Giant Humidity Effect on Hybrid Halide Perovskite Micro-
Stripes: Reversibility and Sensing Mechanism

Md Azimul HaqueT, Ahad Syedt, Faheem Hassan Akhtar®, Rahul Shevate®, Simrjit Singhi, Klaus-
Viktor Peinemann®, Derya Baran', Tom Wu**

"KAUST Solar Center (KSC), LCore Labs, *Advanced Membranes and Porous Materials Center.
Physical Science and Engineering Division, King Abdullah University of Science and
Technology (KAUST), Thuwal 23955-6900, Saudi Arabia. School of Materials Science and
Engineering, University of New South Wales, Sydney, NSW 2052, Australia

Corresponding author: tom.wu@unsw.edu.au
KEYWORDS: hybrid perovskite, humidity, lithography, patterns, sensor
ABSTRACT

Despite the exceptional performance of hybrid perovskites in photovoltaics, their susceptibility to
ambient factors, particularly humidity, gives rise to the well-recognized stability issue. In the
present work, micro-stripes of CH3;NH3;Pbl; are fabricated on flexible substrates, and they
exhibit much larger response to relative humidity (RH) levels than continuous films and single
crystals. The resistance of micro-stripes decreases by four orders of magnitude on changing the
RH level from 10% to 95%. Fast response and recovery time of 100 ms and 500 ms, respectively,
are recorded. Because bulk diffusion and defect trapping are much slower process, our result
indicates a surface-dictated mechanism related to hydrate formation and electron donation. In
addition, water uptake behavior of perovskites is studied for the first time, which correlates well
with the resistance decrease of the CH3NH3Pbl; micro-stripes. Furthermore, we report that the
photoresponse decreases with increasing humidity, and at the 85% RH level, the perovskite
device is not photoresponsive anymore. Our work underscores patterned structures as a new
platform to investigate the interaction of hybrid perovskites with ambient factors and reveals the

importance of humidity effect on optoelectronic performance.



INTRODUCTION

The exponential rise of hybrid perovskites as multifunctional materials has attracted
significant attention from the research community. High-performance solar cells, photodetectors,
lasers, LEDs, phototransistors have been extensively pursued.'® In addition, interesting physical
phenomena have been reported for hybrid perovskites such as ferroelectricity,’ photorestriction,8
resistive switching,9 and optical cooling.m For practical applications and mass fabrication of
hybrid halide perovskite-based electronic devices, it is imperative to develop industry scalable,
facile micro-fabrication techniques. Standard lithographic techniques of micro-pattering cannot
be applied to hybrid perovskites due to their incompatibility with the solvents used in the
process. To overcome this issue, several alternative methods such as imprint lithography, spin-on
pattering, templating, geometrical confinement, and wettability-assisted photolithography have
been developed.'™ Although these alternative methods were successful in producing micro-
patterns, the deviation from standard lithography technique restricts their applications.

Another obstacle in the progress of hybrid perovskites is their instability under humid
conditions. The interaction of moisture with perovskite is a double-edge sword, which on one
hand can lead to acute degradation of perovskites.16 On the other hand, a meticulous amount of
moisture has a positive effect on the photovoltaic performance.'” Thus, it is crucial to understand
the humidity effect in order to develop robust perovskite devices. Particularly, how humidity

affects the physical and optoelectronic properties of scaled-down hybrid perovskite

micropatterns remains an open question.

In the present work, we fabricated hybrid perovskite micro-stripes on flexible substrates using
a facile two-step patterning approach based on optical lithography and dip coating. The effect of

moisture on the transport properties of these perovskite micro-patterns was studied in a wide



humidity range. As a chemiresistive sensor, the resistance of perovskite micro-stripes decreases
by four orders of magnitude with unprecedented fast response and recovery time. Furthermore,
the photoresponse of the micro-patterned perovskite decreases with increasing humidity and
finally becomes unresponsive to light at 85% RH. These results on micropatterns usher in a new

perspective on the humidity effect on the physical properties of hybrid perovskites.

