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including polyethylene terephthalate (PET) 
and polyethylene naphthalate (PEN). Indium 
tin oxide (ITO) is still the best option for the 
transparent electrode. Deposition of trans-
parent and conductive ITO by sputtering 
requires a substrate temperature higher 
than 200 °C to promote crystallization.[4]  
However, the glass transition temperatures 
of PET and PEN are around 78 and 120 °C, 
respectively.[5,6] As a consequence, ITO on 
polymer substrates has to be deposited at 
a low temperature such as room tempera-
ture, which yields amorphous ITO films. 
ITO on polymer substrates is much thicker 
to reduce the sheet resistance, and also 
less transparent, especially in the wave-
length range around 400 nm (Figure S1, 
Supporting Information).[7,8] In addition, 
perovskite materials are known to be sensi-
tive to moisture,[9–11] but polymer substrates 

have relatively high water vapor transmission rates (WVTR). For 
example, a 100 µm thick PET substrate has a WVTR higher than 
3.9 g m−2 day−1 (at 37.8–40 °C).[12,13] It is not clear yet whether the 
encapsulation layers for perovskite flexible PV modules made on 
polymer substrate can still maintain their flexibility or not.

Here, we report fabricating perovskite solar module directly 
on flexible Willow Glass which itself serves as encapsulation 
layer. Willow Glass not only retains the advantages of glass sub-
strates, i.e., withstanding processing temperatures over 600 °C 
and a WVTR below detection limits (3 × 10−7 g m−2 day−1),[13] 
but also offers a good flexibility with the minimum bending 
radius of less than 100 mm, benefiting from its small thick-
ness, typically 100 µm.[14] The ultrathin glass also enables the 
manufacturing of lightweight PV modules, fulfilling require-
ments in emerging markets such as portable power supplies 
and electric vehicles which need solar panels to be as light 
as possible. Moreover, the flexible glass is compatible with 
roll-to-roll fabrication processing, where scalable solution 
coating strategies such as blade coating and slot-die coating 
can be applied to realize high throughput and high-speed 
manufacturing.

We demonstrate a large-area, high-efficiency flexible 
perovskite solar module with perovskite films fabricated by 
blade coating on ITO coated Willow Glass. Ammonium chlo-
ride (NH4Cl) was added in precursor solution to improve the 
perovskite film morphology by retarding perovskite nuclea-
tion. Meanwhile, similar to many ammonium halides, NH4Cl 
can passivate perovskite films, improving the performance of 
devices. As a result, the PCE of a flexible perovskite module 
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Halide perovskites have attracted great attention as a novel 
photovoltaic material due to their intriguing optoelectrical prop-
erties, solution processability, low cost, and potential for mass 
production. The power conversion efficiency (PCE) of perov-
skite solar cells (PSCs) has impressively increased to 25.2%, 
which is the highest among the next generation solar cells.[1] 
Due to their large absorption coefficient, the optimal thickness 
of perovskite films is usually lower than 1 µm, making them 
an excellent candidate for flexible solar devices. However, the 
efficiency of flexible PSCs is far behind their rigid counterparts. 
The highest PCE of flexible PSCs so far is 18.4% from a cell 
with a small area of 0.052 cm2.[2] Meanwhile, large-area flexible 
perovskite solar modules have been rarely reported. The best 
flexible perovskite solar module has an efficiency of 15.22% 
with an aperture area of 16.07 cm2,[3] which is lower than rigid 
perovskite solar modules.

There are more challenges in developing highly efficient flex-
ible perovskite solar module compared to those made on rigid sub-
strates which come from the commonly used polymer substrates 
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approaches 16.0% for the first time and is comparable to those 
made on rigid substrates.

