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Abstract: In this work, calcium fluoride (CaF2) has been employed as an anti-reflection coating (ARC) for gallium

arsenide (GaAs) based heterojunction solar cell. A numerical analysis was carried out to optimize performance parameters

such as doping concentration, thickness of absorber and window layer, and carrier lifetime. ZnO and GaAs have been

employed as window and absorber layer, respectively. Performance of CaF2 ARC has been investigated at optimum

conditions. Personal computer one-dimensional simulator has been used for numerical analysis. Different Materials like

magnesium oxide, magnesium fluoride (MgF2), titanium nitrate, aluminum trioxide and silicon dioxide, have been con-

sidered to make a comparative analysis. Best power conversion efficiency of 27.4% has been achieved with 32.0 mA short

circuit current, 0.9899 V of open circuit voltage, and 86.49% of fill factor at optimum thicknesses of ARC, absorber, and

window layers. Results revealed that MgF2 and CaF2 show almost same results as ARC layer but when it comes to stability

CaF2 is more appropriate material as ARC layer for ZnO/GaAS solar cell. The results prove that optimization of thickness

of materials, doping concentration, and carrier lifetime of absorber and window layer would make the crucial factor to

fabricate the cost efficient and highly efficient GaAs solar cell based on CaF2 ARC layer.
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1. Introduction

The continuous growth in global population with current

rate will lead to 100% increase in world’s electricity con-

sumption by 2050 [1]. Fossil fuel energy utilization is

causing alarming rise in the CO2 emission drawing the

attention of researchers more towards the renewable sour-

ces of energy [2, 3]. Solar energy is a well-known clean

energy resource therefore, relevant research community is

concentrating on developing solar energy technology and

trying to make it competitive with conventional energy

resources [4, 5]. Among all, silicon based cells are exten-

sively used in photovoltaic (PV) industry [6, 7]. However,

c-Si based solar cells have indirect band gap and require

active layers thick enough (greater than 200 lm) to capture

incoming sunlight increasing the cost of PV devices [8, 9].

III-V semiconductor materials are used in second gen-

eration solar cells due to their direct bandgap that allows

significantly thinner absorbing layer. Among III-V semi-

conductors, Copper Indium Gallium Selenide (CIGS),

Gallium Arsenide (GaAs), and Cadmium Telluride (CdTe)

are the promising materials to improve the performance of

solar cells. Though, Se and Cd are toxic, while Te and In

are rare elements, these constraints are the major obstacles

in the production of low-cost CIGS and CdTe solar cells.

The ideal solar cell should be less expensive and work

more efficiently, which are conflicting goals. Thin film

solar cells can potentially achieve these goals because of

significantly lower material cost [10]. GaAs is a well-

known semiconductor material used in high-efficiency thin

film solar cells [11, 12]. GaAs thin films can be prepared by

atomic beam sputtering [13], RF magnetron sputter-

ing [14], and chemical deposition [15]. GaAs is a more*Corresponding author, E-mail: khuram_uaf@yahoo.com
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suitable solar energy material due to its absorption coeffi-

cient similar to silicon with 1.42 eV bandgap energy

[16, 17] and high electron mobility (9000 cm2/V.s at

300 K) [18, 19]. For GaAs based solar cells, the Hanergy

Group reported a 29.1% record breaking efficiency being

tested on NASA international space station [20]. Kuang,

et al. reported PCE from 0.772 to 2.218% by varying

thicknesses and doping concentration of GaAs layer using

TCAD software in graphene/GaAs/SiO2/Au junction solar

cell [21]. Mohamed, et al. used AMPS-1D simulator to

analyze the GaAs solar cell efficiency that are fabricated

with double junction cell combined with Galium Indium

Phosphide (GaInP). From simulation it can be seen that

increase in thickness of GaAs layer and decreases in

thickness of GaInP enhances the efficiency [22]. Degra-

dation and radiation losses of the GaAs absorber layer is a

major concern in solar cells [23, 24]. This effect can be

reduced by using a window layer with appropriate bandgap

and robustness [3]. To choose a suitable window layer

some important properties must be considered like high

transmittance and electrical conductivity [25].

ZnO is an emerging material in semiconductor industry.

