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ABSTRACT: Carrier recombination plays a key role in determining the performance
of perovskite devices, wherein nonradiative recombination hinders carrier extraction
and limits the performance of perovskite-based optoelectronic devices (e.g., solar cells
and photodetectors). To reduce nonradiative recombination, passivating the surface
and grain boundary defects with chemicals has been extensively studied. However,
this method has limitations such as pollution, complicated procedures, etc. Here, we
provide a physical approach to reduce the nonradiative recombination loss of MAPbI3
perovskite thin films using femtosecond (fs) laser processing. Perovskite thin films
processed by fs laser show an enhanced photoluminescence (PL) intensity, extended
lifetime, smaller grain size, smooth surface, and improved photodetector performance.
The effect of laser processing is attributed to a decrease in the number of trap centers
per grain and polished perovskite surface, which act as nonradiative recombination
centers in the perovskite thin films. This research provides a promising way to
improve the performance of perovskite optoelectronic devices.
KEYWORDS: perovskite, femtosecond laser, nonradiative recombination, grain size, photodetector

■ INTRODUCTION
In the past decade, perovskites have been increasingly studied
since Kojima et al. first used all-organic perovskites to fabricate
solar cells and achieved a power conversion efficiency (PCE) of
3.81%.1 So far, various perovskites have been used to fabricate
various optoelectronic devices, such as solar cells, photo-
detectors, light-emitting diodes (LED), lasers, and photo-
transistors, due to their excellent photoelectric properties.1−7

To enhance the performance of the devices, one key challenge is
to reduce nonradiative recombination caused by surface and
grain boundary defects.8 One of the promising approaches is to
passivate the surface defects of perovskite thin films with
chemicals,9−14 such as organic small molecules,9 polymers,10

inorganic molecules,11 etc. The traditional chemical surface
passivation method improves the performance of perovskite
optoelectronic devices, but it also has limitations, including a
complicated perovskite manufacturing process, reduced con-
ductivity of perovskites, and potential environmental pollution.
Therefore, in addition to the above methods, a promising
method to reduce nonradiative recombination is needed.
Recently, some researchers tried applying femtosecond (fs)

laser to process perovskite materials,15−18 as clean ablation can
be caused by fs laser without having unwanted secondary effects
due to the suppression of thermal diffusion.19,20 This method
utilized a much shorter pulse duration of fs laser than the
electron−lattice energy relaxation time, thus giving rise to a
significant nonequilibrium state between electrons and

lattices.16,18 For instance, Kong et al. used fs laser to polish the
perovskite surface to enhance the performance of perovskite
solar cells.16 Xing et al. applied fs laser to induce micro-/
nanostructures on the surface of perovskite single crystals to
improve their photoluminescence (PL).21 Liang et al. achieved
high-quality patterning of perovskite films for LED through fs
laser ablation.17 Arciniegas et al. grew locally perovskite nano-
and microcrystals induced by fs laser.22 Very recently, Sun et al.
reported three-dimensional (3D) direct lithography of stable
perovskite nanocrystals in glass with ultrafast laser-induced
liquid nanophase separation.23 However, there are few studies
on the application of femtosecond laser processing to reduce the
nonradiative recombination decay of perovskite films without
severe ablation of perovskite films. More studies on the
mechanism of the laser-processing effect are still needed.
Here, we irradiated the surface of a MAPbI3 perovskite film

using a femtosecond laser with optimized parameters (laser
power density and scanning speed), thereby changing the
morphology of the film on a glass substrate and its physical
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properties. As a result, we observed that both the average size of
perovskite grains and the surface roughness of the perovskite
surface were reduced, which contributes to the reduction of
nonradiative recombination sites and enhancement of the
carrier lifetime. Finally, we used the resulting films to fabricate
photodetectors and improved their performance. This work
provides a physical method to reduce the nonradiative

recombination of perovskite thin films without complicated
perovskite fabrication processes and potential environmental
pollution.

■ RESULTS AND DISCUSSION
Figure 1a presents a schematic diagram of this experimental
process, and the fs laser optical path is displayed in Figure S1.We

Figure 1. (a) Schematic diagram of the experimental process of laser-processedMAPbI3 thin films. (b) SEM images of the processedMAPbI3 thin films
with varying power densities. The ablated hole is marked in Figure S2a. (c) Curves depicting the relationships between the defocus distance, power
density, and diameter of the processed region.

