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Enhancing Perovskite Solar Cell Performance through

Femtosecond Laser Polishing

Wenchi Kong, Chen Zhao, Jun Xing, Yuting Zou, Tao Huang, Feng Li, Jianjun Yang,

Weili Yu,* and Chunlei Guo*

Nonradiative recombination loss is a key process that determines the perfor-
mance of perovskite solar cells, and how to control it is significant for the
research and development of perovskites. Generally, traditional chemical
modification/passivation methods are complicated and prone to secondary con-
tamination. Herein, femtosecond (fs) laser polishing as a promising technique is
demonstrated to ameliorate the surface of perovskite films, reduce nonradiative
recombination loss, and improve solar cell performance. The high-intensity fs
laser pulses can remove around 20 nm-thick perovskite top layer through an
ionization process, help to decrease the grain boundary density, and enlarge the
grain size of perovskite films after recrystallization. It is believed that fs laser
polishing is a time-effective and highly precise technique that is suitable for large-
scale device production, thus will trigger more applications in optoelectronics.

In the past decade, the growing demands for renewable energy
have pushed forward the research of high-efficiency solar cells
utilizing halide perovskites as light absorber. Perovskite materi-
als, which usually process the common formula of ABXj;
(A=MA, FA, Cs, etc; B=Pb, Sn, etc.; X=Cl, Br, or I), have
shown excellent physical properties and technological advan-
tages, including tunable wavelength absorption, long carrier
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diffusion length, long carrier lifetime,
and easy for fabrication via spin coating
or roll-to-roll techniques. It is reported that
the power conversion efficiency (PCE) of
perovskite solar cells has been keeping
on increasing and the highest PCE over
25% have been achieved so far.'™®
Currently, one key challenge for further
enhancing the device performance is
how to effectively minimize nonradiative
recombination loss caused by the grains
and grain boundaries that widely exist in
the polycrystalline films.”) To resolve this
issue, much effort has been made follow-
ing chemical modification/passivation
strategies, e.g., solution-processed second-
ary growth (SSG) technique,® contact-
passivation method,”? and so on. However,
these reported methods are generally complicated and prone to
secondary contamination. Novel techniques that can reduce the
nonradiative recombination loss with high speed, high precision,
and low contamination are thus desirable.

More recently, some groups have considered utilizing continu-
ous laser to synthesize and treat the perovskite films for solar cell
applications.” ™! For example, Kim’s group applied continuous
near-infrared (NIR) laser processing for the perovskite films
and achieved a reliable crystallization method for the perovskite
solar cells.””) In the meanwhile, Zou’s group demonstrated NIR
laser irradiation as an effective approach for the rapid crystalliza-
tion of CH3NH;Pbl; films.[' In addition, Yan’s group tried to use
continuous lasers with different wavelengths to treat the active
films and achieved the high-efficiency solar cells.'"! Among these
works, the continuous lasers were mainly utilized to help crystal
formation due to their unique photothermal effect. In stark
contrast, pulse lasers, especially high-energy pulse lasers, can
normally make severe mechanical damage and are more suitable
for ablation or cutting. Recently, Cheng’s group reported that
nanosecond laser processing can be a feasible method to release
residual stress and a simple manner to improve the performance
of perovskite electronics and optoelectronics.l'?! However, for
ultrafast pulsed laser, e.g., femtosecond (fs) laser, which has much
higher energy than the nanosecond laser, few explorations were
reported so far. Exploring the interaction between fs laser and
perovskite is of significance for fundamental research, and how
to apply it in optoelectronics is still an open question.'*~¢

