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ABSTRACT

Abstract. A theoretical p—n junction photovoltaic device design procedure is proposed. The procedure comprises optical
and electrical analyses to determine the device structure, including material selection, layer dimensions, doping concen-
trations, and performance characterization. This procedure is complemented by designing criteria, numerical modeling,
and simulation algorithms. The practical implementation, including physical fabrication and practical measurements, was
performed. A cadmium sulfide/cadmium telluride heterojunction film is used for the practical implementation, and the exci-
ton generation rate is used to determine the improvement and optimization rules. Further, a correlation of theoretical and
practical results is realized based on the improvement and optimization rules. The obtained results demonstrate the func-
tionality of the proposed procedure, which can be adapted for different device structures and materials. The findings of
this study are of great interest to designers and engineers interested in correlating theoretical results with practical

measurements.
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1 Introduction

As an efficient alternative to fossil fuels, photovoltaic (PV)
devices, also known as solar cells, are one of today’s most
promising clean energy sources!'*. Because solar energy is
renewable and inexhaustible, PV devices do not emit
polluting gases during operation, unlike fossil fuels that
release large amounts of carbon dioxide (CO,) and other
pollutants when burned, contributing to climate
change®7\. Moreover, the cost of solar energy has reduced
in the past decade; in several regions, it is now cheaper to
generate electricity with solar panels than with coal or gas
plants®). A PV device converts sunlight into electricity
based on the photoelectric effect. The active part of a PV
device comprises a p-n junction illuminated to absorb
photons from incident light and release electrons that
generate an electric current. The p-n junction can be a
homojunction (the same material p and n components) or
a heterojunction (different material p and n components).
Figure 1 shows the standard structures of a single PV
device and a multi-PV device panel. Each structure
comprises the following:

(1) A p-type electrode top layer, which comprises a
conductive metal that functions as a low contact. The p-
type electrode must have a large work function to form a
good ohmic contact with a p-type semiconductor™’.
Common materials used for this purpose are gold (Au),
silver (Ag), copper (Cu), and aluminum (Al).

(2) A p-type material layer, which is responsible for
generating excitons (electron-hole pair generation via
photon absorption). This layer is also called the active
layer due to its function of absorbing the greatest amount
of solar radiation to generate photocurrent!’. Examples of
materials used for this layer are p-type-doped silicon (Si-
D), p-type-doped gallium arsenide (GaAs-p), p-type-doped
cadmium selenide (CdSe-p), and p-type-doped cadmium
telluride (CdTe-p).

(3) An n-type material layer, which is also called the
window layer because it comprises a highly photoconduc-
tive material that allows the greatest amount of solar radia-
tion to pass to the active layer!'>"”. This layer, together with
the active layer, forms the p-n junction. Common materi-
als used for this layer are n-type-doped silicon (Si-n), n-
type-doped gallium arsenide (GaAs-n), and n-type-doped
cadmium sulfide (CdS-n).

(4) An n-type electrode, which is a transparent conduc-
tive oxide (TCO) that functions as a first contact material.
This layer is transparent to avoid attenuation in light inci-
dent on PV devices. Examples of materials used for this
layer are zinc oxide (ZnO), indium-doped tin oxide (ITO),
and fluorine-doped tin oxide (FTO)!,

(5) A substrate layer, which must be a highly transpar-
ent material with sufficient thermal rigidity characteristics
to support the other layers. This layer is commonly made
of soda-lime glass.
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Figure 1 PV structures. (a) Single PV device. (b) Multi-PV device panel.

The design objective of a PV device is to determine the
device structure, including the materials, layer dimensions,
doping concentrations, and performance characterization
parameters from a set of input parameters. The input
parameters include the incident radiation spectrum, inci-
dent optical power, voltage, current, and electrical power
to be delivered by the PV device. The layer dimensions
comprise the physical dimensions of each layer, including
thickness, width, and length. Various numerical simula-
tors, such as Silvaco ATLAS, COMSOL, ADEPT, AMPS-
1D, AFORS-HET, ASPIN, PC1D, PECSIM, SCAPS-1D,
SETFOS, and DESSIS, are available for modeling a PV
devicel'™*l, Almost all these simulators solve the standard
PV device equations and models with appropriate bound-
ary conditions. Depending on the PV device’s internal or
external phenomenon to be simulated, each simulator has
some advantages and disadvantages over the others. In
addition, online educational platforms that offer PV device
working principles with constraints, theoretical models,
and simulation methods, such as PVLighthouse and
PVEducation, are available!'”. Nevertheless, it is uncom-
mon to find a design guideline that includes the criteria for
selecting materials, layer dimensions, and doping concen-
trations as well as theoretical-practical result correlation.
Similar to numerical simulations, theoretical design proce-
dures allow researchers to predict and optimize PV device
performance without physical testing. Theoretical design is
essential for analyzing and optimizing PV device perfor-
mance, avoiding the high cost and time associated with
physical manufacturing®2'. In this study, a theoretical step-
by-step PV device design procedure is proposed. The
procedure is complemented with simulation algorithms. A
CdS/CdTe heterojunction PV device is designed to
demonstrate the procedure’s functionality. We consider
the exciton generation rate G(x, 1) as a function of posi-
tion (x) and wavelength (1) to determine improvement
and optimization rules.

