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Raman scattering by coupled plasmon—LO-phonon modes has been studied in direct-band-gap
n-type Al,Ga,_,As epitaxial layers with various carrier concentrations. Raman spectra from (100)
surfaces of the layers exhibit three branches of the coupled modes whose frequencies and dampings
depend on both the carrier concentration and the alloy composition. The dispersion relations of the
coupled modes have also been investigated with use of different lines of the excitation lasers, and the
wave-vector dependence of the frequencies and dampings have been confirmed. The experimental
data agree well with the results calculated by the dielectric-constant method, taking into account the
“two-mode” behavior with two sets of the optical phonons in' Al,Ga,_,As. In addition, the
carrier-concentration dependence of the coupled mode strength has been calculated with use of the
phonon content as a measure, and compared with the observed one.

I. INTRODUCTION

In a polar semiconductor, the free-carrier plasmons and
the longitudinal-optical (LO) phonons are coupled by the
interaction between the electric dipole moment due to the
relative displacement of the ions and the electric field as-
sociated with the free carriers. Such a coupling has been
studied theoretically by Varga,' Singwi and Tosi,> and
Burstein et al.? for the binary compounds consisting of
polar optical phonons and degenerate conduction elec-
trons, and experimentally*~'° by means of the infrared-
reflectivity technique and Raman scattering. The
infrared-reflectivity measurements are useful as a qualita-
tive guide, and have been applied to analyze the coupled
modes in GaAs,* CdTe,* and GaP.® However, they are
not quantitative methods, because the frequencies and
dampihgs of the vibrational modes are calculated by fit-
ting the reflectivity data to the theoretical expression with
the dielectric function including many adjustable parame-
ters. In Raman scattering experiments one can observe
directly the coupled modes. Therefore the frequencies
and dampings of the coupled modes are determined accu-
rately. The wave-vector dependence of the coupled modes
can be also simply studied in Raman spectra by changing
the excitation wavelength.%” The experimental verifica-
tion of the plasmon-phonon system was performed first
by Mooradian and Wright® for the Raman spectra of n-
type GaAs. They have studied the coupled modes in dif-
ferently doped samples and have distinguished clear two
Raman lines due to the coupling as well as the
transverse-optical— (TO-) phonon lines. Their spectra
also showed that the frequencies and dampings of the
coupled modes change as a function of the free-carrier
concentration and the plasma frequency. Thereafter, the
Raman spectra from the coupled modes of GaAs and the
other binary compounds have been investigated by many
researchers.%”%1% In addition, the coupling between the
photoexcited plasmons and the LO phonons have been
studied in undoped samples by pulsed Raman scattering.!!

Although some infrared-reflectivity studies have been
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reported for the II-VI and III-V alloy systems,'?~'* there
have been very few studies of Raman scattering from the
plasmon—LO-phonon coupled modes in mixed crystals.
Ternary alloy semiconductors are of considerable interest
for their applications because they are device materials
with a specific band gap and band structure. In III-V ter-
nary semiconductors, Al,Ga;_,As alloys have been the
most intensively studied as the most important material
for the fabrication of closely-lattice-matched heterojunc-
tion optoelectronic devices. The energy-band structure
varies with alloy composition from a direct band gap to
an indirect band gap. The conduction-electron plasmons
couple strongly to the LO phonons in the direct-band-gap
region, because the high-density electrons form an elec-
tron gas with small effective mass and large dielectric
constant.

Recently, we have observed three additional Raman
lines of the high-frequency, low-, and intermediate-
frequency branches besides the optical phonons in n-type
Alg ,5Gag 7sAs with a high carrier concentration of
1.5 10" cm™3, and identified the lines as the
plasmon—LO-phonon coupled modes on the basis of the
wave-vector dependence of the modes.!” The characteris-
tics of the coupled modes in Al,Ga,_,As alloys is the ex-
istence of the intermediate-frequency branch, which can
never be observed in the binary alloys. The branch ori-
ginates from “two-mode” behavior, in which two sets of
optical phonons with frequencies near those of pure GaAs
and pure AlAs are observed over the entire composition
range.

In this paper we present the detailed experimental re-
sults concerning Raman scattering from the coupled
plasmon—LO phonons in n-type Al,Ga,_,As and the
theoretical analysis of the frequencies and strengths of the
coupled modes as a function of the carrier concentration.
This paper is organized as follows. In Sec. II we describe
the details of the experimental procedure. The experimen-
tal results are presented in Sec. III. In Sec. IV we calcu-
late the coupled-mode frequencies as a function of the
carrier concentration using the Drude expression for the
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dielectric function of the electrons, and the experimental
results are discussed in the light of the theoretical calcula-
tions. Finally, the dependence of the coupled-mode
strengths on the carrier concentration is evaluated by cal-
culating the phonon content of the modes.

