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Abstract

MA.sFA0.4Pbl3 material based efficient and stable perovskite solar cells (PSCs) are fabricated by electron transport layer
(ETL) interfacial modification. The highest power conversion efficiency (PCE) of device was ~ 17%. Cesium acetate
and cesium carbonate were used with low temperature processed sol-gel ZnO ETL for interface modifications. Low
leakage current and enhanced dark injection current are observed from dark current — voltage measurement. From the
electrochemical impedance spectroscopy (EIS) measurement higher recombination resistance and lower interfacial
contact resistance are observed in the PSC devices. Mott-Schottky analysis also shows the higher flat-band potential and
enhanced device performance with cesium acetate ETL. Cesium acetate related ZnO ETL has large grain size which
leads to reduce the device series resistance and contact resistance in PSC compared to cesium carbonate ETL related
device. Perovskite film on cesium acetate ETL has better surface morphology, topography and hydrophobicity
characterization compared to perovskite film grown on cesium carbonate ETL film. The material work function and
electron injection barrier are also investigated by X-Ray photoelectron spectroscopy (XPS) measurement and ultraviolet
photoelectron spectroscopy (UPS). From electrochemical impedance spectroscopy measurements the charge transport
behaviour and trap-assisted carrier recombination are estimated. Fabricated PSCs device stability has been measured for
a month-long degradation study. The PSC device stability is observed four times higher with cesium acetate PSCs
compared to cesium carbonate ETL related PSCs. The overall device PCE is around 82% higher with cesium acetate
compared to cesium carbonate devices. Copyright © 2019 VBRI Press.
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Introduction
and the open circuit voltage [42]. The perovskite/ETL

Methyl ammonium lead halide (CH3NHsPbXs3) interface quality can be control by optimising the

perovskite solar cells (PSCs) have shown tremendous
potentials for low cost electric power generation; [16,
25, 32, 61, 76] where X is denoted as an individual
halogen element [11, 38, 41, 74, 79] (iodine (I),
chlorine (CI), and bromine (Br)) or a composition [15,
64, 67, 76, 83, 87] of them with a fixed molar ratio.
Methyl ammonium lead triiodide (CHsNHsPbls) has a
direct band gap of 1.57 eV [8] and it is also blessed
with high carrier mobility of 10 cm? V1 st [75], large
exciton diffusion length of ~1 pm [67] and exciton
binding energy ~16 meV [56]. Perovskite solar cells do
not require any heterojunction band-edge offset barrier
for the dissociation of excitons [14] like organic solar
cells. Electron transport layer (ETL) plays an important
role in PSCs for contact selectivity [26] and the device
performance [33, 42]. ETL works as electron extractor
to one side of the device and blocks the hole
transporting from another side of device in PSC [26].
ETL is also play an important role to improve the
device performance by enhancing the fill factor [33]

Copyright © 2019 VBRI Press

perovskite layer and ETL surface morphology [84]. The
compact TiO, layer as ETL is used in most of the
highly efficient PSCs which need a high temperature
sintering process of ~500 °C [7, 11, 30, 43, 76]. One of
the fundamental barriers to mass production of PSCs on
flexible substrates by roll-to-roll process is the high
temperature (~500 °C) processing of TiO; [28, 69]. The
optimum temperature range for the flexible substrate is
within 100-150 °C [39]. So it is important to replace the
high temperature processed TiO, ETL with a low
temperature alternative for large scale production of
PSCs. Zinc Oxide (ZnO) is a wide band gap
semiconductor material with similar identical electrical
affinity as TiO [84]. ZnO film can be deposited at low
temperature (< 150 °C) process with high structural
quality [58, 59]. It has several orders of higher electrical
conductivity compared to TiO, [40, 45]. Low
temperature processed sol-gel ZnO film can be a
promising alternative for ETL for the PSCs for
commercial applications.
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In the previous work we have reported the low
temperature processed sol-gel ZnO as ETL for
perovskite solar cells [24]. However, owing to the
chemisorption of oxygen, sol-gel ZnO ETL contains
energetic disorder induced trap states [46, 54, 65]. The
electron transport hopping phenomena in these trap
states lead to carrier recombination [38, 46, 49, 52].
This is a major issue in low temperature processed sol-
gel ZnO ETL. To address this, an additional ETL
PCBM ([6, 6]-phenyl C61 butyric acid methyl ester)
was inserted as an intermediate layer in between the
low temperature processed ZnO layer and perovskite
layer for the trap-state passivation [29, 52, 85].