Due to its simple processing steps, low deposition tem-

perature, abundance, low fabrication cost, low toxicity,

stable wurtzite structure, and 1.603 is lattice c/a ratio which

is near to the ideal ratio of 1.633, it is a promising material

in heterojunction solar cells as a window layer [26–30].

Additionally, ZnO is more radiation resistant than GaN, Si

and GaAs which reduces photo-degradation and provides

prolong device lifetime. Apart from a variety of additional

features that distinguish ZnO as a unique wide bandgap

material, its electron affinity and bandgap can be modified

over a wide range by alloying or doping. In order to gen-

erate high photocurrent, the solar cell should absorb max-

imum photons from the incident source of light [31–33].

One of the major sources of optical loss is reflection. To

reduce reflection losses, ARC layers are frequently used for

light trapping [34, 35]. Many researchers utilized different

materials for ARC layer to enhance the solar cell efficiency

such as titanium dioxide (TiO2) [36, 37], aluminum triox-

ide (Al2O3) [38], magnesium fluoride (MgF2) [39], silicon

carbide (SiC) [40], magnesium oxide (MgO) [41], stron-

tium fluoride (SrF2) [42], titanium nitride (TiN) [43], zinc

selenide (ZnSe) [44–46] and zinc sulfide (ZnS) [47, 48].

MgF2/ZnS, with refractive indices of 1.38 and 2.32

respectively, is most commonly used ARC in AlGaAs/

GaAs solar cells and can pass radiations in the

400–1400 nm range. Stable and long-lasting coatings can

be produced by using materials like ZrO2, HfO2 and TiO2

as a bottom layer and SiO2 or Al2O3 as an upper layer [49].

Fedawy, M. et al. used Si3N4 ARC layer on GaAs single

junction solar cell and reported 27.16% efficiency at opti-

mum thickness of 75 nm [50]. KC, D et al. reported 31.1%

efficiency with window layer of AlGaAs at base layer

thickness of 2.2 lm with doping concentration of

1 9 1016 cm-3 and temperature of 25 �C by using PC1D

simulation [16]. Kuamar, et al. reported 16.64% average

reflectance without any ARC layer for GaAs solar cell and

average reflectance (Rav) was observed to be reduced up to

4.85% in the range of wavelength 400–1200 nm by

applying ARC layer of Al2O3 [3]. Despite the fact, majority

of these materials have excellent performance, scale-up

and the integration of the majority of these processes are

complex or expensive.

In this paper we propose CaF2 as an AR coating for

ZnO/GaAs heterojunction solar cell. PC1D simulator is

used to optimize the parameters like thickness, doping

concentration, and carrier lifetime of window and absorber

layer at 25 �C temperature. The study showed that the

highest PCE of 27.4% with Isc of 32 mA, Voc of 0.9899,

and FF Of 86.49% were attained by ZnO/GaAs solar cell

with CaF2 AR coating at optimum ARC thickness. While

without any application of AR coating 24.5% PCE has

been observed with 28.9 mA Isc, 0.9872 Voc and

85.87 FF.

This manuscript is assembled as follows: In Sect. 2, we

establish the characteristics of different hydrophobic

antireflection coatings. In Sect. 3, the model of proposed

solar cell and values of parameters applied in simulation

have been represented. In Sect. 4, we plot the performance

parameter of proposed structure of cell such as Voc, effi-

ciency and reflectance. Section 5 includes summary and

conclusion.