II. EXPERIMENTAL

A. Samples

It is necessary, for the study of plasmon-phonon cou-
pling, to use the sample with uniform composition and
doping in depth. The n-type Al,Ga,_,As layers used in
the present study were grown on Cr-doped { 100)-oriented
GaAs substrates by molecular-beam epitaxy (MBE) in a
commercial Varian MBE GENII system, which consists
of a growth chamber, a preparation chamber, and a
loadlock chamber. The MBE system can provide high-
quality Al,Ga;_,As layers having optical and electrical
properties comparable to liquid-phase-epitaxial (LPE)
layers.!® In this system it is also possible to precisely con-
trol and reproduce beam fluxes, and hence excellent uni-
formity of the doping profiles as well as the alloy compo-
sition is achieved over the whole surface of a substrate.
Elemental Al, Ga, As, and Si were used as source materi-
al. The group-V (Asy) to group-III (Al 4+ Ga) beam-flux
ratio was ~1.5—2.0. The beam fluxes were calculated on
the pressure read by the ionization gauge, which can be
set directly at the growth position.

The substrates were degreased in organic solvents,
rinsed in deionized water, and etched with a 4:1:1 solution
of H,S0,:H,0,:H,0 for 1 min at 30°C. After a rinse in
deionized water, the substrates were dried with nitrogen
and mounted with indium on a molybdenum heater block.
Then the block was loaded into the MBE system. The
substrate temperature during growth was kept at about
730°C, and it was monitored by a W-Re thermocouple.

Four layers were successively grown on the substrate.
An undoped GaAs buffer layer with a thickness of ~1
pm was grown first to obtain a good crystalline quality
for succeeding layers. The next layer is a 0.5-um-thick
undoped Al,Ga,_,As buffer layer, followed by a ~3-
pm-thick Si-doped n-type Al,Ga;_,As layer which is
used in the Raman scattering experiment. Finally, a
~300-A-thick GaAs layer was grown to provide good
Ohmic contacts in Hall measurements. The final layer
was chemically etched off prior to the Raman scattering
measurements. The carrier concentrations of the Si-doped
n-type Al,Ga,;_,As layers were measured by Hall mea-
surements using the van der Pauw technique.

B. Experimental method

The Raman spectra were taken at room temperature in
the backscattering geometry. The spectra were observed
with chiefly the 514.5-nm line of a Spectra Physics model
164 Ar-ion laser operated at ~200 mW. Some data were
taken with the 488.0-nm line of the Ar-ion laser, and with
the 530.9- and 568.2-nm lines of a Spectra Physics model
165 Kr-ion laser. These lines were operated at ~ 100—200
mW. The incident light was focused to a spot about 200

pm in diameter on the surface of the sample. The angle
of the incident light was 35°. However, the wave vectors
for the incident light inside the crystal are nearly along
the direction normal to the surface, because the refractive
index for Al,Ga,;_,As is so large. The scattered light
was collected perpendicularly to the scattering plane by a
photographic optics system and focused onto the slit of
Jobin-Yvon RAMANOR U-1000 double holographic
grating monochromator. The slit widths commonly used
gave resolution of ~4 cm~!. The diffracted light was
detected by a cooled Hamamatsu R-649 photomultiplier
with photon-counting electronics, and the counts were
stored in a TRACOR NORTHERN TN-1710 multichan-
nel, analyzer with typical integration times ranging from
0.4 to 0.8 sec and recorded on an X-Y plotter. The wave-
number scale was carefully calibrated by using different
lines of a low-pressure Hg lamp, and the Rayleigh and
plasma lines in the lasers.

III. EXPERIMENTAL RESULTS

Figure 1 shows the Stokes Raman spectra at room tem-
perature from n-type Al ,Ga,_,As layers (x =0, 0.16,
0.19, and 0.3) with high carrier concentrations. Some ad-
ditional peaks are observed in addition to LO phonons.
For the n-type GaAs of Fig. 1(a), a broadband labeled L |
and a sharp line labeled L _ appear, and these peaks are
assigned to the upper and lower longitudinal branches of
the coupled plasmon—LO-phonon modes, respectively, be-
cause the behavior of the modes coincides with the results,
which are well understood for the two coupled modes in
heavily doped n-type GaAs; at high carrier concentration
(n>1X% 10'® cm ), the frequency of the upper branch is
much higher than the LO-phonon frequency (292 cm™!),
while that of the lower branch is closely equal to the TO-
phonon frequency (268 cm~!).%!" Similar modes are ob-
served in n-type Al,Ga;_,As layers. For Al,Ga;_,As
ternary alloys, the frequencies of the L, modes are
higher than those of the AlAs-like LO phonons, and the
L _ modes lie near the positions of the GaAs-like TO
phonons, which are 267, 266, and 265 em~! for x=0.16,
0.19, and 0.3, respectively. In addition to these two
modes, another sharper peak, designated L, is observed
at intermediate frequency in each Al ,Ga,;_,As layer.
The frequencies of the L, modes are nearly equal to those
of AlAs-like TO phonons, which are 358, 359, and 360
cm™! for x=0.16, 0.19, and 0.3, respectively. Therefore,
the L, mode can be also interpreted as a branch of the
coupled modes. This feature of the Ly mode has been al-
ready reported elsewhere for x=0.25.1°> The Raman spec-
tra also show the optical-phonon groups due to second-
order processes, which are labeled H in Fig. 1.

