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Abstract

We have grown long-period AlInP/InGaAsP strain-compensated multiple-layer heterostructures (SCMLHs) and

SCMLHs combined with InAsP/InGaAsP strain-compensated multiple quantum wells (SC-MQWs) by gas source

molecular beam epitaxy. Etch pit density (EPD) for both structures are in magnitude of �105cm�2. The increment of

EPD with increase of period number is small, indicating low sensitivity of the dislocation density to the increase of

period number of SCMLHs. High resolution X-ray diffraction and photoluminescence (PL) characterizations of the

two structures demonstrate that crystal quality remains high due to strain compensation. Diffusion and segregation of

indium were clearly observed in both InGaAsP and AlInP layers by secondary ion mass spectroscopy. As the thickness

of epilayers increases In content increases, while Al decreases. PL for the structure of 20-pair AlInP/InGaAsP

SCMLHs+InAsP/InGaAsP SC-MQWs shows strong luminescence and narrow line width. The strain-compensated

technique can effectively suppress the formation of misfit dislocations in AlInP/InGaAsP SCMLHs although the

thicknesses of epilayers are above the critical thickness of consisting materials, which may render its potential

application in optoelectronic devices.
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1. Introduction

Long-wavelength (1.3–1.55 mm) vertical-cavity
surface-emitting lasers (LW-VCSELs) are promis-
ing for application in optoelectronic devices.
Compared with edge-emitting lasers, VCSELs
d.
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exhibit advantages, such as low threshold current,
single mode operation, high coupling efficiencies
into fibers, and high-speed modulation. Up to date
short wavelength VCSELs, such as 850 and
980 nm VCSELs have been commercialized [1].
However, it is still a challenge to realize LW-
VCSELs because of the absence of high refractive
index contrast semiconductor material system for
distributed Bragg reflectors (DBRs) that are lattice
matched to InP substrate [2]. In order to figure out
this problem, various technologies have been tried,
such as wafer bonding of GaAs-grown DBRs onto
InP-grown active layers, dielectric mirrors, InP/
air-gap DBRs, etc. [3,4]. However, the bonding
technology is not easily compatible with full-wafer
processing and testing capabilities, which consti-
tute the major advantages of the VCSEL geometry
for industrial fabrication [4]. The dielectric mirrors
cannot be electrically conductive and inhibit
homogeneous current injection into the active
region [5]. The drawback of InP/air-gap DBRs is
a complicated fabrication process and of low
thermal conductivity [6].

In this paper, we proposed and studied AlInP/
InGaAsP strain-compensated multiple-layer het-
erostructures (SCMLHs) that can be directly
grown on InP substrate. A potential application
of SCMLHs is to construct strain-compensated
distributed Bragg reflector (SC-DBR) by using
long-period (l=4) SCMLHs. Strain compensation
growth technique that decreases net strain in
heterostructures by alternatively growing compres-
sive- and tensile-strain layers, has been successfully
employed in the growth of multiple quantum wells
(MQWs) [7–9]. In the AlInP/InGaAsP SCMLHs,
InGaAsP layer has compressive strain, while
AlInP layer has tensile strain. The refractive index
of AlInP is smaller than of InP, while the refractive
index of compressively strained InGaAsP can be
higher than the lattice matched InGaAsP by
adjusting the compositions of indium and gallium
in the InGaAsP layer. Thus, these materials
combination has a larger refractive index contrast
than that of the conventional lattice-matched InP/
InGaAsP or InAlAs/InGaAlAs material systems
(Dno0:2). A concern of applying the AlInP/
InGaAsP SCMLHs to the SC-DBR is the pre-
sumable formation of dislocations when the
thicknesses of consisting layers are larger than
their critical thickness due to the lattice mismatch
to InP substrate because dislocations will degrade
the optical performances of DBR and even
deteriorate active region of devices. It is expected
that strain compensation should reduce the density
of dislocations in the long-period AlInP/InGaAsP
SCMLHs. In this work, we grew long-period (l=4)
AlInP/InGaAsP SCMLHsP by gas source mole-
cular beam epitaxy (GSMBE). The microstructur-
al and luminescent properties of the structures are
characterized by etch pit density (EPD) observa-
tion, secondary ion mass spectroscopy (SIMS), X-
ray diffraction (XRD), and photoluminescence
(PL).
2. Experimental procedures

