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a b s t r a c t

In0.82Ga0.18As epilayers were grown on InP substrates using a two-step growth technique by LP-MOCVD.
A homogeneous low-temperature (450 ◦C) In0.82Ga0.18As buffer layer was introduced to improve the
crystalline quality of epilayers. The influence of low-temperature buffer layer deposition condition, such
as thermal annealing duration, on the crystalline quality of the In0.82Ga0.18As epilayer was investigated.
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Double-crystal X-ray diffraction measurement, Hall measurement, and Raman scattering spectrum were
used to evaluate the In0.82Ga0.18As epilayers. Atomic force microscope was used to study the surface
morphology. It is found that the In0.82Ga0.18As epilayer, with buffer layer thermal annealing for 5 min,
exhibits the best crystalline quality. The change of the surface morphology of the buffer layer after thermal
annealing treatment was suggested to explain the phenomenon.
uffer layer annealing duration
rystalline quality

. Introduction

The ternary semiconductors InxGa1-xAs have numerous appli-
ations because of the range of band gaps (0.35–1.43 eV) available
ver the composition range. The growth of high In content
nxGa1−xAs epilayers on lattice-mismatched InP substrates has
ttracted much attention due to the potential applications in the
eld of infrared detectors, spectral imaging, gas sensors, and spec-
roscopy [1–3]. However, direct growth of In0.82Ga0.18As films on
nP substrate exhibit poor quality due to the large mismatch of
attice constant between In0.82Ga0.18As and InP. Many schemes
4–7] have been developed to solve this problem, in which two-
tep growth technique was an effective and convenient way [8]. In
wo-step growth method, the low-temperature buffer layer is an
mportant issue and an actively investigated subject. The deposi-
ion conditions of buffer layer, such as buffer layer thickness [9] and
uffer growth temperature [10] on properties of In0.82Ga0.18As epi-

ayers by the two-step growth methods have been reported. Even
f low-temperature growth of In0.82Ga0.18As buffer is available,

nnealing treatment is necessary to improve its quality. Thermal
nnealing is one of the most common methods to reduce the defects
nd improve the quality of as-grown epilayers. In particular, ther-
al annealing temperature and duration are the most effective
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factors to improve the epilayer’s quality. However, there are hardly
any reports about the thermal annealing duration of buffer layer on
the crystalline quality of In0.82Ga0.18As epilayers.

In this paper, we studied the influence of buffer layer thermal
annealing duration on the properties of In0.82Ga0.18As epilayers
grown on InP substrate by low pressure metalorganic chemi-
cal vapor deposition (LP-MOCVD). To more efficiently improve
the crystalline quality of In0.82Ga0.18As epilayers, a homogeneous
buffer layer was used and thermal annealing for various durations.
Using the optimum buffer layer, high quality In0.82Ga0.18As was
obtained. The reason of the annealing durations on the quality of
In0.82Ga0.18As epilayers was also discussed.

2. Experimental procedure

In0.82Ga0.18As epilayers were grown on Fe-doped InP (100)
substrates at 70 Torr by MOCVD in a horizontal reactor. Trimethyl-
indium (TMIn), Trimethyl-gallium (TMGa) and arsine (AsH3)
diluted to 10% were used as source materials, respectively. The
hydrogen (H2) is used as carrier gas.

In0.82Ga0.18As epilayer growth was carried out by the follow-
ing processes. Firstly, InP substrates were thermally cleaned in a

PH3 gas at 630 ◦C for 10 min to eliminate the oxides of the sur-
face. Secondly, a low-temperature In0.82Ga0.18As buffer layer was
deposited on InP substrate at 450 ◦C with the thickness of 100 nm
to act as a template for succeeding epilayers and accommodate
lattice strain caused by both lattice mismatch and thermal one.

dx.doi.org/10.1016/j.apsusc.2010.09.041
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Table 1
FWHM of the double-crystal X-ray rocking curves of In0.82Ga0.18As epilayers at var-
ious thermal annealing temperatures.

Annealing
temperature
(◦C)

Annealing
duration (min)

FWHM of
DCXRD (arcsec)

510 10 1200.0
530 10 1080.0
550 10 1620.0
580 10 2028.1
630 10 2235.2

Fig. 1. The Hall mobility and carrier concentration measured at room temperature
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Fig. 2. Raman spectrum of In0.82Ga0.18As epilayer with buffer layer thermal anneal-
ing for 0, 2, 5, 10, and 15 min, respectively. The inset shows � a and � b which is used
in asymmetry ratio (� a/� b) of Raman scattering spectra.

from the FWHM of (0 0 4) DCXRD signal using the formula [11]:

(FWHM)2

T
T

s a function of the buffer layer thermal annealing duration.

