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ABSTRACT In this work, the effects of AlxGa1−xAs cap and passivation (such as SiO2, Si3N4, and HfO2)
layers on the performance of InGaAs/GaAs-based quantum dot intermediate band solar cells (QDIBSCs)
have been studied. The low surface recombination rate of ∼103 per cm3s is achieved by optimizing the
composition, x = 0.40, and thickness (200 nm) of the AlxGa1−xAs cap layer. The optical reflectance
is also evaluated for devices with different passivation. The solar cell with Si3N4 shows the lowest
reflectance of 10.53%. The photogeneration rate has been enhanced at the quantum dot region because of
the improvement of the photocurrent provides by both cap and passivation layers. There is also an increment
found in the average external quantum efficiency of 39.56% as compared to that of the bared conventional
QDIBSC. As a result, the solar cell, with both Al0.40Ga0.60As cap and Si3N4 passivation layers, shows the
conversion efficiency of 27.8%, which is higher than that of 21.6% for conventional In0.53Ga0.47AS/GaAs-
based QDIBSC. These results indicate that GaAs-based QDIBSCs with both Al0.40Ga0.60As cap and Si3N4
passivation layers are promising for next-generation photovoltaic applications.

INDEX TERMS QDIBSC, cap layer, passivation, surface recombination rate, photon-generation rate.

I. INTRODUCTION
Photovoltaic (PV) energy becomes more famous for the gen-
eration of inexhaustible and renewable electricity leads to
help in less the greenhouse effect and contributes to sus-
tainable development. The global PV installation capacity
reached ∼627 GWDC, which is covered 3% of electricity
generation entire countries of the world in 2019 and it is
expected to grow by 14%-20% in 2020 from last year [1].
According to International Technology Roadmap for Pho-
tovoltaics (ITRPV), developments in all fields of Si-based
modules achieve efficiencies of ∼20% that will improve to
23%, while the PV cells with heterojunction is expected
to attain the module efficiency about 24% until 2030 [2].
Essig et al. reported the best research efficiency of 32.8%
among all the emerging technology using GaAs/Si tandem
solar cell [3]. Si-based solar cells have been controlled the
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PV markets for many decades due to its availability and
environmentally friendly nature [4]. However, the indirect
nature of its electronic bandgap is one of the disadvantages
of crystalline silicon, rendering it a relatively low absorber of
long-wavelength sunlight. Whereas the materials with direct
bandgap contribute to optimum design for obtaining exceed-
ingly efficient single or multiple junction solar cells. In recent
years, GaAs and its alloy materials have been chosen fre-
quently for solar designing because of their bandgaps cover
to the standard spectrum. ALTADEVICES company claimed
to have achieved a conversion efficiency record of 29.1% for
single-junction, which has created a new step of GaAs-based
solar cell [5].

To improve the performance of solar cells beyond the
Shockley-Queisser limit, the idea of intermediate band (IB)
formation, using quantum dot (QD) has been introduced to
achieve high efficiency. It was anticipated that the introduc-
tion of QD as an IB in solar cell, the conversion efficien-
cies of a single p-n junction raise to ∼45% in one sun and
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∼63% in under full concentration [6]–[8]. The intrinsic layer
considers as QDs into p-i-n solar cell to make intermediate
band solar cell (IBSC). Generally, III-V materials like GaAs,
InAs, InGaAs, etc. are the choice for QDs [9]–[11]. Sugaya
et al. reported that there were no dislocations observed even
after the 400 stacking of In0.4Ga0.6As QD layers and the
circuit current density, Jsc as well as the conversion efficiency
improved with increasing the number of QD layers [11].
In our previous study [12], [13], we focused on only the char-
acteristics of electronwave functionwith respect to dot-to-dot
spacing (S = Sx = Sy = Sz along with the coordinate axes)
and size of QD (L=Lx =Ly =Lz) for In0.53Ga0.47As/GaAs-
based QDIBSC [12]. A shift is observed both in IB and
density of states due to change in dot spacing, S while the
extension of QD size introduces a second IB. We also sug-
gested the possibility of conversion efficiency enhancement
due to the creation of multiple IBs. The optimum values of
L and S are found as 5 nm and 2.5 nm, respectively [12], [13].
Despite the potential for achieving high performance, though
QDIBSC does not exceed the Shockley-Queisser limit, still
a large discrepancy is observed between the theoretical and
experimental outcomes.