Perovskite films were deposited by gas-assisted blade coating 
at room temperature in the ambient environment. We inten-
tionally choose room temperature deposition in ambient 
condition, because this represents realistic manufacturing con-
ditions, which however is much more challenging to do than 
in glovebox and at elevated temperature. This study leverages 
a recently developed precursor ink formulation as well as the 
N2-knife-assisted fast blading process that enables room-tem-
perature high-speed blading.[15] The coating process is illus-
trated in Figure 1a. The precursor solution of MAPbI3 dissolved 
in 2-methoxyethanol (2-ME) was injected into the gap between 
the blade and substrate. The solvent of 2-ME was chosen due 
to its relatively low boiling point of 124 °C and high vapor 
pressure of 823 Pa at 20 °C, allowing fast removal of the sol-
vent by gas flowing at room temperature.[16] Moving the blade 
spreads the film across the substrate; an air knife moving with 
blade simultaneously blows N2 gas on the as-coated wet film 
to remove the solvent, inducing crystallization. In real pro-
duction, fast processing requires the coating always operates 
in the Landau–Levich regime where a wet film forms after 
the blade moves away.[17,18] We tuned the coating speed to the 
Landau–Levich regime and found that operating between 20 
and 100 mm s−1 can create continuous and compact perovskite 
films on the rigid glass substrates, as shown in Figure S2 (Sup-
porting Information).

However, when we followed the same procedure to coat 
perovskites on Willow Glass, the film coverage is much worse, 
despite that, the film surface still looks smooth and continuous, 
containing voids at the interface of perovskites and ITO/glass, 
as shown in the cross-section scanning electron microscopy 

(SEM) image in Figure 1d. These void areas reduce the device 
working area and thus reduce module efficiency. Meanwhile, 
the perovskite surface shows a relatively large roughness with a 
root mean square (RMS) of 24.2 nm extracted from the atomic 
force microscope (AFM), as shown in Figure S3a (Supporting 
Information). In addition, the X-ray diffraction (XRD) peak 
at 12.7° (Figure 1f) of perovskite film reveals the presence of 
PbI2. The formation of PbI2 could be induced by the annealing 
process in the ambient atmosphere, where moisture in air 
degraded the surface layer of perovskite films. By contrast, 
when 6 × 10−3 m of NH4Cl was added into the perovskite pre-
cursor solution, the as-coated perovskite films become compact 
without voids (Figure 1e). The surface gets smoother as well 
with the RMS roughness reduced to 12.5 nm (Figure S3b, Sup-
porting Information). Moreover, the XRD pattern of films with 
NH4Cl (Figure 1f) shows no PbI2 peaks and the sharper perov-
skite peaks, indicating better crystallinity. It is well known that 
films with larger grain size (Figure 1b,c) and better crystallinity 
are more resistance to moisture,[19] thus reducing the degrada-
tion rate during annealing.

To investigate how the NH4Cl improves the film quality, we 
monitored the film drying process by a homemade microscopy 
optical system. The system captured the light transmitted through 
the films (Transmission mode) or scattered light from the top 
surface (Reflection mode) with a frame rate of 54 frames s−1.  
To clearly show the drying process, the solvent was substituted 
by dimethylformamide, which has a higher boiling point and 
smaller vapor pressure, to slow down the solvent evaporation. 
Also, the concentration of NH4Cl in precursor solution was 
raised to 0.3 m to amplify the influence. As shown in Figure 2a, 
the wet film without NH4Cl quickly grew more than 100 µm−2 
nuclei and turned to dark in 1 s. And, the film remained dark 
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Figure 1. Blade coat perovskite films on ITO-coated Willow Glass with NH4Cl to improve film morphology and crystallization. a) Schematic illustra-
tion of gas-assisted blade coating of perovskite films on ITO–Willow Glass. b,c) Surface SEM images of the blade-coated films without NH4Cl (b) and 
with NH4Cl (c). d,e) Cross-section SEM images of the blade-coated films without NH4Cl (d) and with NH4Cl (e). f) XRD patterns of films with and 
without NH4Cl.
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afterward, indicating the nucleation almost completed in the 
first second. By contrast, when NH4Cl was added in the solu-
tion, only several microparticles evolved from the whole area in 
0.5 s and grew to around 1 µm−2 nucleus in 1 s. The nuclei grew 
slowly and lasted until the film ultimately turned to black in 
3 s. The sluggish transformation process suggests suppressed 
nucleation of intermediate phase by NH4Cl (Figure 2b). This is 
attributed to the enhanced solubility of perovskite in the solvent 
with NH4Cl. Figure 2c and Figure S4 (Supporting Information) 
demonstrate direct evidence that NH4Cl makes the solution 
more soluble to the perovskite. In Figure 2c, a thoroughly dis-
solved solution of 2.5 m MAPbI3 in 2-ME (Figure 2c(I)) was 
blowing under N2 gas to remove part of the solvent and form 
a supersaturated solution with black perovskite clusters, as 
shown in Figure 2c(II). Then, 5 mg mL−1 NH4Cl powder was 
added in the as-prepared supersaturated solution while stirring 