hirdly, the buffer layer was in-situ thermal annealing for various
urations in AsH3 ambient. The effect of thermal annealing temper-
ture of buffer layer on crystalline quality of In0.82Ga0.18As epilayers
as been investigated by FWHM of DCXRD in our work and the
esults of DCXRD are shown in Table 1. It is obvious that the buffer
ayer thermal annealing temperature was chosen 530 ◦C. Finally,
he In0.82Ga0.18As epilayer was grown on the annealed buffer layer
t 530 ◦C. The thickness of the epilayer is about 1.4 �m. The growth
f the In0.82Ga0.18As epilayers is kept under the same conditions,
ut the buffer annealing conditions is different for samples. The
nnealing duration was selected 0, 2, 5, 10, and 15 min and the
amples were named as A1, A2, A3, A4, and A5, respectively.

Double-crystal X-ray diffraction (DCXRD, Bruker D8) is per-
ormed to obtain the rocking curves of In0.82Ga0.18As epilayers.
ocking curves were taken for the symmetric (0 0 4) reflections.
all measurement (Lakeshore 7707) was obtained using Van der
auw technique at room temperature. The Raman scatter spec-
rum (LabRam Infinity) was measured at room temperature in
ackscattering geometry using the 488 nm line of an Ar+ laser as the
xcitation source. The atomic force microscope (AFM, Veeco multi-
ode) was used to study the surface morphology of In0.82Ga0.18As
uffer layers.

able 2
hermal annealing parameters, FWHM of the double-crystal X-ray diffractions and the di

Sample no. Annealing temp.
(◦C)

Annealing dura
(min)

A1 530 0
A2 530 2
A3 530 5
A4 530 10
A5 530 15
Fig. 3. The FWHM of GaAs-like LO peak and asymmetry ratio (� a/� b) of samples
A1, A2, A3, A4 and A5 with different thermal annealing duration of the In0.82Ga0.18As
epilayers.

3. Results and discussion

The influence of buffer layer thermal annealing duration on crys-
talline quality of In0.82Ga0.18As epilayer was studied by DCXRD
measurement. The full-width at half-maximum (FWHM) value of
the DC-rocking Curve with different thermal annealing durations
was shown in Table 2. We observed that the value of FWHM
strongly depends on the thermal annealing duration. It is known
that the upper limit threading dislocation density can be estimated
Ndis =
9b2

(1)

slocation density of In0.82Ga0.18As epilayers.

tion FWHM (arcsec) Estimated dislocation
density (×109 cm−2)

2349.6 8.05
1781.5 4.63
1060.0 1.64
1080.0 1.70
1382.3 2.79
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ig. 4. AFM images of In0.82Ga0.18As buffer layers over an area (3 × 3 �m2): (a1) as-
nnealing for 10 min, and (a5) thermal annealing for 15 min.

here FWHM is in radians, b is the length of the Burgers vector
f the dislocations, and Ndis is the density of dislocations (cm−2).
he estimated dislocation density was also displayed in Table 2.
herefore, the FWHM value can be used to evaluate the crystalline
uality of In0.82Ga0.18As epilayers. It is found that the In0.82Ga0.18As
pilayer with buffer layer thermal annealing for 5 min has the
inimum dislocation density and the best crystalline quality. It

ndicates that the changes of the FWHM of In0.82Ga0.18As epilayer
ere related to the thermal annealing duration of buffer layers. It is

ound that the crystalline quality of In0.82Ga0.18As epilayer can be
mproved by optimizing the thermal annealing duration of buffer

ayers.

The carrier concentration and the electron mobility are mea-
ured at room temperature and used to further characterize the
rystalline quality of In0.82Ga0.18As epilayers. Fig. 1 shows Hall
obility and carrier concentration versus the buffer layer thermal
n, (a2) thermal annealing for 2 min, (a3) thermal annealing for 5 min, (a4) thermal

annealing duration at room temperature. It clearly shows that the
buffer layer thermal annealing duration has strong influence on the
carrier concentrations and mobility of the In0.82Ga0.18As epilayers.
The lowest carrier concentration and highest mobility measured at
room temperature is 3.47 × 1016 cm−3 and 5013.5 cm2/V s, which
occur at buffer layer thermal annealing duration of 5 min. In the
epilayers, the residual misfit dislocations that act as scattering cen-
ter can reduce the carrier mobility. Hereby, the density of misfit
dislocations in the epilayer of sample A3 is the least. This result
indicates that the thermal annealing process does reduce the dislo-
cation concentration of the In0.82Ga0.18As epitaxial layers. That is,

the In0.82Ga0.18As epilayer has the best electron properties when
the buffer layer was thermal annealing for 5 min.

