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Abstract

Ga,In,_,As—GaAs Sb,_, type-II superlattices (T2SLs) have recently received broad attention as an InP-based optical absorp-
tion layer in short-wavelength infrared detectors. However, the cut-off wavelength of a GalnAs—GaAsSb T2SL detector
is ordinarily around 2.4 pm at room temperature. This paper proposes extending the cut-off wavelength using a GaAs/
InAs digital alloy instead of a Ga,In,_,As random alloy layer in a Ga,In;_,As-GaAs Sb,_, T2SL. The calculation result
employing an empirical sp>@s” tight-binding method has revealed that a (GaAs/InAs)—GaAs Sb,_, digital alloy T2SL on
an InP substrate possesses a band gap corresponding to a wavelength of 2.9 um which is over 0.4 um longer than that in a
conventional GalnAs—GaAsSb T2SL at a temperature of 200 K. Figured optical absorption coefficient spectra of certain
digital alloy T2SLs, e.g., a [(GaAs),(InAs),],—(GaAs, 53Sb 47);7 structure, present a considerable polarization-direction
dependence—originating from the asymmetrical shape of the wavefunction in the quantum well. Yet, by altering the atomic
layer configuration in the growth direction of the digital alloy T2SL to have such a quantum well structure with a reflection
symmetry as in [(GaAs),(InAs),],(GaAs);—(GaAs 455by s5),7, the polarization dependency can be dramatically decreased

due to the symmetry improvement of the wavefunction.
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1 Introduction

There are many attractive optical applications for industrial
and medical uses in the short-wavelength infrared (SWIR)
region (usually in the 1-3 pum wavelength range) [1-4]. As
an example, the absorption wavelength regions for blood
sugar (glucose) and proteins exist in the 2-2.5 pym wave-
length range. Considering applications in the field of health-
care, it is crucial to extend the cut-off wavelength while
maintaining high sensitivity in the detector to that wave-
length region. This report proposes adopting a digital alloy
superlattice that enables the realization of a high-sensitivity
photodetector even in the 2.5 um wavelength region, where

P4 Takashi Kato
kato-takashi@sei.co.jp

Transmission Devices Laboratory, Sumitomo Electric
Industries, Ltd., Yokohama 244-8588, Japan

Department of Electrical and Electronic Engineering, Kobe
University, Kobe 657-8501, Japan

difficulty exists to obtain sufficient sensitivity with a conven-
tional type-II superlattice (T2SL) as described later. In the
SWIR range, Hg, Cd,_,Te detectors possess a high quantum
efficiency; yet, they have disadvantages such as compris-
ing hazardous Hg and Cd heavy metals and being inferior
in compositional uniformity for application in focal plane
arrays [5, 6]. An alternative detector with an optical absorp-
tion layer of bulk Ga In,;_,As grown on an InP substrate has
a cut-off wavelength of about 2.6 pm at room temperature,
adopting a compressive strain (around 2 %) in the GalnAs
layer [7]. Adding a much greater strain on the GalnAs layer
to lengthen the gap wavelength (4,)—a wavelength equiva-
lent to the band gap energy—may induce more defects in
the epilayers and cause an increase in the dark current of the
detector. Another study in a SWIR detector has reported that
aGa,n;_,As-GaAs,Sb,_, T2SL, whose lattice constant was
matched to an InP substrate, attained a cut-off wavelength
of around 2.4 ym at room temperature [8§—11]. Regarding
GalnAs—GaAsSb T2SL, as illustrated in Fig. 1, the ﬂg can
extend above 2.5 um; however, the absorption coefficient
rapidly decreases near the band gap. More specifically, as the
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Fig. 1 Absorption coefficient spectra in (Gag 44lng s4As),—
(GaAs 5,Sb 49);7 T2SL on an (001) InP substrate at a temperature of
200 K. n denotes the GalnAs monolayer number. The above calcu-
lation using an empirical sp>@s” tight-binding method described in
Sect. 2 is for incident light in the z-direction with [100] polarization

width of the electron well (GalnAs) layer increases, the ﬂg of
the T2SL becomes longer owing to lowering of the confined
electron energy in the electron well layer. As a trade-off, the
absorption coefficient near the band gap promptly decreases
due to a reduction in the overlap of the wavefunctions of the
conduction and valence bands.

