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Effect of relative humidity on crystal growth,
device performance and hysteresis in planar
heterojunction perovskite solar cellst

Mahesh K. Gangishetty, Robert W. J. Scott and Timothy L. Kelly*

Due to the hygroscopic nature of organolead halide perovskites, humidity is one of the most important
factors affecting the efficiency and longevity of perovskite solar cells. Although humidity has a long term
detrimental effect on device performance, it also plays a key role during the initial growth of perovskite
crystals. Here we demonstrate that atmospheric relative humidity (RH) plays a key role during the for-
mation of perovskite thin films via the sequential deposition technique. Our results indicate that the RH
has a substantial impact on the crystallization process, and hence on device performance. SEM and pXRD
analysis show an increase in crystallite size with increasing humidity. At low RH, the formation of small
cubic crystallites with large gaps between them is observed. The presence of these voids adversely affects
device performance and leads to substantial hysteresis in the device. At higher RH, the perovskite crystals
are larger in size, with better connectivity between the crystallites. This produced efficient planar hetero-
junction solar cells with low hysteresis. By careful control of the RH during the cell fabrication process,
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Introduction

Perovskite solar cells have attracted a great deal of interest in
the field of solid state photovoltaics due to their large extinc-
tion coefficients and long charge carrier diffusion lengths.'™
Within a period of 5 years the efficiency of these devices has
dramatically increased from 3.8% to 20.1%, making them one
of the most promising alternatives to conventional silicon and
CdTe technology.”

In the fabrication of high performance perovskite solar
cells, the quality of the perovskite film plays a critical role.'®
Recently, it was found that the presence of grain boundaries in
the perovskite film can affect not only the performance of the
device, but also the amount of hysteresis observed in the -V
curves."®'” As a result, a number of strategies for the pro-
duction of high quality perovskite films have been reported,
including the addition of chloride additives,'”° solvent
engineering,”® and moisture®>' and solvent annealing.**> By
using the interdiffusion method, Im et al. produced large
perovskite crystallites, which led to state-of-the-art mesoscopic
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efficiencies of up to 12.2% are reached using P3HT as the hole-transport material.

solar cells."” Nie et al., by keeping the substrate above room
temperature during the deposition process, were able to
prepare high quality films containing millimeter scale perov-
skite crystallites with few grain boundaries.'” This resulted in
high performance, hysteresis-free devices with efficiencies of
up to 18%. The importance of grain boundaries on the elec-
tronic properties of perovskite thin films was recently high-
lighted by recent work on perovskite single crystals; these
studies suggest that the carrier diffusion lengths of
CH;NH;Pbl; single crystals are at least 2 pm,* and may exceed
175 pm."

The formation of high quality perovskite films depends not
only on the deposition process, but also on the atmospheric
conditions present during crystal growth. Due to the highly
hygroscopic nature of CH;NH;PbI;, the relative humidity (RH)
is a key factor in both the growth and the degradation of per-
ovskite crystals. Several research groups have observed that
exposing perovskite films to high levels of moisture leads to
degradation of the perovskite and the formation of hydrate
phases;>**’ this in turn rapidly leads to device failure. Despite
this problem, humidity has also been shown to have beneficial
effects on the initial growth of perovskite films. Bass et al.
observed that when CH;NH;3;PbX; (X = I, Br) powders were pre-
pared under rigorously anhydrous conditions, the resulting
powders showed very little long-range order; however, upon
exposure to moisture, they immediately crystallized.>® Simi-
larly, by post-annealing perovskite films under a relative
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humidity of 30 + 5%, Zhou et al. were able to achieve uniform,
crystalline, and pinhole-free perovskite films.® By increasing
the relative humidity from 20% to 80% during the post-anneal-
ing step, further increases in the crystallinity of the perovskite
films were observed.*! Spin coating the PbCl, and CH;NH;I
precursors under low RH conditions and subsequently anneal-
ing them under higher RH has also been shown to lead to
improvements in long-range order and device performance.*
However, all of these reports employed the single-step depo-
sition method, where the effect of relative humidity was
investigated during the post-annealing step. Analogous studies
on the effect of humidity on films deposited via the two-step
(sequential) deposition method®**' are lacking. Since the
mechanism of crystal growth and subsequent film morphology
are strongly dependent on the deposition method, the role of
the RH during the sequential deposition of perovskite thin
films needs to be addressed.

