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Abstract:

Developing a simple method to synthesize the perovskite layer without the antisolvent
technique can facilitate the industrial production of perovskite solar cells (PSCs). While limited
progress has been made for the antisolvent-free method on formamidinium lead triiodide
perovskite layers due to the phase stability issue. Here, we use N-methyl pyrrolidone (NMP) as an
additive to inhibit the non-perovskite phase of FAPbI; to fabricate FAI-Pbl.-NMP intermediate
phase via the self-volatilization of volatile solvent 2-methoxyethanol instead of the traditional anti-
solvent method. The high-quality pure a phase of FAPbI; films is obtained by phase transition via
annealing. The photovoltaic properties of the perovskite films affected by different NMP amounts
are studied. The corresponding PSCs show a PCE of 20.1% compared to 15.6% for the PSCs
fabricated with the classical antisolvent technique. The unencapsulated devices remain ~75%
efficiency of their initial PCE values after 35 days of storage. This method can be used in scalable

production of PSCs due to high reproducibility and easy operation.

Kewords: Antisolvent free method; Solvent volatilization, N-methyl pyrrolidone; 2-ME;

Intermedia phase.






1. Introduction

Organic-inorganic hybrid perovskite solar cells (PSCs) have been investigated extensively in
recent years.'” The highest identified power conversion efficiency (PCE) of PSCs has been
boosted to 25.5%.% The high efficiency is attributed to the excellent photoelectric properties of
perovskite films, such as high absorption coefficient, long carrier diffusion length, and fast carrier
mobility.>”” The perovskite films are dominated fabricated with the anti-solvent technique,!2
which cannot be utilized for large-area device production and the commercialization of PSCs. In
addition, the anti-solvent method shows a very narrow processing window, which is not easy to
control.!*!” The time of ant-solvent dropping casting is very critical to the device performance.!®
Thus, antisolvent free methods were demonstrated, like spray coating method, inkjet printing,
blade coating technique, and slot die coating,!”-** but these methods are limited to the expensive

and special equipment, not conducive to large-scale production and development for practical

applications.

In recent years, the use of solvent self-volatilization during spin coating to form perovskite
films has been developed.?%%° In this method, The solvents with low boiling points and high vapor
pressures can be removed quickly by self-volatilization during the high-speed spin coating process,
leading to the formation of perovskite films. This method is believed to be a simple and efficient
method. However, the nucleation rate is too fast in this method, leading to defect production in the
perovskite films and low performance of the corresponding devices.’*! In order to obtain
perovskite films with enhanced crystallization, improved surface coverage, and few defects, some
researchers used additives or a second solvent to retard the crystallization process during the film
formation. '%323% We developed an additive-based solvent self-volatilization during spin coating
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using strong coordination additives in perovskite precursor solution to form the intermedia phase,
then high-quality perovskite films can be achieved through the phase transition. We used
methylammonium chloride (MACI) in the solution to form the MACI-Pbl, intermedia phase via
solvent self-volatilization in the process of spin coating to obtain high-quality perovskite films.*
We also reported dimethyl sulfoxide (DMSO)-based methylammonium lead triiodide (MAPDbI3)

intermediate phase fabrication by solvent self-volatilization during spin coating for PSCs.?’

MAPbI; films have been investigated by the nonantisolvent method.?% 2% 3° Formamidinium
lead triiodide (FAPbI3) exhibits a lower bandgap than MAPbI3, which is much closer to Shockely-
Queisser limit. Theoretically, FAPbIz can achieve higher efficiency than MAPbIz. However,
FAPbI; is easy to transform to non-photovoltaic phase at room temperature. The unwanted but
more stable yellow d-phase is very easy to form during the fabrication process. It is reported that
pure phase FAPbI; was fabricated by blade-coating,*® which is nonantisolvent method. However,
the blade coating method requires special equipment, and the technique needs N> flow or heat as
auxiliary means to facilitate solvent removal. Until now, it’s still a challenge to prepare the high-

efficiency FA-based perovskites by solvent self-volatilization without any auxiliary operations.