In order to perform a detailed study of the plasmon—
LO-phonon coupling in n-type Al,Ga,_,As, we investi-
gated the Raman scattering from the differently doped n-
type Al,Ga;_,As layers with fixed Al molar fraction.
The Raman spectra from n-type Aly 10Gag g;As layers are
shown in Fig. 2 for carrier concentrations of 1.7 10",
7.1x 10", 8.8 10", and 3.7x10'® cm~> The carrier
concentrations in the figure are the results from the Hall
measurements. Only two LO phonons, one “GaAs-like”
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and the other “AlAs-like,” are observed in the sample
with the lower carrier concentration of n=1.7x10"
cm~3, The two LO-phonon modes are sharp, but their
half-widths are somewhat wider than those of the LO
phonons in the pure compounds GaAs and AlAs. In ad-
dition, each mode has a lower-energy tail which forms the
asymmetric profile. This asymmetry is most probably
due to disorder-activated modes of the LO branch with a
wave vector in the proximity of k =0, as discussed in Ref.
12. When n increases to 7.1 10'7 cm~3, two shoulders,
labeled L, and L, appear on the high-frequency side of
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FIG. 1. Raman spectra from (100) surfaces of heavily doped
direct-band-gap n-type Al,Ga,;_,As layers with different alloy
compositions. These spectra were obtained with the 514.5-nm
line of an Ar-ion laser. The arrows labeled L, Ly, and L_
represent the coupled plasmon—LO-phonon modes. Sharp
structures, labeled LO, GaAs-LO, and AlAs-LO are the LO
phonon of pure GaAs, and the GaAs and AlAs-like modes of
the LO phonons in Al,Ga,_,As. Some broad peaks labeled H
are the second-order phonon modes.
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FIG. 2. Raman spectra from (100) n-type Aly;9GaggAs
layers with carrier concentrations ranging from 1.7x10' to
3.7%x 10" cm~3. The measurements were made using the 514.-
5-nm laser line. Both of the two LO phonons from the de-
pletion layer and the coupled modes L., Ly, and L_ are ob-
served. The sample with n=3.7X 10" cm~3 is the same as that
of Fig. 1(c).

each LO phonon, and a broader mode, denoted L _, is
also observed on the low-frequency side of the GaAs-like
LO phonon. The alloy composition is determined by the
frequencies of the two LO phonons originating from
the surface-depletion layers. For the sample with
n=8.8x10"7 cm~3, the L, and L, modes are clearly
separated from each LO-phonon peak, and the L _ mode
sharpens. At the highest carrier concentration,
n=3.7x10"® cm~3, the L _ and L, modes vibrate at the
GaAs-like and the AlAs-like TO-phonon frequency,
respectively, while the L , mode shifts to still higher fre-
quency.

The same studies were performed for other alloy com-
positions. The behavior of the coupled mode for x=0.3
in Fig. 3 is similar in the carrier concentration dependence
of their frequencies to that for x=0.19 in Fig. 2. Com-
paring Fig. 3 with Fig. 2, the coupled modes in the layers
with x=0.3 seem to be clearly separated from the LO
phonons at lower carrier concentrations. This fact, how-
ever, is not reasonable, because the plasma frequency de-
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FIG. 3. Raman spectra from (100) n-type Aly 3Gag ;As layers
with carrier concentrations ranging from 1.2 10'6 to 7.8 x 10"’
cm~3  The 514.5-nm line was used. The sample with

n=7.0x10"" cm~? is the same as that of Fig. 1(d).

creases with increasing Al content with the larger effec-
tive mass!® of the conduction electrons. This discrepancy
can be possibly explained by the excess conduction elec-
trons in the n-type Al 3Gag 7As layer, which are optically
pumped from the deep traps by the laser excitation. It is
well known that an increase of the Al content to
0.3<x <0.4 in Si-doped n-type Al,Ga;_,As leads to a
drastic reduction of Hall electron concentration. Various
mechanism have been reported in the literature to account
for this behavior.!®=2! The most possible explanation is
that with increasing x the Hall electron concentration no
longer corresponds to overall Si-impurity concentration,
because a certain amount of Si atoms is participating in
the formation of deep donor-type traps, as first proposed
by Lang et al.?® At high carrier concentrations, electrons
are captured in the traps even at room temperature.”? If
we accept this explanation, in Raman scattering experi-
ments the captured electrons in the deep traps could be
released under the high electric field of the laser excitation
and result in the increase in the number of conduction
electrons.