This paper proposes extending the cut-off wavelength
using a GaAs/InAs digital alloy (namely, a quantum well
structure consisting of thin GaAs and InAs layers) instead of
a Ga,In;_,As random alloy layer in a Ga,In;_,As-GaAs,Sb, _,
T2SL. Regarding the application of digital alloys to pho-
todetectors, several studies, especially in avalanche pho-
todiodes, have demonstrated that the ionization ratio can
be improved [12, 13]. Another study on digital alloys as

GaAs/InAs

GaAsySb1 " I GaAs,Sb,_,

GaAs InAS

E,_

(GaAs),(InAs),

Gam—» GaAs,Sb,_,

a photodiode has suggested adopting a GaAs/InAs digital
alloy instead of a bulk Ga,In; As absorption layer which
might enable the cut-off wavelength to lengthen from 1.7
um to greater than 1.9 um (although the quantum efficiency
reduces from approximately 95 % to 60 % at a wavelength of
1.5 um) [14]. However, few studies have attempted to apply
digital alloys to Ga,In,_,As-GaAs Sb,_, T2SLs. Figure 2
illustrates a schematic diagram of the energy band align-
ment of a digital alloy (GaAs/InAs)-GaAs,Sb,_, superlattice
and a conventional Ga In,_,As—GaAs Sb1 _y T2SL. In the
digital alloy superlattice, as shown in Sect 3, the conduc-
tion and the valence band wavefunction of the superlattice
are mainly confined in the GaAs/InAs and the GaAs,Sb,_,
layers, respectively, which implies the superlattice belongs
to the T2SL structure. This paper shows, for the first time,
using an empirical sp>d°s” tight-binding (TB) method, an
InP-based (GaAs/InAs)-GaAs,Sb, _ digital alloy T2SL that
has a longer 4, of 2.9 pm at a temperature (7) of 200 K while
preserving a hlgh absorption coefficient near the band gap.
Turning to another aspect of the optical proper-
ties of T2SLs, a previous study on the polarization-
direction dependency of the dipole matrix elements in
InAs—GaSb T2SL systems suggested the following [15]: If
an InAs—GaSb T2SL system has a C,, point group symme-
try, the dipole matrix elements show anisotropy for [110]-
and [—110]-polarized incident light. On the other hand, in an
InAs-GaSb T2SL system with a D, point group symmetry,
dipole matrix elements present no dependence on polariza-
tion directions. Concerning digital alloy T2SLs, however,
little attention has been paid to optical anisotropy. This study
discusses the dependency of the absorption coefficient on
the polarization direction of incident light in (GaAs/InAs)-
GaAs,Sb,_, digital alloy T2SLs and reveals that a digital
alloy T2SL with a symmetrical quantum well structure

Ga,In,_,As

Ga:ibl{r—j GaAs,Sb,_,

m

vV —

(GaAs/InAs)-GaAs,Sb,_,

Fig.2 Schematic figures showing the band alignment of a (GaAs/
InAs)-GaAs,Sb,_, superlattice (left and middle) and a GaIn;_,As—

GaAs,Sb,_, TZSL (right side). In the middle figure, as an example
the GaAs/InAs layer of the (GaAs/InAs)-GaAs ,Sby_, superlattice is
regarded as one material of a superlattice of (GaAs) (InAs),. Each
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gray rectangle depicts the band gap energy region of the layer, the
lower and the upper side position of which show the energy levels of
the valence band maximum (E,) and the conduction band minimum
(E,), respectively
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decreases the polarization dependency drastically owing to
the ameliorated symmetry of the wavefunction.

