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Abstract

Despite huge improvements in power conversion efficiencies of perovskite solar cells, the
technology is still limited by fill factors at around 80%. Here, we report perovskite solar cells
having exceptionally high fill factors of 85% and enhanced open-circuit voltage without
sacrificing short-circuit current through a polymer-capped solvent annealing process assisted
by a hot air blower. During the solvent annealing process with a hot air blower, the perovskite
surface flattens, and the perovskite grains agglomerate together into micrometer-sized clusters
having enlarged a-phase crystallites while the d-phase simultaneously disappears. The
optimized structure reduces energetic disorder and trap-assisted recombination in the perovskite
layer, resulting in an enhanced efficiency from 18.2% to 19.8% in average and improved device
lifetime. Our results provide a pathway to increase the device efficiency and stability of
perovskite solar cells and have the potential to stimulate research on scalable single-crystal

perovskite layer fabrication in optoelectronic devices.
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Organic-inorganic metal halide perovskite solar cells have received great attention due to their
excellent optoelectronic properties including a large absorption coefficient (~10° cm™),! a low
exciton binding energy (~20 meV),? a relatively long charge-carrier diffusion length (~1 um),’
and have shown dramatic improvements in the power conversion efficiency (PCE) from 3.8%
to a certified 25.2% over the past few years.* Based on the Shockley—Queisser limit, a
theoretical PCE limit for £; of ~1.6 eV is approximately 30% with a short circuit current density
(Jsc) of ~25 mA cm™, open circuit voltage (Voc) of ~1.3 V and fill factor (FF) of ~90%.37 With
record cells having a Jsc of ca. 24 mA cm™, a Voc of 1.10~1.16 V and a FF of 73~81%,%!° there
is still room for PCE improvement if the parameters such as Voc and FF could be further

enhanced.

A feasible way to further enhance the solar cell parameters is to reduce defects in the solar
cells.!"!2 In a polycrystalline perovskite layer, defects and/or halide segregations, which could
act as trap/recombination centers, are typically concentrated at grain boundaries and
interfaces.!® Bi ef al. achieved an enhanced Voc of 1.16 V with a high Jsc of 24.6 mA cm™ by
adding an excess of lead iodide (Pbl) which induced the growth of bigger perovskite
grains/crystallites.® Enlarging the crystallite size and reducing the area of grain boundaries
lowered the trap density of the perovskite layer, giving rise to a higher Voc; however, the FF of
the solar cell still exhibited a relatively low value of 73%. Although the excessive Pblz can be
used as seeds to grow bigger perovskite crystallites, the excess of Pblo might give rise to
additional defects such as non-stoichiometric lattice disorder in the grains or halide segregation
at the grain boundaries. Recently, Yang et al. reported an internal passivation method to reduce
compositional point defects (i.e., [-deficient intermediates) that are charge-balanced by positive
ions in the perovskite layer. By introducing additional triiodide ions, deep-level traps were
significantly reduced while the proportion of a-FAPbI3 phases in the resulting layer increased,

which led to an enhanced FF of 81.9%.° Although the deep-level traps were removed with the



aid of additional triiodide ions, Voc was still limited at ~1.1 V. This may originate from another
defect source; for example, iodine interstitials or iodine enrichment at grain boundaries,

resulting in a reduced band gap.'*

Another strategy to reduce defects in the perovskite solar cells has been sought by
employing polymers or small molecules in the anti-solvents during a perovskite film fabrication
process.>!® By dripping polymer (or small molecule) solutions, instead of pure organic
solvents, inner passivation layers have been formed in between perovskite and hole transporting
layers, which could reduce interfacial defects. Moreover, the thin organic layers could act as
templates for nucleation and crystal growth of perovskite layers. However, the previous works
have been done with diluted solutions such as below 10 mg mL™! since the polymer layers were
also intended to be used as inner passivation layers; if the organic layers are too thick, regardless
of their band gaps and energy levels, they turned to be another defect sites by hampering charge
transport and collection.'® For that reason, the impact of high concentration of organic solutions,

i.e., thicker organic films, to perovskite layer formations has been overlooked so far.