EXPERIMENTAL SECTION

Materials: Pbl, (99.9985%) was purchased from Alfa-Aesar and CH3NH;I from Dyesol. All
other materials were purchased from Sigma-Aldrich and were used as received unless otherwise
stated.

Perovskite patterns, film, and Single crystal growth: For perovskite pattering, 1M Pbl, was
dissolved in DMSO and spin coated on ITO coated PET substrates at 5000 rpm. After spin
coating, Pbl, coated substrates were annealed at 80 °C for 10 minutes. Pbl, coated substrates
were spin coated with ECI 3027 photoresist. The spin coating process had 3 steps with
parameters; step 1 (700 rpm, 1000 rpm ramp, 3s), step 2 (1200 rpm, 1500 rpm ramp, 3s), step 3
(1750 rpm, 3000 rpm ramp, 30s) resulting in a thickness of ~4 pm. Prebaking of the coated resist
was for 60s at 100 °C. The resist coated samples were exposed to 200 mJ/cm* UV dose using
EVG6200 contact aligner. The exposed samples were then developed in AZ726 developer for
60s after which they were rinsed in DI water for 60 s to stop the development process. Finally,
the samples were blown dry using nitrogen. For removing the photoresist, the developed samples
were washed with acetone and dried with N,. To convert patterned Pbl, to perovskite, the
substrates were dipped in isopropanol containing 10 mg/ml CH3NH;sI inside a glove box. Then
the films were washed with isopropanol to remove excess CH3NHsl. The converted perovskite

was heated on a hot plate for 10 minutes at 100 °C. CH3;NH;3Pbl; single crystals were synthesized



as per a previous report.18 Briefly, 0.9M solution of Pbl, and CH3;NHj3l in y-Butyrolactone in a
vial was prepared and mixed at 80 °C. Once a clear solution was obtained, the vial was
transferred to an oil bath in air. The temperature of the oil bath was increased slowly till 180 °C
around which the crystals start to appear. Crystals with 3-5 mm in size were then removed from
the hot solution and dried under dry N,. CH;NH;PbBr; single crystals were grown according to a
previous report."

Material characterization: Scanning electron microscopy (SEM) images were obtained using
FEI Nova Nano. XRD Patterns were obtained from Bruker D8 Advance Diffractometer. FTIR
spectra were recorded using Thermo Scientific ATR-FTIR spectrometer.

Sensor measurement: For preparing chemiresistive sensors, perovskite patterns were fabricated
on ITO-coated PET substrates. Channel length and width of the sensors are 500 and 5000 pm,
respectively. In case of single crystal devices, gold electrodes were deposited using a shadow
mask. The schematic architectures for the micro-stripes, film, and single crystal devices are
shown in Figure S1. To benchmark the performance of perovskite micro-stripes, a commercial
humidity sensor (KTJ) was used. A custom-made set up was used for humidity testing.
Controlled level of humidity was introduced into the testing chamber by a humidity generator
(InstruQuest, HumiSys) using N, as the carrier gas. For compact perovskite film devices, similar
procedure was followed. All measurements were done in dark unless mentioned otherwise. For
measurements under light, a small LED lamp with 10 mW/cm?” was used to illuminate the sample
through a window in the measurement chamber. The sensor was connected to a semiconductor
analyzer (Keithley 4200) for data acquisition. Then the sensor response at desired humidity

levels was measured by recording current-voltage characteristics of the sensor. For the



desorption process, humidity was decreased from 95% to 10% RH in steps by introducing dry N,
in a controlled manner.