In this work, we successfully prepared high-quality FAPbI; perovskite films by solvent self-
volatilization method through the FAI-Pbl-NMP intermediate phase by spin coating. The
improved film quality is attributed to the modulated nucleation and growth process of perovskite
films caused by the FAI-Pbl,-NMP intermediate phase prepared via solvent self-volatilization in
the process of spin coating. The best PCE of 20.1% is achieved for the corresponding PSCs. Such
high efficiency suggests that the solvent self-volatilization method during spin coating is a facile

and well-controlled technique for large area high-efficiency PSCs.



2. Experimental

2.1 Chemicals

Fluorine doped tin oxide (FTO) coated glasses were obtained from Advanced Election
Technology CO,.Ltd. Zinc chloride, Titanium(IV) chloride , Gold wires, NMP were obtained from
Alfa Aesar. MACI was provided by Xi’an Polymer Light Technology. Formamidinium iodide
(FAI), 2-methoxyethanol (2-ME), DMSO, dimethylformamide (DMF), Chlorobenzene (CB),
ACN, 2,2°,7,7°-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene (Spiro-OMeTAD)
were acquired from Sigma-Aldrich. Pbl, Lithium bi(trifluoromethane) sulfonimide (Li-TFSI)

were purchased from TCI. 4-tert-butylpyridine(4-tBP) was obtained from Accela.

2.2 Device fabrication

The FTO coated glass substrates were washed with deionized water, propanone, and isopropyl
alcohol each with a ultrasound bath for 15 min each. Then the cleaned FTO substrates were treated
by a heat gun to obtain dried substrates. Then followed by ultraviolet-ozone treatment for 30 min.
An aqueous mixed TiCls (0.2 M) and ZnCl; (0.009 M) solutions were prepared at 0 °C. ZnCl is
used to reduce hysteresis of the devices according to the literature.> Compact TiO: layers on FTO
glass were prepared by chemical bath deposition in the TiCls solution at the temperature of 70 °C
for half an hour. Then, the coated substrates were cleaned by water and isopropanol. Afterward,
The substrates were annealled at the temperature of 200 °C for half an hour in ambient air. After
that, the substrates were put into a nitrogen inert gas glove box to spin coat perovskite films. 1.33
M Pbl,, 1.33 M FAI and 1 ml 2-ME were mixed to prepare perovskite precursor. Then add 0.2 M
MACI and different amount NMP (0%, 2.5%, 5%, 7.5%, 10% v/v) before spin coating. 30 pl
perovskite solution was coated on the TiO2 film at 8000 rpm for 30 s via spin coating. Then the

perovskite films were moved to a hot plate annealing at 150 °C for 10 mins. Spiro-MeOTAD (27



uL) was coated on the top of perovskite films with 4000 rpm for 30 s by spin coating. Then, the
films were kept in a desiccator for 12 h. Au electrode with 60 nm thickness was coated on spiro-
MeOTAD layer via a thermal evaporator with a shadow mask. 0.1 cm? device area is obtained by
the masks. J-V curves were measured without any masks. For 10 cm *10 cm perovskite films, 1
ml perovskite precursor with 7.5% NMP was deposited on 10 cm * 10 cm FTO glass at 8000 rpm
for 30 s by spin coating, then the perovskite films were transferred to a hot plate to anneal at 150

°C for 10 min.

2.3 Characterization and measurement

XRD experiments were carried out by a MiniFlex600 (Rigaku) with Cu Ka radiation (A =
1.54056 A). The UV-vis absorption spectra were recorded by a UV-vis spectrophotometer (Cary
60, Agilent Technologies). A field emission scanning electron microscope (LYR3 XMH, Tescan)
was used to collect the scanning electron microscopy (SEM) data. The grazing-incidence wide-
angle X-ray scattering (GIWAXS) diffraction patterns of the prepared perovskite films were
studied with a laboratory beamline (Xenocs Inc. Xeuss 2.0), and the X-ray wavelength was 1.54
A. The distance between the sample and the detector is 14.9 cm. The angle of 0.2° was set for the
measurement. The films were stored in a vacuum chamber to enhance the signal. Diffraction rings
were collected with a Pilatus 1M detector from Dectris Inc. Dynamic light scattering (DLS) was
performed on a Malvern Instruments Zetasizer Nano ZS (633 nm incident wavelength, 173°
scattering angle) operating at 20 °C. The Fourier transform infrared spectra (FTIR) were measured
by Spectrum Two FT-IR (PerkinElmer, USA). The current density-voltage curves were measured
with a 2400 source meter from Keithley Instruments Inc. under the light irradiation from an AM
1.5G solar simulator (G2V Pico) with the light intensity of 100 mW c¢m™, which was confirmed