Here, we demonstrate that high concentration of polystyrene solution could lead to larger
clustered grains with the size of a few micrometers in the perovskite layer, resulting in
exceptionally high FF of 85% and Voc of ~1.15V (without sacrificing Jsc), simultaneously. A
hot air blower enables the thick top polymer film to be dried prior to the underlying still-wet
perovskite layer, giving a time for perovskite grains to grow along with the flat dried polymer
film. Moreover, the dried polymer film retards the solvent vaporization of the semi-dried
perovskite layer in order for preformed perovskite gains to agglomerate together to form larger
clusters. Furthermore, we found that this process also reduces the occurrence of 5-phase, which
helps minimize structural defects in the perovskite layer. A simple rinsing step using a common
organic solvent clearly removes the polystyrene polymer film after the beneficial process,

which makes sure that the insulating polystyrene film should not adversely affect the charge
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transport and collection, so that the resulting perovskite layer could possess reduced energetic
disorder and less trap-assisted recombination which consequently lead to enhanced efficiencies
and improved stabilities. Last but not least, we noted that the significantly reduced surface

roughness could provide a great platform for a large area solar cell manufacturing.

Fig. 1a depicts a schematic of the polymer-capped solvent annealing process and top-view
SEM images of the perovskite layers processed with pure CB and CB containing 1, 2, 3, 5 wt%
polystyrene (PS), respectively. We found that 5 wt% is the highest polystyrene concentration
we could employ before we started to experience drying issues where the PS films would tear
during the hot air drying process. Although DMF and DMSO, which are the solvents for
perovskite precursors, can permeate through the polystyrene films, we believe that thick
polystyrene films will not allow for a rapid evaporation of DMF and DMSO during the drying
process. During conventional processing of perovskite layers, pure chlorobenzene (CB) solvent
is dripped during the spin coating process of the perovskite solution on a TiO,-Cl/ITO/glass

substrate, 02!

and the resultant film is shown in the SEM image (Fig. 1b). However, during the
polymer-capped solvent-annealing process, a PS solution is dripped while the perovskite
solution coated substrate is spinning. During this polymer-coating process, a semi-dried PS film
is formed onto a wet perovskite layer, which confines the perovskite solvents (DMF and DMSO)
in between the PS film and the bottom substrate since the PS film is almost neither soluble in
DMF nor DMSO. After forming a thin layer of PS film on the wet perovskite layer, the substrate
is kept in a N> glove box at room temperature for 5 min. This method is akin to a conventional
solvent annealing process which has been widely used for organic solar cells to provide time to
induce self-alignment of the organic molecules and to form higher crystallinities of the
photoactive layer.??>* After the PS-capped solvent annealing process, the samples were placed

under a hot air blower to dry the PS film first from the top side. This drying process renders the

underlying wet perovskite layer flat. If this heat gun step is skipped, it is observed that the



perovskite layer surface becomes bumpy and rough (Fig. S1a); for example, in the case of the
5% PS solution treatment directly followed by a hot plate annealing, the root mean square (RMS)
roughness of the perovskite layer is as high as 64 nm, and the maximum roughness depth (Rmax)
reaches 494 nm which is almost same length scale as the film thickness. Since both the PS and
the perovskite layers are wet right after the polymer-coating process, it is reasonable to assume
that the PS film will dry prior to the perovskite layer. The wet perovskite layer will for that
reason dry along with the flat dried PS film surface. We also believe that the PS films will
stiffen and flatten at a PS concentration of 3% or higher. In fact, we observe an increase
roughness of the perovskite surface when low concentrations (0% to 2%) of PS is employed
(Fig. S1b-d). Beyond a PS concentration of 3%, the surface starts to flatten (Fig. Sle,f). After
drying the top PS film with a heat gun blower for 5 min, the substrate is moved onto a hot plate
to completely dry all layers, including the perovskite layer. After the whole drying processes
are completed, the top PS layer is removed by washing off the substrate with CB. Using
polarization modulation-infrared reflection absorption spectroscopy (PM-IRRAS), which has
advantage of high surface sensitivity, it was verified that no detectable PS remains on the
perovskite film after washing (Fig. S2). SEM images of the resultant perovskite films are shown
in Fig. 1c-f. Noticeably, beyond a 2% PS solution treatment (Fig. 1d), the grains start clustering
and the grain sizes increase up to 1~2 um which is almost an order of magnitude larger than
that of the control sample (Fig. 1b). Moreover, the RMS roughness is significantly reduced
from 17.7 to 10.1 nm, and the Rmax also decreases from 138 to 85 nm when comparing a pure

CB treated to the 5% PS solution treated perovskite film morphologies (Fig. S1b-f).

