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ARTICLE INFO ABSTRACT

Keywords: Recently, a hybrid perovskite material, ABX3 (A= Cs, CH3NH3, NH,CHNHj; B= Pb, Sn; X= Cl, Br, I), has received
In situ much attention as an active layer in new-generation solar cells. This material is usually fabricated with either a
CH?NH31?bI3 . one-step or a two step process in solution. However, the surface morphology, nucleation rate and grain growth
182211112-}?3:; reaction process (SSRP) rate of the CH3NH3Pbl3 perovskite light absorber prepared by the solution reaction process (SRP) are hard to

control. Here, we show a fast solid-solid reaction process (SSRP), to fabricate ultraflat (roughness of approxi-
mately 12 nm) CH3NH3PbI3 perovskite thin films with large grain sizes (~947 nm). The SSRP simply involves
directly contacting a lead iodide thin film (Pbl,) with methylammonium iodide powder (CH3sNH3I) without any
chemical reagents at 120°C under a normal atmospheric environment. The SSRP reaction dynamics is investi-
gated by an in situ heating scanning electron microscope (SEM) system. This innovative SSRP is an easy approach
for the large-scale fabrication of planar heterojunction perovskite solar cells and allows us to demonstrate a
power conversion efficiency of approximately 15.27% (active area of 0.16 em?).

Large grain

1. Introduction

In recent years, perovskites (PVSK, CH3NH3Pblg) have attracted
attention for highly efficient solar cells [1,2] because they have excellent
properties, with high absorption coefficients, long charge diffusion
lengths, long carrier lifetimes [3-6], and fast bipolar transport [4]. PVSK
solar cells can reach a conversion efficiency of 24.2% [7]. As a result, a
perovskite/silicon solar tandem solar cell power conversion efficiency
(PCE) of 25.2% can be achieved [8]. Usually, the fabrication process of
PVSK films for solar cells involves either one-step [9] or two-step [10]
reaction processes in solution (SRP).

In the one-step SRP [9], Pbl; and methylammonium iodide (MAI,
CH3NH3l) are dissolved together in dimethyl sulfoxide (DMSO) solution
and then spin-coated onto a hole-transport material (HTM) substrate at
120°C to form a PVSK thin film. For the two-step SRP [10], Pbl; and MAI
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are first individually dissolved in DMSO. Subsequentially, the two so-
lutions are mixed in isopropanol (IPA) solutions. Then, similar to the
one-step SRP, the final solution is spin coated at 120°C onto a
hole-transport material. The device structure of PVSK solar cells can be
either the mesoporous scaffold type [9] or planar heterojunction type
[11]. It is known that the mesoporous scaffold type has several draw-
backs; for instance, the precursor of the PVSK solution is difficult to fill
into a mesoporous scaffold, leading to a low yield in mass production 1.
In general, the surface morphology of PVSK thin films obtained from the
SRP is hard to control due to the fast nucleation rate and fast grain
growth rate of perovskite crystals, resulting in the formation of pinholes
or discontinuous PVSK films [12]. In general, the SRP can be completed
in 10 min, and the grain size and surface roughness of the PVSK obtained
from the SRP are approximately 300 nm and 29.9 nm-40 nm, respec-
tively. It is well acknowledged that the smaller surface roughness and
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larger grain size of PVSK films can greatly improve the efficiency of
PVSK solar cells [13]. A good example shows that the contact resistance
[14] between a smooth surface of the PVSK film and [6,6]-phenyl C61
butyric acid methyl ester (PCBM) can be greatly reduced. To improve
the surface quality of PVSK films obtained from SRPs, a gas-induced
formation/transformation (GIFT) process was proposed. GIFT utilizes
the gas phase of CH3NH; to react with a CHsNH3PbI3 film grown after
the SRP. Compared with the pure SRP, GIFT not only addresses the
difficulty of filling a mesoporous scaffold but also avoids the formation
of pinholes, which leads to improved surface roughness. GIFT usually
gives results in PVSK films with a grain size and surface roughness of
approximately 300 nm and 6 nm, respectively. A reasonably high effi-
ciency of 15.1% [15,16] has been demonstrated via GIFT. Nevertheless,
the stability of PVSK films obtained from SRPs is usually very poor
because they can be easily and quickly decomposed in a highly moist
environment [9]. Therefore, SRPs are usually conducted in a
moisture-controlled glove box, which limits the possibility of utilizing
SRPs as a mass production technique.