Raman scattering [12] is an indirect way to characterize the
crystalline quality of materials. Fig. 2 shows the Raman scatter-
ing spectra of In0.82Ga0.18As epilayers with different buffer layer
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[13] S. Emura, S. Gonda, Y. Matsui, H. Hayashi, Phys. Rev. B 38 (1988) 3280–3286.
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nnealing durations. It can be seen that the In0.82Ga0.18As epilayers
how a typical two-mode behavior, which are around 234 cm−1 and
52 cm−1, corresponding to LO-phonon modes of InAs and GaAs
13], respectively, for all samples. It is known that Raman scatter-
ng is determined by the overlap integral of electrons, phonons
nd photons. The residual strain in the epilayer will introduce
efects and then broaden the Raman peaks and asymmetry of
he Raman scattering line shape [14]. Therefore, the full-width at
alf-maximum (FWHM) and the asymmetry ratio of Raman scat-
ering spectra can characterize the crystalline quality of samples.
or In0.82Ga0.18As materials, the GaAs-like LO-phonon modes still
ominate the Raman spectrum [15]. So, the FWHM and the asym-
etry ratio (� a/� b) of GaAs-like LO-phonon peak can be employed

o characterize the quality of the In0.82Ga0.18As materials. � a and
b are two half-widths at half-maximum of GaAs-like LO-phonon

eak which are displayed in the inset of Fig. 2. The FWHM and the
symmetry ratio (� a/� b) of GaAs like LO phonon peak as a func-
ion of thermal annealing duration are shown in Fig. 3. The value
f FWHM and the asymmetry ratio of samples A1, A2, A3, A4, A5
re 9.18, 9.04, 8.63, 8.84, 8.95 cm−1 and 1.39, 1.38, 1.30, 1.35, 1.36,
espectively. It is obvious that sample A3 has the minimum FWHM
nd � a/� b, confirming that the crystal quality of the In0.82Ga0.18As
pilayers is improved by thermal annealing process of buffer layers,
hich is consistent with the DCXRD and Hall measurements.

It is clear that the In0.82Ga0.18As thermal annealing treatment
f buffer layer can effectively improve the crystalline quality of
n0.82Ga0.18As epilayers. In our experiments the growth conditions
re fixed but the buffer’s thermal annealing duration is varied. In
rder to gain further insights into the effect of thermal annealing
n the In0.82Ga0.18As buffer layer, five buffer layers named a1, a2,
3, a4, and a5, were prepared and examined by AFM. The buffer
ayers are grown under the same conditions as those in samples
1, A2, A3, A4, and A5, respectively. The surface morphology of the

n0.82Ga0.18As buffer layer is taken over an (3 × 3 �m2) area and
hown in Fig. 4(a1)–(a5), respectively. It is clear that the surface of
uffer layers have a granular surface. But the surface roughness

ncreases, and the grain size becomes larger after annealing for
ifferent durations. It is known that the In0.82Ga0.18As epilayer A3
rown on the buffer layer a3 has the best quality, implying that the
uality of In0.82Ga0.18As epilayers is closely related to the surface
orphology of buffer layers. A similar phenomenon of the change of

urface morphology was observed in low-temperature AlN buffer
sed in GaN growth in [16]. Therefore, the model can be used to
xplain the changes of our results. When the buffer was thermal
reated for less than 5 min, the buffer layer has small grain size and

igh nuclei density. The In0.82Ga0.18As islands in the initial growth
tage will coalescence quickly and a lot of formed dislocations will
o through the In0.82Ga0.18As epilayers, leading to a poor quality.
hen the buffer was thermal annealing for longer than 5 min, the

uffer layer has too large grain size and too low nuclei density, it

[

[
[
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will take too long time for the growth of In0.82Ga0.18As islands, and
the quality of In0.82Ga0.18As epilayers will also become bad. That is,
a suitable grain size and nuclei density could improve the quality
of the subsequent In0.82Ga0.18As epilayer. Therefore, optimization
of buffer layer thermal annealing duration is an effective way to
improve the quality of In0.82Ga0.18As epilayer by two-step growth
method.

4. Conclusions

In this study, In0.82Ga0.18As epilayer has been grown using
In0.82Ga0.18As buffer layer on InP substrate with the two-step
growth technique. The influence of buffer layer thermal anneal-
ing duration on In0.82Ga0.18As epilayer grown on InP substrate was
discussed. It was found that the thermal annealing of the buffer lay-
ers improved the structural properties of subsequent In0.82Ga0.18As
epilayers. The In0.82Ga0.18As epilayer exhibits best crystalline qual-
ity when the buffer layer thermal annealing for 5 min at 530 ◦C. This
observation can be explained by the change of surface morphology
of the buffer layer after thermal annealing treatment.
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