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Raman study of low-temperature-grown Al0.29Ga0.71AsÕGaAs photorefractive materials
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We report on the observation of resonant Raman scattering in low-temperature-grown AlGaAs/GaAs struc-
ture. Two kinds of excitation lights, 632.8 and 488 nm laser lines, were used to detect scattering signal from
different regions based on different penetration depths. Under theoutgoing resonantcondition, up to fourth-
order resonant Raman peaks were observed in the low-temperature-grown AlGaAs alloy, owing to a broad
exciton luminescence in low-temperature-grown AlGaAs alloy induced by intrinsic defects and As cluster after
post-annealing. These resonant peaks were assigned according to their fundamental modes. Among the reso-
nant peaks, besides the overtones of the GaAs- or AlAs-like mode, there exist combination bands of these two
kinds of modes. In addition, a weak scattering peak similar to the bulk GaAs longitudinal optical mode was
observed in low-temperature Raman experiments. We consider the weak signal correlated with GaAs clusters
appearing in AlGaAs alloys. The accumulation of GaAs in AlGaAs alloys was enhanced after annealing at high
temperatures. A detailed study of the dependence of vibration modes on measuring temperature and post-
annealing conditions is given also. In light of our experiments, it is suggested that a Raman scattering experi-
ment is a sensitive microscopic probe of local disorder and, especially performed at low temperature, is a
superior method in detecting and analyzing the weak interaction between phonons and electrons.
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I. INTRODUCTION

There is considerable current interest in low-temperatu
~LT-! grown GaAs and related GaAs/AlGaAs structures
the fabrication of isolating layer or ultrafast optical devic
due to their high resistivity and ultrafast carriers recombi
tion. The growth with an As-rich condition at LT allows in
corporation of intrinsic defects including an As antisite, G
vacancy, and their complex. The density and configuration
the intrinsic defects determine the conductivity of as-gro
materials. Due to the hopping conductance among defec
centers, the as-grown materials have low resistivity. Ho
ever, after post-annealing, the excess As precipitated into
clusters that took as a defect center to capture carrier
depleted the carriers in the LT layer, so it rendered the
layer with a high resistivity. Studying, controlling, and usin
these features have long been a main subject of mat
scientists. Up to now, a lot of research has been devote
the LT-grown GaAs and related structures by electrom
netic and optical experiments.1–8 However, to our best
knowledge, there were few articles contributing to LT-grow
AlGaAs,9,10 and there was nearly no report on their char
teristics studied by resonant Raman scattering. As is w
known, Raman scattering has proved to be a useful techn
for the observation of localized or quasilocalized vibration
modes due to intrinsic defects in LT-grown GaAs. Additio
ally, AlGaAs, as a popularly used ternary alloy, was wide
used in photorefractive devices and distributed Bragg refl
tance~DBR! structure in vertical cavity surface emitting d
vices for indium-contained long-wavelength lasers. In
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-
r

-

f
n
ve
-
s

or
T

ial
to
-

-
ll
ue
l

c-

e

former, LT-AlGaAs was used as a trap layer to hold enou
charges. In the latter, the growth temperature for the AlGa
is required to lower slightly in order to match the grow
condition for InGaAs quantum wells and to avoid segreg
tion of indium. Therefore, study of LT-AlGaAs is importan
to understand its structural and defect characteristics, in
action between electrons and phonons, and finding new
tures induced by~or related to! disorder or defects. In this
paper, resonant Raman scattering was used to investigat
high-order Raman scattering features of LT-Al0.29Ga0.71As
and up to fourth-order resonant scattering peaks were
served clearly. Their origin and relation to the quality
LT-Al 0.29Ga0.71As alloy were discussed. Meanwhile, a com
parative study of the dependence of the vibration mode
LT-AlGaAs on measurement temperature and post-annea
conditions is given also.