Figure 2.Comparison of SEM images of (a) UMTFs and (b) PMTFs with nanocrystals formed, reducing the average grain size. The number of grains
with different grain sizes for (c) UMTFs and (d) PMTFs. (e) XRDpatterns of UMTFs and PMTFs. (f) PL spectra of UMTFs and PMTFswith 532 nm
laser excitation. The scale bars are 300 nm.

ACS Applied Electronic Materials pubs.acs.org/acsaelm Article

https://doi.org/10.1021/acsaelm.3c00357
ACS Appl. Electron. Mater. 2023, 5, 3316−3323

3317

https://pubs.acs.org/doi/suppl/10.1021/acsaelm.3c00357/suppl_file/el3c00357_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00357?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00357?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00357?fig=fig1&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.3c00357/suppl_file/el3c00357_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00357?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00357?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00357?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00357?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00357?fig=fig2&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.3c00357?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


prepared the perovskite precursor by dissolving MAI and PbI2
with a molar proportion of 1:1 in a solvent mixture of N,N-
dimethylformamide (DMF) and dimethyl sulfoxide (DMSO).
One-step spin-coating was adopted to fabricate MAPbI3 thin
films on glass substrates.24 Next, we applied an 800 nm laser with
a 40 fs pulse duration to scan MAPbI3 thin-film surfaces, where
an ultrafast reaction between the laser and the perovskite
occurred.25 We adjusted the defocus distance (the distance
before the focus, D) to investigate the influence of the laser
power density on perovskite thin films. Scanning electron
microscopy (SEM) images of the resultant thin films with
different defocus distances are presented in Figure 1b, which
shows that the ablated hole disappears when D is 0.2 mm
(286.96 W cm−2) due to the lower laser power density.
Nevertheless, the diffraction phenomenon of the processed
region becomes more severe with the laser power density
decreasing from 0 mm (549.81 W cm−2) to 0.8 mm (59.95 W
cm−2) continuously. The relationships between the D value,
power density, and diameter of the processed region are

depicted in Figure 1c. The appropriate defocus distance of 0.75
mm (67.90 W cm−2) without an ablated hole and severe
diffraction phenomenon was chosen here, as shown in Figure
S2b. Furthermore, we adjusted the range of the laser scanning
velocity (v) from 0.005 to 0.03 mm s−1, and their confocal
microscopy images are displayed in Figure S3. It is found that the
higher the speed, the more severe the diffraction phenomenon,
the worse the processing effect, and the more uneven the
processing area. The best homogeneity was achieved when vwas
0.005 mm s−1 (the minimum velocity of the 3Dmobile platform
used in this experiment), and so we chose this velocity to process
perovskite thin films.
To explore the influence of laser processing on the optical and

structural properties of MAPbI3 thin films and reveal its
mechanism, we performed SEM, X-ray diffraction (XRD), and
PL spectroscopy of the unprocessed MAPbI3 thin films
(UMTFs) and processed MAPbI3 thin films (PMTFs), as
shown in Figure 2. SEM images of a UMTF and PMTF
displayed in Figure 2a,b, respectively, show the abundantly

