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ARTICLE INFO ABSTRACT
Keywords: Perovskite solar cells (PeSCs) attract significant attention owing to their numerous advantages such as superior
Inverted perovskite solar cells optical/electrical properties and solution processability. However, the existence of defects in the grain bound-

Passivation method aries still prevents high performance and stable PeSCs. Here, we present a simple yet effective momentary

spinning (MS) method for passivating defect sites in the grain boundaries of PeSCs. By applying the MS method to
the perovskite active layer, we achieve infiltration of p-type hole transporting materials (HTMs) with selective
hole transport into grain boundaries, thereby reducing leakage current, suppressing nonradiative recombination
loss, and achieving efficient hole extraction. The MS-fabricated PeSCs remarkably enhance device performance,
displaying higher short-circuit current (Js.), open-circuit voltage (V,.), and fill factor (FF) than the conventional
spin-coating (SC) devices. The best device exhibits a Jg. of 23.2 mA cm’z, a Vo 0of 0.99 V, and an FF of 0.81,
yielding a power conversion efficiency (PCE) of 18.6%. In addition, passivating hydrophilic grain boundaries
with hydrophobic HTM improves the moisture stability of the device. When device performance is monitored for
over 20 days of storage, the MS device exhibits improved stability with over 80% of the initial PCE compared to
the SC device with only 50%.
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D. Kim et al.
1. Introduction

Inverted (p-i-n) perovskite solar cells (PeSCs) with [6,6]-phenyl--
C61-butyric acid methyl ester (PCg;BM) as the top electron transport
layer are strong candidates for promising energy sources owing to their
attractive advantages, such as high absorption coefficients, low exciton
binding energy, long carrier lifetime, and tunable band gap [1-4].
Accordingly, the device performance of PeSCs has been dramatically
improved over several years with the power conversion efficiency (PCE)
getting enhanced from 9% to over 23% [5].

Remarkable enhancement in the device performance of PeSC is
achieved primarily by obtaining a highly crystalline perovskite active
layer with enlarged grains, full coverage, and pinhole-free surface [6-9].
However, enlarged grains inevitably produce apparent grain bound-
aries, which cause defect sites due to the presence of vacancies, perov-
skite intermediates, and dangling bonds [10,11]. Increasing grain
boundaries increases interfacial carrier recombination, leakage current
by the shunting path of grain boundaries, charge accumulation from the
energy barrier between the grains, and carrier extraction disturbance
with mismatch energy alignment of the interface defect [12-16], and
consequently reduces the fill factor (FF) and open circuit voltage (Vo) of
the PeSC. Moreover, low device stability is caused owing to the meth-
ylammonium (MA™) cations of conventional CHsNH5Pbls (MAPbI3)
perovskite active layers, which are hygroscopic at the grain boundary
[17,18].

Several researchers have attempted to reduce grain boundaries by
controlling the evaporation speed of the solvent and the direction of
grain growth and improving device performance and stability [19-21].
However, the devices exhibit an incomplete perovskite active layer with
the appearance of the grain boundaries, and it is difficult to simulta-
neously obtain reduced grain boundaries with highly crystalline
enlarged grains. More recently, a considerable enhancement in the de-
vice performance and stability of PeSCs has been demonstrated via
passivating grain boundaries using various materials, including 2D
perovskite, 3D-2D perovskite adducts [22-25], amine-based small
molecules [26], alkylammonium halide [27] or ammonium salts [28],
and organic materials [29-32]. Although these studies have
well-passivating grain boundaries with enlarged grains, the insulating
properties of these materials intrinsically disturb the charge transport
and consequently increase the internal resistance of the device [33].

A reasonable approach to passivate grain boundaries is the replace-
ment of the insulating materials with hole transport material (HTM) that
have selective carrier transporting properties and optimum energy level
[29,34-36]. In particular, infiltration of the HTMs into the perovskite
grain boundaries is effective because a soluble HTM enables the
passivation of defect sites inside and removes the incomplete perovskite
intermediate even at the grain boundaries [37]. Furthermore, the HTM
blocks electron injection from the perovskite owing to its upper con-
duction band edge than that of the perovskite active layer, while it
transports the hole to hole transport layer, leading to efficient charge
collection at the electrode and suppressed charge accumulation at the
grain boundaries.