There are many losses have been incorporated with the
degradation of efficiency in QDIBSC. Both the non- radia-
tive recombination and reflection of photogenerated charge
carriers on the cells’ inevitable surfaces are the leading
causes of the degradation. There are several reports on
the incorporation of cap layer with different names as top
layer, epitaxy layer, window layer, passivation layer etc.
The carrier recombination loss reduces at the surfaces of
Si wafer due to introduction of the heterojunction technol-
ogy employing amorphous Si as the passivation layer [14].
Bhattacharya et al. reported the incorporation of front and
back surface passivation layers to diminish recombination
losses induced by lateral current flow with the 31% power
conversion efficiency of Si-based solar cell [4]. Glunz et al.
reported that SiO2 passivation layer played an essential role in
Si-based solar cells with the efficiency >20% because of its
electrical properties which reduce the surface recombination
loss [15]. Bernal-Correa et al. and KC et al. reported that
the AlxGa1−xAs thin film with large bandgap used on top
of the GaAs surface showed significant improvement in cell
efficiency [16], [17]. However, the detailed understanding of
non- radiative recombination and reflection of photogener-
ated charge carriers on the GaAs-based QDIBSC surface are
still inadequate. There is room for material and structural
changes to proper inclusion of these issues. Therefore, to clar-
ify these effects on the performance of InGaAs/GaAs based
QDIBSC are immensely important.

In this work, InGaAs/GaAs based QDIBSCs have studied
in a schematic approach to understanding the effects of both
cap and passivation layers on the cell performance. QDIB-
SCs are reintroduced with the surface cap layer to deter
the unwanted recombination of photogenerated electron-hole
pairs. The crystalline parameters of GaAs and AlxGa1−xAs
indicates almost similar properties. The aim of choosing the

composition x of AlxGa1−xAs as a cap layer is to study
whether it has any impressive effect on the conversion effi-
ciency of QDIBSC. The thickness of the top AlxGa1−xAs
capping layer is determined by evaluating the electrical
parameters of the cell. Victoria et at. reported that semicon-
ductors having a high refractive index (n > 3) causes around
30% reflection from the surface of the cell [18]. As the optical
reflection decreases the photogeneration and photo-current,
the top passivation layer has been studied to lessens the
reflectance of the QDIBSC. For keeping the reflectivity low
throughout the QD absorption region single-layer SiO2, HfO2
and Si3N4 are analyzed to determine the suitable passivation
material. The external quantum efficiency is also explored
at different incident wavelengths. The influence of the cap
and passivation layer on the conversion efficiency, open-
circuit voltage, short circuit current density and fill factor are
studied.

The rest of the paper is organized as follows: Section II
demonstrates the entire simulation and modelling. In section
III, the results of the simulation have been shown with the
necessary illustrations. The effect of both the cap and passi-
vation layer can also be realized from this section. In addition,
discussion with adequate explanations has also been provided
in this section to comprehend the outcome of the results.
Finally, in section IV, the study has been concluded.