Figure 3. (a) TRPL spectra of UMTFs and PMTFs with 532 nm laser excitation. (b) SCLC curves of UMTFs and PMTFs. Comparison of AFM
images of (c) UMTFs and (d) PMTFs. The scale bars are 200 nm. Cross-sectional SEM images of (e) UMTFs and (f) PMTFs. The scale bars are 400
nm.
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formed nanocrystals and the narrower grain boundaries
achieved by PMTF. These small crystals were formed by the
recrystallization of grains subjected to laser-induced melting,
decreasing the number of individual trap centers in bulk or on
the surface of grains (rather than dangling bonds on the surface),
which are responsible for nonradiative recombination in metal
halide perovskites.26 Figure 2c,d shows the grain sizes of UMTFs
and PMTFs extracted from SEM images, where the average
grain size of PMTFs is 60.64 nm, less than that of UMTFs
(177.18 nm). Besides, no drastic changes are found in the
composition of the MAPbI3 surface after laser processing from
the results of the energy-dispersive spectrum (EDS), as shown in
Figures S4 and S5. This indicates that fs laser with optimized
parameters can processMAPbI3 thin films without damaging the
components of the films. In addition, XRD spectra of UMTFs
and PMTFs are shown in Figure 2e, which revealed that no
apparent change of the crystal facets occurred after laser
processing. The magnified XRD pattern in the range of 12−16°
is presented in the inset of Figure 2e, which shows the smaller
crystal grain size in PMTFs than in UMTFs due to the larger full
width at half-maximum (FWHM). The results further support
the conclusions made from SEM images. Figure 2f shows the PL
spectra of PMTFs and UMTFs excited by a 532 nm laser, from
which we can observe a blue shift of the peak, indicating the
increasing band gap of perovskites. As previously reported, the
spontaneous radiative recombination between shallow trap
states leads to a red shift of the PL spectra.27,28 Thus, the blue
shift of the PL peak is due to an increase in the energy of the
shallow trap states. Besides, the absorption spectra of PMTFs
and UMTFs are shown in Figure S6, which also present a blue
shift of the absorption spectra. Consequently, we ascribed the

increasing band gap to the reduced shallow trap states on the
surface. More importantly, we discovered that the PL intensity
was enhanced. As previously reported, the lesser the number of
traps per grain, the higher the photoluminescence quantum yield
(PLQY) of a film for materials with well-passivated surfaces and
hindered excitation transport between grains through simple
statistical analysis.26 Therefore, by reducing the grain size
through laser processing, the available bulk traps between a
larger number of grains were redistributed to decrease the
number of traps per grain, thus improving the PLQY and
ultimately reducing nonradiative recombination sites in the
grain bulk.
To further shed light on the laser-reduced nonradiative

recombination, we further compared the photophysical proper-
ties of PMTFs and UMTFs. We measured the time-resolved
photoluminescence (TRPL) spectra of PMTFs and UMTFs, as
displayed in Figure 3a, which uncovered the carrier lifetime of
these samples. Using the biexponential fit and the detailed fitting
parameters shown in Table S1, the lifetime of PMTFs is
calculated to be 17.65 ns, which is higher than that of UMTFs of
10.98 ns, indicating that nonradiative recombination can be
suppressed for PMTFs.29 In order to investigate the trap density
(ntrap) of both PMTFs and UMTFs, we conducted a space-
charge-limited current (SCLC) measurement, as shown in
Figure 3b, which shows a trap-filled limit voltage (VTFL) of
PMTFs of 0.4 V, which is lower than that of UMTFs of 0.6 V. As
we know, VTFL is the applied voltage at the kink point, and so we
further calculated the trap density of both thin films by the
following equation30

Figure 4. Schematic illustrating the morphology of a fs laser-processed perovskite film and its effects on the reduced nonradiative recombination. Laser
scanning from left to right shows a smaller grain size in the processed region (left region) than that in the unprocessed region (right region). The
enlarged view at the bottom shows the lower number of traps per grain and thus less nonradiative recombination at the processed region. The smooth
surface (left region) is indicated by yellow color, and the rough surface (right) is indicated by orange color.
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where d is the gap width between two adjacent Au electrodes, ε0
is the vacuum permittivity, and ε is the relative dielectric
constant forMAPbI3. Therefore, the calculated values of ntrap are
5.07 × 1011 and 3.38 × 1011 cm−2, respectively, which confirms
that PMTFs have a lower ntrap than UMTFs. The atomic force
microscopy (AFM) images are displayed in Figure 3c,d, which
present the morphology and roughness of UMTFs and PMTFs,
respectively. The roughness of UMTFs is found to be 6.99 nm
from the AFM image, which is higher than that of PMTFs (1.62
nm). The reduced roughness of the laser-processed perovskite
films indicated that the surface of the MAPbI3 thin film was
polished and became smoother. Besides, the cross-sectional
SEM images in Figure 3e,f also show a thickness of PMTFs of
345 nm, which is thinner than that of UMTFs, i.e., 370 nm. The
3D AFM images presented in Figure S7 show the thinner and
smoother profile of PMFTs, which further supports the above
conclusion. As previously reported, the smooth surface has
better contact between the perovskite layer and other functional
layers (such as hole-transport layers, electron-transport layers,
and electrodes).31 Consequently, the perovskite with a
smoother surface after fs laser processing contributes to a
decreased possibility of nonradiative recombination as the light-
absorbing layer of devices. The morphological changes of fs
laser-processed perovskite thin films and their effect on
nonradiative recombination are illustrated in Figure 4. The
enlarged view at the bottom shows grains with a smaller average
size in the left region than that in the right region, which
contributes to reducing the number of trap centers per grain,
thus leading to less nonradiative recombination. Besides, the
roughness of the surface of the left region (smooth surface is