with a Si cell from Newport (91150V). The incident photon-to-current efficiency (IPCE) data were



obtained with a IQE-200B (Newport). The photoluminescence (PL) data were collected by Horiba
FluoroMAXx fluorescence spectrometer. Time-resolved photoluminescence (TRPL) data were
obtained by TCSPC technique through NanoLED and DeltaHub. 440 nm was used to pump the
films to obtain PL spectra. A NanoLED (A=451 nm) was used as light source to collect TRPL
spectra. Impedance spectra of our devices were acquired with an CHI electrochemical workstation
(604E) with a AC voltage of 5 mV, and the frequency was changed from 1 Hz to 1M Hz in the

dark.

3. Results & discussion

The solvent self-volatilization method to prepare perovskite films is based on the fast volatilization
of the solvent, leading to the quick nucleation and growth of perovskite grains and poor quality of
the prepared perovskite films. In order to retard the nucleated rate, NMP has a strong interaction
with both FAI and Pbl to form FAI-Pbl,-NMP structure in perovskite precursor, which could slow
down the growth of perovskite grains, leading to high-quality perovskite films. NMP retards
perovskite crystallization and improves the perovskite film quality.*’ If only minor coordinated
solvents are used in our method, the perovskite films exhibit many pinholes, poor film coverage
and small grain sizes due to too slow or too fast nucleation rates. These have been studied in our
previous work.**37-#! Therefore, the introduction of NMP can not create much more ionic defects
in active layer. The perovskite precursor solution consists of FAIL Pbl, and MACI, in the solvents
of 2-ME and NMP. We tried MACI only to be used as an additive in this system. The film quality
is too bad to fabricate devices. The solvent 2-ME is volatile solvents with very low boiling points
and high vapor pressures, which is easy to realize volatilization, leading to wet perovskite film

formation. In Figure 1, we prepare the wet films followed by thermal annealing to investigate
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Figure 1. (a) the XRD patterns of the as-prepared wet films with various NMP concentrations (b) the XRD
data of the annealed films (150 °C, 10 min). (¢) UV—vis absorption spectra of the as prepared wet thin films

prepared by different amounts of NMP. (d) UV—vis absorption of the annealed films after (150 «C, 10 min).

the phase transition. Figure la the XRD patterns of the as-prepared wet films with various NMP
concentrations. Figure 1a shows that all the films contain the d-phase FAPbI; with a diffraction peak
at 11.8°. A peak at ~14° from a-phase is observed as NMP amounts are 0% and 2.5% v/v in
perovskite precursor solution. When NMP amount increases to 5%, 7.5%, and 10%, the peak

disappears, and the intermediate phase (labeled with *) is produced. This indicates that the



introduction of the NMP retards the growth of the a-phase. When NMP amount increases to 5%,
7.5%, and 10%, two tiny peaks at 8.56" and 9.07° appear. The XRD in Figure S1 indicates that the
two peaks at 8.56° and 9.07° are attributed to FAI-Pbl.-NMP intermedia phase, which is consistent
with the literature,*’ indicating the formation of the FAI-Pbl,-NMP intermedia phase by solvent
self-volatilization during spin coating. After annealing the wet films at 150° for 10 min, most 6-
phase transfers to a-phase to form o/ junction (Figure 1b). It can be observed that as the NMP
content is less than 7.5%, the 6-phase FAPbI; still exists in the films, which are indicated by the
tiny peaks at 11.8° labeled by # in Figure 1b. However, all the d-phase transfers to a-phase as the
content of NMP is more than 7.5% (Figure. 1b). That means NMP could promote the phase
transition from o-phase to a-phase during the annealing in our method. The UV-vis absorption
spectra of the wet films (before annealing) are shown in Figure 1c. No perovskite film absorption
features are observed. 0% NMP film shows an absorption trend for perovskite film at 800 nm, but
the typical perovskite absorption characteristics can not be observed for other curves contain the
NMP. The film prepared without NMP shows a high baseline. The baselines decrease with the
increase of NMP amount. An absorption edge at ~820 nm is observed for each film as the films
are treated with annealing at the temperature 150 °C for 10 min shown in Figure 1d, indicating the
formation of a-phase FAPbI3. The films with NMP amount of 0%-5% exhibit a stage at ~350 nm
-550 nm, which is attributed to the a/3 junction, and this is consistent with XRD results in Figure
Ib. The tails (band gap) of the 2.5%, 5, and 7.5% films are different. This is explained by the
difference film thickness, roughness, and the coverage of the films (Figure S2 and Figure 2).
Therefore, the band gap estimated by UV-vis absorption spectra is not accurate due to the film