The PCBM buffer layer atop ZnO film [38] has
been reported to diffuse during the 100 deg. C
annealing session of perovskite film [12]. Normally, the
PCE of PSCs with ZnO/PCBM double layer ETL is
relatively low (highest reported PCE is ~12.20%) [38].
The short circuit current Jsc of PSCs is relatively lower
with Al doped ZnO (AZQO) ETL compared to pristine
ZnO ETL based PSCs [52, 85]. The surface
modification of ZnO with cesium acetate (acetate)
shown superior conductive property in organic solar
cells compared to pristine ZnO film [1]. But until there
is no report on PSCs with cesium acetate doped ZnO as
ETL. It is an important investigation for perovskite
solar cells to understand the effect of bulk modification
of ZnO along with cesium based dopants. The effect on
the charge transport property [22, 51, 60], hysteresis
and device degradation phenomena [73] are important
parameters to understand for ZnO ETL based devices.
In this work we have tried to find out these effects.

In the current study, we have fabricated highly
efficient MAg sFA0.4Pbl; based PSCs along with sol-gel
ZnO ETL, doped with cesium compounds (acetate
and carbonate). The PSCs device performance,
hysteresis and degradation phenomena are investigated
systematically and compared. Improve device
performance is observed with acetate doped ZnO
ETL. Material work function, surface topography
and electron transport barrier are investigated
with  structural, optical and electrochemical
characterizations. The fabricated PSC device stability
has also been conducted for a period of one month to
understand the device stability.

Experimental details

Device Fabrication

Patterned  1TO/glass  substrates were  cleaned
sequentially with Hellmanex I11, DI water, Acetone and
Isopropanol with duration of 10 minutes for each. For
ZnO/carbonate ETL, 0.48 M sol-gel ZnO solution was
prepared by dissolving zinc acetate dihydrate in 2-
Methoxyethanol with an additive ethanolamine and by
vigorous stirring for 24 hours. ZnO solution was spin
coated on ITO surface on glass substrate at 4000 rpm
for 60 seconds. ZnO film was annealed at normal
atmosphere on a hotplate at 140 °C for 30 minutes.
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After that 0.5 wt% carbonate solution in DI water was
spin-coated on ZnO film for 30 seconds at 3000 rpm
and dried at 100 °C for about two hours. We have
repeated the process as it is demonstrated in the
perovskite solar cell literature for TiO, ETL [82]. We
have denoted the ZnO/Cs carbonate double layer ETL
as carbonate ETL for reference in this manuscript.
A 0.09 M cesium acetate solution in 2-methoxyethanol
was prepared by stirring for 4 hours at a temperature of
80°C for acetate ETL. 0.48 M sol-gel ZnO solution was
separately doped with cesium acetate solution to get 5
different solution concentrations of 0, 1, 2, 3, 4 and
5 wt%. The mixed organic cation based perovskite
(MAsFAg.4Pbl3) precursor solution was prepared using
Pbl; (1 M), MAI (0.6 M) and FAI (0.4 M) powder in
anhydrous DMF (N, N-dimethylformamide) solvent
and the solution was stirred at 70 °C for 24 hours for
both the acetate and carbonate ETL devices. The
perovskite film was fabricated in gas-quenching method
[27, 48]. After that the perovskite film was annealed at
100 °C for 10 minutes in restricted volume solvent
annealing (RVSA) method in nitrogen environment.
For HTL, 73.3 mg/ml Spiro-OMeTAD solution in
chlorobenzene was doped with 17.5 pL Li-TFSI
(520 mg/ml in Acetronitrile) and 28.8 uL 4-TBP for
hole transport layer (HTL). The Spiro-OMeTAD layer
was spin coated with 3000 rpm for 30 seconds on the
perovskite film. Finally, a 100 nm thick Ag layer was
deposited by thermal evaporation with an evaporation
rate of 2 A /s under a vacuum condition of 1x10 mbar
on the HTL to complete the device structure. The active
device area was around 4.5 mm? with the use of a metal
mask. The layer configurations of the devices were:
ITO/ZnO/acetate or carbonate ETL/MAgsFA04PbIs
perovskite/Spiro-OMeTAD/Ag.