The coupled plasmon—LO-phonon modes depend on
the scattering wave vector because of dispersion effects in
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plasmons. Such a wave-vector dependence of the coupled
modes has been studied particularly for n-type.®” The
wave vectors of the elementary excitations can be varied
by changing the energy of the incident photons through
the relationship between the wave vector, the photon fre-
quency, and the frequency-dependent refractive index. In
order to investigate the wave-vector dependence of the
coupled modes in n-type Al,Ga,_,As, we have measured
Raman scattering using various emission lines of Kr-ion
and Ar-ion lasers in the (~488.0—503.5)-nm range.
Figure 4 shows the Raman spectra in n-type
Al »5Gag 7sAs with n=1.5X10"® cm~? at four different
laser-excitation wavelengths A, i.e., scattering wave vec-
tors. Both the frequencies and dampings of the coupled
modes vary with the excitation wavelength, as seen in Fig.
4. Each coupled mode shifts to higher frequencies with
increasing wave vector. The frequency shift of the L,
mode is more remarkable than those of the Ly and L _
modes, that is, the shift is about 10 cm™! for the L,
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FIG. 4. Raman spectra from n-type Alg,5GagssAs with
n=1.5x10"® cm—* at four different laser-excitation wave-
lengths (A). The frequencies of the coupled modes increase with
decreasing excitation wavelength. The intensity ratio of the L
mode to the L_ (or Ly) mode also depends on the excitation
wavelength.
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mode and about ~2—3 cm™! for the L, and L _ modes.
These dispersion relations are like those of the coupled
modes in n-type GaAs. The higher-frequency coupled
mode shifts to higher frequencies with increasing wave
vector for a given free carrier concentration in n-type
GaAs, and the low-frequency mode also shifts to higher
frequencies, approaching the LO-phonon frequency
within the free-particle excitation spectrum. In particu-
larly, at the limit of high carrier concentration, as indicat-
ed by Varga’s theoretical results, the high-frequency cou-
pled mode in n-type GaAs is pure plasmon, which de-
pends strongly on the wave vector, and the low-frequency
mode is pure optical phonon, the dispersion of which can
be neglected because of the very small wave vector com-
pared to the Brillouin-zone boundary vector. Varga’s re-
sults explain the difference in the frequency shifts between
the coupled modes in Fig. 4, since the L, mode is
plasmonlike, while the Ly and L _ modes are phononlike.
In order to clarify the wave-vector dependence of the
intensity of each coupled mode, the spectra in Fig. 4 were
replotted, excluding two LO phonons as shown in Fig. 5.
In Fig. 5 the peak heights of the L, and L, modes are
normalized to that of the L _ mode. The intensity ratio
of L, /L_ decreases intensively with increasing wave
vector. This change can be understood by the dependence
of Raman scattering cross section on the ratio of phonon
content to plasmon content in the plasmon-phonon sys-
tem. The cross section increases upon increasing the pho-
non content over the plasmon content.”?* As the wave
vector increases, the L , mode becomes more plasmonlike
and the L _ mode becomes more phononlike, as described
above. Accordingly, the scattering intensity of the L
mode decreases and that of the L _ mode increases.
Figure 5 also shows the slight increase in the intensity
ratio of Lo/L _ with increasing wave vector, indicating
the different wave-vector dependence between the L, and
L _ modes. However, the difference is slight. This is due
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FIG. 5. The coupled modes in Fig. 4 are rewritten, and each
peak intensity of the L _ mode is normalized to unity. The in-
tensity ratio of the L, to L_ (or Ly) mode becomes smaller
with decreasing excitation wavelength.

to the fact that the behavior of the Ly mode in this case is
essentially same as that of the L_ mode, since both
modes at high carrier concentration are phononlike.
These dispersion effects experimentally confirm the ex-
istence of three coupled modes in n-type Al Ga;_,As.
Furthermore, the coupling between the plasmons and LO
phonons in ternary alloys with “two-mode behavior” are
discussed theoretically in the following.

IV. THEORY AND DISCUSSIONS
A. Coupled-mode frequencies

1. Theoretical calculation

We consider the combined plasmon-phonon system by
the dielectric constant method, first employed for binary
polar semiconductors by Verga.! The method assumes
that the polarizabilities of the ion system and the electron
system are additive, that is, the polarization of the cou-
pled system is the sum of the electronic and ionic parts.
The lattice polarization P; and electron polarization P,
are given by the following equations:

P, =(4m) " e (w)—1]E , (1)
P.=(47)"'[e.(q,0)—1]E , )

where €;(w) is the frequency- (w) dependent dielectric
function of the lattice, €,(q,®) is the wave-vector- (g-) and
frequency-dependent dielectric function of an electron
gas, and E is the electric field. The total polarization of
the system is given by

Pr=(4m) " [er(q,0)—1]E . (3)
On the above assumption,
Pr=P; +P,=(47)" [eL(w)+€.(q,0)—2]E . @)

From Egs. (1)—(4) the total dielectric function of the sys-
tem is

er(q0)=€ (0)+€.(q,0)—1. (5)

When the electrons form a degenerate Fermi gas, and the
screening length is small, the Lindhard dielectric func-
tion? is an accurate approximation for the dielectric func-
tion of the electron gas in the system. The expression,
when expanded in powers of the wave vector, is

2

Dp
6‘,((],(1))=1——26‘,° , (6)
(]

3 Vo
1+=—¢q2%24 .-
+Swzq+

where w, is the plasma frequency when the electron in-
teractions are screened, €, is the high-frequency dielectric
constant, vy, is the Fermi velocity, vo=#fkr/m?*,
kp=(372n)3, m* is the effective mass of the electrons,
and n is the carrier concentration. We treat the case in
which all electrons are in the parabolic central valley, and
then

o) =4mne/m*e,, . (M

For w ~w, >>qvo, Eq. (6) can be approximately written as
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€ ( u))—l— w ( ) (8)
e ’ 2 ’

wp(@) =0} + +(veg)? . )

