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In this study, polyethylene oxide (PEO) is introduced into methylammonium lead iodide (MAPbI3) perovskite to
replace the standard anti-solvent washing process of perovskite solar cells. By forming PEO-MAPbI; composites,
we achieved controllability of the perovskite surface morphology. Furthermore, the PEO addition improved the
electronic properties of the composites by suppressing the trap density of the MAPbI; perovskite. We observed a
significant increase in the average power conversion efficiency (PCE) of the perovskite solar cells (PVSCs) from

0.24% to 7.25% using the proper PEO-perovskite composition ratio (1.5:1), based on their fabrication without
any organic anti-solvent treatment. Moreover, the performance uniformity and outdoor stability were sig-
nificantly enhanced by employing the composite. The proposed PEO-perovskite composite offers a promising
pathway for the industrialization of PVSCs in terms of PCE, uniformity, stability, and feasibility—without in-
volving current anti-solvent washing process.

1. Introduction

In recent years, perovskite solar cells (PVSCs) have received sig-
nificant attention from researchers worldwide for their remarkable ef-
ficiency increase of nearly 24% compared to that of commercial Si solar
cells [1-7]. Many studies have been conducted with the aim of com-
mercializing PVSCs because of their advantages, such as a simple, low
temperature solution process and inexpensive materials [8-12]. How-
ever, scalability remains a major obstacle in the commercialization of
PVSCs. Thus far, the perovskite absorber layers of most lab-scale high-
efficiency PVSCs have been made through an anti-solvent washing
method that has many benefits, such as forming homogeneous and
crystalline perovskite thin films readily and providing morphology
control [13-17]. However, this anti-solvent washing process is more
likely to cause difficulties in guaranteeing the uniformity of a thin film
coated over a large area. Furthermore, there are human and environ-
mental issues involved with the hazardous organic anti-solvents—such
as chlorobenzene and toluene—used in several studies that have re-
ported excellent efficiency using spin coating and anti-solvent washing
[18-21]. Therefore, the development of a separate technology for
controlling the morphology and crystal growth of perovskite without
anti-solvent treatment could be important for commercialization.

Different from PVSCs, there have been several reports on perovskite
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light-emitting diodes (LEDs) that use perovskite layers produced
without a washing process. One of these methods is to add an ionic
insulating polymer—polyethylene oxide (PEO)—to the perovskite
composite [22-26]. PEO has primarily been studied in LEDs because its
addition to perovskite composites reduces the grain size; produces a
uniform, pinhole-free perovskite layer; and increases electro-
luminescence—all of which are suitable for improving LED properties
[22,26]. In planar PVSCs, several studies have focused on the charge
transport layer, as well as a passivation layer, to improve the perfor-
mance of the cells by enhancing the interface engineering and in-
creasing the conductivity [17,27,28]. However, there have been few
reports on the development of PEO-perovskite composites, and solar
cells that use PEO as a light absorbing layer.

In this paper, we first report on the effect of improving the planar
perovskite absorber layer properties and solar cell characteristics by
adding PEO to a perovskite composite. For this, we performed struc-
tural, optical, and morphological analyses, and photovoltaic char-
acterization according to the amount of PEO in each PEO-MAPbDI;
perovskite composite. It was found that the addition of PEO resulted in
smaller grain size and morphology control. Additionally, steady-state
photoluminescence (PL) measurements showed that PL was improved
and trap-assisted recombination was suppressed. These results led to
the improved open circuit voltage and increased power conversion
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Abbreviations

PVSC perovskite solar cell

LED light emitting diode

PL photoluminescence

PCE power conversion efficiency
ETL electron transport layer

HTL hole transport layer

XRD X-ray diffraction

FE-SEM field emission scanning electron microscopy
AFM atomic force microscopy

UV-Vis ultraviolet-visible

FWHM full width at half maximum

efficiency (PCE) of the overall PVSC with exceptional stability. By this
method, the photovoltaic characteristics can be improved without an
anti-solvent washing process, which has been regarded as essential in
the research and development of PVSCs. We expect this method will be
widely applied as a base technology for the commercialization of
PVSCs.