II. SIMULATION AND MODELLING
The schematic diagrams employed in the simulation are
shown in Figure 1. For only simulating QDIBSC device A
(Figure 1(a)), structure is used, then to study the impact
of cap layer device B (Figure 1(b)) is considered. In order
to demonstrate the effect of passivation layers device C
(Figure 1(c)), is considered and using different materials
individually as such as SiO2, Si3N4, and HfO2 as passivation
layer devices C1, C2, C3 are explored, respectively. Finally,
an optimized device structure having the passivation layer
over the cap layer is used in device D (Figure 1(d)). The
material parameters and size of QD have picked from our
previous reports [12], [13]. The QDIBSC structure consists
of In0.53Ga0.47As dots and GaAs barrier material. Moon et al.
reported the composition x = 0.53 of In0.53Ga0.47As dots
(corresponding bandgap, Eg = 0.75 eV) which embedded
with GaAs (Eg = 1.42 eV) plays as a barrier for both electron
and heavy-holes and as a well for light holes [19]. A stack is
considered with ten-layers of QDmeasuring 5×5×5 nm3 and
spacing between dot-to-dot is 2.5 nm (inset of Figure 1 (a))
[12], [13]. In the simulation model, n-type GaAs (100) is
a substrate, n-GaAs is considered as both buffer and base
layer, n-In0.5Ga0.5P BSF layer is Si-doped having a con-
centration of 1 × 1017 cm−3, and both p-GaAs emitter and
p-AlxGa1−xAs cap layers are Mg-doped with a concentration
of 1 × 1018 cm−3 and 3 × 1018 cm−3, respectively. The
thickness of each layer is represented in Figure 1. Tomaintain
low-contact resistivity for devices C and D, combine of p+
GaAs with a doping concentration of 1 × 1019 cm−3 and
Au having a resistivity of 2.35 µ�-cm are considered as
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FIGURE 1. Schematic cross-sectional views of the QD solar cell employed in this simulation (a) device A, (b) device B, (c) device C, and (d) device D.

a contact. However, only Au with the same resistivity is
employed for devices A and B, which have no passivation
layer.

The total dimension of the cell is 1 × 0.1 mm2. These
device structures are simulated using the Silvaco ATLAS
platform. All the simulations have done under 1 sun with
a normal-incident light source, and at room temperature
(300K).

The structures of the solar cell are specified by the
mesh, region, electrodes, and doping rates. Different types of
models are employed to simulate the structures. The time-
independent Schrodinger equation and the Kronig-Penney
model are considered to explain the wave function of the
electrons in dots and barriers. The Schrodinger equation for a

single electron in a QD array can be represented as [20], [21][
−
h̄2

2
∇r

1
m∗r
∇r + V (r)

]
ϕ (r) = Eϕ(r) (1)

where, Eϕ(r) is the total energy, the potential, V (r) =
Vx (x)+Vy (y)+Vz (z), is the sum of the total potential along
with the x, y, and z axes, respectively, and φ(r) is the envelope
of wave functions. The } = h/2π , h is the Planck’s constant.
Equation 1 has been solved the Kronig-Penney model. The
formation of IB in the QD region is shown in Figure 2.
Shockley-Read-Hall, Auger, Surface recombination models
are employed to study the effectiveness of the cap layer. After
inputting the physical parameters of the constituent materials,
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FIGURE 2. Schematic energy band diagram of the device D.

numerically analyzed the solar cell’s electrical and optical
characteristics.

The criteria of a suitable cap layer for a solar cell, the mate-
rial have to show three essential features [22], [23]. Firstly,
the material should have a higher bandgap as compared to
the active material of the solar cell; else, the photons having
suitable energy will be absorbed by the cap layer. Secondly,
the lattice mismatch should be minimum between the capped
and active materials to attain the excellent crystalline quality.
Lastly, the cap layer must be capable of reducing the surface
recombination velocity of the cell through the introduction of
an energy barrier to increase the electron-hole pair generation
by lessening the dangling bonds density at the interface.
From Figure 2, it indicates that AlxGa1−xAs, as a suitable
candidate for cap layer, possess large tunable bandgap
(1.42 - 2.16 eV) regarding the consecutive surface of GaAs
(Eg = 1.42 eV). The maximum lattice mismatch between
GaAs and AlxGa1−xAs is less than 0.15%, which is very low
to produce good quality crystal. The surface recombination
rate is calculated to conclude the effect of AlxGa1−xAs as a
cap layer. The optimization, in terms of both composition of
x and thickness of the cap layer, is performed to achieve high
conversion efficiency.