Here we demonstrate the effect of relative humidity on the
growth of perovskite thin films deposited by the sequential
deposition method. PbI, films were converted into
CH;NH;Pbl; inside a chamber of controlled RH, and larger
perovskite crystallites were observed at higher RHs. This
resulted in the formation of densely packed films with fewer
grain boundaries, leading to an increase in device perform-
ance and a reduction in J-V curve hysteresis. By careful control
of the RH, devices with power conversion efficiencies of 12.2%
were prepared using poly(3-hexylthiophene) (P3HT) as the hole
transport material (HTM).

Experimental section

Materials

Lead(u) iodide (99%), methylamine (37% in absolute ethanol),
hydriodic acid (57% in H,0), 4-tert-butylpyridine (96%) and
lithium-bis(trifluoromethanesulfonyl)imide (99%) were pur-
chased from Sigma-Aldrich. Poly(3-hexylthiophene) (electronic
grade) and Ag pellets (99.99%) were purchased from Rieke
Metals and Kurt J. Lesker, respectively. All commercial
reagents were used as received. Zinc oxide nanoparticles” and
methylammonium iodide®® were synthesized according to
established procedures.

Device fabrication

Fabrication procedures for perovskite solar cells were similar
to those outlined in our previous report.®>® ITO-coated glass
substrates (Delta Technologies, R, = 15-25 Q sq ') were
cleaned by sequentially sonicating them for 30 min in 2%
Extran 300 detergent and isopropanol, followed by drying
under a stream of air. A thin layer of ZnO nanoparticles (NPs)
was spin coated at 3000 rpm for 30 s using a 6 mg mL™" col-
loidal ZnO NP solution in n-butanol. This procedure was
repeated three times to produce a uniform 20 nm ZnO NP
layer. A layer of Pbl, (150 nm) was then deposited by thermal
evaporation at a base pressure of 2 x 10~® mbar. The Pbl, films
were then brought into a sealed atmospheric bag that was
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1’P

Pbl, —> CH,NH,Pbl,

Fig. 1 Schematic of the apparatus used to control the RH inside an
atmospheric bag containing a spin coater. Pbl, films are converted into
CH3zNH3Pblz by immersion in a solution of CHsNHsl, spin dried at 3000
rpm for 30 s, and allowed to dry for a further 10 min.

maintained at a constant RH (1-60%, Fig. 1) and dipped in a
solution of 10 mg mL™" CH;NH;I in isopropanol for 3 min.
After dipping, the substrates were dried by spinning at
3000 rpm for 30 s, and then allowed to dry further inside the
atmospheric bag for 10 minutes. A thin layer of P3HT-based
hole transport material (20 mg of P3HT, 3.4 pL of 4-tert-butyl-
pyridine, and 6.8 pL of a lithium-bis(trifluoromethanesulfonyl)-
imide (Li TFSI) solution (28 mg Li-TFSI/1 mL acetonitrile) all
dissolved in 1 mL chlorobenzene) was spin coated at 1000 rpm
for 30 s under ambient conditions. Finally, a 50 nm thick Ag
layer was deposited by thermal evaporation at a base pressure of
2 x107° mbar.

Characterization

UV-Vis spectra were recorded on a Cary 6000 spectro-
photometer. Scanning electron microscopy was carried out on a
Hitachi SU8010 SEM operating at a 1.0-5.0 kV landing voltage.
Powder X-ray diffraction (pXRD) was performed on a PANalyti-
cal Empyrean diffractometer configured with a copper (4 =
1.54 A) X-ray source. J-V curves were recorded in a N,-filled
glovebox using a Keithley 2400 source-measure unit and a 450 W
Class AAA solar simulator equipped with an AM1.5G filter
(Sol3A, Oriel Instruments), at a calibrated intensity of 100 mW
em™?, as determined by a standard silicon reference cell
(91150 V, Oriel Instruments). The effective area of the device
was defined as 0.0708 cm” using a non-reflective metal mask.
Incident photon-to-current (IPCE) spectra were measured in a
N,-filled glovebox using a commercial IPCE setup (QE-PV-Si,
Oriel Instruments). Monochromatic light was chopped at a fre-
quency of 8 Hz and photocurrents measured using a lock-in
amplifier.

