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The optical and electronic properties in �In0.53Ga0.47As�1−z / �In0.52Al0.48As�z digital alloys with various com-
positions grown on InP substrates by using molecular-beam epitaxy were investigated through photolumines-
cence �PL� measurements and numerical calculations. The electronic subband energy states, the interband
transition energies, and the exciton binding energies of �In0.53Ga0.47As�1−z / �In0.52Al0.48As�z digital alloys and
corresponding In0.53Ga0.47As/ In0.52Al0.48As single quantum wells were calculated by using a finite difference
method, taking into account two band Hamiltonian system. The numerical results for interband transitions of
�In0.53Ga0.47As�1−z / �In0.52Al0.48As�z digital alloys were in reasonable agreement with the excitonic transitions
obtained from the PL measurements.
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I. INTRODUCTION

Digital alloy structures are particularly attractive because
of their potential applications in optoelectronic devices, such
as light emitters and Bragg reflector mirrors.1 In particular,
the �In0.53Ga0.47As�1−z / �In0.52Al0.48As�z digital alloys have
been very important for applications in lattice-matched mul-
tiquantum well �MQW� laser diodes,2 broadband-emission
triple-quantum-well light-emitting diodes,3 strained MQW
lasers,4,5 vertical cavity surface emitting lasers,6 and ava-
lanche photodiodes7 operating at 1.55 �m. When the relative
thicknesses of the two heterointerfaces and the compositions
of the unit quantum well structure are precisely controlled,
the digital alloy technique overcomes inherent problems
encountered in the conventional molecular beam epitaxy
�MBE�, such as the requirements for the additional source
cells and for rapid changes of the effusion cell flux and of
the cell temperature during growth interruption.2 Even
though some works concerning the growth and the
physical properties of the �AlxGa1−xAs�1 / �GaAs�m and the
�InxGa1−xAs�1−z / �InyAl1−yAs�z digital alloys have been
reported,8,9 systematic studies on the optical and the elec-
tronic properties of �In0.53Ga0.47As�1−z / �In0.52Al0.48As�z digi-
tal alloys have not yet been performed because of the deli-
cate problems encountered in the growth process.

This paper reported on the optical and the electronic
properties of lattice-matched �In0.53Ga0.47As�1−z /
�In0.52Al0.48As�z digital alloys grown by using MBE. Photo-
luminescence �PL� measurements were performed in order to
investigate the optical properties of the �In0.53Ga0.47As�1−z /
�In0.52Al0.48As�z digital alloys, and the electronic subband en-
ergies and the wave functions in the digital alloys and the
single quantum wells corresponding to each other digital al-
loy structures were calculated by using a finite difference
method and taking into account two-band Hamiltonian sys-
tems considering a conduction band and a heavy-hole band.
The interband transition energies of the �In0.53Ga0.47As�1−z /

�In0.52Al0.48As�z digital alloys at different temperatures were
compared with those of the In0.53Ga0.47As/ In0.52Al0.48As
single quantum well. Furthermore, the exciton binding ener-
gies in the �In0.53Ga0.47As�1−z / �In0.52Al0.48As�z digital alloys
were described as a function of the unit well width.

II. EXPERIMENTAL DETAILS

The several kinds of lattice-matched �In0.53Ga0.47As�1−z /
�In0.52Al0.48As�z digital alloys were grown on InP substrates
by using MBE. After the InP substrates had been cleaned
chemically, a 1000 Å thick In0.52Al0.48As cladding layer was
deposited at a growth temperature of 510 °C. Lattice-
matched �In0.53Ga0.47As�1−z / �In0.52Al0.48As�z digital alloys
with z compositions of 0.2, 0.4, 0.6, or 0.8 were grown under
the same growth conditions, keeping the period of the
�In0.53Ga0.47As�1−z / �In0.52Al0.48As�z digital alloys at between
16 and 19 Å thickness. Finally, a 250 Å thick In0.52Al0.48As
capping layer was grown on a 1000 Å thick In0.52Al0.48As
cladding layer. The concentrations of In, Ga, and Al in the
�InxGa1−xAs�1−z / �InyAl1−yAs�z digital alloys are determined
by using double-crystal x-ray diffraction measurements.
A detailed growth procedure for the digital alloy
�In0.53Ga0.47As�1−z / �In0.52Al0.48As�z was reported elsewhere.9

The growth rates of In0.53Ga0.47As and In0.52Al0.48As were
0.929 �m/h. Schematic diagrams of the structure and of the
corresponding unit structures of the digital alloy samples are
shown in Figs. 1�a� and 1�b�, respectively.