To develop a deeper understanding of the changes in the microstructure resulting from the
polymer-capped solvent-annealing processes, we studied XRD patterns of the treated
perovskite layers (Fig. 2a). From the XRD pattern for the control sample (pure CB), we observe

a peak (20 = 11.5°) for photo-inactive 5-FAPbI; phase (i.e., yellow phase).?*>* However, as the



PS concentration increases, the d-phase peak reduces, and finally disappears after 2% PS
solution (Fig. 2b). Converting from o to & phase is energetically spontaneous, and favorably
occurs at the grain boundaries.?®?” Since we brought the samples out of N>-glove box for XRD
measurement, the & phase might occur during the XRD measurement in air. Less grain
boundaries in the high concentrated PS-treated samples may reduce the probability of 6 phase
occurance in air. On the contrary, d-to-a phase transformation needs energy; for example, a
thermal energy by a hot plate.?® Liu et al. recently reported that a large grain size in & phase
intermediate films is essential for the growth of high-quality a phase perovskite films.?® Thus,
the preformed large grains/clusters during the polymer-capped solvent annealing process could
favorably promote a growth of high-quality a-phase perovskite layer. Indeed, we note that the
photoactive a-phase peak centered at 20 = 14° significantly intensifies and the full width half
maximum (FWHM) of the peak reduces dramatically, which reflects that the a-phase

crystallites substantially grow from 50 nm to 90 nm as the PS solution concentration increases.?

To investigate the impact of the polymer-capped solvent annealing on the device
performance, we fabricated solar cells using pure CB solvent and PS solutions with different
concentrations (Fig. 3a). Using up to 2% PS the Voc slightly decreases, but above 2% PS the
Voc increases and reaches a maximum value of 1.16 V at 5% PS (Fig. 3b). The slight Voc
reduction from 1.128 V to 1.125 V might be attributed to the rough surface morphology of the
perovskite layer (Fig. S1d). The RMS and Rmax increase from 17.7 nm to 30.5 nm and from 138
nm to 196 nm, respectively, when the PS concentration is increased from 0% to 2%. The rougher
surface of the perovskite layer might cause an uneven thickness of the Spiro-OMeTAD hole
transporting layer on the rough perovskite layer surface. Since the Rmax of the perovskite layer
processed with 2% PS solution is 196 nm, the thickness of the Spiro-OMeTAD coated onto the
ridges of perovskite layer can be lower than that coated onto the flatter surface of the perovskite

layer (Fig. S3). This agrees with a recent report by Kim ef al. who reported that when the



thickness of the Spiro-OMeTAD is below 180 nm, the Voc of the solar cells shows a declining
trend, while thicker Spiro-OMeTAD layer provides more reproducible performance.? In the
paper and elsewhere, however, the detailed mechanism on the correlation between thickness of
Spiro-OMeTAD and Voc has not been elaborated. For a further understanding, in-depth studies
need to be done in the future. As for the values for the FFs, a remarkable increase (FF=85%)
was found employing the 3% PS solution with a narrower distribution of the FF (Fig. 3c). Taken
together, the polymer-capped solvent-annealing process enhanced the average PCE from 18.2%
to 19.8%, with the PCE of the best device found to be 21% when 3% PS was used (Fig. 3d, Fig.
S4 and S5, and Table S1). However, this approach might not be able to remove hysteresis issues
in current density-voltage (J-V) characteristics although the fill factor in a reverse-to-forward
bias sweep was enhanced compared to the one from the control device (Fig. S6, Table S1).
Nevertheless, PS-treated solar cell shows a reduced chemical capacitance (Fig. S7) which
implies that capacitive hysteresis should be reduced accordingly. Considering the experimental
result, the limitation of FF enhancement in a reverse-to-forward bias sweep might be attributed
to other source such as a non-capacitive hysteresis which could occur due to an interfacial
modification and/or a contact reactivity caused by perovskite ionic motions and/or halide
vacancies. Thus, this type of hysteresis should be dealt with different approaches such as alkali
metal cation (e.g., K") addition in the bulk and/or alkali metal cation treatment on an electron
transport layer (ETL),***? which is beyond our current scope. Therefore, a follow-up study
using a potassium treatment together with our polymer-capped solvent annealing or changing
the device structure to the p-i-n architecture might be needed to see if both the energetic disorder

and the halide vacancies could be controlled at once in the near future.

