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Control of crystallization of a solution-processed perovskite
layer is of prime importance for high performance solar cells.
In spite of the negative effect of water on perovskite solar en-
ergy conversion in several previous works, we observed that
humidity plays a critical role to develop a thin uniform, dense
perovskite film with preferred crystals, in particular, in a de-
vice with architecture of ITO/PEDOT:PSS/CH;NH;PbI;/
PC;BM/LiF/Al fabricated by two-step sequential spin-
coating process. Humidity controlled spin-coating of
CH;NH;! on the pre-formed Pbl, layer was the most influen-
tial process and systematic structural investigation as a func-

1 Introduction Recent technological progress in or-
ganic—inorganic hybrid perovskite solar cell has shown its
great potential for the commercialization as high perform-
ance next generation solar cell due to its outstanding
photovoltaic properties [1-3]. Solution processibility of a
thin perovskite film such as spin-coating is additionally
beneficial, making this solar cell cost-effective. To ensure
high energy conversion efficiency, numerous previous
works have devoted to understanding mechanisms of thin
perovskite film formation based on nucleation and growth
of crystals and thus to develop structurally dense and uni-
form film with properly grown crystals [1-19]. In particu-
lar, control of crystallization of a perovskite layer in re-
cently prevailing one or two-step solution-processed solar
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tion of humidity revealed that grains of CH;NH;PbI;
perovskite crystals increase in size with their preferred orien-
tation while film surface becomes roughened as the humidity
increases. The performance of a device was closely related to
the humidity dependent film morphology and in 40% relative
humidity, the device exhibited the maximum power conver-
sion efficiency of approximately 12% more than 10 times
greater than that of a device fabricated at 20% humidity. The
results suggest that our process with controlled humidity can
be another efficient route for high performance and reliable
perovskite solar cells.
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cell is one of the most important issues for guaranteeing
high performance. Since spin-coating frequently used for
film formation involves extremely rapid solvent evapora-
tion, the growth dynamics of the film involving strong ion-
ic interactions between the metal cations and halogen ani-
ons are rarely understood, making it difficult to control the
crystallization. In fact, depending not only on the process-
ing conditions but also on the lead halides, the crystalline
orientation, grain shape and size of the resulting perovskite
layer were largely varied.

Control of a thin crystalline perovskite film is even
more difficult in one-step spin-coating method in which
micron-sized needle crystals or highly rough crystals are
often developed with undesirable pinholes in films. Special
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cares should be, therefore, taken to avoid high leakage and
shunting paths and thus improve the device performance
but these additional treatments render the fabrication proc-
esses more complicated [4—9]. On the other hand, two-step
sequential spin-coating process is beneficial in a sense that
crystallization of perovskite film can be more systemati-
cally examined in two separate steps [10]. In two-step
spin-coating process, various approaches have been made
to control perovskite crystallization such as sequential so-
lution deposition [11-13], CH3NH;I loading time control
[14], thermal interdiffusion [15], solvent annealing [16],
surface property control [17, 18], retarding Pbl, crystalliza-
tion [19]. In the course of perovskite crystal formation,
most of studies have put the emphasis on moisture-free en-
vironment. Decomposition or degradation of perovskite
structure to precursor materials was indeed observed under
humid condition [20-22]. Only a few reports addressed the

effect of water during perovskite crystal formation [23-26].

In this report, we demonstrate that humidity plays a
critical role to develop a thin perovskite film with con-
trolled crystals in particular in the second spin-coating step
of CH;NH;I on the firstly formed Pbl, layer. As humidity
increases, grains of CH;NH3Pbl; perovskite crystals in-
crease in size with their preferred orientation while film
surface becomes roughened. Systematic investigation of
device performance as a function of humidity revealed that
the performance of a device of ITO/PEDOT:PSS/
CH;NH;Pbl;/PC7BM/LiF/Al was optimized in 40% rela-
tive humidity due to the two counter-acting effects on film
formation. The maximum energy conversion efficiency of
approximately 12% was obtained in the condition, more
than 10 times greater than that of a device fabricated at
20% humidity.

