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Abstract

Strained InAs0.43P0.57/InP and strain-compensated InAs0.43P0.57/In0.7Ga0.3As0.43P0.57 multiple quantum well (MQW)

structures were grown by gas source molecular beam epitaxy. The observations of up to 5 satellite-diffraction peaks

from the high-resolution X-ray diffraction measurements demonstrate good crystalline quality for both structures. The

temperature dependence of the 1e–1hh transition energies, the line width of photoluminescence (PL) spectra and

emission efficiency Z of the two quantum well structures are compared by low-temperature PL measurements. The

temperature dependence of the 1e–1hh transitions of the two quantum well structures is similar to that of InAs0.43P0.57
bulk material. The thermal activation energies obtained for strain-compensated MQW are larger than those obtained

for the strained one. Consequently, the PL emission efficiency decays much slower for the strain-compensated MQW

than that for the strained one when temperature increases, indicating the superior temperature stability of luminescent

efficiency for the strain-compensated MQW. The obtained results can be used as references to the design and

fabrication of optoelectronic devices.
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1. Introduction

In last decade, InAsP/InP heterostructures have
been widely used as active layers of 1.3–1.55 mm
laser diodes [1–4]. The realization of multiple

quantum well (MQW) with strained layers im-
proves the properties of quantum well lasers [3–5].
However, the critical thickness inherent in strained
InAsP/InP MQWs limits the maximum number of
QW growths. Recently, alternated compressive/
tensile InAsP/InGaAsP MQWs have overcome
the problem associated with the relaxation of
strained layers. Meanwhile the strain-compensated
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heterostructures also offer the advantage whereby
the lineups of electron and hole bands can be
shifted by the strain, giving an added flexibility in
the design of optoelectronic devices [6–9]. How-
ever, the comparison of the difference in the
luminescent properties between strained and
strain-compensated InAsP/InGaAsP MQWs has
not been investigated. For example, how much of
quantum efficiency and of performance of strain-
compensated laser diodes can be improved com-
pared with the strained one. The underlying
physics of the difference in the luminescent
properties between strained and strain-compen-
sated InAsP/InGaAsP MQWs is still not well
studied. In this paper, samples with strained
InAsP/InP and strain-compensated InAsP/In-
GaAsP MQWs were grown by gas source mole-
cular beam epitaxy (GSMBE). Measurements of
high-resolution X-ray diffraction (HRXRD) and
low-temperature photoluminescence (PL) were
carried out. The difference of luminescent proper-
ties between strained InAsP/InP and strain-
compensated InAsP/InGaAsP MQWs are com-
pared and studied semi-quantitatively.

2. Experiments

Both strained and strain-compensated InAsP/
InGaAsP MQW structures were grown by gas
source molecular beam epitaxy (GSMBE, V80).
Ga and In vapors were obtained by heating the
crucibles, As2 and P2 were obtained by cracking
the AsH3 and PH3 gas when the gases flowed along
the cracker which was set at 1000�C. The (0 0 1)
oriented InP was used as substrates. Before the
growth of QW layers an InP buffer, about 200 nm
was firstly grown on the thermally cleaned InP
substrate. For the strained sample A, 6-pair
InAs0.43P0.57/InP MQWs with well width of 6 nm
and barrier layer of 10 nm were followed. For the
strain-compensated sample B, 6-pair InAs0.43P0.57/
In0.7Ga0.3As0.43P0.57 MQWs with well width
of 6 nm and barrier layer of 10 nm were
followed, sandwiched by two cladding layers
of In0.7Ga0.3As0.43P0.57. Finally, both samples
were covered by an InP capping layer. The
compressive strain of the well layer of InAs0.43P0.57

in sample A is 1.4%. The net strain in sample B is
�0.09% [10].
The HRXRD measurements are shown in Fig.

