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ABSTRACT

The power conversion efficiency (PCE) of single structured perovskite solar cells

(PSCs) has achieved a remarkable value of 25.2% over the last ten years. But

these PSCs are not eco-friendly and suffer from the serious issue of stability. So

it is very important to investigate greener and more stable alternatives to these

perovskite materials. In recent years, lead-free double perovskite (DP) materials

have surfaced as an ecologically favorable photovoltaic material due to their

inherent chemical stability, modest carrier effective masses, suitable bandgaps,

and low exciton binding energies. Herein, we have synthesized lead-free, highly

stable, good quality, cheaper and environment friendly halide-based hybrid

organic–inorganic double perovskite (MA)2XBiCl6 (MA = CH3NH3, X = K, Na,

Ag) by adopting one step hydrothermal route having the morphology of vertical

flakes and micro-rods. Further, we have analyzed the morphological, photo-

physical, chemical, electronic, and structural behavior of synthesized samples

by using various characterization techniques. We elucidated the formation of

high-quality, stable, and highly crystalline luminescent DP nanoparticles (NPs).

Moreover, we fabricated three solar cell devices using the three as-synthesized

DPs and further demonstrated that the solar cell device using MA2NaBiCl6 NPs

as absorber layer have 2.09% PCE performed better as compared to MA2KBiCl6
and MA2AgBiCl6 based devices. Our work reports a first lead-free double

perovskite solar cell with different three-dimensional morphology shedding

light on the shape manipulation and providing a feasible alternative to toxicity

issues in single perovskite and further encouraging rigorous research on these

materials for future photovoltaic technology.
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Introduction

The constant rise in global energy consumption has

promoted the development of PV technology. In this

community, perovskite-based solar cells have been

considered a leading PV material because Lead

halide-based single perovskites have recently earned

a lot of interest due to their adjustable direct band-

gaps, balanced electron and hole effective masses,

high optical absorption coefficient, defect tolerance,

small exciton binding energies, and super-long

photo-generated carrier diffusion lengths and life-

times [1–15]. Depending on the A-site cation, halide-

based single celled perovskites with the generic for-

mula ABX3 (A: CH3NH3
?, Cs?; B: Sn2?, Pb2?; X: Cl-,

I-, Br-) can be split into two categories: One is

inorganic halide perovskite having A as an inorganic

element and other is organic–inorganic hybrid halide

perovskite having A as organic compound. The first

PSCs in photovoltaics is reported by A. Kojima in

2009 based on organic–inorganic hybrid halide per-

ovskites Methyl ammonium lead iodide (MAPbI3, -

MA is CH3NH3
?) and Methyl ammonium lead

bromide (MAPbBr3) to replace the sensitizer in the

liquid dye-sensitized-based solar cells (DSSC) with

the PCE of 3.8% [16]. These PSCs did not attract

significant attention due to quite a low efficiency and

poor stability. At the laboratory scale, the recorded

PCE of solar cells based on these perovskite materials

has improved significantly from 3.8 to 29.8% from

2009 to 2023 [16–33]. In addition to solar cells, these

perovskite materials have been used in various

optoelectronic applications, like lasers, light-emitting

diodes (LEDs), X-ray detectors, and photodetectors

[34–39]. Along with the various advantages of the

lead-based perovskites, there are two major concerns

associated with them, first is the toxicity nature of

lead, and the second is the long-term stability issue in

the presence of moisture, light and heat, which can

further stymie the development of lead halide per-

ovskite-based photovoltaic and optical devices [39].

In this regard, substantial research has been done to

find non or low-toxic, air-stable perovskite-based

materials [40–45]. Significant critical efforts have been

done in recent decades to explain the underlying

origins of Lead halide perovskite’s exceptional and

unique photovoltaic characteristics. The remarkable

symmetry of the perovskite structure, as well as the

specific electronic arrangement of Lead (6s2 6p0),

have played a major role in influencing the opto-

electronic capabilities of lead halide perovskites

[43, 44]. In this respect, analogous divalent lone-pair

metal cations like Sn (II) and Ge (II) could be a pos-

sible substitute for Pb(II). But at the other hand, Sn

(II) and Ge (II)-based halide perovskites, have more

significant instability problems against the oxidation

state because Sn (II) and Ge (II) can be easily con-

verted into Sn (IV) and Ge (IV) in ambient tempera-

ture due to the exceptionally high-energy of Sn (II)

5s2 and Ge (II) 4s2 states, and also due to their small

ionic radii [46]. Moreover, trivalent cations like Bi (III)

and Sb (III) have been used in place of divalent Pb(II)

but the resultant structures cannot maintain the

charge neutrality with the chemical formula A3B2-

X9 which further leads to unwanted photovoltaic

features such as huge anisotropic carrier effective

masses, high bandgaps and low defect tolerance

behavior [47, 48].

The concept of maintaining high electronic

dimensionality in the framework of structural

dimensionality is vital to consider while looking for

Lead-free halide perovskites as promising and a

potential candidate for solar cell absorbers [40].