Results and discussion
Effect of humidity on perovskite crystal growth

In order to investigate the role of relative humidity in the
growth of perovskite crystals during the sequential deposition
process, an atmospheric bag of controllable RH was used
(Fig. 1). In this setup, dry N, was used as the carrier gas, and
was flowed through a set of water bubblers into the atmos-
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pheric bag. A portable RH sensor was used to measure the
humidity inside the bag, and the RH was controlled by adjust-
ing the flow rate of the carrier gas. After achieving the desired
humidity, the perovskite layer was deposited by the sequential
deposition method. The device architecture used here is very
similar to that described in our previous reports.”** A thin
layer of ZnO was first deposited on ITO-coated glass, followed
by a layer of Pbl,. In order to ensure the formation of reprodu-
cible PbI, films (and to eliminate any effect of varying humid-
ity on the Pbl, deposition step), the Pbl, films were deposited
by thermal evaporation. After deposition, the ITO/ZnO/Pbl,
films were brought into the atmospheric bag (which was main-
tained at the desired RH), and then immediately dipped into a
solution of CH3NH;I. After 3 minutes of immersion, excess
CH;3NH;I solution was removed by spinning at 3000 rpm for
30 s. The perovskite films were then allowed dry for a further
10 min inside the controlled RH environment.

Perovskite films were prepared with RH ranging from 1% to
60%, and subsequently characterized by UV-Vis spectroscopy,
PXRD and SEM. The absorption spectra of the films are shown
in Fig. 2a. The spectra are all qualitatively similar, consisting
of intense absorption bands below 500 nm and a sharp band
edge feature at 760 nm. With increasing RH, a small but
steady increase in the optical density of the films is observed.
At low RH (1%), the films were transparent and light brown in
color, and as the RH increased, the films became both darker
and more opaque (Fig. 2b). Of all the samples studied, the per-
ovskite films prepared at 60% RH showed the highest optical
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density across the entire visible spectrum. Further differences
between the films become apparent at wavelengths close to the
band edge (Fig. 2a inset). All of the films showed a sharp
decrease in the optical density, except the one prepared at 1%
RH. Instead, it displayed a more gradual decay in the optical
absorption, known as an Urbach tail.>* This red tail in the
optical absorption spectrum is attributed to electronic dis-
order within the film, and may be caused by the presence
of trap states produced by incomplete formation of the
perovskite.'”?>

In order to understand the effect of RH on the crystallinity
of the perovskite films, each of the samples was characterized
by pXRD (Fig. 2¢). The diffraction pattern for all films agrees
with the tetragonal structure of CH;NH;Pbl,.*® The key differ-
ences observed between the samples are an increase in the
intensity of the perovskite Bragg peaks (particularly the (110)
and (220) reflections at ca. 14° and 28°), and a decrease in the
peak width as the RH is increased. This indicates an increase
in the size of the coherent scattering domains, suggesting the
formation of larger crystallites at higher RH. Analysis of the
(110) reflection by means of the Scherrer equation yielded
minimum crystallite sizes of 25, 26, 40 and 61 nm for the
films made at 0.1%, 20%, 40% and 60% RH, respectively.
Additionally, at the lowest (0.1%) RH, there is a weak peak
corresponding to Pbl,, indicating incomplete formation of the
perovskite under this low humidity condition. This is consist-
ent with the presence of an Urbach tail in the absorption spec-
trum of this sample, and both the small crystallite size (with
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(a) UV-Vis absorption spectra for vapor deposited Pbl, thin films (yellow line), and CHzNHzPbls thin films prepared at 1% (black line), 33%

(blue line), 40% (red line), and 60% (green line) RH. (b) Photographs of CH3NHzPbl3 thin films prepared at various RH values. (c) Powder X-ray diffrac-
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dagger (1), respectively.
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the associated increase in the number of surface states) and
the residual Pbl, may contribute to the observed electronic
disorder.