To improve the stability and reduce the density of pinholes to in-
crease the efficiency of PVSK films, Snaith et al. [12] recently proposed a
dual-source vacuum sublimation process (VSP) to grow a homogenous
and pinhole-free PVSK film. The VSP in fact can be regarded as a gas
phase process. A high-quality PVSK film with a large grain size of
approximately 400 nm and a planar heterojunction-type surface
roughness of approximately 22.4 nm was prepared by the VSP [12,17].
In 2016, Zhan’ao Tan developed a novel simplified close space subli-
mation (CSS) deposition process for growing a high-quality CHsNH3Pblg
thin film in a low-vacuum and even nonvacuum oven [17]. This process
involves using CHsNH3I (MAI) vapor to react with Pbl; in a low vacuum
environment. This chemical reaction took place in the gas phase,
although it is similar to our solid-state reaction given in equation (1) and
(Supplementary S1). The surface roughness and grain size can be more
easily controlled with the VSP than with the one-step or two-step SRP
because the rates of nucleation and grain growth are relatively slower.
Conversely, slower nucleation and growth rates are drawbacks of the
VSP since it usually takes approximately 1-2 h in a vacuum system;
therefore, an extra thermal budget is needed for the VSP, which hinders
its development toward a large-scale process.

Thermodynamically, the reaction of MAI and Pbl, is similar in both
vapor phase [17-21] and solid state. We believed that the SSRP and the
VSP process can taken place simultaneously, since they are all ener-
getically favorable in both gas phase and solid state (equation (1) and
supplementary S1). Kinetics of this reaction can speed up in the solid
state due to higher contact density of MAI with Pbl, (supplementary S2).
Besides, the solid state reaction of MAI and Pbl is allowed to operate at
normal ambient, 1atm. A comparison table between the VSP [12,17-21]
and solid state reaction is given in Supplementary Table 1). To use the
roll-to-roll process to achieve high-quality PVSK films with smaller
roughness and larger grain size, we report an efficient solid-solid reac-
tion process (SSRP) at 120°C in an atmospheric environment to grow
uniform PVSK films. In this work, the reaction dynamics of SSRP be-
tween MAI and PbI, was first time observed with an in-situ heating SEM
by taking time-resolved snapshots. In the SEM, later it will be shown the
solid state reaction can take place locally at the interface of MAI/PbI,
and also at the same time the sublimation of MAI concurrently occurs.
This SSRP allows the PVSK film to have large grains with sizes of
approximately 950 nm and a small surface roughness of approximately
12 nm. This process has hitherto not been reported elsewhere. In our
SSRP, the PVSK film was formed by a solid-state reaction of PbI; and
MAI (CH3NH3l) powder. Compared with the SRP, the VSP, CCS and
GIFT, our SSRP is not required to operate in a glove box; therefore, mass
production of PVSK solar cells can be implemented over a large area
with a roll-to-roll process under a normal atmospheric environment. In
general, the grain size and surface roughness of the PVSK thin film
processed via the SSRP are much better than those resulting from the
SRP. In this paper, we demonstrate that a solid-state processed PVSK
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Fig. 1. Schematic representation of an energy band diagram of our perovskite
device composed of the layered stacked FTO/PEDOT/Perovskite/Cgo/BCP/Ag
structure (¢ hole; © electron).

film has an extremely large grain size of approximately 950 nm and a
surface roughness of approximately 10 nm and guarantees the best
conversion efficiency of up to 15.27% (active area 0.16 cmz), with a
lifetime of 1200 h. X-ray diffraction (XRD), photoluminescence spec-
troscopy (PLS), atomic force microscopy (AFM), transmission electron
microscopy (TEM) and scanning electron microscope (SEM) were used
to analyze the structural evolution and characterize the properties of the
PVSK film after processing via solid-state reaction. The SSRP mechanism
will be discussed in detail in a later section.