Strain-compensated AlInP/InGaAsP SCMLHs
and InAsP/InGaAsP strain-compensated multiple
quantum wells (SC-MQWs) were grown by
Thermal V90 GSMBE system. The indium and
gallium vaporized from thermal cell, and the
aluminum vaporized from K-cell. As2 and P2 were
obtained by cracking the AsH3 and PH3 gas when
the gases flowed along a cracker, which was set at
1040 1C. The n-type dopant was silicon (Si) effused
from a high-temperature effusion cell. The flux of
group III elemental source was measured by an ion
gauge to adjust the composition of In, Ga, Al in
epitaxial layers. The flux of As2 and P2 are
controlled and adjusted by the pressure of AsH3

and PH3.
Firstly, a 10-priod AlInP/InGaAsP SCMLHs

doped with Si (ne ¼ 2:5� 1018 cm�3) was grown at
510 1C. The growth rate was 3.0 and 3.0 Å/s for
InGaAsP and AlInP, respectively. The thickness of
AlInP layer and InGaAsP layer are 106.0 and
97.0 nm, respectively. The lattice mismatch (Da=a)
are 0.65% and �0.39% for compressively strained
InGaAsP layer and for tensile-strained AlInP
layer, respectively. In order to realize sharp inter-
face and avoid the As2 diffusion into AlInP layer,
a schematic growth sequence at the interface of
AlInP/InGaAsP SCMLHs is shown in Fig. 1.
After the growth of 10-period SCMLHs and
optimization of growth parameters, 20-pair
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Fig. 1. Schematic illustration of growth sequence at the

interface of AlInP/InGaAsP. The pause time (t1) is 20 s. The

interruption time (t2) under PH3, AsH3 before InGaAsP layer

growth and under AsH3 before AlInP layer growth is 5 s.
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Fig. 2. Schematic illustration of AlInP/InGaAsP SCMLHs

structure covered with InAsP/InGaAsP SC-MQWs.
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AlInP/InGaAsP SCMLHs covered with 3-period
InAsP/InGaAsP strain-compensated quantum
wells was grown, which is schematically shown in
Fig. 2. The structure started with a 250 nm thick n-
type InP buffer layer, followed by 20-pair AlInP
(106.0 nm) /InGaAsP(97.0 nm) layer, a 65.5 nm
thick undoped InP spacer layer, 3-period undoped
InGaAsP(10 nm)/InAsP (9.5 nm) strain-compen-
sated quantum wells . Then the structure ends
with a 65.5 nm thick undoped InP cap layer.
The growth temperature is 510 1C for SCMLHs
and 485 1C for SC-MQWs. All materials were
grown on n-type InP(1 0 0) substrates with
ne ¼ 1�3� 1018 cm�3.

The etch pit observation is a convenient and
effective method to obtain the density of the
dislocations because there is a one-to-one corre-
spondence between the etch pit and dislocations
[10]. The Huber etchant (2H3PO4:1HBr) was used
to produce the etch pit on the surface of different
structures [11]. Firstly, the wafers were cleaned by
isopropanol, acetone, and ethanol sequentially in
ultrasonic bath, rinsed by deionized (DI) water,
and dried with N2. Then the wafers were etched for
3min in 2H3PO4:1HBr solution at 20 1C. A
Normaski optical microscope was used to observe
the etch pits. The dislocation density was char-
acterized by EPD. The vertical composition
diffusion was characterized by SIMS. A Philips
MRD high-resolution X-ray diffractometer
(HRXRD) employing Cu-Ka radiation monochro-
matized by a Ge (2 2 0) monochromator was used
to record rocking curves of the (0 0 4) reflections
and reciprocal space map close to (0 0 4) interface
using triple-axis mode. Room temperature PL was
carried out to characterize the SC-MQWs on the
SCMLHs structure.
3. Results and discussions

