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Lead-free double perovskites have recently emerged as a promising alternative material for solar cell
applications, exhibiting encouraging optoelectronic properties, high environmental stability, and low tox-
icity. In this manuscript, we report the effect of different hole transport layer materials on the photovoltaic
performance of lead-free double perovskite solar cells. Optimization of hole transport layers (HTLs) is per-
formed by correlating the open-circuit voltage (Vi) with the built-in potential (Vi). It is revealed from the
simulation results that higher Vi; resulted in higher V.. Also, it is found that for proper selection of HTLs,
Ev nrL (valence band maximum of HTL) and @sc (work function of back contact) should not be much deeper
than Ev pvk (valence band maximum of a double perovskite layer) to avoid Vi loss. In the present study,
FTO/Ti02/Cs2AgBiBre/HTLs/Cu device was designed, and Solar Cell Capacitance Simulator (SCAPS-1D)
was used for one-dimensional simulation and analysis. An active layer of 0.3 pm was used for the present
work. Photovoltaic power conversion efficiency (PCE), Vi, Js, and FF were obtained using numerical simu-
lation. The most suitable hole transport layer material was found to be Spiro-OMeTAD. Moreover, under
optimized conditions, the device PCE increased to 3.75 %. The optimized photovoltaic performance of the
device is as follows: open-circuit voltage Vi = 7.2412 V, short-circuit current density s = 8.02965 mA/cm?2,
and fill factor FF = 6.45 %. Overall, the encouraging simulation results achieved in this study will provide
insightful guidance for replacing the commonly used carcinogenic Pb-based perovskite with eco-friendly,

highly efficient inorganic perovskite solar cells.
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1. INTRODUCTION

The lead (Pb) based hybrid perovskite materials
have been used extensively for solar cells because of
the high-power conversion efficiency of around 25 % [1].
But, due to the toxicity of lead and the difficulty of the
fabrication process of those cells, the commercial appli-
cations of such cells have been pushed back. Generally,
a Perovskite Solar Cell (PSC) should include an elec-
tron transport layer (ETL) and a hole transport layer
(HTL) to maximize its power conversion efficiency
(PCE) by extracting and transporting photo-generated
electrons, modifying the interface, aligning the interfa-
cial energy level, and minimizing the charge recombi-
nation in PSC, as well as improving hole extraction and
selectively blocking electrons to diminish electron-hole
recombination on the anode.[2] The volatility of the
organic cation is considered to be a significant contrib-
utor to instability, which should be improved using
inorganic cations.[3] For these reasons, the search for
alternative inorganic perovskites employing less toxic
metals is of paramount importance[4-6]. In this land-
scape, double perovskites have recently emerged as a
promising alternative exhibiting encouraging opto-
electronic properties, high environmental stability, and
low toxicity. In particular, the double perovskite
Cs2AgBiBrs has been the subject of much fundamental
material characterization and initial application in
photodetectors and photovoltaic devices [7-14].

In this present study, we have studied the solar cell
device with cesium-based inorganic absorbing material
Cs2AgBiBrs for the best photovoltaic performance un-

* paulsamrat17@gmail.com

PACS number: 88.40.jp

der the optimum absorbing layer thickness. The titani-
um dioxide (TiO2) has been used for ETL and four dif-
ferent hole transport layer materials are investigated.

2. METHODOLOGY

SCAPS-1D is a window-oriented one-dimensional so-
lar cell capacitance simulator developed at the Depart-
ment of Electronics and Information Systems of the
University of Gent, Belgium [15]. The program is writ-
ten in the C programming language. Various profiles
including grading, generation, recombination, and de-
fects of device architecture can be calculated using this
simulation program. Poison’s equation, transport equa-
tion, and continuity equation are the three mainly used
differential equations in this simulator to calculate pa-
rameters such as diffusion length of electron and holes
(Ln,p), open-circuit voltage (Voc), solar cell light generat-
ed current density (Js), fill factor (FF) and photo-
conversion efficiency (PCE). The effects of different fac-
tors like a medium (dark or light), illumination, work-
ing point temperature, and voltage can also be observed
by varying inputs using this computational platform.