Water sorption measurement: Water vapor sorption experiments for the perovskite powder
were conducted at 25 °C using a gravimetric sorption balance method on VTI-SA sorption
analyzer from TA Instruments, USA. Once the mass uptake reached equilibrium for a given
activity, the system proceeded to the next programmed step for activity. Equilibrium was
considered when the mass uptake reached below a threshold limit (0.001% mass change in 120
min) over a specified time interval. The sample was dried inside the sorption analyzer chamber at
60 °C for 2h prior to the measurements to achieve a constant weight. Perovskite powder was

obtained by grinding the single crystals using mortar and pestle.

RESULTS AND DISCUSSION

The method of micro-patterning hybrid perovskites is illustrated in Figure 1a. In the first step,
lead iodide (Pbl,) in DMSO was spin coated on ITO coated PET substrates. Compact Pbl, films
were produced, as observed in the scanning electron microscope (SEM) image (Figure 1b).
Afterwards, a photoresist was coated on the Pbl, layer, and micro-stripes were produced using
the standard photolithography process. In the second step, substrates with the Pbl, patterns were
dipped into the solution of methylammonium iodide, (MAI) in isopropanol (IPA), which
instantaneously turned the color of patterns from yellow to dark brown indicating the formation
of methylammonium lead iodide.

Figure 1c-d shows the SEM images of the methylammonium lead iodide (CH3;NH;3PbIs)
micro-stripes with widths of 5 and 50 um, respectively. The magnified SEM image in Figure 1le
shows the polycrystalline surface of the stripes. The present technique allows scalability up to

centimeter scales (Figure S2), which may be potentially applied to the fabrication of multiplexed



optoelectronic devices. In addition, such patterned perovskites can serve as a viable approach to
achieving semitransparent devices such as window-mounted photovoltaic systems.20 There was
no change in the quality of the Pbl, after the development process (Figure 1f) as evidenced from
the X-ray diffraction (XRD) data. The XRD pattern for the converted CH3;NH3Pbl; stripes is

shown in Figure 1g.

W
Exposure & CH3NH;l Treatment
Development

I CH.NH,PbI,

Glass/PET Pbl,

300 jm

ol After development| g | 2
= =
S | 003 202 S ﬁ
> >
2 — Pristine| 2
2 2
=
£ S g 2

; /I & §

— e e,
10 20 30 40 50 60 10 20 30 40 50 60
20 (deg) 20 (deg)

Figure 1. (a) Schematic process overview of the photolithography assisted pattering of
CH;NH;3PbI;.SEM images of (b) Spin-coated Pbl,and CH3NH;Pblzmicro-stripes with widths of
(¢)5um and (d) 50 um. (e) Surface of the CH3:NH;PbIzmicro-stripes. (f) XRD patterns of pristine
and developed Pbl, films, exhibiting no change. (g) XRD pattern of the converted CH3;NH;Pbl;
micro-stripes.



To investigate the moisture effect on the perovskite micro-stripes, flexible two-terminal
planar chemiresistive sensors were fabricated. As schematically shown in the inset of Figure 2a,
stripes with a width of 5 pm were fabricated on ITO-coated PET substrates. A custom designed
set up was used to carry out the sensor testing under different RH levels (Figure S3). Nitrogen
(N2) was employed as the carrier gas and for purging the chamber. The sensor response
(resistance change) was monitored in real time by recording the current-voltage (I-V)
characteristics. As shown in Figure 2a-b, the resistance of the CH3;NHsPbl; stripe sensor
decreases with increasing humidity levels (10%-95%). There is an abrupt increase of current
when the humidity increases from 75% to 85% RH (Figure 2b), which indicates enhanced
moisture adsorption in this humidity range, as discussed in the later section. The resistance at
95% RH is four orders of magnitude lower than that at 10% RH (Figure S4), which reveals a
giant moisture-induced effect on the transport property of perovskite micro-stripes. The sensor
was also exposed to multiple cycles of humidity between 10% and 75% and showed excellent
stability and reproducibility of the device (Figure 2c).