Notably, it is critical to understand how the high-energy power
pulse laser works during the processing before proposing a suit-
able method to utilize it. Laser as a powerful tool has been
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applying in a quick growing number of civil and military fields,
which can assist in achieving deposition, sintering, cutting, pat-
terning, crystallization, scribing, and drilling with high degrees
of precision and automation.”***7=2%) During laser processing,
based on the knowledge of local interaction between laser radia-
tion and the materials, the laser beam energy will be absorbed
more or less, gradually causes local heating, melting, and even
ablation.””) In particular, the time duration of the pulsed laser
plays a crucial role in determining the physical properties and
subsequent macroscopic effects. Especially, when the pulse dura-
tion is tens of femtoseconds, the ultrafast fs laser would permit a
so-called cold interaction with the matter,!'”! avoiding the heat
accumulation and the correlated unwanted secondary effects.
The ultrashort duration of a fs pulse (=10~ "°~10"'* s) is much
shorter than the electron-lattice energy relaxation time and will
thus cause a significant nonequilibrium state between electrons
and lattices, resulting in a quick ionization process of the mate-
rials.?®%! Ultrafast pulsed lasers thus allow for the processing
such as cutting, drilling, carving, and patterning.*®¥ Beyond
the aforementioned functions of laser processing techniques,
laser polishing, that takes advantage of the laser energy to remove
the undesirable components from a broad range of materials,
is thus also attractive.*”!

Herein, we demonstrate that fs laser polishing can be an effec-
tive technique to optimize the surface morphology of perovskite
polycrystalline films and reduce the possibility of nonradiative
recombination happening, thus eventually improving the solar
energy conversion performance. This work will trigger the appli-
cation of fs laser as a powerful tool for perovskite materials
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processing in not only solar cells but also light-emitting diodes
(LEDs) and other optoelectronic applications.

We prepared the Csg gsFAg70MAg 15Pb(Io.g5Bro.15)3 perovskite
films using spin-coating method and tried to utilize fs laser proc-
essing to remove the protruding components that may cause
nonradiative recombination. Figure 1 shows the scheme of
perovskite solar cell fabrication, in which two routes were applied
to evaluate the effect of fs laser polishing. For route I (a-b-f-g-h),
the solar cells were fabricated without laser processing (named as
unprocessed in the figures). For route II (a-b-c-d-e-f-g-h), the fs
laser processing was adapted to be a key step to ameliorate
the perovskite layer surface morphology (named as processed
in the figures). Photograph of the fs laser polishing system
and optical image of laser-polished perovskite film are shown
in Figure S1, Supporting Information, from which one can
see the color of polished perovskite film areas gets darkened.
After the fs laser polishing, rinsing by isopropanol and
re-spin-coating Csg 012MAo.158FA¢.03(l0.17BT0.03)3 solution were
applied, followed by annealing treatment to make sure that
the surface of perovskite film was recrystallized.

The polishing functions of fs laser treatment process are
achieved through the ionization of perovskite materials. The
laser processing is reported to be related to three temporal
parameters.’”) As normally defined, . is the electron cooling
time, which is about 1 ps; 7; is lattice heating time, which is about
1ns; and 7 is the time duration of laser pulse. Once 71 K7.<7;
and pulse duration is within a few fs, electrons will absorb the
laser pulse energy and transfer energy to ions rather than the
lattice. In this case, the time duration of laser pulse is 35fs,
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Figure 1. The scheme of perovskite solar cell fabrication processing with fs laser polishing as a key step to improve the perovskite layer surface mor-
phology. a) Precursor solution was spread onto PTAA coated glass/ITO substrate. b) Perovskite thin film was formed by spin-coating and annealing.
¢) Perovskite thin film was exposed to femtosecond laser beam scan. d) As-deposited film was obtained by spin-coating Csg 012MAg.158FA0.03 (l0.17Br0.03)3
solution. e) The perovskite film was recrystallized. f) The electron transport layer PCBM was formed by spin-coating. g) BCP layer was obtained by spin-

coating. h) The Ag electrode was deposited by thermal evaporation.
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which is much shorter than the electron-lattice temperature
equilibration time (107'°-107"%s). And when the power inten-
sity of fs laser goes up to 10'* W cm ™%, which is high enough
to break the bonds of their molecular structure, it would excite
the atoms into ions immediately. The pulse duration of 35 fs can
thus lead to the precise removal of surface layers without any
collateral damage to the underlying perovskite. Such process
is so fast that the left atoms have no time to transfer energy
to neighboring lattice, and thus there is no any melting produced
on the perovskite surface.

