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Abstract: This study numerically models and analyzes the quantum efficiency (QE) and absorption characteristics of
CdS/ZnSe quantum dot (QD) solar cells using the Solar Cell Capacitance Simulator (SCAPS) and Quantum Disk theory.
The investigation focuses on how variations in QD size, junction depth, and ZnSe layer thickness affect device
performance. Results show that n-doped CdS QDs combined with p-doped ZnSe bulk layers enhance bandwidth and
produce a QE peak within the ultraviolet range (240-330 nm). An optimal ZnSe layer thickness of 0.08 um yields a
maximum efficiency of 13.5%. The findings offer design guidelines for improving thin-film photovoltaic devices based on

QD architectures.
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1 Introduction

Every year, the global demand for energy increases, while
the availability of essential energy sources like fossil fuels
continues to decline. As a result, various solar cell (SC)
technologies are being actively researched and developed.
Significant efforts are underway to produce third-
generation solar cells, which involve using quantum dot
nanostructures as light absorbers [1],[2]. Semiconductor
quantum dots have attracted considerable interest due to
their quantum-size effects [3]. These materials exhibit
discrete energy levels and possess quantum characteristics
similar to natural atoms or molecules [4].

Recently, significant interest has been directed toward
semiconductor compounds due to their unique
optoelectronic properties, such as a high absorption
coefficient in the visible and infrared regions of the solar
spectrum and a high efficiency of radiative recombination
[5],[6]. Among these compounds, cadmium sulfide (CdS)
stands out. CdS is a yellow-colored chemical compound
with the formula CdS and functions as an electrical
semiconductor. It exists in two distinct polymorphs: cubic
hawleyite and hexagonal greenockite. CdS is chemically
stable and has a narrow band gap of approximately 2.5 eV
[7]. Tt also exhibits several remarkable physical properties,
including strong mechanical strength, a high dielectric
constant, and excellent insulating behavior, owing to its
optical transmittance and high refractive index [8]. These
characteristics make CdS an ideal material for various
applications, particularly in photovoltaic devices and
renewable energy systems [9].

On the other hand, zinc selenide (ZnSe), with a tunable

band gap, has been employed as a barrier layer in n-CdS/p-
ZnSe heterojunctions [10]. ZnSe is an effective candidate
for optoelectronic devices, as it covers a broad range of the
visible and ultraviolet spectra, making it essential for high-
performance optoelectronic applications [11]. The band gap
of ZnSe alloys spans the solar spectrum from 2.8 eV (442
nm) to 5.6 eV (220 nm) [12]. Additionally, ZnSe exhibits
excellent optical properties and has lattice constants closely
matching those of ZnO [13].

Quantum efficiency (QE) is a crucial parameter in
evaluating the performance of photovoltaic devices [14]. It
quantifies how efficiently the incoming optical energy is
converted into electrical current. An increase in efficiency
is one of the key features that makes a solar cell (SC) more
cost-effective [15]. In this study, the quantum efficiency
QE and absorption coefficient were calculated for
CdS/ZnSe QD SCs; the CdSQDs were n-doped, while the
ZnSe bulk layer was p-doped, resulting in a wide
bandwidth. It has been observed that the bandwidth
increases as the disk height increases, but decreasing
quantum efficiency QE (fewer) when increasing the disk
radius decreases both quantum efficiency and the
bandwidth. A high quantum efficiency can be achieved for
CdS at a long depth of the structural junction of the solar
cell.

2. Theory Section

2.1 Quantum efficiency QE in quantum dot Solar Cells

The continuity equation of minority carrier for holes in the
p-side can be defined in Eq. (1) and for electrons in the n-
side in Eq. (2)[16],
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Where the concentration of excess electrons (holes) that
results from external excitation is defined as
5pn =pn _pnO (5np =np _npO) Wlth np(pn) iS the
concentration of total electron (hole) at p-region (n-region)
and 1,0 (Pyo) s the concentration of electron (hole) without
an injection. 7,(7,) is expressed as the lifetime of an
electron (hole). D, (D,)is the electron (hole) diffusion

coefficient. Also, Gx)=0G, i Eq. (1) is represented the
steady-state generating rate, while the generation rate for
the p-side is given by Eq.3 [17],

G, =(1-R)a,®

xexpi—(a,x, +a,W +a,[x—x,-W])} 3)

Where R represents the optical reflectance of a

semiconductor and the air, a(x) represents the coefficient
of absorption of optical intensity (a function of the distance

x), and ® t’s the number of illuminated photons. X , W
are the depletion depth and width, respectively. Note that
@, @y, and ag are absorption coefficients of n-, p-, and
depletion layers, respectively. In SCAPS-1D, the
generation rate of electron-hole pairs due to light absorption
is typically calculated based on the absorption profile of the
materials and the illumination spectrum (like AM1.5G). It
can be set in two main ways: This assumes a constant
generation rate throughout the absorber layer.