To elucidate the impact of the polymer-capped solvent-annealing process on the solar cell
parameters, we further analyzed the solar cell processed with 3% PS solution which exhibited

the highest values for the PCE and FF. We compare photoluminescence (PL) data which shows



a peak shift to shorter wavelength (762 nm to 758 nm) and narrower FWHM (46 nm to 44.7
nm) upon the PS-capped solvent annealing process (Fig. 4a and Fig. S8a). Tauc plots also show
shifts in absorption onsets to higher energies (1.579 eV to 1.583 eV) along with sharper slopes
(Fig. S8b). These results may imply that the smeared-out band edge recedes from the band gap
to some extent, which could be due to reduction in energetic disorder in the solar cells.** To
support this postulation we characterized the energetic disorder in the solar cells by measuring
the distribution of the electronic density of states (DOS). To do this, we extracted chemical
capacitance (C,) using a widely used equivalent circuit for planar heterojunction perovskite
solar cells (Fig. S7a).** The C, at open-circuit condition, under different light intensities,
reflect the density of occupied charge carriers at each quasi-Fermi level in the solar cells. This
method can therefore be used to record the variation in the DOS near the band edges. We fit the
DOS with either Gaussian or Urbach tail (Fig. 4b)*’* Detailed descriptions for both can be
found in the experimental section and SI (Fig. S7b). From the Gaussian fit, the width of
distribution (or degree of energetic disorder) is found to decrease from 121 meV to 62 meV
upon the polymer-capped solvent annealing with 3% PS. From the Urbach tail fitting, the
characteristic energy decreased from 71 eV to 44 eV. Since both characteristic figures could
represent the distributions of gap states near the band edges, the reduction in either energy could
reflect the recession of smeared-out band edge, which is a likely cause for the observed Voc
enhancement.

The less disordered perovskite layer seems to have less trap-induced recombination. Fig.
4c shows the Voc variation as a function of the light intensity, which is an indicator for the
degree of trap assisted recombination in the device.*’ If the slope of the plot is closer to 2, there
is a dominant trap-assisted recombination in the solar cells.*! On the other hand, when it is less
than 2, it infers that trap-assisted recombination is suppressed.'! In Fig. 4c, the 3% PS treated
perovskite solar cell shows a lower slope (1.19 ksT q') than that of pure CB treated perovskite

solar cell (1.41 ksT q'!). Hence, it could be expected that the polymer-capped solvent-annealing
8



process suppresses trap-assisted recombination. Furthermore, the fill factor is mainly affected
by carrier recombination. Therefore, the polymer-capped solvent-annealing process might
reduce the energetic disorder as well as trap-assisted recombination in the solar cell, resulting

in a high Voc and FF.

When we plot the FF as a function of the Voc, a significant improvement in ideality factor

is observed upon the polymer-capped solvent-annealing process. By adopting an equation from

42.43

traditional inorganic p-n junction solar cells, we can express FF as

Boe—1n(Ppc+0.72)
Boct+1

FF = (1)

where 7,. is the Voc normalized to the thermal voltage,

7 Yoc_ (3)

‘U =
0¢ " nygkT/q

k is the Boltzmann constant, 7 is temperature, g is the elementary charge, and #iq is an ideality
factor which is related to a characteristic diode behavior; as niq is approaching unity, the diode
becomes ideally operating.** In Fig. 4d, it is found that a crossing point of the Voc and FF for
the control solar cell is lying between nia = 2.0 and 2.5 whereas for the polymer-capped solvent-
annealed solar cell is located at niq = 1.5. Therefore, the polymer-capped solvent-annealing
process might facilitate a better solar cell operation by reducing disorder and recombination in

the solar cells.