2. Experimental
2.1. Device structure and fabrication

An inverted planar heterojunction PVSK solar cell composed of layer
stacked structured FTO/PEDOT/PVSK film/Cgo/bathocuproine (BCP)/
Ag is shown in Fig. 1. The PVSK film is prepared by the SSRP. The work
function of each layer is also given in Fig. 1. When the active layer of the
PVSK film absorbs a photon, the electron is pumped from the valence
band to the conduction band. The electrons are then transported to
neighboring layered n-type Cgo, which plays a role as an electron
transport layer (ETL). The ETL has a lower work function (—4.5 eV) that
matches the lowest unoccupied molecular orbital (LUMO) energy level
of the PVSK film, which further accelerates electron transport toward
the silver cathode. The role of bathocuproine (BCP) is to prevent the
holes transmitted to the Ag cathode from being annihilated with elec-
trons. The work function of FTO/PEDOT:PSS must be matched with the
highest molecular orbital (HOMO) energy level of FTO to effectively
guide the holes. The p-type PEDOT:PSS film is a hole transport layer
(HTM) that modifies the work function (—4.9 eV) of FTO to prevent
electron injection toward the anode and improve the efficiency of the
hole.

The processing procedures are given schematically in Fig. 2a. The
FTO substrate was first ultrasonically cleaned with chemical reagents
including neutral detergent, ethanol, acetone, isopropanol, and DI
water. The cleaning time for each reagent was 10 min. Finally, the FTO
substrate was dried by N3 gas in an oven at 120°C for 30 min to confirm
the removal of residual water. A PEDOT:PSS (Clevios PVP AI-4083)
HTM thin film with a thickness of 40 nm is prepared by spin-coating
at a speed of 5000 revolutions per minute (rpm) for 50 s. The HTM
film is then annealed at 120°C for 10 min. A 200 nm-thick flat Pbl,
coating is then applied with a spin-coater at a speed of 6000 rpm for 10 s.
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Fig. 2. (a) Schematic diagram showing the procedures of the SSRP. (b) In situ
heating experiment used to evaluated the SSRP with a desktop SEM system. The
gold, green, and brown colors represent Pbl,, CH3NH;3l, and CH3NH;3Pbls,
respectively. The scale bar is equal to 1 pm; (c) The reaction mechanism pro-
posed for the SSRP. (d) XRD diffraction patterns at different reaction times.
After 4 min, the phase transition to the initial PVSK phase (% PVSK; @ Pbl,) is
clearly shown. (e) Large-area (4 cm x 2 cm) CH3NH;3PbI; film fabricated by the
SSRP on a glass substrate (black area). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of
this article.)

Interestingly, the crystalline PVSK film can be formed via direct
contact of Pbly) and CH3NH3I (MAI,) in the solid-state, even without
dissolving Pbl; and MAI in the solution. The details of the solid-state
reaction used for the growth of the perovskite film are given as fol-
lows. The as-coated Pbl, film was annealed at 120°C for 10 min. The
CH3NH3I (MAI) powder was prepared according to reported procedures
[22] with some modifications (Supplementary S1). The CH3NHsI (MAI)
power is then uniformly covered on the top of the Pbl, film (Fig. 2a). The
temperature-dependent free energy of formation of PVSK is given as
follows:

CH;NHls) +Pbly) > CH3NH;3Pbly(), G° = —359.53T-554.26

@
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Here, a = —359.53, and b = —554.26. At room temperature of 298 K, G
= —107694.21 (kJ/mol) [23].

Basically, this solid-state reaction can already take place spontane-
ously at room temperature based on equation (1), but to speed up the
reaction rate, the stack of the Pbl, film and MAI powder is treated with
thermal reaction at 120°C for 0-10 min (Fig. 2a). After completion of the
above solid-state reaction, the residual CH3NH3l (MAI) powder is
removed with the following procedures: tilting sample and using inert
gas to remove MAI, or even using a soft brush. Then, thin layers of Cgo/
BCP with thicknesses of 45 nm and 5 nm are deposited onto perovskite
films formed by the above solid-state reaction. A 100 nm-thick Ag metal
contact is coated using a thermal evaporator for the final step of device
fabrication. The active areas of the small- and large-area devices are
0.16 cm? and 11.25 cm?, respectively. The area of the solar cell was
defined by using a shadow mask during Ag evaporation.