Therefore maintenance of the three-dimensional (3D)

structure with the replacement of Lead could be the

most favorable strategy that can be achieved by

cation transfiguration in lieu of replacing the two

divalent Pb2? cations with two different cations, one

is a monovalent cation and another is a trivalent

cation which further leads to a 3D double perovskite

structure with formula A2B(I)B(III)X6 which further

allow the additional flexibility in selecting B-cation

elements [49, 50]. In addition to the double per-

ovskites materials, Cs-based lead-free halide

quadruple perovskites materials (Cs4MnBi2Cl12,,

Cs4CdBi2Cl12, Cs4MnSb2Cl12, and Cs4CdSb2Cl12) are

also reported having 3D structure which have been

synthesized and found to be highly crystalline, along

with long carrier lifetime, and low trap-state densities

[51]. To date, few double perovskites have been

synthesized having monovalent cation B(I) as Ag?,

Li?, Rb?, Na?, K?, and Ti? and trivalent cation B(III)

as Sb3?, Ga3?, Al3?, Tl3?, In3?, Bi3?, and some other

lanthanides and a trivalent transition metal. These

halide-based lead-free double perovskites have

gained a lot of attention as attractive optoelectronic

prospects because of their cubic structure (Fm3m)

that allows them to extend in all three dimensions

with corner-sharing metal halide octahedra having
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application in various domains including X-ray

photodetectors, photocatalyst, electrocatalyst, solar

cells, and LEDs. But, among these proposed double

perovskite materials, very few of them have been

experimentally realized in the laboratory for the

development of solar cell having significant poer

conversion efficiency [52–55].

The quest for lead-free and low-cost photovoltaics

has encouraged researchers to investigate organic

materials having conducting and semiconducting

properties for their possible alternatives [56]. The

advantages of the organic materials investigated by

past researchers over the years is having low manu-

facturing cost, and high absorption coefficient which

leads to significant impact on organic photovoltaic

solar cell [57, 58]. Leveraging all these benefits and

current considerable improvements in power con-

version efficiency (PCE) has resulted in the creation

of several initial commercial organic photovoltaic

(OPV) devices. To further enhance the efficiency of

photovoltaic (PV) devices, researcher has found

Organic–inorganic hybrid solar cells combination is

having advantages of both organic as well as inor-

ganic material [59]. The advantages associated with

the addition of inorganic material to organic material

is to reduce the photo induced degradation of the

organic photovoltaic devices in addition to increase

in the charge carriers photo generation through the

absorbed exciton in the inorganic material [60].

Moreover, inorganic materials have high light

absorption in comparison with the organic materials

[61, 62]. These interesting properties encourages us to

build a hybrid organic–inorganic lead-free solar cell

in replacement of the lead-based halide perovskites

solar cell.

Here in this study, we report the first solar cell

devices based on double perovskite nanomaterials

MA2XBiCl6 (X = K, Na, Ag). Firstly we have synthe-

sized MA-based non-toxic and non-degradable

halide double perovskite MA2XBiCl6 (X = K, Na, Ag)

using a simple one-step hydrothermal synthesis

technique. Further, we have characterized these three

synthesized materials to investigate the phase, optical

behavior, chemical nature, surface morphology,

absorption nature, and band gap. The obtained

characterization results of all these three materials

suggest them as promising and stable absorber can-

didates and solar cells based on these materials

showed remarkable PCE having the highest value for

MA2NaBiCl6 NPs. Our present study provides the

access to the high-quality and large-scale fabrication

of solar cell devices and throws light on further

investigation of morphologically tuned non-toxic and

cheaper DP materials for a wide range of applications

with very high and stable performance in the pho-

tovoltaics domain.

Details of experiments

Chemicals used

The chemicals which were used in the synthesis

process of material were purchased from Sigma

Aldrich and have we utilized these materials in their

original configuration without any additional treat-

ment. Methyl ammonium (MA) solution, Potassium

chloride (KCl, 99%), Silver chloride (AgCl, 99%),

Sodium chloride (NaCl, 99%), Bismuth chloride

(BiCl3, 99%), Acetone (C 99.9%), Hydrochloric acid

(HCl), and Ethyl acetate (C 95%) were utilized into

our synthesis method.

Synthesis process details

Preparation of methylammonium chloride (MACl)

solution

Initially, we synthesized MACl solution by taking the

equimolar amount of MA solution in HCl at room

temperature and then heated the solution mixture at

50 �C till the solution is completely dry. Further, we

cleaned the obtained product with acetone to remove

the unwanted byproducts and then dried it for 24 h

in an oven. The prepared MACl was used to syn-

thesize the three double perovskites, i.e., MA2-

XBiCl6 (X is K, Na, Ag) by one-step hydrothermal

process.

Preparation of MA2KBiX6 NPs, X is K, Na, Ag

The MA2KBiCl6 NPs were synthesized by adopting a

one-step hydrothermal method after taking MACl,

KCl, and BiCl3 precursors in 2, 1, and 1 molar ratios,

respectively, in the 1 ml HCl solution kept in a

stainless steel autoclave. Then, the complete solution

was heated at 160 �C for 8 h to perform the high-

pressure reaction. Further, the temperature was

cooled down to room temperature and the obtained

product was filtered and cleaned using the solvent

J Mater Sci (2023) 58:11139–11158 11141



precipitation technique to remove the byproducts.

Finally, the cleaned product was heated at 60 �C in a

vacuum oven to dryness.