PL measurements were performed by using an 1 m mono-
chromator equipped with RCA 31034 photomultiplier tube.
The excitation source was the 514.5 nm line of an Ar+ ion
laser. The samples were mounted on a cold finger in a cry-
ostat and kept at 9 K by using a He displex system. The laser
beam was focused with a lens, and the size of the beam was
0.3 mm in diameter. The excitation power intensities were
177, 355, and 532 mW/mm2.
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III. THEORETICAL CONSIDERATION

A two-band Hamiltonian system, including the conduc-
tion band and the heavy hole band structures, is introduced to
solve the eigenvalue problem by using a finite difference
method �FDM�. The eigenvalue problem with a very large-
scale spare matrix was numerically solved by using an
Arnoldi method.10 To obtain accurate simulation results for
the interband transition energies of the �In0.53Ga0.47As�1−z /
�In0.52Al0.48As�z digital alloys, we considered the �-function
property of the �m*�z� /�z at the abrupt potential boundary
by expanding the derivative on z one more. The physical
parameters used in this study to calculate the electronic states
of the �In0.53Ga0.47As�1−z / �In0.52Al0.48As�z digital alloys are
listed in Table I. The band-gap energies of the
�In0.53Ga0.47As�1−z / �In0.52Al0.48As�z digital alloys were ob-
tained by interpolating the Lagrange polynomials and taking
into account the representative experimental data.11,12

The exciton binding energies of the �In0.53Ga0.47As�1−z /
�In0.52Al0.48As�z digital alloy structures were calculated by
using the wave functions obtained from previous results of
the eigenvalue problem on the two-band Hamiltonian sys-
tem. The total Hamiltonian �H� can be expanded to be the
sum of three terms, which is H=He+Hh+He-h. The first two
terms on the right-hand side are the Hamiltonians of the elec-
tron in the conduction band �He� and the hole in the heavy
hole band �Hh�, respectively,

He = −
�2

2me
*

�2

�z2 + VC�z�, Hh = −
�2

2mh
*

�2

�z2 + VV�z� . �1�

The third term represents the Hamiltonian of the electron-
hole interaction �He-h�, which is composed of the kinetic en-
ergy term and the Coulombic potential energy term,

He-h =
P�

2

2��

−
e2

4��r�0r
, P�

2 = − �2� �2

�x2 +
�2

�y2� , �2�

where r is the distance between the electron and the hole, ��

is the reduced mass calculated from the weighted averages of
m�e and m�h of the effective masses, �r is the weighted
average between dielectric constants. For the two-body exci-
ton wave function �=�e�ze��h�zh��r where �e and �h are
wave functions of the electron and the hole along growth
direction, respectively, and �r represents the wave function
of the electron and the hole relative motion which is a varia-
tional wave function to minimize the total energy E
= ���H��� / �� ���. Consequently, the exciton binding en-
ergy of the digital alloy structures can be written as the fol-
lowing equation:13–15
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where p�a� is the uncorrelated probability of finding the elec-
tron and hole within a distance a, and L is the thickness of
the digital alloy structure. In this approach, effective masses
and dielectric constants of the digital alloy structures are de-
termined by their average values, considering their contribu-
tions on the overall structures.

IV. RESULTS AND DISCUSSION

Figure 2 shows PL spectra for the �In0.53Ga0.47As�0.6 /
�In0.52Al0.48As�0.4 digital alloys measured at various excita-
tion power intensities. The PL spectrum shape was insensi-
tive to the excitation power intensities of the laser from
177 to 532 mW/mm2 as shown in Fig. 2, and the intensity of
PL spectrum linearly increased with increasing excitation
power intensity. The results of the PL measurements were
not significantly affected by a high carrier density in the
sample, and the PL spectra do not show any band filling
effect. Figure 3 shows PL spectra measured at 9 K for
�In0.53Ga0.47As�1−z / �In0.52Al0.48As�z digital alloys with vari-
ous z compositions. The dominant excitonic peak shifted to
the higher energy side with increasing z composition.