The refractive index is one of the critical parameters
to determine the optical properties of the solar cells. It is
expressed as [24]

ni = n
N−i+1
N+1
o n

i
N+1
l (2)

where i refers to the ith layer of passivation, N corresponds to
the number of the passivation layer on the surface, noand nl
imply to the refractive index, n of the air and GaAs surface,
respectively. The reported value of n is ∼4.06 for GaAs at
the wavelength, λ = 550 nm [25]. According to equation (2),
for a single passivation layer (N = 1) on device A, the value
of the calculated optimum n is 2.01. Some materials such as
SiO2, Si3N4, and HfO2 having a n of 1.46, 2.04, and 2.11 at
λ = 600 nm, respectively. These results indicate that the

Si3N4 might be the most suitable material for passivation
layer because of its n near to the theoretical optimal value
of n = 2.01. Further simulation is conducted to study the
optimum material and thickness of the passivation layer for
device C.

The anti-reflection property of SiO2, Si3N4, and HfO2 as
passivation material is analyzed to observe its effect on the
performance of device C1, C2, and C3, respectively. The
photo absorption and photogeneration rates help to under-
stand the effect of both cap and passivation layer on device
D. The photogeneration rate (G) is governed by the equa-
tion (3) [21],

G = η0
Pλ
hc
αe−αy (3)

where, η0 and P are defined as the internal quantum effi-
ciency and ray intensity factor, respectively. The P consists
of transmissions, reflections, and loss due to absorption over
the photo ray path. Also, y and α are the relative distance
of the photo ray and absorption coefficient, respectively.
Usually, α depends on the optical constant of a material. The
net photocurrent and external quantum efficiency have also
calculated using the Refs. [21], [26].

We have reproduced experimental reported results using
our simulation models to compare those data for validity test
purpose. The fabricated InAs/GaAs based QDSC structure is
considered with the same material parameters and dimension
of the cell [27]. There is a good match between the experi-
mental and our simulated data, as shown in Figure 3. These
results indicate evidence of the validity of our simulation
models.

FIGURE 3. Model validation by comparing with experimental results.

III. RESULT AND DISCUSSION
The short circuit current density-open circuit voltage, J-V
characteristics of device A are shown in Fig. 4, under dark
and illumination conditions. The values of Jsc and Voc are
31.56 mA/cm2 and 0.876 V, respectively under one sun. As a
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FIGURE 4. J-V characteristics of device A under illumination and dark
conditions and device B under illumination.

result, the conversion efficiency, η is calculated as of 21.6%
with a fill-factor, FF= 80%. In order to havemore conversion
efficiency both Jsc and Voc need to be increased. Therefore,
additionally, cap and passivation layer on the top surface of
device A is included to study their effectiveness.

A. EFFECT OF CAP LAYER
In device B, an additional cap layer consists of AlxGa1−xAs,
which is considered on top of device A to enhance the per-
formance, as shown in Fig. 1 (b). Figure 4 shows the effects

of the cap layer on both Jsc and Voc of device B over the
J-V characteristic of device A. The values of Jsc and Voc are
34.96 mA/cm2 and 0.889 V, respectively. The Jsc enhances
∼10% by introduction of Ax lGa1−xAs cap layer due to the
possible reduction of the recombination rate at the surface
of device A. The dangling bonds on the surface of GaAs act
as the recombination trap centers. The Ax lGa1−xAs helps to
destroy bonds with the surface charges leading to enhance the
Jsc due to increase the electron-hole pair generation rates. The
recombination rates represent using contour plots for both
devices A (a) and B (b), as shown in Fig. 5. A high surface
recombination rates of ∼1016 - 1023 per cm3s are found
around the QD surfaces of device A as shown in Fig. 5 (a).
However, the device B shows the lower recombination rates
as ∼3× 103 per cm3s as compared to that (∼1016 per cm3s)
of device A. These results indicate that carrier recombination
rates reduce because of Ax lGa1−xAs which interacts with
the surface charges leading to eliminate the dangling bonds.
Therefore, the effects of Al composition, x and thicknesses
of Ax lGa1−xAs cap layer on device performance have been
shown.