2.2. Equipment specification

An in-situ heating SEM system EM-100 manufactured by TEMIC Ltd,
Taiwan was used for reaction dynamics of SSRP process. An excitation
wavelength of 633 nm was used for the photoluminescence (PL) (Agilent
Technologies) experiment. The photocurrent density and voltage (J-V)
curves were measured using a computer-controlled digital source meter
(Keithley 2400) under 1 sun illumination (100 mW/cmZ, AM1.5G). The
solar simulator used was an Oriel Sol3A class AAA simulator. A 450 W
xenon lamp (Newport 6279NS) was used as a light source. The light
intensity was calibrated using an NREL-certified silicon solar cell (Oriel,
91150 V) with a KG-5 filter before each measurement [24]. During the
measurement, the device was covered with a metal mask with aperture
areas of 0.16 cm? and 11.25 cm?. The voltage scan rate was fixed at 50
mV/s.

3. Results and discussion

An in-situ heating SEM was first time implemented for observing the
dynamics of SSRP reaction. The SEM images in Figure 2b show the dy-
namic reaction between MAI and Pbl; at 120 °C. Pbly, CH3sNH;3I (MAI),
and CH3NH3PbI3 (PVSK) are gold, green, and brown, respectively, in
Fig. 2b. From Figure 2b, the topology evolution during the SSRP is
recorded in snapshots every 30 s. The appearances of Pbl; and CH3NH3lI
do not significantly change until the SSRP time is longer than 2 min. At a
treatment time of 2.5 min, a small hole starts appearing on the CH3NH3I
surface (green area), indicating that sublimation of CH3NH3I (MAI)
begins and also to react with Pbly. The diameter of this hole increases
with prolonged SSRP treatment time. By further extending the treatment
time to 5.5 min, the surface morphology of CH3NHsl starts changing.
Toward the end, the green area significantly shrinks, indicating that a
noticeable amount of CH3NH3lI is consumed from 5.5 min to 10 min. This
is an indication that vapor phase reaction may be possible at the same
time of the local The SSRP is expected to take place locally at the
interface of Pbl; and CH3NH3l. As sated in the experimental section, the
CH3NH3I (MAI) power is then uniformly spread on the top of the Pbly
film (Fig. 2a). At the initial stage of reaction, the CH3NH3Pbl3 nucleates
at the interface of MAI and Pbl,. But since the snapshot of SEM image
can only be recorded from top view therefore information of lateral
growth of CH3NH3PbI3 nucleus is hindered under the CH3NH3I (MAI).
The CH3NH;3PbI; film cannot be revealed until the top layer of CH3NH3I
(MAL) is partially consumed. The phase is fully transitioned in 10 min via
the SSRP, which is consistent with the XRD results. Based on in situ
heating SEM results, the reaction mechanism of the SSRP can be divided
into four stages, schematically shown in Fig. 2c.

(I) As the heating treatment starts, the MAI powders can spontane-
ously react with Pbl; according to equation (1);

(II) The nucleus of PVSK uniformly forms at the interface between
MALI and PblI,.
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Fig. 3. Structural evolution during the SSRP. (a)-(f) SEM images showing the surface morphology from the top view. (a) Pbl film prepared with reaction times of (b)
2 min, (c) 4 min, (d) 6 min, (e) 8 min, and (f) 10 min. (g) to (i) SEM images showing the corresponding cross-sectional view at (g) 0 min, (h) 4 min, and (i) 10 min,

respectively.

(I1) 2D lateral growth of PVSK occurs by continuously consuming
CH3NH31 and Pblg.

The 2D growth mode of the PVSK film will be confirmed from the
analysis of the lateral and depth growth rates in Fig. 3. The 2D growth
mode will be proven from the lateral and longitudinal growth rates in a
later section.

(IV) The final PVSK film forms by the impingement of many 2D-grown
grains.