2. Materials and methods
2.1. Materials

Methylammonium iodide (MAI, Greatcell Solar Ltd), lead iodide
(Pbl,, 99.9985%, Alfa Aesar), and polyethylene oxide (M.W. 100 000,
Alfa Aesar) were used as precursors for the PEO-perovskites with di-
methylformamide (DMF, 99.5%, Samchun Chemical) and dimethyl
sulfoxide (DMSO, 99.8%, Samchun Chemical) used as solvents. For the
NiOy hole transport layer, nickel nitrate hexahydrate (Ni(NO3),-6H,0,
99.999%)), ethylene glycol (99.5%, Junsei), and ethylenediamine (EDA,
99.0%, Samchun Chemical) were used unaltered. To prepare the elec-
tron transport layer (ETL), phenyl-C61-butyric acid methyl ester
(PCBM, 99.5%, Nano-C) was used with chlorobenzene (CBZ, mono, >
99.5%, Kanto Chemical) as a solvent.

2.2. Precursor preparation for PEO-perovskite films

To prepare the PEO-perovskite precursor solutions, a MAPbI; per-
ovskite solution (MAI:Pbl,:DMSO = 1:1:1; 1.8 M in DMF) was stirred
overnight and mixed with a PEO solution (16 mg mL~! in DMF) ac-
cording to the following v/v% ratios: no PEO, 1:1, 1.25:1, and 1.5:1.
The PEO-perovskite solutions were then stirred for 30 min at 70 °C be-
fore spin-coating. The PEO-perovskite layer was spin-coated onto the
NiO4 hole-transport layer (HTL) at 4000 rpm for 50 s, followed by an-
nealing on a hot plate at 100 °C for 10 min. Regarding NiOy precursor
solution, it was made by dissolving 1 M nickel nitrate hexahydrate
(0.291 g) with ethylenediamine (67 pL) in ethylene glycol of 1 mL. The
solutions were stirred at room temperature during overnight.

Device Fabrication: ITO-coated glass substrates were cleaned se-
quentially with detergents, acetone, isopropanol, and deionized water
by sonification (10 min for each step). After drying in an oven, the
substrates were subjected to ultraviolet-ozone for 20 min prior to use.
To form the HTL, pristine NiO, was spin-coated onto the substrates at
4000 rpm for 90 s. The samples were then pre-baked at 150 °C for 5 min
and annealed at 300°C for 1h to obtain the NiO,-based HTLs. All
perovskite films were coated onto the NiOy HTLs in a No-filled glove
box by the process described above. Subsequently, the PCBM
(20mgmL~"! in CBZ) ETL was spin-coated onto the perovskite at
3000 rpm for 35s. Finally, a silver electrode was thermally evaporated
under high vacuum (< 1 x 10~ °Torr) after defining an effective cell
area of 4 mm? with a shadow mask.

2.3. Characterization

The crystalline structures of the perovskite films were characterized
by X-ray diffraction (XRD; New D8-Advance, Bruker-AXS). The surface
morphologies of the films were observed by field emission scanning
electron microscopy (FE-SEM; SIGMA, Carl Zeiss) and atomic force

microscopy (AFM; XE-100, Park Systems). The cross sections of the
prepared films were also investigated by FE-SEM (SIGMA, Carl Zeiss).
The absorption spectra of the films were characterized by ultra-
violet-visible (UV-Vis) spectroscopy (UV-2700, Shimadzu). Steady-
state PL. measurements of the fabricated perovskite films were con-
ducted using a spectrofluorometer (FP-8600, Jasco) with a laser ex-
citation wavelength of 405 nm. For device characterization, all current-
voltage (J-V) curves of the fabricated PVSCs were characterized using a
solar simulator (PEC-LO1, Peccell Technologies) under the AM 1.5
standard spectrum (100 mW cm~2) at 25 °C.

