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Abstract: In addition to high efficiencies, upscaling and long-term operational stability
are key pre-requisites for moving perovskite solar cells towards commercial
applications. In this work, we develop a strategy to fabricate large-area uniform and
dense perovskite films with a thickness over one-micrometer via a two-step coating
process by introducing NH4Cl as an additive in the Pbl, precursor solution.
Incorporation of NH4Cl induces the formation of the intermediate phases of
x[NH4]*[PbI>Cl]* and HPbI3.«Clx, which can effectively retard the crystallization rate
of perovskite leading to uniform and compact full-coverage perovskite layers across
large areas with high crystallinity, large grain sizes, and small surface roughness. Our
5 x 5 cm? and 10 x 10 cm? perovskite solar modules (PSMs) based on this method
achieved a power conversion efficiency (PCE) of 14.55% and 10.25%, respectively.
These PSMs also exhibited good operational stability with a Tgo (the time during which
the solar module PCE drops to 80% of its initial value) lifetime under continuous light

illumination exceeding 1600 h (5 x 5 cm?) and 1100 h (10 x 10 cm?), respectively.

1. Introduction

Outstanding efficiencies in lab-scale perovskite solar cells (PSCs), with the certified
power conversion efficiency (PCE) of 25.5% (~ 0.1 cm?) and 21.6% (~1 c¢m?), have
been achieved by employing multiple techniques during the past decade of research.[!-

4 Although the high PCEs achieved on lab-scale PSCs are now comparable with the
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commercial silicon and copper indium gallium selenide (CIGS) solar cells, the
performance (i.e., efficiency and stability) of perovskite solar modules (PSMs) are still
far inferior to the commercial photovoltaics. For example, the PCE of PSMs is around
19% with an active area over 10 cm?, which is much smaller than ~10000 cm? achieved
in CIGS solar cells.5-®] In addition, degradation of solar cell performance during
operation is another key issue impeding the deployment of PSMs in practical
applications. A survey of operational stability profiles based on previous reports
indicates that modules size of reported PSMs are typically smaller than 50 cm? and the
lifetime mostly shorter than 1000 h (Table S1 and Figure S1, Supporting Information).[>
-1 Therefore, fabrication of large scale PSMs with high efficiency and long-term
operational stability is currently still a significant challenging.

The large decrease in efficiency of PSCs when upscaling from small lab-scale cells
to larger-size modules is a result of the following factors:[*->7-121 (1) the poor interfacial
contact between perovskite and electron transport layer (ETL)/hole transport layer
(HTL); (2) amplified effects of morphological imperfections in the perovskite layer
(e.g., defects, voids/pinholes, impurities) in large areas resulting in enhanced carrier
recombination events in PSMs; (3) series resistance related issues when scaling up the
transparent conductive oxides; (4) increased fabrication complexity related to creation
of sub-cells and interconnections between them. Points (1) and (2) mentioned above
have an immense impact on the PCEs of PSMs, and are the main focus of this work. It
has been reported that the un-controllable kinetics during the transformation from Pbl,
to perovskite is the key step that leads to high generation of macroscopic voids/pinholes.
In addition, it also leads to microscopic defects/traps within perovskite grains and at
grain boundaries (GBs), which lead to increased carrier recombination and carrier
diffusion length often below 1 um.['*] This is the reason why high efficiency PSCs are
based on thin layers of perovskites with a thickness below one-micrometer. On the other
hand, several recent studies found that thick perovskite films with a long carrier
diffusion length and a low defect density can achieve PCE comparable with thin film
PSCs (Table S2, Supporting information).l'> *] For example, inkjet-printed PSCs

employing the 1.5 pum triple-cation perovskite film were reported by Eggers and
2
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coworkers, which showed an efficiency over 21% with an area of 0.105 cm? and
stabilized power output PCE of 18.5%.!'5] Furthermore, the work by Chen and
coworkers reported that the thick perovskite films (0.7 — 1.15 pm) also helped prevent
penetration of moisture inside the perovskite layer, which effectively retarded
degradation of PSCs.['®! Previously, Qi and coworkers reported high quality perovskite
films with a thickness over one-micrometer enabling fabrication of 5 x 5 cm? PSMs
with high reproducibility and an active area PCE of 15.3% (active area = 12 cm?;
geometric fill factor (GFF) = 48%).112 Therefore, employment of thick uniform
perovskite films is a promising strategy to deposit perovskite films with a full coverage
on large area substrates, which helps minimize voids/pinholes and improve the PCE,
stability, reproducibility and device yield.