Figure 4 shows a convergence of the theoretical interband
transition energies of the �In0.53Ga0.47As�1−z / �In0.52Al0.48As�z

digital alloy and the In0.53Ga0.47As/ In0.52Al0.48As single
quantum well with respect to the unit mesh size in a FDM.
Stable convergences of the numerical results for the digital
alloy structures were obtained in the condition that a unit
mesh size is smaller than 0.5 Å, as shown in Fig. 4. Figure 5

FIG. 1. �a� Schematic diagram of the �In0.53Ga0.47As�1−z /
�In0.52Al0.48As�z digital alloys structures and �b� electronic struc-
tures corresponding to the conduction bands of the
�In0.53Ga0.47As�1−z / �In0.52Al0.48As�z digital alloys structures with �i�
z=0.2; In0.53Ga0.47As �15 Å� and In0.52Al0.48As �3.75 Å�, �ii� z
=0.4; In0.53Ga0.47As �9.8 Å� and In0.52Al0.48As �6.6 Å�, �iii� z=0.6;
In0.53Ga0.47As �6.6 Å� and In0.52Al0.48As �9.8 Å�, and �iv� z=0.8;
In0.53Ga0.47As �3.75 Å� and In0.52Al0.48As �15 Å�.

TABLE I. Physical parameters used in this study for the calcu-
lation of the electronic structures of the digital alloy
�In0.53Ga0.47As�1−z / �In0.52Al0.48As�z structures.

In0.53Ga0.47As In0.52Al0.48As

Effective mass
�me�

Electrons 0.041 0.075

Heavy holes 0.465 0.41

Band gap
�eV�

9 K 0.8115201 1.50702

300 K 0.75 1.45
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shows the interband transitions as a function of the z com-
position at 9 K for the �In0.53Ga0.47As�1−z / �In0.52Al0.48As�z

digital alloys with various band offsets. The deviations of the
interband transition energies dependent on various band off-
set ratios, from 0.4 to 0.8, are always below 20 meV regard-
less of the values of the band offset ratio. In this study, the
band offset ratio is always assumed to be 0.6.

The theoretical and the experimental interband transition
energies of the �In0.53Ga0.47As�1−z / �In0.52Al0.48As�z digital al-
loys at 9 and 300 K are in a good agreement with each other,
as shown in Figs. 6�a� and 6�b�, respectively. The difference
between theoretical and experimental values is at most
43 meV. Although considering uncertainty caused by inter-
diffusion effect between heterojunctions in growth, these re-

sults show our model is appropriate to describe the interband
transition between conduction band and heavy hole band in
the digital alloy structures.

Figure 7 shows a variation of the exciton binding energies
of the �In0.53Ga0.47As�1−z / �In0.52Al0.48As�z digital alloys and
the In0.53Ga0.47As/ In0.52Al0.48As single quantum well corre-
sponding to the digital alloy structures as a function of well
width. There are certain points to note about these results
that the exciton binding energies of the �In0.53Ga0.47As�1−z /
�In0.52Al0.48As�z digital alloys and the In0.53Ga0.47As/
In0.52Al0.48As single quantum well exhibit an opposite trend.

FIG. 2. Photoluminescence spectra for the �In0.53Ga0.47As�0.6 /
�In0.52Al0.48As�0.4 digital alloys measured at various excitation
power intensities.

FIG. 3. Photoluminescence spectra for the �In0.53Ga0.47As�1−z /
�In0.52Al0.48As�z digital alloys with z values of 0.2, 0.4, 0.6, or 0.8.

FIG. 4. The convergence of the theoretical interband transition
energies with respect to the unit mesh size in a finite difference
method. The solid line indicates the theoretical values for the
�In0.53Ga0.47As� / �In0.52Al0.48As� single quantum well �10 Å�. The
dashed line indicates the theoretical values for the
�In0.53Ga0.47As� / �In0.52Al0.48As� digital alloys �10 Å/10 Å�.

FIG. 5. The interband transitions as a function of the z compo-
sition at 9 K for the �In0.53Ga0.47As�1−z / �In0.52Al0.48As�z digital
alloys. The filled circles and the lines represent the experimental
data and the theoretical values for the �In0.53Ga0.47As�1−z /
�In0.52Al0.48As�z digital alloys, respectively. Each line indicates the
theoretical values obtained by using various band offset ratios, from
0.4 to 0.8.
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In the case of a single quantum well structure, as the well
width decreases, the envelope function penetration into bar-
rier remarkably increases. As a result, the effective distance
of electron and hole increases and the exciton binding energy
decreases. However, a description on a small increment of
the exciton binding energy in the �In0.53Ga0.47As�1−z /
�In0.52Al0.48As�z digital alloys is not so simple, because
digital alloy structure shows uncorrelated Coulombic inter-
action. Nevertheless, the envelope function for the
�In0.53Ga0.47As�1−z / �In0.52Al0.48As�z digital alloys with a z
value of 0.8 is more localized in the quantum well regions in
comparison with that of the digital alloy structure with a z
value of 0.2 as shown in Figs. 8�a� and 8�b�. Therefore, when
the unit well width of the digital alloy structure decreases, a
slight increase of the exciton binding energy can be ex-
plained by a local quantum confinement effect into unit well
regions of the digital alloy structure.