thickness, roughness and coverage.



Figure 2. a-¢ the wet films prepared with 0%, 2.5%, 5%, 7.5%, 10% NMP. {-j the annealed perovskite films

prepared by 0%, 2.5%, 5%, 7.5%, 10% amount NMP.

Figure 2 presents SEM data of the films fabricated with various NMP concentrations before
and after thermal annealing to study the evolution of morphology and coverage of the films
affected by annealing. Figure. 2a-e shows wet films prepared with different NMP amounts before
annealing. The wet films with large grains exhibit uneven surfaces and pinholes. FTO glasses are
observed from the pinholes of the perovskite films prepared without NMP (Figure 2a), indicating
poor film coverage. The wet film with 0% NMP shows a mixture of both a and 6 phase FAPbI;.
We can not observe the rod-like morphology for the yellow-FAPbI3;, which might be attributed to
the addition of MACI or the films covarege that affects the yellow-FAPbI3; growth process. Rod
morphology yellow-FAPbI; was also not observed in Liu’s work.** FTO glass can be fully covered
by the wet films as NMP is added (Figure 2b-¢). The amount of NMP doesn't affect the morphology
of perovskite films in terms of grains sizes and FTO coverage. Figure 2{-j exhibits the SEM images
of the annealed films (150 °C, 10 min). Large grains composed of small particles are observed for
the film prepared without NMP (Figure 2f). Therefore, the thermal treatment cannot enhance the

coverage on the substartes for the film without NMP. When the NMP amount is 2.5% v/v (Figure
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2g), the film still exhibits multi-layers and is composed of small particles. FTO glass substrate is
fully covered, but the film shows many pinholes. The mean grain size grows from 200 to 800 nm
when the NMP amount increases from 2.5% to 10% (Figure 2g-j). Figure 2i shows continuous and
even film as the NMP amount is 7.5% v/v. The average grain size is about 600 nm. It can be
observed 10% v/v NMP amount also leads to continuous film, but more pinholes are also observed
which are labeled by red circles in Figure 2j. Figure S2 a-e shows that the cross-section SEM data
of the perovskite films fabricated by various NMP concentrations. The thicknesses of perovskite
films are 669 nm, 626 nm, 577 nm, 507 nm, and 500 nm for the thin films fabricated by the NMP
amount of 0%, 2.5%, 5%, 7.5%, and 10%, respectively. The films show the mesoporous structure
as the NMP amount is 0% and 2.5%. The dense and compact layer structure is observed as the
NMP amount is 7.5% and 10%. Therefore, the film thickness decreases as the NMP amount
increases. The films prepared with 7.5% v/v NMP show a uniform film structure. Therefore, NMP
retards perovskite crystallization, and improves the perovskite grain quality. Excess NMP may
accelerate the precursor solvation, which may lead to pinholes between the grains, which is

detrimental to perovskite film fabrication for high-efficiency devices.*’

Figure 3 shows growth mechanism of the perovskite films via the intermediate phase due to
NMP. Figure 3a shows the schematic of the experimental procedures. First, we spin coat the
perovskite precursor on TiO: surface. High-speed spin coating (8000 rpm) results in solvent
volatilization to form wet films. Then the black perovskite phase is obtained by annealing on a
hotplate. Figure 3b shows the status of FAI and Pbl dissolved in 2-ME solvent, indicating very
weak interactions among them. The NMP is added to the solution to form FAI-Pbl,-NMP

structures. The strong interactions among them benefit the production of high-quality perovskite
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Figure 3. (a) the perovskite film synthesis method by our method. (b) FAI-Pbl, prepared by dissolving Pbl,
and FAI in 2-ME. (c) FAI-Pbl,-NMP structures are formed due to the introduction of NMP. (d). Perovskite
films with NMP after annealing. (e). perovskite film without NMP after annealing. (f). 2D GIWAXS
patterns of perovskite films without NMP before annealing. (g). 2D GIWAXS pattern of perovskite with