However, the fast and uncontrollable crystallization process of the conventional
solution-based approach often induces the formation of polycrystalline films with small
grain sizes and a large number of GBs. This situation is further aggravated when
considering fabrication of thick perovskite films in large-area PSMs, especially with
areas over 10 x 10 cm?. The fast and uncontrollable nucleation rate during perovskite
formation increases the chances of large variations in stoichiometry and film thickness,
and leads to many macroscopic voids/pinholes across large areas.['?] In addition, the
low solubility of Pbl, compared to the methylammonium iodide (MAI) and
formamidinium iodide (FAI) usually induces the inhomogeneous crystal growth of
perovskite in the precursor solution,['”] which aggravates the inhomogeneity of the
perovskite layer. Despite the several strategies such as introduction of Lewis based
additives, supramolecular materials into Pbl> and/or perovskites to improve the
solubility of Pbl; and retard the crystal growth of perovskites, the residue additives and
insulating components in the perovskite films also affect carrier transport and
operational stability.[!-1]

Recently, the intermediate phase has been proposed to alleviate the fast reaction,
which can slow down the nucleation rate and crystal growth of perovskites to enable

20-22

the complete reaction and lead to high crystallinity.[?°22) For example, Kang, Zhang and

coworkers introduced the intermediate phase of NH4Pbl; formed by NH4" diffusion to
3
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the [Pbls]*" octahedral layer, which served as extra heterogeneous nucleation sites to
slow down the crystal growth.?% In addition, Zhao and coworkers introduced an
intermediate phase of HPbI; to replace lead halide precursor in order to fabricate the
highly crystalline FAPbI3 perovskite because the exchange of the H ions in the Pbls
octahedral framework with the FA* cations is slower than the reaction rate between Pbl,
and FAL[?*]

Here, we deposit thick perovskite films combining the high solubility and
intermediate phase induced growth to fabricate high quality perovskite solar cells and
modules. The ammonium chloride (NH4Cl) is first added into the Pbl, precursor
solution to increase the solubility and concentration of Pbl, in DMF. The resultant thick
perovskite absorber layer prepared by high concentration Pbl, precursor solution can
increase the tolerance for the thickness fluctuation and reduce the risk of forming voids
and pinholes in the large scale. In addition, the formation of the two intermediate phases
of x[NH4"]*[PbI.Cl«]* and HPbI3.«Cly can effectively retard the nucleation and crystal
growth rate of perovskite slow—dewn—the—erystal-grewth, which benefits the phase
transformation from Pbl> to perovskite (perovskite prepared by the NH4+Cl method is
abbreviated as NH4Cl-perovskite) and improves the quality of the perovskite film. The
release of NH3 ensures no extra residues in the final perovskite films and lowers the
stress concentration at GBs in terms of the volume expansion. Based on our strategy,
NH4Cl-assisted two-step spin-coating method was used to fabricated PSCs and PSMs
for the first time. The resultant thicker layer PSCs reached a champion PCE of 20.17%
in lab-scale sizes (0.09 cm?) and a high PCE of 14.55% for 5 x 5 cm? PSMs (average
PCE of 13.23 + 0.63%) with a designated area of 22.4 cm? (the active area PCE was
16.35 %, GFF = 89%). The excellent upscalability of this strategy is evident when these
results are compared with the conventional solution processed modules that resulted in
an average PCE of 10.05 = 1.58% (active area PCE = 14.84 %; GFF = 88%).
Furthermore, a champion PCE of 10.25% for 10 x 10 cm? was achieved by NH4Cl
method with a designated area of 91.8 cm? (active area PCE of 12.14%, GFF = 84.4%)).
Besides, the 5 x 5 cm? and 10 x 10 cm? PSMs exhibited excellent operational stability

with Tgo lifetimes exceeding 1625 h and 1157 h, respectively, under continuous
4
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operation conditions in dry N2 environment. It is worth noting that this is the first report
of the PSM with a designated area over 90 cm? showing operational stability exceeding
1000 h. As a demonstration, we show a mini-fan and plastic toy car powered by our

PSMs in outdoor environment.

()
I Au

M Spiro-OMeTAD
M Perovskite

I sno,

. ITO

Precursor solution Intermediatephase Perovskite

Figure 1. a) [llustration of PSM architecture with substrate areas of 5 x 5 cm? and 10 x
10 cm?. b) Summary of the formation process of the NH4Cl-based perovskite films
starting from NH4Cl and Pbl> precursors leading to the intermediate phases of
x[NH4 ] [PbL.CI]** and HPbI3«Clx. The composition of perovskite is
Cs0.05FA0.54MA0.41Pb(I0.98Br0.02)3.

2. Results and Discussion

2.1. Fabrication of thick perovskite films with intermediate phase engineering.
The standard two-step coated thin perovskite films (300-500 nm) are fabricated by

spin-coating a 1 M Pblo/DMF solution or by thermally evaporating 180 - 200 nm Pbl>

films followed by the coating of an organic cation-precursor solution.?*26! To prepare
5
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thick perovskite films, it is necessary to use a high concentration of Pbl> solution
because the formation of final perovskite layer is proportional to the Pbl, precursor
layer thickness. In this work, we chose a concentration of 2.2 M Pbl,/DMF to achieve
fabrication of thick perovskite films. Unfortunately, the Pbls octahedral colloids are
prone to precipitate in the organic solvent with the formation of Pbl.-DMF-contained
solvate phases,?’-28! which limits the solubility of Pbl, in the DMF solution (~1.0 M)
and makes it difficult to realize a precursor solution with high Pbl, concentration.[27-28]
Inspired by the report that NH*" can form hydrogen bonds with I-Pb-I to form an
intermediate phase with improved solubility of Pbl, and perovskites,?-3% we added 0-
1 M NH4Cl into the 1 M and 2.2 M Pbl,/DMF solution as additive, respectively, and
studied the solubility of Pbl, in DMF with the addition of NH4Cl. We found that 1 M
Pbl> can be readily dissolved in DMF with different amounts of NH4Cl at room
temperature after shaking the solution for 2 min (Figure S2, Supporting Information)
because of the formation of the intermediate phase of x[NH4]¢[Pbl.Cl]*. But the 2.2
M Pbl; in DMF did not dissolve completely at room temperature after shaking the
solution for 2 min (Figure S3, Supporting Information). On the other hand, when we
heated the solution to 70 °C and stirred it for 10 minutes with the NH4CI molar ratio
over 0.4 M (Figures S4, S5, Supporting Information), the 2.2 M Pbl> was completely
dissolved. This can be explained by the fact that the NH4" cations diffuse into Pbl to