The sensor response to humidity exposure is determined from the negative change in
conductance [-AG/Gy (%) = (Iy— I)/Ip x 100%], where Iy is initial current which in the present
case is taken as the value at 10 % RH and I is the current measured at different RH levels.”' The
relative change in the conductance taking the current values at a potential bias of 2V is plotted in
Figure 2d. The sensitivity increases with increasing humidity levels (30%-95%) reaching a value
> 10° for 95% RH. Furthermore, a very fast hydration and dehydration process is witnessed in
the adsorption and desorption measurements which showed almost no change in the sensing
response during both the processes. Interestingly, the performance of the present sensor towards

humidity is on par with some porous polymers.”* Leveraging the flexible nature of the sensor, it



was subjected to different bending radius and bending cycles which produced a negligible

change in the performance (Figure S5).
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Figure 2. (a) I-V characteristics of the perovskite micro-stripe as a function of RH in linear scale.
(b) Logarithmic representation of the I-V data. (¢) Multiple cycles of humidity switching
between 10% and 75%. (d) Response as a function of RH levels and reversible adsorption-
desorption behavior. (e) Comparison of the sensor response as a function of RH levels for
perovskite micro-stripe, film, single crystal and commercial humidity sensor. (f) Water sorption
behavior of hybrid perovskites at 25 °C. (g) Change in the device resistance as a function of RH
levels in dark and light. (h) Transient response at 95% RH for perovskite micro-stripes.

The performance of the perovskite micro-stripe based humidity sensor is further compared
with sensors based on compact perovskite films, single crystals, and commercial humidity
sensor. For compact perovskite film, ~2.5 order of magnitude change in the resistance was

observed, whereas in the case of single crystals less than five-time change in the resistance was



observed, implying the stronger role played by the surface area and grain boundaries in these
devices (Figure S6). The lower performance of the single crystals can be due to the absence of
grain boundaries as primary perturbation occurs at the grain boundaries in the presence of

humidity and the much smaller total surface area.”> **

The sensor response at different humidity
levels for perovskite stripes, films, single crystal, and commercial humidity sensor is shown in
Figure 2e. The order of response to humidity was stripes > film > single crystal. It is interesting
to note that the perovskite stripe based sensor performs on par with the commercial one at higher
humidity levels.

To gain further insights into the resistance change mechanism with increasing humidity, we
performed water sorption measurements. To the best of knowledge, this is the first time that
water sorption measurements on hybrid perovskites are accomplished, providing insights into
their water uptake behavior. The water sorption measurements were performed on perovskite
powder (more details in the experimental section) as the weight change of perovskite films and
micro-stripes is too small to achieve reliable measurement. The water uptake clearly (Figure 2f)
correlates with systematic decrease of resistance under different humidity levels. There is a steep
increase in the water uptake after 80% RH, which is consistent with the jump in the device
current at the same RH level (Figure 2a).

It has been reported that light can aid the degradation process of perovskite under humid
conditions.” To understand the effect of illumination on perovskite-humidity interaction, we
monitored the sensor resistance under illumination (10 mW/cm?) at different humidity levels.
The photoconductivity of perovskite micro-stripes decreased significantly with increasing

humidity levels (Figure 2h) and at RH levels > 85%, the photo activity was completely lost

(Figure S7). The photo inactivity at very high humidity levels can be attributed to accelerated



recombination of photogenerated carriers.” Within the present experimental conditions, to obtain

best optoelectronic performance, perovskite devices should be encapsulated or operated at

humidity levels lower than 33% RH.

Table 1. Summary of humidity sensors based on various functional materials.

