the forbidden TO
phonons, and reproduced the linewidth by the calculation
using the imaginary part of the self-energy of the phonons
with q =q,„, where q „is the wave vector which gives
the largest density of states of the free-particle excitation.
The largest shift and broadening of the TO phonons occur
at q =q „,and q,„ is larger than the wave vector of ex-
citing laser for the sample with hole concentration less
than 1~10 cm . The larger wave vector of qm» is al-
lowed by the wave-vector nonconservation. However, our
experimental results support the conservation of the wave
vector, as shown in Fig. 5. Therefore, the use of q,„ in
the calculation for the linewidth is invalid. The smaller q
leads the narrower TO-phonon linewidth which does not
correspond to the large broadening of the mode B. Actu-
ally, we have found the small broadening of the TO-
phonon line for a sample with p =2&(10' cm . Figure
10 shows the TO-phonon spectra from the (110) cleaved
surface of p-type GaAs layer with p =2 && 10' cm
grown on the semi-insulating GaAs substrate. The mea-
surement was carried out by the same method as that for
Fig. 5. Spectra from both the epitaxial layer and the sub-
strate are shown in Fig. 10. The peak shift to the lower-
frequency side with the increase in hole concentration is
0.8 cm ', and the linewidths are 4.8 and 4.4 cm ' for the
epitaxial layer and the substrate, respectively. Thus, the
contribution of the self-energy effects of the forbidden TO
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FIG. 10. Raman spectra from the (110) cleaved surfaces of
both the epitaxial p-type GaAs layer with p =2&(10' cm and
the semi-insulating GaAs substrate. The measurements were
performed using a 514.5-nm focused Ar-ion laser beam.

phonons to the B mode in p-type GaAs is negligible even
though it occurs.

V. CONCLUSIONS

The interaction of free holes with the optical phonons
has been investigated in detail for the Raman spectra of
Be-doped p-type GaAs and p-type Alo 2Gao 8As layers
with various hole concentrations. Besides the LO pho-
nons the spectra from the (100) surface of the heavily
doped layers show the additional modes due to the hole-
plasmon —LO-phonon coupling. On the other hand, the
spectra from the (110) cleaved surface show the wave-

vector conservation and the maintenance of the selection
rule even in the layer with a high hole concentration of
2)& 10' cm . The additional modes were assigned to the
coupled modes by the hole-concentration and wave-vector
dependence of their peak frequencies and darnpings.

The coupled modes exhibit two branches of the high-
frequency and the low-frequency modes in p-type GaAs,
and three branches of the high-frequency, low-frequency,
and intermediate-frequency modes in p-type Alo 2Gao 8As.
The behavior of the coupled hole-plasmon —LO-phonon
modes is similar to that of the coupled electron-
plasmon —LO-phonon modes. However, the coupled
modes in the hole-plasmon —phonon system separate from
the LO phonons at an order-of-magnitude-higher carrier
concentration, and their darnpings are much larger, as
compared with those in the electron-plasmon —phonon
system, because of the larger effective masses of free
holes.

Self-energy effects of the TO phonons due to the cou-
pling with the single-particle hole excitations have also
been studied for the Raman spectra from the (110) cleaved
surface by comparison with the spectrum of the semi-
insulating substrate. The results of a heavily doped p-type
GaAs layer with the hole concentration of 2&10' cm
show the slight frequency shift and the small broadening
of the TO-phonon line, and the negligible self-energy ef-
fects distinguish the broad low-frequency coupled mode
near the TO phonons from the forbidden TO phonons in
the spectrum from the (100) surface.
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