To compare the interband transition energies of the
In0.53Ga0.47As/ In0.52Al0.48As single quantum well structures

FIG. 6. The interband transitions as a function of the z compo-
sition at �a� 9 and �b� 300 K for the �In0.53Ga0.47As�1−z /
�In0.52Al0.48As�z digital alloys. The filled circles and the dashed line
represent the experimental data and the theoretical values for the
�In0.53Ga0.47As�1−z / �In0.52Al0.48As�z digital alloys, respectively. The
solid line indicates the theoretical values for a
In0.53Ga0.47As/ In0.52Al0.48As single quantum well.

FIG. 7. Theoretical values of the exciton binding energies for
the �In0.53Ga0.47As�1−z / �In0.52Al0.48As�z digital alloys and the
In0.53Ga0.47As/ In0.52Al0.48As single quantum well. The dashed line
represent the �In0.53Ga0.47As�1−z / �In0.52Al0.48As�z digital alloys with
z values of 0.2, 0.4, 0.6, or 0.8. The solid line indicates for a
In0.53Ga0.47As/ In0.52Al0.48As single quantum well.

FIG. 8. Envelope functions as a function of the quantum-well
width for the �In0.53Ga0.47As�1−z�In0.52Al0.48As�z digital alloys struc-
tures with a z value of �a� 0.2 and �b� 0.8. The insets indicate the
magnified envelope functions of the rectangular area.

WOO et al. PHYSICAL REVIEW B 72, 205320 �2005�

205320-4



with well widths of 3.75, 6.6, 9.8, and 15 Å, which are cor-
responding to unit structure of the �In0.53Ga0.47As�1−z /
�In0.52Al0.48As�z digital alloys with z compositions of 0.2,
0.4, 0.6, and 0.8, respectively, we calculated the transition
energies in the In0.53Ga0.47As/ In0.52Al0.48As single quantum
wells. The large difference in the interband transitions be-
tween the �In0.53Ga0.47As�0.8 / �In0.52Al0.48As�0.2 digital alloys
and the corresponding quantum well structures reflects
that the interband transitions of �In0.53Ga0.47As�1−z /
�In0.52Al0.48As�z digital alloys structures are affected by a
1000 nm bulk digital alloy structure rather than a unit of the
In0.53Ga0.47As/ In0.52Al0.48As single quantum well, as shown
in Figs. 8�a� and 8�b�. The insets in Figs. 8�a� and 8�b� give
the magnified envelope functions of �In0.53Ga0.47As�1−z /
�In0.52Al0.48As�z digital alloys with z values of 0.2 and
0.8, respectively. While the envelope functions of the
�In0.53Ga0.47As�1−z / �In0.52Al0.48As�z digital alloys at z=0.8
are strongly localized in the single quantum well regions,
those of z=0.2 show a weak interaction with the single quan-
tum well structures. When the width of the In0.52Al0.48As
barriers is smaller than that of the In0.53Ga0.47As wells, a
comparison of the single quantum well and the digital alloy
structures show that redshifts of transition energies become
dominant.

V. SUMMARY AND CONCLUSIONS

Systematic studies on the optical and the electronic sub-
band properties of �In0.53Ga0.47As�1−z / �In0.52Al0.48As�z digital
alloy structures were investigated. The interband transition
energies between conduction band and heavy hole band in
the �In0.53Ga0.47As�1−z / �In0.52Al0.48As�z digital alloys were
obtained from the PL measurements, and the results were in
reasonable agreement with those determined from the theo-
retical calculations. The simulated values of the exciton
binding energies in the �In0.53Ga0.47As�1−z / �In0.52Al0.48As�z

digital alloys were as small as below 4.5 meV, and the exci-
ton binding energy slightly increases with decreasing unit
well width of the digital alloy structure due to a local quan-
tum confinement effect into unit well regions. These results
indicate that the �In0.53Ga0.47As�1−z / �In0.52Al0.48As�z digital
alloy structures hold promise for applications in optoelec-
tronic devices utilizing interband transitions, such as
vertical-cavity surface-emitting lasers operating at 1.55 �m.
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