2 Theoretical design of a p—n junction PV
device

Figure 2 shows a block diagram of the proposed step-by-
step procedure. The procedure comprises three main
processes. The first is an optical analysis to determine G(x,
A) in the photon absorber region. An optical transfer
matrix is used in this process to analyze the optical electro-
magnetic field propagation and dissipation in the multi-
layer structure that forms the PV device. The second is an
electrical analysis to determine the charge concentrations,
electrostatic potential, and depletion zone dimensions of
the p-#» junction under optical stimulation (out of thermal
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equilibrium). The third is determining the performance
characterization parameters, including open-circuit volt-
age (V,.), short-circuit current density (J,.), fill-factor (FF),
and power conversion efficiency (PCE). The details of each
process are described in the following sections.

2.1 Optical analysis (modeling and extraction of
G(x, 1)

The input parameters required by the proposed procedure
are the incident light spectrum, average optical power,
load resistance, and voltage to be delivered by the PV
device at maximum power. The light spectrum and aver-
age optical power are obtained from an AMO standard
spectrum for space applications with an integrated aver-
age optical power of 1366.1 W/m?, AMI1.5 Global
(AM1.5G) spectrum designed for flat plate modules with
an integrated power of 1000 W/m?, or AM1.5 Direct spec-
trum defined for solar concentrator work with an average
integrated power density of 900 W/m2 Therefore, the
current at maximum power is calculated as Iypo=

VMaxPot/ RMaxPot'
2.1.1 Material selection

The materials to be selected are the substrate, first contact
or TCO, n- and p-type semiconductors, and second
contact metal. Because the substrate supports the other
materials, it must be highly transparent, physically resis-
tant, chemically stable, and relatively inexpensive; soda-
lime glass is the most commonly used commercial mate-
rial. The most commonly used commercial TCOs are ZnO
and ITO. The material characteristics that must be consid-
ered to select the n- and p-type semiconductors are wave-
length sensitivity (which is defined by the bandgap), the
capacity to absorb incident spectra, and the direct and
indirect band-to-band charge transition. For special
cases, the material dispensability and cost must also be
considered.

2.1.2  p-njunction structure

The window and active layer materials must be selected
before defining the p-n junction structure. The window
layer material must have a larger bandgap with better
photoconductivity, higher transmittance and lower
absorbance to incident spectra, and higher concentration
with lower carrier recombination than the active layer
material. Meanwhile, the active layer material must have a
long lifetime of minority charges so that charges can be
collected before they recombine. Once the window and
active layer materials are selected, the doping concentra-
tions are defined. If the p-type material has a higher
doping concentration than the n-type material, then the
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Figure 2 Block diagram containing the step-by-step procedure to design a PV device.

p-n structure is p*—n; otherwise, it is p-n".
2.1.3 Extraction of G(x, A)

Before obtaining G(x, 1), the charge diffusion lengths for
electrons in the p-type material and holes in the n-type
material are calculated using L,=,/7,D, and,
L, =+/1,D,, respectively, where 7, and 7, denote the hole
and electron lifetimes, respectively, and D, and D, denotes
the corresponding diffusion coefficients. An initial value
for the active layer width (d) is then set. G(x, 1) depends
on the optical absorption and electromagnetic field distri-
bution in a multi-thin-layer device. One-dimensional
transfer matrix theory is used to estimate G(x, ) inside the
active layer'>®!. This theory is based on the Fresnel coeffi-
cients calculated under the assumptions that layers consti-
tuting a device are homogeneous and isotropic, interfaces
are parallel and flat, and incident light is a plane wave
normal to the substrate interface. Figure 3 shows the PV
device as a stack of thin layers embedded between an
ambient and a metallic contact. Because the glass substrate

9370087 (3 of 13)

is much thicker than the light coherent length, light trans-
mission through it should not be calculated based on wave
interference, but rather by considering the reflection and
transmission rates. Each layer is described by its complex
refraction index, (1) = 7i(A) +ik(1), which is a function
of L. The optical electric field at any point of the PV device
is a complex quantity with a positive index E* for waves
traveling from left to right and a negative index E- for
waves traveling from right to left. 2 x 2 matrices contain-
ing the complex Fresnel reflection (ry) and transmission
(tx) coefficients, given by Eq. 1, are used to describe the
light behavior at the interface between two layers and the
propagation through any layer:

1[1 7 e 0
I, = PR E P=| 0 &% (1)
ik

where & = 2nn; /A, with A as the light wavelength; M, and
M are the products of all the interface and propagation
matrices before and after the active layer, respectively. The
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Figure 3 A PV device as a stack of thin layers embedded between an ambient and a metallic contact.

matrices have their own reflection and transmission coeffi-
cients, given by t' =1/M},, t, =1/M,, and 1/ = M/, /M,
and 7, =1/M,. Combining the coefficients and consider-
ing that the electric field at any point is the sum of the
components with positive and negative indices,
E (x) = E (x) + E (x), the total electric field at a point of
layer j at distance x from the right side of the interface
(j—1) is obtained in terms of the incident field E/ as
follows:

112

E (x) =t [e% 47| E; )
where v = —M, /M, and t' =E'/E; =t/(1—r_re™).
The energy dissipated in layer j at position x due to the
field normal incident is given by
1 ~
Q(x,A) = 5580“1'”1|Ej(x)|2 (3)
where c is the speed of light, ¢, denotes the permittivity in
free space, and «a; denotes the absorption coefficient given
by a; = 4nk; /A, with k; as the extinction coefficient of layer
j. Thus, the number of excited states is proportional to the
number of absorbed photons; hence, |E|” versus position x
in a shell represents the production of excited states at
each point. Once Q; is calculated, and assuming a 100%
photon-exciton conversion efficiency of 7., G(x, A) can
be obtained by dividing Q; by the photon energy of A. Inte-
grating over all wavelengths of the incident spectrum
results in Eq. 4:

8!

50 )
Gl ) =1, [ 71 @

where A is Planck’s constant. The integration is generally
performed from 300 to 850 nm, which is a typical
absorbance range of active layers in PV devices.

2.2 Electrical analysis (modeling and Gummel
iteration)

The electrical analysis includes the calculations of charge

%4 wi | Sci@pen
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concentration, electrostatic potential, and depletion zone
dimensions of the p-# junction under illumination. These
parameters are determined by a self-consistent solution of
Poisson (Eq. 5) and charge continuity equations (Egs. 6
and 7)Y, To obtain a self-consistent solution, an initial
guess value of the electrostatic potential is required; the
charge densities are obtained by solving the charge conti-
nuity equations. Then, a corrected electrostatic potential
value is calculated using the Poisson equation. The new
electrostatic potential is used to update the charge densi-
ties. This process is repeated until the convergence criteria
are satisfied.

0? q

S5V = 22 —p () 6
2 1. =qU) ©
) =au() o

where V(x) denotes the electrostatic potential; g denotes
the electron charge, n(x) and p(x) denote the electron and
hole concentrations, respectively; /,(x) and /,(x) denote the
electron and hole current densities, respectively; e, denotes
the dielectric constant; and U(x) denotes the free charge
generation rate. To solve the above system of equations,
current densities, charge concentrations, and electric
potential must be related. These are incorporated in Egs. 8
and 9, which are the charge current diffusion and drift
equations, respectively.

0 0

Jo=any, 5 V(x )+an£n (8)
d 0

Jy = apu, 5~ V(x) +4D, P )

where D,,=u, V, denote the charge diffusion coeffi-
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cients, with V,=kyT/q as the thermal voltage; kg as the
Boltzmann constant; and T as the absolute temperature.

2.3 Criteria to assign doping concentration, layer
thickness, and depletion zone width

Light and moderate doping levels for #n- and p-type semi-
conductors range from 10% to 10 cm™ whereas high
doping levels are >10. In a p-# junction-based PV device,
the window layer material must be doped higher than the
active layer material. This higher doping is desired to
enlarge the depletion zone in the active layer to accumu-
late more ionized charges and enhance photon absorption.
Referring to layer thickness, the active layer width must be
larger than its depletion zone and smaller than its charge
diffusion length to make the most of the ionized charges in
the depletion zone and avoid wasting material. The
window layer width must be smaller than its charge diffu-
sion but not so thin as to prevent a short circuit. The
widths of the substrate and the first and second contact
layers are normally imposed by the fabrication technique
used.

Once the depletion zone dimensions are obtained,
consistency of the proposed active layer width is proved by
checking whether the d value satisfies the described crite-
rion (greater than the depletion zone but less than the
charge diffusion). If this criterion is not satisfied, a new d
value is guessed, and the process is repeated until consis-
tency is satisfied.

