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ABSTRACT

We analyzed and compared quantitatively the optoelectronic characteristics of perovskite PV
devices with and without annealing the perovskite layer in methyl ammonium chloride vapor
atmosphere (MACI treatment). We found that the MACI treatment resulted in the mitigation
of defect states, reduced defect density, improvement in carrier profile, and passivation of
recombination activities, which we infer as natural consequences of significantly improved
film quality with better crystallinity and grain morphology of the perovskite layer. MACI
treated devices are more efficient with the best efficiency of ~15.1% with small standard
deviation (std) (0.50%) and improved stability compared to devices without MACI annealing

of best efficiency of 12.4% with std of 0.66%.
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1. Introduction

Metal halide perovskite based solar cells have emerged with the startling progress in device
efficiencies leaping from 3.8% to the current record of 22.1% within short time span in the
photovoltaic research record.!® This was led by the excellent optoelectronic properties of
perovskite materials such as high absorption in the visible range,* ambipolar charge carriers,’
small exciton binding energy,® long charge carrier diffusion length” 8 and band gap tunability.®-
11 A number of efforts have been reported to optimize the device performance, e.g., various
fabrication techniques'?*® together with different crystallization approaches!”® and tailoring
the device architecture with different electron and hole transport layers.?%?> Despite the
remarkable progress, the current-voltage (J-V) hysteresis, fluctuation of power conversion
efficiency (PCE), and instability remain issues to be resolved.?®>2> The hysteresis problem may
be solved by adjusting the electron/hole transport layers (ETL/HTL).%% 2" On the other hand,
the scattering in device performances, control of optoelectronic properties, and instability of
the devices still remain.** 24 252" There is much room to address these issues?* 2> 2 py focusing
on getting high quality perovskite films, passivation of defect, and control of spurious ionic
migration and diffusion phenomena.

It has been widely observed that the performances of perovskite solar cells (PVSCs) are
strongly influenced by the surface morphology, crystallinity, and grain growth of the perovskite
films.17 182930 | order to get high quality perovskite films, various experimental approaches
such as vacuum deposition,** solution processes™ *>-18 and vapor assisted solution processes®!
have been adopted. Being easy and cost effective with promising track record of progress, the
solution processes have been broadly adopted and intensively investigated, in which many
paths to better quality perovskite films have been explored, e.g., by varying the processing
conditions,*> 1% 29 solvent engineering,'” mixed or hybrid precursors,*® 32-% fast deposition

crystallization®® and incorporating various additives.3":



In addition to the film preparation process, post deposition treatment (PDT) has also been
reported to be equally beneficial to control the morphology and crystallinity of perovskite films
and hence device performance.®** The major PDT techniques have been the thermal
treatment,® solvent annealing®’ '8 and methylamine-gas treatment.'® Because of its simplicity,
thermal treatment is often applied to assist the formation of perovskite phase with enhanced
crystallinity and morphology, and to remove by-products.®® “° The annealing temperature and
duration are crucial to get optimized morphology. The solvent annealing has been also widely
employed to improve the morphology and crystallinity of the films.'8 4143 |n this approach, the
vapor of solvents such as DMF, DMSO etc. having high solubility to lead iodide and methyl
ammonium iodide (MAI) provides a “wet atmosphere” so that the ionic or molecular
constituents could easily diffuse in the film, promoting the grain growth resulting in the grain
sizes comparable or larger than the film thickness.'®4? The larger grain size and better
crystallinity lead to reduction of the number of the grain boundaries and defects, which are
prerequisites for enhancement in device efficiency.