Characterization details

The X-ray diffraction (XRD) experiment was per-

formed by X-ray powder diffractometer with the

Copper (Cu) Ka radiation having wavelength of

1.54 Å at the voltage and current of 40 kV and 30 mA

value respectively, with variation of the angle (2h)
values (10� to 50�) with peak intensity (arbitrary unit)

at an increment of 0.1� to investigate the quality, and

to confirm the crystalline phases and purity of the

synthesized DP materials. The sample for XRD

measurement was prepared by drop casting a con-

centrated NP solution on the substrate and the

diffraction peaks were observed using symmetric

reflection mode and parallel beam geometry at room

temperature. Further, the obtained results were ana-

lyzed using PANalytical Xpert HighScore 4.1 soft-

ware. The optical property of the synthesized DP

NPs was examined by doing room temperature

Photoluminescence (PL) measurement which is a

type of electromagnetic (EM) spectroscopy that

evaluates the fluorescent compounds. The measure-

ments were performed using PL Fluorolog-3 Spec-

troscopy with the help of a Light Source of 450 W

Xenon Lamp having a scanning speed of 150 nm/sec,

wavelength accuracy of 0.5 nm, and wavelength

range of 200 nm to 700 nm. In the PL setup, a 300 nm

continuous-wave laser source having an incidence

intensity of 100 mW/cm2 with two monochromators

(visible and near-infrared (NIR)) connected in series

was used for the excitation purpose. The above setup

can quickly and accurately determine the presence of

molecular elements in the sample by utilizing the

phenomena of electronic excitation caused by the

interaction of high-energy particles (HEPs) such as

excited electrons and photons with electrons. Using a

Shimadzu ultraviolet–visible (UV–vis) absorption

spectrometer having range of wavelength

200–800 nm, a resolution of 0.05 nm, slit width of

2 nm, and scan interval of 1 nm, UV–vis spec-

troscopy of the as-synthesized NPs was collected to

examine the absorbance phenomena. Field emission

gun-scanning electron microscopy (FEG-SEM) has

been used to reveal the structural morphology using

the JEOL JSM-7600F model with a secondary electron

image (SEI) resolution of 1.0 nm at 15 kV with

accelerating voltage varying from 0.1 to 30 kV at low

& high magnification of 25 X and 1,000,000 X,

respectively. A Schottky field emission gun and an

electron column with semi-in-lens detectors were

employed in the JEOL JSM-7600F to deliver ultra-

high-resolution with a variety of probe currents (1pA

to more than 200 nA). In addition, the chemical

composition and presence of functional groups in the

synthesized DPs are analyzed by using Fourier

Transform Infrared (FTIR) spectroscopy done using

the Spectrum 100 FT-IR system of PerkinElmer.

Device fabrication detail

A simple solar cell has been fabricated with all the

three as-synthesized DP as absorbing layer. Fluorine

doped tin oxide (FTO) on transparent glass (7 X per

square) substrate on which contact deposition of

Gold (Au) has been used to fabricate the device. We

have extensively cleaned substrate by deionized (DI)

water, ethanol, and acetone by performing ultra-

sonication for 45 min and further ultraviolet (UV)-

ozone for 20 min treatment has been applied. SnO2 of

FTO substrate is working as electron transport layer.

SnO2 layer is came out by the fluorine doped tin

oxide (FTO) coated transparent glass substrate which

is modified by the oxygen plasma assisted reaction

for 12 min at room temperature to form the pure

SnO2 phase. Then obtained uniform solution of as-

synthesized DPs materials MA2XBiCl6 (X is K, Na,

Ag) was uniformly coated using spin-coating on the

substrate at 900 rotation per minute (rpm) for 15 s

and 2000 rpm for 20 s, respectively. The above pro-

cess was repeated many times for obtaining a uni-

formity of absorber layer coated on substrate.

Afterward, the DP-coated FTO substrate was

annealed at 250 �C for 10 min and then allowed to

ramp down to the temperature of 30 �C. Finally,

100 nm thick Au contacts were deposited with a

deposition rate of 0.5 nm/sec and a chamber pres-

sure of 2.5 9 10 -6 mbar using a mask in a 6-target

Electron beam evaporation system. The I–V charac-

teristics of fabricated solar cell devices were mea-

sured in dark and light by utilizing an in-house solar

simulator. Also, the Bentham PVE300 system was

used to calculate the external quantum efficiency

(EQE) of the fabricated devices using a Xenon lamp

source with Si and Ge detectors having a wavelength

range from 300 to 1800 nm with a resolution of 2 nm.
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Results and discussions