2 Experimental procedures

2.1 Materials Pbl, powder and all the chemical sol-
vents used in this experiment were purchased from Sigma-
Aldrich. CH3NH;1 was synthesized by the process reported
in the Ref. [27]. PEDOT:PSS (Clevios P VP AI4083) and
PC;BM was purchased from Heraeus and Nano-C, respec-
tively.

2.2 Device fabrication A thin film perovskite solar
cell device was fabricated with a configuration of
ITO/PEDOT : PSS/CH;NH;Pbl;/PC,BM/LiF/Al as follow-
ing. Firstly, ITO substrate was cleaned by acetone,
2-propanol for 15 min each and UV-oxygen treatment for
15 min sequentially. PEDOT:PSS was spin-coated onto
the ITO substrate and then dried at 120 °C for 20 min.
Pbl, solution (460 mg/ml, DMF) was spin-coated onto
PEDOT:PSS film at 3000 rpm for 15 s in N,-filled glove
box. Pbl, solution and PEDOT : PSS substrate was cooled
to room temperature before Pbl, spin-coating. For the for-
mation of CH;NH;Pbl;, Pbl, substrate was brought
to a humidity control chamber and CH3;NH;l solution
(38 mg/ml, 2-propanol) was spin-coated onto Pbl, film at
4000 rpm for 30 s in different humidity conditions (except
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for humidity, other conditions such as the amount of oxy-
gen were ambient condition). Its color was immediately
changed to dark brown as soon as CH;NH;I solution
was dropped on the film due to a fast reaction between
CH;NH;I and Pbl,. A 300 nm thin film was formed. In
some cases, thermal annealing was applied on perovskite
film at 100 °C for 45 min in a humidity control chamber at
40 £ 3% humidity. After then, PC;;BM (25 mg/ml, chloro-
benzene) was spin-coated at 1000 rpm in Ny-filled glove
box and a device fabrication was completed with the depo-
sition of 0.9 nm LiF and 100 nm Al by thermal evaporation
in high vacuum (<6 x 107 Torr). The area of active layer
was defined as the crossover region between ITO and Al
(0.9 cm?®). The device was sealed with an encapsulation
glass using UV-curable epoxy resin with a getter film in
N,-filled glove box.

2.3 Measurement Current-density—voltage (J—V)
characteristics of the devices were measured under simu-
lated light from 1000 W xenon lamp (Oriel, 91193) of Sun
2000 solar simulator (Abet Tech.). NREL-calibrated Si so-
lar cell (PV Measurements Inc.) was used to set the light
intensity of 1-Sun (AM1.5G, 100 mW/cm?). Optical ab-
sorbance spectra were acquired by using UV—Vis-NIR
spectrometer (lambda 750, Perkin Elmer). Photolumines-
cence (PL) spectra were obtained using LS 55 fluorescence
spectrometer (Perkin Elmer) with excitation at 480 nm.

2.4 Film characterization Surface morphology was
analyzed by using field emission scanning electron micros-
copy (SEM, LEO 1550 VP). Atomic force microscopy
(AFM) was used to obtain topography of perovskite films.
Optical microscopy with Olympus BX 51M was used to
visualize the perovskite films. X-ray diffraction (HR-XRD)
patterns were collected at a rate of 3°/min using Rigaku
SmartLab HR-XRD equipment. Grazing incidence wide
angle X-ray scattering (GIWAXS) study was performed in
3C beamline in Pohang Acceleration Laboratory in Pohang,
Republic of Korea. All the perovskite crystal films were
fabricated on PEDOT :PSS on SiO, substrate and meas-
ured at the surface critical angle (error range of £0.02°).