II. EXPERIMENTAL DETAILS

The sample was grown at 360 °C in a VG-V80H molec
lar beam epitaxy~MBE! system. A 1/4 two-inch semi-
insulating GaAs~001! substrate was soldered on a Mo blo
with indium. The substrate temperature was measured b
thermocouple calibrated to the oxide film desorption te
perature. The sample structure was designed for Stark ge
etry, and the photorefractive device consisted of 150
Al0.29Ga0.71As, GaAs (7.5 nm)/Al0.29Ga0.71As ~4 nm! mul-
tiple quantum wells~MQW’s! followed by another 150 nm
Al0.29Ga0.71As capped with a 2-nm GaAs protective laye
During growth, the pressure was kept at 3.431027 Torr. Af-
©2002 The American Physical Society25-1
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ter growth, the sample was cut into several pieces and e
piece was subjected to isochronal 30 s rapid thermal ann
ing ~RTA! at temperatures ranging from 500 to 900 °C with
step of 100 °C under a protection of argon gas ambient.
prevent As loss from the surface, each piece of samples
covered with a piece of GaAs substrate during annealing

After the RTA treatment, a Raman scattering experim
was performed at low and room temperatures for as-gro
and post-annealed samples. Unpolarized Raman scatt
spectra were recorded in the backscattering geometry on
~001! face of the samples. Low-temperature measurem
were carried out in a variable temperature stainless-steel
ostat where low temperature was generated by a closed
cycle and temperature can be adjusted from 10 to 300 K
632.8-nm line of He-Ne laser and a 488-nm line of Ar1 laser
were used as excitation sources. The scattering light
detected by a charge coupled device~CCD! detector.

III. RESULTS AND DISCUSSION

This section will be divided into two subsections. In Se
III A, we will discuss the resonant Raman scattering d
excited by the 632.8-nm laser line; in Sec. III B, the nonre
nant Raman scattering spectra, excited by the 488-nm
are analyzed. In each section, Raman scattering experim
performed at low temperature and room temperature are
cussed separately.

It is known that both energies of excitation lights us
here are larger than the band gap energy of Al0.29Ga0.71As
alloy. The penetration depths are about 390 and 110 nm f
632.8- and a 488-nm excitation lights at normal inciden
into Al0.29Ga0.71As alloy,11 respectively. When a 632.8-nm
line was used in our experiments, detected Raman scatte
signals came not only from the upper Al0.29Ga0.71As trap
layer, but also from the lower GaAs/Al0.29Ga0.71As MQW
region. And when a 488-nm line was used, a signal from
upper Al0.29Ga0.71As trap layer was observed only, becau
the penetration depth 110 nm is shorter than the thickn
150 nm of the upper Al0.29Ga0.71As trap layer. So using dif-
ferent excitation lights made vibrational features from diffe
ent structural regions to be distinguished clearly.

A. Resonant Raman scattering excited by a 632.8-nm laser

1. Raman spectra measured at room temperature

First of all, a Raman spectrum from a sample anneale
800 °C was measured at room temperature with a 632.8
excitation line, as shown in Fig. 1. Since the photon ene
of a 632.8-nm line is slightly larger than that of the abso
tion band of Al0.29Ga0.71As alloy, anoutgoing resonantcon-
dition is satisfied~i.e., the energy of the scattered light equa
an electronic transition energy!. Therefore, the high-orde
resonant Raman scattering from phonons was enhanced
observed in the spectrum of Fig. 1, except the first-or
Raman peaks. In the case of AlGaAs alloy, the lon
wavelength optical phonons around the Brillouin-zone cen
display a two-mode behavior throughout the whole com
sition range.12 There are pairs of longitudinal~LO! and trans-
verse~TO! optical modes called GaAs like and AlAs like
12532
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Therefore, two sets of strong peaks observed in Fig. 1
related to their first-order Raman scattering peaks, locate
low frequency with wave numbers less than 400 cm21. Com-
paring with the well-known GaAs- and AlAs-like vibrationa
modes, the peaks at 376.2, 290, and 281.5 cm21 are assigned
to LO vibrational modes of the Al-As bond in th
Al0.29Ga0.71As layer and Ga-As bond in GaAs QW’s an
Al0.29Ga0.71As layer, respectively. They were expressed
LO2A , LO1G , and LO2G , correspondingly. The subscriptsG
andA and 1 and 2 represent the vibrational modes of Ga
~G! and Al-As ~A! bonds and the vibrational mode comin
from the GaAs QW~1! and the Al0.29Ga0.71As trap layer~2!
or the Al0.29Ga0.71As barriers ~2!, respectively. The LO2A
peak is in good agreement with the Kim and Spitzer’s res
for Al0.29Ga0.71As alloy,13 but the LO2G peak is 3 cm21