391 which can significantly

construct an intermediate phase of x[NH4"]e[PbloClL]* !
promote the dissolution of Pbl, in the DMF solvent.[2% 3%
To investigate the intermediate phase, we carried out XRD and SEM measurements.
It is found that upon increasing the NH4Cl content to 0.4 M, the grain size and
crystallinity of the Pbl, film also increase (Figures S6, S7, Supporting Information).
Contrary to our expectations, in our XRD results, the peak corresponding to
x[NH4"]*[Pbl,CIk]* at around 9.4° was not observed.!?"! Instead, another peak at 11.5°
was detected, which is assigned to the HPbI3xClx phase.l*'l The above results suggest
that the x[NH4"]*[PbloCI«]* intermediate phase is highly unstable and transforms
immediately to the HPbI3.xClx phase in the films. An additional XRD measurement with

different measurement conditions was performed to confirm the above observation.
6
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When NH4CI-Pbl, films were prepared by drop-casting and XRD was immediately
measured, a small XRD peak at 9.4° was detected (Figure S8, Supporting Information).
This result corroborates the fast conversion from x[NH4 ]*[PbloClc]* to HPbI3.<Clx

possibly due to the phase transformation as follows:[1231-32]

X[NH;']*[PbLCL ] —PblxCly + xHI + xNH; 1 (Eq. 1)
PbIZ-xClX + HIQHPbIS-XCIX (Eq. 2)

To confirm this hypothesis, we performed Fourier transform infrared spectroscopy
(FTIR) and mass spectrometry (MS) measurements on the NH4CI-Pbl> and pure-Pbl,
films. An increased FTIR peak corresponding to the N-H stretching vibration mode in
the NH4CI-Pbl, film in comparison to the pure Pbl, film (Figure S9, Supporting
Information) implies the formation of the intermediate phase of x[NH4"]*[PbIoCl,]*".2%
331 MS experiments were performed to verify whether NH3 is released from the
intermediate phase film as described by eq. 1. As shown in Figure S10 (Supporting
Information), when the NH4Cl-Pbl; film is inserted in the MS vacuum chamber, a large
NH3 signal (m/z=17 amu) is detected. In addition, the heating experiment results from
the MS measurements also corroborate (Figure S10, Supporting Information) the
significant release of NH3, which is consistent with Eq. 1. The presence of intermediate
phases can slow down the nucleation rate of perovskite crystals and the effect of
chlorine on perovskite film growth as follows:[2% 2% 31-32]

HPbI;«ClxtMATI/FAI>MA/FAPbI;+HI t +HCI t  (Eq. 3)

The increased peak intensity at 14°, the improvements of the grain size, enhanced
light absorption (Figure S11-S14, Supporting Information) and crystallinity of
perovskite films with ideal amount (0.4 M) of NH4Cl after spin-coating the cation
solution of FAI/MAI are ascribed to the presence of intermediate phases of
x[NH4]¢[PbI>Cl]* in the solution and HPbI3.«Clx in the films as illustrated in Figure
1. The volatile NH3 and HI (HCI) byproducts imply no extra residues from HPbI3.xClx
remain in the films after the annealing process. This volatilization process can also

effectively facilitate the phase transformation process from top to bottom and reduce
7
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the stress at the GBs.[**l This issue was discussed in a previous study®*! and was

associated with the low reproducibility of PSCs.

NH,CI-PbI,

Intensity (a.u.)

|

V-Pbl,

I

Intensity (a.u.)

S-PVSK

A V-PVSK

Jl NH,CI-PVSK

25 30 35 40 10 15 20 25 30 35

5 10 15 20
20 (degree) 20 (degree)

B “NH,CI-PVSK

Figure 2. Top-view scanning electron microscopy (SEM) images of a) vapor deposited
Pbl> (V-Pblz), b) solution processed Pblx (S-Pblz) as the control films, c) and the
solution processed NH4CI-Pbl, film. The corresponding SEM images of perovskite
films are shown in d) V-PVSK, e) S-PVSK and f) NH4CI-PVSK. X-ray diffraction
(XRD) patterns of g) Pbl> films and h) perovskite films prepared by different methods.

1) Cross-section SEM images of the perovskite films.