The frequencies of the coupled modes are given by the
roots of the total dielectric function. This dielectric con-
stant method has been already employed in the analysis of
the coupled modes in GaAs and other binary al-
loys.&% 1117

The behavior of the coupled modes in Al,Ga;_,As is
different from that in binary alloys since Al,Ga,;_,As ex-
hibits two separate optical-phonon branches, as presented
J
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in Sec. III. The dielectric function of the lattice in
AL, Ga,_,As is
2
erlw)=€,+ 3 S;/[1—(w/0,;)], (10)
j=1

where j=1 and 2 refer to GaAs-like and AlAs-like
branches, respectively. Phonon dampings are neglected in
Eq. (10). o, is the TO-phonon frequency and S; is the
Jjth oscillator strength. The coupled-mode frequencies wz
are derived by equating the total dielectric function to
zero. The equations er(q,0)=0, (5), (8), and (10) lead to
the following equation,

€ 6 1 1 S S, emco,z,(q) 4
2 €x |73 2 2 2 2
(0410¢2) (2] W@¢2 (27%] Wy (04102)
2 1 3 2 2
+ (€ +S1+S2+€,0p(9) |5+ | |0 —€,0,(@)=0. (11)
@r1 W¢2

The solutions of Eq. (11) give wz. The oscillator
strengths S; and S, are obtained as the solutions of the
following equations:

S\ +Sy =€ [(wp03/00,)* 1], (12)
(145, /€ )0+ (145, /e Jon=0h+of,,  (13)

where w;; and w;, are the GaAs-like and AlAs-like LO-
phonon frequencies, respectively. For Al,Ga;_,As, the
effective mass of the electrons in the ' valley, m*,
changes with the alloy composition x as follows:!®

m*/my=0.063640.0552x +0.0092x? . (14)

The alloy-composition dependence of €, is given by a
linear assumption,

€, =(1—x)e(GaAs)+xe€,(AlAs)
=11.1-2.83x . (15)

The conduction band of Al,Ga;_,As is nonparabolic
and, therefore, the effective mass depends on the carrier
concentration. However, no reliable data have been pub-
lished for the carrier-concentration dependence of the ef-
fective mass all over the alloy composition. On the other
hand, the data for GaAs have been presented in the litera-
ture.?* For simplicity, we assumed that the effective mass
in the conduction band of Al,Ga,_,As has the same
carrier-concentration dependence as for GaAs. The
optical-phonon frequencies w;; and w,; also depend on the
alloy composition. Thus, if the alloy composition and the
wave vector, i.e., the excitation wavelength, are given, the
coupled-mode frequencies can be calculated as a function
of both the carrier concentration and the alloy composi-
tion.

Figure 6 is an example of the calculated curves of the
carrier-concentration dependence of the coupled-mode fre-
quencies in n-type Al,Ga;_,As. The calculation is car-
ried out for x=0.2. The curves are shown as a function

I

of the square root of the carrier concentration for the
514.5-nm line of an Ar-ion laser. The wave-vector-
dependent plasma frequency w,(g) is also shown as a solid
line, which is nearly linear over the wide region of the car-
rier concentration. As shown in Fig. 6, there exist three
new normal modes (labeled L,, Ly, and L_) in the
plasmon-phonon system. On the other hand, only two
coupled modes are allowed in degenerate GaAs. In Fig. 6,
when the carrier concentration increases, the high-
frequency mode L, (frequency w,) shifts from the
AlAs-like LO-phonon position to the higher-frequency
side, the low-frequency mode L _ (frequency w_) ap-
proaches the GaAs-like TO-phonon position, and the
intermediate-frequency mode L, (frequency wg) shifts
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FIG. 6. Calculated shifts of the coupled-mode frequencies in
n-type Aly,GagsAs for 514.5-nm excitation as a function of the
square root of the carrier concentration. The plasma frequency
is also given. The GaAs-like TO-, LO-, AlAs-like, TO; and
LO-phonon frequencies denoted wy, w;;, @2, and w;; are 266.5,
283.0, 360.2, and 372.5 cm ™!, respectively.
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from the GaAs-like LO-phonon position to the AlAs-like
TO-phonon position. At low carrier concentration
(n <1x10'® cm™3), the L _ mode is a plasmonlike mode
in which the displacements of the carriers are partly
screened by ion displacements, and the L, and L,
modes are phononlike modes with @, ~wajas10 and
Wo~WGaas.LO> Tespectively. In contrast, at high carrier
concentration (n>2x10" cm™3), the L, mode is
plasmonlike in character with o, ~,(q), and the L, and
L_ modes are phononlike with @o~waasto and
@_ ~@Gaas-TO, in Which the displacements of the ions are
completely screened by the electron displacements.