2. Hydrophobic anti-reflection films

Hydrophobic anti-reflection films with high mechanical,

thermal and chemical stability can play a significant role in

windshields of automobiles, outdoor screen devices, solar

panels and as well as other optical and optoelectronic

elements. Such films prevent them from inevitable envi-

ronmental circumstances like rain, wind, humidity, and

dust while also assisting in maintaining good light trans-

mittance [51–58]. The performance of optical devices like

screen devices, automobile windshields and solar panels is

badly affected by development of dust particles and

moisture on surfaces that restrict the light transmission

[51–55]. Quan et al. described the characterization and

growth of hydrophobic SiO2 layers that have self-cleaning

properties and low dust particle adhesion [51, 59]. Solar

cells and other devices should have transparent and pro-

tected front layer with low refractive index, wide band gap,

broad wavelength range, high thermal and chemical sta-

bility, and low optical loss [58–60]. These requirements are

accomplished by alkaline earth metal fluorides (MgF2 and

4920 S Maqsood et al.



CaF2), which are already employed in optical devices and

components like lenses, polarizers, and optical windows

[61–66]. CaF2 and MgF2 are the promising candidates for

optical devices due to their low refractive index. MgF2 is

widely used as AR material due to its outstanding optical

properties [64, 66]. Calcium fluoride (CaF2) films are

another promising candidate for AR layers because of their

low refractive index and their broad range of transmission

wavelength [67–69]. CaF2 films can be produced in crys-

talline structure without deliberately heating the substrate

[70]. It features a conventional fluorite-cubic form, indi-

cating that face-centered cube having four Ca2 ? associ-

ating each F- and eight F- associating each Ca2? [67, 68].

MgF2 is often deposited at room temperature by thermal

evaporation [71], which results in amorphous,

metastable films [72, 73]. In contrast, c-CaF2 thin films are

thermally stable and are therefore appropriate for the fab-

rication of devices. CaF2 has high relative permittivity of

8.4, low refractive index in infrared (IR) region (n = 1.42

for k = 1 lm), it also has a broad transmittance spectrum

from 130 to 10,000 nm, relatively high dielectric constant

(* 6.8) and wide band gap of 12 eV [61, 67].

To determine the crystal structure of the deposited CaF2

thin films, XRD is utilized. An Ambios Q-scope atomic

force microscope and FESEM is used to visualize the

film’s surface shape. The AFM can be used to calculate the

roughness’s root mean square (RMS). A Filmetrics F20

instrument can measure thickness, reflection, and refractive

index. A UV/vis Lambda 2S spectrophotometer made by

Perkin-Elmer can be used to determine the transmittance

spectrum [74–76]. CaF2 have higher dialectic constant as

compared to commonly used ARC materials (SiO2 and

MgF2). MgF2 and CaF2 showed the identical optical

properties. Solubility expose that CaF2 (16 mg L-1) is less

soluble in water than MgF2 (76 mg L-1). Chemical resis-

tance of ARC layer against outdoor conditions like mois-

ture and rain could be interesting factor. CaF2 could be

proven more weather-proof as compared to MgF2 [76].

Unit cell characteristics of CaF2 crystals are more closely

match to various semiconductor materials making it suit-

able material in opto-electronic devices [77, 78]. Huang

et al. suggested in their simulation study of heterostructure

that the application of CaF2 with the conjunction of Ge for

cooling of optoelectronic devices meant to release heat in

IR region (5–8 lm) [79]. Numerous chemical and physical

techniques have been used to synthesize CaF2 films such as

electron beam evaporation, molecular beam epitaxy.

magnetron sputtering, pulsed laser deposition, thermal

evaporation, and electrodepositing [61–63, 67, 68, 77, 80].

Thin film form of CaF2 is scarcely investigated and there

are just a few reports on it in the literature [62, 67, 77, 81].

Daimonet et al. measured the refractive index of calcium

fluoride with respect to wavelength by goniometer–

spectrometer model 1 UVVIS-IR that was made by Moller-

Wedel as shown in Fig. 1 [82].

3. Simulation parameters and device structure

In our proposed structure GaAs has been used as absorber

layer and ZnO as window layer with an ARC film as

demonstrated in Fig. 1. Coatings are arranged in order of

decreasing band gap, material with the highest band gap on

upper level and material that have lower band gap should

be on bottom level [31, 83]. A material with a highest band

gap can absorb energy at lower wavelengths [84, 85]. For

the ARC layer, the refractive index is an essential metric.