2 Calculation methods

An empirical nearest-neighbor sp*d®s” TB approximation
under periodic boundary conditions was used to investigate
the electronic structures and the optical absorption prop-
erties in T2SLs. Employed TB parameters for the binary
and alloy semiconductors were derived from the calculated
band structures of the binary compounds by the hybrid qua-
siparticle self-consistent GW method [16]. Postulating that
the growth of the T2SL on a (001) InP substrate along the
z-direction is pseudomorphic in our calculation model, the
classical elasticity theory may determine the position of
atoms in the T2SL [17]; thus, the TB parameters have been
corrected for the resulting lattice strain by using the general-
ized Harrison's d~> law [18]. The Ga,In,  As TB parameters
related to the cation would characterize the (virtual) cation
atoms in the alloy on the supposition that the Ga and In
atoms are randomly distributed on the cation sites in the
Ga,In,_,As layer; anion atoms in the GaAs,Sb,_, layer are
likewise distributed. In the (GaAs/InAs)—GaAsySbl_y digital
alloy T2SL, the composition value y in the GaAs,Sb, _, layer
was determined so that the average strain in the z-direction
was zero within the one period of the T2SL. To illuminate
the differences in the electron quantum well layer—the
Ga,In;_ As or the GaAs/InAs digital alloy layer, the thick-
ness of the GaAs Sb,_, electron barrier layer was fixed at
17 monolayers (about 5.0 nm) in all the calculated T2SL
structures. The optical absorption spectra of T2SLs were
calculated based on Fermi's golden rule by the same method
in a previous work [19], with the conditions that a linearly
polarized light enters along the z-direction and at 7=200 K.

3 Results and discussion
3.1 [(GaAs),(InAs),,],~(GaAs,Sb, ), T2SLs

First, the study compares a conventional
(Gag 47Ing 53A8)7—(GaAs( 5;Sbg 49);7 T2SL (hereafter
abbreviated as GalnAs—GaAsSb) to two simple digital
alloy T2SLs—[(GaAs),(InAs),],—~(GaAs 5,Sb 45); and
[(GaAs),(InAs),],—(GaAsg 53Sbg 47),7 (hereafter referred
to as DA1 and DA2, respectively). Regarding the averaged
compositions of Ga and In in the GaAs/InAs digital alloy
layers in DA1 and DA2, each digital alloy is equivalent to a
random alloy Ga) 5oIn, 5oAs. The thicknesses of the GaAs/
InAs digital alloy layers in one period of DA1 and DA2 are
4.7 nm, which is a little thinner than a (Ga 47In; 53As) ;5
layer thickness of 5.0 nm.
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Fig.3 Energy dispersion E(k) of DAI near the I'-point along the
[-110] and the [110] direction; C, and C, denote the first and the sec-
ond conduction sub-band, respectively; V|-V, indicates the first to
the fourth valence sub-band in order. Each sub-band with two spin
states degenerates at the I'-point

1E+4

—DA1
C,-V, -- DA2
= ----GaInAs-GaAsSbh

@
£
<
- < G-V,
g Cy-Vs
E —————— ~ G-V,
@ 1E+3 [ e
o b
o F
c
=]
g \ C,-V,
-
o
@
9
<

1E+2 L N

1.5 2.0 2.5 3.0

Wavelength (pm)

Fig.4 Absorption coefficient spectra of DA1, DA2, and GalnAs—
GaAsSb for [100]-polarized incident light. The arrows indicate the
wavelength corresponding to each transition energy at the I'-point
between the sub-bands of DA1 depicted in Fig. 3

At the outset, to see the band structure of the (GaAs/
InAs)-GaAsSb digital alloy T2SL and use it for identify-
ing the onsets of the optical transition energies between the
sub-bands in the conduction and the valence band, Fig. 3
presents the energy dispersion E(k) of DA1 calculated in
the neighborhood of the I'-point as an example. Figure 4
presents the calculated absorption coefficient spectra of
GalnAs—GaAsSb, DA1, and DA?2 for the [1 0 O]-polarized
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incident light; the ﬂgs of these T2SLs are 2.45, 2.69, and
2.70 um, respectively. The spectra suggest that the digital
alloys can be utilized for lengthening the cut-off wavelength
in SWIR detectors.