3. Result and discussion

Until now, the perovskite absorber layer in most PVSCs has been
fabricated through an anti-solvent washing process. However, this
process has a critical limitation in terms of large-scale commercializa-
tion. Unfortunately, without anti-solvent washing, the surface coverage
of the perovskite layer is very difficult to control, and shunting often
occurs, resulting in very poor photovoltaic properties when applied to
solar cells. Therefore, we aimed to develop a process that does not use
anti-solvent washing—instead using PEO, an ionic insulating polymer
that has not been applied to the materials of PVSCs. Subsequently, we
evaluated the properties of the proposed PEO-perovskite according to
the various amounts of PEO added.

Fig. 1 (a) and (b) show the surface and cross-sectional FE-SEM
images, respectively, of the MAPbI; perovskite film made without anti-
solvent washing. This film exhibits many large vacancies and pinholes
on the surface—which is not uniform. Large voids are also observed in
the cross-section. These results are consistent with those previously
reported [29-31]. Such vacancies can give rise to serious recombination
losses, allowing for direct contact between the ETL and HTL of the
upper and lower layers. In comparison, Fig. 1 (c) shows the surface
morphology of the MAPbDI; film prepared using the anti-solvent

(a) Pristine

f(?:);Anti-soIvaqtﬁ treated -

Fig. 1. (a,b) Surface morphology and cross-sectional image of pristine MAPbI3
perovskite film made without anti-solvent washing, and (c) surface morphology
of MAPDI; perovskite film processed with anti-solvent washing.
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(chlorobenzene) washing process, in which a very compact surface with
no pinholes or vacancies is observed. On this basis, the washing process
has been applied to most PVSCs in lab-scale studies to completely solve
the morphological problem of unwashed perovskites. However, as
mentioned above, it can be expected that commercialization will ac-
celerate if this process—and the associated development of large-scale
equipment and difficulty of choosing an environmentally-benign anti-
solvent—can be avoided.

To solve these problems, we propose a method of creating an ab-
sorber layer by adding PEO—an insulating polymer material—to a
conventional MAPbI; perovskite solution. The process of producing the
PEO-perovskite composite thin films is shown in Fig. 2 (a). Fig. 2(b-d)
show the surface topographies obtained by FE-SEM. The images illus-
trate the effect of crystallinity on the morphological properties of the
PEO-perovskites with different ratios of PEO/perovskite. As the pro-
portion of PEO increased, the surface became more continuous, surface
coverage improved, and grain size became smaller (Fig. S1). The grain
size of the perovskite without PEO was approximately 350-700 nm
while that of the perovskites with ratios of 1:1, 1.25:1, and 1.5:1 was
approximately 150-280 nm, 80-150 nm, and 50-70 nm, respectively.
Additionally, as the PEO/perovskite ratio increased, pinholes and va-
cancies were significantly reduced. Fig. 2(e—-g) shows the cross-sectional
images of the ITO/NiOy/PEO-perovskite/PCBM structures with various
PEO/perovskite ratios. As shown in figure, the perovskite without PEO
has many large voids. However, such voids decreased substantially with
each PEO/perovskite ratio increment, with the PEO-perovskite with a
ratio of 1.5:1 (Fig. 2 (g)) exhibiting dense and void-free surface cov-
erage. This uniform and compact perovskite absorber layer can sup-
press undesirable local shunting by preventing direct contact between
the HTL and ETL above caused by vacancies, and thereby improve the
photovoltaic properties.

It has been demonstrated that the surface structure can be suc-
cessfully obtained without the washing process by controlling the
components of the composite material. Now, we assess this composite
material by a structural point of view. The fabricated PEO-perovskite
films with various PEO/perovskite ratios (0:1, 1:1, 1.25:1, 1.5:1) were
characterized by XRD, as shown in Fig. 3. The major (110) and (220)
peaks in the tetragonal crystalline perovskite phase appeared in the
perovskite thin film without PEO. The peaks of the PEO-perovskite (1:1,
1.25:1, 1.5:1) films were also characterized by same peaks. However,
the XRD spectra of the neat perovskite also showed a Pbl, peak (12.7°).
It is presumed that this peak was observed because the thin film was too
nonuniform and roughly formed, such that it did not form a proper
MAPbDI; perovskite crystal and residual Pbl, remained [32]. As the
amount of PEO increased, the diffraction intensity tended to decrease
compared with that of the sample without PEO. This result indicates
that the PEO incorporation reduces the crystallinity of MAPbI3 per-
ovskites, which is also related with reducing the partial concentration
of MAPbI; as PEO is added. To compare more accurately, the Scherrer
formula was introduced as follows [33]:

= KA
~ Beosd (@)

where A is the wavelength (10\) of the Cu-Ka line (1.54 [o\), K is the shape
factor (generally 0.9), f is the full width at half maximum (FWHM) of
the peak (°), 0 is the Bragg angle (°), and 7 is crystallite size (Io\). In the
main peak of (110), the crystallite sizes of the PEO-perovskite films
according to PEO amount are shown in Table S1. As a result of the
calculation, it was evident that the crystallite sizes were reduced to
95.2nm, 71nm, 54.7nm, and 52.9nm corresponding to PEO/per-
ovskite ratios of 0:1, 1:1, 1.25:1, and 1.5:1, respectively. This result
agreed well with the SEM images in Fig. 2, and confirmed that we were
successfully able control the crystallinity of the PEO-perovskites
(1:1-1.5:1). Additionally, when PEO was added, no meaningful dif-
fraction peaks were observed except for the principal perovskite peaks,
and there was no change in the crystalline characteristics.

23401

Ceramics International 45 (2019) 23399-23405

We then examined the surface topography of the perovskite films by
AFM, as shown in Fig. 4. Similar to the SEM images in Fig. 2, the to-
pographical images in Fig. 4 show fewer pinholes and a more compact
surface as the PEO/perovskite ratio increased. Additionally, the root
mean square (RMS) roughness was measured to be 146.9 nm, 30.9 nm,
21.4nm, and 19.8 nm corresponding to PEO/perovskite ratios of 0:1,
1:1, 1.25:1, and 1.5:1, respectively. The roughness decreased sig-
nificantly and more uniform morphologies were obtained as the ratio of
PEO/perovskite increased—these phenomena agree with the surface
morphologies observed by FE-SEM (Fig. 2). Such roughness reductions
can further prevent shunting between ETL and HTL via PEO-per-
ovskites.

Fig. 5 (a) shows an inverted planar device architecture fabricated by
a solution process to demonstrate the device effect of the proposed PEO-
perovskite. We applied NiOy for the HTL and PC¢;BM for the ETL as
charge transport layers. Hence, we could make a more meaningful
comparison of the PEO-perovskite device characteristics. Fig. 5 (b)
shows the J-V curves of the PEO-perovskites and that of the perovskite
without PEO; the PV parameter variations are detailed in Table 1. All
properties of the PVSCs without PEO deteriorated, while the overall

0-5-6

MAPbI; PEO Precursor
in DMF + DMSO in DMF solution
== =n
Annealing
100°C 10min Spin coating

PEQ ¢ Perovskite

e
ITo

(c) 1.25:1

(f)1.25:1

Fig. 2. (a) Processing schematic for PEO-perovskite composite thin films pre-
pared by spin-coating and thermal annealing. FE-SEM images showing the
(b,c,d) surface morphologies and (e,f,g) cross-sections of the PEO-perovskite
films with PEO/perovskite ratios of (b,e) 1:1, (c,f) 1.25:1, and (d,g) 1.5:1.
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Fig. 3. XRD spectra of PEO-perovskites with various PEO/perovskite ratios.