3 Results and discussion Figure la shows the
two-step fabrication process we employed for high per-
formance solar cell device involving sequential spin-
casting. First, a deep yellowish Pbl, film was formed on
PEDOT:PSS/ITO/glass by spin-coating Pbl, dissolved in
DMF in N,-filled chamber (see Fig. S1 in the Supporting
Information, named SI in the following). A thin
CH;NH;Pbl; perovskite crystal film was developed on the
Pbl, surface by subsequently spin-coating CH;NH;1 (MAI)
solution dissolved in 2-propanol in the humidity control
chamber without substrate heating or loading time control.
During MAI spin-coating, the humidity was precisely
monitored using humidity sensor (a margin of error of
+3%) from 20% relative humidity of dry condition to 80%
of the maximum wet condition. Notably, optical properties
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Figure 1 (a) Fabrication process of sequentially two-step spin-
coated perovskite (CH;NH;Pbl;) film using a humidity control
chamber. (b) Visible colors of CH;NH;Pbl; films after MAI spin-
coating in 20%, 40%, 60% and 80% humidity conditions. Scale
bar is 2 mm. (c) Absorbance spectrum of CH;NH;Pbl; films after
MALI spin-coating in 20, 40, 60 and 80% humidity conditions.

of perovskite films were significantly altered, depending
upon the humidity as shown in Fig. 1b. Absorbance spectra
of the perovskite films processed at different humidity
conditions in Fig. Ic show that the characteristic absorb-
ance at the wavelength of 760 nm arising from band edge
absorption was rarely changed. The slight variation in ab-
sorbance intensity is attributed to the perovskite films with
different thickness. The results clearly suggest that there is
no decomposition or transmutation of the perovskite film
due to moisture and the colors of the films as a function of
humidity arise from different surface scattering on the
films with different microstructures as shown next.

The humidity in the second MAI spin-coating step on
Pbl, film was critical on the morphologies of perovskite
crystals as shown in Fig. 2. The humidity dependent mi-
crostructures of the films were evidenced by both SEM and
AFM in 3-dimensional topography mode. At relatively dry
20% humidity, exceedingly rough film with agglomerated
grains of CH;NH;Pbl; perovskite crystals was developed
possibly due to the extremely fast reaction between MAI
and Pbl, (Fig. 2a and e). The morphology of a film was
significantly changed when the humidity increased. For
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Figure 2 (a—d) SEM images of surface morphology of CH;NH;Pbl; crystal films after MAI spin-coating in 20%, 40%, 60% and 80%
humidity conditions. Scale bar is 1 pm. (e-h) 3-dimensional AFM topographic images of CH;NH;Pbl; films after MAI spin-coating in
20%, 40%, 60% and 80% humidity conditions. (i) Cross-section SEM image of perovskite thin film fabricated in 40% humidity. (j)
Average grain sizes extracted from the images (b) to (d). (k) Root mean square (RMS) roughness calculated from the images (e) to (h).
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instance, a perovskite film prepared at 40% humidity was
very smooth with its root-mean-squared (RMS) roughness
of approximately 15 nm and exhibited very fine crystals
uniformly formed with the size of approximately dozens of
nanometers, as shown in Fig. 2b, f and j. Both the average
grain size of perovskite crystals and the surface roughness
of the films increase with the humidity as shown in Fig. 2j
and k, respectively. The increased crystals with humidity
can be explained by the effective crystal growth mediated
by water molecules which are accumulated in the regions
of crystal grain boundaries arising from the strong hygro-
scopic nature of MAIL The previous studies suggest that
the enlarged crystals are attributed to the grain boundary
creep due to water molecules within grain boundaries,
followed by the effective merge of the adjacent crystals
[23]. On the other hand, 3-dimensional growth of crystals
in a film makes the film surface more and more rough
when the average size of crystals becomes larger with hu-
midity as shown in Fig. 2k.

The crystalline structures of the humidity dependent
perovskite films were further investigated by HR-XRD as
shown in Fig. 3. All the diffraction patterns of the films
prepared at different humidity conditions in Fig. 3a exhibit
the representative characteristic (110) reflection at 2-theta
of 14.1° of tetragonal I4/mcm crystalline structure [28]
while the reflection was absent in a Pbl, film, which im-
plies the successful formation of perovskite films during
the MAI spin-coating step. It should be noted that there ex-
ist some residual Pbl, even after the reaction with MAI as
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evidenced by the presence of (100) reflection of Pbl, but
the actual intensity of the reflection is more than 10 times
lower than that of a pure Pbl, film. SEM cross-section im-
age also reveals that the crystallization occurred through
the vertical direction of the film and Pbl, residuals were
rarely observed (Fig.2i). In addition, the hydration of
CH3NH3PbI3 to (CH3NH3)4Pb16 . HZO during MAI Spill-
coating did not happen in our system due to the absence of
7.93°, 8.42°, 10.46°, and 16.01° peaks [20]. The results
suggest that humidity in our system is rarely detrimental
and no degradation or decomposition of the perovskite film
occurred upon sequential MAI spin-coating process.
Although the crystalline structure of CH;NH;PbIj; is all de-
veloped in the films, regardless of the humidity, it is ap-
parent that the intensities of some of reflections are varied
as a function of humidity as shown in Fig. 3a. Notably, the
(110) reflection decreases with humidity whereas the (202)
reflection increases, which indicates that the orientation of
the perovskite crystals was affected by the humidity during
the crystallization.