Despite these advantages, the infiltration of HTM materials has
hardly been realized due to the absence of an effective fabrication
method with sufficient infiltration force. Insufficient infiltration force
into grain boundaries results in random distribution of the HTM mate-
rials on the perovskite surface [34,38], and acts as a defect [39].
Therefore, development of an effective fabrication method with suffi-
cient infiltration force is crucial to achieving both efficient charge
transport and complete passivation of grain boundaries for high per-
formance and stable PeSC. In this work, we develop an effective
momentary spinning (MS) method with controllable infiltration force.
By applying momentary spinning in the spin-coating process to form a
perovskite active layer, we controlled the infiltration force in the film
formation process and achieved infiltration of p-type HTM into the
perovskite grain boundaries, which demonstrated a desirable perovskite
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active layer composed of highly crystalline grains and fully passivated
grain boundaries. The device prepared by the MS method exhibits
reduced leakage current, suppressed nonradiative recombination loss,
and efficient hole extraction with high hole mobility. These properties
improved the PCE of PeSC from 16.5% to 18.6% and provided long-term
stability.

2. Experimental section
2.1. Materials

Methylammonium iodide (MAI, 99%) was purchased from Alfa
Aesar. Lead(II) iodide (Pbly, 99%) was purchased from Greatcell Solar.
Dimethyl sulfoxide (DMSO, 99.9%), N,N-dimethylformamide (DMF,
99.8%), and chlorobenzene (CB) were purchased from Sigma-Aldrich.

2.2. Device fabrication

ITO-coated glass substrates were sequentially cleaned in an ultra-
sonic bath with deionized water, acetone, ethanol, and isopropanol for
10 min and then dried in an oven at 100 °C overnight. After treatment
with UV/Ozone for 1800 s, poly(3,4-ethylenedioxythiophene)-poly
(styrene sulfonate) (PEDOT:PSS, Baytron PH) was spin-coated onto the
ITO-coated glass substrate at 4500 rpm for 40 s and then annealed at
140 °C for 10 min. For the perovskite layers, a 45 wt % perovskite
precursor containing MAI (1.2 M) and Pbl, (1.1 M) in DMF and DMSO
(9:1) was spin-coated at 1200 rpm for 5 s, and CB (300 pL) was quickly
dropped on the spinning substrate at 5000 rpm for 50 s. Afterward [6,
6],-phenyl-C61-butyric acid methyl ester (PCs;BM, 30 mg/1 mL) solu-
tion in CB was spin-coated onto the perovskite layer at 1200 rpm for
40 s. The as-prepared perovskite film was heated at 120 °C for 10 min
in a vacuum oven, and then cooled down to room temperature in the
glove box. After that, we carried out CB treatment by using a fully
dropped CB solvent onto the perovskite film for uniform film, a PCBM
solution spin-coated at 1200 rpm for 40 s. For the Filled-perovskite
grain boundary with hole transport materials (MS film), the HTM
(p-DTS(fbtthy),, PCDTBT, P3HT, PTB7-Th) with a concentration of 0.5
(% w/v) in CB was first dropped onto the perovskite film, then spin
coated 1s at 2000 rpm for permeating the perovskite grain boundary.
Then, the CB solvent was deposited during 2000 rpm for washing only
top surface of HTM, and a spin-coated PCBM solution at 1200 rpm for
40 s after drying. Finally, aluminum (Al) was deposited as the top
cathode (100 nm) at thermal evaporation under 5 x 1077 Torr. The
PeSC device was fabricated with the following structures: ITO/PEDOT:
PSS/MAPDI; (with or without HTM)/PCg1BM/Al.