Here, we introduce a simple PDT approach, i.e., annealing of the perovskite films together
with the MACI powder in a closed vessel (Figure 1). We hereafter refer to it as “MACI
treatment”. This requires no handling of solvents or gaseous materials that often require
laborious experimental setups to avoid contamination of the working environments and for
safety. We found that the MACI treatment can significantly improve the optoelectronic
properties of the films and device performances. The lowest sublimation temperature (195 °C)
(or enthalpy of sublimation (78 kJ molt) of MACI among halide derivatives* ensures sufficient
MACI vapor partial pressure even at around 100 °C, the usual perovskite annealing temperature.
We speculate that the excess MACI vapor compensates loss of methyl ammonium and the
additional chlorine is beneficial for crystallization and improvement of film quality*® because

introducing chlorine in fabrication process with mixed chloride/iodide perovskite precursor is



reported to result in better perovskite film quality and to improve the carrier transport
characteristics.1” 474

The MACI treatment allowed us to achieve the champion PCE of 15.1% with narrow
standard deviation of +0.5% with average PCE of 14.4% over 60 devices fabricated at five
different batches, giving better reproducibility and stability of the devices with reference to our

earlier reports.?”%° We also performed the device simulation using solar cell capacitor simulator

called SCAPS to illustrate impact of the MACI treatment on the device performance.
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Figure 1. Schematic illustration of experimental approach with or without MACI treatment.

2. Results and Discussions

The crystal quality and structural evolution of perovskite thin films were investigated by XRD
patterns as depicted in Figure 2. The XRD pattern of Pbl; thin film (Figure 2a) showed a well-
defined characteristic structure of Pbl, with dominant orientation assigned to (001), (101) and
(003)'2 3! whereas that of as-deposited perovskite film formed by just spin coating of MACI+
MAI mixed precursor on Pbl> layer revealed perovskite film grown with moderate crystal

quality with dominant crystal orientation assigned to (110) along with trace signal from Pbl>



as depicted in Figure 2b. The XRD patterns of perovskite films with or without MACI treatment
(Figure 2c, d) showed identical characteristic XRD patterns with enhanced crystal orientation
peaks assigned to (110), (112), (211), (202), (220), and (310) of lead halide perovskite phase.®
3L41 Furthermore, the perovskite film with MACI treatment (Figure 2d) exhibits more enhanced
XRD pattern than that of perovskite film without MACI treatment, which indicates

improvement in crystal quality. To have further evaluation of crystal quality, we also calculated

the crystallite size (L) by using Scherrer’s formula,*! L= 091

Feosd where A is wavelength of

X-ray and B denotes the full width at half maximum (FWHM) of the diffraction peak. The
average crystallite sizes of as-grown perovskite film and perovskite films with and without
MACI treatment were estimated to be approximately 35.8, 50.2 and 96.5 nm, respectively,

which also supports the improvement in film quality as a consequence of MACI treatment.
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Figure 2. XRD patterns of (a) Pbl> film (b) as- deposited perovskite film, perovskite films

followed by (c) no MACI treatment and (d) MACI treatment.

The top view of the perovskite films with and without MACI treatment, as depicted in
Figure 3, illustrates distinct surface morphology. The surface morphology of Pbl,, as-grown
perovskite, perovskite films with and without MACI treatment are shown in supporting
information (Figure S1). The grain sizes are broadly distributed ranging from 80-500 nm with
average of ~200 nm for perovskite films without MACI treatment whereas comparatively
uniform grain sizes ranging from 150-500 nm with average of ~300 nm are observed for the
perovskite films with MACI treatment, which agrees with the crystallite size estimated from

XRD patterns and with the results of other reports.t’ 2750



Figure 3. Top view SEM images of perovskite films ((a) without MACI treatment and (b) with

MACI treatment [inset: magnified images].

We also studied the composition and distribution of constituent elements in fabricated
films as shown in supporting information (Figures S2 and S3). No noticeable difference was
found between the elemental compositions of the MACI treated films and that of the untreated
films. In particular, no additional chlorine is incorporated in MACI treated films. This is in
accordance with the well-matched XRD peaks of both types of films as depicted in Figure 2c,
d. It indicates that the MACI treatment promotes the crystal quality without any additional
elemental incorporation in perovskite film within the detection limit.

Furthermore, the perovskite films were characterized by XPS. We measured XPS spectra
of perovskite film surface and the bulk by etching the film by ~80 nm as shown in supporting
information (Figure S4). Although there is a dominant role played by MACI treatment on
perovskite film quality, XPS characteristic feature of Cl 2p core was absent within the detection
limit in accordance with the report by William et al.*® The XPS characteristic features of | were
found to be similar for both types of films. On the other hand, a distinct XPS characteristic
feature pertaining to Pb was observed both on the surface and in the bulk of the perovskite
films. As shown in Figures S4a6 and b6, the Pb peaks consist of two groups; the one with lower

binding energy is assigned as Pb 4f7,> and the higher one as Pb 4fs,. The peaks at ~137.6 and



142.7 eV are attributed to Pb in perovskite structure.>? % The additional small peaks around
135.7 and 141.9 eV marked with star (*) may be due to unsaturated Pb.>?