Concerning the absorption coefficient dependence on
the polarization directions of the incident light in the digi-
tal alloy T2SLs, Fig. 5a and b reveal the traits in DA1
and DA2, respectively. The polarization dependency in
the DA2 spectra is more notable than that in the DA1
ones, which, with conjecture from anisotropy studies on
the influence of the interface layers in InAs—GaSb T2SL
systems [15], presumably relates to the asymmetry of the
band-offset shape along the z-direction. Figure 6a and b
illustrate, for DA1 and DA2, respectively, the valence
band-offset (VBO) and the conduction band-offset (CBO)
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distribution, together with the squared modulus of the
wavefunction at the valence band maximum (VBM) and
the conduction band minimum (CBM). Due to the promi-
nent asymmetry of the CBO in DA2 shown in Fig. 6b,
the wavefunction at the CBM shifts the position accord-
ingly, and its magnitude increases towards the right-side
interface (IF,) of the digital alloy layer. Thus, the atomic
configuration near the IF, in Fig. 6b affects the optical-
transition-matrix elements to a greater extent than in the
neighborhood of the left interface (IF,). It suggests that, in
the absorption coefficient, the asymmetrical shape of the
wavefunction gives rise to dependence on the polarization
direction of the incident light, which this report discusses
in the next section.

Fig.5 Dependences of the absorption coefficients on polarization directions in a DA1 and b DA2
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Fig.6 Distributions of the VBO and the CBO in a DA1 and b DA2;
and the squared modulus of the wavefunction at the VBM and the
CBM. Closed circles indicate the positions of atoms; lines between
the atomic sites are to guide the eye. "As Sb, " denotes the anion
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atom of GaAs,Sb_ in the TB scheme. IF, and IF, designate the posi-
tions of each interface between the GaAs/InAs digital alloy and the
GaAsySbl_y electron barrier layers
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3.2 Symmetrical digital alloy T2SLs

The following is an exploration of symmetrical T2SLs to
investigate the mechanism of the variation of the absorption
coefficient according to the polarization direction of incident
light and the influence of the symmetry of the wavefunc-
tion on the absorption coefficient in digital alloy T2SLs.
Here, this paper defines the term “symmetrical T2SL” as
a T2SL having a reflection symmetry in the z-direction
atomic plane row. As an example of a symmetrical (GaAs/
InAs)-GaAs,Sb,_, digital alloy T2SL, Fig. 7 schematically
represents an atomic plane row along the z-direction of
[(GaAs),(InAs),]4(GaAs)-(GaAs,Sb,_,), T2SL.

In still other examples, the following structures of (GaAs/
InAs)-GaAs,Sb,_, digital alloy T2SL are symmetrical:

{(GaAs), (InAs), [(GaAs),(InAs), | (GaAs),_, } — (GaAs,Sb,_,) ,
ey
where n,n’,m,1 € N; k € N,,.

Subsequently, modifying the prior asymmetri-
cal DA1 and DA2 structures, we examined the fol-
lowing two symmetrical digital alloy T2SLs:
{[(GaAs),(InAs),],(GaAs) }-(GaAs 49Sb, 5;);7 and {[(GaAs
)4(InAs),],(GaAs);}-(GaAs 45Sby 55),7 (hereafter referred to

as SDA1 and SDAZ2, respectively). Figure 8a and b show the
VBO and the CBO distributions and the squared modulus
of the wavefunction at the VBM and the CBM in SDA1 and
SDAZ2, respectively. As shown in these Figures, the VBO
and CBO of the SDA1 and SDA2 have a mirror-symmetrical
profile, which brings about the symmetrical shapes relating
to the magnitude of each wavefunction.

Figure 9a and b present the absorption coefficient spec-
tra, depending on the polarization directions of the incident
light in SDA1 and SDAZ2, respectively. The variation of the
absorption coefficient conforming to the difference in the
polarization direction decreases outstandingly in both sym-
metrical T2SLs. The 4,s of SDA1 and SDA?2 are 2.84 and
3.19 um, respectively, being longer than those in each of
DA1 and DA2, probably due to the thicker electron well
(GaAs/InAs digital alloy) layers.