2.3. Characterization

The contact angle and surface tension were measured using a UNI-
CAM(GITSOFTTECH) system. The p-DTS(fbtthy), with different con-
centration (from 0 %w/v to 1.3% w/v) in CB solution was dropped on
the polytetrafluoroethylene(PTFE) substrate to measure contact angles
and surface tension. Density was calculated using an electronic scale in
RADWAG products using SEM. The topographies of the perovskite films
were analyzed by atomic force microscopy (AFM, Bruker) with Icon-PT-
PLUS using tapping mode and Kelvin probe force microscope (KPFM,
Bruker). Scanning electron microscopy(SEM) images of the device
structure were measured using a Hitachi (S-2700, Japan). Electrical
impedance spectroscopy (EIS) was performed using an Ivium compact-
Stat.h electrochemical analyzer. Photoluminescence (PL) spectra were
recorded using a Photon Technology International Fluorimeter (PTI,
USA). The irradiated current density-voltage (J-V) curves were tested
using Keithley 2400 under air mass 1.5 global (AM 1.5G) irradiation
(100 mW cm~2). The light intensity was calibrated using an NREL-Si
solar cell. The external quantum efficiency (EQE) was measured under
monochromatic light using a Xenon lamp (Dongwoo Optron).
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3. Results and discussion

Infiltration of p-type HTMs as passivating materials into grain
boundaries in inverted p-i-n PeSCs provides many advantages. It pas-
sivates the defect sites and removes the hydrophilic perovskite inter-
mediate from the top to the bottom of the grain boundaries [37]. In
particular, the selective charge transport properties of HTM allow only
hole injection from the perovskite active layer near the grain boundaries
and transport holes to the anode, leading to higher internal quantum
efficiency (IQE) of the device. Fig. 1a presents the structure of the fully
covered perovskite active layer with HTM for PeSC. The p-DTS
(FBTThy), was used in this work as a HTM. Since p-DTS(FBTThy); has an
upper conduction band (CB) edge and valence band (VB) edge higher
than that of the perovskites active layer, the holes generated in the
perovskite active layer easily move to the p-DTS(FBTThy), without
encountering any barrier, whereas the electrons are blocked because of
the energy barrier at the interfaces. In addition, the hydrophobicity of
p-DTS(FBTThy), suppresses the decomposition of the perovskite by
moisture, which increases the moisture stability of the PeSC.

Successful infiltration of the HTM into the grain boundaries has
hardly been demonstrated so far due to the absence of an effective
method with sufficient infiltration force. When the HTM was deposited
by the conventional spin coating method, most materials were distrib-
uted on the surface of the perovskite layer and no infiltration of HTM
into such narrow grain boundaries occurs owing to insufficient infil-
trating force [38]. Randomly distributed HTM materials on the top
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surface of perovskite act as defect sites [39]. In an effort to overcome this
issue, we have developed a new MS film formation process for infil-
trating the HTM into grain boundaries. Fig. 1b presents the film fabri-
cation process of the MS method. The process for fabricating perovskite
films is exactly the same as the merged annealing process until the
deposition of the HTM layer [40]. Our earlier work demonstrated that
the merged annealing method produced enlarged grains with high
crystallinity [40]. In contrast to the conventional spin-coating (SC)
process with continuous spinning until complete film formation, our MS
method included a momentary spinning process with a very short
spinning time and subsequent drying process for complete film forma-
tion. After dripping the HTM solution on the perovskite layer rinsed with
CB solvent, the substrate was spun for a spinning time of only 1 s. The
complete HTM layer was finally obtained after drying. After that, the
complete HTM layer on the perovskite film is re-spun, and then the HTM
on the perovskite surface is washed out by dripping the CB solvent on the
spinning substrate. Due to centrifugal force during substrate spinning,
the CB enables the HTM to be washed only on the surface of the
perovskite and HTM infiltrated into the grain boundaries is still present.
The detailed procedure pictures of the MS method are compared with
those of the conventional methods in Fig. S1.