NMP before annealing.

films (Figure 3c). Figure S3 shows the size distribution of FAI-Pbl, and FAI-Pbl>-NMP solutions
studied by DLS, the peak around 5 nm can be assigned to Pb-I individual octahedrons, and the

peak around 1000 nm can be assigned to the soft complex, which is consistent with literature.**
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The Pb-I part occupies 59.83%, and soft complex part occupies 40.17% for the precusor without

NMP.
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Figure 4. Statistics of photovoltaic parameters of PSCs with different amounts of NMP. (a). Js; (b) Voc; (€)

FF, (d) PCE.

The Pb-I part decrease to 31.7%, and the soft complx part increase to 68.3% for the precursor with
7.5% NMP. This indicates that NMP has a strong interaction with FAI and Pbl,.*° Figure S4 shows
the FTIR spectra of FAI in 2-ME, NMP solvent, perovskite solution without NMP and MACI and

perovskite solution with 7.5% NMP and MACI. C=0 bending vibration peak for NMP appears at
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1685 cm™!, and it shifts to 1633 cm™! in Pbl,-NMP complex. The C=N bending vibration peak for

FAI appears at 1697 cm™!, and it shifts to 1708 cm™ in FAI-Pbl,-NMP complex. These can be
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Figure 5. (a) the typical J-V data of the optimized device. (b) J-V curve of a typical PSC based on 7.5%
NMP at the reverse and forward scan directions. (c). stabilized power output for best devices. The inset one

is the photograph of one large area perovskite film with a size of 10 cm * 10 cm. (d) IPCE for optimal

devices.

explained by the strong interaction between NMP, FAI and Pbl, according to the literature.** After
annealing, pure o phase perovskite films are formed (Figure 3d) due to the retarded growth process
of perovskite grains caused by NMP. As for the films without NMP, a disordered perovskite
structure is obtained due to the fast perovskite growth caused by the fast nucleation process (Figure
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3e). No intermedia phase is obtained for the film prepared without NMP, which is confirmed by
XRD results in Figure la. Figures 3 f and g show the 2D GIWAXS diffraction patterns of the
perovskite films prepared without and with NMP, respectively. The scattering ring (q=1 A™) is
attributed to (001) crystal plane for perovskite films.* No additional rings from the intermediate
phase are observed from the 2D GIWAXS data of the NMP-based perovskite films , which is
attributed to the crystal phase transition from intermediate phase to normal perovskite phase during

the shipping and handling.

The photovoltaic parameters of the PSCs with different NMP amounts are shown in Figure 4.
The short-circuit current (Jsc) increases with the increase of NMP. J of the PSCs with 5-10%
NMP is almost 5 times as large as the PSCs without NMP. Figure 4b shows the open-circuit voltage
(Voc) also increases substantially as NMP is introduced to the films. In Figure 4c, the fill factor
(FF) values increase from 56% to 75% as the NMP amounts increase from 0% to 7.5%. PSCs with
10% NMP show an FF of 70% which is smaller than that of the PSCs with 7.5% NMP, which is
explained by the pinholes of the 10% NMP films (Figure 2j). 7.5% NMP devices exhibit the
highest PCE. The low PCE of the devices based on 0%, 2.5%, and 5% compared to the NMP 7.5%
is also associate with the excessive thickness of the film. The films prepared with 7.5% and 10%
NMP show the similar thicknesses, and the lower PCE of the device with 10% NMP is attributed
to the film morphology and film quality. Therefore, the optimal NMP concentration is 7.5%.
Figure 5a shows the typical J-V data of the optimized device. The values of Jsc, Voc, and FF are 25
mA/cm?, 1.07 V, and 75.16%, respectively, yielding 20.1% efficiency. Antisolvent method based
on CB was used to fabricate perovskite films (Figure S5), and the perovskite solution was prepared
by DMF and DMSO (4:1, V/V). The device shows a efficiency of 15.6% for reverse scan direction,

and the forward scan produces a PCE of 15.6%. We optimized the fabrication procedure of the
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traditional antisolvent method, and a PCE of 15.6% is obtained. However, this can not be used to

show the traditional antisolvent method is not as good as our method. Our
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Figure 6. (a) the PL data of the perovskite films with various NMP concentrations. (b) the TRPL data of