It is found that 2.2 M Pbl; can be used to prepare the thick Pbl, precursor layer to
enable the final perovskite layer with a thickness of one-micrometer (Figure S13,
Supporting Information). To make a comparison, an additional control sample
consisting of 400 nm Pbl, was deposited on the ITO substrates by the conventional
vapor deposition method (V-Pblz). The volume expansion from the intercalation of

MALI or FAI results in a volume increase of 2~3 times accompanying the transformation
8
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2425, 361 As we can see in Figure 2a, the V-Pbl, sample

from Pbl to the perovskite.
shows a stacking of two-dimensional layered nanosheet structure with grain sizes of
200-300 nm. Different from the evaporated Pbl> film, the conventional solution
processed Pbl, films without NH4Cl (S-Pblz) and with 0.4 M NH4Cl (NH4CI-Pbl»)
showed the sponge-like porous surface structure. In addition, the strong XRD peak of
NH4Cl-Pbl, at 12.6° (Figure 2g) indicates that the use of NH4Cl can significantly
improve the crystallinity of Pbl,. After the spin-coating of MA/FA cation solution and
post-annealing, the obtained perovskite film as seen in Figures 2d-2fis a full-coverage
compact layer. It is found that surface morphology of conventional solution processed
perovskite shows small grain sizes around 200-300 nm, and uneven grain size
distribution in the vapor-based perovskite film. In contrast, the NH4Cl-perovskite film
exhibits high crystallinity and large grain size over one-micrometer with uniform
distribution (Figures 2f and 2i). Additionally, in comparison to the control solution
perovskite and NH4Cl-perovskite film, the low crystallinity of perovskite film in the
case of vapor deposition is observed due to the fact that the dense and thicker Pbl film
hinders the permeation of cation solution from top to bottom layer,3”) which causes an
uneven reaction and inferior light absorption (Figure S15a, Supporting Information). A
strong peak at 12.6 °C (Figure 2h) is presumably related to the unreacted Pbl; in the
final vapor deposition processed perovskite layer. In contrast, the porous Pbl, nature
produced by the solution technique can facilitate the penetration of MA/FA cation
solution. The complete transformation from Pbl to perovskite produces one-
micrometer thickness of perovskite films for the conventional solution process and
NH4Cl-based method. Note that the small grain sizes of perovskite crystals and uneven
distribution in the cross section of the solution processed perovskite film. As
comparison, the NH4Cl-perovskite film shows the monolithic structure for the crystal
grains from the bottom to top with large grain size (1-2 um) and uniform distribution
in Figure 2i. Additionally, a high quality of the perovskite layers and proper interface
contacts between the perovskite layer and ETL/HTL help achieve high performance
solar cells.[”> 38 The electronic structures of perovskite films were investigated by

ultraviolet photoelectron spectroscopy (UPS). As seen in Figures 3a-3b, the ionization
9
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energy (IE) values of samples can be extracted by the formula of IE = 21.22 - Ecutotr +
Eonse®>” and the corresponding values are 5.24 eV (vapor based perovskite), 5.59 eV
(conventional solution processed perovskite) and 5.22 eV (NH4Cl-perovskite),
respectively. Combining with the optical bandgap values extracted from the absorption
spectra (Figure S15b, Supporting Information), we can deduce the electron affinity (EA)
values of these samples (Figure 3c). It is found that the valence band edge of NH4Cl-

PVK shifts upward by about 0.37 eV with respect to the conventional solution
processed perovskite film. because-of the-presence-of Pb%-and-uncoordinated Pb* —in

the—surface(MAEAT deficient)-wouldinerease—the HE: To further understand this
valance band edge shift, we performed X-ray photoelectron spectroscopy (XPS)

measurements on the V-PVSK film, the S-PVSK film, and the NH4CI-PVSK film to
study the film composition and oxidation states of the various elements. It has been
reported that there are two kinds of lead defects in the perovskite film.[ 411 One is
uncoordinated Pb?", which is usually generated during thermal annealing due to the loss
of volatile organic components.[*”) Another kind of defect is metallic lead (Pb®), which
is often observed during the film fabrication process or solar cell operation.[*"! In this
work, we observed the small peaks at 141.67 eV and 136.77 eV in the XPS Pb 4fregion
(Figure S16) corresponding to the metallic Pb (i.e., Pb%) in the S-PVSK film. In addition,
the Pb? peak disappears in the case of the NH4CI-PVSK film, which indicates that
incorporation of NH4Cl leads to a passivation effect on the perovskite film. Furthermore,
compared to the S-PVSK film, the two spin-orbit splitting peaks of Pb 4f1in the NH4Cl-
PVSK film shift from 143.38 eV and 138.53 eV to lower binding energies of 143.24 eV
and 138.39 eV, which indicates passivation of uncoordinated Pb?".[0-41] These defects
(Pb® and uncoordinated Pb**) influence the chemical stoichiometry of the perovskite
films, which affects the electronic properties such as IE.[*?l MAI deficient (i.e., Pbl>
excess) films exhibits a larger IE, while Pbl, deficient (i.e., MAI excess) films show a
smaller IE.*?! In the S-PVSK film, uncoordinated Pb?* resulted from the loss of the
organic components in the fabrication and annealing indicates that the S-PVSK film is

MALI deficient, which leads to a larger IE. In contrast, the NH4CIl-PVSK has a I/Pb atom
10
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ratio of 3.14 (based on our XPS data in Table S3), which means that the NH4CIl-PVSK

is slightly MAI rich at the surface and therefore has a smaller IE than S-PVSK.[4?]
Therefore, an improved energy level alignment at the interface between the NH4Cl-
PVSK and HTL can reduce energy transport barrier, which effectively enhances hole
extraction. Meanwhile, the valance band edge of vapor based perovskite also shifts
upward because of the interfacial energy-level tuning due to excess MAI/FAI at the top
surface, which agrees with the previous report.[*3] The energy level alignment between
NH4Cl-perovskite and SnO; also matches better. However, for the other two coated
perovskite films the conduction band edge is below the conduction band edge of SnO>
which shows an electron transfer barrier. This matched energy level alignment indicates

better electron and hole transfer in the Perovskite/ETL and Perovskite/HTL interface.