Device characterization

A NREL calibrated Keithley 2400 Source meter under
100 mw/cm? (one sun at AM 1.5G) was used for the
current—voltage characteristic measurements of PSC
devices. A non-reflective aperture (4.5 mm?) mask was
used over the cells during 1V measurement. A Perkin
Elmer—Lambda 950 machine was used for optical
characterization such as optical transmittance,
reflectance and absorbance measurement. XRD
measurement was performed with 0.02° angular step
size. The surface roughness was measured with Bruker
Dimension ICON SPM AFM machine. Surface
topography was characterized by Carl Zeiss AURIGA
Cross Beam SEM. Ramé-hart contact angle goniometer
(Model 200) was used for the contact angle
measurement. Using DROP-image advanced software
the contact angles were precisely determined.
ESacetateLAB250Xi instrument was used to conduct
the XPS and UPS characterization. An Autolab
PGSTAT-30 equipped was used for the impedance
analysis with a frequency range from 1 MHz to 1 Hz.
The linearity of the response oscillating amplitude was
as low as 20 mV (RMS).

99



Research Article

Results and discussion

The XPS spectra of carbonate and acetate ETL are
shown in Fig. 1(A) and 1(B) with demonstrating
elemental peaks. The information pertaining to the
elemental analysis of carbonate and acetate ETL films
from XPS characterization are listed in Table 1. Both
the carbonate and acetate ETL films exhibit Csszg and
Zny, spectra as shown in Fig. 1(A) [37]. This is
confirmed the successful doping of Cs atoms in both
carbonate and acetate ZnO ETL films by spin
deposition method. The atomic percentage of cesium is
relatively higher in carbonate ETL (6.5%) than in
acetate ETL film (2.3%). The Cszq XPS peak in acetate
ETL moves to larger binding energy than carbonate
ETL. This indicate that the oxidation state of Cssq peak
in acetate ETL is higher [78]. Higher concentration of
donor electrons can facilitate the injection [9, 78] of
electrons into the ZnO lattice. We have also conducted
UPS measurement of carbonate and acetate ETLs along
with pure ZnO film on ITO/glass substrate. Fig. 1(B)
shows the UPS curves for pure ZnO, carbonate ETL
and acetate ETL films. The estimated work functions of
pure ZnO film, carbonate ETL and acetate ETL are
3.84 eV, 3.80 eV and 3.75 eV. The reduction of work
function for both carbonate and acetate ETLs can be
attributed to the donor electrons from cesium atom
compared to pristine ZnO film [37]. It denotes that the
vacancies in pure ZnO film [37, 78] are passivated by
donor electrons. The Fermi position is upshifted in Cs
doped ZnO compared to pure ZnO ETL. The Fermi
level of acetate ETL is also upshifted by 50 meV,
relative to carbonate film. This denotes enhanced n-type
property [37] of acetate ETL film. Cs atom can take
place in the interstitial positions of ZnO lattice. The
interstitial Cs atoms in ZnO matrix donate electrons to
enhance the n-type property of ZnO ETL [37]. On the
other hand, when the dopant concentration is very high,
the dominance of acceptor states can lower down the n-
type conductivity of ZnO film [86]. Thus, Fermi-level
of carbonate ETL demonstrates downward shift,
compared to acetate ETL (Fig. 1(B)).

The peak width or full width at half maximum
(FWHM), normalized peak intensity, and crystallite
size of acetate and carbonate films are calculated from
the Debye Scherrer equation [57]. Fig. 1(C) shows the
crystallite dimension of the ETL films for qualitative
comparison. Both the both acetate and carbonate ETL
films demonstrate (002) characteristic peaks [68].
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Fig. 1. (A) The elemental peaks from the X-Ray photoelectron
spectroscopy (XPS) survey spectra of carbonate ETL and acetate ETL
on ITO/glass substrate; (B) Evolution of secondary electron edge for
pure ZnO, carbonate and acetate doped ZnO ETL film from
ultraviolet photoelectron spectroscopy (UPS) measurement; (C)
Normalized peak intensity and crystallite size of perovskite film on
acetate and carbonate ETL from XRD spectral fitting.

Flg 2. Top view Scanmng Electron Mlcroscopy (SEM) images of (A)
acetate and (C) carbonate ETL films, MAgsFA,4Pbl; perovskite film
on top of (B) acetate ETL film and (D) carbonate ETL film.