higher than their value 278.5 cm21 with 1% deviation. We
attributed the deviation to effect of post-annealing, which
also observed in spectra of samples annealed at diffe
temperatures discussed later. Obviously, a weak peak loc
at 267 and 360.9 cm21 related to the TO phonons of GaAs
and AlAs-like in Al0.29Ga0.71As alloy denoted as TO2G and
TO2A , which is in good agreement with TO modes in bu
Al0.29Ga0.71As alloy.13 According to the polarization selec
tion rule for the first-order Raman scattering in zinc-blend
type crystals, the LO mode from the~001! surface is allowed
and the TO mode is forbidden in the backscattering geo
etry. The appearance of the TO phonon peak here is ascr
to local disorder due to incorporated defects or precipitat
of excess As in post-annealed LT sample. In addition, sev
high-order Raman peaks now rode over the luminescenc
upper Al0.29Ga0.71As trap layer, fulfilling the condition of
outgoing resonance. It is seen that up to fourth-order re
nant Raman bands appeared, which is seldom observe
AlGaAs ternary alloy. The origin of observing these reson
peaks was there existed a broad luminescence band in
LT-grown Al0.29Ga0.71As alloy, which made theoutgoing
resonant condition ~phonon replica! satisfied easily. The
broad luminescence originated from the degradation of m
terial quality by intrinsic defects or As clusters in anneal
samples. Usually, these high-order scattering bands are
to successive first-order Raman scattering. They are the o

FIG. 1. Resonant Raman scattering spectra for the 800
annealed sample measured at room temperature using a 632.
excitation light. The arrows show the positions of the Raman pe
5-2
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tones of the same fundamental modes or combination ba
of different fundamental modes. So the vibrational energ
of these modes are the sum of the corresponding first-o
modes. They are assigned to 2LO2G ~561.9 cm21!, 2LO1G
~579.1 cm21!, LO2G1LO2A ~655.3 cm21!, 2LO2A ~750.7
cm21!, 3LO2G ~844 cm21!, 2LO2G1LO2A ~938 cm21!,
LO2G12LO2A ~1032 cm21!, 3LO2A ~1129 cm21!, and
3LO2G1LO2A ~1220.1 cm21!, according to their fundamen
tal modes with error less than 2 cm21. It is noted that excep
the 2LO1G peak, all of the high-order peaks are fro
Al0.29Ga0.71As alloy, owing to the resonant enhancement
phonon scattering in Al0.29Ga0.71As layer. Among the high-
order resonant peaks, it is seen that besides the overton
the GaAs- or AlAs-like mode, there existed the combinat
bands of the two kinds of modes.