The structural evolution of the PVSK film by the SSRP was charac-
terized using X-ray diffraction (Fig. 2d) and a high-resolution trans-
mission electron microscope (JEOL 2010F), while the surface
morphology of the PVSK film and cross-sectional stacking structure of
the device were investigated using a high-resolution field emission
scanning electron microscopy (FE-SEM) system JSM-7600F, JOEL)
(Fig. 3). AFM was also implemented to support the analysis of surface
roughness. Here, we show that the SSRP is a novel method for fabri-
cating ultraflat PVSK films with grain sizes as large as approximately
974 nm and a roughness of approximately 10 nm.

3.1. Characterization

The crystal structure of the as-synthesized PVSK film was determined
using X-ray diffraction equipped with Cu-Ka radiation, and data were
collected with a scan rate of 2° per minute under operating conditions of
45 kV and 35 mA. Fig. 2d shows the X-ray diffraction pattern of PVSK
films prepared by the SSRP at different reaction treatment times. It is
evident that the solid-state reaction resulting in a phase transition at
120°C to form PVSK may start as early as 2 min. Before the SSRP, the
strong diffraction peak of Pbl, at 12.67° is consistent with the {001}
peak of the PbI; hexagonal phase given in the standard database (JCPD
card #07-0235) [25]. This suggests that PbI, presents a strong <001>
texture in the hexagonal polycrystalline phase. After 2 min of the SSRP,
the X-ray pattern shows that the {001} peak of Pbly becomes weaker,

accompanied by the appearance of three new extra diffraction peaks at
14.10°, 28.44°, and 31.80°. They are assigned as the {110}, {220}, and
{310} peaks of the tetragonal structure of PVSK and are in good
agreement with those reported in earlier publications [12]. This pro-
vides evidence that the pristine hexagonal phase of the Pbly thin film has
been converted to the tetragonal crystal structure of PVSK during the
SSRP [10,12,26]. Note that for the spectra recorded from 2 min to 6 min,
a weak diffraction peak near 18° can be assigned as the {101} peak of
CH3NH3I (MAI), indicating that the SSRP may not be completed [26]. In
general, the crystalline CH3NH3PbI; phase starts to appear at 2 min. As
the SSRP is prolonged, the intensity of the diffraction peaks associated
with the PVSK phase at identical positions increases, while the diffrac-
tion intensity associated with the Pbl, structure decreases with exten-
sion of the reaction time. By prolonging the SSRP to 8-10 min, the
diffraction peaks associated with Pbl; and CH3NH;3I completely disap-
pear, suggesting that the Pbly film has fully transformed to a
CH3NH3PbI3 PVSK film. Compared to conventional processes, including
one-step and two-step reactions in solution [10] and vapor-assisted [12]
and gas-assisted processes [15,16], the SSRP has several advantages in
terms of cost reduction and short processing time. First, the reaction
time of SSRPs is comparable to that of SRPs and is certainly much faster
than that of VSPs. The reaction time needed for the gas phase (VRP) is
usually approximately 1-2 h [12] and approximately 13 min [16] for the
solution processes. Note that SSRPs can be carried out under normal
ambient conditions without a vacuum system, and the significantly
reduced production cost is due to CH3NH3l powder being recycled.
Furthermore, no solvents or reagents, such as toluene, chlorobenzene,
etc., are used in SSRPs, which avoids posttreatment of the waste solution
and is expected to simplify the CH3NH3PbI3 (PVSK) film fabrication
process.

The SEM images in Fig. 3a-f display the evolution of the surface
morphology at 2-min intervals during the solid-state reaction of MAI
with the Pbl; film. We can see that the grains of the perovskite film grow
from 212 nm + 20 nm (at 2 min, Fig. 3b) to 947 nm + 20 nm (at 10 min
at Fig. 3f). The lateral growth rate is estimated from Fig. 3b—f to be 1.57
nm/s. Fig. 3g to 1 show the structural evolution in a cross-sectional view
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Fig. 4. (a) HRTEM image showing the two-layer structure of the film processed
via the SSRP for 4 min. (b) Magnified view of PbI2. Inset showing the zone axis
top: [110]pex, bottom: [110]hex. (¢) HRTEM images showing that the
CH3NH3PbI; perovskite has a tetragonal structure. Zone axis of the inset FT
pattern It [021]¢er, II: [221]1er, [II:[221]1e; and IV:[221] .