In the following, this paper will elucidate the cause of
the polarization-direction dependency of the absorption
coefficient in asymmetrical T2SLs. Two simple examples
of short-period digital alloy T2SLs were prepared for the
explanation: One was an asymmetrical
(GaAs)z(InAs)z—(GaAsySb,_y)4 T2SL, and the other was a
symmetrical (GaAs)2(InAs)z(GaAs)—(GaAsySbl_y)3 T2SL.
Figure 10a and b show the atomic configuration in the

. -—Ga-AsySbl_y—[(Ga—As—Ga—As)—(In—As-In—As)—(Ga—As—Ga—As)—(In—As—In—As)—l

l-(Ga—As—Ga—As)—(In—As—In—As)—(Ga—As—Ga—As)—(In—As—In—As)]—(Ga—As)—Ga-AsySbl_y—- .

t

Center of reflection symmetry

Fig.7 The z-direction row of the atomic plane (here, the symbol for
an element represents its atomic plane), being in an x—y plane, in
[(GaAs)2(InAs)z]4(GaAs)—(GaAsySb1_y), T2SL. Bold letters repre-
sent the atomic planes in the /-monolayer of GaAs,Sb,_,; “As Sb,_,”
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in the figure means the anion of GaAs,Sb,_, in the TB scheme. The
position of the As plane indicated by the arrow is the center of the
reflection symmetry in the atomic plane row
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Fig.8 Distributions of VBO and CBO in a SDA1 and b SDA2; also, the squared modulus of the wavefunction at the VBM and the CBM are

plotted. The others are the same as in Fig. 6
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Fig.9 Dependences of the absorption coefficients on polarization direction in a SDA1 and b SDA2
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(a) Asymmetrical T2SL
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(b) Symmetrical T2SL

Fig. 10 Illustrated atomic configurations of a (GaAs),(InAs),—
(GaAs,Sb;_,), and b (GaAs),(InAs),(GaAs)~(GaAs,Sb,_,); T2SLs,
each of which is viewed from two different directions. The tetragonal

supercells of the asymmetrical and the symmetrical T2SL,
respectively. In the TB calculation of the optical absorption
coefficient, the Peierls phase under long-wavelength
approximation influences optical-transition-matrix ele-
ments as a factorr, _, - e, [19], wherer, _, is a vector con-
necting the positions of a cation and an anion atom, and e,
is the unit vector of the electric field of the incident light.
Thus, when the e, has a directional component of the

@ Springer

supercells overlap in these Figures. “As,Sb,_,” denotes the anion atom
of GaAs Sb;_, in the TB scheme

cation—anion bond (Ga-As, In—-As, or Ga—AsySbl_y), the
interaction between the electric field of the incident light
and the atomic bond contributes to the optical-transition-
matrix elements. In the above notation of the Ga-As,Sb;_
bond, “As,Sb,_,” stands for the anion atom of GaAs,Sb;_,
in the TB scheme. Note that, in each T2SL supercell, a
number of the cation—anion bonds having directional com-
ponents in the direction of polarization is the same for [110]
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-polarization and [—110]-polarization (the number of bonds
lying on the surface of the supercell is counted as half).
Concretely, the number of the effective bonds having a
directional component of [110] (or [-110]) is written in
parentheses next to each bond species as follows: Ga—As
4), In-As (4), and Ga—AsySbl_y (8) are in the asymmetrical
T2SL in Fig. 10a. Identically, Ga—As (6), In—As (4), and
Ga-As,Sby_, (6) are in the symmetrical T2SL in Fig. 10b.
In the asymmetrical (GaAs),(InAs),~(GaAs,Sb,_,), T2SL,
being in a situation similar to the previously described
asymmetrical wavefunction shape in DA2, since the CBM
wavefunction is weighing to the IF, side, in the vicinity of
the IF,, the electrons involved with the As—Ga-As Sb,_,
bonds having the directional component of e, interact sig-
nificantly with incident light. As can be seen from Fig. 10a,
in the relationship between the atomic bond direction and
the direction of e,, near the IF,, the positions of As—Ga

