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We investigate experimentally and theoretically the band structure of the (In0.53Ga0.47As)1−z

(In0.52Al0.48As)z digital alloy grown by using molecular beam epitaxy as a function of z, where
z is defined by the thickness fraction of the InGaAs and the InAlAs layers lattice-matched to
InP. To calculate the band structures of the InGaAs/InAlAs digital alloy, we used the 4 × 4 k·p
method; then, we compared these band structures with the photoluminescence experimental results.
These experimental and theoretical results show that the InGaAs/InAlAs digital alloy not only can
contribute to the method of band-gap engineering by using various types of thickness combinations
but also can cover the wavelength gap of 1.2 μm (1.1 μm (GaAs) < λ < 1.3 μm (InP)), that only
the quantum dot can cover. We also propose a quantum-well structure that is able to cover the
wavelength gap.
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I. INTRODUCTION

The digital-alloy technique is emerging as a solution
for the growth of ternary or quaternary materials of vari-
ous compositions because it has an advantage of reducing
the growth complexity associated with quaternary ma-
terials, such as rigorous attention to growth interruption
and to the change of source cell temperature, as well as
the additional source cell equipment, that is regarded by
conventional molecular beam epitaxy (MBE) [1]. In ad-
dition, the digital-alloy technique has been used in AlIn-
GaN alloys to increase indium incorporation [2]. The
digital-alloy technique is used for growing short-period
superlattices (SPSs) with periods of a few monolayers
(MLs) of binary or ternary layers by controlling the duty
cycle of the constituents during MBE. Since the digital-
alloy technique was demonstrated for a laser diode (LD)
for the first time to grow an InGaAs asymmetric tri-
angular quantum-well (QW) LD structure [3], Several
studies have adapted SPSs grown by using the digital al-
loy technique to multi-quantum-well (MQW) LDs [4–9].
Recently, an InGaAs/InAlGaAs triangular digital-alloy
QW laser structure with an emission wavelength of 2
μm was demonstrated [10–12]. In addition, the concept
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of a digital alloy has been expanded to photonics and to
photonic crystal as well [13]. Several theoretical studies
on the optical properties of the digital-alloy InGaAlAs
structure have been performed. Its optical properties
have been explained by the energy levels of the electrons
and the holes confined by an effective barrier made by
using an InGaAs/InAsAs digital alloy [1,14].

In this work, to profoundly understand the optical
properties of the digital alloy (InGaAs)1−z(InAlAs)z and
the band structure with respect to the composition, z,
we theoretically investigate the structure of the digi-
tal alloy (InGaAs)1−z(InAlAs)z by using the 4 × 4 k·p
method, and we compared these results with the exper-
imental data in [1]. We also propose a digital-alloy In-
GaAs/InAlAs QW structure for a LD covering 1.2 μm
of the wavelength gap which only the quantum dot can
cover.

II. EXPERIMENT AND THEORETICAL
CONSIDERATION

Figure 1 shows a schematic energy-band diagram
for the InGaAs/InAlAs digital alloy we investigate,
which consists of many pairs of In0.53Ga0.47As and
In0.52Al0.48As layers lattice-matched to InP. The In-
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Table 1. Parameter of InGaAs/InAlAs SPSs for the com-
position (z) of (InGaAs)1−z(InAlAs)z and the band-gaps
(Eg) measured at 300 K and 9 K [1].

Composition
Thickness of Thickness of

Eg (eV) Eg (eV)

(z)
In0.53Ga0.47As In0.52Al0.48As

@ 9 K @ 300 K
(Å) (Å)

0.2 15 3.75 0.95 0.88

0.4 9.8 6.6 1.10 1.00

0.6 6.6 9.8 1.23 1.19

0.8 3.75 15 1.39 1.34

Fig. 1. Schematic illustration of the InGaAs/InAlAs
digital alloy lattice-matched to InP. The bandgap can be
controlled by the thickness of InGaAs/InAlAs digital-alloy
pair. In Table 1, the composition and the corresponding In-
GaAs/InAlAs digital-alloy pairs are summarized with the op-
tical properties. The total thickness is fixed at 200 nm, and
the quantum state is not affected by the outer InAlAs barrier.