The wave-vector dependence of the dielectric function
of the electron gas as expressed in Eq. (8) leads to the
dispersion of the coupled-mode frequencies. In Fig. 7 the
calculated behavior of the coupled-mode frequencies in
n-type Aly,GaggAs versus the carrier concentration is
shown for the strong lines of Ar-ion and Nd-ion YAG
(yttrium-aluminum-garnet) lasers. For a given carrier
concentration, the coupled modes shift to higher frequen-
cies with increasing excitation wavelength, i.e., the wave
vector. The frequency dispersions of the L, Ly, and
L _ modes are clearly observed in the low-, intermediate-,
and high-carrier-concentration ranges, respectively, as
seen in Fig. 7. When the wave vector becomes large
enough to penetrate into the Landau damping region,
where the plasmon decays into a single particle-hole pair,
the L , mode becomes overdamped, and the L, and L _
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FIG. 7. The dependence of the calculated frequencies of the
coupled modes in n-type Aly,Gag sAs on the carrier concentra-
tion is shown for three excitation wavelengths. The curve for
514.5 nm is the same as that in Fig. 6.

modes would approach the AlAs-like and GaAs-like LO
phonons, respectively, as indicated in n-type GaAs. The
coupled-mode frequencies in the Landau damping region
can be calculated using the dielectric function including
the imaginary part, because the damping is expressed by
the imaginary part of the longitudinal dielectric function
of the electron gas. The cutoff wave vector g, above
which the coupled mode comes into the Landau damping
region is given by w=gq, vp+%g2/2m* for a given w. For
the wave vectors used in Fig. 7, the L , mode is outside
the Landau damping region and the L, model is also al-
most outside the region; on the other hand, the L _ mode
excited with the visible laser lines extends slightly into the
Landau damping region at n >1x 107 cm~3. However,
the dispersion relation of the L_ mode is almost un-
changed because the frequency shift due to the Landau
damping is small near the boundary of the single-particle
excitation region.!

The L _-mode frequency depends strongly on the car-
rier concentration in the region 1Xx10'°<n <5x10"
cm~3, as shown in Figs. 6 and 7. In the visibly excited
Raman scattering spectra, the L _ mode in this carrier-
concentration range cannot be clearly observed because
the penetration depth is comparable to or larger than the
depth of the surface-depletion layer. This limitation is el-
iminated by using infrared light, which passes through the
AlGaAs layer transparently. The infrared excitation
would also improve the observability of the L, and L,
modes by decreasing, relatively, the LO-phonon signals,
because the signals obscure the clear appearance of the
coupled modes.

2. Comparison of theory with experiment

The experimental results for the coupled-mode frequen-
cies are compared with the numerically calculated values.
The solid curves in Fig. 8 show the calculated frequencies
of n-type Aly 19Gag g;As as a function of carrier concen-
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FIG. 8. The experimental results of the carrier-concentration
dependence of the coupled-mode frequencies in n-type
Aly 19Gag 5)As are compared with the calculated values. The
solid curves show the calculated coupled-mode frequencies as a
function of the square root of the carrier concentration. The ob-
served coupled-mode frequencies are plotted as open circles.
The excitation wavelength is 514.5 nm.
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tration. Also plotted are measured peak frequencies from
samples with various carrier concentrations. The experi-
mental results agree well with the calculated ones, al-
though in the calculation the one-conduction-band model
of the T valley is used and the plasma damping is neglect-
ed. The validity of these assumptions is discussed as fol-
lows. Generally, for electron conduction in n-type
Al,Ga;_,As, three valleys, I', L, and X, should be taken
into account. However, most of electrons for x=0.19 are
present in the I' valley, and the electron plasma in the val-
ley dominates the plasmon-phonon coupling because the
I' conduction-band minimum is much lower in energy
than the conduction-band minima at the X and L points,
and the effective mass of electrons in the I valley is an
order of magnitude smaller than those in other valleys.
Therefore, the one-conduction-band model is applicable
for the calculation of the coupling frequencies of n-type
Al 19Gag g1As. Chang et al.?® calculated the fraction of
electrons in the I', L, and X valleys, and the ratio of the
true electron concentration (ny), as a function of the alloy
composition. According to their results, the ratio of the
carrier concentration in the I valley (np) to ny is 0.96 for
x=0.19, and that of ny to ny is 1.0, that is, n=0.96n;.
Thus, the electrons concentrate in the I valley.

The plasma damping is inversely proportional to the
carrier mobility. The mobility of n-type GaAs is so high
that the damping can be neglected for the calculation of
the coupled-mode frequencies. Such a high mobility value
is kept in the direct-band-gap region of n-type
Al,Ga,_,As with an alloy composition of x <0.3. Ac-
cordingly, the assumption of negligible plasma damping is
allowable for the calculation in n-type Alj ;9Gag g As.

As the alloy composition approaches the direct-indirect
band-gap crossover point, the conduction electrons in the
L and X valleys increase upon increasing the contribu-
tions of the plasmas in those valleys to the plasmon-
phonon coupling. Furthermore, at high Si-doping densi-
ties, it is possible that the photoexcited electrons from the
deep donor traps participate in the coupling, increasing
the carrier concentration in the I' valley. In addition, the
mobility decreases steeply for the alloy composition of
x > 0.3, producing the large plasma-damping constant
which shifts the coupled-mode frequencies through the
imaginary part of the dielectric constant. Thus, the plas-
ma damping cannot be neglected, and the one-
conduction-band model of the valley should be modified.
The evaluation of the carrier increases by photoexcitation
requires the correct solution of the electron distribution
among the valleys under laser excitation, which is not
clear at present time.

