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Abstract

The aim of the study is to increase the performance of
solar conversion by integrating nanostructured materials
within conventional solar cells by employing multi-energy
stages (i.e., interband and intersubband) in cascade systems
to overcome the absorption length barrier and achieve large
photo-generated carrier values. Specifically, InGaAsSb/Al
GaAsSb MQWs are investigated with narrow well widths
(2-20 nm) and transition energies of the structures are calcu-
lated for varied well/barrier widths and depths using numer-
ical modelling. The results show that both interband and
intersubband transitions are valuable for improving photo-
voltaic and photodetection applications, but their mecha-
nisms and applications are distinct, so understanding and
controlling these transitions within semiconductor materials
is essential for optimising the performance of devices in both
areas of optoelectronics, including strain as an important
parameter of integrity. The data suggests that a single elec-
tron requires multiple photons to be transported, with the
formation of a type-1 broken-gap alignment between AlGa
AsSb (barrier) and InGaAsSb (well). A wide range of wave-
lengths, from visible to medium infrared (MIR), will greatly
enhance solar spectrum absorption. The long-term goal is to
combine the thermal properties of antimonies (GaSbInSh)
with a low band gap and the optical properties of arsenide
(GaAsAlAs) with a large band gap.

INTRODUCTION

Nanostructured materials have played a significant part
in the manufacture of thermoelectric devices, /1/. Introducing
quantum wells (QW) in the middle subcell is found to be one
of the promising approaches, Here, the intrinsic region of p-
n junction is replaced with p-i-n, where the quantum wells
(QW) and quantum barriers (QB) are inserted in the intrinsic
area, many studies have shown higher radiation resistance
by using QW and QB within the intrinsic region for many
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lzvod

Cilj studije je poveéanje performanse solarne konverzije,
integracijom nanostrukturiranih materijala unutar konven-
cionalnih solarnih ¢elija upotrebom viseenergetskih nivoa
(na pr. unutar-zonski i unutar-podzonski) u kaskadnim siste-
mima, kako bi se prevazisia barijera duZine apsorpcije i
postigle velike fotogenerisane vrednosti nosioca. Konkretno,
visestruki kvantni ponori InGaAsSb/AlGaAsSb su istrazeni
sa uskim Sirinama ponora (2-20 nm), a prelazne energije
nivoa struktura su izracunate numerickim modeliranjem za
razlicite Sirine i dubine ponora/barijera. Rezultati pokazuju
da su unutarpojasni i unutarpodpojasni prelazi znacajni za
poboljsanje fotonaponskih i fotodetekcionih aplikacija, ali
su njihovi mehanizmi i primene razliciti, tako da je razume-
vanje i upravljanje ovim prelazima u poluprovodnickim
materijala od suStinskog znacaja za optimizaciju perfor-
mansi uredaja u oba podrucja optoelektronike, ukljucujudi i
deformaciju kao vazZan parametar integriteta. Podaci suge-
risu da je za transport jednog elektrona potrebno vise fotona,
uz formiranje zabranjene zone tipa I izmedu AlGaAsSb (bari-
jere) i InGaAsSb (ponora). Sirok raspon talasnih duzina, od
vidljivih do srednje infracrvenih (MIR), uveliko ¢e pobolj-
Sati apsorpciju suncevog spektra. Dugorocni cilj je da se
kombinuju termicka svojstva antimona (GaSbiInSbh) sa malom
zabranjenom zonom i opticka svojstva arsenida (GaAsAlAs)
sa velikom zabranjenom zonom.