GaAs/InAlAs layers are grown by using a digital-alloy
technique at a temperature of 510 ◦C in a VG 80H-10K
MBE system equipped with compound (GaAs and GaP)
decomposition sources for arsenic and phosphorus, re-
spectively. As shown in Fig. 1, the InGaAs/InAlAs dig-
ital alloy has a thickness of 200 nm and is surrounded
by InAlAs outer barriers. The composition z in the
digital-alloy (InGaAs)1−z(InAlAs)z is defined by the ra-
tio of the thickness of InGaAs to that of InAlAs, and
these thicknesses summarized in the Table 1. For exam-
ple, in the case of z = 0.2, the (InGaAs)0.8(InAlAs)0.2

digital alloy consists of repeated deposition of 1.5-nm-
thick InGaAs layers and of 0.375-nm-thick InAlAs lay-
ers, with a thickness ratio of 0.8:0.2 (= 1.5/(1.5 +
0.375): 0.375/(1.5 + 0.375)). We deposit repeatedly the
(InGaAs)0.8(InAlAs)0.2 digital alloy up to a thickness of
200 nm; therefore, the digital alloy consists of 107 pairs
of InGaAs/InAlAs SPSs. In the cases of z = 0.4, 0.6,
and 0.8, the InGaAs/InAlAs digital alloys consist of 122,
122 and 107 pairs of InGaAs/InAlAs SPSs, respectively.
This thickness could be enough to ignore the electron
confinement effect due to the InAlAs outer barrier.

Fig. 2. (Color online) (a) Band-gap energy measured by
using PL at room temperature and (b) PL spectra at low
temperature for the InGaAs/InAlAs digital alloy.

Figure 2 shows (a) the band-gap energy measured by
using the photoluminescence (PL) peak at 300 K and
(b) the 9-K PL spectra of InGaAs/InAlAs digital alloy
for z = 0.2, 0.4, 0.6 and 0.8. In Fig. 2(b), the small
signals around 0.87 um come from the InP substrate.
The band-gap energy Eg(z) is observed to vary linearly
with z in the range of z = 0.2 to 0.8. The linewidths of
the InGaAs/InAlAs digital alloy are 10 ∼ 15 meV, which
are comparable to those of the InGaAlAs analog alloy.

We used the k·p method within the envelope-function
approximation (EFA) to calculate the band structure
E(k) of the InGaAs/InAlAs digital alloy with respect to
the composition of z by using the finite element method
(FEM). The corresponding band-gap energy and wave-
function of the InGaAs/InAlAs digital alloy near the
Brillouin zone are also calculated [15]. The total Hamil-
tonian is H = He + Hh, and here we ignore the electron-
hole coupling, He−h, due to the high energy-difference
between the conduction and the valence bands and the
coupling effect between the valence band and the spin-
orbit split-off (SO), Δ0, due to a high energy-separation
between them. The coupling effect among two valence
bands, heavy hole (HH) and light hole (LH), was consid-
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Table 2. Parameters of the InGaAs and InAlAs layers lattice matched to InP.

Parameters Symbol (Unit) In0.53Ga0.47As In0.52Al0.48As

Lattice constant a0 (Å) 5.8688 5.8688

Band gap at 300 K Eg (eV) 0.75 1.45

Average valence band Ev,av (eV) −6.7875 −7.0636

Spin-orbit splitting Δ (eV) 0.3296 0.2998

Electron effective mass me/m0 0.041 0.075

γ1 14.008 12.264

Luttinger parameters γ2 5.292 4.6424

γ3 6.1061 5.3512

ered, but the strain effect on the InGaAs/InAlAs digital
alloy was not considered due to the lattice match to InP.
Therefore, the two-band k·p model can be applied and

gives a 4 × 4 Hamiltonian matrix, which, together with
the corresponding basis functions, is shown below [15]:

HV
4×4 =

⎡
⎢⎢⎢⎣

Pk + Qk −Sk Rk 0
−S∗

k Pk − Qk 0 Rk

R∗
k 0 Pk − Qk Sk

0 R∗
k S∗

k Pk + Qk

⎤
⎥⎥⎥⎦

|3/2, + 3/2〉
|3/2, + 1/2〉
|3/2, − 1/2〉
|3/2, − 3/2〉

, (1)
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�

2γ2
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3
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√