These changes in crystallite size and film morphology were
imaged by SEM. Fig. 3 shows SEM images of both PbI,
(Fig. 3a) and perovskite films (Fig. 3b-f). The vapor deposited
PbI, film consisted of hexagonal flake-like structures (Fig. 3a),
in agreement with previous reports of thermally evaporated
films.** Importantly, the SEM image of the perovskite film pre-
pared at 1% RH showed small, cube-like crystallites with sub-
stantial empty space between them. As the RH increased to
20% RH, the film still appeared to consist of distinct cubic
crystallites, but with improved connectivity between the grains.
As the RH increased to 30% and above, the films became
smoother and more planar, with fewer gaps between individ-
ual grains. As the RH increased further, there was a corres-
ponding increase in the crystallite size, leading to more
densely packed perovskite films. At the highest (60%) RH, the
individual grains lost their distinctive cubic shape, and
appeared more rounded; the edges of adjacent particles also
appear to have fused together, providing much better connec-
tivity within the film. These changes in crystallite size are con-
sistent with the results of the Scherrer analysis of the pXRD
data.

From these analyses, it is evident that the RH has a sub-
stantial effect on the growth and crystallization of perovskite
films. In the sequential deposition method, the intercalation
of CH;3;NH;I and the formation of CH3;NH;PbI; starts at the
surface of the Pbl, crystallites immediately after immersion in
the methylammonium iodide solution; however, ion diffusion
within the bulk of the PbI, crystallites is relatively slow, and it
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Fig. 3
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takes several minutes for the conversion to CH3;NH;PbI; to
complete.’” As a result, drying the film after 3 min is unlikely
to result in the formation of well-ordered CH3;NH;PbI; crystals.
Additionally, given the insolubility of PbI, in isopropanol, the
extent to which any one CH;NH;PbI; crystal can grow is
limited by the size of its Pbl, precursor. In the absence of
other factors, this produces small, poorly crystalline perovskite
grains that contain residual Pbl,, entirely consistent with the
data in Fig. 2c. At this stage, the relative humidity around the
perovskite film plays a crucial role in the growth of the crystals.
In humid environments, water can be reversibly absorbed into
the perovskite film, leading to the formation of hydrate
phases.”**” Ion diffusion in these less compact phases is
expected to be more facile; therefore, when the absorbed water
eventually leaves the film, it leaves behind a higher quality
crystal. This recrystallization process is conceptually similar to
the solvent annealing procedures commonly employed in thin
films of organic semiconductors.*® Furthermore, the solubility
of PbI, is much higher in water than in isopropanol, and the
dissolution and recrystallization of grain edges may lead to the
merging of adjacent grains within the film.>* This hypothesis
is consistent with the rounding of the crystallite edges, the
increase in grain size, and the improved inter-particle connec-
tivity that are observed in Fig. 3f.

Effect of humidity on device performance

After preparing perovskite films at various RH, the samples
were removed from the atmospheric bag and assembled into
complete devices. P3HT was used as the HTM, and was de-
posited under ambient laboratory conditions; a thin layer of
Ag was then evaporated as the counter-electrode. J-V curves

T R
1.00um 1.00um

(a) SEM images of (a) Pbl,, and CH3zNHzPbls films prepared at (b) 1%, (c) 20%, (d) 30%, (e) 40%, and (f) 60% RH.
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Fig. 4 (a) J-V curves of the highest performance devices measured at

a scan rate of 0.83 V s, (b) IPCE spectra of the same devices.

and incident photon-to-current efficiency spectra were
measured in a N,-filled glovebox under AM1.5G illumination
(Fig. 4). Tabulated device performance parameters are shown
in Table 1. The power conversion efficiencies (PCEs) of the
highest performance devices, as derived from the J-V curves,
were 7.1, 9.0, 11.0, 12.2 and 10.0% for the devices prepared at
1, 20, 30, 40 and 60% RH, respectively. The efficiency of the
highest performing device in this study (12.2%) is excellent for
devices fabricated using P3HT as the HTM, and is likely
limited by the hole mobility of P3HT, not by the quality of the
perovskite film.**?° The increase in PCE with increasing RH
can largely be attributed to changes in the film crystallinity

View Article Online
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and morphology. When the perovskite films are fabricated
under dry conditions (1% RH), the films consist of small crys-
tallites with numerous grain boundaries and poor inter-
particle connectivity (Fig. 3b). As a result, carrier transport
within the film is poor, and the short-circuit current density is
low. For the best devices, the J,. increased from 14.2 mA cm™?
(for the film prepared at 1% RH) to 18.9 mA cm™> when the
film was prepared at 40% RH. Similar trends are observed in
the average device performance parameters (Table 1). At the
same time, elimination of residual PbI, and growth in the
average crystallite size is expected to reduce the number of
trap states within the film, leading to the observed improve-
ments in device fill factor as the RH is increased (Table 1).
However, these improvements in film morphology and crystal-
linity must be balanced against the known issues of moisture-
induced perovskite decomposition; devices prepared at
60% RH begin to show a drop in PCE, likely due to the for-
mation of a small amount of either hydrate phases**® or Pbl,.
As a result, the optimum humidity for device fabrication
appears to be approximately 40% (+10%).