Reflection of light will be reduced from surface if refrac-

tive index of layer is geometrical mean of the two adjacent

indices. ZnO has 2 refractive index and air has 1 at 600 nm

[86]. The refractive index of ARC layer should be in

between to 1(air) and 2 (ZnO) for this proposed hetero-

junction. If we consider proposed model, then ZnO is one

side and air on the other so optimum refractive index is

calculated by n1=
ffiffiffiffiffiffiffiffiffi

n0n2
p

. The optimum value of refractive

index for proposed model is 1.414 at wavelength that have

peak intensity in region of solar spectrum. The refractive

index of CaF2 at 600 nm is 1.434 [82] which is near to the

optimum value of refractive index for this model. The

effects of changing electrical and physical properties on

device performance can be understood through accurate

simulation software. Several simulation software such as

PC1D, AFORS-HET, Silvaco TCAD and Sentaurus

TCAD, is available for solar cells [83, 87, 88]. PC1D, an

open-source substitute, is also capable of simulating pop-

ular solar cells made of silicon and germanium. Several

parameters can be adjusted to understand their impact on

the device’s overall performance, including doping levels,

temperature, parasitic resistance, recombination, carrier

lifetime, back surface fields and others. Results in graphical

format can be obtained from PC1D, including short circuit

Fig. 1 Spectral behavior of n for CaF2 [82]
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current (Jsc), current voltage (I-V) curves, open circuit

voltage (Voc), etc. [89].

The following numerical equations are used in the PC1D

simulation to simulate solar cells. Expressions (1)–(9)

show how to build a model and altered process parameters

[90].

jn ¼ ln:n:rEFn ð1Þ
jp ¼ lp:p:rEFp ð2Þ

The current densities of electrons and holes are

represented as jn and jp, as presented in Eqs. (1) and (2),

while ln and lp are electron and hole mobility.

on

ot
¼ r:jn

q
þ GL � Un ð3Þ

op

ot
¼

r:jp
q

þ GL � Up ð4Þ

D2u ¼ q

e
ðn� pþ N�

acc � Nþ
donÞ ð5Þ

where Un and GL denotes the recombination and

generation rate, Nþ
don and N�

acc denotes the donor and

acceptor doping concentrations.

n ¼ NcF1=2ð
qwþ Vn � q/n;i þ ln ni;0=Nc

� �

KBT
ð6Þ

p ¼ NvF1=2ð
�qwþ Vp � q/p;i þ ln ni;0=Nv

� �

KBT
ð7Þ

Nc and Nv are the effective densities of states in the

conduction and valence bands, respectively. Finally, the

solar cell efficiency is calculated by given formula.

g ¼ Pmax

Pin
¼ VocIscFF

Pin
ð8Þ

where,IscVoc g, Pin, FF,Isc,Voc, and Pmax represents the

short circuit current, efficiency, fill factor, input power, and

maximum power.

In this work, the effect of hydrophobic CaF2 thin films

as ARC material for ZnO/GaAs heterojunction is analyzed

using PC1D tool. Different materials were also used for

comparative analysis with CaF2 films. PC1D software is

extensively used due to high calculation speed and easy

interfacing. To determine the accurate reflectance, the

parameters r, r2, and h are further estimated by the equa-

tions. The Mathematical Model satisfies the reflectance has

been given below [34, 35]:

r1 ¼ g0 � g1

g0 � g1

ð9Þ

r1 ¼ g0 � g1

g1 þ g2

ð10Þ

h ¼ 2pg1d

k
ð11Þ

For a single ARC layer, the reflectance can be extracted

as equation

R ¼ r2
�

�

�

� ¼ r2
1 þ r2

2 þ 2r1r2 cos 2 h
1 þ r2

1 þ r2
2 þ 2r1r2 cos 2 h

ð12Þ

Table 1 Parameters for optimum stimulated device

Parameters GaAS ZnO

Thickness 10–80 lm 0.5–4 lm

Band gap 1.42 3.27 eV

Electron affinity 4.07 4.5

Dielectric constant 13.18 8.66

Doping concentration 1 9 1012–1 9 1018 cm-3 1 9 1012–1 9 1018 cm-3

Electron mobility – 50 cm2/Vs

Hole mobility – 50 cm2/Vs

Other parameters Internal PC1D Internal PC1D

Fig. 2 Schematic diagram of proposed device
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where, g0 is the refractive index of air and g2 is the

refractive index of glass.

Variation in thickness of absorber and window layer

from 0.5 to 4 lm and 10 to 80 lm has been investigated

respectively. Parameters for GaAs and ZnO layer are

selected from pervious reported articles

[29, 38, 86, 91, 92]. The simulation was performed at

constant intensity of 0.1 W/cm2 and under AM 1.5 at

temperature of 25 �C. The carrier lifetime was adjusted to

1–100 ls. The doping concentration of window and

absorber layer has been varied from 1 9 1012 to

1 9 1018 cm-3. Other parameters are listed in Table 1.