B. Coupled-mode strengths

We investigate the squared matrix element for the pho-
non as a qualitative measurement of the coupled-mode in-
tensity. The scattering cross section of the coupled mode,
i.e., the coupling strength, is approximately proportional
to the phonon content, defined as S,,= | (m | @, |0) |2,
where |0) is the ground state, (m | is a one-quantum ex-
cited state of mode m, and ¢q=bq+btq, where b, and
b, are, respectively, the phonon destruction and creation

operators. Varga' has introduced S,, as phonon strength
to denote the distribution of energy which is phononlike,
and derived the expression for S,, in the diatomic ionic
crystals as a function of coupled-mode frequency. We ap-
ply his procedure to the phonon content of the coupled
modes in the ternary crystals, and obtain the following ex-
pression for the phonon content S,,(g):

Sjcu} a)‘z, (@),

(0]
Sm(@=—""+

(16)
w0 €,[0h—w)(g)]?

The details of Eq. (16) are discussed in Appendix. In Eq.
(16), the w,, are the coupled-mode frequencies, and the
phonon contents of the L _ and L, modes are represent-
ed by j=1 and 2, respectively. The phonon content of the
L mode is calculated by using w;, at low carrier concen-
tration, w;, at high carrier concentration, and both fre-
quencies at intermediate carrier concentration. In the lim-
it of the pure phonon, we have S =1. On the other hand,
in the limit of the pure plasmon, we have S =0.

The phonon contents of the coupled modes in n-type
Alj ,Gag gAs are plotted as a function of carrier concen-
tration in Fig. 9. They were calculated from Eq. (16) with
an excitation wavelength of 514.5 nm. For simplicity,
only the GaAs-like LO-phonon frequency was used in the
calculation of the phonon content of the L, mode. The
curves for the L | and L _ modes are similar to those for
two branches of the coupled modes in n-type GaAs. In
the low-carrier-concentration range, S_ <<1 and S, ~1,
i.e,, the L _ mode is plasmonlike, and the L , mode is al-
most the AlAs-like LO phonon. In the high-carrier-
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FIG. 9. Calculated phonon content of the coupled modes in
n-type Aly,Gag sAs for 514.5-nm excitation as a function of the
square root of the carrier concentration. The phonon content of
the L, Lo, and L_ modes is designated S,, So, and S_,
respectively. The Ly-mode frequency is equal to the plasma fre-
quency at the L, minimum.
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concentration range, S_~1 and S, <1, ie., the L_
mode is almost the GaAs-like LO phonon, and the L ,
mode is plasmonlike. The behavior of S, is not monoto-
nous, but has a minimum. At low carrier concentration,
the Ly mode contains the large GaAs-like LO-phonon
content with Sy~ 1. At high carrier concentration it
should contain the large AlAs-like LO-phonon content
with Sy~ 1. However, even at the highest carrier concen-
tration the phonon content is less than unity, as shown in
Fig. 9. This discrepancy can be solved by using the
AlAs-like LO-phonon frequency instead of the GaAs-like
LO-phonon frequency instead of the GaAs-like LO-
phonon frequency at high carrier concentration. At inter-
mediate carrier concentration the plasmons contribute
strongly to the plasmon-phonon mixing in the L, mode,
decreasing the phonon content. Figure 9 shows the S,
minimum of zero value at the intermediate carrier concen-
tration. At the minimum point the Lj-mode frequency is
equal to the plasma frequency, as indicated by Eq. (16).
The coupled-mode half-width, which corresponds to
mode damping, is approximately in inverse proportion to
the phonon content of the mode. Therefore, the calculat-
ed phonon-content curves in Fig. 9 can be examined by
using the coupled-mode half-widths. Figure 10 shows a
plot of the reciprocals of the normalized coupled-mode
half-widths for n-type Aly 15Gag 5;As as a function of the
carrier concentration. For the normalization, the GaAs
and AlAs-like LO phonons are used for the L, and L _
modes, and the L | mode, respectively. The experimental
curves in Fig. 10 coincide roughly with the theoretical
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FIG. 10. The reciprocal of the normalized coupled-mode
half-widths as a function of the square root of the carrier con-
centration. For the normalization, the GaAs-like LO-phonon
width is used for the L, and L _ modes, and the AlAs-like LO-
phonon one is used for the L, mode.

curves in Fig. 9. This result indicates that the carrier-
concentration dependence of the coupled-mode dampings
can be qualitatively interrupted by the phonon-content
changes.

It is difficult to measure correctly the coupled-mode
dampings in the carrier-concentration region with small
phonon content, i.e., large plasmon content, because the
large plasmon contribution causes the broadening of the
coupled modes and leads to difficulty in the observation
of the coupled-mode peaks in Raman spectra. According-
ly, the experimental verification of the S; minimum in
Fig. 9 is very difficult because of the marked broadening.
Furthermore, for the L, mode, in order to evaluate more
accurately the carrier-concentration dependence of the
mode strength, the frequencies and oscillator strengths of
two LO-phonon branches should be simultaneously con-
sidered in Eq. (16).