under room temperature. The solution quickly turned to 
clear again, and the clusters were dissolved entirely in 1 min 
(Figure 2c(IIIs)), indicating the NH4Cl enhanced the solubility 
of the solution to dissolve the precipitated perovskite clusters. 
The solubility enhancement can be attributed to the chemical 
interactions between NH4

+ and PbI2 in precursor solution, in 
which NH4

+ is more favorable to form hydrogen bonds with 
IPbI. This is further confirmed by the 1H NMR measure-
ment on neat NH4Cl and NH4Cl–PbI2 mixture in methanol-
D4 (Figure S5, Supporting Information). The neat NH4Cl only 
shows a single sharp peak at 7.42 ppm, which is broadened and 
shifted to higher field in the NH4Cl–PbI2 mixture. The shift 
of peak can be ascribed to that the hydrogen bonds formed 
between NH4

+ and IPbI drag the electrons from N to H 
and the electron density on proton nucleus becomes higher. In 
addition, the broadened peak indicates various intermediates 
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Figure 2. The NH4Cl improves film morphology by retarding the crystallization rate. a,b) In situ microscopy observation of drying process of the  
as-coated perovskite film without NH4Cl (a) and with NH4Cl (b). c) The enhancement of solubility by the presence of NH4Cl. d,e) Schematic illustration 
of the formation of a perovskite capping layer on ITO-coated Willow Glass. The wet film without NH4Cl forms capping layer fast with trapped solvent 
in the valleys (d). The NH4Cl retards the nucleation, enabling nucleation after most solvents evaporated, forming compact film without voids (e).
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formed between NH4
+ and PbI2 via hydrogen bonds that 

weaken the IPbI bonds and thus increase the solubility of 
PbI2 in precursor solution.

The reduced nucleation rate plays a vital role in film for-
mation on the ITO-coated Willow Glass. The AFM results in 
Figure S6 (Supporting Information) show that the peak–valley 
height of ITO on Willow Glass reaches up to 70 nm, which is 
much larger than that (≈15 nm) on rigid glass. The large dif-
ference of roughness comes from the existence of the thin 
buffer layer between the rigid glass and the deposited ITO. It is 
common to deposit a buffer layer such as SiO2 underneath ITO 
to prevent the diffusion of alkali ions in the soda–lime glass 
from poisoning the ITO. The buffer layer also makes ITO sput-
tered on it to be smoother.[20,21] On the contrary, Willow Glass 
is made by alkali-free borosilicate,[14] making the buffer layer 
unnecessary for transparent conductive substrates. In addi-
tion, alkali ions are not shown to be an issue for perovskite 
solar cells. As a matter of fact, they are frequently shown to 
benefit the perovskite materials in passivating the defects.[22,23] 
However, the rough ITO hindered the deposition of dense 
perovskite films by trapping solvents in the valleys on the ITO 
surface and slowing down the solvent evaporation. Since the 
drying gas quickly blew away solvents from the surface of the 
as-coated wet films, perovskites tended to grow from the top to 
bottom and formed a capping layer before the remnant solvent 
at the valley escaped (Figure 2d). The escaping of trapped sol-
vents eventually forms voids, as shown in Figure 1d. Thus, an 
effective way to prevent the void formation is to remove the sol-
vent before the solid capping layer entirely covers the surface or 
avoid the solid capping layer formation. Slowed down solidifica-
tion by NH4Cl by suppressing nucleation allows most solvent, 
including that in the valleys, to have sufficient time to escape. 
We do not see obvious formation of a solid capping layer, since 
the whole layer dried uniformly. As a result, a dense solid layer 
formed on ITO without voids (Figures 1e and 2e). Similarly, in 
Figure 2a, a capping layer quickly formed so that the regions 
with remnant solvent remaining underneath shows red color at 
3 s. On the contrary, a dense film with dark color formed at 3 s 
by adding NH4Cl.

