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Abstract

The e!ects of growth temperature on the structural and optical properties of gas-source molecular beam epitaxy grown
0.98 lm InGaAs/InGaAsP strain-compensated multiple quantum well structures were studied by transmission electron
microscopy (TEM), double crystal X-ray di!raction and photoluminescence measurements. It was found that high
quality of quantum well structures can be obtained at a lower growth temperature. A higher growth temperature caused
an immiscible growth for the InGaAsP alloy from the observation of the TEM images. As a result, the optical and
structural quality of the quantum well structure was drastically degraded. ( 1999 Published by Elsevier Science B.V.
All rights reserved.
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1. Introduction

The Al-free InGaAs/InGaAsP/InGaP material
system has increasingly become an alternate to the
traditional InGaAs/GaAs/AlGaAs material system
for the fabrication of 0.98 lm semiconductor lasers
as the pumping source of Er3`-doped 1550 nm
"ber ampli"ers [1}5]. The advantages of using the

Al-free system for laser diodes over the Al-based
system are: (1) no degradation due to oxidation of
aluminum during fabrication process and laser op-
eration is expected, (2) higher electrical [6] and
thermal [7] conductivity of InGaP cladding layers
results in better total power-conversion e$ciencies
at high power, (3) a long lifetime is expected due to
the absence of dark line defects in InGa(As)P, and
(4) low surface recombination [8] and less DX
centers [9]. Optimization of such devices, however,
requires an understanding of the nature of quan-
tum well growth in this material system. In this
respect, several related studies have been carried
out for InGaAs/GaAs quantum wells in the past

0022-0248/99/$ - see front matter ( 1999 Published by Elsevier Science B.V. All rights reserved.
PII: S 0 0 2 2 - 0 2 4 8 ( 9 9 ) 0 0 3 1 7 - 6



Fig. 1. The experimental (4 0 0) plane DXRD rocking curves of
the InGaAs/InGaAsP SCMQW structures grown at (a) 430,
(b) 460, (c) 490, and (d) 5203C, respectively, and the computer
simulation curve.

years [3,10,11]. For InGaAs/InGaAsP quantum
wells, the e!ects of substrate misorientation on the
interfacial structures of metal organic chemical
vapor deposition (MOCVD)-grown InGaAs/In-
GaAsP/InGaP quantum well laser diodes were
studied by atomic force microscopy (AFM) and
photoluminescence (PL) [12]. In this study, we
investigated the e!ects of growth temperature on
the structural and optical properties of In-
GaAs/InGaAsP quantum wells grown by gas-
source molecular beam epitaxy (GSMBE) by using
transmission electron microscopy (TEM), double
crystal X-ray di!raction (DXRD) and PL measure-
ments.

2. Experiments

The epitaxial growth was carried out by VG
V80H GSMBE. High purity hydrides, PH

3
, AsH

3
,

and elemental group III sources, In and Ga, were
used in the GSMBE growth. PH

3
and AsH

3
were

thermally decomposed to generate P
2

and As
2

in
a cracker cell held at 10003C. The cracking e$cien-
cies were determined to be over 99% from the mass
spectrometry analysis. The In and Ga #uxes were
controlled by a conventional beam equivalent pres-
sure (BEP) ratio method. The PH

3
and AsH

3
#ow

rates were precisely controlled by using the Barat-
ron capacitance manometer.

0.98 lm InGaAs/InGaAsP strain-compensated
multiple quantum well (MQW) structures were
grown on (1 0 0)GaAs substrates at various temper-
atures. The designed MQW structure is a 12-period
In

0.2
Ga

0.8
As (6 nm)/In

0.2
Ga

0.8
As

0.33
P

0.67
(10 nm)

MQW sandwiched by two 0.2 lm-thick InGaP
layers. The growth rates of InGaAs well and In-
GaAsP barrier were both kept at 1.3 lm/h. The
V to III ratios were 3 and 6 for the growth of
InGaAs wells and InGaAsP barriers, respectively.
The growth temperature was varied from 430 to
5203C. In order to keep the same As composition in
the InGaAsP barrier, the AsH

3
to PH

3
#ow rate

ratios for di!erent growth temperatures were deter-
mined from our growth model [13,14]. After
growth, the MQW structures were characterized by
DXRD, TEM and PL measurements.