The schematic 3D crystal structure of double per-

ovskite materials MA2XBiCl6 (X = K, Na, Ag) formed

by alternatively positioned KCl6 (NaCl6 or AgCl6)

and BiCl6 octahedra resulting in a doubly celled

perovskite as compare to its single perovskite coun-

terpart is shown in Fig. 1a. In this crystal structure,

the B site is occupied by the Potassium (K)/Sodium

(Na)/Silver (Ag), and B’ site is occupied by the Bi

(Bismuth) element. The structural investigation of

synthesized DPs MA2XBiCl6 (X is K, Na, Ag) NPs

was done using the room temperature XRD tech-

nique. The XRD pattern was observed in order to

examine the phases and purity of the synthesized

materials. Figure 1b–d represent the XRD pattern of

MA2KBiCl6, MA2NaBiCl6, and MA2AgBiCl6 DP,

respectively, revealing that newly synthesized MA-

based halide DPs NPs form a rhombohedral

R3m space group [63]. The peaks shown in the XRD

pattern of all three materials have good accord with

the standard reported data with well-indexing and

also, demonstrates that the newly described synthesis

process yields high-quality, and crystalline double

perovskite materials [63–66]. The additional peak

(marked *) in the XRD pattern of MA2KBiCl6 DPs

around 34 � is due to the precursors utilized in the

synthesis process of the material. The diffraction

peaks are indexed as (111), (022), (113), (222), (004),

(024), (224), (044), and (244) planes of the crystal

structure for materials MA2XBiCl6 (X = K, Na, Ag)

showing the absence of any secondary phase

diffraction peaks.

Furthermore, from the XRD data, we have calcu-

lated the full-width half maxima (FWHM), and

crystallite size as given in Table 1 using Scherrer’s

equation [64]:

D ¼ Kk
b COSh

ð1Þ

b ¼ 1

2
2hmax � 2hminð Þ ð2Þ

where D is crystallite size, k is the wavelength of X-

rays used in XRD characterization of samples, K is

Figure 1 a Schematic

representation of crystal

structure geometry of

MA2XBiCl6 (X = K, Na, Ag)

having KCl6 (NaCl6 or AgCl6)

and BiCl6 octahedra and XRD

pattern of the synthesized

double perovskite

nanoparticles b MA2KBiCl6
c MA2NaBiCl6 and

d MA2AgBiCl6 with their

respective standard.
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Scherrer’s constant, b is the full width at half maxi-

mum, h is the peak position, and 2hmax and 2hmin is the

right and left side 2h value where intensity is half of

the maximum at that peak [64] calculated from XRD

plots. For calculation of FWHM, we have taken

K = 0.9, and k = 0.154 nm as used in the XRD

experiment.

In addition, we have calculated the lattice constants

(a, c) using Brag’s diffraction law and interplanar

distance (d) for all the three synthesized double

perovskite nanomaterials using the below formula

[65], and the calculated values for all the planes are

summarized in Table 2.

2d sin h ¼ nk ð3Þ

1

d2hkl
¼ h2 þ k2

a2
þ l2

c2
ð4Þ

where h is the angle, n is the order of diffraction, k is

the wavelength of X-rays, and (h k l) is the corre-

sponding plane.

To know the structural stability of all the three

synthesized DPs, we calculated the tolerance factor

(t) and octahedral factor (l) summarized in Table 3.

The obtained values are in the standard range

required to form a stable double perovskite structure.

The tolerance and octahedral factor are calculated by

utilizing the below equations [66]:

t ¼ 0:71
RA þ RX

Ravg þ RX
ð5Þ

l ¼ Ravg

RX
ð6Þ

Here, RA & RX is the ionic radii of cation A (MA) and

halide X (Cl, Br, I); respectively, Ravg is the average

ionic radii of B’ and B’’ ion [67–70].

The FEG-SEM images were recorded to know the

surface morphology and crystallinity of the synthe-

sized double perovskite materials. Figure 2a–c shows

FEG-SEM image of MA2KBiCl6, MA2NaBiCl6 and

MA2AgBiCl6 DP NPs, respectively, at 1 lm scale of

resolution. The morphology of MA2KBiCl6 was

observed to be dense, and homogeneous with verti-

cally aligned flakes structure with pure crystallinity

throughout the area as shown in Fig. 2a. The micro-

rod type surface morphology for MA2NaBiCl6 and

MA2AgBiCl6 DP NPs was observed from the FEG-

SEM images having length and diameter of 0.17 lm
and 1.90 lm, respectively. The observed FEG-SEM

images confirm the formation of excellent nanos-

tructures as compared to the previously reported

work on double perovskite nanostructures with a

variation in the morphology from nanoflakes to

nanorod [64]. Also, our group is reporting a rod-like

microcrystal structure in MA2AgBiCl6 DP for the first

time.

To examine the optical transitions, carrier dynam-

ics, and applicability of synthesized materials for

photovoltaic application, we performed the photolu-

minescence experiment at room temperature with a

300 nm fixed excitation wavelength and calculated

their optical band gap. Figure 3a–c indicates the PL

profile of MA2KBiCl6, MA2NaBiCl6, and MA2-

AgBiCl6, respectively, at 300 K. The PL spectra of

MA2KBiCl6 DP indicate a sharp and luminescent

peak at the wavelength of 320 nm corresponding to

Table 1 Full width half

maxima and crystallite size

calculated from XRD data by

utilizing Scherrer’s equation

S. no Materials name 2h at Imax 2hmax 2hmin FWHM Cos h D (nm)

1 MA2KBiCl6 26� 25� 27� 0.0174 0.974 8.12

2 MA2NaBiCl6 33� 31� 34� 0.0261 0.958 5.54

3 MA2AgBiCl6 33� 32� 34� 0.0174 0.958 8.31

Table 2 Lattice constant (a, c) and interplanar distance (d) of all the synthesized double perovskite nanomaterials