The critical thickness for a strained epilayer was
defined by Matthews’ and Blakeslee’s theory
[12,13]. The critical thickness for InGaAsP layer
with 0.66% mismatch to InP is 49 nm and for
AlInP layer with �0.39% mismatch to InP is
89 nm. Actually, the experimentally measured
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critical thickness is always larger than the calcu-
lated one by this model, which has been reported
in several papers [14,15]. Although the thicknesses
of the consisting layer of AlInP/InGaAsP
SCMLHs are much larger than the critical
thickness, it can be expected that the strain
relaxation can be partly suppressed and the density
of dislocation generated in the SCMLH can be low
down by introduction of strain compensation.
Accordingly, the strain-compensated technique
was introduced to increase the number of periods
in SCMLHs by alternative growth of InGaAsP
and AlInP epilayers.

The etch pit patterns of InP substrate, InGaAsP
single layer (1200 nm), 10-pair AlInP/InGaAsP
SCMLHs (2030 nm), and 20-pair SCMLHs+SC-
MQWs (4259.5 nm) are shown in Fig. 3. Fig. 3(a)
is the etch pit pattern of InP substrate correspond-
ing to EPD at the magnitude of 5.8� 104 cm�2.
Although the EPD of InGaAsP layer is about
Fig. 3. Etch pit patterns. (a) Etch pits on etched surface of InP substra

layer. (c) Etch pit on etched surface of 10-pair AlInP/InGaAsP SCM

surface 20-pair AlInP/InGaAsP SCMLHs surface covered with SC-M
1.34� 105 cm�2, high-density parallel cracking
lines are clearly seen in Fig. 3(b). This can be
attributed to the full strain relaxation of InGaAsP
layer, which is much larger than the critical
thickness for InGaAsP/InP heterostructure.
Fig. 3(c) and (d) show that the EPD of 10-pair
AlInP/InGaAsP SCMLHs is 3.0� 105 cm�2 and
the EPD of 20-pair AlInP/InGaAsP SCMLHs+I-
nAsP/InGaAsP SC-MQWs is 3.7� 105 cm�2. By
comparing Fig. 3(b) and (c), it is seen that
although the EPD in the 10-pair SCMLHs is
higher than that observed in single InGaAsP layer,
the parallel cracking lines that are obviously
observed in single InGaAsP layer are not present
in the SCMLHs any more, indicating higher
crystal quality of the 10-pair SCMLHs. This
observation is in consistent with the following
HRXRD measurement. Although the total thick-
ness of 20-pair SCMLHs is double of the 10-pair
SCMLHs, EPD number almost keeps constant.
te. (b) Etch pits on etched surface of InGaAsP (1200nm) single

LHs. The top layer is InGaAsP layer. (d) Etch pit on etched

QWs.
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Fig. 4 shows the secondary ion mass spectro-
scopy (SIMS) result of 10-pair AlInP/InGaAsP
SCMLHs. Diffusion and segregation of indium
were clearly observed in both InGaAsP and AlInP
layers. The content of indium in SCMLHs
gradually increased with the increase of epilayer
thickness. On the contrary, the content of alumi-
num decreased with the increase of epilayer
thickness. The different diffusion behavior of In
and Al agrees well with Mozume’s results [16].
Meanwhile, due to the longer duration at high
growth temperature of 510 1C composition inter-
diffusion in bottom region is greater than that in
the top region of the SCMLHs. Correspondingly,
the interfaces close to surface is sharper than the
interfaces close to substrate. From the SIMS
results it is seen that the lower growth temperature
is beneficial to the suppression of indium diffusion
and segregation.