2.4 Performance metrics

The performance characterization parameters are V., J.
FF, and PCE. V,_and J,. are obtained using Eqgs. 10 and 11,
respectively, with kT = 0.025 eV, q = 1.602x10" C, where
D, L,, L,, G(x, A), n,, and P,, depend on the material and
are obtained using the previously described procedures.

4G, (L, +L,)
T 1
v |70, D, N (10)
q q fppno‘*‘]:”po
Jo.=—qG,(L,+L,) (11)

To obtain FF and PCE, the J-V curve must be plotted
using Eq. 12. The intersections of the J-V curve in the V
and J axes are V. and ], respectively. V times J at each
point of the J-V curve gives the power density curve. The
intersection of a line from the point where the maximum
power density occurs to the V axis gives the maximum
power voltage (Vyp,por)> and the intersection of a line from
the maximum power density to the J axis gives the maxi-
mum power density current (Jy.cpor)

D D, \
J= (‘ILPquL"w) el —qG,.(L,+L,)  (12)
) n

In a practical fabrication, a specific transversal area (A)
is assigned for each PV device. If the substrate area is
greater than A, an array of PV devices can be fabricated on
the same substrate. The assigned transversal area is given
by LyaxWoiao Where L, and W, are the maximum
device length and width, respectively. By fixing L .., W, is
calculated using Eq. 13. Because [y po and Ippo have
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been previously obtained, a value for the percentage of the
desired current (%Iy,,po) is guessed, and W, is calculated.
The calculated W, is checked to be close but less than
Winax If this condition is not satisfied, a new %Iy po; iS
guessed. Once the condition is satisfied, the real device
transverse area A, = L, W, is calculated, and the resulting
%Iyraxpor 1S the percentage of the desired current obtained
from a PV device of area A,. The %I,.p.. is then used to
determine the number of PV devices that will be
connected in parallel to obtain 100% of Iy,por-
W = XP01\toxpor (13)
L v
Once the device width (W) and length (L) are obtained,
the transverse area can be obtained. Thus, the current at
maximum power (Iy,,po) is obtained using Eq. 14:

IMame = ]MaxPotA ( 14)

Equation 15 is used to obtain FF based on the previ-
ously obtained Vi por Inaxpor Voo and Iy

V X! OlI axPot
FF — MaxPot - MaxP (15)
Vol

Equations 16-18 are used to calculate PCE, Py,p. and
Rytawon TESPEctively.

VMaxPot]MaXPm

PCE= —— 16
Pincideme ( )
Visasor
Rytaror = L ( 1 7)
IMaxPo(
dePol ]PMaXPot ( ]' 8)

3 Theoretical design results

A single p-n CdS/CdTe heterojunction PV device was
theoretically designed using the proposed step-by-step
procedure. The design was realized under Shockley-
Queisser (SQ) conditions (the only loss mechanism is
radiative recombination; ideal contact electrodes; and SQ-
limit for CdTe-based PV device = 29%) 2. The input
parameters are incident light spectra from 300 to 850 nm,
a 1000 W/m? average optical power (AM1.5G), a 50 Q load
resistance, and 5 V voltage to be delivered by the PV
device at maximum power. Table 1 lists the material prop-
erties and constant parameter values used in calculations.
Ivaxporp = 100 mA was obtained. The selected p- and n-type
materials are CdTe and CdS, respectively, with 1.42 and
1.5 eV bandgaps, respectively. To make the depletion zone
of the active layer wider, CdS has a higher doping concen-
tration than CdTe, resulting a p-n* structure. L, and L,
were then calculated.

Using the material complex refraction index presented
in Appendix, for an initial active layer width of d = 10 pm,
E(x, A), Q(x, A), and G(x, 1) were obtained for the consid-
ered wavelength range using Eqs. 4-6, respectively.
Figure 4a shows the normalized modulus squared of the
optical electric field distribution in the active layer versus
active layer depth versus wavelength. From the figure, a
high optical electric field is concentrated in the wave-
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Table 1 Typical values used in calculations

Parameter Symbol Value Ref.