The surface morphology of both the ETL films was
investigated with SEM imaging (Fig. 2). As observed
from Fig. 2(A) and 2(C), the grains are more closely
packed in acetate film with reference to carbonate films.
The random distribution of pin-hole induced surface
morphology with carbonate ETL film conforms to the
previous report by Ma et al. [44]. It has also been
demonstrated that excess alkaline dopant (Na in their

Table 1. Start, peak and end binding energy of elemental peaks, full width at half maximum (FWHM) and atomic percentage of carbonate and
acetate ETL film are calculated from the spectral fitting of X-Ray photoelectron spectroscopy (XPS) data.

Peak Start Binding Peak Binding End Binding Energy Full Width at Half Atomic Percentage
Energy (eV) Energy (eV) (eV) Maximum (FWHM) (%)
(eV)
Acetate | Carbonate | Acetate | Carbonate | Acetate | Carbonate | Acetate | Carbonate | Acetate | Carbonate

Cis 298 298 284.83 284.68 280.59 275.19 2.52 2.59 10.94 16.11
Oss 537.69 545 530.08 526.8 525.49 519.51 3.13 2.98 45.24 45.37
Csad 742 742 724.34 719.96 716 712.6 2.51 2.49 2.3 6.47
Znzp | 1049.56 1047.69 1020.97 1016.93 1016.27 1009.89 2.58 2.71 41.52 26.11
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case) can induce small pores and dislocation crack in
doped ZnO film [44]. The difference in grain
distribution between carbonate and acetate films is also
consistent with the respective AFM characterization.
The root mean square (RMS) surface roughness of
carbonate ETL film (17.90 nm) is significantly higher
than acetate ETL film (10.80 nm).

The SEM images of MAosFA04Pbl; perovskite
films on top of acetate and carbonate ETL films are
shown in Fig. 2(B) and 2(D), respectively. The
perovskite grain size on acetate ETL is comparatively
large than same on carbonate ETL. Growth of larger
grain-sized perovskite film is contributed by the void-
free, favourable surface topography and morphology of
the acetate ETL film underneath [5].

We have also conducted AFM imaging of
identically fabricated perovskite films atop both the
ETL films. Perovskite on carbonate ETL demonstrates
about 10.5% higher average surface roughnesses
(16.90 nm) than the same on acetate ETL (15.30 nm).
The heightened surface roughness atop carbonate ETL
conforms to the inferior surface morphology and
topography of carbonate ETL.

Device performance

Perovskite solar cells with acetate and carbonate ETL
films have been fabricated and investigated. The PSC
device configuration was: ITO/acetate or carbonate
ETL/MAosFA0.4Pbls perovskite /Spiro-OMeTAD/Ag as
shown in Fig. 3(A). The PSC device performance is
optimized for various dopant concentrations of Cs
acetate (0-5 wt%) in ZnO ETL. We have found that
PSCs based on 2% cesium acetate doped ZnO ETL
demonstrates the most optimum  photovoltaic
performance. For optimum PSCs along with carbonate
ETL as carbonate device we also used 2% cesium
carbonate.

The average and best performance of PSCs for both
forward bias to short circuit (FB-SC) and short circuit
to forward bias (SC-FB) scan directions are listed in
Table 2. Ten samples average values have been
presented from a random batch. To demonstrate the
accurate idea of average PSC performance the best
performing devices have not been considered in the
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average calculation. Fig. 3(B) shows the current
density-voltage (J-V) characteristics of the best
performing carbonate and acetate PSCs in both
scanning directions. Both the PSCs have some degree
of photo-current hysteresis. The average power
conversion efficiency of acetate devices is around
15.14% and carbonate devices is around 8.33% which
demonstrate about 82% higher average PCE of acetate
devices compared to carbonate devices. The PCE of
best performing acetate device is 16.45% and carbonate
device is 10.01% at FB-SC scan direction which is
about 82% higher average PCE in acetate devices. The
average open circuit voltage V. of acetate device is
964.63 mV and carbonate device is 816.39 mV which is
nearly 18% higher Vo in acetate devices than carbonate
devices. The average short circuit current Jsc values are
about 6% higher in acetate devices than carbonate
devices (acetate: 23.41 mA/cm?, carbonate: 22.16
mA/cm?). The average fill-factor FF values are about
45% higher for acetate devices compare to carbonate
devices (acetate: 67.07%, carbonate: 46.17%).
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Fig. 3. (A) Schematic diagram of perovskite device structure on
acetate and carbonate ETLs; (B) Current density — voltage (J-V)
characteristics of perovskite solar cells (both FB-SC and SC-FB
direction at 0.05 V/s) of the best performing devices on acetate and
carbonate ETLs; (C) Dark J-V curves of PSCs on acetate and
carbonate ETLs.