111-V materials families, /2/. The strong and uniform electric
field in the intrinsic region led to a good effective carrier’s
transport across the device, /3/. A theoretical model of PIN
junction containing quantum wells, /4/, formed by a quater-
nary system InxGaixAsyShi.y for wells and AlxGaixAsySbi.y
for barriers was described by K. Mamic, A. Bainbridge, et
al /5/. Three potential strategies have been investigated in
order to increase MQW solar cells’ efficiency even more.
The first approach is avoiding thermal losses by using ther-
moelectric materials with direct band gap, /6/; the second
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approach is the possibility to effectively convert a great part
of solar spectrum by shifting the energy levels in the QWs
through the modification of the geometry of QW and BW
[71; the third approach is to improve overall photon absorp-
tion. Thus, the ideal case consists of two sub-bands that are
parallel QW type-l, Fig. 1a, where the density of states
reaching a single symmetric peak, Fig. 1b, leads to strong
resonant absorption when the incident photon energy coin-
cides with the sub-band separation.
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Figure 1. Schematic diagram for finite quantum well type-I
a) illustrations of permitted intersubband and interband transitions;
b) the density of states for intersubband and interband transitions.

The most important characteristics of such structures are
found to be the width, depth and number of quantum wells,
/8/. Introducing quantum wells in the middle subcell is found
to be one of the promising approaches, /4/. There is a need to
increase the performance of solar conversion by integrating
nanostructured materials within conventional solar cells by
employing multi-energy stages (i.e., interband and inter-sub-
band), /9/, in cascade systems to overcome the absorption
length barrier and achieve large photo-generated carrier
values.

Intersubband transitions are crucial for efficient detection
and conversion of specific wavelengths in photodetectors,
especially in the infrared spectrum, /10/. Specifically, InGa
AsSb/AlGaAsSb MQWs are investigated with narrow well
widths (2-20 nm) and transition energies of the structures
are calculated for varied well/barrier widths and depths using
numerical modelling.
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METHODOLOGY

Device design engineering and structural optimisation

The I1I-V family based on antimonide alloys are em-
ployed since these materials offer optimal narrow bandgap
energy while keeping the lattice-matched condition and,
therefore, enabling designs shown in Fig. 2.

1 1
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n*- AlGaAsSh window

n- InGaAsSh Emitter

MQw
InGaAsSb/AlGaAsSb

P- InGaAsSh Base

P*- AlGaAsSh BSF

P*-Gasb Substrat

Figure 2. Structure of a PIN thermophotovoltaic solar cell with
multi quantum wells.

Approach based on the band diagram and strain engi-
neering to obtain type | quantum wells based InGaAsSh/Al
GaAsSb /11/ for infrared detector on GaSb substrate, takes
into consideration a quantum well type I, lattice-mismatch
within 2 % (circles in Fig. 3), and good band offset to gain
good confinement for both - electrons and holes (Table 1).
Study on the optimisation of materials was done using a
quaternary alloy formed by the two families of 111-V semi-
conductors, arsenide and antimonide. The structure shown
in Fig. 2 is made on a GaSb substrate followed by an N-type
GaSb layer and then a buffer layer of AlGaAsSh to ensure
mesh agreement with the active zone which will constitute
multi-quantum wells AlGaAsSbh/InGaAsSh, then a second
buffer layer was made by AlGaAsSb with a concentration
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Figure 3. Calculation of AlxGai-xAsySbi-y/Ino2Gao.sAsxSbix mesh
parameter as a function of composition.
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Table 1. The scheme of the layer’s composition in investigated samples.

Sample A B C D
QW Ino.2Gao.sAS0.15Sho.s5 Ino.2Gao.8AS0.25Sho.75 Ino.2Gao.8AS0.355bo.65 INo.2Gao.s8AS0.45Sbo.55
Barrier Alo.15Gao.gsSh Alo.26Ga0.74AS0.1Sbo.9 Alo.35Gao.65AS0.2Sbo.s Alo.4sGao.55A30.3Sho.7
AEc (eV) 0.21 0.34 0.42 0.62
AEv (eV) 0.06 0.17 0.30 0.24
different from that on the first terminal, to ensure the mesh 6] ALG
. . a, As Sh
agreement between the active zone and the second pole of b) m—— 1 Ty Ly
the junction which is a typical GaAs layer P-type. 24 _ ;;8‘5
The first part of our work seeks to find the best adjustment 22 — y:0:2
of the energy gap according to the lattice mismatch. The 3,/ ] —y=01 ]
composition dependence of the lattice parameter is described 3 ——y=0.05
by the linear variation law, /12/, given by Eq.(1): g% ]
apgep (X, Y) =X[yaac +(1-Yy)aap]l+y(d—-X)apc + 2167 1
+(1-x)(1-y)agp - (1) 514 -
The dashed line in Fig. 3 shows the variation of the lattice &, ]
parameter of InGaAsSh as a function of As concentration
by taking a low fraction of indium 20 % in the wells to 107 ]
obtain a narrow band gap, and demonstrates how the lattice 0.8 -
parameter of AlGaAsSb can vary depending on the lattice 06 : : : :
parameter for Al composition in the barrier and As compo- 0.0 0.2 0.4 0.6 0.8 1.0