V. CONCLUSIONS

We have studied in detail Raman scattering from the
coupled plasmon—LO-phonon modes in different Si-
doped direct-band-gap n-type Al,Ga;_,As grown by
molecular-beam epitaxy. The coupled modes, which con-
sist of three branches of the high-frequency, low-
frequency, and intermediate-frequency modes, are
observed in visibly excited Raman scattering spectra.
Their frequencies depend both on the carrier concentra-
tion and alloy composition. As the carrier concentration
increases, the high-frequency line shifts to the higher-
frequency side, becoming separated from the AlAs-like
LO phonon, the low-frequency line approaches the
GaAs-like TO-phonon position from the lower-frequency
side, and the intermediate-frequency line approaches the
AlAs-like TO-phonon position, becoming separated from
the GaAs-like LO phonon. As the excitation wavelength
becomes short, the coupled modes shift to higher frequen-
cies. This wave-vector dependence confirms the assign-
ment to the coupled modes.

The behavior of the coupled modes was analyzed
theoretically using the wave-vector-dependent dielectric
function of n-type Al,Ga;_,As, and the frequencies were
calculated as a function of carrier concentration for some
excitation wavelengths. The phonon content, which is a
measure of the mode strength, was also calculated for the
three coupled modes, as a function of carrier concentra-
tion. When the carrier concentration increases, the high-
frequency-mode strength decreases with decreasing pho-
non content; in contrast, the low-frequency mode strength
increases with increasing phonon content. The
intermediate-frequency mode is strengthened at both high
and low carrier concentration due to the large phonon
content. However, the mode weakens markedly near the
carrier concentration at which the peak frequency is equal
to the plasma frequency. The observed dampings of the
coupled modes vary qualitatively along the calculated
carrier-concentration-dependent phonon-content curves.
This work can be applied to the other mixed crystals with
two-mode behavior.
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APPENDIX

The phonon content of the coupled modes is studied
starting from the phonon Green’s function, which is de-
fined by

D(g,t)=—i{0| rl@,(N@}(0)] |0 ,

where 7 is the time-ordering symbol. In the frequency
representation,

(A1)

1 1
0—0,+i0t  o+o,—i0"

D(g,0)=" Sn(q)
m

(A2)

On the other hand, expanding D ~! near o =w,,, we ob-
tain, for the initial terms,

D~ Y(q,0)~D " (q,0m)+[D 1 (q,0)s=0, (@ —0pm)

+7[D71q0))5=0, (@—0m) . (AI)
To express D! as a function of the frequency , we con-
sider the equations of motion for the three atoms. Using
the displacement vector w, the equations of motion are
written as

_ 47N

—o[Mlw=— 3

K C (w+eE, (A4)

where [M] is the diagonal mass matrix, e is the charge
vector, K and (47/3)C are the short-range and dipolar

|
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force constants, and N is the number of units or ion pairs
per unit volume, which is defined as 47Na=¢€,—1 (a is
the electronic polarization per basic unit).

Transforming to the diagonal representation, we have

—0*v=—[w?]lv+e'E , (AS)
where
@ 0 0
[@*]=]|0 w5 O], (A6)
0 O w§

and v, e, and cof represent the redefined displacement
and charge vectors and eigenfrequencies, respectively. In
Eq. (A6), two eigenfrequencies w, and w, correspond to
the GaAs and the AlAs-like TO-phonon frequencies,
respectively, and the third eigenfrequency, w;, which cor-
responds to the ¢ =0 acoustic mode, is always zero.

The lattice polarization is given by

P, =Ne"-v+NaE . (A7)

From Egs. (2)—(4), (A7), and €7=0, the macroscopic field
is given by

__ 4N,
4rNa+€,.(q,0)

With Egs. (A5) and (A8), the frequency squared is given
by

v. (A8)

47N .

2__ 2 e (e!
+ €(q,0)+€,—1 (e

=0y 2, (A9)

@

where e;" is the element of the charge vector.
Following Eq. (11) of Ref. 1, we obtain

9? ) 47N
—D(q,t)= —2w;;8(t —} — —————————(e/")? |D(q,t) .
el 0;8(t)+ | — oy (g0 ten—1 (ej)" |D(g,t) (A10)
Ubpon taking the Fourier time transform on Eq. (A 10),
47N
D~ g,0)=Q0y) " |0~ |0} ")
(g,0)=(20y) ™" 10"~ joi; + €(q,0)+€,—1 VRRIE
using
"2 2 -1 2 2 Sjw?l
Sj=41rN(ej Y/ wi = (2wy;) - — w,j+m . (A11)
From Egs. (A9) and (A11), D ~!(q,w,, )=0. Therefore, Eq. (A3) becomes
—1 -1 , —1 Sj“’f de,
D~ q,0)~[D™q,0)]p=0_(0—0p)=2w;)"" |20, + > |5 (A12)
" le.(g,0)+€,—1]° | Qo

Comparing Eq. (A2) with Eq. (A12) gives

D=0,
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Jde,
dw

_ 1 1
S-Yq)=— |20, +S;0%
m U Sy [T T [ (g o) e — 1]

Equation (16) is obtained from Eqs. (A13) and (8).
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