(a) (b) (©
NH,CI-PVSK 2
NHCI-PVSK  f1724ev | N B e,
-~ —~_~
3 5 v. NH,CL
= = : g PVSK
= S PVSK  S-
z z SO pmm evsc
2 a 3600 37 R S
2 5] 4.01
k] =
{ — 524 s | osag S0
V-PVSK 17.10 eV
€ - .5.50 - Au
T T T T T v v v Spiro-
20 19 18 17 16 15 14 4 3 2 1 0 s LW @ {OMeTAD
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e
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T e = ——FS - 0000 2009090999058 a
£ 20 5 20 804 909992932000, o, 1sE
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< ] _ / 15S
Es s el | £
z z = {127
g 2 S v, J FF PCE [5 0 j -
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Figure 3. a) Secondary electron onset and b) valence features of the UPS spectra of the
V-PVSK film, the S-PVSK film, and the NH4CI-PVSK film. c¢) Energy diagram of
perovskites. Note that in this energy diagram all energy levels are plotted with respect
to the vacuum level, which is set to be 0 eV. d) Representative current density-voltage
(J-V) curves of the PSCs under AM 1.5 G illumination. e) The best J-V curves. f)

External quantum efficiency spectrum (EQE).

2.2. Lab-scale perovskite solar cells

The lab-scale small area PSCs were fabricated on 1.5x1.5 cm? indium doped tin

11
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oxide (ITO) coated glass substrates with a configuration of ITO/SnOz/perovskite/spiro-
OMeTAD/Au, where spiro-OMeTAD is 2,2'7,7'-Tetrakis[N,N-di(4-
methoxyphenyl)amino]-9,9'-spirobifluorene (Figure S17, Supporting Information).
Statistical analyses of solar cell parameters based on a batch of 25 devices are shown
in Figure S18 and Table S4 (Supporting Information). The average PCEs of the devices
are 14.15%, 16.84% and 18.85% for vapor-based, conventional solution processed and
NH4Cl-perovskite PSCs, respectively. The J-V curves corresponding to the champion
devices are shown in Figure 3d. Low efficiency of vapor-based PSCs is ascribed to the
unreacted Pbl> impeding electron transport and large defects in the perovskite film. In
contrast, the improvement of the performance of NH4Cl-perovskite PSCs can be
explained by the improved energy level alignment, complete perovskite phase
conversion, large grain size and monolithic-character of perovskite crystals, which
increase the light absorption, decrease the electronic trap density and promote the
carrier transport. Furthermore, we performed the EQE measurements on the champion
devices to analyze the light absorption and conversion characteristics. The low EQE of
the conventional solution processed perovskite PSCs at the short wavelength region
(Figure S19, Supporting Information) reveals the existence of large amounts of
unreacted Pbl; in the films, which impedes light absorption and carrier collection at the
SnO2/PVSK interface because of the wider bandgap of Pbl> and exciton recombination
centers in unreacted Pbl,.[** In contrast, the enhanced EQE spectrum of the NH4Cl-
perovskite PSC suggests the full conversion and high crystallinity in the perovskite film,
which significantly boost up the light harvesting properties and reduce the trap density
at the interface. Similarly, the high EQE of the NH4Cl-perovskite PSC at the long
wavelength region indicates a smaller trap density at the surface of the perovskite film
and fast carrier extraction at the perovskite/HTL interface,[*> which is ascribed to the
high quality of the perovskite film and the smaller energy barrier between NH4Cl-
perovskite and the HTL layer. Besides, the lower surface potential can also accelerate
carrier transport,** 41 which will be discussed later. Figure 3e displays the champion
device achieved by NH4Cl method with an impressive PCE of 20.17% for the reverse

scan (RS) and 18.67% for the forward scan (FS), which is much higher than previous
12
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NH4Cl1 based PSCs (Table S5, Supporting Information). The corresponding EQE in

Figure 3f shows an integrated current density of 22.0 mA cm, which agrees well with
the value from the J-V curve (difference < 4.5%). Additionally, a stabilized output PCE
of 18.67% was achieved by operating the device at the initial maximum power point of

0.93 V (Figure S20, Supporting Information).
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Figure 4. a)c) Dark I-V characteristics of the devices with the
ITO/PEDOT:PSS/perovskite/Au configuration of vapor based perovskite, conventional
solution processed perovskite and NH4Cl-perovskite. Kelvin probe force microscopy
(KPFM) images of d) vapor-based perovskite film, e) conventional solution processed
perovskite film, f) NH4Cl-perovskite film on ITO glass. g) Time resolved
photoluminescence (TRPL) decay curves of corresponding perovskite films on glass

substrates. h) Open-circuit voltage (Vo) as a function of light intensity curves. 1)

Nyquist plots and fitted circuit diagrams of PSCs.