Response

Recovery Time

RH range

S.N. Material Time (s) s) (%) Ref.
1. Porous TiO» 5 8 11-95 =0
p. | LiCldoped TiO, <3 <7 11-95 7

nanofiber
3. Zn0 nanocrystals 50 6 5-85 =
TiO; incorporated
4. sulfonated <2 20 33-95 9
polystyrene
Nanoporous
5. | polymeric photonic 1.5 20-30 20-100 30
crystals
6. | CdS nanoparticles 60 30 17-85 !
7. | CuO/ZnO nanocorals 6 7 32-96 32
Au nanorod
8. embedded polymer - 0.11 30-71 33
nanofibers
9 Sulfonated block 5 5 20-95 34
copolymers
10. |  ALO;nanotubes 10 20 11-95 »
1. |  Polaniline 8 6 1198 &
nanofibers
1.  Sulfonated <30 300 11-90 i
polystyrene
13. | Na-ZnO nanofiber 3 6 11-95 o
Cross-linked
14. polyelectrolyte 175 125 33-94 3
derivatives
15.|  Sulfonated 70 230 30-90 0
polyimides
Isoporous SWCNT- 2
16| pS_p-PAVP films 0.3 -4 10-95
17. SnO, nanowire 120 20 30-85 4
18. | SrTiO; nanospheres 2 2 11-95 i
19. PANI/CaTiO; 500 453 15-95 =
2. | CHNHSPDI, 0.1 05 10-95 | Present
stripes work

10




A response time (for the signal to increase from 10% to 90%) and recovery time (for the
signal to decrease from 90% to 10%) of 100 ms and 500 ms, respectively, were recorded for the
perovskite sensor (Figure 2g). The physically absorbed water molecules are loosely bound to the
surface and can be quickly removed when the humidity level decreases or dry N, is passed over
the sample, as evident from the quick recovery time.** The response speed of the present
humidity sensor is one of the best among the reports in literature to date (Table 1). In addition,
the overall performance of the present perovskite micro-stripe sensor is superior to previously
reported hybrid perovskite-based humidity sensors (Table 2). The high sensitivity of perovskite
micro-stripes to humidity and the fast response speed underscore their potential for sensor
applications.

In this study, we observed reversible operation of the devices when exposed to different
humidity levels as long as the exposure duration is short enough. Devices exhibited stable
performance for multiple cycles of humidity switching (Figure 3). It should be noted that N, was
used as the carrier gas as well as for purging in this study. It was recently reported that due to
high diffusivity, N> molecules interact with the molecular structure of the hybrid perovskite and
obstructs the desorption of volatile species in the presence of moisture.*> The role of N; in
improving the stability of perovskites under humid conditions will be discussed later.

Table 2. Summary of humidity sensors based on hybrid perovskite.

Order of Response | Recover RH
Material Method | Resistance | ~o°P OVETY | range | Ref.
Time (s) | Time (s)
change (%)
CH3NH;PbI;Cly LV 0.4 i 74 3297 | *
Film
CH3;NH;3Pbl;-(Cl, -V 3 24 - 30-90 i
Nanosheet array
CH%I\II:E:: o Fluorescence - 250 30-70 7-98 48
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CH;NH;PbI; Present
Stripes I-v 4 0.1 0.5 10-95 work

Recently, it is reported that hybrid perovskites can act as oxygen (O;) sensors by a trap
healing mechanism,* which contradicts with one previous study.46 To investigate the effect of
oxygen, we exposed the perovskite stripes and single crystals to oxygen and found no significant
change in the device resistance (Figure S8). Due to the dissimilar quality of perovskite films by
various methods, there is a possibility of different electronic defects and charge transport

characteristics, which might explain the contrasting results reported in different studies.
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Figure 3. Sensor response to multiple cycles of humidity switching.