To investigate the stability of the perovskite films, without any direct influence of the back co
ntacts, we prepared two batches of films: One batch with films treated with pure CB and the o
ther batch with films treated with the 3% PS solution. Each batch contained five sets of films,
each containing 3 cells (30 cells in total), that were designed to be exposed to air (RH = 20%,
T=80°C)for0, 1,5, 10, 20 days, respectively. Before exposing the perovskite films to air, al

1 the PS-treated perovskite films were washed with CB to remove the entirety of the PS, and w



ere subsequently dried with No. As LiTFSI, which is normally used as a dopant to the Spiro-O
MeTAD hole-transport layer, can negatively affect device stability, we performed the aging pr
ocess before completing the full solar cell architecture, i.e., before processing the hole-transpo
rt layer and Au electrode. After certain periods of exposure time, the Spiro-OMeTAD and Au
electrode were deposited on the aged perovskite films, and completely fabricated solar cells
were tested. As shown in Fig. 5a, the PCEs for the control films treated with CB drop by more
than 20% after 20-day air exposure whereas the PCEs for the PS-capped solvent annealed films
decreased by less than 10% during the same period of time (Fig. 5a). Notably, the efficiency
difference between the two groups is significantly widened from 5% to more than 20% after 20
days of air exposure. The slow reduction in PCE for the PS-capped solvent-annealed samples
might be attributed to the reduced reactive area of the grain boundaries and the enhanced
crystallite sizes.***¢ Moreover, the PS-capped solvent annealing process might be beneficial for
the large area solar cell fabrication since this technique renders the surface of the perovskite
layer flatter (Fig. S1). In large area solar cells and modules, a single pinhole may cause the
entire cell to shunt, which dramatically reduces the device performance or could even lead to
device failure.*’ In our large area solar cells with the active area = 1 cm? the PCEs from the PS-
treated solar cells are higher than those of the control cells treated with CB, further exhibiting
a narrower PCE deviation (Fig. 5b and Table S2). The smooth and flat perovskite films (Fig.
S1) may also facilitate better contact with the Spiro-OMeTAD layer, preventing pinholes and

physical defects at the interface.*’-*

In summary, we demonstrate that a polymer-capped solvent-annealing process assisted by
a hot air blower suppresses the occurrence of d-phase perovskites and simultaneously increases
the crystallite size of a-phase perovskites, possibly leading to less trap-assisted recombination
and lower energetic disorder of the solar cells. Thus the polymer-capped solvent-annealed solar

cells exhibit FFs as high as 85% with an enhanced Voc of up to 1.15V without sacrificing any
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Jsc. In addition, the compactly packed clusters of the perovskite grains reduce the degree of
degradation, making the solar cells stable in air over a duration of 20 days. Moreover, the flat
perovskite layer surface which was induced by the PS film is beneficial for the large-area solar
cell fabrication with high reliability. Our approach and results show great potential for further
efficiency improvements, and could be widely used to control the grain/crystallite size of

polycrystalline perovskite layer for optoelectronic devices.
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Figure 1. (a) Schematic of the polymer-capped solvent-annealing process during perovskite
layer fabrication. Top-down view SEM images of perovskite films fabricated using (b) pure
CB, and polystyrene solutions; (c) 1% PS solution, (d) 2% PS solution, (¢) 3% PS solution, (f)
5% PS solution, respectively. Prior to the SEM measurements, the PS polymer layers were

completely removed by the multiple rinsing with CB solvent. The scale bar is 1 um.
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Figure 2. (a) XRD patterns of perovskite films with different concentrations of PS solutions.
(b) Relative XRD peak intensities of a-phase and 6-phase crystallites in the perovskite films.
The crystallite size was determined from the Scherrer equation. (c) Crystallite size and full

width half maximum (FWHM) at 20 = 14° for each sample.
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Figure 3. (a) Representative J-V curves, and measured data of (b) Voc, (c¢) FF and (d) PCE of
the perovskite solar cells processed with pure CB and PS solutions with different concentration
from 1 to 5%. Kernel smoothing functions were applied to more than 12 data points and were

overlaid beside the data points to represent the data statistics.
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Figure 4. (a) Photoluminescence, (b) DOS of the devices and extracted parameters from a
Gaussian or an Urbach tail fitting, (c) light intensity dependence of open-circuit voltage of the
solar cells with and without polymer-capped solvent-annealing process, respectively and (d)

simulated curves with different ideality factors and the data points obtained from the solar cells
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with and without polymer-capped solvent annealing, respectively.
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Figure 5. (a) Long-term stability tests of perovskite films in air (RH = 20%, T = 80 °C). (b) J-
V' characteristics of large area solar cells processed with and without polymer-capped solvent

annealing, respectively.
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