3. Results and discussion

3.1. Structural properties

Fig. 1 shows the (4 0 0) plane DXRD rocking
curves of the MQW structures grown at 430, 460,
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Fig. 2. The dark-"eld (0 1 1) and (0 11 1) cross-sectional TEM images with the di!raction vector g"(2 0 0) for the InGaAs/InGaAsP
SCMQW structures grown at (a) 430, (b) 460, (c) 490 and (d) 5203C, respectively.

490 and 5203C, respectively. The computer simula-
tion rocking curve is also shown in the "gure.
Notice that the net lattice mismatches of the four
samples are all less than 1]10~3. The sample
grown at 4303C shows strong and narrow satellite
peaks. The relative intensities and full-width at
half-maximum (FWHMs) of the satellite peaks are
all in excellent agreement with those of the simula-
tion curve. This indicates that the individual layers
are of good crystal structure and the interfaces
between the layers are very sharp. The rocking
curve of the sample grown at 4603C also shows
narrow and well-de"ned satellite peaks. The rela-
tive intensity is also close to the simulation curve.
The overall peak intensity is only slightly smaller
than that of the sample grown at 4303C. However,

as the temperature increases to 490 and 5203C,
higher order of satellite peaks disappear and lower
order of peaks become weaker and broader. This
reveals that the crystal structures and the interface
abruptness of the MQWs have been seriously de-
graded.

The degradation in structural quality at higher
growth temperatures can be observed more clearly
from their TEM images. Figs. 2a}d show the dark-
"eld (0 1 1) and (0 11 1) cross-sectional TEM images
with the di!raction vector g"(2 0 0) for samples
grown at 430, 460, 490 and 5203C, respectively. The
sample grown at 4303C has #at interfaces between
the barriers and wells throughout the structure
when viewed from the (0 1 1) cross section. Alterna-
tively, the interfaces are slightly less #at but still of
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Fig. 2. Continued.

reasonably good quality when viewed from the
(0 11 1) cross section. The sample grown at 4603C
also shows similar interface #atness in the (0 1 1)
cross section. However, when viewed from the
(0 11 1) cross section, the interfaces are obviously
degraded. It can be seen that they are not planar
and present undulations along the [0 1 1] direction.
The undulation occurred mainly in the interfaces
from the InGaAsP barriers to the InGaAs wells
and became more drastic with the increase of the
grown periods of quantum wells. Alternatively, the
interfaces from the InGaAs wells to the InGaAsP
barriers are less undulated and have less change in
their #atness with the increase of the grown periods
of quantum wells. Therefore, it seems that the
growth of the InGaAsP barriers at this temperature
had tended to become three-dimensional (3D) is-
land growth and roughened the growth surface but
those of the InGaAs well tended to still maintain as

two-dimensional (2D) growth mode and restored
the #atness of the surfaces. On the other hand, it
can be found that there exist strong contrast modu-
lations along the [0 1 1] direction inside the In-
GaAsP layers. The contrast modulations may be
due to the lateral modulations of the composition,
strain or thickness. However, because of no obvi-
ous contrast modulations inside the InGaAs wells
where there are also the same degrees of thickness
modulations, the lateral composition and strain
modulations are the main causes for the observed
contrast modulations inside the InGaAsP barriers.
Finally, a noticeable feature is that there are strong
contrasts between the top InGaAsP barrier and the
InGaP cap layer around the maximum of the undu-
lations. This reveals that there are large strains
distributed in those regions [15].