Fig. 5 shows the (0 0 4) diffraction rocking
curves of the two SCMLHs. In Fig. 5(a), the
envelope at the left of substrate peak is the
diffraction of InGaAsP layer, and the right
envelope displays diffraction of AlInP layer. The
presence of a large number of satellite peaks
proves the high crystalline quality of the 10-pair
SCMLHs. The measured curve (i) and simulated
curve (ii) are in good agreement, which is
consistent with the observation of the relatively
low dislocation density in the 10-pair metamorphic
AlInP/InGaAsP SCMLHs. By comparison with
the simulated curve, the satellite peaks of experi-
mental curve are broadened and the peak intensity
is lowered. These arise from the imperfections in
SCMLHs, such as period fluctuation, composition
diffusion that is observed in SIMS results, and the
formation of misfit dislocations (MD) due to
partly relaxation of strain [17]. From Fig. 5(a), it
is difficult to separate the contribution of the
rocking curve broadening from period fluctuation,
MD, and element diffusion. To find out which
component is main factor to the imperfection in
the SCMLHs, period fluctuation, and MD were
characterized using reciprocal space mapping
which will be discussed later. Fig. 5(b) shows
the (0 0 4) diffraction rocking curve of 20-pair
AlInP/InGaAsP SCMLHs+InAsP/InGaAsP SC-
MQWs. The main peak positions of experimental
curve and simulated one are in very good
agreement. But the satellite peaks are a little
broadening and peak numbers were decreased by
comparison with 10-pair SCMLHs. These may
arise from period fluctuations, composition diffu-
sion, and interface roughness by contrast to 10-
pair SCMLHs [18]. So the crystal quality lowered
and more misfit dislocations generated with the
increase of period number. However, similar to the
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Fig. 6. Reciprocal space maps (0 0 4) of 10-pair AlInP/InGaAsP SCMLHs (a) and 20-pair AlInP/InGaAsP SCMLHs+InAsP/

InGaAsP SC-MQWs (b) in which the reciprocal lattice points spread wider along O/2y than O-direction, indicating that the MD of 20-

pair SC- SCMLHs is higher than that of 10-pair SCMLHs.
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result of EPD method, HRXRD demonstrates the
crystal quality does not degrade significantly.

Fig. 6 shows the reciprocal space maps (RSPs) of
the 10-pair SCMLHs and the 20-pair AlInP/
InGaAsP SCMLHs+InAsP/InGaAsP SC-MQWs.
In Fig. 6(a) the diffuse scattering can be seen
clearly. It is attributed to the existence of disloca-
tion and rough interface resulted from In diffusion
at the AlInP/InGaAsP heterointerface [18–20].
The reciprocal space points have a little broad-
ening along o-axis, and the average full-width
at half-maximum (FWHM) of RSPs is 31 s in
o-direction. It is due to the presence of MD in the
SCMLHs and the dislocations network leading to
mosaic blocks. Accordingly, different orientations
of mosaic blocks caused the broadening along
o-direction, which is also called mosaic spread.
Along o/2y-direction the average FWHM of
RSPs is very small (�16 s), indicating negligi-
ble deviation of SCMLHs period from the
designed values. These results indicate that the
peak broadening in Fig. 5 is due to the forma-
tion of MD, but not the period deviations of
SCMLHs.

It can be seen that the RSPs quality of the
structure shown in Fig. 6(b) slightly degrades
compared with 10-pair SCMLHs in Fig. 6(a). The
RSPs are slightly distorted, the number decreased,
and the intensity of MQWs peaks is weak. An
average FWHM (68 s) of RSP along o-direction is
related to the relatively higher dislocation density
and larger mosaic spread by contrast with 10-pair
SCMLHs. Again, the average FWHM (22.5 s)
along o/2y-direction is larger than that of 10-pair
SCMLHs as well. It can be expected that the
period fluctuation increases with the number
increase of epilayer pairs. However, from the
result of average FWHM (22.5 s) along o/2y-
direction, it can be concluded that the period
fluctuation is not significant and the effect of
period fluctuation on peak broadening along o/2y
in Fig. 5 is negligible by comparison to the effect of
interface component diffusion and MD.