1. Up to 5 satellite-diffraction peaks are observed
clearly for both samples A and B. Although each
sample has only 6 QWs the diffraction intensity of
the satellite peaks are strong, which implies the
good control of growth with both the thickness
and layer compositions and the high crystalline
quality of the samples. The periods of the MQW
measured by the spacing between the satellite
peaks are 15.6 and 15.5 nm for samples A and B,
respectively. The PL measurements were taken
using a NICOLET 860 Fourier transform IR
spectrometer with a liquid nitrogen cooled InSb
detector, and the resolution was of 2 cm�1. The
514.5 nm line from an Ar+ laser was used for cw
excitation, and the excitation power was varied
from 5 to 150mW. The two samples were
simultaneously mounted on the cold finger of the
APD cryogenics system, and the temperature
range was varied from 8 to 300K.

3. Results and discussions

The PL spectra measured from the strained and
strain-compensated samples are dominated by the
recombination between n ¼ 1 electron sub-band
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Fig. 1. High-resolution XRD profiles of samples A and B. Up

to 5 satellite-diffraction peaks are observed, indicating the good

period reproducibility of the heterostructures and the high

crystalline quality.
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and n ¼ 1 heavy-hole sub-band (1e–1hh), either at
low temperature or at room temperature, which
are shown in Fig. 2. By the theoretical approxima-
tion of the transfer-matrix algorithm based on the
Luttinger-Kohn Hamiltonian [11,12], the 1e–1hh
transition energies are calculated to be 0.987 eV for
sample A and 0.933 eV for sample B at room
temperature. The calculated results are in good
agreement with the measured PL peak energies.
At low temperature, the dependence of the

integrated PL intensity (IPL) of both samples on
the excitation intensity (Iex) has the form of
IpLpIaex with a ¼ 1:070:1(Tp100K) for sample
A and a ¼ 1:0070:03 (Tp150K) for sample B,
which reveals the excitonic radiative recombina-
tion being the prevailing recombination process in
the low-temperature range [13].
Fig. 3 shows the variation of PL peak energy

versus temperature. The curves (a) and (b) are the
experimental results of the samples A and B,
respectively. The curve (c) is obtained by Varshni
Model [14] for the InAsP bulk material:

EgInAsxP1�xðT ; xÞ ¼ EgInAs0 �
aInAsT2

bInAs þ T

� �
x

þ EgInP0 �
aInPT2

bInP þ T

� �
ð1� xÞ

þ Cgxð1� xÞ; ð1Þ

where EgInAs0 ¼ 0:420 eV and EgInP0 ¼ 1:421 eV are
InAs, InP band gap at lattice temperature of

T ¼ 0K. aInAs; bInAs are InAs temperature coeffi-
cients, 2.5� 10�4 eV/K and 75K, respectively
[15,16]. aInP; bInP are InP temperature coefficients,
3.63� 10�4 eV/K and 162K, respectively [17]. The
curve bowing parameter Cg is �0.32 eV [18].
Comparing the curves (a)–(c), we can see that the
temperature dependences of sub-band energy
levels for both samples have variation similar to
the band gap of bulk InAs0.43P0.57. The blue shifts
of curves (a) and (b) relative to curve (c) mainly
originate from the quantum size effect of the
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Fig. 2. PL spectra of samples A and B at the temperatures of 8.5, 77, 100, 150, 200, and 300K.
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Fig. 3. Temperature dependence of the optical transition

energy (1e–1hh). Curves (a) and (b) are the experiment results

for sample A (strained InAs0.43P0.57/InP MQW) and sample B

(strain-compensated InAs0.43P0.57/In0.7Ga0.3As0.43P.057 MQW).