The small-area single cells and large-area module were fab-
ricated on flexible substrates. The device structure was MgF2/
Willow Glass/ITO/poly(bis(4-phenyl)(2,4,6-trimethylphenyl)
amine (PTAA)/MAPbI3/fullerene (C60)/bathocuproine (BCP)/
copper (Figure 3a). ITO was deposited by magnetron sputtering 
which has been optimized for flexible Willow Glass. Details 
about ITO deposition on the Willow Glass can be found in the 
Experimental Section. A thin layer of MgF2 (100 nm) was depos-
ited onto glass to reduce reflection of light. The performance 
of small-area single cells and large-area modules is shown in 
Figure 3c,d and Table 1. The champion cell with NH4Cl exhibits 
PCE of 19.72% from reverse scan and 19.29% on forward scan, 
while that without NH4Cl only had PCE of 16.57% and 16.14% 
on reverse and forward scans, respectively. This is the highest 
reported PCE of flexible perovskite solar cells.[24] Such efficiency 
is very close to that of 20.10% on rigid substrate by the same 
fabrication process (Figure S7, Supporting Information). The 
comparable efficiencies attribute to the similar transparency and 
conductivity of the ITO electrodes, as well as the high-quality 
compact perovskite films on both the substrates. The device 

with NH4Cl also has higher external quantum efficiency (EQE) 
at most wavelengths (Figure S8, Supporting Information) which 
may be due to better perovskite–hole transport layer contact 
which facilitates carrier transport. A fabricated large-area module 
is shown in Figure 3b made by scalable blade coating, where 12 
subcells are connected in series. The geometric fill factor (FF) 
is 92%, as illustrated in Figure S9 (Supporting Information). A 
champion module with an aperture area (i.e., including dead 
area) of 42.9 cm2 achieved PCE of 15.86% under reverse scan 
with little hysteresis. The efficiency distribution of 15 flexible 
modules is shown in Figure S10 (Supporting Information), 
giving an average PCE of 14.34%. As shown in Figure 3e, the 
photocurrent of the champion module stabilized within seconds, 
yielding a stabilized PCE of 15.62%. The average VOC of each 
subcell is 1.095 V, the same as a single cell, indicating good uni-
formity of the films over a large area. The JSC of 19.71 mA cm−2 
was calculated from the aperture area of each subcell. The 
reduced FF of 73.5% compared to small cells (79.1%) can be 
ascribed to the larger series resistance due to the longer paths 
that the carriers transport through the ITO and copper elec-
trodes or the nonuniformity of the devices. Figure 3f summa-
rizes the performance of recently reported flexible perovskite 
modules versus their device area, showing this is the largest and 
most efficient flexible perovskite module reported so far.

To unveil the additional functions of the NH4Cl, further 
characterization was performed. First, the leakage current den-
sity of the flexible cells reduced by over an order of magnitude 
by adding NH4Cl (Figure 4a), which is mainly due to the forma-
tion of dense perovskite films without voids. The smaller dark 
current density agrees with the improvement of the fill factor 
of the flexible cells (Figure 3c and Table 1). To study the charge 
carrier recombination dynamics, time-resolved photolumines-
cence (TRPL) was measured. The photoluminescence (PL) tran-
sient curves for the films with and without NH4Cl showed a 
biexponential decay. The additive molecule reduces the decay 
of the fast process and increases the slow process from 130 to 
217 ns (Figure 4b), which can be attributed to reduced non-
radiative recombination losses in the MAPbI3–NH4Cl film. 
Moreover, steady-state PL measurements (Figure 4c) showed 
a notable enhancement of the PL intensity in the film using 
the NH4Cl additive, as well as a small blueshifted peak position, 
indicating less trap states. The trap density of states (tDOS, 
Figure 4d) measured by thermal admittance spectroscopy (TAS) 
gives the same conclusion. The previous works established that 
the shallower traps states (below 0.50 eV) are attributed to those 
traps along grain boundaries, while the deeper traps states 
(above 0.50 eV) correspond to surface traps.[26,27] The reduction 
of shallower trap density is mainly attributed to the enlarge-
ment of the grain size by NH4Cl (Figure 1c), which reduced the 
total area of grain boundaries. NH4Cl treatment did not have 
obvious impact on very deep traps, indicating that the surfaces 
were not strongly impacted.