2.3. Charge carrier transport behavior
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The defect nature of the perovskite films were evaluated by characterization of
space-charge limited current (SCLC) of hole-only (electron-only) devices with a
perovskite film inserted between two hole (electron) transport layers, i.e.,
ITO/PEDOT:PSS/perovskite/Au (ITO/SnOy/perovskite/PCBM/Ag), where
PEDOT:PSS is poly (3, 4-ethylenedioxythiophene): poly (styrene sulfonate) and PCBM

is phenyl-C61-butyric acid methyl ester.

NeL?
2880

(Eq. 4)

VrpL =
where N is the trap density. € is defined as dielectric constants of perovskite and € is
the vacuum permittivity.*’! L is the thickness of perovskite film, which can be
determined by the cross-section images in Figure S21 (Supporting Information). e is
the electric charge with a constant value of 1.602 x 107 C. Based on Eq. 4, we can
find that the hole/electron trap density (Figures 4a-c and Figure S22, Supporting
Information) significantly decreases from 6.27x10'> cm™3/7.52x10'> cm™3 (vapor-based
perovskite) to 1.22x10'° ¢m™/1.69x10"> c¢cm™ (conventional solution processed
perovskite) for hole/electron only devices because of the formation of exciton
recombination centers originated from the unreacted Pbl at the bottom layer.*¥] In
parallel, the reduced trap defects of NH4Cl-perovskite (1.07x10'> cm™ for hole only
device and 1.22x10% ¢m™ for electron only device) indicate that the presence of
intermediate phase can effectively improve the crystallinity and reduce the trap density
of perovskite film. Additionally, it is worth noting that traps are predominantly located
at the surface of perovskite and interface (perovskite/ETL and perovskite/HTL) and
fewer defects in the bulk film, because of the loss of cations (MAI/FAI) and
undercoordinated lead during the spin-coating and post-annealing.[% 48-301 Therefore,
high crystallinity and thick films can reduce the trap density."!! To further understand
the carrier transport behavior and evaluate the quality of perovskite films, we performed
the surface potential measurement on the perovskite films using Kelvin probe force
microscopy (KPFM). First, we investigated the surface morphology of the perovskite
films. As presented in Figure S23 (Supporting Information), the NH4Cl-perovskite film

contains larger size grains and has a lower roughness (32.15 nm) compared with the
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vapor deposition method (46.88 nm) and conventional solution processed (49.83 nm)
perovskite films, which suggest that the NH4+Cl modification improved uniformity and
compactness of the perovskite films. The corresponding topography and contact
potential difference (CPD) mapping of the perovskite films (Figure S24, Supporting
Information) also show a very low average surface potential difference of 9.8 mV for
the NH4Cl-perovskite film.[52! It is worth noting that the surface potential fluctuations
of NH4Cl- perovskite are much smaller than the other two samples, and the
corresponding surface potential fluctuations difference along the vertical direction in
Figures 4d-4f and Figure S25 (Supporting Information) is as low as 48 mV, which is
much lower than vapor-based and conventional solution processed perovskite films,
suggesting lack of significant band bending and surface defects in the NH4Cl-perovskite
films.[32-33 This low surface potential is ascribed to the flat surface in the film, which
indicates a lower stress concentration at GBs. The transformation from Pbl to
perovskite that leads to volume expansion as discussed before?*23! induces an uneven
growth of perovskite grains. In addition, the mismatched coefficients of thermal
expansion (CTE) between the substrate (2.6—10 uK™!) and perovskite film (50—160
puK™") during annealing at high temperature (150 °C) will also cause stress in the films

34551 The above processes result

when the samples cool down to the room temperature.|
in a high concentration of stress at GBs, which leads to a high surface potential between
grains and GBs in the films.[3* The presence of the intermediate phase can facilitate the
crystal rearrangement and slow down the nucleation rate (Figure 1b), which helps
achieve uniform grain sizes and a lower stress concentration in the final films.[%°
Besides, steady-state photoluminescent (PL) and time-resolved photoluminescence
(TRPL) measurements were performed with-a-400-nmpulsedlaser to evaluate charge
recombination and the quality of perovskite films. The PL intensity of NH4CI-PVSK is
much higher than other two samples (Figure S26, Supporting Information) indicating

the suppressed nonradiative recombination of the perovskite films after incorporation

of NH4Cl. In addition, a bi-exponential function is used to fit the curves as follows:%

56]
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Al‘r% +A21§
Tave =
A]_Tl +A2T2

(Eq.5)

where A and A, are the amplitudes, and the fast decay component of t; and the slow
decay component of 1> represent the non-radiative recombination and radiative
recombination, respectively.’* 401 The average carrier lifetimes (tave) for vapor
deposition, conventional solution and NH4Cl-perovskite films in Figure 4g are 43.8 ns,
64.6 ns and 135.4 ns, respectively. The longer PL lifetime of NH4Cl-perovskite is
ascribed to its high crystal quality with less defects.’’! Instead, the shorter carrier
lifetimes in vapor-based and conventional solution processed perovskite films highlight
the influence of poor surface morphology and high surface potential voltage, because
the unreacted Pbl> and uneven grain size result in large trap density defects in the films.
The decrease of A1 (Table S6, Supporting Information) and increase of long lifetime (12)
component imply that less trap density and bulk carrier recombination in the case of
NH4Cl modified perovskite film in comparison of vapor-based and conventional
solution perovskite films.[4% 8]