In order to validate the trends in short-circuit current
density (and hence PCE), IPCE spectra were measured for the
best devices (Fig. 4b). The J,. values calculated by integrating
the product of the AM1.5G photon flux and the IPCE spectra
are in reasonable agreement with the /. values derived from
the J-V curves (Table 1). As expected for devices based on
CH;3;NH;PbI;, all of the devices had broad IPCE spectra that
spanned the range of 300 to 800 nm. The IPCE also increased
with RH, which is consistent with the observed trends in Jg.
The most significant differences between the spectra, however,
are the very pronounced changes in photon-to-current
efficiency between 300 and 500 nm. In this wavelength range,
the IPCE increases from ca. 30% in the devices prepared at 1%
RH to a maximum of ca. 70% for those prepared at 40% RH.
Yet despite these pronounced changes in IPCE, the light har-
vesting efficiency for all of the devices in this range is ca. 95%
(assuming a 4% loss due to reflection at the air/glass inter-
face). This implies that the low IPCE for the devices made at
low RH is due to charge carrier recombination, rather than
transmission losses. Furthermore, due to the extremely high
absorption cross-section of CH3;NH;3;Pbl; in this wavelength
range, most of these photons are absorbed by a thin perovskite
layer at the ZnO/CH3NH,;PbI; interface; this suggests that the
recombination losses are most pronounced in this spatial

Table 1 Average device characteristics for perovskite solar cells measured at a scan rate of 0.1 V s™™. Values shown in parentheses are for the

highest performance devices measured at a scan rate of 0.83 Vs™*

Jse (MA cm™)

PCE (%) from

RH (%) Voe (V) Jse (MA cm™2) from IPCE FF PCE (%) steady-state data
1 0.88 +0.03 12 +1 (14.2) 10.4 0.44 +0.04 4.6 £0.8(7.1) 3.4
20 0.91 +0.04 13 +3 (15.4) 11.1 0.48 £ 0.07 6+2(9.1) 9.0
30 0.94 +0.03 15.2 £ 0.5 (16.5) 15.2 0.59 +0.05 9+ 1 (11.0) 10.2
40 0.94 +0.03 17 +1 (18.9) 17.6 0.57 +0.04 9+2(12.2) 11.2
60 0.94 +0.01 16 +1 (17.6) 17.1 0.55 +0.02 8.2+ 0.8 (10.0) 9.3
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region. Schlipf et al. used grazing incidence small angle X-ray
scattering to evaluate the distribution of crystallite sizes within
perovskite films prepared via the two-step deposition
method.*® Their results suggest that due to strain-induced frac-
turing of the growing perovskite crystals, smaller crystallites
are produced closer to the substrate, with larger grain sizes at
the surface of the film. Such a grain size distribution would
produce a higher concentration of trap states close to the ZnO
interface, and would explain the IPCE losses observed in the
blue region of the spectrum (Fig. 4b). This problem would be
exacerbated in films prepared at low RH, where the grain sizes
are smaller overall, and there is limited opportunity for recrys-
tallization processes to occur. It should be noted that humid-
ity-induced changes to the ZnO charge transfer resistance
cannot be ruled out, and may also contribute to the changes
in the IPCE spectra. Regardless, it is clear that the relative
humidity has a dramatic effect on both perovskite crystal
growth and device performance.