These results consolidate that the MACI treatment promotes better crystallinity coupled
with compact, uniform, large grains and better film quality without making any noticeable
change in stoichiometric and elemental distribution in the perovskite films.

The photophysical properties of perovskite films were investigated by absorption and PL
spectra. We have collected UV-Vis spectra of various films (Figure S5). The UV-VIS spectra
(Figure S5c) of the perovskite films with and without MACI treatment are similar except for a
slight difference in the UV region. This trend is unaffected by the addition of HTL and ETL.
The UV-VIS spectra of PEDOT:PSS/perovskite and PEDOT:PSS/perovskite/PCBM layers
(Figure S5d, e) are in accordance with Figure S5¢ when corrected for the absorption spectra of
HTL and ETL, (Figure S5b). Figure 4a shows the room temperature PL spectra of respective
perovskite films. The PL intensity of perovskite film with MACI treatment was drastically
enhanced (~9 times) than that of films without MACI treatment. Furthermore,
photoluminescence decay measurements (Figure 4b) after fitting with a biexponential function
revealed average carrier lifetimes of 235 and 136 ns in perovskite films with and without MACI
treatment, respectively. Those characteristic features of absorption, PL spectra, and PL decay
are in good agreement with results reported by Zhang et al.>® The enhancement in PL intensity
and lifetime for perovskite films with MACI treatment is attributed to the improved crystallinity
and larger grain sizes (Figure 3). Nonradiative recombination centers provide decay channels
of free carriers and they are likely to be energetic disorders and active defects. The better
crystallinity will contribute to reduce them in the bulk while the larger grain sizes reduce the
grain boundary. Similar improvement was reported in perovskite films processed with

hypophosphorous acid.>?
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Figure 4. Photoluminescence (PL) spectra (a), and PL decay (b) of perovskite thin films with
and without MACI treatment. The plots of temperature dependent PL peak position (c, d) and
integrated PL intensity (e, f) of respective films. The temperature dependent PL spectra of
perovskite films are depicted in Figure S6 (supporting information). Here, solid line in plots (c,
d) represents linear fitting whereas that in plots (e, f) represents non-linear fitting. Inset Table

in plots (e, f) are fitting parameters.



We also measured temperature dependent PL spectra of perovskite films from 273 to 373
K as depicted in Figure S6 (supporting information). With increase in temperature, we observed
slight blue shift with faster broadening on the high energy side (Figure 4c, d), in close
agreement with the previous reports.>*> We observed slightly different temperature
dependence in films with and without MACI treatment in terms of the quenching trend of PL

intensity (Figure S6a, b and Figure 4e, ). The temperature dependence of the PL peak position
is % = 0.103 + 0.005 meV/K and 0.129 + 0.015 meV/K for perovskite films with and

without MACI treatment, respectively, which is analogous to the report by Wu et al.>* These
results collectively support the fact that the perovskite films with MACI treatment have better
quality as a consequence of reduction or mitigation of defect states and recombination activities

which will be further discussed in the later analysis.

Figure 5 depicts SEM cross-sectional images of samples having the layered structure
ITO/ PEDOT:PSS/perovskite/PCBM/TBAI prior to silver electrode deposition to complete the
device. The image of the MACI untreated film (Figure 5a) has mixed up features of grain sizes
whereas that of the MACI treated film (Figure 5b) has comparatively well grown large grains

extending between the electrodes, which is beneficial for effective carrier transport and hence

efficient photovoltaic device.!# 1618
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Figure 5. Cross-sectional SEM images of ITO/PEDOT:PSS/perovskite/PCBM/TBAI structure

having perovskite thin films (a) without MACI treatment and (b) with MACI treatment.