The surface morphologies of perovskite film before and after fs
laser processing are shown in Figure 2. The scanning electron
microscopy (SEM) image of perovskite film before fs laser polish-
ing in Figure 2a shows that the film is composed of grains with a
wide size distribution from tens of nanometer to several hundred
nanometers. After the fs laser polishing, as shown in Figure 2b,
some tiny and bright crystals appear. According to the X-ray dif-
fraction (XRD) test results shown in Figure S2a, Supporting
Information, it can be concluded that they are Pbl,. The forma-
tion of bright Pbl, crystals can be attributed to the loss of carbon-
containing component during the fs polishing.’®! From the energy
dispersive spectrometry (EDS) spectra of perovskite before and
after laser polishing, as shown in Figure S3 and S4, Supporting
Information, the increased amount of Pbl, is also observed,
and the large grains lie beneath. The tiny PbI, crystals are
produced because the fs pulse energy is much higher than the
bond dissociation energy of the hybrid materials, which can
cause the serious damage to some common organic/inorganic
compounds,®” and also the triple-cation-based perovskites like
Cs0.012MAg.158F Ao 03(10.17BT0.03)3 here.”3% After fs laser process-
ing, excessive Pbl, as the impurities may induce nonradiative
recombination and reduce the photoluminescence (PL) lifetime
according to the time-resolved photoluminescence (TRPL) results
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in Figure S2b, Supporting Information. Noted that the defocusing
distance (D) is a key parameter as well as scanning speed; when D
is 600 pm (1.26 x 10" W cm ™ peak laser intensity), the laser pol-
ished perovskite film shows the best solar conversion efficiency,
which will be discussed in the following parts.

After further Spin-coating CSO_OleAo_lngAO.(B(10_17Br0.03)3
solution and annealing, the SEM of perovskite film is shown
in Figure 2c. Some of the bright Pbl, crystals are washed away,
and others react with Csg912MA 158FA¢ 03(l0.17B0.03)3 solution
to regenerate perovskite polycrystal film and the grain size
increase simultaneously. The EDS spectra of unprocessed and
processed perovskite film are shown in Figure S3 and S5,
Supporting Information, which indicate that the missing carbon-
containing component has been restored. As the grain bound-
aries are the main place where nonradiative recombination
may happen,” the decreasing amount of them and the enlarged
grain size will benefit the charge transfer and collection.
Figure 2d—f shows the cross-sectional morphologies of perovskite
films corresponding to Figure 2a—c samples, respectively. It can
be found that around 20 nm thickness of perovskite layer was
removed by ionization process using fs laser. Before fs laser
polishing, the perovskite film shows a rough surface with
more grains, as shown in Figure 2d. After laser polishing
and recrystallization, the perovskite film displays a smooth
surface morphology with less grains, as shown in Figure 2f.
The polishing effect can be further confirmed by the Keyence
3D laser microscopy measurements, as shown in Figure S6,
Supporting Information. It is clearly shown that the surface of
fs laser-processed sample becomes more uniform compared
with the unprocessed one. The unprocessed samples show a
R, (arithmetical mean deviation) roughness of 42 nm, which
is decreased to 22nm after fs laser polishing, as shown in
Table 1. The low roughness of perovskite active layer would

Figure 2. The surface morphologies of perovskite thin films of laser unprocessed, polished, and processed. The SEM images of a) fs laser unprocessed,
b) polished, and c) processed perovskite film. d—f) The cross-sectional morphologies of perovskite films corresponding to (a)—(c) samples, respectively.
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Table 1. The surface roughness R, (arithmetical mean deviation) and
Rq (root mean squared) in Figure S6, Supporting Information.