The humidity controlled perovskite films were further
examined by GIWAXS as shown in Fig. 3b. 2-dimensional
GIWAXS patterns including both out-of-plane and in-
plane scattering clearly exhibit that highly ordered crystal-
line perovskite structure was developed when a film was
crystallized in humid condition. A perovskite film prepared
at nearly 0% humidity condition (H,O level less than
1 ppm.) shows discrete ring shape reflections arising from
polycrystalline tetragonal 14/mcm structure with the crys-
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Figure 3 (a) HR-XRD patterns of Pbl,, CH;NH;PbI; sequentially spin-coated in 20%, 40%, 60% and 80% humidity conditions. Dif-
fraction intensity of Pbl, is reduced 10-times for the comparison with the CH;NH;Pbl; films. The intensity scale of each CH;NH;Pbl;
film is represented as measured. (b) GIWAXS patterns of CH;NH;Pbl; films sequentially spin-coated in 20%, 40%, 60% and 80%
humidity conditions. (c) Photoluminescence spectra of perovskite thin films fabricated in 20%, 40%, 60% and 80% humidity and (d)

peak wavelength variation (right).
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tals randomly oriented [29-31]. When the humidity in-
creases in the MAI spin-coating step, the spot-like reflec-
tions appear in particular with the humidity greater than
approximately 40% above which the shape and position of
the reflection were rarely changed as shown in Fig. 3b. The
azimuthal plots at ¢ = 1.0 nm ' of the humidity controlled
perovskite films again show the formation of highly ori-
ented crystals with the humidity (Fig. S2, SI).

Both SEM and X-ray results suggest that each crystal-
line domain developed with humidity is nearly single crys-
talline with the preferred crystal orientation with respect to
the substrate. In addition, these crystals were properly ag-
gregated with each other in a way to minimize the crystal
orientation mismatch at numerous grain boundaries be-
tween two domains. At high humidity, individual single
crystal domains became larger and larger due to the effec-
tive retardation of crystallization by water and the large
crystals assembled on a substrate made a film surface very
rough. It should be noted that the grains at 0% cannot be,
however, directly compared with those at 40%. As noted in
the GIXD results of Fig. 3b, crystals in a film prepared at
0% humidity are randomly oriented, characterized by the
presence of ring shape X-ray reflections. On the other hand,
a sample at non-zero humidity contains the crystals prefer-
entially aligned to specific directions, characterized with
spot-like reflections in Fig. 3b. The different crystalline
structure in a sample at 0% humidity made us avoid the di-
rect comparison of the physical properties of the sample
with those of others treated in non-zero humidity condi-
tions.

The change in crystalline property of a thin perovskite
film with humidity could also be examined with PL meas-
urement. Not only the PL intensity increases but also the
wavelength at the maximum intensity red-shifts with hu-
midity as shown in Fig.3c, d. A film with large single
crystalline perovskite grains reduced non-radiative recom-
bination channels arising from traps or defects, compared
with one with polycrystalline grains developed at low hu-
midity, leading to the enhanced PL intensity (Fig. 3c). The
red-shift in PL peak as increasing humidity was also ob-
served, consistent with the previous studies (Fig. 3d) [30,
32]. The single crystalline nature of a perovskite film with
the minimized crystal-to-crystal mismatch at the grain
boundaries can facilitate the carrier transport through the
perovskite film to the corresponding electrodes, leading to
high performance solar energy conversion in a device as
shown next.