2.1 Architecture of the Devices

The structure of soda-lime glass (SLG)/FTO/ETL/
Cs2AgBiBre/HTL/copper (Cu) solar cell is shown in
Fig. 1, where Spiro-OMeTAD, Cul, NiO, CuSCN are
used as p-type HTLs over the Cu back contact,
Cs2AgBiBrs is a p-type absorber layer, TiO2 is an
n-type ETL, and FTO is an n-type window layer. It is a
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solid-state planar heterojunction p-i-n solar cell with p-
type Cs2AgBiBrs sandwiched between n-type ETL and
p-type HTL. SLG is over FTO, and light fell on the SLG
side. Both arrangements had two interfacial layers-
HTL/absorber layer and the absorber layer/ETL. The
band-gap alignment of the device is shown in Fig. 1.
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Fig. 1 - Band alignment

2.2 Simulated Parameters

The material parameters used in this simulation
are listed in Table 1.

Table 1 — SCAPS-1D input material parameters used in the
solar cell simulation for FTO, ETL and Cs2AgBiBrs
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tion of AM1.5G. All simulations are run at light medi-
um, 1000 W-m~2 illumination, 1 Ohm-cm? series re-
sistance, and 1000 Ohm-cm? shunt resistance. Electron
and hole thermal velocities are kept constant at
107 cm-s~1. The band-to-band radiative recombination
coefficient value is taken as 2.3-10 8 cm3-s 1 initially,
which is varied later [18]. Neutral type and donor type
defects are considered for HTL and absorber layer, re-
spectively. But for both ETL and window layers, accep-
tor type defects are considered. The absorber layer and
ETL have variable total defect density (IV:), whereas
HTL has fixed N; [19]. All interfacial layers (HTL/
absorber layer and absorber layer/ETL) have neutral
type defects and variable trap densities. For Cu back
contact, work function was 5 eV, and thermionic emis-
sion/ surface recombination velocities for electrons and
holes are 105 cm-s~! and 107 cm-s !, respectively. The
optical absorption constant, a (hv), for the perovskite
layer is set by the new “Eg-sqrt” model, and the details
of the model are taken from various literatures [11-20].

Table 2 — SCAPS-1D input material parameters used in the
solar cell simulation for different HTL materials

HTL1 HTL2 HTL3
Spiro- Cul NiO
OMeTAD

HTL4
CuSCN

Parameters

Thickness, 0.3 0.3 0.3 0.3
pm

Bandgap 3.0 3.1 3.8 3.6
(Eg), eV

Electron 2.45 2.1 1.46 1.7
affinity (y),
eV

Relative 3.0 6.5 11.7 10
permittivity

(&)

CB effective
density of
states (INo),
cm ™3

2.2E+19 | 2.2E+19 | 2.5E+20 | 2.2E+19

VB effective
density of
states (IVv),
cm 3

1.8E+19 1.8E+19 | 2.5E+20 | 1.8E+19

Electron 2.0E-4 1.0E+2 2.8 1.0E+2

mobility
(/ln) )

cm2V-lg-1

Hole mobil-
lty (/lp) )

cm2V-lg-1

2.0E-4 4.39E+1 | 2.8 2.5E+1

Parameters Window | ETL Absorber
layer TiO2 layer
FTO Cs2AgBiBrs

Thickness, um 0.2 0.3 0.1-1

Bandgap (Eg), eV | 3.2 3.23 2.05

Electron affinity 4.4 4.26 4.19

(0, eV

Relative permit- 9.0 9.0 5.80

tivity (&)

CB effective den- | 2.2E+18 | 2.0E+18 | 1.0E+16

sity of states (Nc),

cm ™3

VB effective den- | 1.8E+19 | 1.8E+20 | 1.0E+16

sity of states (IVv),

cm-—3

Electron mobility | 20 4 11.81

(tn), cm2V - Lg-1

Hole mobility 10 2 0.49

(), cm*V " Ls~1

Donor density 1.0E+18 | 6.0E+19 | 1.0E+19

(Na), cm —3

Acceptor density | O 0 1.0E+19

(Na), cm —3

Defect density 1.0E+15 1.0E+18 | 9.1E+16

(Ny), cm —3

Donor den- 0 0 0 0
sity (Na),
cm 3

The values were chosen from the literature and the
previous simulation works [16, 17]. The default value of
temperature is taken as 300 K with standard illumine-

Acceptor 1.0E+18 1.0E+18 | 1.0E+18 | 1.0E+18

density
(Na), cm =3

Defect den- | 1.0E+14 1.0E+14 | 1.0E+15 | 1.0E+14

sity (IVy),
cm 3
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3. RESULTS AND DISCUSSION