sition in the well with a significant amount of GaSh up to
50 % to gain good thermal proprieties of antimony alloys
/5/ and reduce compressive strain, /13/. Figure 3 shows a
good mesh agreement for different values, indicating that
several options are available as designated by circles. Main-
taining good mesh agreement is an iterative process, requir-
ing multiple iterations of mesh refinement and analysis to
achieve accurate results, as overly refined good mesh with
desired proprieties can lead to longer simulation times.

The energy bandgap is calculated by Eq.(2), based on
the work of VVurgaftman et al. /12/,

[YE(aBc) + (- Y)E(agD)] .
XA=x)+y(d-y)
[XE(acp) +(1-X)Erpc)] . @
X(A=x)+y(d-y)
Bandgap energies of InGaAsSb quaternary system extend
from 0.17 eV for InSb to 1.42 eV for GaAs and the energy

gap of AlGaAsSb ranges between 0.72 for GaSb and 2.30
for AISb, /14/, Fig. 4.
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aluminium concentration
Figure 4. a) Variations of gap energy as a function of x (% In) and
for different y (% As); b) variations of gap energy as a function of
X (% Al) and for different y (% As).

Variations shown in Figs. 4a and 4b of Eg is a nonlinear
variation, for In,GaixAsySh1.y the energy gap decreases stur-
dily with indium fraction so to reach narrow bandgap range
0.5eV < Eg< 0.7 eV and keep the lattice mismatch within
the acceptable limit Aa/a < 2 %.

Findings derived by Eq.(2) correspond well with experi-
mental data for energy gaps Ec for I', X and L valleys, as
well as the spin-orbit splitting of many I11-V quaternary
systems. The Eg obtained from Eq.(2) are plotted in Fig. 4
as a function of x with different value of y for: a) InxGaix
As,Shi.y, and b) AlxGai.xAsySbi.y, respectively.

RESULTS AND DISCUSSION

As it is intended to incorporate a large antimony compo-
sition, above 0.5, so it is necessary to limit x < 25 % of
indium and y < 30 % of arsenic, /15/. For barrier AIGaAsSb,
Ec depends mainly on Al fraction, but the lattice parameter
depends much on x in Al, as shown in Fig. 2, and especially
ony in As. So, to realise QWs based on InGaAsSb on the
barrier based on system AlGaAsSb we must impose values
of y < 30 %. Moreover, the barrier conduction band and
valence band are shifted due to the high arsenic fraction in
the barrier up to 10 % and high indium fraction 20 % in the
QWs to ensure a better confinement /15, 16/, as shown in
Table 1, and thus generate a compressive strain requiring
precise strain balancing. For this reason, we propose differ-
ent superlattice designs for QWSs and barrier, then report the
demonstration of high-performance photodetectors based on
InGaAsSh/AlGaAsSh type-1 superlattices, and we apply the
theoretical model to calculate the band offset. The proposed
material’s systems in the Table 1 enable the construction of
multiple QWs integrated in PIN junction with even several
possibilities to create type | QWSs, /14/, which may further
increase the conversion efficiency. This highly required fea-
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ture is available with this material’s system that can be a
grown lattice matched on GaSh and/or GaAs substrates, /16/.