indicated with yellow color) is lower than that of the right region
(rough surface is indicated with orange color).
Finally, given that MAPbI3 thin films with fewer nonradiative

recombination sites were obtained, we fabricated photodetector
devices using PMTFs and UMTFs as light-absorbing layers with
a lateral structure by thermally evaporating Au electrodes on the
top, as shown in Figure 5a. Then, we measured the device
photocurrents under dark and light illumination of a 532 nm
laser, and the corresponding I−V curves are shown in Figure
5b,c, respectively. It is noted that the PMTF-based devices
present larger photocurrents than UMTF-based devices. To
evaluate the performance of the photodetectors, we calculated
the three key parameters for characterization, including
responsivity (R), external quantum efficiency (EQE), and
detectivity (D). R is defined as the photocurrent stimulated by
a single unit light in a single unit area, which is calculated by the
following equation32

=R
I I

P
light dark

in (2)

Here Ilight, Idark, and Pin are the photocurrent, dark current, and
incident optical power intensity, respectively. The diameter of
the light-illuminated spot is 18.91 μm, which is smaller than the
20 μm width of the effective working area of the devices, and so
the incident optical power intensity is equal to the power
intensity accepted by the effective working area of the devices.
EQE is the ratio of the number of excitation electrons to incident
photons expressed by the following equation33

= Rh
e

EQE
(3)

Here, R is the responsivity, h represents Planck’s constant, ν is
the frequency of incident light, and e is the electronic charge.D is
defined as the sensitivity of the devices under various noises; the

Figure 5. (a) Lateral structure of photodetectors with two Au electrodes. I−V curves of (b) UMTFs and (c) PMTFs under dark and 532 nm light
illumination with various light intensities, respectively. (d) Responsivity, (e) EQE, and (f) detectivity as a function of incident light intensity for
UMTFs and PMTFs, respectively.
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dark current is mainly affected by short noise in our test
conditions, and thus, D is expressed by the following equation34

=D
R

eJ2 dark
2

(4)

Here, Jdark is the dark current density of the photodetectors.
Under a low bias of 5 V, PMTF-based photodetectors exhibit
better performance, with an R of 3.33 × 10−3 A W−1, EQE of
0.78%, andD of 1.75 × 1011 Jones at a light intensity of 1 μW. In
contrast, the control UMTF-based photodetectors exhibit
limited performance, with R, EQE, and D values evaluated to
be 2.25 × 10−3 A W−1, 0.53%, and 1.07 × 1011 Jones,
respectively, as shown in Figure 5d−f. Besides, the response
rates of PMTF- and UMTF-based devices are shown in Figure
S8, which show rise and decay times for PMTF-based devices of
1.75 and 0.35 s, respectively, which are lower than those of 2.79
and 0.7 s for UMTF-based devices. A higher photocurrent is
obtained for PMTF-based devices. The improved performance
of PMTF-based devices is attributed to the reduced nonradiative
recombination sites in perovskite thin films due to laser
processing.

■ CONCLUSIONS
In summary, we demonstrated a promising strategy, which
utilizes a femtosecond laser to process perovskite thin films and
achieves reduced nonradiative recombination loss. Reduced
grain size, enhanced PL, and altered roughness are also achieved.
The mechanism of the reduced nonradiative recombination
decay is discussed. It is found that laser processing decreases the
number of trap centers per grain in bulk and makes the
perovskite surface smoother, which helps reduce nonradiative
recombination sites in bulk and on the surface. Finally,
perovskite films with reduced nonradiative recombination sites
are used as light-absorbing layers to fabricate photodetectors,
and enhanced performance is achieved. This work provides a
physical approach to reduce the nonradiative recombination loss
of perovskite thin films with convenient perovskite fabrication
processes, well-maintained perovskite conductibility, and
environmental friendliness.