4. Result and discussion

4.1. Carrier lifetime

Carrier lifetime is critical factor to achieve high solar cell

performance which plays an important role in the produc-

tion of photocurrent [93]. The phenomena of lifetime and

recombination are important for the collection of a high

number of charge carriers. Hence, it is needed to limit

carrier recombination, which may increase carrier lifetime

[31]. As demonstrated in Fig. 1a, the efficiency for the

absorber layer increased up to 24.5% when the carrier

lifetime rises from 1 ls to 100 ls, but in case of window

layer, efficiency not significantly affected by carrier life-

time. The lifetime of absorber layer against different values

of Voc and Isc is shown in Fig. 1b. In general, for absorber

layer Isc and Voc does not depend on carrier lifetime [31].

On the other hand, in our study Voc and Isc does not depend

on carrier lifetime for window layer as represented in

Fig. 1d. However, in case of absorber layer, the Voc

increased from 1 ls to 100 ls and Isc shows constant trend

after 20 ls, as represented in Fig. 1b.

4.2. Doping concentration

Since undesirable shunt path on absorber layer can cause a

significant charge carriers concentration to damage surface

of solar cell [94], concentration of doping must have to be

suitable for the solar cell’s optimal performance without

having an adverse impact on it. The efficiency of the

window and absorber layers versus doping concentration

are computed in the range from 1 9 1012 to

1 9 1018 cm-3. The maximum efficiency of 24.5% is

noticed when the doping concentration is 1 9 1015 and

1 9 1018 cm-3 for absorber and window layer respec-

tively, as shown in Fig. 2a, c. The optimum doping

Fig. 3 Optimization of carrier lifetime (a) Absorber layer efficiency (b) Isc and Voc for absorber layer (c) Window layer efficiency (d) Isc and Voc

for window layer
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concentration is 1 9 1015 and 1 9 1018 cm-3 for absorber

and window layer respectively. The doping concentration

in absorber and window layer provides an integral part in

achieving maximum Isc and Voc. Voc and Isc against

doping concentrations for absorber and window layer were

carried in range of 1 9 1012 to 1 9 1018 cm-3. The value

of Isc remains constant at 28.9 mA in the range of

1 9 1014 to 1 9 1016 cm-3 concentration for absorber

layer. When the doping concentration increased, the short

circuit current rapidly decreased, as demonstrated in

Fig. 2b. The reduction in Voc and efficiency with increased

absorber layer doping concentration may be related to

changes in band structures and energy levels. High dopant

content in the absorber layer may be the cause of the

apparent decrease in Isc value. Generally, increased doping

levels in absorber layer may harm the crystal structure, as

seen with GaAs, resulting in a decrease in absorption of

light through the cell’s surface and a drop in Isc and solar

cell efficiency [95]. From Fig. 3d it can be noticed that at

1 9 1018 cm-3 doping concentration for window layer

maximum value of Voc of 0.9872 V has been recorded and

the value of Isc is almost independent.

4.3. Thickness of window and absorber layers

When it comes to solar cells, the absorber layer’s thickness

is critical since it can trap more solar radiation, which leads

to an improve in the number of charge carriers [96]. It has

been noted that solar cells operate more efficiently when

the absorber layer is thicker. In short, the absorber layer

thickness not only affects the PV parameters (Isc and Voc)

as well as the overall performance. The performance of

device is influenced by the recombination process speeding

up as the thickness of absorber layer increases [87, 97, 98].

The highest efficiency of 24.5% is achieved for maximum

50 lm thickness of absorber layer after 50 lm it shows a

constant behavior up to 80 lm Fig. 4a. The results indi-

cated that efficiency increased with increasing absorber

layer thickness but decreased with increasing window layer

thickness. The greatest efficiency was 24.5% at 0.5 lm

Fig. 4 Optimization of doping concentration (a) Absorber layer efficiency (b) Isc and Voc of absorber layer (c) Window layer efficiency (d) Isc

and Voc of window layer

Table 2 Optimum parameters for absorber and window layers

Parameters Absorber layer Window layer

Thickness (lm) 70 0.5

Doping concentration (cm-3) 1 9 1015 1 9 1018

Carrier lifetime 100 100

4924 S Maqsood et al.



window layer thickness but it decreased to 23.3% by fur-

ther increasing the thickness to 4 lm, as shown in Fig. 4c.