performance of the PEO-PVSCs was enhanced. As the PEO/perovskite
ratio increased (Fig. S2), the Voc and Jsc increased, and the hysteresis
index (HI) decreased remarkably from 36% to 11%. These results are in
agreement with the SEM images (Fig. 2) and AFM measurements
(Fig. 4) and correspond to the alleviation of recombination (caused by
pinholes and voids). Fig. 5 (c) and (d) show the J-V curves measured to
analyze the uniformity and photovoltaic properties of the 9 cells high-
lighted by the red line Fig. 5 (c; inset). The average photovoltaic
parameters of these devices are shown in Table 2. There was only a
difference of approximately 8.7% between the best and average effi-
ciencies of the PEO-PVSCs, whereas a large difference of approximately
62% was observed between those of the cells without PEO. Further-
more, solar cells with a larger size (9 mm?) were measured as shown in
Fig. S3. In this case, the overall photovoltaic characteristics of the cell
without PEO significantly degraded by 84%, while those of the PEO-
perovskite cells only dropped by approximately 25% shown in Table S2.
Consequently, we confirmed that the addition of PEO improves the
uniformity—even in terms of photovoltaic characteristics. In addition
to these properties, we also find the PCE distribution in order to provide
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the statistical evaluation of the perovskite solar cells, as indicated in
Fig. S4. With PEO introduction, we could find better PCE including
reproducibility.

Furthermore, we also tried to made PEO-perovskite composition of
2:1 to introduce more PEO in the composite (more than 1.5:1).
However, we found that insulating properties in the composite was
much pronounced, so it might cause performance degradation of solar
cells. We added the device results using PEO-perovskite composition of
2:1, as shown in Fig. S5.

As it is very important to understand the optical and photophysical
properties of PEO-perovskite films for the highly improved performance
of PEO-PVSCs, we investigated the absorbance and PL properties of the
PEO-perovskite films. Fig. 6 (a) shows the absorption spectra for each of
the perovskite films. The absorbance of the film without PEO was very
low in the short wavelength region, while that of the PEO-perovskite
films increased—similar to results in previous work [34]. The poor
surface morphology and high pinhole density of the former resulted in
insufficient absorption—especially at short wavelengths. However, in
the case of the PEO-perovskites, they exhibited an adequate absorption
spectrum corresponding to an ideal surface topography with fewer
pinholes. The relative concentration of MAPbI; decreased as the
amount of PEO increased because PEO represented a partial volume%
of the total solution. Thus, the film thicknesses corresponding to PEO/
perovskite ratios of 0:1, 1:1, 1.25:1, and 1.5:1 were 900 nm, 410 nm,
340 nm, and 310 nm, respectively. This thickness variation might also
affect the absorption characteristics. Fig. 6 (b) shows the PL intensities
of the PEO-perovskite films. The PL intensity of the thin film without
PEO was relatively low. In the PEO films, the PL intensity greatly in-
creased with the amount of PEO. This means that when PEO was added
to the perovskite, the electronic quality was enhanced—indicated by
reduced radiative recombination.

We then focused on the absorbance band edge to analyze the
Urbach energy for characterizing the optoelectronic properties of the
PEO-perovskite films. As shown in Fig. 6 (c), the band edges of the PEO-
perovskite films were sharper than that of the film without PEO. The
Urbach energy (E,), which is the energetic disorder at the band edge,
was calculated as a a = apexp(E/E,) relation [35], where a is the ab-
sorption coefficient (which is extracted from the absorbance spectra), E
(= hy) is the photon energy, and E, is the Urbach energy. The resulting

0um 2 4 0pum 2 4
120um 0 [, 288 nm
1.00 250
0.40 100
0.20 50
0.00 0
222 nm 192 nm
200
160
140
150
120
100
100 80
60
50 40
0 0

Fig. 4. AFM surface topography images of the films with PEO/perovskite ratios of (a) 0:1, (b) 1:1, (¢) 1.25:1, and (d) 1.5:1.
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Fig. 5. (a) Device architecture of PEO-PVSCs; (b) J-V curves of the best-performing PVSCs without PEO, and those with various PEO/perovskite ratios (1:1-1.5:1); (c)
J-V curves of the PVSCs (9 cells) without PEO (inset shows a photo of the PEO-perovskite devices on a substrate); (d) those of the PVSCs (9 cells) with PEO (1.5:1).

Table 1
Photovoltaic parameters of the fabricated solar cells under AM 1.5 full illumi-
nation.