Because the complete film was hardly obtained with such a short
spinning time of 1 s, the remaining solution of the HTM is still moveable
even after momentary spinning. When the substrate is spun, the HTM
solution spreads from the center to the edge due to centrifugal force,
while the solution moves back to the center from the edge after stopping
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Fig. 1. (a) Conceptual diagram of charge transport in perovskite film with infiltration of hole transport material into grain boundaries. (b) Fabricating process for the
momentary spinning method (inset: illustration of solution movement on and off the substrate spinning).
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the spinning. The inset of Fig. 1b illustrates the solution movement on
and off the substrate spinning. Previous works by Willson’s research
group have demonstrated that the solution after stopping substrate
spinning immediately began to planarize under capillary and hydro-
static forces [41]. Therefore, it is expected that the capillary force
induced by stopping the spinning in the MS process can act as the
infiltration force for the HTM infiltration into the grain boundaries.
Fig. S2 presents pictures of the films prepared by drop casting without
spinning, conventional SC, and our MS methods. All films were first
washed out by CB dripping under film spinning conditions. When we
washed the films with CB solvent again without spinning, only the MS
film exhibited dissolved materials with colored solution, whereas the
other films showed the original colorless CB solvent. Because the infil-
trated HTM was hardly washed out by dripping the CB on the spinning
film, the dissolved materials originated from the infiltrated HTM into
grain boundaries, indicating that the MS method produces infiltration of
the HTM into grain boundaries.

It is known that the infiltration force is influenced by the concen-
tration of HTM because of capillary pressure, as represented by the
Young-Laplace equation (P = f(6,r)p(r) = Z2ycos 0p(r), where, r and 6
are the surface tension of the liquid and the contact angle, respectively)
[42]. Because the capillary pressure is sensitive to the surface tension of
a penetrant and its contact angle [43], which are affected by the con-
centration of the solution, an optimizing concentration of the HTM so-
lution is determined to achieve efficient infiltration of the HTM into
grain boundaries. Fig. 2a presents the variations in the contact angle and
surface tension of the HTM solution with increasing concentration of
HTM. Dissolution of HTM in a CB solvent with a concentration of 0.1%
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Fig. 2. (a) Contact angles and surface tension variations for different HTM
concentrations (b) the change of infiltration force with increasing HTM
concentrations.
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w/v. slightly increases the surface tension and contact angle, and the
surface tension does not noticeably change up to 0.5-1.3% w/v, while its
contact angle continuously increased until 1.3% w/v. Corresponding
infiltration forces were calculated using the Young-Laplace equation and
are presented in Fig. 2b. The infiltration force is not very sensitive to an
increase in concentration until 0.5% w/v with almost constant intensity.
However, the force quickly decreases with increasing concentration
above 0.5% w/v. Therefore, we fixed the concentration of HTM at 0.5%
w/v. The infiltration force is also influenced by the rotational speed
related to the centrifugal force. After measuring the density of the
perovskite layer, we selected 2000 rpm as the optimized speed. Table S1
summarizes the density of the filled-perovskite layer for different spin-
ning speeds.

To verify the infiltration of the HTM into the grain boundaries, we
checked the morphologies of the films prepared by the SC and MS
methods. Fig. 3a and b presents the atomic force microscopy (AFM) and
Kelvin probe force microscope (KPFM) images of the films fabricated by
the SC and MS method (namely SC film and MS film here), respectively.
Owing to the similarity of the film fabrication process between them,
except for the existence of an infiltration force, both the SC and MS films
present similar morphologies with enlarged grains and apparent grain
boundaries. However, the root-mean-square (RMS) surface roughness
and the surface potential between the grain and the grain boundary of
the films were slightly different. Enhanced smoothness between the
grains was observed in the MS film with relatively low RMS values of
3.77 nm compared to 12.20 nm for the SC film. In addition, the KPFM
images provide quite a different potential distribution between both
films. While the SC film exhibits a uniform distribution of the surface
potentials on the entire surface, the MS film shows a distinct potential
difference between grains when we measure the surface potential
around grain boundaries. Because the difference in surface potential
usually originates from different components, we attribute the potential
difference in the MS film to the existence of HTM between MAPDI3
perovskite grains.