2. Raman spectra measured at low temperature

Besides the measurement of Raman scattering at r
temperature, a low-temperature Raman scattering is c
ducted in the as-grown sample. Figure 2 shows the Ra
spectra measured at 13–200 K using a 632.8-nm excita
light, where the high- and first-order modes are shown se

FIG. 2. Raman spectra for the as-grown sample measure
13–200 K using a 632.8-nm excitation light,~a! for the high-order
resonant Raman scattering, where the arrows, solid lines,
dashed lines mark the peaks of phonon modes, exciton, and d
luminescence, respectively.~b! For the first-order Raman scatterin
the dashed lines is a guide to the eye to see the peak shift
temperature.
12532
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rately in Figs. 2~a! and 2~b!. It is known that varying the
measurement temperature means a change of lattice tem
ture, also a change of its band gap. Therefore, the reso
scattering condition was varied, leading to different reson
peaks to be observed. In Figs. 2~a! and 2~b!, the curves were
plotted in half-logarithm coordinates and were shifted ve
cally to see clearly. In Fig. 2~a!, the solid and dashed line
point to the peaks of exciton and defect luminescence,
spectively, and the arrows mark the corresponding reson
Raman scattering peaks. As the temperature is lower t
100 K, only the second-order Raman peaks were obser
With increasing temperature, the third-order Raman p
was seen. It is confirmed that the high-order phonon sca
ing could be activated while the energy difference of incide
and scattering light is equal or near the sum of phonon
brational energies. With further increasing the temperatur
200 K, the exciton luminescence became weak and ther
no resonant Raman peak appearing in the high-energy sid
the exciton peak, compared with the one that appeared in
low-energy side of the exciton peak. It is noted that besi
the high-order modes from the Al0.29Ga0.71As alloy, a weak
second-order resonant mode from the GaAs QW was
served at a temperature higher than 150 K. In Fig. 2~a!, the
magnified spectra of the peak are shown above their co
sponding curves, where the high-energy one in the coupl
peaks was from the GaAs QW’s owing to an increase of
phonon state density with temperature. In addition, a br
luminescence peak marked with a dashed line appeared i
and 50 K spectra with energy 16.8 meV lower than its ex
ton peak. We attributed the peak to luminescence from s
low defects, because its binding energy is small and the p
shifted with the exciton peak as the temperature varied.
found the luminescence quenched at a temperature a
70 K.

In Fig. 2~b!, the evolution of the first-order Raman pea
versus temperature is shown. It is found that there are no
modes in Fig. 2~b! compared with that observed in Fig. 1
We consider more lattice disorder was induced by As clus
in post-annealed samples, although there exists intrinsic
fects in the as-grown sample. The atomic arrangements
or beside the As cluster inevitably deviated from its ide
structure, leading to the activation of TO modes in the a
nealed sample. In spectra of 13–100 K, a shoulder fain
appeared on the low-energy side of the GaAs LO1G peak and
the shoulder became undiscernible at a temperature a
100 K. The wave number difference between the shoul
and its main peak is about 3 cm21. With increasing tempera
ture, the shoulder merged into its main peak owing to
effect of thermal broadening on the vibration mode. Reas
ably, we consider that there are two possible reasons rel
to the shoulder. One was strain induced by excess As in
porated in the as-grown LT-GaAs QW’s. The nonunifor
strain might cause a local distortion of Ga-As bonds, wh
was too weak to be detected at room temperature. The o
possible reason is there exists microscopic GaAs cluster
the Al0.29Ga0.71As alloy, which inference was confirmed i
the annealed samples and will be discussed later in pa
Fig. 3. Our experiment here suggests that Raman scatte
especially performed at low temperature is a superior met
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in observing and distinguishing weak scattering and lo
disorder in crystal.

Observing Fig. 2~b! carefully, it is seen that three sets
peaks showed a similar shift to low frequency with incre
ing temperature, as a consequence of thermal expan
However, the AlAs-like peak shifted little and showed
prominent asymmetric broadening towards low frequen
The reason is there is a high anharmonicity of AlAs-li
modes as compared with GaAs-like modes, which can
associated in a first approximation with the smaller redu
mass of AlAs compared with GaAs.14,15 The shift of the
high-order vibrational modes with temperature, as shown
Fig. 2~a!, was consistent with the sum of their correspond
first-order mode shift as observed in Fig. 2~b!.