Region R, [um] Rq [pm]
Unprocessed 0.042 0.792
Processed 0.022 0.319

be favorable to the charge transfer with less risk of leakage
happened.?*—"!

The properties of perovskite films before and after fs laser
processing were further characterized by XRD and optical mea-
surement methods. Figure 3a shows the XRD spectra of both
perovskite films, which indicate that they both are a-phase struc-
tured and the crystal structures can keep well after the fs laser
processing.®! The absorption spectra of both samples are shown
in Figure 3b without apparent changing, indicating the absorp-
tion property of perovskite film is well maintained after laser
processing. It also proves that the fs laser processing has no sig-
nificant impact on the crystal structure and the corresponding
band structure.*® The effect of fs laser polishing on recombina-
tion properties of the perovskite films was then studied, aiming
to clarify the defect state and recombination process within
perovskite films.”? The steady-state PL spectra of both samples
are shown in Figure 3c. After fs laser processing, the PL intensity
was greatly improved, revealing that defects were reduced and
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the surface nonradiative recombination in the perovskite layer
was inhibited.*>*! We then performed TRPL measurements
for both samples, and the results are shown in Figure 3d.
The carrier recombination dynamics is represented by
— @ — Cin+ Cyn? + C3n® ***3 where n is the photoexcited car-
riers density, t is the time, and the terms Cin'(i=1, 2, 3)
represent defect trapping recombination (Shockley—Read—Hall
recombination), free electron-hole recombination, and Auger
recombination, respectively. Using a triexponential fitting for
the processed and unprocessed films, the obtained results show
that the processed films have a longer lifetime calculated as 44 ns
(Table 2), indicating the lower nonradiative recombination due
to a significant decrease in the concentration of defects and
an increase in perovskite crystallinity.***! In general, the
improvement of PL intensity and the slow decay of PL lifetime
obtained from the fs laser processed-perovskite film can be attrib-
uted to the reduction of trap recombination centers and grain
boundaries. This is consistent with the aforementioned SEM
results. The finding also shows a good agreement with previous
reports that perovskite bulk crystals has a much larger carrier
lifetime than polycrystals.[*¢*”!

Perovskite solar cells were then fabricated to examine the
effect of fs laser polishing. Solar cells fabricated following
Route I and II were both tested, and the current—voltage curves
are shown in Figure 4a. For the fs laser-processed sample
(Route II), the short-circuit current density (Jq) is 23.31 mA cm ™2,
which is slightly higher than the value of 23 mA cm 2 for the
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Figure 3. a) The XRD spectra of perovskite films both processed and unprocessed by fs laser. b) The absorption spectra of perovskite films both
processed and unprocessed by fs laser. c¢) The steady-state photoluminescence spectra for processed and unprocessed perovskite films by fs laser.
d) The TRPL spectra for processed and unprocessed perovskite films by fs laser.
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Table 2. The PL lifetime obtained from processed and unprocessed region
in Figure 3d.

Region rns] A% wns] (%] sl f3 (%] Taver [NS]
Processed 2.5 2.2 22.4 13 108 84.8 44
Unprocessed 1.7 6.1 15.4 18.4 80.6 75.5 18