at different treatment times, 0, 4 and 10 min. As suggested from XRD,
the SSRP is completed at 10 min. Fig. 3i (10 min) shows that the
thickness of CHsNH3PbI; in the perovskite layer reaches approximately
340 nm. Note that the grains extend through the whole film and have a

|)3.’—
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size consistent with that determined from the planar view of approxi-
mately 947 nm in Fig. 3f. It can be seen that not only does the grain size
increase but the film also becomes thicker, with the thickness increasing
from 200 to 340 nm as the treatment time increases. The growth rate in
the longitudinal direction is estimated to be 0.56 nm/s, which is
approximately 1/3 of the growth rate in the lateral direction. This
suggests that the SSRP favors a 2D growth mode for PVSK films.
Together with the evidence of the uniform grain size (£20 nm,
Fig. 3b—f), it is reasonably envisaged that a homogeneous distribution of
perovskite nuclei form heterogeneously and then grow on the entire
interface of Pbl, and CH3NH3I powder during the SSRP.

The structure in Fig. 3h is that of a sample treated for 4 min, which
shows a two-layer structure above the substrate. This is consistent with
the XRD results in Fig. 2d. According to the XRD pattern in Fig. 2d, the
SSRP is incomplete at 4 min, and we expect to see a mixture of perov-
skite/Pbl, film (Fig. 3h). The two-layer structure shows a thickness of
250 + 20 nm in Fig. 3h, which is also confirmed by TEM observation
(Fig. 4a) of the same sample. Fig. 4a shows a sharp interface between the
perovskite (thickness ~146 nm) and Pbl, (thickness ~120 nm) films.
The crystal structure of both the PVSK and PbI2 phases can be confirmed
from the Fourier transforms (FTs) of the local atomic-resolution images
from the areas enclosed by white circles. The magnified views of the
HRTEM images of the Pbl, and PVSK films in these two areas are given
in Fig. 4b and c, respectively. From the FTs, we see that PVSK and Pbl,
are tetragonal structures and hexagonal structures, respectively. These
results are consistent with the XRD results. The crystallographic orien-
tation and indices are given in the figure caption.

Photoluminescence spectroscopy is a tool that can independently
offer information on structural evolution, e.g., the formation of the PVSK
film during the SSRP. In Fig. 5a, the perovskite film has a PL peak at a
wavelength of 761 nm, which corresponds to a band gap of 1.6 eV. We
observed that the PL intensity increased for the samples treated with
longer reaction times. The increase in the PL intensity basically attri-
butes from two causes. First, the photo-excited carriers can be re-
combined at the residual Pbl, layer [27,28] so that the PL intensity is
relatively weak for the reaction time shorter than 10 min. Second, it
gives evidence that the amount of perovskite increases as it shown in the
XRD spectrum (Fig. 2d).

The evolution of surface roughness in the SSRP can be analyzed using
three-dimensional time-resolved atomic force microscopy (3D-AFM). As
seen in Figure 5b to g, the 3D-AFM images show the root mean square
values of roughness for the thin film prepared by the SSRP at 0, 2, 4, 6, 8,

Fig. 5. (a) Photoluminescence spectrum of the samples treated at various reaction times. (b)-(g) Surface roughness analysis of thin films treated by SSRPs performed
using 3D AFM at different treatment times: (b) O min, pure Pbl,; (c) 2 min; (d) 4 min; (e) 6 min; (f) 8 min; and (g) 10 min. The surface roughness (Rms) values are 9.3
nm, 9.8 nm, 10.5 nm, 10.8 nm, 11.3 nm and 11.8 nm. Scale size is 5 pm x 5 pm.
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Fig. 6. (a) and (b), the relationship of grain size and surface roughness of PVSK
films reaction for different times: 0 min (pure Pbl,), 2 min, 4 min, 6 min, 8 min, o 151 ®
10 min, 12 min and 14 min of the SSRP. é ® PY
5, ®
10, 12 and 14 min. The roughness values are 9.3 nm, 9.8 nm, 10.5 nm, <1=> 10 - P
10.8 nm, 11.3 nm, 11.8 nm, 12.5 nm and 14 nm with error bars of +0.2 ‘S PY
nm. Some earlier works [29,30] have demonstrated prolongation of the E 5l @
reaction time in the one-step can increase the grain size. However, the L
situation is quite different in the solid state reaction process (SSRP). In
SSRP, MAI is the top upper layer on Pbl,. It completely reacts to 0 y . . ;