Table 2. Average and best photovoltaic performance of PSCs with acetate and carbonate at both FB-SC and SC-FB directions at a scan rate 0.05
V/s. The average values of ten random samples are listed below with corresponding standard deviation values.

Device Average/ PCE (%0) Short Open Fill Series Shunt
Best Circuit Circuit Factor, Resistance, Resistance
Current Voltage, FF (%) Rs (Q.cm?) | Rsh (Q.cm?)
Density,Jsc | Voc (mV)
(mA/cm?)
Average 8.33 £0.82 22.16 £0.25 | 816.39+47.05 | 46.17 +4.89 14.76 £3.13 329+138
Carbonate [ et (FB-SC) 10.01 22.22 807.02 55.84 9.59 630
Best (SC-FB) 5.99 18.08 762.01 43.45 14.04 357
Average 15.14 £0.24 23.41 £0.14 | 964.63+11.80 | 67.07 £1.09 4.72 £0.40 1145+102
Acetate Best (FB-SC) 16.45 23.61 1012.96 68.79 4.40 1493
Best (SC-FB) 12.58 23.76 930.47 56.89 8.33 1278
Copyright © 2019 VBRI Press 101
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The higher grain sizes in perovskite film on acetate
ETL can be related with the increase in Voc compared
to carbonate ETL films (Fig. 2). In large grain size
perovskite film the distance between ionized donor-
acceptor pair (DAP) is higher than that in a smaller
grain size perovskite film [10]. Higher donor-acceptor
distance reduces the acceptor and donor binding energy
in the larger grain size perovskite film [10]. The DAP
recombination photon energy can be written as [10]:

q2
ho=E, —(E,+E )+ ——— 1
o~ (Ea+Eo) 4ne.e, R @

r

where, E;,E, E,.0Q, g,¢, and Rare the material

bandgap energy, binding energy of acceptor and donor,
charge of an electron, dielectric constant of free space,
relative dielectric constant of perovskite film and the
pair distance of ionized donor-acceptor, respectively.
According to Eq. 1, large grain-sized perovskite film on
acetate ETL film is anticipated to demonstrate smaller
DAP recombination photon energy than that in
perovskite layer on carbonate ETL film, owing to
higher value of R and smaller magnitudes of Ea and
Ep. The higher Voc value of PSC with larger grain
sixed perovskite film has also been observed in prior
studies [5, 13, 36]. The smaller Voc values in carbonate
device may be attributed to the heightened surface
roughness of perovskite film in it. Rough perovskite
surface renders shorting channels [27] to the underneath
film and result in current leakage phenomena. The dark
current—voltage characteristics were measured for both
PSCs devices (acetate and carbonate devices) to
understand the leakage current phenomena as shown in
Fig. 3(C). The leakage current value in carbonate PSC
device is about two times higher than that in acetate
PSC device. This observation conforms to our
observation of heightened surface roughness of
perovskite overlying the carbonate ETL. In dark
current-voltage measurement the reverse saturation
current density (Jo) is relatively higher in carbonate
PSC device than that in acetate PSC device. The open
circuit voltage Voc of PSC device can be written as

[21]:
KT, (J
V.. =—|In| =<
= n(%j )

where, k, T and g are the Boltzmann constant,
temperature in kelvin scale and charge of an electron,
respectively. According to Eq. 2, observed lower VVoc in
carbonate PSC device is due to the higher Jo and lower
Jsc than acetate devices.

The difference in short circuit current Jsc values of
two PSC is related with the variation in the n-type
property of the two ETLs under study [68]. This is
shown in Fig. 1(B) from UPS measurements in the
difference of Fermi level positions of acetate and
carbonate ETLs. The relation between the electron
injection barriers between the perovskite conduction