(a) films; (c) the fitting parameters obtained by bi-exponential equation for TRPL data. (d) the impedance

spectra of PSCs with different amounts of NMP.

method is very promising in high-performance PSCs. Figure. 5b shows that the device efficiencies
are 20.06% and 19.1% obtained by reverse and forward scans, respectively, indicating the smaller
hysteresis effects in our perovskite films due to few defects. The stable PCE of 20% is obtained
when 0.87 V is applied to the device, showing good light stability (Figure 5¢). The perovskite film
with a large area of 10 cm™ 10 cm is shown inset of Figure 5c, It’s a mirror-like perovskite film,
and it shows a wall. The video S1 shows the the film formation, which exhibits the feasibility of
the developed method in practical applications for large area devices. The device stability is shown
in Figure S6. The unencapsulated device is maintained in the air for 35 days with a RH of ~ 20%.

The PCE values of 0%-5% NMP-based PSCs decrease 20% of their initial values within 20 days,
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but the PCE of 7.5% and 10% NMP-based PSCs drops to ~75% of the original PCE after 35 days,
which shows device good stability as 7.5% and 10% NMP is used for device fabrication. Figure
5d shows the IPCE spectrum of the optimized PSC. The intensity of IPCE reaches 80% in 450 —
650 nm. The calculated Jsc is 21.3 mA/cm? by integrating, and the Js from J-V curve is 25 mA/cm?.
It is believed that the integrated current density obtained from IPCE is less than Jsc from J-V
curves within 10-20% is reasonable. The reason for the difference is attributed to the light source,
ion migration, and degradation of the perovskite films under long time light irradiation during
IPCE measurements.*® In addition, external bias leads to ion movement inside the perovskite films,
which is another reason for the low integrated Js..*® Moreover, IPCE results are also dependent on

the frequency of the measurement.*

The optical properties of the films with different NMP amounts are studied by PL and TRPL
techniques to understand the improved device performance caused by NMP. All the films are
deposited on the glass substrate. Figure 6a shows the PL spectra of the film prepared with different
NMP amounts. It can be observed that the peak positions locate at ~800 nm. The PL peak positions
of the films exhibit blueshift as the NMP amount increases, indicating that NMP effectively
passivates the defects in perovskite films according to the literature.*’-*® The films with 0%, 2.5%,
and 5% NMP show low PL intensity compared to the films with 7.5% and 10% NMP, which is
attributed to the discontinuous film properties (Figure 2 f-h). Therefore, it is hard to compare the
PL intensities of for these three films (0%, 2.5%, and 5%). The films with 7.5% and 10% NMP
show much higher intensities compared to the films with 0%, 2.5%, and 5% NMP due to the
improved film quality caused by NMP (Figure 2 1 and j). The TRPL data of films prepared with

various NMP concentrations are shown in Figure 6b. The TRPL curves are fitted by the bi-
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exponential decay function and the fitting parameters are shown in Figure 6¢c, the equation shows
below,

—t —t
Y =A,exp (r_) + Ajexp (T—)
1 2

Where Al and A2 are the relative amplitudes; t1 and 12 are the values of the lifetime for the
fast and slow decay, respectively. The fast decay is associated to trap-assisted non-radiative

recombination at the film surface,*-°

and the slow decay is attributed to the radiative
recombination in GBs of the perovskite films. > TRPL data in Figure 6b and ¢ show that the
lifetims of the films with 0%, 2.5%, and 5% are very similar to each other. The lifetimes of the
films with 7.5% and 10% NMP exhibt longer lifetime than that of the films prepared with 0%,
2.5%, and 5% NMP, which is explained by the reduced defects by NMP. Figure S7 shows J-V
curves of electron-only (FTO/TiO2/PVSK/PCBM/Au) and  hole-only  devices
(FTO/PTAA/PVSK/Spiro/Au). The linear-relationship region represents an ohmic response at low

voltage, and the kink point is trap-filled limit voltage (VtrL). Considering a linear dependence

between trap density (rjtraps) and VrL, the ntraps can be calculated by the follow equation,

2egoVrpL
/7traps - el?