Furthermore, light-intensity-dependent V. of PSCs was also investigated under
different illumination intensities (Figure 4i). The open-circuit voltage of the devices
shows a monotonic increase as the light intensity increases. The deviation of the slope
can be used to analyze the charge recombination behavior in the devices.3* 3601 For
example, n equal to 1 indicates that charge recombination is dominated by free electrons
and holes in the active layer. In contrast, if the n value reaches 2, trap-assisted
Shockley—Read-Hall (SRH) recombination in the devices is dominant.!°®! The n value

can be extracted by fitting the curves following the equation:[¢%]

dVoc
n = kT/q ainG) (Eq. 6)

where k is defined as the Boltzmann constant, T is the absolute temperature, q denotes
the elementary charge, n and i are the ideality factor and light intensity, respectively.!>!
The corresponding n values are 1.67, 1.91 and 2.02 for NH4Cl-perovskite, conventional
solution processed perovskite and vapor-based PSCs, respectively. The reduced slope
indicates less trap-density in the NH4Cl-perovskite film compared to other samples,

which results in higher performance in devices. In addition, the electrochemical
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impedance spectroscopy (EIS) tests were also carried out to further understand the
charge carrier recombination under light illumination. The Nyquist plots of PSCs with
different methods were performed at an applied bias of 1.0 V close to the Vo under AM
1.5 illumination with a frequency ranging from 1 MHz to 100 Hz. By fitting the
equivalent circuit (EC) diagram shown in Figure 4i, it is found that the semicircle can
be defined as charge transport resistance (Rc).[®!) The corresponding sheet resistance
(Rs) values of all the devices are very close because of the same configuration in
PSCs.[0?] The smallest Rt of NH4Cl-perovskite (65.68 Q) solar cell indicates the fastest
carrier transport, which is ascribed to the high crystallinity and low surface potential
fluctuations in the NH4Cl-perovskite film. These advantages can help form a smaller
energy barrier and fewer traps in the film and at the interface. In comparison, vapor-
based perovskite (141.7 Q) and conventional solution processed perovskite (103.5 Q)

devices have higher charge transport resistances (Table S7, Supporting Information).
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cm? and d) 10x10 cm? PSMs. €) Operational stability of PSMs under a steady applied

voltage, which corresponds to the initial maximum power point voltage from the J-V

2.4. Up-scalable perovskite solar modules and operational stability

industrialization. Based on the same device configuration developed for lab-scale PSCs,

we upscaled the process and developed a 5x5 cm? PSM with a designated area of 22.4

cm?. As seen in Figure 5a, the PSM consists of 7 sub-cells in series on a 5x5 cm? ITO
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substrate (Figure S27, Supporting Information). It is found that the perovskite layer is
uniform across the entire 5 cm x 5 cm? substrate. The thickness of the perovskite layer
is approximately 1.1 pm (Figure S28, Supporting Information). Statistical analyses of
performance based on 20 PSMs (substrate size = 5x5 cm?) for the conventional solution
process and NH4Cl method are shown in Figures S29, S30 and Tables S8, S9
(Supporting Information). The PCEs of PSMs fabricated by NH4+Cl method ranges from
11% to 14% with an average performance of 13.23 £ 0.63%. The champion PCE of all
fabricated devices achieves 14.55% with a Voc of 7.31 V, a Jc of 2.96 mA ¢cm™ and a
FF of 67.23% for the reverse scan and the PCE of 12.81% for the forward scan (Figure
S31a, Supporting Information) with a designated area of 22.4 cm?. The corresponding
active area efficiency of the champion PSM is up to 16.35% with a GFF of 89% (Figure
S31b, Supporting Information). In contrast, the efficiency of PSMs prepared by the
conventional solution process ranges from 7% to 13% with an average PCE of 10.05 +
1.58%. The resultant champion PCE is only 13.06% under reverse scan (Figure S32a,
Supporting Information). The corresponding active area efficiency is 14.84% with a
GFF of 88% (Figure S32b, Supporting Information). Moreover, operational stability is
also an important parameter to evaluate the performance of PSMs. First, we evaluated
the operational stability of our PSMs without encapsulation under continuous AM 1.5G
light illumination at a given bias of the initial maximum power point (MPP) in ambient
environment (RH~55%, 25 °C). As seen in Figure S33 (Supporting information), the
operational stability of NH4CI-PVSK perovskite solar module was the best, maintaining
80.3% of the initial PCE after 300 min. S-PVSK based solar module retained 74.9% of
its initial PCE at 100 min. V-PVSK based solar module showed a significant decrease
in PCE (67.8% of its initial efficiency at 100 min). Moreover, we study the stability of
NH4Cl-PVSK solar module with parylene encapsulation under continuous AM 1.5G
light illumination at a given bias of the initial maximum power point (MPP) in dry N
flow environment. The Tgo lifetime of PSMs is up to 1625 h, which showed a better
operational stability than the previous reports as seen in Table S1 (Supporting
Information). The encapsulated 5x5 ¢cm? PSM can power a mini-fan working well in