In order to verify our expectation, we have performed SEM-EDS
measurements for the films. Since the HTM includes Silicon, which
isn’t present in MAPbI3 perovskite, we have specifically checked the Pb
and Si elements in the films. Fig. 3c and d shows the top view of the SEM
image of the SC and MS films. As expected, while the yellow-colored Pb
element was observed in both films, a greenish-blue Si element was only
detected in the MS film. In particular, the shape of the distribution of the
Si elements in the film resembles the morphology of the film obtained by
SEM. This tendency is also observed in the cross-sectional images of
SEM-EDS for the films, as shown in Fig. 3e and f. The Si elements were
only present in the MS film and were located at the grain boundaries. In
addition, the XPS depth data in Fig. 3g and h confirm the existence of
HTM in the MS film. Based on these data, we conclude that the HTM is
infiltrated into the grain boundaries by our MS method.

Since the MS films provide infiltration of HTM into grain boundaries,
leading to enhanced hole transport, it is expected that the device with
the MS film has improved electrical properties compared to conven-
tional devices. Therefore, we first measured the dark current-voltage
curves of the devices fabricated by the MS and SC methods to investi-
gate the carrier recombination properties. Fig. 4a shows the device
structure used in this work. Both devices have almost the same device
structure as glass/ITO/PEDOT:PSS/MAPbI3/PCBM/Al. Compared to the
SC device, the MS device has an additional infiltration component of the
HTM into the grain boundaries. Fig. 4b exhibits current density values
against applying voltages from —1.5 V to +1.5 V under dark condition,
respectively. Both devices exhibit conventional semiconducting prop-
erties with clear rectification under an applied bias. When a forward bias
higher than 0.8 V is applied to both devices, the charge carriers begin to
inject to the perovskite active layer and the current increases gradually
with an increase in the applied bias. However, the current flow is sup-
pressed under negative bias conditions owing to the large energy barrier
for charge injection. Although similar current behavior in both devices is
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Fig. 3. AFM, KPFM, SEM-EDS images and XPS depth data of the perovskite films prepared by conventional SC (a,c,e,g) and MS (b,d,f,h) methods.

observed due to identical device components with identical energy
levels, there are noticeable differences in current values. At zero voltage,
the MS device shows a lower current of 0.0019 mA/cm? and a reduced
leakage current under all negative bias conditions compared to the SC
device with a current of 0.0030 mA/cm? In addition, the MS device
presents better current flow under strong forward bias conditions (see
the inset of Fig. 4b). These results clearly imply that infiltration of the
HTM in the MS device can suppress non-radiative recombination and
reduce shunting paths in the device.

Further investigation of the effect of HTM on the charge transport
properties and electrical impedance spectroscopy (EIS) measurements
was performed to observe the internal electrical processes of the PeSC.
Fig. 4c presents Nyquist plots of MS (red line) and SC (black line) devices
at 4 MHz-0.1 Hz at —0.7 V under dark conditions. The corresponding
equivalent circuit obtained by conventional fitting is presented in the
inset. The circuit is composed of a series of resistance Rg and a parallel
resistance R, with a corresponding capacitance element. As shown in
Fig. 4c, it is evident that the MS devices with infiltration of the HTM
exhibit a much larger diameter of the semicircle (red line) compared to
the SC device (black line), which corresponds to the higher R,, resistance
of the device. Because R;, corresponds to recombination resistance(Ryec)
in PeSC, a higher R;, of the MS devices results in suppressed interfacial
charge recombination and improved charge extraction. This result
matches well with the dark J-V curve characteristics in Fig. 4b.

To further verify the improvement of charge transport by reducing
the electrical trap, we analyzed the hole trap density and hole mobility

by using the space-charge limited current (SCLC) model in Fig. 4d. The
device structure for hole mobility measurement is ITO/PEDOT:PSS/
perovskite/MoO3/Ag. The results were calculated for trap state density
by using trap-filled limit voltage equation (Vg = enth/Zeeo, where, e,
ng, L, €, and ¢ are the electric charge, trap-state density, the thickness of
perovskite film, relative dielectric constant of perovskite, and vacuum
permittivity respectively). As summarized in Table 1, the MS device has
a lower trap states density of 1.38 x 10'® cm™ and a higher hole
mobility of 1.96 x 10~2 c¢m?/V-s compared to the SC device with a trap
states density of 2.29 x 10 cem™ and hole mobility of
5.12 x 10~* cm?/V:s. Electron trap density and mobility also have
same tendency (Fig. S3). In addition, the decrease in PL intensity in the
MS film, as shown in Fig. S3, demonstrates enhanced hole transport near
the grain boundaries to the HTM materials into the grain boundaries.
Based on these results, we conclude that the infiltration of the HTM leads
to better charge extraction with improved hole mobility.