In summary, we demonstrate for the first time a large-area 
flexible perovskite module on Corning Willow Glass with effi-
ciency approaching 16%. The features of Willow Glass enable 
the manufacture of a high transparency, low sheet resistance, 
flexible conductive substrate. The large-area, high-quality 
perovskite films were realized by a scalable blade coating 
strategy. NH4Cl additive was shown to effectively form compact 
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perovskite films and passivate defects. The blade coating and 
flexible Willow Glass used here are fully compatible with the 
high throughput roll-to-roll process. Also, Willow Glass acts as 
a moisture barrier, saving an encapsulation procedure and low-
ering the production cost. Taken together, our results provide a 
new opportunity for the mass production of the low-cost, light-
weight, and high-efficiency flexible perovskite solar panels.

Experimental Section
Materials: Unless stated otherwise, all materials and solvents were 

purchased from Sigma-Aldrich. MAI was purchased from GreatCell 
Solar. All chemicals were used as received without further purification. 
Methylammonium hypophosphite was synthesized according to our 
previous publication.[28] Corning Willow Glass (thickness: 100 µm) substrates 
were received from Corning Research & Development Corporation.
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Figure 3. Performance of flexible perovskite small-area cells and large-area modules. a) Schematic illustration of the flexible perovskite device structure. 
b) Photograph of a flexible perovskite module. c) J–V curve of small-area flexible perovskite cells with and without NH4Cl in the precursor solution.  
d) I–V curve of the champion flexible perovskite modules with NH4Cl in the precursor solution. e) Steady-state measurement of the current and PCE 
of the champion flexible perovskite solar module. f) Power conversion efficiencies of flexible perovskite modules as a function of module area from 
this work and other reports.[3,25]
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Transparent Conductive Flexible Substrate Fabrication: The Willow 
Glass substrates were cleaned by ultrasonication with deionized (DI) 
water, acetone, and isopropanol sequentially. The ITO was sputtered in 
a Lesker Sputter system (PRO Line PVD 75) with low power of 100 W 
(radio frequency (RF) mode) under a 3 mTorr mixed gas of Ar and O2. 
The substrate was heated to 270 °C during sputtering to increase the 
crystallinity of ITO film. The thickness of ITO layer was 130 nm.

The ITO was etched in a cleanroom to make patterns for small 
devices and modules. The ITO/Willow Glass was first spin-coated with 
an adhesive primer (MCC Primer 80/20, MicroChem) and positive 
photoresist (MICROPOSIT S1813, MicroChem) at 3000 rpm for 
40 s sequentially. The coated substrates were soft baked at 115 °C on 
a hot plate for 1 min. After UV exposure 10 s through a photomask, 
the substrate was immersed and wobbled in a photoresist developer 
(MICROPOSIT, MF-319, MicroChem) for 1 min. Then, it was washed 
by DI water and dried by N2 gas gun. The substrate with patterned 
photoresist was immersed in acid solution (H2O:HCl:HNO3 = 50:50:3) 

for 5 min to etch the ITO area not covered by photoresist. The etching 
solution was heated to 65 °C to accelerate the etching rate. The etched 
substrate was washed by Na2CO3 solution (0.1 g L−1) and DI water. 
The dried substrate was exposed to UV light for another 10 s without 
photomask, then removed the whole photoresist layer by immersing in 
developer again. Then, it was washed and dried to finish the patterned 
process.