For the samples grown at 490 and 5203C, the
interface quality in the (0 1 1) cross sections also
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become degraded. On the other hand, the overall
quantum well structures in the (0 11 1) cross sections
have been seriously degraded. For the "rst three
periods of quantum wells, it can be seen that al-
though the interfaces from InGaAs to InGaAsP are
maintained as similarly #at as those of the sample
grown at 4603C, the undulations of the interfaces
from InGaAsP to InGaAs become more drastic
and the contrast modulations inside the InGaAsP
barriers also become stronger. The oscillation am-
plitude of the undulation also increases with the
periods of quantum wells. In addition, it can be
found that its relative position is maintained from
one InGaAsP barrier to another although the In-
GaAs wells between the barriers have restored the
surfaces in almost same #atness. This causes the
formation of columnar structures lining up
quasiperiodically in the [0 1 1] direction and with
a period length of about 20}30 nm. In fact, these
phenomena can be also found for the sample grown
at 4603C but are more blurred. The columnar struc-
tures begin to merge with each other after the
fourth quantum well. This not only results in stron-
ger undulations in the InGaAsP barriers but also
causes that the following grown InGaAs well can-
not restore the #atness of the surface. As a result,
undulations also occur in the InGaAs wells. Such
a behavior that the columnar structures merges
with each other occurs again and again and event-
ually results in triangle-shaped structures with the
oscillation amplitude as large as 30 nm and the
period as long as 200 nm for the sample grown at
5203C. In addition, it can be seen that there are
dislocations generated from the top InGaAsP bar-
rier and extended to the InGaP cap layer in these
two samples. This reveals that the accumulated
strain energies there have become high enough to
cause the lattice relaxation and the occurrence of
dislocations.

Based on the above observations, the origin and
the process for the degradation of the MQW struc-
tures are as follows. First, the TEM images reveal
that higher growth temperatures caused the com-
position modulations along the [0 1 1] direction
inside the tensile-strained InGaAsP layers. This
phenomenon had already begun occurring once the
growth was switched from the InGaP bu!er layer
to the "rst InGaAsP layer. Such composition

modulations caused some regions with larger ten-
sile strains and some other regions with smaller
tensile strains in the InGaAsP layers. According to
the thermodynamic analysis [16], once a composi-
tion modulation is initiated, it will assume a peri-
odic form and propagate as the epilayer growth
proceeds. In this way, the thickness of InGaAsP in
the region with a larger tensile strain would event-
ually become larger than its critical thickness for
a two-dimensional (2D) growth. As a result, a 3D
island growth similar to the Stranski}Krastanov
(SK)-mode growth was initialized to relax the large
surface strain [17]. That is, although the average
strains of the InGaAsP layers grown at di!erent
temperatures are of about the same values and are
all small enough to avoid strain-induced island
growth, the local large strains occurring in the
InGaAsP layers grown at higher temperatures due
to composition modulations are still possibly to
make the strain-induced island growth occur
earlier. Alternatively, there was no composition
modulation occurring inside the InGaAs compres-
sive-strained layer from the observation of their
TEM images. Therefore, there would be no local
regions with strains high enough to induce island
growth for the InGaAs layers. As a result, the
InGaAs layers were still maintained as 2D growth
and restored the #atness of the surfaces.

On the other hand, the large tensile strain
around the island regions of the "rst InGaAsP
layer would induce larger compressive stresses on
the following overgrown InGaAs layer. Therefore,
when the second tensile-strained InGaAsP layer
was being grown on, InGaAsP with larger tensile
strains after the composition modulations would be
deposited on InGaAs overgrown around the is-
lands to obtain smaller lattice-mismatches and re-
duce the strain energies. As a result, the same kind
of composition modulations propagated and the
relative positions of the island regions were main-
tained from those of the "rst InGaAsP layer. In
addition, the tensile strains around the island re-
gions of the "rst InGaAsP layer would be too large
to be completely compensated by the compressive
strains of the overgrown InGaAs. The residual ten-
sile-strains would then cause larger tensile-strains
accumulated in the next InGaAsP layer and make
the island growth of the second InGaAsP layer
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Fig. 3. The RT PL spectra of the InGaAs/InGaAsP SCMQW
structures grown at (a) 430, (b) 460, (c) 490, and (d) 5203C,
respectively.

occur earlier. These descriptions explain why the
relative position of undulation in the second In-
GaAsP barrier was maintained from that of the
"rst InGaAsP barrier and its oscillation amplitude
became more drastic although the surface of the
"rst InGaAs well had been recovered to be #at.
The columnar structures were then formed as such
a process was continued. In fact, such a formation
mechanism of the columnar structure is similar to
that of the self-organized InAs/GaAs quantum dots
structures and devices where using multiple periods
of InAs/GaAs to form vertically aligned quantum-
dot stacks and larger size of quantum dots [18].
Pearsh et al. had also used the similar mechanism
to grow multiple quantum wires [19].