Planck constant (eV-s) h 4.13566733 x 10

(m*kg-s™) 6.63 x 10
Dirac constant (m>kg-s™) h 6.582118 x 1016
Boltzmann constant (eV) kg 8.617 x 10°°
Free electron mass in vacuum (kg) mg 9.1093 x 10~ 33, 34]
Vacuum permittivity (C>N-".cm) & 8.854 x 10
Speed of light (m-s™) c 299792458
Electron charge (C) q 1.6 x 10"
Intraband scattering time (s) T, 1x10"
n-type CdS
Dielectric constant £:.cds 10¢,
Bandgap (eV, at 300 K) By cas 2.42
Electron effective-mass (kg) Men 0.21m1,
Hole effective-mass (kg) My, 0.8m,
Electron mobility (cm?V-'s™!) Uecds 200 [35-37]
Hole mobility (cm>V-'-s™) Uncds 10
Hole diffusion coefficient (cm?.s™') D, 0.26
Intrinsic concentration (cm™) 1; cds 1x 10
Electron life time (s) T, 1x 10
p-type CdTe
Dielectric constant £ CdTe 10.5¢,
Bandgap (eV, at 300 K) By care 1.5
Electron effective-mass (kg) Me, 0.11m,
Hole effective-mass (kg) my, 0.4my
Electron mobility (cm*V-'s7") UecdTe 320 [37-39]
Hole mobility (cm>V-'.s') Hncdre 40
Electron diffusion coefficient (cm?s™) D, 7.8
Intrinsic concentration (cm™) 1 Cdre 5.1 x10°
Hole life time (s) 7 1x 10

length range of 550-750 nm, consistent with the irradi-
ated solar spectra considered in the AM1.5G standard
Fig. 4b shows the time average energy dissipated per
second in the active layer at normal incidence versus active
layer depth versus active layer wavelength. From the
figure, a high dissipation field is concentrated at different
positions of the 3D plot. Energy dissipation peaks are
observed at depths of 1-2 and 4-5 pum. The peak positions
are consistent with the peak positions for the optical elec-
tric field distribution because high field dissipation occurs
where high electric fields exist. Figure 4c shows the exci-
ton generation profile versus active layer depth versus
active layer wavelength. From the figure, high exciton
generation is obtained at the areas where high dissipation
fields are concentrated. This result is expected because
high dissipation is attributed to high field absorption. The
active layer width at which G(x, A1) is the maximum is
known as the optimal active layer width. Figure 5 shows a
plot of G(x, A) versus active layer width. From the figure,
the maximum G(x, 1) (3.7172 x 10® nm™ s') is obtained at
8.5 um, and insignificant changes are observed beyond this
value. Hence, the active layer width of 8.5 pm optimizes
the material and maximizes the exciton generation.

The Poisson and charge continuity equations (Egs. 5, 8,
and 9) are self-consistently solved to determine the charge
concentrations (n(x) and p(x)), electrostatic potential

({27 mm | Sci@pen

(Voisson)> and depletion zone dimensions of the p-n junc-
tion under optical stimulation. Figure 6 shows the itera-
tive algorithm used to obtain the self-consistent solution
(Gummel iterations). The algorithm is initiated by calcu-
lating the charge diffusion length and charge concentra-
tions at thermal equilibrium. Then, with a guessed V,gis0n
of 0.6 V, based on the solution of the Poisson equation in
the p-n junction and Anderson theory, x,, x,, n(x), p(x),
and a new Vg, are obtained. Next convergence criteria
(Vigoson = Vicipawon) < & and [[An(x)| = [Ap(x)[] / (n,+p) <
€, are verified, where & = 0.1 and €, = 0.01 are predefined
threshold values. The typical number of Gummel itera-
tions for the used materials is <100, depending on doping
concentrations (N, and Ny). In this study, the algorithm
converges at 21 iterations. Table 2 summarizes the results
obtained from applying the iterative algorithms for the self-
consistent solution of the Poisson and charge continuity
equations. The diffusion electron and hole distances are
less than 1 um when the depletion zone width is 8.351 x
10~ cm. The active layer has a wider depletion zone (x,),
attributable to the higher doping concentration at the CdS
window layer. In addition, a greater charge concentration
is observed at the active layer, mainly due to the wider
depletion zone. An electrostatic potential Vgon
0.6006 V was found at the depletion zone, which is around
the typical value for semiconductor materials.
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Consistency of the optimized active layer width is satis-
fied because 8.5 um is greater than the depletion zone’s
length (x, =1.6699 x10* cm). The window layer width
was set to 100 nm, which is less than the charge diffusion
length in this layer, but not so thin as to prevent a short
circuit. The widths of the substrate and the first and

Gummel iterations

x 10%8

35 -
3.0
25

2.0

G(x, ») (nm3s7h)

0.5

0.0
0.0 100 200 300 400 500 600 700 800 900 10000

Active layer width (nm)

Figure 5 Plot of G(x, A) versus CdTe layer width.