■ METHODS
Materials. Methylamine solution (40% aqueous solution) and

hydriodic acid (HI, 95%) were both purchased from Aladdin company.
Lead iodide (PbI2, ≥99%) was obtained from Xi’an Polymer Light
Technology Corp. Both N,N-dimethylformamide (DMF, 99.8%) and
dimethyl sulfoxide (DMSO,≥99.9%)were bought from Sigma-Aldrich.
Toluene was bought from Chengdu Kelong Chemical Company.
Methylammonium iodide (MAI) was synthesized by a previously
reported method,35 where a mixed solution of methylamine solution
and HI (1:1, molar ratio) was stirred at 0 °C for 2 h. Then, rotary
evaporation was used to remove the solvent to obtain a white powder at
60 °C, which was followed by redissolving the white powder (MAI)
with anhydrous ethanol and recrystallizing it with anhydrous ether. This
step was repeated three times. Finally, the white powder was filtered and
dried at 60 °C in a vacuum for one night to obtain MAI.
Fabrication of MAPbI3 Thin Films and Femtosecond Laser

Processing.Here, we prepared the MAPbI3 perovskite precursor with
MAI (1 M) and PbI2 (1 M) dissolved in mixed solvents of DMF and
DMSO (7:3 volume ratio), followed by heating on a hotplate at 65 °C
for 6 h, and obtained the transparent pure precursor. We obtained
MAPbI3 thin films through a one-stepmethod here.We first cleaned the
glass substrates successively with deionized water, ethanol, acetone, and
isopropanol for 15 min individually by ultrasonication and dried them
with nitrogen (N2), which then were placed in UV−O2 for hydrophilic

treatment. Next, we spin-coated the perovskite precursor on the
substrate at 500 and 2000 rpm for 5 and 60 s, respectively, and dripped
200 μL of toluene antisolvent after spin-coating for 25 s. Then, we
transferred them onto a hotplate, followed by annealing at 65 °C for 1
min and 100 °C for 2 min. The fs laser processing of perovskite thin
films was conducted under conditions of scanning velocity v = 0.005
mm s−1 and defocus distance D = 0.75 mm (peak power density 67.90
W cm−2).
Femtosecond Laser System. A linearly polarized 40 fs laser with a

central wavelength of 800 nm was used here at a repetition rate of 1
kHz, which was excited by a chirped pulse amplification of a Ti:sapphire
laser system (Spitfire Ace, Spectra Physics). We adjusted the
parameters of the defocus distance and scanning speed under a laser
power of 4mW to investigate the effects of interaction between the laser
and perovskite thin films.
Characterization. SEM images were obtained using Phenom Prox

FiberMetric and Zeiss Auriga-45-06 instruments. EDS was performed
using an X-Max detector (Oxford Instruments). We obtained confocal
microscopy images using a VK-X250K microscope. We characterized
the crystal structure by X-ray diffraction with a Bruker D8 Focus
instrument. A HORIBA Scientific Raman Spectrometer was applied to
obtain PL spectra at 532 nm in air. The TRPL spectra were obtained
using a MicroTime 200 time-resolved fluorescence microscope
(PicoQuant) excited by a 532 nm laser at room temperature in air.
The roughness of the thin films was measured using a Keyence laser
confocal microscope (VK-X1000).
Lateral Photodetector Fabrication. Au electrodes with 80 nm

thickness and a 20 μm channel were thermally evaporated on the crystal
surface to fabricate a lateral photodetector and measure their SCLC.
The electrodes were 290 μm long and 55 μm wide. A Keithley 4200A
semiconductor parametric analyzer (Tektronix) and a C-100 probe
station from TPSi-Company were used to obtain the I−V curves at
room temperature in air. We measured the photoresponse of the
devices using a 532 nm laser with a tuning power intensity from 0.5 to
20 μW.
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