Device Fabrication: The fabrication was conducted under temperature 
between 20 and 22 °C and with a relative humidity between 30% 
and 50%. The patterned flexible ITO substrate was cleaned by 
ultrasonication with deionized water, acetone, and isopropanol 
sequentially. The dried substrate was then subjected to UV-ozone 
treatment for 15 min. 3.3 mg mL−1 PTAA dissolved in toluene was 
blade-coated on the substrate at 20 mm s−1 with a 150 µm coating 
gap. The holes on the blade stage were keeping a vacuum to hold the 
flexible substrate during coating. Then, the perovskite layer was blade-
coated under air knife blowing in the ambient environment. Specifically,  
l-α-phosphatidylcholine and methylammonium hypophosphite were added 
into ≈1.45 m MAPbI3/2-ME solution in a concentration of ≈0.3 mg mL−1  
and ≈0.15 vol%, respectively. For optimized films, 6 × 10−3 m NH4Cl was 
added in the precursor solution. The gap between blade and substrate 
was 250 µm. The flowing gas pressure was 20.0 psi. The blade and air 
knife moving speed was 20 mm s−1. The as-coated film was transferred 
to hot plate annealing at 95 °C for 10 min. The film then was thermally 
evaporated with 30 nm C60 and 6 nm BCP. For the flexible module, P2 was 
cut using laser scribing strategy. Then, the scribed film was evaporated 
with 150 nm copper electrode. The flexible module was scribed P3 
to complete the series connection. The devices were evaporated 
100 nm MgF2 on the back of the flexible Willow Glass before test.

Characterizations: The in situ optical images of film drying were 
captured by a home-made optical system which included a fast 
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Figure 4. Characterizations of the films and devices. a) Dark current densities of small-area flexible perovskite devices with and without NH4Cl. 
b,c) TRPL transients (b) and PL (c) spectra of perovskite films with and without NH4Cl. d) Trap density of states (tDOS) obtained from thermal admit-
tance spectroscopy (TAS) measurement of small-area flexible perovskite devices with or without NH4Cl.

Table 1. Photovoltaic parameters of the flexible perovskite small-area 
cells and large-area modules.

VOC [V] JSC [mA cm−2] FF [%] η [%]

MAPbI3 (Reverse) 1.083 21.49 71.2 16.57

MAPbI3 (Forward) 1.086 21.95 67.7 16.14

MAPbI3–NH4Cl (Reverse) 1.092 22.83 79.1 19.72

MAPbI3–NH4Cl (Forward) 1.090 22.66 78.1 19.29

Flexible module (Reverse) 13.142 19.71 73.5 15.86

Flexible module (Forward) 12.995 19.61 72.8 15.45
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microscope camera with a frame rate of 54 frames s−1. SEM images 
were taken on FEI Helios 600 Nanolab Dual Beam System. The AFM 
images were scanned from an Asylum Research MFP3D Atomic Force 
Microscope. The current–voltage measurements were recorded with 
a Keithley 2400 Source-Meter under simulated AM 1.5G irradiation 
produced by a Xenon lamp–based solar simulator (Oriel Sol3A, Class 
AAA Solar Simulator). The light intensity was calibrated using a silicon 
reference cell with a KG5 glass filter (Newport 91150 V). The scan rate 
was 0.1 V s−1. The dark current density of devices was recorded on the 
same Keithley 2400 Source Meter in dark room. The devices were covered 
with a black box. EQE was obtained by a Newport QE measurement kit 
which focused a monochromatic beam onto the working area of the 
device. The XRD patterns were performed on a Rigaku MiniFlex X-ray 
diffractometer. Steady-state PL spectra were measured with a Horiba 
iHR320 imaging spectrometer. A 532 nm green laser (Laserglow 
Technologies) with an intensity of 100 mW cm−2 was used as the 
excitation source. TRPL was obtained using a DeltaPro time-correlated 
single photon counting (TCSPC) filter fluorometer with a pulsed laser 
source at 406 nm (Horiba NanoLED 402-LH; pulse width below 200 ps, 
20 pJ per pulse, ≈1 mm2 spot size), and the signal was recorded using 
TCSPC. The 1H NMR spectra were recorded on a Bruker NEO 400 MHZ 
NMR spectrometer. Chemical shifts were reported in parts per million 
(ppm, δ). 1H NMR spectra were referenced to tetramethylsilane (0 ppm) 
for methanol-D4.
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