To reach high performance PIN photodetectors, two prin-
cipal challenges need to be overcome. The first one resides
in choosing an InGaAsSbh/AlGaAsSh system with a NIR
cut-off wavelength theoretically giving a high absorption
coefficient. At the same time, the superlattice design must
give a good strain balance to ensure a high-quality material
for a long minority carrier diffusion length to achieve high
quantum efficiency (QE), /17/. In order to obtain high quan-
tum efficiency, the superlattice design must provide appro-
priate strain control to guarantee a high-quality material with
a long minority carrier diffusion length, /18/. The second
challenge is in designing a highly controllable barrier that
effectively blocks the majority of electrons in the conduction
band while ensuring free movement of minority holes in the
valence band.

INTERSUBBAND AND INTERBAND OPTICAL TRAN-
SITIONS IN QUANTUM WELL

The calculation procedures described here follow the
envelope function approach based on effective-mass approxi-
mation, /13/, to obtain in-plane subband dispersions in the
conduction and valence band. The Schrodinger equation for
a particle of mass m confined in 1D potential well in an
electric field E perpendicular to the quantum well layer is
given by Eq.(3), /14/:

Oy h? 52
ih——(X,t) =| ———=+V(X) [w(x.t) - 3)
() [ am 5z T 0 pxD)

The set of energies E, and stationary states ¢n, form the

eigenvalues and eigenstates of the Hamiltonian operator
- h? &2
Heon =(_%@<_2+V(X)]% =Eqon - )

We use the effective mass approximation to calculate the

energy states for a quantum well, /12/,

2 2
- ZI:T]* ;7"’\/()() ®n=Enen ®)
o922 =8 ©)
?"(X)=—k%p @)

N

fz - E
k= mhe'zh —%gxg
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h2 2 2

The relation between number of energy state and the
energy of confinement is given by the relations:

\2ms hEp (%}:m, ©)

E, <AEcy - (10)
We obtain:
2 2,2
L GE)
2meyh L
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where: n=1, 2, ... energy levels; mey" is effective mass of
electrons or holes, respectively; L is width of the well; 7 =

h/2 7.
& =Asin[n|iﬂ] . (12)

Z
So, the number of energy states n is given by:

\2Me hAEC v [%) >n. (13)

The number of discrete energy levels n strongly depends
on the value of the offset band AEcy, the effective mass of
the carriers men” and the width of the well L.

All possible direct transitions are calculated as a function
of QW width to recognise how to design devices for different
wavelength section.

Intersubband transition in CB

The selection rule instead of momentum conservation,
asserts that only transitions between states of the same quan-
tum number in valence and conduction bands are allowed
(Figs. 5 and 6), /19/. Intersubband spacing between the
energy levels for electrons, Fig. 5, and holes, Fig. 6, are
different due to their different effective mass, /22/. Figure 5
presents the main intersubband optical transitions in CB as
a function of quantum well width. As can be observed
modelling starts at 2 nm QW width steps between 2 and 20
nm, and the resulting transitions are plotted with the barrier
width fixed at 0.62 eV to maintain strain symmetrisation
throughout all the modelled structures.

As shown in Fig. 5 for QW width between 5 and 20 nm
the splitting between E; and E; increase inversely propor-
tional, /20/, but when QW width is less than 5 nm the split-
ting decreases due to the correlation between the 2" energy
state and the 1%t and 3™ energy states.

Other transitions are possible as mentioned in EQs.(9-
10), where the number of energy states that can appear
depends on AEc. For example, for three levels of energy,
another two transitions between e; — e; and e, — e, the split-
ting between those levels decreases when QW width
increases, until they merge when the material is in the bulk
state.
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Figure 5. Intersubband transitions in conduction-confined energies
for electrons as a function of barrier thickness, at 300 K.
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Light and heavy holes intersubband transition

In general, there are two types of holes with different
effective masses in semiconductors. They are known as light
and heavy holes. Due to the masses of these two types of
holes that differ; there exist two sets of holes subbands with
different energy spacing. The light holes have a considera-
bly smaller effective mass usually comparable to that of the
electron and have its subband spaced further away, compared
to heavy holes.