As the lattice matching and bandgap engineering are the
essential issues for designing of a high-efficient solar cell,
the Al composition, x of AlxGa1−xAs is varied from 0 to 1.
The effects of x on the Jsc and Voc are shown in Fig. 6. There
is no significant change found for Voc after x = 0.1. However,
two peaks, x = 0.4 and 0.8, are obtained for Jsc with the
values of 34.65 mA/cm2 and 33.92 mA/cm2, respectively.
These results indicate that AlxGa1−xAs with x = 0.40 is the
suitable candidate due to low latticemismatch of 0.025%with

FIGURE 5. Recombination rates of (a) device A and (b) device B.
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GaAs and chemically less oxidation sensitivity as compared
to Al0.80Ga0.20As. Besides these, it has a bandgap of 1.92 eV,
at x = 0.40, which is higher than that (EGaAs = 1.42 eV) of
the GaAs surface. As a result, the optimum x is considered as
0.40 for the next following steps.

The thickness of Al0.40Ga0.60As cap layer has varied from
0 to 500 nm for optimizing the performance of device B,
as shown in Fig. 7. Figure 7 (a) shows that the Jsc increases
with the subsequent increment in Al0.40Ga0.60As thickness
because the recombination rate at the surface gets lower
as compared to device A. Thus, the interface between
Al0.40Ga0.60As cap layer and GaAs surface reflect minority
carriers while allowing majority carriers, thus leads to an
increment in the collection of current during the short circuit.
The VOC remains almost unchanged with the increment of
cap layer thickness. From Figure 7 (b), it is noticed that the
FF increases with thickness and shows a maximum of 81.3%
at 200 nm. With the further increase in thickness, FF reduces
due to the possible reason for the enhancement of the series
resistivity, which is not considered for simplicity. However,
conversion efficiency becomes a maximum of the value
of 25.91% at 200 nm thickness. If the increment of thickness
keeps on above 200 nm, few of photons will be started to
absorb by the active layer. Hence, 200 nm is considered as
an optimized thickness of the Al0.4Ga0.6As cap layer.

B. EFFECT OF PASSIVATION LAYER
The optical reflection is another primary reason to reduce the
photogeneration and photo-current of the solar cell. Different
passivation materials have studied to get rid of this problem.
The passivation materials employ top of device A, which is
newly defined device C, as shown in Fig. 1 (c). Three kind
of dielectric materials, such as SiO2 (εr = 3.9), Si3N4 (εr =
7.5), and HfO2 (εr = 22) are considered as passivation, which
are mentioned as devices C1, C2, and C3, respectively [21].
It is found that the devices (C1, C2, and C3) show higher
value of Jsc as compared to that of device A (34.96 mA/cm2).
However, the Voc remains almost constant (0.889 V) by
replacing passivation materials, as shown in Fig. 8 (a). The
η (Fig. 8 (b)) of devices C1, C2, and C3 have been dominated
through the Jsc leading an improve by ∼16.4% as compared
to bared device A. The graphical representation of external
quantum efficiency (EQE) in Fig. 8 (c) indicates that device
C2 has a slightly higher EQE as compared that of other
devices C1 and C3. There is a variation found in Jsc due to
different passivation materials as represented in Fig. 8 (a).
as well as the reflection of these changes, has been replicating
on both η and FF (Fig. 8 (b)). Mainly, optical reflection
plays a vital role in solar cell performance, and passivation
materials help to reduce the reflectivity. The reflection spectra
of devices A, C1, C2, and C3 represent (Fig. 9) in the spectral
region of 300-1200 nm. These results indicate that the optical
reflection losses of the QDIBSC structure reduce because of
the passivation layer.

This passivation minimizes the reflectivity of the GaAs
surface and increases the absorption of the photons. In Fig. 9,

FIGURE 6. Variation in current and voltage for different Al compositions
in device B.