outdoor conditions (Figure S34 and Supplementary Video, Supporting Information).
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To further verify the upscalability of our method, we fabricated PSMs with 14 sub-
cells in series on a 10x10 cm? ITO substrate (Figure S35, Supporting Information) using
the similar method (Figure 5b). Note that PSMs with an area greater than 5x5 cm? are
rarely reported in previous works. Additionally, scaling up the solar modules from 5x5
cm? to 10x10 cm?, the increased series resistance from ITO substrates and the
ITO/SnO>/Au interconnections (between the top electrode of one sub-cell and the ITO
bottom electrode of the next adjacent sub-cell) and reduced shunt resistance from extra
seven times laser scribing for P2 and mechanical scribing for P3 also have significant
effects on the performance of modules.®! Statistical analyses of performance data based
on 10 PSMs (substrate size = 10x10 ¢cm?) are presented in Figure S36 and Table S10
(Supporting Information). The PCEs of PSMs range from 6% to 10% with an average
performance of 8.63 = 1.06%. As we can see in Figure 5d, the highest PCE of 10.25%
is achieved with a Ve of 13.74 V, a Js. of 1.39 mA cm™ and an FF of 53.67% with a
designated area of 91.86 cm? for 1010 cm? PSMs. The corresponding GFF of PSM is
84.4% (Figure S37, Supporting Information), which indicates that the active area PCE
is up to 12.14%. The 10x10 cm? PSMs also show low hysteresis (Figure S37,
Supporting Information). Importantly, we conducted the operational stability of 10x10
cm? PSM in the same environment as 5x5 cm? PSM before by recording the 10x10 cm?
PSM power output under a steady applied voltage, which corresponds to the initial
maximum power point voltage from J-V curve. It is found that the 10x10 cm? PSMs
exhibited an excellent operational stability and kept 90% of the initial PCE for more
than 450 h. The Tgo lifetime of 10x10 cm? PSM in Figure 5e is 1157 h, which is the first
report on the operational stability of 10x10 ¢cm? PSMs. Furthermore, to evaluate the
performance of a solar module, a PSM-powered toy car was made using 10x10 ¢cm?
PSM (Figure S38, Supporting Information). The toy car could start under the
continuous light illumination as seen in Supplementary Video. When we moved the car
outside the laboratory, we found that the PSM-powered toy car could run on the road
outdoor (Supplementary Video).

The good operational stability is a result of the following three factors. First of all,

our PSMs feature a thick perovskite layer (over one-micrometer), the top layer of which
20
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can serve as a protection layer against oxygen and moisture ingress slowing down the
degradation rate of the inner parts of the perovskite film.[? 16 631 Secondly, the partial
substitution of FA™ cations with MA™ and/or Cs" to construct mixed cation perovskites
can alleviate the phase transition and improve the stability of the cubic phase of
perovskites.[%4631 Thirdly, the large grain size of the perovskite film in our PSMs helps
increase stability. Perovskite decomposition starts from the GBs because of the

34,66] Large grain size (over

existence of stress and favorable ion migration at the GBs.!
one-micrometer) and the small number of GBs in NH4Cl-perovskite films reduce the
degradation kinetics in comparison to the ones fabricated from the conventional
methods that often leads to small grain size and high concentration of GBs. The low
surface potential difference in the NH4Cl-perovskite films also suggests less stress
between perovskite grains during fabrication, which can alleviate the decomposition
starting at GBs.3% 671 Last but not least, high crystallinity of perovskite films leads to
less defects in the films, which allows fast carrier extraction and reduced charge
trapping at the GBs under light illumination. The large amounts of charge trapping at
the GBs or films induced by light soaking in the moisture environment/heat conditions

can lead to the irreversible degradation of perovskite films.[56 681

3. Conclusions

In conclusion, we report a perovskite formation strategy to deposit a one-micrometer-
thick perovskite layer by introducing NH4Cl as an additive for up-scalable fabrication
of PSMs. The incorporation of NH4Cl can significantly enhance the solubility of Pbl,
in DMF and form the intermediate phases of x[NH4"]*[PbIoCl«]* and HPbI3.«Clx. The
presence of the intermediate phases can effectively slow down the nucleation rate and
increase the crystallinity of perovskite films, leading to uniform perovskite films. The
NH4Cl-incorporated perovskite films achieved a high PCE of 20.17% in the lab-scale
small size PSC (0.09 cm?), 14.55% (active area PCE 16.35%) in the 5x5 cm? PSM (22.4
cm?) and 10.25% (active area PCE 12.14%) in the 10x10 cm? PSM (91.8 cm?).
Furthermore, this strategy also shows a great potential in improving the stability of

devices. The operational stability of PSMs under a steady voltage output showed the
21
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Tgo lifetime of 5x5 cm? and 10x10 cm? PSMs to exceed 1600 h and 1100 h, respectively,

under continuous light illumination.

Supporting Information
Supporting Information and Supplementary Video are available from the Wiley Online

Library or from the author.
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High performance perovskite solar modules (PSMs) were fabricated by introducing
NH4Cl to induce the formation of the intermediate phases. The PSMs showed a long-
term operational stability with a Tgo lifetime under continuous light illumination
exceeding 1600 h for 5 x 5 cm? solar module and 1100 h for 10 x 10 cm? solar module,

respectively.
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