Egs. (1) and (2) are solved by summing particular and
homogeneous solutions. Using some math calculations, we
could derive the equation of hole density that is given by
Eq.4[18],
. a,¢(1-R)z, cosh(x/L,)
n 2712 :
(a,L,-1) ‘sinh(x;/L))
2
o (Dpanz Sp) e(xj/Lp) + e—a,,xj]
(D,/ I -S,)
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2
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Where SP is represents the velocity of surface
recombination in the p-region. The diffusion-dominated
hole diffusion photocurre J, nt at the n-side can be found
using Eq.5 [16]

0
J ~—qgD —§

Thus, in the p-region, the equation for the electron diffusion
photocurrent is Eq.6 [18],

¢aan (1 - R) e—(anxj +adW)

H'

L —aH'
—2e " +a,Le "]

(6)

The relation of drifting photocurrent Jar from the depletion
region can be described by Eq.7 [16],

J, =gd(1-R)e " (1-¢ ")
And the QE equation is determined by Eq.8 [16],
(J,+J,+J,)

q¢(1 - R) (8)

2.2 Boundary Condition Summary:

()

OF =

In this study, the quantum efficiency (QE) of CdS quantum
dots (QDs) on ZnSe layers is modeled by treating the QDs
as quantum disks with specific size ranges (12—14 nm in
radius and 1-3 nm in height). The boundary conditions
likely involve the spatial confinement of charge carriers
within these QDs and the interaction at the interfaces
between CdS and ZnSe layers. These constraints define the
potential wells for electron and hole movement and are
essential for solving the Schrodinger equation and
simulating charge transport and optical absorption in the
quantum dot solar cell structure.

2.3 Quantum Dots Solar Cell Structure

This research investigates quantum efficiency in CdS QDs
produced on ZnSe layers. QEs are assumed to be
represented as quantum disks with a range of sizes (radius
of 12-14 nm and height of 1-3 nm). Fig.l1 shows the
graphical representation of different parts of the structure.
Table 1 displays the CdS and ZnSe QDs' material
parameters.
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Fig. 1: A graphical representation of several layers in the
structure of a QD solar cell. The n-type is 2 um, the p-type
is 0.15 pm.

Table 1: Material Parameters Used for CdS/ZnSe Quantum
Dot Solar Cells in SCAPS Simulations.

Cds ZnSe
Parameter (QD (Bulk Units
Layer) Layer)
Bandgap (Eg) 2.42 2.70 eV
Electron affinity 4.2 4.09 eV
Dielectric constant 10 9 -
Electron mobility(n) 100 200 em?V.s
Hole mobility (p) 25 50 em?V.s
Effective density of | yz1018 | 4,0 x101 cm?3
states (CB)
Effective density of |y g w118 | 3.0 x1008 em
states (VB)
Doping concentration 1 51077 . em?
(n-type)
Doping concentration . 1 x1077 em?
(p-type)
Variable
Thickness (QDs:~ 0.02-0.15 pm
2nm)
Absorption 10°106 104108 cm'!
coefficient ()
Electron lifetime (7,,) | 10°-103 108 s
Hole Lifetime (‘tp) 10° 108 s
Surface
recombination 103104 103 cm/s
velocity (S)

3. Results and Discussion

For CdS/ZnSe QD SCs structures at the sizes specified in
section 2.2, QE was calculated using Eq. (8).

3.1 Absorption spectrum of CdS/ZnSe Structure

The absorption spectrum of n-doped CdS/ZnSe quantum

dot system when the disk radius (¥ =13nm) and the disk
height ( h=2nm ) is shown in Fig. 2. As can be observed, it
lies within the UV range of 240-340 nm

. CdS/ZnSe
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Fig. 2: shows the absorption spectrum for the CdS/ZnSe

structure when h=2nm and P =13nm.

It can be detected that there are three peaks; The smallest
one, which originates from the first subband transition, is
located at 250 nm. The first ten subbands contribute to this
first absorption peak collectively since they are close to one
another. The second peak originates from the eleventh
subband and is located at 290 nm. The ZnSe bulk p-doped
region contributes as a QE at the p-doped QEp. The bulk
region absorbed less light than the QD region. QE of
CdS/ZnSe has a wide bandwidth where it can absorb
wavelengths within the range of 240 -330 nm. Another
important feature that can be seen is the wide peak along all
of this wavelength, which has not been obtained in any
other structure of solar cell. Quantum efficiency was
determined to be approximately 0.7.

3.2 Quantum Efficiency against junction depth

This section includes a plot of QE against junction depth
for various electron (Ln) and hole (Lp) diffusion lengths.

1. Changing the Electron diffusion length Ln

Fig. 3 shows QE vs junction depth for the CdS/ZnSe QD
structure at various electron diffusion length ranges. It is
demonstrated that this material's electron diffusion length is
effective, providing clear discrimination between QE
Curves.

Quantum Efficiency

06 -

Fig. 3: Quantum efficiency of CdS/ZnSe QD structures at
various values of the hole diffusion length Ln.
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2. Changing the Hole diffusion length L,

Fig. 4 shows quantum efficiency versus junction depth at
various values of the hole diffusion length for the
CdS/ZnSe QD structure. The hole diffusion length was
efficient in this material and gave an obvious discrimination
between QE Curves.
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Fig. 4: The quantum efficiency CdS/ZnSe QD structure
h:2nm,p:13nm.

3.3 Impact of ZnSe layer thickness on solar cells

The effect of the thickness of ZnSe (n-type) on the planar
solar cell, ranging from 0.02 to 0.15 um. Table 2 shows that
as the thickness of the electron-transporting material is
increased, FF, JSC, and system efficiency are increased
until 0.8, where the efficiency reaches a maximum value of
13.5 %, then decreases. This means that the transmission of
an incident photon (the solar cell characteristics) decreases
as thickness increases, indicating that a thicker material
offers a longer diffusion path for the electrons to reach the
electrode, hence limiting the efficient charge collection.

Table 2: Variation of Thickness for ZnSe with Fill Factor

4. Conclusion

This study demonstrates that optimizing quantum dot size,
junction depth, and ZnSe thickness can significantly
enhance the quantum efficiency of CdS/ZnSe QD solar
cells. Maximum efficiency of 13.5% was obtained with a
ZnSe thickness of 0.08 pm. Future work should focus on
experimental validation and explore defect passivation
strategies to boost performance further.
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