3.1 Hole Transport Layers Effect on the J-V
Curve

The device configuration soda-lime glass (SLG)/
FTO/ETL/Cs2AgBiBre/HTLs/Copper (Cu) was simulat-
ed by employing different HTL materials one by one
and the resulting J-V curve has been shown in Fig. 2.
The effect of various hole transport materials on the
device performance of DPSC is analyzed. Based on the
conduction band and valence band energy level differ-
ent HTLs are arranged and shown in Fig. 1. It can be
suggested that the lowest Vi is obtained by NiO and
the highest open-circuit voltage is obtained by Spiro-
OMeTAD which significantly increases it's 7 from
2.37% to 3.75 %. Fig. 2 shows the resulted current-
voltage (J-V) curve of the hole transport layers used in
the simulation of lead-free DPSC.

V.. (Volts)

. Spiro-OMeTAD
- - Cul
NiO

. v CuSCN

(mA/cm?)
1

S¢
1

J

Fig. 2 — J-V curve for different HTL materials

It is evident from the J-V curve that Spiro-
OMeTAD shows the higher Vi as well as Js.. On the
contrary, NiO shows the lowest Voc and Jsc. The highest
values of Vocand Js of Spiro-OMeTAD are attributed to
the better alignment with the corresponding layers.
Also, the better performance of Spiro-OMeTAD could
be related to lower series resistance and high shunt
resistance in the device.

3.2 Hole Transport Layers Effect on the
Quantum Efficiency

It can be observed from Fig. 3 that a quite low QE is
observed for the NiO HTL layer. The lower QE of NiO
is due to its lower band gap as most of the carriers are
absorbed in the hole transport layer instead of the ab-
sorber layer. Due to this the absorption of photons, as
well as carrier generation, decreases in the absorber
layer and as a result, PCE in the case of NiO is lowest
as compared to other HTL materials. The higher
charge collection probability in Spiro-OMeTAD is one of
the reasons for better QE as compared to other HTL
materials. On the other hand, no significant differences
are observed on the quantum efficiency curve by chang-
ing the HTL material. It is clear from our simulation
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results that the reduced QE response at longer wave-
lengths indicates the lower absorption of longer wave-
lengths and low diffusion length of carriers. Also, from
Fig. 2 and Fig. 3, it is observed that Spiro-OMeTAD
shows higher photovoltaic performance, and hence for
future optimization, this is preferred as a hole
transport layer material.
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Fig. 3 — Quantum efficiency (QE) vs wavelength (1) curve

4. CONCLUSIONS

In this research work, lead-free PSCs with the dou-
ble perovskite (CszAgBiBre) as the absorber layer is
investigated through SCAPS-1D simulation. The con-
figuration of the PSC is glass substrate/FTO/ETL/
Cs2AgBiBre/HTL/Cu. The simulation results reveal
that the active material performance depends upon the
type of HTL material. The optimal HTL layer material
is found to be Spiro-OMeTAD for the double perovskite
Cs2AgBiBrs material. It is obtained from the simula-
tion results that to attain higher Vic and PCE the prop-
er selection of HTL material is a crucial factor. The
best spectral response for the double perovskite mate-
rial was found to be at 390 nm. This concludes that the
material is active in the visible region of the solar spec-
trum. The variation of the series resistance affects the
performance of the solar cell as can be realized from
the results. The present proposed device architecture is
a regular planar structure and the same may be stud-
ied for the effect of other device parameters on the per-
formance of mixed halide double perovskite materials.
The downward trend exhibited by FF with an increase
in absorber layer thickness can be explained by the less
effective transportation of electron-hole pair through
the cell with higher recombination. After comprehen-
sive optimization, the device photovoltaic performance
elevates up to Vioe=7.24 Volts, Jsc=mA/cm2, and
n=23.75%. Due to the wideband gap of the double-
perovskite layer, this simulation study will help to de-
sign a lead-free perovskite-based tandem solar cell.
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OnTumisania MmaTepiajy TPAHCIOPTHOTO MAPY AiPOK /s €(p€eKTUBHOTO COHAYHOTO €JIEMEeHTA
Ha OCHOBIi 0e3CBUHIIEBOT0 MOABiiiHOTrO meposckity Cs:AgBiBrs
3a JOIOMOTIOI0 YK CEJILHOIO MOJEJIIOBAHHS