In order to see the effect of the film quality on the carrier recombination, we studied and
compared the photovoltaic performance of the complete devices fabricated with and without
MACI treatment. The current density-voltage (J-V) characteristics and the spectral response of
champion PVSCs with and without MACI treatment are shown in Figure 6a. The PCEs of the
two types of devices are 15.1% and 12.4%, respectively. We emphasize that all devices were
fabricated under exactly the same conditions except for the MACI treatment. The device
parameters are summarized in Table 1. The enhancement in Voc, FF and Rsh for the MACI
treated device over the untreated device is much better compared to the enhancement in Jsc
and Rs. The values of FF and Rs are comparable to the best reported.'? 4 182033 \we also
observed enhancement in the diode ideality factor (A; 1.45 to 1.17) and reverse saturation
current density (Jo; 2.87x 10~° to 1.02x 10~ mAcm2) (Table 1), which are similar to the
reports on CIGS and CZTS material based thin film solar cell devices.*®*® We speculate that
the improvement in the device parameters is due to reduction or mitigation of carrier
recombination either at the interfaces or in the bulk of MACI treated perovskite films as a
consequence of improved crystallinity, morphology, surface quality as discussed above. Voc
and Jsc could be improved by further optimization of bulk optoelectronic properties and tuning
the charge transport material for better interface quality.t” 1% 3

The spectral responses of respective devices are presented in Figure 6b. The device with
MACI treatment revealed enhanced EQE over a wide wavelength regime (~330-750 nm). The
values of Jsc calculated by integrating EQE are 18.92 and 17.89 mAcm for devices with and
without MACI treatment, respectively, which are found to be close to the values obtained from

the respective J-V characteristics listed in Table 1. The EQE of PVSCs in longer wavelength

11



regime, A >500 nm is strongly dependent on quality of perovskite material and interface
whereas that of short wavelength regime is strongly influenced by interface layer and interface
quality of devices.'® *® The IQE [EQE/(1-R)] spectra of devices reached ~80% and ~90% on
average in 370-750 nm for respective devices. The reflection of incidence light by the ITO
substrate or interface layers of device is one of the limiting factors for further enhancement of
photocurrent.*® Incidentally, we did not apply any antireflection means in this study, hence the

additional improvement in EQE is obvious.

Table 1. Photovoltaics parameters/ properties of the encapsulated solar cell devices with
perovskite film prepared with and without MACI treatment with device area ~ 0.26 cm?. Jsc:
short circuit current density, Voc: open circuit voltage, FF: fill factor, n: power conversion
efficiency, Rs: series resistance, Rsn: shunt resistance, A: diode ideality factor, Jo: reverse

saturation current density and *: estimated from J-V analysis.

Jsc Voc n Rs Rsnh *Jo

Device (mAcm2) V) FF (%) (Q-cm?)  (Q-cm?) *A (mAcm??
Without

MACI 18.78 0.86 0.77 12.41 431 3.58 x10° 1.45 2.87x10°

with MACI 20.06 0.95 0.79 15.09 452 1.70x10* 1.17 1.02x101
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Figure 6. (a) Current density-voltage (J-V) characteristics and (b) spectral response of the

perovskite devices with and without MACI treatment.

Furthermore, a comparative study of EQE spectra measured under different bias voltages
(Figure S7a, b, supporting information) was performed. In devices without MACI treatment,
the EQE spectra under negative bias are much distorted from those under OV bias. The
distortion is better illustrated by taking the ratio, EQE(OV)/EQE( £ xV) (Figure S7c, d,
supporting information). This is a clear indication of stronger trap assisted recombination®® in
the device without MACI treatment than that in the MACI treated device. We also calculated

the band gap energy (Eg) of perovskite layer by differentiating EQE with respect to wavelength
vs energy ( % vs E) (Figure S8). The value (Eg=1.57+ 0.01 eV) is the same for both

types of devices and is close to the value shown by PL spectra. These results support the fact
that there are apparent influences on perovskite film quality by MACI treatment but no
stoichiometric change, which is consistent with the results of XPS and XRD discussed above.