bonds having the [-110] component are closer to the elec-
tron well layer than the Ga—AsySbl_y bonds with the [110]
one. Namely, the CBM wavefunction more heavily influ-
ences the optical-transition-matrix elements involved with
the former As—Ga bond. Considering this, it can be con-
cluded that the incident light with [-110]-polarization
interacts more strongly with the electrons in the As—Ga
bonds close to the IF,. Therefore, it is reasonable that, in
the absorption coefficient spectra of the asymmetrical digi-
tal T2SLs shown in Fig. 5a and b, the absorption coefficient
of [-110]-polarization surpasses that of [110]}-polarization.
In the symmetrical T2SL, on the other hand, due to the
symmetrical shape of the wavefunction, the bonds of

Ga - As|jp and Ga - As Sb,_, - interact with [110]-polar-

ized light in the same way that As-Galy and
As,Sb,_, - Ga|, do with [-110]-polarized light, as illus-
trated in Fig. 10b. The above Ga - As|jp denotes the Ga-As
bond near IF;; the notations of a bond near another inter-
face denote likewise. Thus, it is sensible that in the sym-
metrical T2SLs, the absorption coefficient spectra shown
in Fig. 9a and b vary little with alteration of the polariza-
tion direction of incident light.

Up to here, adopting simple digital alloy T2SL struc-
tures, we have shown the optical properties of (GaAs/
InAs)-GaAs, Sb,_, digital alloy T2SLs. Lastly, this report
investigates the feasibility of extending the wavelength
region while maintaining a high absorption coefficient
and examines several symmetrical digital alloy T2SLs
satisfying the structure expression (1), finding that a
[(GaAs);(InAs),(GaAs),(InAs),(GaAs),| - (GaAs, 50Sby 5o) |
T2SL, as exhibited in Fig. 11, allows ﬂg to lengthen con-
siderably without seriously decreasing the absorption
coefficient in the spectrum. Its 4, indicates 2.86 ym at
T=200 K, being longer over 0.4 um than in a conventional

1E+4

— [(GaAs);(InAs),(GaAs),(InAs),(GaAs),]-(GaAsSb),,

| --- GaInAs-GaAsSb

1E+3

.....

Absorption coefficient (cm-1)

\
\
\
\
'
\
\
\
\
\
\
\
1]

1E+2

1.5 2.0 2.5 3.0
Wavelength (pm)

Fig. 11 Absorption coefficient spectra of [(GaAs)3(InAs)4(GaAs)4
(InAs)4(GaAs)2] —(GaAsO_SOSbO_SO) ;7 and (Gag 47Ing s3A8) 5~
(GaAs 5,Sby 49);7 T2SLs for [100]-polarized incident light

GalnAs—GaAsSb T2SL, which suggests that symmetrical
digital alloy T2SLs are beneficial to significantly broaden
the sensitivity region in SWIR detectors.

4 Conclusion

Aiming at the application of a digital alloy to an
InP-based optical absorber in a SWIR detector, this
study has revealed the optical properties of (GaAs/
InAs)-GaAsSb digital alloy T2SLs for the first time by
the empirical sp°d°s” TB method. The digital alloy T2SL
[(GaAs);(InAs),(GaAs),(InAs),(GaAs),| - (GaAs, 50Sby 5o) |
has presented a 4, of 2.9 pm at 7=200 K; the 4, is over
0.4 um longer than in a conventional GalnAs—GaAsSb
T2SL, demonstrating the possible lengthening of the cut-
off wavelength of the detector. Furthermore, this paper has
shown the polarization-direction dependency of incident
light in the absorption coefficient spectrum of asymmetri-
cal (GaAs/InAs)-GaAsSb T2SLs arises from the asym-
metric shape of the wavefunction (being attributed to the
CBO profile); this dependency can be drastically decreased
by modifying the configuration of the atomic layer in the
growth direction to have mirror symmetry.
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