Cell type Voo (V) Jse (mA/cm?) FF (%) PCE(%)
Without PEO 0.47 3.71 36.38 0.63
PEO 1:1 0.89 14.86 57.14 7.52
PEO 1.25:1 0.96 15.97 51.67 7.92
PEO 1.5:1 1.05 13.94 54.39 7.94

E, values were 61 meV, 55 meV, 41 meV, and 40 meV corresponding to
PEO/perovskite ratios of 0:1, 1:1, 1.25:1, and 1.5:1, respectively. The
sharper band edges suggest that the PEO additive contributed to a
significant reduction in the trap density of the perovskites. These results
support those above in that the PEO-perovskites had lower trap-assisted
recombination which thereby enhanced the V,. as the amount of PEO
increased. These enhancements of the composite material properties
could be attributed to the PEO additive in that the PEO chains passivate
the grain boundaries and greatly suppress the trap density, thereby
remarkably improving the film quality [26].

The initial performance and aging effect (24h) of the best-per-
forming devices were tested in atmospheric air condition (hu-
midity = 40%); the results are displayed in Fig. S6 and Table S3. The
perovskite device without PEO exhibited a large overall reduction in
photovoltaic properties of approximately 53%, while the PEO-

perovskite device exhibited a very small decrease of approximately
6.5% in PCE. The remarkable stability characteristics of the PEO-PVSCs
can be attributed to the suppression of trap-assisted recombination.
From these experimental results, the PEO-perovskite composite for-
mation offers promising potential for scalability by eliminating the
critical anti-solvent treatment. Though device efficiency presented in
this work was rather moderate compared to state-of-the-art PVSCs, we
did not apply the critical step of the anti-solvent washing process which
promotes the uniform distribution of large crystallites. Additionally, the
enhancements of device performance and uniformity, as well as out-
door stability, that were evident in our study can serve as core back-
grounds for the rapid industrialization of current PVSC technology.

4. Conclusions

We proposed and fabricated PEO-perovskite composites to avoid the
anti-solvent washing process—typically used during perovskite spin
coating—and maintained adequate control of the surface topography.
Crystallographic, morphological, and optical properties were analyzed
according to the various PEO/perovskite ratios. We confirmed a de-
crease in crystallinity and observed a denser surface, void-free cross
section, and fewer pinholes or vacancies as PEO was added.
Additionally, AFM analyses demonstrated morphological controllability
in that the roughness was significantly reduced by the addition of PEO,
despite the lack of an anti-solvent washing process. As a result of

Table 2

Average photovoltaic parameters of 9 PVSCs, and those of 9 PEO-PVSCs.
Cell type Vo (V) Jse (mA/cm?) FF (%) PCE(%)
Without PEO (Average of 9 cells) 0.27 2.56 29.80 0.24 (—62%)
PEO 1.5:1 (Average of 9 cells) 0.94 13.28 58.24 7.25 (—8.7%)
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Fig. 6. (a) Absorption and (b) steady-state PL spectra of the perovskite films; (c) plot of the absorption coefficient (o) vs. the photon energy (E = hy) used to extract

the Urbach energy for the perovskite films.

investigating the optical characteristics, the steady-state PL intensity
was found to have increased with the PEO/perovskite ratio, while the
Urbach energy value decreased. This indicated that the trap-assisted
recombination of the pristine MAPbI; made without the washing pro-
cess was greatly reduced. As such, the efficiency of the PEO-PVSCs
increased because the overall photovoltaic properties and V,. were
enhanced enormously from 0.47V to 1.05V. Furthermore, the PEO-
PVSCs showed very excellent characteristics in terms of stability. When
the device was fabricated with a larger area (9 mm?), the PEO-PVSCs
exhibited a much smaller reduction than the PVSC without PEO.
Additionally, the best PEO-PVSC device performance was not sig-
nificantly different from the average performance in terms of photo-
voltaic uniformity. These impressive results have introduced a new
method for the large-scale commercialization of PVSCs while improving
the quality of perovskite films.
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