Copyright © 2019 VBRI Press
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band and the Fermi position of ITO/ETL cathode and
the overall Jsc values of the PSCs [37, 38] are shown in
the band energy diagram, presented in Fig. 4. Efficient
electron injection from perovskite conduction band at
3.6 eV [38] to cathode ITO/ETL depends on the
energetic offset or electron injection barrier between the
perovskite conduction band and the Fermi position of
ITO/ETL cathode [37, 38]. The electron injection
barrier is 0.20 eV in carbonate PSC device, (carbonate
PSC in Fig. 4). The electron injection barrier value in
acetate device (acetate PSC in Fig. 4) is 50 meV
smaller than carbonate device owing to the reduced
work-function in acetate ETL compared to the
carbonate ETL. Acetate ETL provides more enhanced
electron transfer property [37, 38] in acetate device,
with reference to carbonate device because of its lower
electron injection barrier (50 meV). Thus, the increased
Jsc in acetate PSC can be ascribed to the the improved
electrical conductivity and efficient charge transfer
property of acetate ETL film.
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Fig. 4. The energy band diagram of perovskite solar cell structures
with (A) carbonate and (B) acetate PSC devices. Carbonate PSC
device shows an energetic offset (electron injection barrier) of 0.2 eV
between the perovskite LUMO level (3.6 eV) and Fermi position
(3.8 eV) of ITO/carbonate ETL contact.
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The most enhancements in average PCE of acetate
PSC devices come from the improvement in average FF
value (45%) in acetate devices, with reference to
carbonate devices. In the impedance analysis
measurements the average series resistance Rs values in
acetate devices is around 3.5 times lower than that in
carbonate devices (Rs values - acetate: 4.72 Q.cm?,
carbonate: 14.76 Q.cm?). The average shunt resistance
Rsn value is around 3.1 times higher in acetate PSC
devices than that in carbonate devices (Rsn values -
acetate: 1145 Q.cm?, carbonate: 329 Q.cm?). All of
these values are listed in Table 2.

The observation of larger grain size with reduced
grain boundaries in perovskite film on acetate ETL film
is consistence with the reduction of series resistance
value in acetate PSC devices. In large grain sized
perovskite film the reduced number of grain boundaries
reduces Rs of a PSC due to enhanced inter-particle
connectivity [13]. The lower Rs in acetate PSC device is
also connected with the enhanced n-type property of
acetate ETL than that in carbonate ETL. Higher Rsh
value in acetate also conforms to the two-times reduced
leakage current Jo [31] compared to carbonate device
(Fig. 3(C)).

The flat-band potentials (Veg) are estimated from
Mott-Schottky measurements of the fabricated two
types of PSCs. The Mott Schottky curves of
carbonate and acetate PSC devices are shown in Fig. 5
under dark at 10 KHz frequency. The calculated Vrg in
carbonate and acetate devices are 0.83 V and 1.06 V,
respectively. The Vs, of a PSC can be defined as [23,
51, 52]:

Vi =Ee —Ep (3)

where, Er, and Ep are the fermi level of ETL/cathode
and perovskite film, respectively. The difference in Vs
values in both acetate and carbonate PSC devices is the
difference in work-function [51, 81] in both active layer
(perovskite) and ETL films. The smaller grain sized at
the perovskite film on carbonate ETL film with larger
number of grain boundaries contribute to higher
number of recombination-centers for charge carriers
compared to acetate ETL [4]. According to Eq. 3 the
flat-band potential in carbonate device is decreased due
to the enhanced trap-assisted carrier recombination
phenomena which elevate the perovskite quasi Fermi
level [23], and lower the energetic offset between Er,
and Ep. According to the Mott-Schottky measurements
the carrier recombination of acetate devices are
significantly low with reference to carbonate devices.
This low recombination phenomena lead to improve the
FF value and enhanced the device performance with
acetate PSC devices.

Photocurrent hysteresis

The current-voltage characteristics of the fabricated
PSCs in both FB-SC and SC-FB directions are shown in
Fig. 3(B). All the J-V curves of PSCs show some

Copyright © 2019 VBRI Press
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amount of hysteresis. The hysteresis index (HI) [18, 20,
62] is calculated for both the devices using the
following formula:

‘]FB—SC (Voc / 2) B ‘]SC—FB (Voc / 2)

HI =
‘]FB—SC (VOC / 2)