3
�

2γ3
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and m0 is the free-electron mass, � is the reduced Planck
constant, and kx, ky, and kz are wave numbers. The kz

is in the <100> direction. E0
V is the valence band edge,

which is an important parameter because the probability
of the electron and hole distribution in InGaAs/InAlAs
SPSs depends on the barrier height of InAlAs in the In-
GaAs/InAlAs SPSs. The conduction-band offset for InP
lattice-matched InGaAs/InAlAs, ΔEc, is 0.5 − 0.55 eV
including interface strain and the transitivity is within
0.01 eV [16]. Here, we chose the conduction-band off-
set to be 0.5 eV and dEc/Eg = 0.714. In this calcu-
lation, we approximate the digital-alloy interface of In-
GaAs and InAlAs to be an abrupt heterojunction due
to the small eigenvalue change caused by surface segre-
gation. R∗

k and S∗
k are the Hermitian conjugates of Rk

and Sk. The parameters γ1, γ2 and γ3 are referred to
as Luttinger parameters, and are presented in Table 2.

Fig. 3. (Color online) The e1-hh transition energy with
respect to the number of InGaAs/InAlAs SPS pairs and
z-composition. The transition energy is saturated above
100 pairs of InGaAs/InAlAs SPSs; therefore, the quantum
confinement effect due to the outer InAlAs barriers can
be ignored. Therefore, the thickness of 200 nm is reason-
able for investigating only the effective properties of the In-
GaAs/InAlAs digital alloy. The inset shows the e1-hh tran-
sition energy with respect to the number of meshes of each
layer. No change in the transition energy is seen above a
mesh number of 15.
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Fig. 4. (Color online) Valence band structure of the InGaAs/InAlAs digital alloy with respect to the z-composition: (a) z =
0.2, (b) z = 0.4, (c) z = 0.6 and (d) z = 0.8. The parabolic band structure and split energy of each band can be seen below 1
meV. If we consider the thermal energy, kT , we cannot separate each valence band.

From the Hamiltonian matrix Hij given by Eq. (1), the
eigenvalues E(�k) and the corresponding envelope func-
tions of the electrons in the conduction band and the
holes in the valence sub-bands can be found by using the
FEM to solve the determinant equation.

Figure 3 shows behavior of the e1-hh transition en-
ergy with respect to the number of InGaAs/InAlAs SPS
pairs and the z-composition at a temperature of 9 K. The
transition energies become constant around 100 pairs
of InGaAs/InAlAs SPSs, which means that the quan-
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Fig. 5. (Color online) Fundamental electron and hole wavefunctions at kt = 0 with respect to the composition z of the
InGaAs/InAlAs digital alloy at room temperature: (a) z = 0.2, (b) z = 0.4, (c) z = 0.6 and (d) z = 0.8. The function
can be described as a superposition of the carrier distributions of the thin InGaAs well and InAlAs barriers that become the
InGaAs/InAlAs digital alloy.

tum confinement effect due to the outer InAlAs barriers
can be ignored and that the properties of only the In-
GaAs/InAlAs digital alloy itself appear with 100 pairs
of various combinations of InGaAs/InAlAs SPSs. That
is to say, the digital alloy with above 100 pairs of In-
GaAs/InAlAs SPSs can be described as kinds of bulk-like
materials with different energy band-gaps. Therefore,
the thickness of 200 nm is reasonable for investigating
the effective optical and electrical properties of the In-
GaAs/InAlAs digital alloy. The inset of Fig. 3 shows the
behavior of the e1-hh transition energy with respect to
the number of meshes of InGaAs or InAlAs single layers
for 200 pairs of InGaAs/InAlAs with z = 0.4. The e1-
hh transition-energy calculation converges stably above
a number of 15 for the single layer. The transition en-
ergy converge above a mesh number of 15. Therefore, we
used that mesh number to perform the calculation.