In order to examine the effect of the humidity con-
trolled CH3NH;3Pbl; perovskite film on photovoltaic per-
formance, we fabricated planar heterojunction photovoltaic
device as schematically shown in Fig. 4a. For facile
hole extraction to bottom ITO electrode, a hole transport
layer of PEDOT:PSS was employed on which each
CH;NH;Pbl; film was developed in different humidity
conditions. An electron transporting PC;BM layer was
subsequently spin-coated, followed by the thermal evapo-
ration of a top electrode of Al with LiF. Figure 4b shows
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J-V characteristics of solar cells with the humidity con-
trolled CH;NH;Pbl; films tested under the illumination of
1-Sun simulated light (AM 1.5G, 100 mA/cm?). The re-
sults clearly show that the device performance was af-
fected by the humidity and the performance was signifi-
cantly enhanced due to the humidity up to 40% above
which the device was deteriorated. Notably, a device
with 40% humidity treated perovskite film exhibits its
maximum power conversion efficiency (PCE) of approxi-
mately 9.37%, a short-circuit current density (Jsc) of
14.29 mA/cm?, an open-circuit voltage (Voc) of 0.90 V and
a fill factor (FF) of 0.72. On the other hand, the devices
with CH3NH;PbI; films prepared at 20%, 60% and 80%
humidity show their PCE of 0.41%, 3.97% and 0.88%, re-
spectively as shown in Fig. 4f. It should be noted that a de-
vice fabricated at nearly zero humidity also shows its low
PCE of approximately 2.3% in our system. The reason of
rather high PCE of the device, compared with that of a de-
vice prepared at 20% humidity may be due to its surface
much smoother than that of 20% humidity device (Fig. S3,
SI). Efficiency parameters determining PCE such as Jsc,
Voc and FF as a function of humidity in Fig. 4c—e, respec-
tively display that the humidity dependent behavior of the
devices was similar to that of PCE and a device with 40%
humidity treated perovskite film showed the best perform-
ance in all the parameters. The detailed properties of the
devices are summarized in Table 1 (see Supporting Infor-
mation).

The humidity dependent device performance in Fig. 4
combined with the morphological results (Figs. 2 and 3)
indicates that there must be a trade-off in PCE between or-
dering of the crystals and surface roughness. The single
crystalline nature of perovskite domains arising from mois-
ture is obviously beneficial for facile photon absorption
and transport in a domain. Furthermore, the PCE becomes
higher with the larger domains because grain boundaries
and defects in the inter-domain regions that serve as effec-
tive recombination sites of the photo-generated carriers are
reduced with the domain size. On the other hand, the
roughened surface of a perovskite film is detrimental and
can cause numerous leakage paths, making the shunting re-
sistance low. Since both size of single crystalline domains
and roughness of a film increases with the humidity, it is
true that an optimized humidity condition should exist and
the best efficiency was observed at 40% humidity.

Further improvement of a device performance was
made by the post annealing process in which a device with
a CH3NH;PbI; film two-step spin-coated in humidity con-
dition was kept in 40% humidity condition and annealed at
100 °C for 45 min. The thermal annealing indeed increased
Jsc, giving rise to the improved solar cell efficiency of the
device as shown in Fig. S4, SI. For comparison, the de-
vices with CH;NH;PbI; films prepared at different humid-
ity of 20%, 60% and 80% were also thermally annealed. In
all the cases, PCE values of the devices were enhanced
with the thermal annealing but the tendency of PCE as well
as Jsc, Voc and FF as a function of humidity with the opti-
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Figure 4 (a) Device architecture of CH3;NH;PblI; solar cell tested
in this study. (b) J-V characteristics of CH3;NH;Pbl; solar
cell under 1-Sun (AM 1.5 G, 100 mW/cm?) illumination as a
function of humidity in MAI spin-coating step. (c) Box-whisker
plot of short-circuit current density, (d) open-circuit voltage,
(e) fill factor and (f) power conversion efficiency of CH;NH;Pbl;
solar cells as a function of humidity in MAI spin-coating step.
10 cells were tested for this study. (g) J—V characteristics of
CH;NH;PbI; solar cells of MAI as-spun with different humidity
conditions followed by thermal annealing in 40% humidity and
(h) reverse and forward measured J—V curves of 40% humidity
device.