This section has also analyzed how window and absorber

layer thickness affects Voc and Isc. Since Isc increases and

Voc reduced with the increment in thickness of absorber

layer because of nature of solar cell (Fig. 4b). The maxi-

mum values of Isc and Voc were recorded to be 28.9 mA for

thickness of 70 lm and 0.9923 V for a thickness of 10 lm,

respectively. On the other hand, Isc and Voc decreased with

the increment in thickness of window layer from 0.5 to

4 lm as demonstrated in Fig. 4d. The highest values of Isc

and Voc were observed to be 28.9 mA and 0.9872 V for a

thickness of 0.5 lm. Thus, the optimum thickness for

window and absorber layers is 0.5 and 70 lm respectively.

Optimum parameters of absorber and window layer are

shown in Table 2.

4.4. ARC layer

The ARC layer is a critical factor for the improvement of

solar cell performance by decreasing reflectance, increas-

ing conversion efficiency, Isc and absorbing photons from

incident light source. In solar cells there is a high possi-

bility of optical loss throughout the photoelectric effect,

which impacts the solar cell efficiency [99]. Hence, ARC is

applied to prevent reflection loss and can also enhance the

photocurrent. Moreover, the impact of ARC layer is more

appropriate in the range of 500–700 nm for spectrum loss

[100]. Figure 5 demonstrates the refractive index of CaF2

with respect to wavelength. The reflectance, external

quantum efficiency (EQE) and I-V characteristics at dif-

ferent thickness along with their respective refractive index

as demonstrated in Fig. 6. Minimum reflectance for

refractive index n = 1.434 with 104.6 nm thickness at

wavelength of 600 nm can be observed from Fig. 6, while

maximum current and EQE for 1.434 refractive index with

104.6 nm thickness are presented in Fig. 6b and c.

According to Fig. 6c maximum Isc = 32 mA is attained at

n = 1.434 with 104.6 nm thickness of layer. The current is

among the simplest factor that may be improved by con-

siderable edge. Hence it is essential to list the sources of Isc

deficit. The maximum Rav% was observed at 200 nm

wavelength for n = 1.495. it can be observed that EQE is

significantly increased due to reduction of reflection by

applying ARC material (CaF2). Overall EQE at n = 1.434

with 104.6 nm shows the best results.

Table 3 shows that variation in thickness with their

respective wavelength modifies the reflectance Rav (%), Isc,

Voc, Pmax, and g (%). The ARC layer thickness can be

adjusted because the absorption coefficient, excitation

Fig. 5 Optimization of Thickness (a) Efficiency of absorber layer (b) Voc and Isc of absorber layer (c) Efficiency of window layer (d) Voc and

Isc of window layer
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coefficient, and refractive index are wavelength dependent

but to attain optimum absorption that cannot be adjusted

easily. Rav (%) of CaF2 as ARC layer at 200–1200 nm is

8.83, 6.57, 4.71, 3.69, 3.37, 3.38, 3.43, 3.46, 3.65, 4.12, and

4.82% respectively. The optimum thickness of 104.6 nm

for CaF2 ARC layer at 600 nm achieved the maximum

efficiency of 27.4% with 3.37% average reflectance as

shown in Table 3. From Fig. 7 it can be observed that

minimum Rav (%) is at n = 1.434 with 104.6 nm of CaF2

layer at 600 nm. I-V parameters are also represented in

Table 3 at various refractive index according to their

wavelengths in the range of 200–1200 nm. The Isc values

are 29.7, 30.5, 31.3, 31.8, 32, 31.8, 31.4, 30.9, 30.5, 30.3,

and 30.1 mA for wavelength range of 200–1200 nm. The

outcomes achieved for Isc associate well with Rav (%)

values of CaF2 ARC layer.