second contact layers are imposed by the fabrication tech-
nique to be 1.1 mm, 200 nm, and 5 pm, respectively.
Figure 7a shows the designed PV device, including the
structure, material selection, layer dimensions, and doping
concentrations. Figure 7b shows the obtained perfor-
mance characterization parameters. V.. and J,. were calcu-
lated using Eqs. 10 and 11, respectively, with
kT'=0.025eV, q=1602x10"C, D,=7.8cm?/s, and
L., L,, G(x,A), n,, and p,, obtained using the previously
described procedures. Then, the J-V curve was plotted
using Eq. 12. From the J-V curve, Vygwor Jmaxpor FE> and
PCE were obtained. An area of 4 x 4 mm? was assigned for
a single PV device. A full-size value of L = 4 mm was
assigned, and W = 3.99 mm was obtained using Eq. 13
with x% = 0.07. A transverse area of A, = 15.96 mm?
was obtained using Eq. 14. FF = 88.54% was obtained
using Eq. 15, PCE = 28.64% was obtained using Eq. 16,
and Rypor = 1.5 kQ and Pyyper = 4.575 mW were
obtained using Eqs. 17 and 18, respectively. Considering
SQ conditions in the theoretical design, the obtained
PCE = 28.64% is close to the reported SQ-limit (= 29 %)
for B, = 1.5 eV ! and more accurate than the recently
reported theoretical efficiencies for CdTe-based PV
devices; for example, PCE = 27.35% and 20.94% were

i

Charges diffusion length calculation in
the p and n materials

Calculation of charges concentration in
equilibrium in the p and n materials

3,

(x * 7 2

Fy + Ecp = —kgTLn (?) , N, = 2.51 x 10%° (ﬂ—) om™3
v

n;(x) . 3,
Ecy +Fy = —kETLn( 5 ) N, = 251 x 10%° (EL) om=3

Density of states calculation (Anderson theory)

mg 300

c

mo 300

—

Depletion zone calculation (x,andx,)
(Depletion approximation, Poisson equation)

1/2

20V
&
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¥
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(uniform charge generation)

pi(x) = pno + 0p
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' d

ni(x) =nyo +n
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¥
Discontinuity AE, calculation
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¥
V, calculation (Anderson theory)
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q

]
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2

Vo

An(x) = ni(x) — n(x)i-1
Ap(x) = pi(x) = p(X)i-1

|1An()| + [Ap(x)| _
n; +pi =

Figure 6 Iterative algorithms for the self-consistent solution of Poisson and charge continuity equations.
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Table 2 Results obtained from applying iterative algorithms for the self-consistent solution of Poisson and charge continuity equa-

tions.

Parameter

CdS (n-type) CdTe (p-type)

Diffusion charge distance (cm)
Minority charge concentration at equilibrium (cm)
Depletion zone (cm)
Donor concentration (cm™?)
Acceptor concentration (cm™)
Charge concentration (cm™)
Quasi-Fermi levels (eV)
Electrostatic potential (V)
Contact potential (V)

L, =5.099x107°
Puo =2.00 x 1072
Xp = 1.6699 x 1078

L, =2.7928 x107°
fpo = 2.601x 1076
xp =8.3493x107°
Ny =5x10%
N, =1x107
ni(x) = 3.7172 x 102
Ecn — Ey = 0.3854
Vpoisson = 0.6006
Veontact = 1.2264

pi(x) =5.9003 x 101
Fp — Ecp = 0.4402

obtained using SCAPS-1D simulation “*! and PCE =
28.36% was obtained by optimizing the thickness and
doping concentration . Figure 7d shows the PCE, V., J.,
and FF parameters versus d in the range of 1-10 um; also,
G(x,A) is related in the figure. The optimal performance
was obtained at a width d = 8.5 um. Below this value, all
parameters decrease with the width; above it, they decrease
with a slower slope. This behavior is attributed to G(x,A)
because it also increases with d (Fig. 5).

4 Practical implementation

To fabricate a glass/ITO/CdS/CdTe/Ag PV device, a
50x50x1.1 mm? transparent soda-lime glass coated with a

200 nm ITO layer was obtained from Techinstro (Fig. 8a).
A three-electrode electrodeposition setup with a platinum
foil as the counter electrode was used to deposit successive
thin films 1. The fabrication procedure includes substrate
and electrode cleaning, electrolyte preparation, power
source connection, and thin film deposition. To electrode-
posit each semiconductor, the electrolyte was prepared
using different chemical reagents and working conditions.
Ethylene glycol (EG 99%, from Sigma-Aldrich) was used
as a supporting electrolyte in all solutions. First, the soda-
lime glass substrate coated with ITO was cleaned in an
ultrasonic bath containing acetone and isopropyl alcohol,
each for 300 s, followed by drying at room temperature.
The solution for CdS electrodeposition was prepared using