III. RESULTS AND DISCUSSION

Figure 4 shows the valence-band structures of the In-
GaAs/InAlAs digital alloy with respect to the z compo-

sitions consisting of about 100 pairs of InGaAs and In-
AlAs SPSs. Around kt = 0 (k2

t = k2
x + k2

y), the valence
band has a parabolic structure governed by the effective
material of the InGaAs/InAlAs digital alloy. In detail,
Figs. 4(a)−(d) show valence-band splits caused by the
InGaAs/InAlAs barrier, but the split energy is below 1
meV. This value is physically meaningless at room tem-
perature, considering the thermal energy kT. This means
that the electron distribution is governed by the effective
band structure due to the InGaAs/InAlAs digital alloy.

Figure 5 shows the corresponding wavefunctions of
electrons and holes at kt = 0 for the compositions z = 0.2,
0.4, 0.6 and 0.8, covering 100 pairs of InGaAs/InAlAs
SPSs. The envelope function shows the carrier distribu-
tion in the InGaAs/InAlAs digital alloy. This shows a
superposition of the electron and the hole distribution
functions in the InGaAs wells and the InAlAs barriers
of the InGaAs/InAlAs digital alloy. As the composition
of z increases, the carrier confinement is relatively and
locally strong due to InAlAs barrier’s thickness.

Figure 6 shows the calculated emission energy
of e1-hh1 with respect to z for the digital alloy
(InGaAs)z(InAlAs)1−z at temperatures of 9 K and 300
K. The emission energy is in good agreement with the
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values calculated by using the 4 × 4 band k·p method.
However, the values in band-gap calculation are slightly
lower than the experimental results. This is attributed
to the surface segregation of Ga (Al), which results in an
asymmetric gradient of the Ga (Al) mole fraction in the
InGaAs/InAlAs interfaces during epitaxy growth [17,18].
However, the In surface segregation, if any, is well known
to affect the band gap in the InGaAsP system, but has
little of effect on the band gap in the InGaAs/InAlAs
SPSs system because the changes in In and As are not
at least a mole faction due to similar quantity of the
two having been supplied from the MBE sources during
growth.

From the above results, we propose a digital-alloy
QW structure for LDs using only the InGaAs/InAlAs
digital alloy covering around a 1.2-μm wavelength gap
(1.1 μm (GaAs) < λ < 1.3 μm (InP), which the
quantum dot can cover theoretically. Figure 7 shows
(a) the e1-hh1 transition wavelength of QWs consist-
ing of a (InGaAs)0.8/(InAlAs)0.2 digital-alloy well and
(InGaAs)1−z/(InAlAs)z digital-alloy barrier with z =
0.4, 0.6 and 0.8. Figure 7(b) presents an example of
a QW structure and the corresponding band structure
with a 1.15-μm emission wavelength consisting of 2 pairs
of (InGaAs)0.8/(InAlAs)0.2 digital-alloy wells and 7 pairs
of (InGaAs)0.2/(InAlAs)0.8 digital-alloy barriers. The
wavefunction is asymmetric due to the two asymmetric
pairs of InGaAs/InAlAs digital-alloy wells.

IV. CONCLUSION

We experimentally and theoretically investigate the
band structure of the (InGaAs)1−z(InAlAs)z digital al-
loy by using the 4 × 4 k·p method as a function of
the z-composition. The calculated results agree well
with the peak energy of the PL experiment. The elec-
trons and the holes exist in the InGaAs well and the
InAlAs barrier of InGaAs/InAlAs digital alloy. The car-
rier is tightly confined in the InGaAs well at a high
z-composition or a thick InAlAs barrier and is weakly
confined at a low z-composition. However, the optical
properties are governed by the effective material made
of the InGaAs/InAlAs digital alloy. This theoretically
and experimentally shows a potentiality for bandgap en-
gineering from 0.855 μm (InGaAs) to 1.563 μm (InAlAs)
with only a quaternary of InGaAs and InAlAs by adjust-
ing the number of pairs of the InGaAs/InAlAs digital
alloy. Here, we also propose an InGaAs/InAlAs digital
alloy QW structure covering 1.2 μm of the wavelength
gap (1.1 μm (GaAs) < λ < 1.3 μm (InP)), which only a
quantum dot can cover theoretically.
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