B. Nonresonant Raman scattering excited by a 488-nm laser

1. Raman spectra measured at room temperature

A study of the annealing effect on the phonon charac
istic of LT-AlGaAs alloy is necessary to understand the e
lution of intrinsic defects and roles of As clusters. Figure
shows the Raman spectra of the as-grown and post-anne
samples in a half-logarithmic coordinate, excited with
488-nm line and performed at room temperature. The spe
had been shifted vertically for comparison. As mention
above, while a 488-nm excitation light was used, on
phonons in the Al0.29Ga0.71As trap layer took part in Rama
scattering, so crystalline features of the Al0.29Ga0.71As trap
layer were detected. Since it was far away from the reson
scattering conditions while a 488-nm line was used as
excitation light, the first-order Raman scattering was o
served. It is seen in Fig. 3 that the linewidth of the GaAs-l
LO2G peaks was narrowed with increasing annealing te
perature and the peaks showed a slight shift of about 1 c21

to high energy after post-annealing for 30 s at a tempera
above 500 °C. Both of the features are similar to the res
observed in post-annealed LT-GaAs samples.16 We ascribed
the effects to the improvement of crystal quality and t

FIG. 3. Raman spectra for as-grown and post-annealed sam
measured at room temperature using a 488-nm excitation light.
curves from up to down correspond to as-grown to 900 °C-anne
samples. The dashed lines are guides to the eye to show the sh
the peaks with annealing temperature.
12532
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relaxation of tensile strain induced by the incorporation
excess As after post-annealing at high temperature. Com
ing the peaks, the AlAs-like LO2A peaks were not only
broader than those of GaAs-like LO2G peaks, but also their
asymmetry is prominent as observed in Fig. 2~b!. The
broader linewidth and asymmetry can be ascribed to a fi
phonon correlation length and the higher anharmonicity
AlAs-like modes as discussed in Fig. 2~b!. The defects and
disorder in the annealed sample enhanced the anharmon
of phonon.17 However, no matter what was the anneali
temperature, the position of AlAs-like LO2A peak maintained
nearly no change. According to the measured AlAs-like ph
non energy, the compositionx of the AlGaAs alloy can be
deduced from the interpolation expressionvLO2A5359.7
170.8x226.8x2 (cm21).18 The calculated value ofx equals
0.27. This value is close to the composition 0.29 estima
from an oscillation period of a reflection of high-energy ele
tronic diffraction ~RHEED! for calibration of the growth
rates of GaAs and AlGaAs alloys.

It is noted that there were two sets of shoulders on b
sides of the GaAs-like LO2G peak. One is located at th
low-energy side around 268 cm21 related to the GaAs-like
TO2G peak, whose scattering intensity is enhanced with
creasing annealing temperature. The phenomenon sug
that annealing enhanced local disorder in the structure
destroyed the forbidden rule to the TO mode in backscat
ing geometry. Another shoulder located at the high-ene
side around 292 cm21 is in the same frequency as pure GaA
mode LO1G from the GaAs QW’s described in Fig. 1. A
mentioned above, the observed scattering signal in Fig
should be from the upper Al0.29Ga0.71As layer only, while a
488-nm line was used. It is seen that the shoulder had a c
relationship with the annealing temperature. It is hardly d
cernible in as-grown and 900 °C-annealed samples, but
came prominent in the samples annealed at 500, 600,
800 °C. Consequently, it is inferred that the shoulder po
tioned at 292 cm21 cannot be from the GaAs QW’s. W
suggested that the shoulder came from the phonon scatte
in the microscopic GaAs clusters presented in the up
Al0.29Ga0.71As layer, which effect was enhanced after anne
ing as-grown samples at 500, 600, and 800 °C. Before
results, the presence of GaAs clusters in AlGaAs alloys w
reported with high Al composition only, but not in the low
one asx50.3 grown in normal conditions.19 We consider the
intrinsic defects incorporated into the LT-AlGaAs assist
accumulation of GaAs in AlGaAs alloy during annealing.