To elucidate the recombination of photogenerated carriers during device operation, we
measured the J-V curves of both types of devices as a function of light intensity as depicted in
Figure S9 (supporting information). The light intensity dependence of Voc and Jsc can provide
information about recombination mechanism under open circuit conditions, where the
photogenerated charge carriers recombine within the cell.®® We analyzed the light intensity

dependent Voc given by the relation,®

AkgT
e

Voc = (%25 In(1) + 3 (Eo — ) (1)

where 1 is the incident light intensity, A the diode ideality factor, Kg the Boltzmann constant,
e elementary charge, T absolute temperature, E, the energy gap. A commonly accepted value,
Voc = E, isgivenat T=0 K and A is energy shift of the quasi-Fermi energies within the

band gap due to disorder. Figure 7a shows a semilogarithmic plot of Voc as a function of light
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intensity and linear fitting. Here the slope of device with MACI treatment is estimated to be
~1.08 kgT/e, which suggests a bimolecular recombination process dominates during device
operation.®® In contrast, a slope of ~1.45 kg T/e for the device without MACI treatment indicates
the presence of Shockley-Read Hall (SRH) recombination via comparatively deep traps, which
act as efficient recombination centers.®® © Furthermore, the light intensity dependence of Jsc,
Jsc o« I%*, where the deviation of power factor @ from 1 implies bimolecular recombination,
were analyzed (Figure 7). Figure 7b exhibits the relationship of Jsc on light intensity in a
double logarithmic scale with slopes of «=0.99 and 0.97 for devices with perovskite films with
and without MACI treatment, respectively. The result suggests that contribution of bimolecular
recombination loss is rather minor under short circuit conditions in device with MACI

treatment,60-62
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Figure 7. Plots of light intensity dependent Voc (a) and Jsc (b) of devices with and without

MACI treatment. Here the dashed lines represent linear fit to respective device parameters.

For further confirmation, the electrical properties of devices were extracted by fitting J-V
curves according to diode model as described in reports.>” ¢ The plots for estimation of Rs,
Rsh, Jo, and A are shown in Figure S10 and the deduced data are summarized in Table S1 in
supporting information. Good agreement was found between the diode ideality factors
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calculated from different approaches and measurements. Other electrical parameters of devices,
Rs, Rsh, and Gsh also fall within acceptable range. It is to be noted that the diode ideality factor
is associated with the recombination mechanism. The value of A approaching to 1 indicates
recombination dominates in the quasi neutral region (QNR) whereas if A approaching to 2, the
Shockley-Read-Hall (SRH) recombination mechanism in the space charge region (SCR) is
important.>” %% In our case, the decrease in A from ~ 1.5 for device without MACI treatment
to ~ 1.15 for device with MACI treatment indicates much reduced trap assisted recombination
losses in the latter, which is in good agreement with the results from the analysis of the light
intensity dependence of Voc. Note also that the reverse saturation current density (Jo) decreases
from 2.87x 107° to 1.02x 10~** mAcm™ (Table 1 and Table S1) in going from a device
without MACI treatment to that with the MACI treatment. Jo depends on defect activities
especially in the absorber layer, which could have strong influence on Voc and FF.>"64
Therefore, the decrease in Jo and the improvement in Voc and FF all point to the mitigation of
the defect activities in MACI treated devices.

To get a more in-depth understanding on carrier profile, defect level and defect
distribution, the devices were investigated by using capacitance spectroscopy (Figure 8). We
carried out capacitance-voltage (C-V) measurements and extracted the Mott-Schottky plot

(Figure 8a) and carrier profile (Figure 8b) estimated by the relation,®

e @

where C is capacitance, g, is permittivity of free space, &, is dielectric constant of absorber

layer and A is area of device. Both devices were found to be fully depleted, which implies a p-
i-n junction with the perovskite layer being an intrinsic semiconductor. These results are in
good agreement with other reports.®®” The diffusion potential, V4 (given by fermi energy, Er
and built in potential, Vi by Va=Er/q-V5i)® is found to be larger for the device with MACI

treatment consistent with the higher Voc. The carrier profile (Figure 8b) revealed almost flat

15



distribution of carrier density ranging from 3.2 - 60x 10> c¢m™ and the space charge region
(SCR) width ~296 nm for the MACI treated device. The untreated device also demonstrated a
similar trend of carrier density distribution with slightly higher values ranging from 6.5 - 150x
1015 cmand the SCR width ~242 nm. The SCR width for MACI treated device is quite large
and comparable to thickness of perovskite film, which indicates that the built-in field is

comparatively strong, leading to the effective charge extraction and to an efficient device.%
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density profile range given in plot denotes the minimum carrier density and carrier density

close to SCR width.