unprocessed sample, indicating the light absorption and excitons
generation are not affected greatly. The J,. was further confirmed
by calculating the external quantum efficiency (EQE) in Figure 4b.
The open-circuit voltage (V,,) increased from 1.08 to 1.14 V, which
leads to a marked improvement of filled factor (FF) from 68.5% to
70.2%, due to shunt resistance increasing from 5182 to 41467 Q.
As a result, the PCE of solar cells increased from 17% (unpro-
cessed) to 18.6% (processed). Noted that the improvement should
be the synergistic effect of laser polishing and recrystallization
rather than just a cleaning or recrystallization effect. To prove this,
we further compared the unprocessed samples with the one that
was treated by cleaning and recrystallization. In Figure S7,
Supporting Information, it can be observed that both fluorescence
intensity and life decrease slightly for the samples after cleaning
and crystallization, indicating that cleaning and crystallization
without fs laser polishing could even lead to increased defects.
This further confirms that fs laser polishing is a key part. We also
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performed the PL and TRPL measurements for the polycrystalline
films processed under different defocusing conditions, and the
results shown in Figure S8, Supporting Information, indicate both
PL intensity and carrier lifetime enhanced comparing with the
unprocessed ones. J-V curves under different defocus conditions
are shown in Figure S9, Supporting Information. The findings
indicate that both PL and current density are closely linked to
the defocusing distance during the polishing processing, which
might be attributed to the spatial distribution of laser pulse
energy.*® The effect of defocus distance on device PCE was also
examined, as shown in Figure 4c, which indicates that laser polish-
ing is very sensitive to defocus distance. The stability test results
for the solar cells are shown in Figure 4d, which imply that the
laser-processed samples can maintain 84% PCE compared with
that of the unprocessed samples that is 81% after 30 days.
Overall, the aforementioned results indicate that fs laser polished
samples have large shunt resistance that contributes to the
enhanced FF, PCE, and stability.

In conclusion, we demonstrate that fs laser polishing is an
effective technique to ameliorate the surface of perovskite films
and reduce their nonradiative recombination loss, which can be
utilized for improving the light-to-electric conversion efficiency.
The fs laser can remove the protruding component by ultrafast
ionization process, thus providing a novel passivation strategy for
high-performance optoelectronic devices. This research extends
the applications of pulsed laser from manufacturing processes

Time (days)

Figure 4. a) The J—V spectra of solar cells based on both processed and fs laser unprocessed perovskite films. b) The EQE spectra of solar cells based on
both processed and fs laser unprocessed perovskite films. c) The dependence of PCE on the defocus length during fs laser processing. d) The stability of
solar cells based on both fs laser processed and unprocessed perovskite films.
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(like cutting, drilling, scribing, etc.) to active layer treatment
processing, makes a further step for pulsed layer application
in the photovoltaic field. We believe this work will trigger more
research on such processing strategy in the solar cells, LEDs,
or imaging fields.

Experimental Section

Materials: Methylamine solution (40% aqueous solution), formamidi-
nium acetate (99%), and lead bromide (PbBr,, 99%) were all purchased
from Aladdin Company. Lead iodide (Pbl,, >99.99%), formamidinium
iodide (FAI), methylammonium bromide (MABr), cesium iodide
(Csl, >99.99%), poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA),
and [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM) (>99%, Nichem
Fine Technology Co., Ltd.) were all bought from Xi'an Polymer Light
Technology Corp. N,N-Dimethylformamide (DMF, 99.8%), dimethyl sulfox-
ide (DMSO, >99.9%), chlorobenzene (CB, 99.8%), and isopropanol (IPA,
99.5%) were all got from Sigma-Aldrich.

Synthesis FAl and MABr: FAl was synthesized according to the previ-
ously reported method.”*% First, formamidinium acetate (52g) was
added into hydroiodic acid solution (80mL) in ice water mixture for
6 h with stirring. Second, the solution was evaporated in the rotary evap-
oration at 60 °C for 3 h to obtain white power. Third, the white powder was
washed in anhydrous ethanol and recrystallized in anhydrous ether for
3 times. Finally, the FAI was collected by filtration and placed in a vacuum
drying oven for 12 h.

MABr was synthesized according to the previously reported
method.[*”*?) First, 44 mL HBr acid solution and 30 mL methylamine solu-
tion were mixed at 0 °C for 2 h with stirring. Then the solvent was removed
to obtain the white powder by rotary evaporation at 60 °C. Next, the white
powder (MABr) was redissolved in anhydrous ethanol and recrystallized
with anhydrous ether for 3 times. Finally, the MABr was collected by
filtration and dried at 60°C in a vacuum for one night.