Where e is the elementary charge of an electron; € and €0 are the relative dielectric constant of
FAPbI; and vacuum dielectric constant, respectively, and L is the thickness of the perovskite layer.
The calculated electron-trap density values of PSCs with and without NMP are 1.296*10'7 cm™
and 1.324*10'7 cm?, respectively. The hole-trap density values of PSCs with and without NMP
are 5.77*10'7 cm™ and 6.41*10'7 cm?. These results indicate NMP modification reduces electron

and hole -trap densities of the films. Figure 6d shows the Nyquist plot of the PSCs based on
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different NMP amounts (0%, 5%, 7.5%, and 10%). The R is the series resistance related to FTO.
Riec represents the recombination resistance of the devices, CPE1 is the contact capacitance that is
derived from charge buildup at the interfaces between the perovskite film and its adjacent contacts,
Rar 1s the dielectric relaxation resistance, CPE2 is the capacitance of the perovskite films. The EIS
data can be well fitted with the circuit shown in the inset of Figure 6d, and the results are shown
in Table S1. Compared to the Rrec of 0%, 5% and 10% NMP devices (998 €, 1842 Q and 1959 Q),
the device with 7.5% NMP shows a larger Rrec (2511 ), which confirms that the charge

recombination loss is suppressed for the 7.5% NMP device.

4. Conclusions

We demonstrate a facile method to fabricate FAPbI3 films with high quality by solvent self-
volatilization. The intermediate phase of FAI-Pbl,-NMP films is fabricated via solvent self-
volatilization in the process of spin coating. High-quality photovoltaic phase FAPbI; films are
obtained by annealing the intermedia phase via controlling the amount of NMP. The PSCs based
on the prepared FAPDI; films are fabricated and studied. The PSCs show high reproducibility and
high efficiency toward practical applications. The best PCE of 20.1 % is achieved compared to
15.6% by the traditional antisolvent method. This work also shows the feasibility to prepare large-

scale production and large area devices of PSCs for practical applications.

Supporting Information

XRD patterns of FAI-Pbl.-NMP and FAI-Pbl>-MACI spin-coated films. Cross-section for different
amount NMP prepared perovskite solar cells. (a). 0% NMP; (b). 2.5% NMP; (¢). 5% NMP; (d). 7.5% NMP;
(e). 10% NMP. DLS profiles of precursor solutions of FAI-Pbl, and FAI-Pbl,-NMP in 2ME. FTIR

spectra for FAI and in 2ME; NMP solvent; perovskite solution without NMP and MACI and
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perovskite solution with 7.5% NMP and MACI. The J-V data of PSC fabricated with antisolvent
technique measured through the reverse and forward scans. The device aging stability for different
amount NMP perovskite solar cell. Current-voltage curves of electron-only device (a) and hole-

only (b) device based on 0% and 7.5% NMP perovskites.
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Figure S1. XRD patterns of FAI-Pbl,-NMP and FAI-Pbl.-MACI spin-coated films.
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Figure S2. Cross-section for different amount NMP prepared perovskite solar cells. (a). 0% NMP; (b).

2.5% NMP; (c). 5% NMP; (d). 7.5% NMP; (e). 10% NMP.
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Figure S3. DLS profiles of precursor solutions of FAI-Pbl; and FAI-Pbl,-NMP in 2-ME.
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Figure S6. The device aging stability for different amount NMP perovskite solar cell.
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Figure S7. Current-voltage curves of electron-only (a) and hole-only (b) devices based on 0%

and 7.5% NMP perovskites.
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Table S1. The EIS fitting parameters of different amount NMP devices derived from Fig. 4c.

R ()

Sample Rrec(Q) CPE1 (F) Rar(22) CPE2 (F)

0% NMP 30.13 998 1.262*108 697.1 7.034*107
5% NMP 17.28 1842 1.133*10°8 5759 5.898*10°
7.5% NMP 17.15 2511 9.813*10° 13120 2.684*10°1°
10% NMP 19.23 1959 9.967*10° 9860 2.459*107
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