We further investigated the devices by using admittance spectroscopy (AS) to probe the defect
energy level and defect density profile which has been broadly employed in photovoltaic
research for defect characterization (Figure 9).5>%71 The defect states in absorber layer are
estimated by employing the Arrhenius plot of characteristic transition frequencies w,

expressed by the relation,

_Et/
wo=2v,T%2e  'ksT €))
where v, is emission factor comprising all the temperature independent parameters and E;

is defect energy level. Similarly, the defect density profile can be derived by the equation,

N2 (9 ®

Where C is capacitance, Vy; is built in potential, w is SCR width, w is scan frequency and T
is absolute temperature. The capacitance-frequency (C-f-T) scans of devices are depicted in
Figure 9a, b. Some deviation was observed beyond ~50 kHz frequency which might be due to

stronger carrier freeze out. We estimated the dielectric constant of the perovskite films in
respective device by evaluating geometric capacitance, C, = % , Where ¢ is dielectric

constant, A is area and t is thickness of absorber layer as depicted in Figure S11 which was
found to be ~ 22 and 25 for devices with and without MACI treatment, respectively, showing
good agreement with the report.>472 The Arrhenius plots of characteristic frequencies (w,),
extracted from differentiation of capacitance spectra (Figure S12) are depicted in Figure 9c and
the defect distribution in corresponding defect levels are shown in Figure 9d. Note that both
devices revealed two defect states. The device without MACI treatment showed two deep trap

levels at E{;~ 0.467 eV and E/,~ 0.324 eV with emission factors (v,), 5.68x 10! and
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5.76x 108 s~1, respectively which are close to the report by Shao et al.”” The device with
MACI treatment demonstrated shallower trap levels at E;;~0.346 eV and E;,~0.241 eV with
emission factors (v(), 1.258% 101° and 1.35x 108 s~1, respectively, which are in the range
reported by Heo et al.”® The integrated defect densities (Figure 9d) corresponding to the defect
levels were found to be in the range of ~10'" cm™, which is comparable to the reports by other
groups.®®"%7 In this analysis, the defect densities were found to be insensitive to the MACI
treatment but rather it eliminates deep defects. Deep defects are much more effective in the
SRH recombination and hence the trap distribution difference in the MACI treated and
untreated devices corroborates well the difference in the respective optoelectronic performance

and efficiency.
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Figure 9. Capacitance frequency (C-f) response of the devices (without and with MACI
treatment) (a, b) in the temperature range 243 K to 353 K. The Arrhenius plot (c) and defect

distribution profile (d) of respective devices.
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Of course, the identification of defect type is quite complicated. One can speculate that
the defect levels estimated in our analysis could be related to either of iodine lead antisites (Ipb)
and iodine interstitials (1;) as reported by the density functional theory (DFT).5%7475 It is thus
quite interesting and challenging to correlate the effect of various fabrication processes with
the resulting defect distributions. Only through this endeavor, can one reach a definitive
conclusion.

In order to gain better insight into the relationship between the efficiency improvement
and observed optoelectronic behavior of devices, we performed device simulation using the
program SCAPS (ver. 3.3.01),7® solar cell capacitance simulator, which is a numerical tool to
simulate the impact of properties of layers and interfaces on the device performance.’’:"® Since
the perovskite device of planar structure is close to that of typical thin film PV cells, device
simulation was carried out adopting the device layers shown in Figure S13 resembling the real
device with the layer properties as summarized in Table S2. The simulation was carried out
accounting for the material and interface quality by considering the bulk and interface defect
density and other layer properties by mimicking experimental results as close as possible. The
simulated J-V characteristics demonstrate a good agreement to the general feature of
experimental results of respective type of devices as depicted in Figure S14. Although there is
slight discrepancy in FF, the simulated device parameters are close enough to experimental
results (Table S3). The simulated energy band diagrams of respective type of devices are shown
in Figure S15 and are quite similar. In contract, the simulation (Figure S16) showed higher
generation current density and lower recombination current density in the MACI treated device,
which supports alleviation of defect activities as revealed in the experimental results. The

device simulation taking into account the interface and bulk defect profile relating to the layer
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quality as depicted in Figure S17 illustrates their impact on J-V characteristics, which conforms
to the experimental results.