FIGURE 7. The variation in (a) short circuit current density and
open-circuit voltage, (b) conversion efficiency and fill factor for different
thickness of the Al0.40Ga0.60As cap layer.

device A has no anti-reflection layer that causes the high
reflectance up to ∼800 nm region of the wavelength, λ.
On the other hand, the introduction of SiO2, Si3N4, and HfO2
as passivation materials, which act as an anti-reflection layer,
can lower the reflectance as compared with the bared device

212344 VOLUME 8, 2020



A. I. Ankhi et al.: Projected Performance of InGaAs/GaAs Quantum Dot Solar Cells: Effects of Cap and Passivation Layers

FIGURE 8. Effect of different passivation materials on the performance of
device C, (a) short circuit current density and open-circuit voltage,
(b) conversion efficiency and fill factor, (c) external quantum efficiency.

A. In the region of λ =∼ 800-900 nm, it has comparatively
less reflectance than other wavelength regions because the
GaAs surface has more absorbance in this region. There is
an oscillation seen in λ > 900 nm for all simulated devices.
These results elucidate the possibility of an interference effect
of the QD layer structure. Moreover, this oscillation may
be occurred from the resonance of light at the interface
between the consecutive layers and the substrate [29]. There
are several reports which have also indicated these similar
effects [16], [17]. Thus, the introduction of passivation layer

FIGURE 9. Optical reflectance of device A and device C (C1, C2, and C3)
with different passivation.

FIGURE 10. J-V characteristics of device D in comparison with devices A,
B, C2 under illumination (1 sun).

helps to reduce the resonance to lessen reflectance of the
devices in the long wavelength range. Furthermore, the rea-
son for having lower reflectance for HfO2/Si3N4 layer is the
close matching of the refractive index with the theoretical
optimum value. It is found from the Fig. 9 that the device
C2 with Si3N4 has lower reflectance as compared to that of
other simulated devices.

Since the reflectivity value changes with the wavelength,
the averageweighted reflectance value can be calculated from
the simulated results using the following equation (4) [28]

RW =

∫ 900 nm
350 nm R (λ) φ (λ) dλ∫ 900 nm

350 nm φ (λ) dλ
. (4)

where R(λ) and φ(λ) are the value of reflectance and pho-
ton flux at a specific λ, respectively. The average weighted
reflectance (RW) value of device A is 34.12%. However,
with the introduction of passivation, the reflectance value
becomes lower for devices C1 (22.6%), C2 (10.53%) and C3
(14.5%) as compared to without passivated device A. These
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FIGURE 11. Photon absorption rate distribution of device A (a) and device D (b).

FIGURE 12. Photogeneration rate distribution of device A (a) and device D (b).

results indicate that the optical reflection becomes low by
leading to the absorption of more photons to generate more
photo-current for providing better performance. The opti-
mization of the passivation’s thickness is of great importance
to know the efficient cell structure. The optimum thickness
can be evaluated from a well-known quarter wavelength rule,
di = λ/4ni. According to this rule, optimum thicknesses
for SiO2, Si3N4, and HfO2 are 94 nm, 70 nm, and 65 nm,

respectively. These values are considered for the simulation
of devices C1, C2, and C3, accordingly. Hence, it can be
concluded that the Si3N4 is the suitable passivation materials
for high-efficiency solar cells.

C. EFFECT OF BOTH CAP AND PASSIVATION LAYERS
DeviceD (Fig. 1 (d)), with both optimized cap and passivation
layers, has been studied to evaluate the cell performance.
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There are improvements found (Fig. 10) in both Jsc and Voc
of device D as compared to those of device A. The enhanced
values of Jsc and Voc are 38.04 mA/cm2 and 0.891 V, respec-
tively. Both photo absorption rate and photogeneration rate
play a vital role in increasing the overall cell performance.
Figures 11 and 12 show the contour plots of photon absorp-
tion and photogeneration rates, respectively, for both devices
A and D. The photon absorption rate in the QD and other
consecutive regions get increased in device D (Fig. 11 (b))
as compared to device A (Fig. 11 (a)) due to the inclusion of
both cap and passivation layers. There is also a significant
increment in photogeneration rate at the QD region of the
device D (Fig. 12 (b)) than that of device A (Fig.12 (a)). These
results indicate that the increment of the photon absorption
rate accelerates the process of photogeneration rate leading to
the considerable improvement of the photocurrent provides
by both cap and passivation layers in device D. Moreover,
this photocurrent is considered as the dominant reason for the
increment in the open-circuit voltage and fill factor.