On the other hand, as the sizes of the islands
became too large, they merged with each other
and formed larger islands. This resulted in the over-
all quantum well structure to be trans"gured.
Eventually, the strains around the island regions
became too large and resulted in the lattice relax-
ation and the occurrence of dislocation. The quan-
tum well structures were then entirely seriously
degraded.

With regard to the origins of the composition
modulations in the InGaAsP layers grown at high-
er temperatures, the most possible reason is due to
the occurrence of the so-called spinodal-like de-
composition in these layers. According to the ther-
modynamic calculation [20], the composition of
this InGaAsP lies within the spinodal isotherm for
the growth temperature of 5503C. That is, for
a growth temperature below 5503C, this alloy is
energetically unstable and any composition #uctu-
ation will decrease the Gibbs free energy, and as
a result, it will undergo phase separation. Such
phenomena have been observed for the InGaAsP
grown on InP by GSMBE [21}23]. To avoid such
an immiscible growth, a su$ciently high growth
temperature is required for LPE and MOCVD
growth to make the alloy composition lie outside
the spinodal isotherm [2,24]. However, for MBE
growth, it appears that kinetic limitations, whereby
the surface adatom di!usion lengths are reduced
via a lower growth temperature in association with
a higher V/III and higher growth rate, limit the
ability of the system to achieve equilibrium result-
ing less decomposition. This explains why high

quality of quantum well structures were obtained at
lower growth temperatures in our experiments. It is
worthy to notice that the strain-induced island
growth will also proceed more quickly with the
increase of growth temperature. This will also cause
the quantum well structure grown at higher tem-
peratures to be degraded more drastically. On the
other hand, when the phase separation occurs,
there will be more stronger modulations of com-
position and thickness along the [0 1 1] direction
as the di!usion length along [0 1 1] direction is
larger than that along [0 11 1] direction for adatoms
on the (1 0 0) growth surface [21]. This explains
why the degradation of the quantum well structure
is anisotropic.

3.2. Optical properties

The quality degradation at higher growth tem-
peratures was also found in the PL measurements.
Fig. 3 shows the room-temperature PL spectra of
these MQW structures. The FWHM of the peak is
as narrow as 40 meV for the sample grown at
4303C. This con"rms again the high quality of this
sample. When the growth temperature increases, it
can also be seen that the peak becomes broaden.
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Fig. 4. The RT PL peak intensity and FWHM as a function of
growth temperature for the InGaAs/InGaAsP SCMQW struc-
tures.

Fig. 5. The 8.5 K PL spectra of the InGaAs/InGaAsP SCMQW
structures grown at (a) 430, (b) 460, (c) 490, and (d) 5203C,
respectively.

Fig. 4 shows the peak intensity and FWHM as
a function of the growth temperature. The intensity
and FWHM are kept about the same for the
growth temperature lower than 4503C. However, as
the growth temperature is higher than 4603C, the
intensity and FWHM are drastically degraded. The
decrease in the peak intensity is as large as three-
orders of magnitude and the broadening in the
peak FWHM is as large as three-fold when the
growth temperature increases to 5203C. Fig. 5
shows the 8.5 K PL spectra of these MQW struc-
tures. Only an emission peak with its FWHM as
narrow as 18 meV can be found for the sample
grown at 4303C. However, an additional strong
emission peak appearing in lower-energy side was
found when the growth temperature is higher than
4603C. Its peak position shifts to a lower energy
with the increase of growth temperature. Such PL
features just result from the more drastic composi-
tion modulations and thickness #uctuations in the
quantum wells as the growth temperatures in-
creases.

4. Conclusions

In conclusion, we have grown a series of 0.98 lm
InGaAs/InGaAsP strain-compensation multiple

quantum well structures by gas-source molecular
beam epitaxy. The e!ects of growth temperature on
both the structural and optical properties of the
quantum well structures were investigated. It was
found that high quality of quantum well structures
can be obtained at a lower growth temperature.
A higher growth temperature caused an immiscible
growth for the InGaAsP alloy from the observation
of the transmission electron microscopy images. As
a result, the optical and structural quality of the
quantum well structure were drastically degraded.
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