The fabricated devices were statistically compared by plotting the histograms of device
parameters (1, Jsc, Voc, FF) as shown in Figure 10. The histograms were deduced form 60
devices prepared with or without MACI treatment in 5 batches. The results are summarized in
Table 2. The standard deviations of all device parameters for device with MACI treatment are
smaller than those without MACI treatment. 80% of devices fabricated with MACI treatment
yield PCE of >14% indicating outstanding reproducibility. It is believed that the efficiency
can be further improved to a competitive high value?®3* by addressing some critical issues
related to the bulk film quality and introducing more efficient charge transport layers for better

optoelectronic properties and carrier dynamics.
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Figure 10. Histogram of device parameters: (a) PEC (1), (b) Jsc, (€) Voc, and (d) FF of 60

devices (devices- with and without MACI treatment)

Table 2. Statistics of performance parameters of 60 devices of each methods (perovskite films
with and without MACI treatment). Avg: average, Max: maximum, Min: minimum, and STD:

standard deviation.

Statistics
of without MACI with MACI
devices
Jsc Voc n Jsc Voc M
FF FF
(mACcm?) (V) %)  (MAm?) (V) (%)
Avg 17.59 0.85 0.75 11.27 19.76 0.93 0.77 14.33
Max 18.96 0.91 0.79 12.41 20.53 0.96 0.80 15.09
Min 15.04 0.78 0.70 10.29 17.52 0.88 0.72 13.34
STD 1.07 0.03 0.02 0.66 0.51 0.02 0.01 0.50

We also monitored the aging effect on performance of encapsulated devices stored in
ambient conditions. J-V characteristics of devices were measured periodically as depicted in
Figure 11. The stability data of more devices are shown in Figure S18 (supporting information).
It is observed that there is almost no loss in Jsc and FF of both types of devices over the period
whereas the device efficiencies decreased slowly after 30 days due to decrease in Voc. The loss
in Voc might be caused either by increase in trap centers and defect activities or worsening of
interface. The loss in efficiency and Voc is comparatively slower for MACI treated devices.
The MACI treated devices retained ~90% of their initial efficiency after 90 days while the
devices without the MACI treatment preserved ~80% of their initial efficiency over the same
period. These values are comparable to the earlier reports.?” % It is to be noted that hysteresis

in JV curve was not observed over the aging time as depicted in Figure S19. This observation
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is similar to our earlier report.>° Even though the origin of hysteresis effect is a matter of strong
debate,?? the hysteresis issue has been well addressed by adjusting the charge transport layer.*
0 Moreover, the causes of degradation of our device are not related to the hysteresis either.
However, mitigation of defects in bulk and interface, better transport layers, control of ion
migration and poor humidity tolerance are still big issues to address for the commercial

viability of PVSCs.
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Figure 11. Stability data (solar cell parameters Jsc, Voc, FF, and n) of encapsulated devices

stored under ambient conditions for 3 months.

3. Conclusion

We report the improvement in device efficiency, stability, and reproducibility of low
temperature solution processed planar perovskite device with perovskite thin film annealed in
MACI vapor atmosphere. This approach demonstrated better grain morphology and enhanced
PL spectra in perovskite thin films. The analysis of device characteristics and capacitance
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spectra revealed enhancement in optoelectronic properties with reduction of defect activities
and passivation of defect levels, which, we infer, reduce recombination loss. These
improvements lead to better device efficiency with reproducibility coupled with promising
stability by retaining more than 90% of their initial performance over 60 days. Further progress

in device efficiency requires better film and interface quality and defect passivation.