mum efficiency at 40% humidity does not change as
shown in Figs. 4g and S5 (SI). We also fabricated a device
with a film fabricated at nearly zero humidity and ap-
proximately 6.5% PCE was obtained after thermal anneal-
ing (Fig. S3, SI). Considering that the microstructure of a
perovskite film was not significantly altered after thermal
annealing (Figs. S6-7, SI) but increasing the peak of
perovskite (110) while decreasing Pbl, (100) peak (Fig. S8,
SI) we speculate that the increased portion of perovskite
phase after thermal annealing led to the enhanced photo-
current. Incident photon-to-current efficiency measurement
also reveals that the device fabricated in 40% humidity
shows the best performance (Fig. S9, SI). Impedance spec-
tra measured at V'~ Voc indicate that effective charge
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transfer occurs in the device fabricated in 40% humidity
(Fig. S10, SD) [33].

It may be problematic to investigate the humidity de-
pendent device performance even with the residual Pbl,
arising from incomplete formation of the perovskite films.
However, the amount of Pbl, in the samples after the sec-
ond spin-coating in the different humidity conditions is
marginal, compared with that of a pure Pbl, film and more
importantly, is all similar irrespective of the humidity con-
ditions. The large variation in crystalline structure and the
resulting device performance dependent upon humidity
clearly suggests the importance of the humidity in the fab-
rication step.

The device fabricated at the optimized conditions of
MALI spin-coating in 40% humidity and subsequent ther-
mal annealing shows Jsc =17.10 mA/em?’, Voc=1.02V,
FF =0.73, resulting in the best PCE of approximately
12.73%. It should also be noted that our high performance
solar cell with humidity controlled perovskite film not only
exhibits hysteresis-free J-V behavior [34] regardless of the
measuring direction (Fig. 4h) but also shows remarkably
low cell-to-cell variation in photovoltaic parameters as
confirmed with the box-whisker plots of the parameters
from 10 cells as shown in Fig. S11 (SI). We also tested the
effect of the scan rate on the device hysteresis with the
three different scan rates of 5, 40, 100 mV/s. No prominent
hysteresis was observed with the scan rates as shown in
Fig. S12 (SI). In addition, the device performance was not
significantly varied with time regardless of the humidity
conditions. The stability results of our encapsulated de-
vices prepared at different humidity conditions are shown
in Fig. S13 (SI). Our work mainly claims that the perform-
ance of a perovskite solar cell is affected by humidity even
before thermal annealing due to the preferred crystals de-
veloped during the second spin-coating step of MAI. The
post thermal annealing further increases the degree of crys-
tallinity but the trend of the humidity dependent device
performance was not altered. It is true that our solar cell ef-
ficiency values are rather low, compared with the highest
world record of approximately 21%. Our results are, how-
ever, very comparable with those reported in the previous
works which have successfully addressed the crystalliza-
tion of perovskite materials strongly dependent upon hu-
midity, solvent and thermal treatment as shown in Ta-
ble S2 (SI) and sufficiently reliable to address the humidity
effect on perovskite crystallization with low cell-to-cell
variation.

4 Conclusions We demonstrated that the humidity
employed in the spin-coating step of MAI on pre-formed
PbI, film was one of the most critical factors for high per-
formance perovskite solar cells. Our results clearly show
that single crystalline domains with the minimized crystal-
to-crystal mismatch at the grain boundaries are readily de-
veloped and their size becomes larger and larger while the
surface of a perovskite film was roughened with the hu-
midity. These two counter-balanced factors significantly
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affected by the humidity compete with each other, giving
rise to an optimum humidity (40%) condition in which the
maximum PCE of approximately 9.37% was obtained.
Post-annealing step following the humidity controlled
spin-coating further improved the device performance. A
thermally annealed device prepared at 40% humidity was
rarely dependent upon voltage sweep direction, giving rise
to a hysteresis-free J—J operation and exhibited its PCE of
approximately 12.73% with very low cell-to-cell variation
of 1.5%.

Supporting Information Additional supporting informa-
tion may be found in the online version of this article at the pub-
lisher’s website.
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