The mechanism for enhanced conductivity of perovskites with increasing humidity levels is
quite complex in nature. There is an interplay between sample morphology and water-perovskite
interaction in determining the conductivity. The enhanced conductivity of the perovskite sensor
is related to surface mechanisms as supported by the short dehumidification time. As discussed
earlier, grain boundaries play a vital role, which is also clear from the observation that single
crystals show minimal enhancement in conductivity compared to stripes and films.” Further, it is

suggested that the water molecules act as strong n-type dopant, enhancing the conductivity by
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donating electrons to the perovskite.25’51 According to recent reports, water molecules on
perovskite surface interact electrostatically and fill deep charge carrier traps as well.Z*!"? The
majority carrier type in hybrid perovskites strongly depends on growth conditions.”
Furthermore, while CH3;NH3Pbl; exhibits both p-type and n-type conductivity depending on
intrinsic defects, CH3;NH3PbBr; only exhibits unipolar p-type conductivity.5 36 we hypothesize
that the as-synthesized I-based perovskites in the present study are slightly n—doped.51 This is
consistent with the observation that the conductivity of the perovskite monotonically increases
with increasing humidity. For p-type samples, the conductivity is expected to decrease due to
electron donation from water molecules and reduced hole density.5 ” This is similar to the case of
ceramic oxide based humidity sensors where the enhanced conductivity is attributed to electron
donation from water molecules to the oxide surfaces. As a general rule, the sensor conductivity
increases for n-type oxides, while it decreases for p-type ones.”® To prove this hypothesis, we
fabricated a device on CH3NH;3PbBr; single crystal. Its conductivity decreased with increasing
humidity, indicating that CH;NH3PbBr; single crystal is p-type, consistent with our hypothesis
(Figure S9).

A plausible scenario of perovskite-moisture interactions is schematically represented in
Figure 4. Moderate humidity levels or short exposure to high humidity leads to electron transfer
from water molecules to perovskite lattice. However, exposure to high humidity levels for longer
durations leads to degradation of the perovskite via different routes. In general, there are two
main pathways pertaining to CH3NH;3;Pbl; degradation in the presence of humidity. The first
pathway is governed by the catalytic action where water triggers the deprotonation of MA™,
leading to the degradation of perovskites into Pbl, and molecular gases.”” In the second

mechanism, CH3NH3Pbl;-H,O and (CH3;NHj3)4Pbls-2H,0 are formed in the presence of moisture,
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eventually resulting in the degradation of perovskite.45 According to previous reports, hydration
of perovskite (CH3NH3Pbl3-H,O or (CH3NH3)4Pbls-2H,0) is reversible when the humidity level
is moderate or the sample is exposed afterwards to a dry gas such as N2 In particular,
CH;NH3Pbl;'-H,O is known to be metastable and capable of losing the water molecule

spontaneously, transforming back to CH3NH3Pb13.60

PbI2 CH3NH3PbI3 .H20

Figure 4. Illustration of the perovskite-moisture interaction, leading to electron transfer,
hydration, and degradation.

Interestingly, different degradation pathways, rates, and products were identified in prior
studies.®"®’ Again this closely depends on the growth conditions, composition, and quality of the
perovskite sample as well as measurement conditions. To gain an understanding of the effect of
humidity, hydration/regeneration process and degradation pathways of two-step deposited

perovskites, we exposed CH;NH;Pbl; samples to different humidity levels. There was no
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significant color change of CH3;NH3Pbl; for 30-minute exposure to different humidity levels
(Figure 5a). Interestingly, even after exposing CH3;NH3Pbl; to 75% RH for 6 hours, we did not
observe any color change while partial and full discoloration occurred for samples at 85% RH
and 95% RH, respectively (Figure S10). This is consistent with water sorption behavior where