a S E— 4mm b
35
-/ My=1x107em 3o
Sum E
""""" - 25
8.5um p — type CdTe Ng = 5x 102°cm™3 E
e > 20
300mm 2
B n-tpeCos 515
,,,,,,, ‘a;':)'
= 10 -
200nm ITO (n - electrode) 3
1imm ’ Soda — lime glass 507
' 0.0 . . L . .
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Voltage (V)
d Exciton generation rate G(x,4) (1/cm*-nm)
c 00 1.9023 2.8012 3.7172 x10% 1400
T T T T T T T T T
Parameter Value g .l
Voc 1.0374V w @ 1200
Jsc 31.2 mA/cm? 0
- 1000
VMaxPot 09437 V R 60 -
E
JMaxPot 30.3 mA/cm? S 50 1800 <
E —_
Atransv 15.96 mm2 = 40 - i
3 - 600 >
PMa_xPot 4575 mW 30 F
RMaXPOt 15 kQ S 20k - 400
L
IMaxPot 4.848 mA &) 10k 1 200
FF 88.54%
012 5 4 5 6 7 8 9 10 1
0
PCE 28.64% Active layer width d (um)

Figure 7 Designed PV device. (a) Device structure, materials selection, layer dimensions, and doping concentrations; (b) Performance

characterization.
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Figure 8 PV device fabrication. (a) 50x50x1.1 mm?® transparent soda-lime glass coated with a 200 nm ITO layer; (b) electrodeposited
CdS thin film; (c) electrodeposited CdTe thin film; (d) segmented PV devices; (f) metalized PV devices; (f) tested PV device array.

150 mL of EG, 0.036 mol of cadmium chloride (CdCl,
99%), and 0.102 mol of sulfur (S 99%). All reagents were
mixed using a magnetic stirrer on a hot plate at 40°C until
a homogeneous solution was obtained. Then, the tempera-
ture was increased to 140°C. The electrodeposition time
was 35 min with a constant current density of 15 mA/cm?
at 140°C. Subsequently, the substrate containing the elec-
trodeposited CdS film was ultrasonically cleaned in
isopropyl alcohol for 60 s to eliminate any remaining
residue. Figure 8b shows the substrate with the electrode-
posited CdS film after the post-electrodeposition ultra-
sonic cleaning process. CdTe was deposited on the coated
glass/ITO/CdS substrate. The electrolyte solution was
prepared using 150 mL of EG, 1 mol of CdCl,, 0.160 mol
of potassium iodide (KI 99%), and 0.010 mol of tellurium
chloride (TeCl, 99%) in a magnetic stirrer on a hot plate at
40°C to ensure a homogeneous solution. Then, the
temperature was increased to 90°C. The electrodeposition
time was 20 min, maintaining a constant current density
and temperature of 2.5 mA/cm? and 90°C, respectively.
Further, the complete arrangement was heated for 300 s at
180°C to enhance the adhesion between the formed films.
Figure 8c shows the substrate with the electrodeposited
CdTe film after the post-electrodeposition.

As shown in Fig. 8d, an array of 48 PV devices was
segmented on the deposited films. The segmentation was
realized using an engraving laser machine model iCube
Pro 3W from Sculpfun. Each PV device has a length and
width of 4 mm. The second contact layers were added by
dropping conductive Ag paste on top of each PV device
(Fig. 8e). Figure 8f shows the fabricated PV device array.
The PV device array was characterized using a Keithley
meter system coupled with a 1,000 W/m? xenon lamp. The
characterized wavelength range was 300-850 nm.
Figure 9a shows the obtained J-V curve and the measured
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characterization parameter. V,.=0.74 V, ], =22.1 mA/cm?,
FF = 72.3 %, and PCE = 11.82% were obtained from
measurements. The measured PCE obtained via electrode-
position as a manufacturing technique is 16.82% less than
that obtained in the theoretical design and approximately
50% less than those recently reported for CdTe-based PV
devices, e.g., PCE = 22.0%-22.3% with V. = 870-917 mV,
FF = 78%-80%, and J, = 30-32 mA/cm?*-*!, Hence, the
obtained PCE difference between the measurement and
theoretical design is used to correlate G(x,A) in the next
section.