(4)

where, Jeg e (Voc /2)and Jge_rg (Voo /2) are the

current densities at (Voc/2)in FB-SC and SC-FB

directions, respectively. Significantly low HI value is
observed in acetate PSCs compared to carbonate PSCs
(carbonate device: 0.29, acetate device: 0.03). The HI
value is very low [20, 62] in acetate PSC devices. Low
HI value in acetate PSC device is consistent for the
reduced grain boundary with larger perovskite grain
size on acetate ETL [64]. The frequency-dependent
capacitive responses of both types of PSC devices are
also observed to understand the difference in their
hysteretic behaviour. The capacitive responses of
carbonate and acetate PSCs under dark at zero
external bias are measured as a function of frequency
[50, 53, 70]. The capacitive spectra at low frequency
region shows significant information about the trap-
assisted electrode polarization process [2] in PSCs.
Electrode polarization process leads to the photo-
current hysteresis phenomena. Electrode polarization
modulate the local electric field in PSC [2] which is
related with slow Kinetics of migrating ions towards
external electrodes [2] of PSCs. Especially at low
frequency region in the frequency-dependent capacitive
spectra, this phenomenon is demonstrated by large
capacitance values [2]. Perovskite solar cells
with acetate ETL shows smaller low-frequency
(0.1-1 Hz) capacitance compared to carbonate PSCs
devices. The low HI values in acetate PSC devices is
consistent with reduced value of low-frequency
capacitance in acetate devices [2, 35] than that to
carbonate PSCs.
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Fig. 5. The plot of capacitance-voltage curves called Mott-Schottky
curves of acetate and carbonate devices at 10 KHz frequency under
dark condition.
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Device stability

The stability of acetate and carbonate PSCs devices
was systematically investigated to understand the
degradation phenomena [73]. Un-encapsulated PSCs
devices were stored for 30 days in a N, atmosphere.
The device degradation was studied under dark by
following the protocols mentioned in previous
works [3, 13, 34, 47, 71, 72, 77]. Current-voltage
characteristics of PSC devices were measured at every
two days intervals at room temperature at a controlled
35% - 40% relative humidity atmosphere. The
normalized PCE values of carbonate and acetate PSC
devices are shown in Fig. 6(A) from the day of
fabrication up to 30 days. The initial values of PCE of
acetate PSCs device remain ~ 87% even after 30 days.
The carbonate PSC, PCE drops down to ~ 21.5% of its
commencing efficiency after 30 days.

Normally the grain-boundary in perovskite film are
the most chemically active areas [13]. Perovskite atop
carbonate ETL has smaller grain with higher number of
grain-boundaries has larger chemically active area and
lower thermal stability with light-deposited heat during
the current-voltage measurements which is also
previously reported by Chiang et al. [13]. At the
carbonate film the melting of smaller perovskite grain
leads to the formation of defects or pinholes during the
decomposition process in the perovskite film [6, 13],
which can decompose it into Pbl, [6]. The Vg in both
aged samples (acetate and carbonate PSC devices)
are reduced than to their commencing Vs, values
(Fig. 6(B) - 6(C)) [23, 51]. Smaller Vg of aged
carbonate based PSC suggest towards severe carrier
recombination in it [23] than to aged acetate device.
The higher intermediate-frequency capacitive values [2,
22, 46] in aged carbonate PSC is also consistent with
this observation. In aged carbonate PSC device the
higher trap-assisted recombination result in lower
normalized PCE values [27, 51] than the aged acetate
PSCs.
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Fig. 6. (A) Normalized PCE of PSCs on acetate and carbonate ETLs
as a function of sample storage time in a N, filled glove box.
Capacitance — voltage curves called Mott-Schottky curves of 1 month
old PSCs on (B) acetate ETL and (C) carbonate ETL at 10 KHz
frequency under dark condition.
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Conclusion

We have systematically investigated and analysed the
effects of cesium doped ZnO film for mixed organic
cation based MAgsFA04Pbl; PSC in RVSA method.
Perovskite overlying the acetate ETL has large and
uniform grain distribution, less grain boundaries,
pinhole-free. Perovskite solar cells with acetate ETL
has less leakage current, smaller contact and larger
recombination resistance. PSC device with acetate ETL
has higher flat-band potential which leads to the
enhanced device performance. The acetate based PSC
devices demonstrate nearly 82% higher efficiency with
respect to carbonate devices. The best performance
acetate based PSC device has PCE 16.45%. The acetate
PSC device show low hysteresis phenomena than
carbonate devices. Reduced photo-current hysteresis is
found to relate with the mitigated electrode polarization
phenomena. In the month long degradation studies
acetate based PSC devices shows nearly four times
higher device stability than carbonate devices. The
cesium acetate doped sol-gel ZnO film is a promising
ETL for the large-scale manufacturing of efficient and
stable perovskite solar cells in roll-to-roll process on
flexible substrate.
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