Curve (c) is calculation of band gap for bulk InAs0.43P0.57 by

the Varshni Model.
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quantum wells. The small difference of the optical
transition energy between samples A and B results
from different strains involved in the two samples.
If we move curves (a) and (b) along the vertical
coordinate and make it overlap curve (c) in the
high temperature region, then, the measured peak
energies of samples A and B deviate from curve (c)
in the low-temperature region, 2.6meV for sample
A, and 7.7meV for sample B. The energy shift may
result from the localization of excitons in the
potential well induced by the defects at hetero-
interface and alloy composition fluctuation.
The temperature dependence of the full-width at

half-maximum (FWHM) of PL spectra is a widely
used method to study luminescent properties. As is
well known, the measured exciton line shape is a
convolution of an inhomogeneous factor and a
temperature-dependent homogeneous factor. The
inhomogeneous line width in MQW is mainly due
to well width fluctuations, alloy disorder, composi-
tional fluctuation in wells and barriers, and the
hetero-interface roughness [19]. The homogeneous
part can be attributed to the scattering between
phonons and excitons, the carrier life broadening
[19], and the interaction of carriers and excitons [20].
The contribution of the last two factors is negligible
because the carrier life broadening is estimated to be

0.01meV for InGaAsP/InGaAsP quantum well [19],
and broadening due to the interaction of carriers
and excitons is approximately 0.12meV for GaAs
quantum well (To300K, and carrier density
n0E1014 cm�3) [20]. So, the homogeneous part is
mainly determined by exciton scattering with
acoustic and LO phonons. The temperature depen-
dence of line width factor can be described by the
exciton–phonon coupling model [20]

G ¼ Gi þ GaT þ
Gb

expðELO=kBTÞ � 1
; ð2Þ

where Gi is inhomogeneous part, and Ga;Gb

represent the corresponding coupling strengths with
acoustic and longitudinal optical (LO) phonon,
respectively. ELO is the energy of LO phonon, and
kB is the Boltzmann constant. Experimental data
and the fitted results are shown in Fig. 4. The solid
circles are PL line width data of samples A and B,
and corresponding solid lines are the results fitted by
Eq. (2). Comparing the measured PL line width and
the fitting curves, we can see that the model of
exciton scattering with acoustic and LO phonons
well describes the thermal dynamics involved in the
ternary III–V compounds that have two V groups
(As and P). However, the measured line width data
at 300K for the large-strained sample A deviates
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Fig. 4. Temperature dependence of the line width of PL spectra. The solid circles are the experiment data and the solid curves are the

results fitted by Eq. (2): (a) for sample A and (b) for sample B.
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from the exponential rule and become narrow, while
the PL line width for sample B increases exponen-
tially with the entire measured temperature range.
The measured results of another large-strained
MQW sample (6-pair InAs0.43P0.57(4.8 nm)/
InP(7.8 nm)) also shows similar characteristics as
sample A. To describe the phonon behavior at high
temperature in the MQWs that have large strains, a
more accurate model is needed because strain
relaxation may occur at high temperature.
Table 1 lists the parameters derived by applying

Eq. (2) to the line width data using the least-square
fitting procedure. The fitted values of inhomoge-
neous part ðGiÞ for samples A and B are small and
approximately equal, which reveal that the two
samples are good epitaxied by the same GSMBE.
The acoustic phonon scattering contributions to
homogeneous broadening are also almost the same

for the two structures. Furthermore, it is found
that the parameters listed in Table 1 have the
relation ðGbÞA=ðGbÞB ¼ ðELOÞ

1=2
A =ðELOÞ

1=2
B ; where

subscripts at right corner represent samples A
and B, respectively. Under the assumption that the
high frequency and static frequency dielectric
constants, the effective electron and hole masses
are the same for the quantum wells in both
samples, and the relation obtained has the same
form as that deduced from the theory of exciton–
longitudinal phonon coupling strength [21]. On the
other hand, Gb for sample A is bigger than that for
sample B. This may be attributed to the fact that
LO phonon is localized in wells due to the different
LO phonon dispersion relations of well layer and
barrier layer materials [22]. The larger strain
involved in the well layers of sample A is easier
to relax at the interfaces of QWs. The breakdown
of bonding at the interfaces may render the
stronger localization of LO phonon. Thus, the
fitted strength of excitons scattering with LO
phonon is bigger in strained sample A than
strain-compensated sample B.
Fig. 5 shows PL emission efficiency Z as the

function of temperature. Here the integrated
intensity of PL spectra is normalized, i.e. the
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Table 1