Although strain-compensated technique has
been employed, the densities of MD are in the
order of �105 cm�2. Moreover, the degree of
relaxation will be enhanced with the increase of
epilayer periods. According to the reported stu-
dies, the tensile-strain epilayers have lower quality
than compressive strain epilayers. Tensile-strained
films tend more to form faceted growth, surface
composition modulations, and rough interface by
comparison to compressive strain films [21,22].
For the strain-compensated AlInP/InGaAsP
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SCMLHs the most important impact on its quality
is the dislocation density and interface roughness.

To evaluate the influence of strain relaxation on
luminescence, room temperature photolumines-
cence (RTPL) measurement for SCMLHs+
3� InAsP/InGaAsP SC-MQWs has been carried
out. Fig. 7 shows the RTPL for structures of
20-pair AlInP/InGaAsP SCMLHs+3� InAsP/
InGaAsP SC-MQWs and 3� InAsP/InGaAsP
SC-MQWs which was directly grown on InP
substrate. The peak positions of the two structures
are at 1297 and 1309 nm, respectively. The PL
intensity of the former structure is third of the
latter. However, the FWHM of PL peak of InAsP/
InGaAsP SC-MQWs deposited on 20-pair AlInP/
InGaAsP SCMLHs is 28.1 nm. It is 1.2 nm
narrower than the directly grown 3� InAsP/
InGaAsP SC-MQWs which has the FWHM of
29.3 nm. Comparing with Lei’s experiments [23],
the narrow peaks prove the good quality of both
samples. However, the lower PL intensity and
narrower FWHM measured from the sample of
20-pair AlInP/InGaAsP SCMLHs+3� InAsP/In-
GaAsP SC-MQWs seems tergiversating. This
phenomenon can be explained by optical cavity
filtering effect on the measured PL. The 20-pair
AlInP/InGaAsP SCMLHs forms bottom cavity
mirror and the surface of InP cap layer forms top
mirror (with reflectivity of �27%). The modula-
tion of PL by the optical cavity can be seen from
the appearance of shoulder at about 1260 nm.
Therefore, the observed PL intensity is lowered by
the cavity filtering effect. It can be concluded that
the thread dislocations generated from SCMLHs
and penetrating into SC-MQWs is lower, other-
wise the PL intensity of SC-MQWs grown on the
20-pair AlInP/InGaAsP SCMLHs will deteriorate
significantly.
4. Summary

In summary, we have grown 10-period AlInP/
InGaAsP SCMLHs and 20-pair AlInP/InGaAsP
SCMLHs+InAsP/InGaAsP SC-MQWs by
GSMBE method using growth interrupt techni-
que. EPD for both structures are of magnitude
�105 cm�2. The increment of EPD with the
increase of period number is small. Thus, the
dislocation density is not sensitive to the increase
of period number of SCMLHs. Both HRXRD and
PL characterizations of the structures demonstrate
that crystal quality keeps high due to strain
compensation. Diffusion and segregation of in-
dium were observed in both InGaAsP and AlInP
layers by the SIMS. The different diffusion
behavior of In and Al are also observed. RTPL
for the structure of 20-pair AlInP/InGaAsP
SCMLHs+InAsP/InGaAsP SC-MQWs still de-
monstrates strong luminescence and narrow line
width. The strain-compensated growth technique
can effectively suppress the formation of MD and
cracking lines in AlInP/InGaAsP SCMLHs
although the thicknesses of epilayers are above
each critical thickness, which may render its
potential application in optoelectronic devices.
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