Fig. 5a depicts the J-V characteristics of the MS and SC PeSCs
measured under AM 1.5 G (100 mW cm™2) irradiation conditions.

As expected, the MS PeSC demonstrates an enhanced device per-
formance with higher Jg, higher V., and higher FF compared to the SC
device. The distribution of the PCE and the detailed photovoltaic pa-
rameters of the PeSCs with various HTM concentration are provided in
Fig. 5b, Fig. S4 and Table 2. All photovoltaic parameters of Jsc, Voc and
FF increase with increasing concentration of the HTM up to 0.5% w/v
due to passivation effect. However, they decrease with increasing con-
centration higher than 0.5% w/v because the remaining HTM on the top
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hole-only devices.

Table 1
The hole mobility and trap state density of the SC device and MS device.

Device Trap states density [em ™3] Hole Mobility [em?V-'S71]
MS 1.38 x 10%° 1.96 x 1073
e 2.29 x 10 512 x 107*

of perovskite surface hinders the charge transport. The best MS device
has a Jc of 23.2 mA cm ™2, a Vo of 0.99 V, and an FF of 0.81, yielding
an efficiency of 18.6%. Because both devices have almost the same de-
vice structure and perovskite active layer thickness, which affects the
amount of photon absorption, the enhanced device performance in the
MS PeSC is attributed to the improved IQE compared to SC PeSC. In
addition, considering the similar morphology of the perovskite active
layer of the MS device, except the infiltration of the HTM into grain
boundaries (see the AFM and SEM images of Fig. 3a—d), we believe that
the improved IQE in the MS device mainly originates from the decreased
defect sites around the grain boundaries by passivation of the HTM. In
addition, improved hole carrier transport is ascribed to enhanced hole
mobility and an additional hole transport channel generated in the HTM.
Fig. 5c presents incident photon to current efficiency (IPCE) of the
corresponding MS PeSCs and SC PeSCs. The MS device exhibits an
enhanced IPCE at the entire wavelength range of 400-800 nm
compared to the SC device. This enhancement in the IPCE for the MS
device is well matched to the higher Jg in the J-V curve in Fig. 5a and
Fig. S5. Furthermore, we confirmed the enhancement in device perfor-
mance of PeSCs by using various HTMs with P3HT, PTAA, and PTB7-Th
as HTM materials. As depicted in Fig. S6 and Table S2, the devices with
infiltration of the HTMs present increased device performance compared
to the pristine device. These results confirmed the effect of infiltration of
HTM with selective charge transport on the enhancement of device
performance.

For detailed comprehension of the enhanced device performance in
MS PeSC, some straightforward insights into the charge recombination
process within devices were achieved by analyzing the light intensity
dependence of Js. and V.. The dependence of Js. on the logarithmic

form of the incident light intensity (I) based on Js. « I* is shown in
Fig. 5d. While the Jg of both devices exhibit a linear relationship with
respect to the light intensity, the slope of the MS devices with a gradient
value ofa = 0.91 is greater than the value of @ = 0.84 of the SC device,
implying decreased bimolecular recombination under short-circuit
conditions. Fig. 5e illustrates the light dependence of V,. on I in loga-
rithmic form (In(I)), which fits the equation (Vo = ¢ kTIn(I)/q + (a
constant), where, ¢, k, T, and q are the ideal factor, Boltzmann constant,
absolute temperature, and elementary charge, respectively). The ¢ value
of the MS device was calculated to be 1.07, which is closer to 1 than that
of the SC device with a value of 1.19. The reduced ¢ value in the MS
device also proves the effective inhibition of trap-assisted charge
recombination and the high carrier mobility induced by infiltration of
the HTM into grain boundaries. Therefore, it is worth noting that infil-
tration of HTM into grain boundaries using the MS method leads to
reduced charge recombination and improved charge collection and a
consequent enhancement in device performance.