perovskite in 10 min, in Figs. 2b and Fig. 3. As it is known that grain size
of think film usually is limited by the thickness of thin film. Our
experiment showed prolongation of the treatment time beyond 10 min,
the grain slightly shrinks and the surface roughness gets worse. Before
10 min, the surface roughness (Fig. 6) increases linearly with grain size,
which is implicitly attributed to the impingement of grains from the 2D
grain growth mode. However, the surface roughness increases with
prolonged SSRP treatment time may be due to formation of deeper grain
boundary groves. After all, the surface roughness of 14 nm at 14 min
obtained via the SSRP is flatter than the reported roughness of 40 nm
obtained via the SRP [31,32].

It has been reported that in general, a flatter surface gives better
contact resistance [33,34]. The extremely flat surface of the PVSK film
prepared by the SSRP can improve the contact resistance with Cgo/BCP
to reduce the series resistance (Rs). The contact resistance we measured
for the samples treated at 10 min is Rs = 16.2 + 0.2 Q-cm?, which is far
smaller than Rs = 61.1 & 2.6 Q-cm?, which is the contact resistance of

2 4 6 8 10 12 14
Reaction time (min)

Fig. 7. (a) The current density-voltage curve and parameters; (b) photograph of
a perovskite solar cell with an active area of 25 cm? (¢) The power conversion
efficiency of SSRP device as a function of processing time.

the film processed by solution treatment [35].

Based on the above results, a solar cell device is prepared using the
PVSK film processed at all different times, 2, 4, 6, 8, 10, 12 and 14 min.
The photovoltaic performance for a short circuit density (Jsc) of 22.16
mA/cmZ, open-circuit voltage (Voc) of 1 V and fill factor (FF) of 68.65%
gives a power conversion efficiency (PCE) of 15.27% (active area of 0.16
cm?) in Fig 7a. On the other hand, we achieved a submodel perovskite
solar cell (25 cm?) with a PCE of 14.46% (active area of 11.25 cmz), as
shown in Fig. 7b. Fig. 7c shows the conversion efficiencies of the film are
5.25%, 7.12%, 8.87%, 12.11%, 15.27%. 14.25%, and 13%, after
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Fig. 8. The long-term stability in efficiency of perovskite photovoltaic cells
fabricated from the solution reaction process (SRP) and solid-state reaction
process (SSRP) was tested for 1200 h. The efficiency was tested at 40% relative
humidity (RH) and 25°C.

reaction at different times, 2, 4, 6, 8, 10, 12 and 14 min, respectively.
The highest efficiency of our perovskite device is at processing time of
10 min. Our experimental evidences shows the prolongation of pro-
cessing time beyond 10 min may cause conversion efficiency decreases
which is in the same trend of the grain size. The long-term stability in the
efficiency of perovskite photovoltaic cells fabricated from the solution
reaction process (SRP) and solid-state reaction process (SSRP) are shown
in Fig. 8. These devices were tested at 40% relative humidity (RH) and
25°C. In general, the efficiency obtained via the SSRP is always superior
to that obtained via the SRP. After 1200 h, the efficiencies of the
perovskite photovoltaic cells fabricated from the SSRP and SRP decay to
19% and 35.7% of their initial efficiencies, respectively.

4. Conclusions

In conclusion, an innovative solid-state process is demonstrated for
fabricating high-quality organometallic halide perovskite thin films with
larger grain sizes (~947 nm) and flatter surfaces (~12 nm), resulting in
films that are superior to those obtained by traditional solution pro-
cesses. A solar cell device is prepared and demonstrated to have a power
conversion efficiency of approximately 15.27% (active area 0.16 cm?).
The efficiency of a perovskite depends on many factors and can be
improved through many other routes. Although this efficiency is com-
parable to that obtained with the traditional solution process, the most
important novelty of our SSRP reported here is that the SSRP can be
carried out under a normal atmospheric environment without involving
a wet bench or glove box, which facilitates the possibility of obtaining a
roll-to-roll solution for mass production and reduces costs.
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