S. no Materials name (a, c) d (pm)

(Å) (111) (022) (113) (222) (004) (024) (224) (044) (244)

1 MA2KBiCl6 7.84, 20.99 452 277 236 226 195 175 159 138 130

2 MA2NaBiCl6 7.37, 20.47 425 260 222 212 184 164 150 130 122

3 MA2AgBiCl6 6.81, 19.21 392 240 205 196 170 152 138 120 113
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an energy of 3.87 eV as shown in Fig. 3a. A broad PL

peak at a wavelength of 480 nm (2.58 eV) and 300 nm

(4.13 eV) has been observed for the MA2NaBiCl6 and

MA2AgBiCl6 DP as shown in Fig. 3b, c, respectively.

PL emission peaks of all three synthesized double

perovskite material is comparable to the recent

papers on related halide perovskites [71–74]. Also,

the absorption profile of the as-synthesized double

perovskite materials was determined by UV–VIS

absorption spectrometer in 200–800 nm of the wave-

length range. Figure 3d–f represent the absorption

profile of MA2KBiCl6, MA2NaBiCl6, and

Table 3 Tolerance Factor and

octahedral factor of the

synthesized double perovskite

materials

S. no Name of the material Tolerance factor (t) Octahedral factor (l)

1 MA2KBiCl6 0.93 0.66

2 MA2NaBiCl6 0.98 0.56

3 MA2AgBiCl6 0.97 0.59

Figure 2 FEG-SEM image of synthesized double perovskite nanoparticles at a 1 lm resolution scale for

a MA2KBiCl6 b MA2NaBiCl6 and c MA2AgBiCl6.

Figure 3 Illustrates the PL spectra of a MA2KBiCl6 b MA2NaBiCl6, and c MA2AgBiCl6 and absorbance profile of d MA2KBiCl6
e MA2NaBiCl6 and f MA2AgBiCl6 DPs.
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MA2AgBiCl6, respectively, at 300 K. From the

absorption profile of all three material, a very good

absorption behavior has been observed for the syn-

thesized materials. The absorption peak rises at

465 nm (2.66 eV), 564 nm (2.19 eV), and 386 nm

(3.21 eV with a sharp peak at 325 nm (3.81 eV),

482 nm (2.57 eV) and 325 nm (3.90 eV) for MA2-

KBiCl6, MA2NaBiCl6 and MA2AgBiCl6 as shown in

Fig. 3d–f, respectively.

Further, from the optical absorption spectra, we

have evaluated the band gap of synthesized double

perovskite materials using the Tauc plot and these

materials are showing an indirect band gap behavior

which are in agreement with the previously reported

results on similar type of materials [64, 75–80]. A

Tauc plot of ðah#Þ0:5 verses wavelength indicate the

material’s indirect band gap nature as shown in

Fig. 4a–c for synthesized DP MA2KBiCl6, MA2-

NaBiCl6 and MA2AgBiCl6, respectively. Here a and

h# represent the material’s absorption coefficient and

energy of photons, respectively. The calculated indi-

rect band gap are 2.51 eV, 2.06 eV, and 2.80 eV for

MA2KBiCl6, MA2NaBiCl6 and MA2AgBiCl6, respec-

tively. In the reference [64], the reported band gap of

MA2KBiCl6 is 3.37 eV and 3.04 eV but our evaluated

indirect band gap is 2.51 eV. The reason behind the

difference in results could be change of material’s

phase to achieve stability leading to a change in band

gap value [75, 81]. The materials is showing low band

gap which clearly indicating that the materials are

useful in the photovoltaic applications. Two distinct

phenomena are responsible for the calculation of

direct and indirect band gaps as Phonon-assisted

recombination and absorption mechanisms create

considerable coupling effects of carrier phonon in the

indirect bandgap of all double perovskite materials

which results in the dark self-trapped exciton state

(STE) emission condition at room temperature

whereas radiative STE has been formed by an insuf-

ficient exciton-phonon coupling power in the direct

bandgap [82–84].

To check the stability of all the synthesized mate-

rial in the exposure to light at room temperature, we

have recorded the absorption profile, PL profile and

XRD profile of all the materials after 14 and 28 days.

Figure 5a–c demonstrate the absorption spectra of

MA2KBiCl6, MA2NaBiCl6, and MA2AgBiCl6, respec-

tively, for freshly synthesized samples, after 14 days

of synthesis and after 28 days of synthesis. It can be

clearly seen from Fig. 5 that no remarkable change in

absorption spectra has been observed for the syn-

thesized material even after one month of exposure to

light which further demonstrates the non-degradable

and stable nature of synthesized double perovskites

as compared to their single perovskite counterpart.