In parallel, since the hydrophilic grain boundaries are passivated
with hydrophobic HTM in the MS PeSC, it is expected that the MS PeSC
present improved moisture stability compared to SC PeSC. Fig. 5f
demonstrates the device stability in the dry box without encapsulation.
After 20 days of storage, the PCE of the SC device decreased by
approximately 50%, whereas only 20% of the initial PCE was lost for the
MS device. In addition, the MS device exhibits improved stability with a
slower decrease in Js. compared with the SC device under ambient
environment for 7 days (Fig. S7). This improvement of stability in the
MS PeSCs is easily understood by the enhancement in the hydropho-
bicity of the perovskite film via passivation of hydrophilic grain
boundaries, which was confirmed by contact angle measurement, as
shown in Fig. S8.

4. Conclusion
In conclusion, we developed an effective MS method for infiltrating

HTM into grain boundaries. By using a momentary spinning process
with a very short spinning time, we successfully demonstrated



D. Kim et al.

~
=
~—

Journal of Power Sources 506 (2021) 230212

(b)

— 5 30
E " I SC device
Lo 25| I MS device
é —— SC device
~ -51 —— MS device 20}
> 2
@ -10- S 15}
c
5 5]
e _15_ o 10k
R
c
£ 204 St
=
o S e ——— (]
-0.2 0.0 0.2 0.4 0.6 0.8 10 12 13 14 15 16 17 18 19
Voltage (V) PCE(%)
C d
©, @
I -=-SC device » SC device
804 . :.--.._..':l. -=-MS device » MS device
-. -nl ...ll-_ —_
- “nann, | % =
el W ™ £ 104 0=0.91
= bl i <
o 40- ’ =
D ﬁ\' g
204 .‘i =
0+ Peaa
300 400 500 600 700 800 20 40 60 80100
Wavelength (nm) Light intensity (mW/cm?)
©, ()
| + scdevice 1.04 —o—SC device
& —23—MS device
» MSdevice 1.07 kT/q 1
O 0.8
0.9 . o
S ®
5 1.19kTiq | K6
>° ®
0.9 £ 041
[s)
Z 0.2
O.F J LJ \J 3 v 0-0 L] L) L LJ L)
20 40 60 80100 0 5 10 15 20
Light intensity (mWIcm2) Time (day)

Fig. 5. (a) J-V curves, (b) device performance distribution, (c) the IPCE spectra, (d) Js vs. light intensity and (e) V. vs. light intensity, and (f) the device stability test
of the corresponding perovskite solar cells under nitrogen glove box environment (H,O 55 ppm, O 5 ppm) at room temperature.

Table 2
The parameters of the SC and MS device.

Device Jse [mAcm™2] Vee [V] FF PCEopr, [%]
e 22,5 + 0.74 0.95 + 0.02 0.77 + 0.02 16.5 + 0.88
MS 23.2 + 0.79 0.99 + 0.03 0.81 + 0.03 18.6 + 0.46

infiltration of HTM into grain boundaries. The perovskite active layer
prepared by the MS method provides highly crystalline enlarged gains
and fully passivated grain boundaries. Furthermore, the MS PeSC device
exhibits remarkable enhancement in device performance with higher
Jse, higher V., and higher FF compared to the SC device. The best MS
device has a Jec of 23.2 mA cm 2, a Voo of 0.99 V, and an FF of 0.81,
yielding an efficiency of 18.6%. The improved device performance is
ascribed to reduced charge recombination and improved charge
collection via infiltrated HTM with selective charge transport into grain

boundaries. In addition, the hydrophobicity of the HTM leads to
improved moisture stability of the device. After 20 days of storage, the
MS device exhibited improved stability with over 80% of the initial PCE
compared to the SC device with only 50%. We believe that our MS
method can improve the performance and stability of perovskite solar
cells.
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