2. Raman spectra measured at low temperature

To confirm the inference of appearing GaAs clusters
LT-AlGaAs further, the Raman scattering spectra excited
a 488-nm laser were performed at LT. The spectra of
grown and 800 °C-annealed samples are shown in Figs.~a!
and 4~b!, respectively, in a half-logarithmic coordinate
where the curves were shifted vertically to compare clea
It is seen that there are two main peaks appearing in e
curve: one is a GaAs-like mode and another is an AlAs-l
mode similar to the ones observed in Fig. 3. Observing F
4, it is found that there is a weak peak~marked with a solid
line! appearing in the high-energy side of the GaAs-li
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peak. According to the analysis of Fig. 3, it is known that th
weak peak is related to the GaAs cluster formed in the L
AlGaAs layer. Owing to the suppression of the thermal e
pansion effect on the GaAs-like mode (LO2G) in the LT-
AlGaAs layer while measured at LT, the scattering peak fro
the GaAs clusters becomes clear even in the as-gro
sample. It is seen that the Raman scattering signals are st
ger in the 800 °C-annealed sample than in the as-gro
sample at the same LT measurement. So it can be well
derstood why the weak peak is easier to discern in
800 °C-annealed sample than in the as-grown sample w
measured at room temperature as shown in Fig. 3. It sugg
that high-temperature annealing enhanced the GaAs accu
lated in GaAs clusters in LT-AlGaAs layers. Owing to th
weak peak overlapping with the GaAs-like LO2G , the cluster
size cannot be preciously deduced at a moment based o
linewidth. Further study is needed and necessary for und

FIG. 4. Raman spectra for the as-grown and 800 °C-annea
samples measured at 13–200 K using a 488-nm excitation light,~a!
for as-grown sample and~b! for 800 °C-annealed samples. Th
dashed and solid lines are guides to the eye to show the shift of
peaks with measurement temperature.
v.
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standing the process of GaAs accumulation in LT-AlGa
alloys. Besides the weak peak, there is a shoulder appe
in the low-energy side of the LO2G peak in the 800 °C
annealed sample, but not in the as-grown sample. The s
der originates from the TO2G mode, which is similar to th
one observed in Fig. 1. There is no TO mode in Fig. 4~a! for
the as-grown sample consistent with the result of Fig.~b!
while measured using a 632.8-nm laser line. From our re
in Fig. 4, it is further proved that the Raman scattering
periment performed at LT is a sensitive probe of weak lo
ordering and disordering.

IV. CONCLUSIONS

In summary, a Raman scattering experiment was use
study the crystalline characteristics and defective feature
as-grown and post-annealed AlGaAs/GaAs photorefrac
material grown at LT by solid-source MBE. Due to the s
cial features of the LT sample, up to fourth-order Ram
scattering peaks were observed in the Al0.29Ga0.71As alloy,
which is seldom observed in AlGaAs alloys fabricated
normal growth conditions. All of the high-order resona
peaks were assigned according to their fundamental mo
Besides the overtones of the GaAs- or AlAs-like mode, th
exists the combination bands of the two kinds of modes,
This result shows that a material with broad exciton lumin
cence is favorable to observe the high-order resonant Ra
scattering bands. As measured at LT, a weak scattering
similar to the bulk GaAs LO mode was observed owing
the suppression of the thermal broadening effect. We
sider that the weak peak is correlated with the GaAs clu
appearing in Al0.29Ga0.71As alloy. Annealing at 500, 600, an
800 °C enhanced the accumulation of GaAs in LT-AlGa
alloy. These results reveal that there exists more or less
croscopic GaAs clusters in our as-grown LT-AlGaAs la
besides the well-known As antisite, Ga vacancy, and As c
ter. All of these results proved that the Raman scatte
experiment, especially performed at low temperature,
superior method in detecting and analyzing the weak in
action between phonons and electrons. A deep study o
AlGaAs ternary alloy by Raman scattering will reveal ph
nomena that may be difficult to find by other experimen
techniques.
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