PL profile of the MA2KBiCl6, MA2NaBiCl6, and

MA2AgBiCl6 samples just after synthesis, after

14 days of synthesis and after 28 days of synthesis is

demonstrated in Fig. 6a–c, respectively. The com-

parative PL plot clearly indicate that the material is

showing similar luminescent behavior having negli-

gible amount of change in the spectra even after one

month also. In addition, we have performed the XRD

of all the samples just after synthesis, after 14 days of

synthesis and after 28 days of synthesis, which is

demonstrated in Fig. 6d–f, respectively. The com-

parative XRD profile shows a negligible decrease in

intensity of samples with increase in number of days

Figure 4 Represents Tauc plot of ðah#Þ0:5 verses wavelength to calculate the indirect band gap of double perovskites a MA2KBiCl6,

b MA2NaBiCl6, and c MA2AgBiCl6.
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which shows that the material is stable enough for

photovoltaic application. Therefore, we can conclude

that these synthesized DPs are showing an added

advantage of having negligible degradation in the

material after a month of synthesis.

FTIR spectroscopy has been done to know the

presence of functional groups and other reaction by-

products formed after the synthesis and cleaning of

double perovskites. Figure 7a–c represent the FTIR

spectra of MA2KBiCl6, MA2NaBiCl6 and

MA2AgBiCl6 double perovskites materials respec-

tively recorded at room temperature from 400 to

4000 cm-1. In Fig. 7a, the peaks observed at

585 cm-1, 766 cm-1, 1296 cm-1, and 2249 cm-1 cor-

respond to halogen group, C–H, alkyl metal (K), and

C = C stretching bond of alkynes molecules vibra-

tional mode respectively [85] for the synthesized

MA2KBiCl6 DP. In Fig. 7b, the peaks observed at

1463 cm-1, 1621 cm-1, and 3523 cm-1 correspond to

the nitrosamine, diketones, and hydroxyl group

Figure 5 Represent the absorbance spectra of a MA2KBiCl6 b MA2NaBiCl6 and c MA2AgBiCl6 DP after 14 and 28 days of synthesis.

Figure 6 Represent the PL spectra of a MA2KBiCl6 b MA2NaBiCl6 and c MA2AgBiCl6 DP after 14 and 28 days of synthesis and XRD

spectra of d MA2KBiCl6 e MA2NaBiCl6 and f MA2AgBiCl6 DP after 14 and 28 days of synthesis.
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vibrational mode respectively for the synthesized

MA2NaBiCl6 DP. In Fig. 7c, the peak is observed at

486 cm-1, 764 cm-1, 1288 cm-1, and 2989 cm-1 cor-

responding to alkyl halide (AgCl), C-H group, alkyl

ketones, and methyl group (MA, CH3NH3) for the

synthesized DP MA2AgBiCl6. The other peaks in the

FTIR spectra represent the presence of functional

groups due to impurities and by-products formed

during synthesis or in the cleaning of DP

nanoparticles.

To test the dark current versus voltage character-

istics of all the fabricated devices, we have utilized a

solar simulator having -1 V to 1 V of voltage range.

The dark I-V measurement utilizes electrical tech-

niques to insert carriers into the device rather than

light-generated carriers. Figure 8a–c represents the

solar cell dark current verses voltage curve based on

MA2KBiCl6, MA2NaBiCl6 and MA2AgBiCl6 material,

respectively. Figure 8d shows the external quantum

efficiency (EQE) to the wavelength curve of all three

solar cell devices. EQE of all devices is almost at 20%

which is quite remarkable as compared to other

reported values [86]. The EQE is measured by uti-

lizing the below equation

EQE ¼ Nelectrons

Nphotons

ð7Þ

where Nelectrons represent the flux of electrons taken

from the solar cell when functioned in working con-

ditions and Nphotons represent the flux of photons

falling on the solar cell.

Further, we have fabricated three photovoltaic

devices based on synthesized materials in a planar

device architecture to determine the photovoltaic

properties. A schematic diagram of solar cell devices

with glass/FTO/DP/Au structure which is shown in

Fig. 9a. To calculate the power conversion efficiency

of the solar cells, we tested the light current density

verses voltage characteristics of all devices. Fig-

ure 8b–d show the light current density verses volt-

age characteristics of solar cell with absorber layer of

MA2KBiCl6, MA2NaBiCl6 and MA2AgBiCl6 DP,

respectively. Moreover, the photovoltaic characteris-

tics were evaluated from the light current density

verses voltage curve. The fill factor (FF) which is an

important parameter to determine the PCE can be

defined as the ratio of the maximum power to the

multiplication of open circuit voltage and short cir-

cuit current density. FF is calculated by the formula

below [86]

FF ¼ VMP � IMP

VOC � ISC
ð8Þ

where VMP,IMP;VOC; and ISC represent the voltage

where power is maximum, current where power is

maximum, open circuit voltage, and short circuit

current, respectively, in illuminated I–V. Further, the

PCE of all devices is calculated by utilizing

the equation below [84]

PCE ¼ FF� VOC � ISC
PIN

ð9Þ

where PIN is the input power of the system having

the value of 0.1 W/cm2. The VOC of solar cells based

on MA2KBiCl6, MA2NaBiCl6, and MA2AgBiCl6 DP

were detected from illuminated I-V characteristics

which is shown in Figs. 8b, 9c, and 9d and found to

be 0.90 V, 0.98 V, and 0.95 V, respectively. Further,

the short circuit current density calculated from

Fig. 9b–d for the solar cell devices based on

Figure 7 FTIR profile of a MA2KBiCl6 b MA2NaBiCl6 and c MA2AgBiCl6 DP materials at room temperature.
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MA2KBiCl6, MA2NaBiCl6, and MA2AgBiCl6 were

found to be 0.3 mA/cm2, 4.0 mA/cm2, and 5.0 mA/

cm2, respectively. From all the above-calculated

parameters, the PCE of solar cell devices based on

MA2KBiCl6, MA2NaBiCl6, and MA2AgBiCl6 were

evaluated and found to be 0.154%, 2.09%, and

1.639%, respectively, as indicated in Fig. 9b–d. The

maximum PCE of solar cell is obtained for MA2-

NaBiCl6 DP as compared to the other two fabricated

devices indicating this material is most promising for

future photovoltaic applications. The obtained pho-

tovoltaic characteristics of all the three devices that is

JSC, VOC, FF, and PCE are given in Table 4.