Fig. 6 Analysis with respect to their refractive index (a) reflectance (b) EQE (c) I-V curves for CaF2

Table 3 Optoelectronic properties of CaF2 ARC layer

k (nm) Refractive index Thickness (nm) Rav (%) Isc (mA) Voc (V) Pmax (W) FF (%) g (%)

200 1.495 33.44 8.83 29.7 0.9879 0.0251 85.54 25.1

300 1.454 51.58 6.57 30.5 0.9886 0.0260 86.22 26.0

400 1.442 69.35 4.71 31.3 0.9893 0.0268 86.54 26.8

500 1.436 87.05 3.69 31.8 0.9898 0.0273 86.73 27.3

600 1.434 104.6 3.37 32.0 0.9899 0.0274 86.49 27.4

700 1.432 122.21 3.38 31.8 0.9897 0.0272 86.42 27.2

800 1.431 139.76 3.43 31.4 0.9894 0.0268 86.26 26.8

900 1.43 157.34 3.46 30.9 0.9890 0.0264 86.38 26.4

1000 1.429 174.95 3.65 30.5 0.9887 0.0260 86.22 26.0

1100 1.428 192.58 4.12 30.3 0.9884 0.0257 85.81 25.7

1200 1.428 210.08 4.82 30.1 0.9883 0.0255 85.72 25.5
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From Fig. 7 efficiency trend can be observed with

respect to designed wavelength from 200 to 1200 nm. The

efficiency increased from 200 to 600 nm with corre-

sponding optimal thickness and highest efficiency is

attained at 600 nm, and then begins reducing from 700 to

1200 nm for CaF2 ARC as also shown in Table 3.The

maximum efficiency of 27.4% is attained with n = 1.434.

The average reflectance values (Rav%) were calculated in

the range of 300–1200 nm wavelength for CaF2. Figure 7

depicts the trend of average reflectance. Lowest reflectance

observed at 600 nm wavelength. If CaF2 is designed for

600 nm wavelengths and then reflectance at 500, 600, and

700 nm is 1.185, 0.019, 0.634% respectively (Table 4). It

can be notice that minimum reflectance is achieved with

the wavelength and their respective thickness for which

layer is designed. Hence for all ARC the values of reflec-

tance drop to that wavelength with their subsequent

thickness for which layer was constructed.

In this work the variation in thickness of different layers

from 50 to 140 nm has been done chosen. The impact of

layer thickness on Voc and Isc was investigated from 50 to

140 nm as indicated in Fig. 8. Among all materials, the

uppermost value of Isc = 32 mA and Voc = 0.989 V has

been noted at 100 nm of thickness of CaF2 and MgF2 ARC

layer as demonstrated in Fig. 8b and c. Additionally, the

efficiency increased as the ARC layer’s thickness increased

up to 100 nm before beginning to drop again at higher

ARC layer thicknesses (Fig. 8 a). The optimum thickness

and efficiency are 110, 90, 80, 80, 90 and 100 nm and 27.4,

26.8, 26.4, 26, 27.3 and 27.4% with MgF2, Al2O3, MgO,

TiN, SiO2 and CaF2 ARC for solar cell. The decrease in

light reflection is indeed the reason for this increasing

efficiency [101].

The average spectral reflectance of different ARC layers

has been recorded to be 3.40, 4.99, 5.90, 6.85, 3.49, and

3.37% for MgF2, Al2O3, MgO, TiN, SiO2 and CaF2

respectively in wavelength range of 200–1200 nm. The

reflectance analysis indicated that CaF2 as single layer

demonstrated the minimum Rav (3.37%) as shown in

Fig. 9a. The black line denotes the general representation

of the solar cell for an ideal (0%) ARC material. It is

sufficient to say from the reflectance curves, when reflec-

tion is reduced from surface the efficiency improved. The

quantum efficiency (QE) measures how many charges are

absorbed by solar cell in relation to how many photons

with a particular amount of energy hit on it [102]. Fig-

ure 9b illustrates the EQE of solar cell for different ARC

materials. In this study the application of ARC layers

increased the EQE which could be attributed to minimized

the reflection of the solar spectrum by ARC. Without any

ARC material, the quantum efficiency of solar cells is

around 89%, but adding an ARC layer in the 300–1200 nm

wavelength range has significantly increased it as shown in

Fig. 9b.The EQE of ZnO/GaAs solar cell reached its

Fig. 7 Factors that influence performance of solar cell by CaF2 ARC

Table 4 Reflectance analysis of CaF2 ARC layer

ARC (CaF2) Reflectance (%) at 500 nm Reflectance (%) at 600 nm Reflectance (%) at 700 nm g (%)