The heavy-hole-to-conduction state has a slightly lower
energy and is more closely spaced than the light-hole-to-
conduction state, as shown in Fig. 6. The heavy hole state is
usually dominant in optical absorption for light propagation
perpendicular to the quantum well layers /19, 21/. For inter-
subband transitions, heavy hole HH; to HH; and light hole
LH; to LH, produce only z-polarised absorption in the para-
bolic band approximation, /21/. HH to LH transitions pro-
duced in 3 directions x, y, and z-polarisation but due to the
non-parabolicity of the effective masses of holes, the xy-
polarization will be reduced significantly because of the
confinement in directions xy and the mixing of sub-band,
121/.
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Figure 6. Intersubband transitions in valence-confined energies for
heavy and light holes as function of barrier thicknesses at 300 K.

Interband transitions in quantum well

During interband transitions electrons migrate from
energy levels in the valence band to another energy level in
the conduction band. Interband transitions entail electrons
moving from an energy level in the VB to another in the
CB, Fig. 7. The energy difference between the initial and
final states represents the energy received or released by the
photon throughout the transition, /22/. As function of width
and material qualities, quantum wells dictate their energy
levels, adjusting that these factors can result a controllable
interband transition. This tunability is very useful in creating
optoelectronic devices with specified absorption wave-
lengths, such as quantum well photodetectors with high rate
of photo-absorption, /22/.

As described previously many discrete energies states
for both electrons and holes are possible. We may presume
that by applying the energies of the valence confined state
for holes and the conduction confined state for electrons,
we can obtain different transition energies of the QW struc-
ture, calculated as shown in Fig. 7. For widths around 20
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nm, the conduction confined states for electrons are there-
fore nominal around 0.045 eV. However, the valence-con-
fined energies states for light holes are about 0.07 eV, but
for heavy holes it is negligible, Figs. 5 and 6. The difference
between the two cases is 0.025 eV. On the other hand by
decreasing QW width, the difference decreases for QW
width up to 5 nm, for widths less than 5 nm the electrons
undergo stress caused by the deformation of the mesh of
the structure which causes a correlation of the sub-band.
This stress effects heavy holes too which express the varia-
tion in the form of a saw-tooth graph (Fig. 7) for the transi-
tions e;-LH; and e;-LH,. The saw-tooth graph due to con-
finement effects and anisotropy of the band structure can be
further enhanced or modified due to confinement effects.
The confinement of carriers in one or more dimensions leads
to the quantization of energy levels. The confinement can
also modify the band structure and effective mass of holes.
The hole mass can become different along the confined
direction compared to unconfined directions. In Fig. 7 we
observe orientation change along one direction that leads to
orientation-dependent electronic and optical properties.
Understanding and controlling the directional dependence
of the hole mass in nanostructures is crucial for designing
and optimising nanoscale devices, such as quantum well
photodetector or quantum dot solar cells, and spintronic
devices. By engineering the hole mass along specific direc-
tions, it is possible to tailor the electronic and optical prop-
erties of the nanostructure for specific applications.

09 T T T T T
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A —v—e2-lh2
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Figure 7. Interband transitions between different confined
subband states of CB and VB as a function of QW width at 300 K.

CONCLUSIONS

Simulation results show that by engineering the properties
of InGaAsSh-based quantum well photodetectors, such as
its depth and width, and by tuning the composition of the
InGaAsSh material, it is possible to control the energy levels
within the well, to make it sensitive to cover a broad band
of wavelengths from visible to mid-infrared. Understanding
and controlling the directional dependence of the hole mass
in nanostructures is crucial for designing and optimising
nanoscale devices, such as quantum well photodetector or
emitter, quantum dot solar cells, and spintronic devices. By
engineering the hole mass along specific directions, it is
possible to tailor the electronic and optical properties of the
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nanostructure for specific applications. In the long term this
work will help to increase the performance of solar conver-
sion, by integrating nanostructured materials within conven-
tional solar cells using interband and intersubband energy
levels in solar cells aimed to increase light absorption, adjust
the bandgap to the solar spectrum, decrease energy losses,
and improve charge carrier production and collection. These
methods have the potential to dramatically improve the effi-
ciency and performance of solar cells, keeping in mind at
the same time their integrity which is at sufficient level as
long as strains are controlled and maintained at a low level.
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