Researcher are nowadays exploring the solar cell

device without using either electron transport layer

(ETL) or hole transport layer (HTL) and getting better

performance as compared to the device with ETL and

HTL [87]. This motivates us to first fabricate the

device without HTL or ETL layer. We have fabricated

the device having electron transport layer only but no

hole transport layer. In our work SnO2 is working as

electron transport layer. SnO2 layer is present on FTO

by the fluorine doped tin oxide (FTO) coated trans-

parent glass substrate which is modified by the oxy-

gen plasma assisted reaction for 12 min at room

temperature to form the pure SnO2 phase [88]. In this

paper, the fabricated device structure is glass/FTO/

SnO2/DP/Au and the mechanism of transportation

of the carriers is explained in details in our revised

manuscript. Figure 11 shows the schematic of the

energy band diagram of the fabricated device struc-

ture with SnO2 as ETL and MA2XBiCl6 as absorber

layer. Our as-synthesized double perovskites mate-

rials are low band gap material having good carrier

mobility Which results into a good match of the

alignment of the energy band between ETL and DP to

separate the charge carriers [89]. When light is

exposed through sun, an electron–hole pairs is gen-

erated in the absorber layer and this would go

through SnO2 to the FTO/Au electrode [90]. The

conduction and valence band energy of FTO, ETL,

DP, and Au is shown in Fig. 10. Due to the high

electron mobility of SnO2 and low conduction band

offset, photo-generated electrons will migrate and

will reach to FTO and electron current will dominate

in the device. Due to low offset of valence and offset,

the depletion layer will form in DP layer which lead

to the fast transportation of holes. This will further

help to enhance the fill factor and hence the overall

device performance.

The devices based on the MA2NaBiCl6 and MA2-

AgBiCl6 having rod-like microcrystal structure

Figure 8 Demonstrated the

dark current verses voltage

characteristics of

a MA2KBiCl6,

b MA2NaBiCl6,

c MA2AgBiCl6, and d external

quantum efficiency of all the

synthesized DPs.
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showing higher PCE values of 2.09% and 1.679% in

comparison with the MA2KBiCl6-based device hav-

ing PCE of 0.154%. The possible reason could be the

large surface area to volume ratio due to rod like

microcrystals structure. Another possible reason

could be the high absorption of MA2NaBiCl6 and

MA2AgBiCl6 in comparison with the MA2KBiCl6
which can be seen in the absorption profile of these

materials. Due to high surface area to volume ratio

and high absorption, the light will be absorbed more,

which further leads to more electron hole pair gen-

eration which increases the reverse current. As the

reverse current would increases, leads to high short

circuit current density (JSC) and hence PCE will

increase resulting a greater short circuit current

density of MA2NaBiCl6 and MA2AgBiCl6 is greater (4

and 5mA cm-2) respectively in comparison with the

JSC of MA2KBiCl6 is 0.3 mA cm-2. The device based

on MA2KBiCl6 double perovskite which have vertical

flakes morphology leading to low surface area to

volume ratio further results into low absorption of

light which could be the reason of low PCE as com-

parison to former two materials.

Further, we have checked the PCE of the all three

solar cell devices to check the decay in the PCE as

shown in Fig. 11a–c. For this, we have measure the

Figure 9 a Schematic diagram of the solar cell device, and illuminated short circuit current density verses voltage characteristic of

a MA2KBiCl6 based b MA2NaBiCl6 based, and c MA2AgBiCl6 based device.

Table 4 Photovoltaic data of

the synthesized MA2KBiCl6,

MA2NaBiCl6 and

MA2AgBiCl6 double

perovskite materials

S. no Name of the material VOC (V) JSC (mA/cm2) FF (%) PCE (%)

1 MA2KBiCl6 0.90 0.3 59 0.15

2 MA2NaBiCl6 0.98 4.0 58 2.09

3 MA2AgBiCl6 0.95 5.0 34.5 1.639
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PCE of all devices after one week, two week, three

week and four week. We have found the PCE decay

of 8.9%, 12.1% and 9.9% after one month in MA2-

KBiCl6, MA2NaBiCl6 and MA2AgBiCl6-based devi-

ces, respectively, as shown in Table 5. This is in good

agreement with the material stability observed from

PL, XRD, and absorption profile of all the samples

after a month. The rate of degradation in MA2Na-

BiCl6 double perovskite material is high as compare

to other two double perovskite materials and this

behavior can also be seen from PCE data.. In our

future work, we will focus on improvement of our

perovskite solar cell device functionality in lieu of

reduction of PCE with time.