The EQE has great importance for observing the effect
of the cap layer and passivation layer on a solar cell’s per-
formance. The EQE of each structure has been evaluated,
which is shown in Fig. 13. Device B’s quantum efficiency
shows promising results in 600-850 nm wavelength, whereas
device C2 has a wider 525-850 nm wavelength region with
maintaining a little high EQE. However, it shows a very high
EQE in a broad region of wavelength from 500- 850 nm
for device D due to both recombination and antireflection
mechanisms induced from cap and passivation layers. These
cap and passivation layers lead to absorb a wide range of
photons from 500-850 nm by decreasing the optical reflection
losses. Since EQE value changes with the wavelength, the
average weighted EQE value can be calculated from the
simulated results with the equation (5), as follows [29]:

EQEW =

∫ 900 nm
300 nm EQE (λ) φ (λ) dλ∫ 900 nm

300 nm φ (λ) dλ
(5)

FIGURE 13. EQE response of device A, device B, device C2, and device D.

where, EQE (λ) and φ (λ) are the external quantum efficiency
and photon flux at a specific wavelength (λ), respectively.
The average external quantum efficiency, EQEw are 15.47%,
31.63%, and 39.56% for devices B, C2, and D, respectively,
from the bared conventional QDIBSC (device A). As a result,
the increase in the net photocurrent gives rise to conversion
efficiency.

Figure 14 (a) shows a clear view of the change of Jsc and
Voc according to different device structure. The increment of
Jsc in devices B, C2, and D are 10.77%, 14.61% and 20.53%,
respectively than that of device A. There is slight increment
of Voc valued 1.48%, 0.57% and 1.71% in devices B, C2,
and D, respectively than that of device A. The reduction
of both surface recombination rate and optical reflectivity
lead to enhance the Jsc. From the overall simulation results,
it is found that VOC and FF are slightly increased with the
incorporation of cap and passivation layers in device D struc-
ture. As the value of Jsc increases, the VOC also increases.
The value of FF increased with the decrement in surface
recombination rate and the improvement in photogeneration
rate. According to the above analysis, it is clear that the struc-
ture of device D is the most promising for future QDIBSC
structure. The electrical output parameters of the simulated
solar cells are summarized in Table 1. The comparison of the
performance of our simulated device D with others reported
device structure is shown in Table 2.

FIGURE 14. Comparison based on (a) Jsc and Voc and (b) η and FF of
devices A, B, C2, and D, respectively.
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TABLE 1. Electrical output parameters of the simulated solar cells.

TABLE 2. Comparison between different types of the solar cell with our
simulated one.

IV. CONCLUSION
The In0.53Ga0.47As/GaAs QDIBSC’s structure has been opti-
mized by both cap and passivation layers to reduce sur-
face recombination and reflectance rates. The device with
200 nm Al0.40Ga0.60As cap layer shows a low recombination
rate of 3 × 103 per cm3s. Results reveal that the employ
of 70 nm thick Si3N4 passivation decreases the reflectance
by improving the whole-cell photogeneration rate. Therefore,
the overall efficiency of device D has increased from 21.6 %
to 27.8% with the increment of short circuit density from
31.56 mA/cm2 to 38.04 mA/cm2 along with a minimal open
circuit voltage increment of 15 mV by using both cap and
passivation layers on the top of device A. Thus, the concept

of introducing capping and passivation on the surface may
help the growth engineer to overcome the short-coming of
low conversion efficiency in QDIBSC.
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