5 Theoretical and practical result correla-
tion
The theoretical calculations yield betterm performance

than the practical measurements for the single p-n junc-
tion PV device, attributable to ideal internal efficiencies
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considered under SQ conditions assumed in theoretical
design, e.g., ideal optical losses where each photon impact-
ing a cell is absorbed (#,,). The losses occur because not
all incoming light is absorbed and can include reflection,
transmission, absorption losses in the non-active layers,
shading losses, spectral mismatch, and scattering losses. In
addition, ideal nonradiative recombination, where each
absorbed photon generates an exciton (#.,), can occur.
These losses occur in semiconductors, where an electron
and a hole recombine or disappear without producing an
exciton or a new photon for reabsorption, losing their
energy as heat (phonons). The losses can include Shock-
ley-Read-Hall, Auger, and surface recombinations.
Further, ideal exciton dissociation (y;,), where each bound
electron-hole pair separates, can generate free charges in
the contact electrodes. Such losses can include imperfect
charge separation and bandgap mismatch. Ideal contact
losses, where each free charge at the electrodes is collected
(1), can also occur. Such losses can include high contact
resistance, shunt resistance, poor surface passivation, and
poor contact area and grid design.

The associated losses that affect the performance char-
acterization parameters of PV devices are not accounted
for in ideal 1,5, Hexor W5 and #.. For example, optical losses
reduce the amount of light that can be absorbed and
directly affect J,. and hence PCE"!. Nonradiative recombi-
nation directly reduces the number of charge carriers
available for current generation, resulting in lower PCE,
reduced V,, and reduced FF, thereby reducing the overall
performance®. Dissociation losses reduce V.. and FF
because they reduce the number of usable charge carriers,
also leading to poor photocurrent generation, which is a
major contributor to reduced PCEP!. Contact losses lead
to lower FF, which is the primary indicator of how effi-
ciently a PV device can deliver power, and its main impact
will be visible as a reduction in the J-V curve slope near
Voo causing a flattening of the curve in the high-current
region’™. Because #,,s Yexo Yi» and y. depend on the
materials and fabrication technique, theoretical efficien-
cies are tuned to adjust measurements with calculations.
Then, the tuned values are used as fixed quantities for that
particular fabrication technique and materials. In this
work, the theoretical PCE is 16.82% higher than the practi-
cal PCE. To adjust PCE, Fig. 10, which shows a plot of

30

Power conversion efficiency PCE (%)

1.5

2.0 2.5 3.0

Exciton generation rate G (1029 nm™3-s7")

3.5

PCE versus G(x,A) for different doping ratios (AD =
N,/Ny), is used for correlation. Using the expanded plots of
Fig. 10b for a doping ratio of AD = 0.0002, a theoretical
PCE of 28.64% is obtained with a theoretical G(x,A) of
3.7172 x 10® nm~ s~' whereas a PCE of 11.82% is obtained
from measurement with a G(x,1) of 1.5240 x 10* nm~ s,
This means that only 41.27% of absorbed photon gener-
ates an exciton (¢, = 0.4127). Notably, the loss mecha-
nism not included in ., may be included to correlate and
adjust 9, > and 9., or a combination of them.

6 Conclusion

In this study, a step-by-step procedure for PV device
design was proposed. The proposed procedure comprises
three main processes: 1) an optical analysis to determine
the exciton generation rate in the active device region,
2) an electrical analysis to determine the charge concentra-
tions, electrostatic potential, and depletion zone dimen-
sions of the p-n junction under optical stimulation, and
3) the performance characterization parameters, including
Voo Jso FF, and PCE. Further, progressive electrodeposi-
tion of CdS, CdTe, and Ag films on ITO-coated glass was
performed to fabricate the designed PV device. Theoreti-
cal and practical results for the designed and fabricated
CdS/CdTe-based PV device are also presented and
discussed. G(x,1) was first used to determine the optimal
active layer width and then to correlate the obtained theo-
retical calculations with practical measurements. Because
performance differences between theoretical calculations
and practical measurements are attributed to ideal consid-
erations in the theoretical design, for example, .5 Yexo
and #. equal to one, and these efficiencies depend on the
materials and fabrication technique, they are tuned to
adjust measurements with calculations. In this study, only
Pexe = 0.4127 value was adjusted for the designed
CdS/CdTe PV device and the fabrication technique was
electrodeposition. The adjusted value is used to correlate
the calculated and measured PCE values. A more detailed
correlation can be obtained by adjusting more than one
efficiency parameter. The proposed step-by-step proce-
dure can easily be adapted to design different device struc-
tures and materials. The findings of this study can help
designers and engineers interested in correlating theoreti-
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Power conversion efficiency PCE (%)

3.0 32 34 36 38 4
Exciton generation rate G (102 nm™s™)

PCE=11.82 ——

!
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A
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Figure 10 (a) Plots of PCE versus G(x) for different doping ratios (AD = N,/Ny). (b) Expansion for the theoretical PCE of 28.64% and

measured PCE of 11.82%.
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cal calculations with practical measurements.
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Appendix

Materials complex index of refraction obtained with an ellipsometer EC-400 from J.A. Woollam Co. Inc. for the wave-

length range from 300 nm to 850 nm.
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