We have performed the experiment of current

density–voltage characteristics in forward and

reverse bias as well to check the hysteresis at room

temperature. We have observed the hysteresis in all

three devices. This current density–voltage curve

hysteresis in the double perovskites solar cell can be

due to the presence of mobile ions [91]. The investi-

gation found that in MA2KBiCl6-based solar cell

having high hysteresis while in MA2NaBiCl6 and

MA2AgBiCl6-based device having very less current

density–voltage hysteresis as shown in Fig. 12a–c. In

literature there are evidence that device with high

efficiency having low hysteresis while the device

with low efficiency will have high hysteresis [88]. In

our devices also, it is observed that MA2KBiCl6-based

solar cell having low efficiency in comparison of

MA2NaBiCl6 and MA2AgBiCl6-based device and

therefore MA2KBiCl6-based solar cell showing high

hysteresis. Mainly hysteresis is depends on the dif-

fusion length of charge carriers and on the extent

of surface recombination. Ion migration occurs in

high-efficiency solar cells but does not result in a high

hysteresis effect. Charge extraction in these devices is

primarily driven by the diffusion of free electrons

and holes [92]. Further, we have calculated the cur-

rent density of all three devices from external quan-

tum efficiency data also. And we find that the current

density calculated from EQE data is almost same as

calculated by I–V experiment. The calculated current

density of MA2KBiCl6, MA2NaBiCl6 and MA2-

AgBiCl6 from EQE data has shown in Fig. 13a–c.

Conclusion

For the first time, we have chemically synthesized

non-toxic, lead-free, non-degradable hybrid organic–

inorganic halide double perovskites MA2KBiCl6,

MA2NaBiCl6, and MA2AgBiCl6 material by adopting

a novel cost-effective one-step hydrothermal synthe-

sis route. The material characterization was done

using various characterization techniques like XRD,

PL, FEG-SEM, FTIR, and UV–VIS. The obtained

characterization results of XRD have excellent

agreement compare to the standard data and show-

ing good crystallinity of the materials. FEG-SEM

images of all the synthesized material is having a fine

microstructure with vertical micro-flakes and micro-

rod kind of structure indicating the possibility of

morphology engineering. Our synthesized MA2-

NaBiCl6 and MA2AgBiCl6 DPs are showing rod like

structure which is first time reported in the literature.

Tolerance and octahedral factor of the synthesized

DP NPs are in the required range for the formation of

stable 3D structure. Moreover, these materials

showed good stability even after one month of

exposure of light confirming their non-degradable

nature and thus can be used as promising absorber in

solar cell applications. In addition, PL and UV–VIS

characterization of the synthesized materials shows

good photoluminescence and absorbance behavior

confirming that the materials are suitable for optical

devices. Calculated indirect gaps from Tauc plot of

DPs MA2KBiCl6, MA2NaBiCl6 and MA2AgBiCl6 are

2.51 eV, 2.08 eV, and 2.8 eV, respectively, which is

Figure 10 Illustrating the schematic diagram of energy band

diagram of the solar cell device.
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suitable band gap for photovoltaic device application.

Further we have fabricated all together three solar

cell devices and tested the illuminated and dark I-V

and calculate PCE of all the three devices. The

detected PCE of devices with MA2KBiCl6, MA2-

NaBiCl6 and MA2AgBiCl6 as absorbing layer was

found to be 0.15%, 2.09% and 1.615%, respectively,

which is quite remarkable as compare to other

reports and its single perovskite counterpart. The

solar cell device based on MA2NaBiCl6 DP showed

the best performance as compare to other two devi-

ces. In conclusion, the overall material characteriza-

tion and fabricated devices result shows that these

double perovskites materials are promising replace-

ments of the single perovskite in every aspects for

photovoltaic utility. Our present work shows that

other possible stable and high performing inorganic

and organic–inorganic halide-based double per-

ovskites should be explored for optoelectronic and

photovoltaic utility. Our future efforts will involve in

Figure 11 Illustrating the PCE decay in the device based on a MA2KBiCl6, b MA2NaBiCl6 and c MA2AgBiCl6 after one week, two

week, three week and four week.

Table 5 Photovoltaic data of the synthesized MA2KBiCl6, MA2NaBiCl6 and MA2AgBiCl6 double perovskite materials

S.

no

Name of the

material

PCE just after device

fabrication (%)

PCE after one

week (%)

PCE after two

week (%)

PCE after three

week (%)

PCE after four

week (%)

PCE decay

in (%)

1 MA2KBiCl6 0.154 0.151 0.146 0.14 0.139 8.9

2 MA2NaBiCl6 2.09 1.988 1.875 1.839 1.835 12.1

3 MA2AgBiCl6 1.639 1.571 1.512 1.475 1.472 9.1
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Figure 12 Observed

hysteresis in forward and

reverse scan of current

density–voltage

a MA2KBiCl6

b MA2NaBiCl6, and

c MA2AgBiCl6.

Figure 13 Current density calculated from EQE in a MA2KBiCl6 b MA2NaBiCl6, and c MA2AgBiCl6.
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experimental realization of various double per-

ovskites as a greener alternative to single perovskite

for application in various domains.
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