Parameters for fitting the temperature dependence of PL

spectra line width

Sample ELOðmeVÞ GiðmeVÞ GaðmeV=KÞ GbðmeVÞ

A 36.1 7.22 0.030 17.1

B 33.5 9.16 0.032 16.5
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Fig. 5. Inverse temperature dependence of PL spectra emission efficiency Z: The solid circles are normalized experiment data, and the

solid curves are the results fitted by applying Eq. (3) to the measured data with a least-square fitting procedure. When temperature rises

up to 50K, the emission efficiency reduces to 90% for sample A, but 120K for sample B.
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integrated intensity of PL spectra at other tem-
perature is divided by the maximum value at 8.5K.
The solid circles in Fig. 5(a) and (b) represent the
normalized measured data of samples A and B,
respectively. The behaviors of emission efficiency
versus temperature can be characterized by two
temperature ranges both of which obey Arrhenius
dependence. They correspond to two thermally
activated nonradiative recombination mechanisms
and processes. The temperature dependence of PL
emission efficiency ZðTÞ can be described by [23]

ZðTÞ ¼ 1=½1þ C1 expð�E1=kBTÞ

þ C2 expð�E2=kBTÞ	; ð3Þ

where C1; and C2 are the ratios of thermally
activated nonradiative recombination to excitonic
radiative recombination probabilities for the two
loss mechanisms. E1; E2 are corresponding thermal
activation energies and kB is the Boltzmann
constant. Table 2 lists the parameters derived by
applying Eq. (3) to the normalized data using a
least-square fitting procedure. The PL emission
efficiency in low-temperature range is mainly
determined by C1exp(�E1/kBT). In this tempera-
ture range, the thermal activation energy
(E1 ¼ 12:3meV) for sample A is much smaller
than that for sample B (E1 ¼ 31:6meV). The
smaller thermal activation energy means that
thermally activated nonradiative recombination
can easily occur in sample A. As a result, Z
decreases to 90% when temperature rises up to
50K for sample A, while it is 120K for sample B.
Thermally activated nonradiative recombina-

tion in high-temperature range results from the
thermal activation of carriers related to the
transitions of high energy sub-bands [24], as it
can be seen from the PL line shape changes versus
temperature in Fig. 2. As temperature increases,
PL spectra change from a symmetrical line shape
to an asymmetrical line one, indicating the

enhancement of electronic transitions of higher
energy sub-bands due to thermal activation.
It is interesting to note from Fig. 5 that the PL

emission efficiency only decays 4 times when
temperature rises from 8 to 300K for the strain-
compensated sample B, while for the strained
sample A it decays 10 times. The strain relaxation
at high temperature for the strained MQW sample
significantly degrades the luminescent efficiency.
The above results indicate that strain-compensated
InAsP/InGaAsP MQWs have better luminescent
properties and weaker thermally activated non-
radiative recombination processes involved than
strained InAsP/InP MQWs.

4. Conclusions

Strained InAs0.43P0.57/InP MQW and strain-com-
pensated InAs0.43P0.57/In0.7Ga0.3As0.43P0.57 MQW
structures were grown by GSMBE. By low-tempera-
ture PL measurements, we have investigated the
differences of the PL spectra of the two samples. The
temperature dependence of the 1e–1hh transitions of
the two quantum well structures is similar to that of
corresponding bulk material. The temperature de-
pendence of PL spectra line width and the characters
of exciton–longitudinal phonon coupling strength of
the two samples are studied and explained semi-
quantitatively. The thermal activation energies in
two temperature ranges are larger for strain-
compensated MQW than for the strained one. As
temperature increases the PL emission efficiency of
both samples decreases. However, the PL emission
efficiency of the strain-compensated MQW decays
much slower than that of strained MQW. Thus the
good temperature stability of luminescence efficiency
in the strain-compensated sample is realized. The
results obtained by PL studies can be applied to the
design and fabrication of optoelectronic devices
containing strained MQWs.
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