Effect of humidity on device hysteresis

One of the major concerns of perovskite solar cells is the hys-
teresis that is often observed in the J-V curves.'®*'™3 In order
to quantify the amount of hysteresis in our devices, we
measured the J-V curves at slow scan rates in both scan direc-
tions: forward bias-to-short circuit (FB-SC) and short circuit-to-
forward bias (SC-FB). Fig. 5a shows both J-V curves for the best
device made at 40% RH. Comparing the FB-SC scan in Fig. 5a
to a faster scan (0.83 V s7') in the same direction on the same
device (Fig. 4a), the J,. and V,. are similar, but the fill factor is
reduced from 65% to 61% in the slower scan. This leads to a
slight decrease in the PCE, from 12.2% to 11.3%. Changing
the scan direction decreased the PCE further, to 10.0%.
Although a relatively small effect, this clearly indicates the
presence of hysteresis in the device.

The J-V curves for the best devices prepared at other RH
values are plotted in Fig. S1,f and the ratio of the PCEs
measured from the forward (SC-FB) and reverse (FB-SC) scans
(twalMrev) is plotted as a function of RH (Fig. 5b). The devices
fabricated at 1% RH displayed the most pronounced hysteretic
behavior. Comparing the fast (Fig. 4a) and slow (Fig. Slaf)
scan rates, the device showed a decrease in both J,. and FF,
from 14.2 mA cm™? and 55% at 0.83 V s™%, to 12.9 mA cm™>
and 50% at 0.1 V s, which leads to a decrease in PCE from
7.1% to 5.8%. Upon changing the scan direction at the slower
scan rate, the efficiency drops further to 4.8%. As the RH
during the film deposition step is increased, the degree of hys-
teresis in the devices drops substantially (Fig. 5b). For the
devices prepared at 60% RH (Fig. SleT), the average ratio of
the efficiencies obtained from forward and reverse scans is
96%, indicating very little dependence of the PCE on scan
direction. It has been demonstrated that the hysteresis
observed in perovskite solar cells can be caused by several
factors: (i) trap states originating from either inherent defects
in the perovskite or from grain boundaries,'® or (ii) contact
resistance at either the ETM/CH3;NH;Pbl; or CH3;NH;PbI;/
HTM interfaces.*® The hysteresis observed in the devices pre-

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 (a) J-V curves measured at 0.1V s~1 for the best device prepared
at 40% RH. (b) Ratio of PCEs determined from forward (SC-FB) and
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pared at low RH is likely caused by the numerous grain bound-
aries present in the film, which act as charge traps in the
device. At higher RH, the increase in the size and connectivity
of the crystallites reduces the number of trap states, and in
turn a reduction in the device hysteresis is observed.

The average device characteristics as a function of relative
humidity are plotted in Fig. 6a. The key trends are an increase
in J. and FF as the RH is increased, consistent with the elim-
ination of grain boundaries and the crystal growth observed in
the perovskite films. In order to further probe the degree of
device hysteresis, and to evaluate the device performance
under more realistic conditions, we recorded the steady-state
power output for representative devices at each RH. The
devices were kept at the maximum power point (as determined
from the J-V curve) and the photocurrents were recorded as a
function of time (Fig. 6b). The stabilized PCE of the device
made at 1% RH was found to be 3.4%, whereas it was
measured to be 7.1% from the fast scan J-V curve (Fig. 4a).
This highlights the large degree of hysteresis observed in the
device. For the devices prepared at 20% and above RH,
however, the difference between the PCE obtained from the
J-V curves and the stabilized power output is more modest
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(Table 1). The best performing device in the current study (pre-
pared at 40% RH) showed a stabilized PCE of 11.2%, which
was much closer to the efficiency calculated from the -V curve
(12.2%); this reinforces the idea that the larger crystallite sizes
observed in the perovskite layer lead to a reduction in the
amount of device hysteresis.

Conclusion

In conclusion, we prepared perovskite films by the sequential
deposition method in a controlled humidity environment. We
found an increase in the crystallinity of the perovskite films
with increasing RH. At low RH, the films consisted of small
cubic crystals with large gaps between them; however, after
increasing the RH, larger grains with better inter-particle con-
nectivity were observed. These changes in film crystallinity and
morphology have a pronounced effect on device performance,
and films prepared at higher RH values produced devices with
higher efficiencies and reduced device hysteresis. By carefully
controlling the RH, we were able to achieve PCEs of up to
12.2% using P3HT as HTM. These results clearly demonstrate
that careful control of all environmental parameters involved
in the formation of perovskite films is necessary if reproduci-
ble fabrication procedures for perovskite solar cells are to be
established.
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