S. Das, M.G. Choudhury, S. Paul

Advanced Materials Research and Energy Application Laboratory (AMREAL), Department of Energy Engineering,
North-Eastern Hill University, Shillong-793022, India

BeacBuHnIeBi moaBiiiHI MEPOBCKITH HEIIOJABHO CTAJIN IIEPCIEKTUBHUM AJIBTEPHATHBHUM MAaTepiajioM JIJIs
3aCTOCYBAHHS B COHSYHUX €JIEMEHTAaX, JEMOHCTPYIOUM OOHAIIMJINBI OITOEJEKTPOHHI BJIACTHBOCTI, BUCOKY
€KOJIOTIYHY CTAOLIBHICTE 1 HU3bKY TOKCHYHICTh. ¥ CTATTI IIOBLIOMJISIETHCS IIPO BILJIMB PI3HMUX MaTeplasiB Tpa-
HCIIOPTHOT'O APy JIPOK Ha (POTOEJIEKTPUYH] XapaKTePUCTUKY COHSYHUX €JIEMEHTIB Ha OCHOBI 0€3CBUHIIEBUX
monBiiiHuX mepoBckitiB. Onrumisarnis TpauncnoptHux mapi gipoxk (HTLs) anificHIETBCS IISXOM KOPeJIaril
Hanpyru xosoctoro xoxy (Vi) 13 BOymoBanum morterrriasom (Vi). Pesynbratn mMomesmroBaHHS MOKa3asIH, IO
BUIIE 3HAYEHHS Vp; IIPU3BEJIO JI0 OLIIBIIOT0 3HAYEHHS Voe. TAKO0K BCTAHOBJIEHO, IO JIJISI ITPABUJIHHOTO BHOODY
HTLs, Ev_nrL (makcumym BastentHol 3ouu HTL) 1 gpc (poboTa BHXOy 3BOPOTHOTO KOHTAKTY) HE ITIOBUHHI OyTH
HabaraTo rimbummu, Hik FKv pvk (MAKCHMYyM BaJIeHTHOI 30HH IOJBIAHOIO IIEPOBCKITHOTO IIApY), 00 YHUK-
HyTH BTpat V. ¥ mociaimkerHi 0yio poapobiiero mpucrpiit FTO/Ti02/Cs2:AgBiBre/HTLs/Cu, 1 #ioro omHOBHAMI-
pPHE MOIEJIIOBAHHSA Ta aHAJI3 0yJIO IIPOBEIEHO CUMYJIATOPOM eMHOCTI coHauHux ejeMeHTiB (SCAPS-1D). aa
pobotu BuKoprcTaHo akTuBHMH map 0,3 MM. EdexrusHicTs neperBoperHs goroesexkrpuyunoi emeprii (PCE),
Ve, Jsc 1 FF Oysmz oTprMaHi 3a TOIIOMOI010 YHMCEIHHOIO MOJEIIOBAHHS. BUABIIEHO, 1110 HANOLIBII IIiXOIAIITM
MaTrepiajioM TPAHCIOPTHOro mapy aipok € Spiro-OMeTAD. Kpim toro, B orrrumizoBarux ymosax PCE mpuia-
ny 3pocia 110 3,75 %. OnrumizoBaHi OTOETEKTPIUYHI XapAKTEPHUCTHUKY IIPHCTPOI0 TAaKi: HAIIPYTa XOJIOCTOTO
xomy Vo= 17,2412 B, ryctuHa cTpyMy KOPOTKOTO 3aMUKAHHSA Js = 8,02965 MA/cM2 1 KOeIIIEHT 3aTIOBHEHHS
FF = 6.45 %. B 1mimomy, o0Ha MBI pe3yIbTaTH MOIE/IOBAHHSA, OTPUMAHI B JAHOMY IOCJIIMKEHHI, JaIyTh
BKA3IBKY II0JI0 3aMIHU IIMPOKO BUKOPHCTOBYBAHOIO KAHIIEPOT€HHOI'O IIEPOBCKITY Ha ocHOBI Pb exrosoriuro
YHMCTUMHU, BUCOKOE(EKTUBHUMY HEOPraHIYHUMU ITePOBCKITHUMHY COHAYHUMHY €JIEMEHTAMMU.

Kmiouori ciosa: Ilogsiitumit nmeposckit, ETL, HTL, SCAPS-1D, Koedirienr sanmosuennsi, KBaurosa edex-
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