k = 500 nm with d = 87.05 nm 0.023 0.851 2.317 27.3

k = 600 nm with d = 104.6 nm 1.185 0.019 0.634 27.4

k = 700 nm with d = 122.21 nm 4.133 0.849 0.015 27.2
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highest percentage 99.8% for CaF2 and MgF2 ARC layer

and for ideal case its almost 99.9% as shown in Fig. 9b.

The absorption of high energy photons with ARC layers is

mostly accountable for poor EQE at shorter wavelength.

The cumulative photogeneration rate is determined by

number of electrons produced at each location in the solar

cell as a result of photon absorption [93]. The photogen-

eration in solar cell is investigated with ARC materials

such as MgF2, Al2O3, MgO, TiN, SiO2, CaF2 and also

without any ARC material. It was observed that photo-

generation rate initiates from zero and progressively

increased with the increasing distance from front in the

solar cell (Fig. 10b). The photogeneration rate 201 9 1015/

sec with CaF2 and MgF2 ARC layer is greater than other

materials, whereas without any layer, the low generation

rate (181 9 1015/sec) was recorded as shown in Fig. 10b.

Ideal case shows the 204 9 1015/sec cumulative photo-

generation rate. The I-V curve of ZnO/GaAs solar cell with

different ARC materials and without any layer are shown

in Fig. 10a. The results demonstrated that highest Isc

(32 mA) and Voc (0.989 V) was obtained using CaF2 and

MgF2 ARC layer (Fig. 10).

Fig. 8 Analysis of (a) efficiency (b) Isc (c) Voc as function of different ARC layer

Fig. 9 Optical analysis of

Different ARC layers

(a) Reflectance (b) EQE

4928 S Maqsood et al.



Since carrier lifetime is crucial for achieving outstand-

ing performance in solar cells and hence, as the carrier

lifetime of a solar cell grows, so does its efficiency and Isc

[93]. The I-V is the ultimate parameter which confirmed

the fruitful application of CaF2 and MgF2 as ARC layer in

GaAs based solar cell. When we adjusted the carrier life-

time in the range 1–100 ls, the efficiency increased in each

ARC layer (Fig. 11a). Among different ARC materials, the

results showed that CaF2 and MgF2 ARC layer has maxi-

mum efficiency along with maximum Voc and Isc values

(Fig. 11b).Thus from all analysis we concluded that MgF2

and CaF2 shows best results as compared to other ARC

materials for ZnO/GaAs solar cell as shown in Table 5. If

we consider a stability factor that is also a most important

parameter for the choice of ARC layer, then we can say

that CaF2 is appropriate choice of material for ARC layer.

Table 6 represents the comparative analysis of GaAs Based

solar cell.

5. Conclusions

A numerical investigation has been carried out to analyze

the effect of doping concentration, carrier lifetime and

Fig. 10 Analysis of different

ARC layer (a) IV-curves

(b) cumulative photogeneration

rate

Fig. 11 Analysis of Carrier lifetime versus a Efficiency b Isc c Voc
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ARC layer thickness on the performance of solar cell. The

optimum values of different parameters such as doping

concentration, thickness of layers and carrier lifetime are

well simulated to design highly efficient ZnO/GaAs solar

cell. The outstanding efficiency of 27.8% has been attained

for ideal case and 27.4% for MgF2 and CaF2. Without any

ARC layer the device shows 24.5% PCE at 0.5 lm thick-

ness of window layer and 70 lm of absorber layer width.

The optimal carrier lifetime for absorber, window, and Arc

layer is 100 ls. The study revealed that CaF2 and MgF2 are

the potential candidate for high efficiency as compared to

other ARC materials. Results revealed that MgF2 and CaF2

show almost same results as ARC layer but when it comes

to stability CaF2 is more appropriate material as ARC layer

for ZnO/GaAS solar cell.
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