Solar Cell Fabrication and fs Laser Polishing: F4-TCNQ in CB (1 mgmL™")
was stirred at 60°C for 12 h. F4-TCNQ was added into PTAA solution
(6 mgmL~" in CB) with a weight ratio of 1%, and then the PTAA-coated
ITO substrates were heated at 120 °C for 15 min. To improve the wetta-
bility of perovskite precursor on the PTAA, 100 pL DMF was spin-coated at
a speed of 5000 rpm for 10's prior to perovskite films deposition. The
triple-cation-based perovskite Csg osFAg.79MAg 15Pb(lo.s5Bro.15)3 was pre-
pared by dissolving Pbl, (1.2m), PbBr, (0.21 ™M), MABr (0.21 m), and
FAI (1.11 ™M) in a mixture of DMF:DMSO (4:1 volume ratio, v:v) followed
by addition of 5 vol% Csl stock solution (1.5 M in DMSO). A two-step pro-
cess is used to spin coat the perovskite solution at 2000 and 6000 rpm for
15 and 35's, respectively, adding 190 pL drop of chlorobenzene 35 s after
the start of the spinning routine. The samples were immediately annealed
on a hotplate at 100 °C for 1 h. After fs laser polishing perovskite film, the
processed perovskite film was rinsed with isopropanol and spin-coated
solution of MABr (0.042 M) and FAI (0.222 m) and Csl (0.03 m) in isopro-
panol (1 mL) at 4000 rpm for 30's, and then put on a hotplate at 100 °C for
30 min. Conditions for fs laser processing of perovskite thin films: under
the condition that scanning speed v=0.4 mm s, defocus D =600 pm
(1.26 x 10'>W cm™ peak laser intensity) is the optimal condition. The
defocusing distances of D=630pm (1.14 x 10'*W cm?), D=650 um
(1.07 x 10"*Wcm™2), and D=580pum (1.35 x 10'>Wcm™?) were all
conducted and the results were summarized. The PCBM solution in chlo-
robenzene (20 mgmL™") was then spin-coated on top of the perovskite
layer at 3000 rpm for 30s. The bathocuproin (BCP) solution in IPA
(0.5mgmL™") was spin-coated at 5000 rpm for 30s. Finally, 100 nm
Ag counter electrode was deposited by thermal evaporation. All the film
preparations were performed in a nitrogen-filled glove box.

Fs Laser System: In the fs laser system, we used the linearly polarized
35fs laser pulse trains at a repetition rate of 1 kHz with the central wave-
length 2 =2800 nm, and the maximum average energy of ~7 mJ, which is
generated by a chirped-pulse amplification of Ti:sapphire laser system
(Spitfire Ace, Spectra Physics).

Sol. RRL 2020, 4, 2000189
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Characterizations and Measurements: Morphology and cross section of
perovskite film layer in the processed and unprocessed region were
obtained from Hitachi S-4800. We used the BRUKER D8 focusing in room
temperature air for XRD measurement. We used Agilent Cary 5000 to
record the absorption spectra of perovskite film. We used HORIBA
Scientific Raman Spectrometer to obtain PL spectra with 532 nm in air.
We used MicroTime 200 Time-resolved Fluorescence Microscope
(PicoQuant) to obtain TRPL spectra with 532 nm laser excitation at room
temperature in air. We used the Phenom Element Identification applica-
tion attached to the Phenom Pro-X to obtain energy-dispersive spectrom-
etry (EDS) mapping of perovskite film. We used KEYENCE VK-X200 3D
laser scanning microscope to measure 3D pseudocolor plots and the
surface roughness (R, and Rg). The J-V curves were obtained by using
a Keithley 2400 Source Meter under simulated 1sun AM1.5G
illumination (100 MW cm™2) with a solar simulator. The J-V curves for
all devices were measured in ambient air under 25°C temperature
and 30% humidity, and the samples were light soaked for 5 min before
collecting data.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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