high water uptake was observed after 80% RH.
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Figure 5. (a) Photographs of CH3;NH3Pbl; at various RH levels after exposure for 30 minutes. (b)
XRD patterns following the evolution of the fresh CH3;NH;3Pbl; film to the hydrated perovskite
and then to the nucleation of Pbl, phase. Insets show the corresponding photographs of the
sample.
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We monitored the chemical and structural changes occurring at high humidity by exposing
CH;NH3PbI; to 95% RH for a period of 175 hours (Figure Sb). Photos and XRD spectra were
collected during this period to identify the degradation pathway. All the major XRD peaks
belong to perovskite, but hydrated perovskite and Pbl, appear at the low angles after moisture
exposure. A CH3NH,-incorporated intermediate phase was detected around 11.5° in the XRD
after 30 min exposure whose intensity increased after 1-hour humidity exposure,” and it
disappeared after longer moisture exposure. After 3 hours of exposure, complete hydration of
CH;NH3Pbl; occurred resulting in a colorless film. The XRD pattern of the colorless film
exhibits diffraction peaks around 8.5° and 10.5°, which can be ascribed to formation of
monohydrate perovskite, CH3NH3Pb13-H20.50 On flushing CH3NH;3Pbls-H,O with dry N, for 5
minutes, the colorless film reverted back to black color as a result of CH;NH;3Pbl; regeneration,
which is accompanied by the reappearance of CH3;NH;Pbl; XRD peak. The color of the
regenerated perovskite was not as dark as the fresh sample. Similar effects of regeneration were
observed when hydrated films were flushed with dry air or dry oxygen.

To gain more insight about the hydration and regeneration process, Fourier transform infrared
(FTIR) spectra were recorded for fresh, hydrated and regenerated CH3;NH;3Pbl; films (Figure
6a). The presence of the broad peak around 3500 cm™ in the case of fresh film indicates that
water molecules are readily adsorbed by CH3;NH:Pbl; film upon exposure to ambient
environment. The FTIR spectra of hydrated (CH3;NH;Pbl;-H,0) film exhibits two well-defined
peaks (Figure 6b) in the region 3400-3500 cm™ in contrast to the broad peak as observed in the
case of fresh film. These two peaks are associated with O-H vibrations in isolated water
molecules with relatively strong hydrogen bonding.”” " Additional changes in FTIR spectra of

the hydrated sample can be observed in the regions around 1600 cm™ and 3000 cm™ due to water
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induced modifications. The hydrated film reverted back completely on flushing with dry N», and
the FTIR spectrum of the regenerated film matches that of the fresh film. Both XRD and FTIR
analysis confirms that dry N, is capable of removing water molecules from the perovskite film

thus enhancing the stability.
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Figure 6. (a) FTIR spectra of fresh, hydrated, and regenerated perovskite film. (b) Enlarged
view of FTIR spectra in the region 3600-3300 cm™ showing the presence of isolated water
molecules.

The reversible effect was lost when the CH3NH3Pbl; was treated for a very long period of
time (6 hours) due to the nucleation of Pbl, phase. After 24 hour exposure, the peak intensity of
the hydrated perovskite increased. Interestingly, even after 175 hours of exposure to 95% RH,
hydrated perovskite phase and Pbl, coexist as evident from the XRD spectra, and the sample
appears colorless. To completely degrade the sample, we exposed it to 100% RH which lead to

the appearance of yellow color due to the removal of the hydrated perovskite phase (Figure
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S11). At 100% RH, condensation of water takes place on the surface, which induces the
formation of Pbl,. It is noteworthy that we did not observe the formation of
(CH3NHj3)4Pbls2H,0 even after the sample was exposed to high humidity for more than 7 days.
This indicates that the degradation pathway of perovskites is sensitive to sample preparation and
structural details.

CONCLUSIONS

In conclusion, we fabricated long-range perovskite micro-stripes employing the standard
photolithography technique and studied their response to humidity using a simple sensor
architecture. Water sorption measurements revealed there is an orderly correlation between the
sensor resistance and water uptake. Light-dependent measurements in the presence of humidity
revealed that CH3NH3Pbl; based optoelectronic devices should be operated below 33% RH for
optimal performance. An upper limit of 85% RH was observed beyond which CH;NH;Pblswas
not photoactive anymore. Furthermore, we monitored the chemical changes occurring at high
humidity levels and elucidate the effect of hydration and reversible behavior of two-step
deposited CH3NH3Pbls. Our results shed light on the moisture-perovskite interaction, crucial for

developing robust devices in the future.
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