4. Experimental Section

Materials and preparation: All chemicals were purchased from commercial suppliers as
mentioned and unless otherwise specified, they were used as received. Methyl ammonium
iodide (MAI) and Methyl ammonium chloride (MACI) were of battery grade from Wako
chemical company. For the fabrication of perovskite films, precursor solutions were prepared
by dissolving Pbl.- DMSO complex (prepared according to literature!’) in anhydrous DMF
(500 mg ml%), and MAI and MACI in ethanol (50 mg ml; 19:1 ratio). [6,6]-Phenyl Ce1 butyric
acid methyl ester (PCs:BM) [Sigma Aldrich, 99% purity] solution (2 wt. %) dissolved in
anhydrous chlorobenzene (CB) was used for coating of the electron transport layer (ETL).
Tetrabutylamonium iodide (TBAI) (Sigma Aldrich, 99% purity) precursor solution was
prepared in ethanol for doping of PCBM surface facing the cathode metal.” All the solutions
were filtered using 0.45 um syringe filters to avoid the risk of unwanted particles in the
precursor solution.

Device Fabrication: Solar cell devices were fabricated on pre-cleaned patterned indium tin
oxide (ITO) coated glass substrates (15 Q square ). The ITO substrates were pre-cleaned in
an ultrasonic bath with detergent, pure water, and 2-propanol, followed by an ultraviolet-ozone
treatment for 5 min to remove the organic residuals. A thin HTM layer (30 nm) of poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS, Clevios, Al4083) was

deposited by spin coating at 3000 rpm and subsequently dried at 130 °C for 10 min on a hot
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plate in air ambient. Then substrates were transferred into a nitrogen-filled glove box (<1.0
ppm O2 and H20) and the rest of the steps were carried out inside the glove box. Pbl, precursor
solution was spin coated at 3000 rpm for 90 s and a mixed precursor solution of MAI and
MACI was subsequently spun on to the Pbl> layer at 4000 rpm, for 30 s. Then to promote the
crystallization, those as grown CHsNHz3Pblz«Clx perovskite films were simply placed inside
the Petri disk with or without MACI powders on hot plate at 100°C for MACI treatment (Figure
S20). We have also maintained the temperature of substrate placed on teflon ring at 100+5
°C during annealing of as grown perovskite film under MACI treatment. For ETM layer,
PCs1BM was spun—coated on top of the perovskite films at 700 rpm for 30 s coupled at 5000
rpm for 10 s, followed by deposition of a thin TBAI layer spinning at 3000 rpm for 25 s. To
complete device structure, samples were then transferred into the evaporation chamber
connected to the glove box for metal contact deposition. Finally, 100 nm of Ag was thermally
evaporated at a pressure <10 Pa. Devices with area of ~0.26 cm? were sealed using UV-
curable resins before the subsequent measurements in ambient conditions.

Device Characterizations: The X-ray diffraction (XRD) patterns of fabricated perovskite films
were collected using Bruker D8 advanced x-ray diffractometer (CuK,, radiation, A= 1.54050
A). The morphology of films and cross-sectional images were taken by a high resolution
scanning electron microscope (SEM) at 5 kV accelerating voltage (Hitachi, S-4800). The
absorption spectra and photoluminescence (PL) spectra of various films were taken using UV-
Vis-NIR spectrometer (7200, V-Jasco) and Spectrofluorometer (FP8500, Jasco). The carrier
life times were measured with a fluorescence lifetime spectrometer (Quantaurus-t from
Hamamatsu- Photonics K.K.). The current density—voltage (J-V) characteristics and spectral
response (incident monochromatic photon to current conversion efficiency (IPCE) spectra,
external quantum efficiency (EQE), and reflectance spectra) were characterized with a

spectrometer (SM-2501QE, Bunkokeiki, Japan). Capacitance-frequency response (C-f) was
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measured with an LCR meter (E4980A, Agilent), which probes from 20 Hz to 2 MHz at ac
voltage amplitude of 10 mV under dark condition in the temperature range of 253K—-343K
whereas capacitance-voltage (C—V) measurements were carried out at 1kHz. For temperature
dependent C—f scans, a temperature controlled chamber (SU-221) was used having control

system with error of £0.1K (°C).

Supporting Information

Electronic Supplementary Information is available.
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