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Methylammonium lead iodide perovskite photovoltaics have attracted remarkable attention due to their
exceptional power conversion efficiencies (PCEs). The film morphology of organometallic halide
perovskite plays a very important role in the performance of planar perovskite solar cells (PVSCs).
Previous methods have been explored to control the crystal growth for getting a compact and smooth
perovskite film. Here, we report an effective and reproducible approach for enhancing the stability and
the efficiency of PVSCs by incorporating a small quantity of two-dimensional (2D) material
diethylammonium iodide (DAI) in three-dimensional (3D) MAPbls, which can facilitate the perovskite
crystallization processes and improve the resulting film crystal quality. The fabricated
(DA,Pbl4)o.0sMAPDIs perovskite hybrid films exhibit good morphology with larger grains and uniform
morphology. Simultaneously, reduced defects and enhanced carrier lifetime within a full device indicate
enhanced crystallization effects as a result of the DAI inclusion. The photovoltaic device attains a high
photocurrent of 22.95 mA cm™2 and a high fill factor of 79.04%, resulting in an overall PCE of 19.05%.
Moreover, the stability of the 10% DAI doped perovskite solar cell is also improved. These results offer
a promising stable and efficient light-absorbing material for solid-state photovoltaics and other

rsc.li/rsc-advances applications.

Introduction

Organic-inorganic metal halide perovskite solar cells (PVSCs)
represent a breakthrough for next generation thin-film opto-
electronics due to their outstanding properties such as high
absorption coefficient,"* long electron-hole diffusion lengths,**
tunable bandgap,®>” and low-temperature processability,® which
bring about the promise of both high efficiency and low fabri-
cation cost,> and have already improved power conversion
efficiency (PCE) from 3.8% to 23.7%."'° Theoretically speaking,
the PVSCs may achieve an excellent PCE about 31% with high
fill factor (FF) and open circuit voltage (Voc)."* Many strategies
to improve the quality of perovskite films for high FF have been
applied, including one-step spin coating,"” antisolvent drip-
ping,”* two-step sequential deposition,** vapor deposition,*
doctor blading™ and various improved strategies. Among them,
a solution-processed perovskite film deposition procedure and
antisolvent dripping method has become popular method, due
to its fast film growth technique. The narrow processing
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window for properly adding the antisolvent makes it tricky to
fabricate high quality perovskite film. For guaranteeing the
improved morphology of the perovskites, additional operations
like thermal treatment,'” solvent annealing,'® or using addi-
tives™* have been adopted. Several types of chemical additives,
such as polymers,* ionic liquids* and ammonium salts>*** can
increase the performance of PVSC devices.

Two-dimensional (2D) materials have become popular
ammonium salts attributed to great tolerance to moist envi-
ronment due to their unique structure characterized by hydro-
phobic groups which are combined with 3D perovskite in
PVSCs.>*?” 2D  perovskites PEA,MA,Pb;I;, (PEA =
CeH5(CH,),NH;)*® and BA,MA,,_,Pb,I;,,.; (BA = CH;(CH,);NH;,
n =2, 3, and 4),* and quasi-2D perovskites PEA,MA5oPbgol;51,
and (BE),(FA)gPbol,g,** (BE = CcH5CH,NH;) were used as active
layers and significantly improved the moisture stability of
PVSCs. The devices based on the above layered perovskite
compounds exhibit a slightly lower PCE than the control device
owing to the introduction of insulated spacer cations in the 3D
perovskite lattice, which have strongly bound excitons with low
mobility that may hamper the charge transport in perovskite
films.”®***3>3% Thus, recent attempts have been focused on
introducing small quantity of two-dimensional (2D) materials
to fabricate perovskite film.***> A small quantity of PEAI were
used to fabricate (PEA,PbL,)y 017(MAPbI;) PVSCs with highly

This journal is © The Royal Society of Chemistry 2019
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efficiency and long-term-stable, while the exist of PEA,Pbl, still
lead to lower Jsc than that of control device.** PEAI doped Pbl,
film (PEAI/PbI, = 0.05) was used to react with MAI to fabricate
highly efficient 2D/3D PVSCs with a high efficiency of 19.10%,*
while the low-pressure heating process need 2 hours and the
particle size of the perovskite film is nonuniform. Recently,
diethylammonium halogen ammonium salts (DAX, DA" =
(CH3CH,),NH,") have been used to improve the morphology of
the active layer in PVSCs.***” Recently, ammonium salt dieth-
ylammonium hydrochloride used as an additive enabled to
accelerate the growth of the perovskite film.** While, only
diethylammonium hydrochloride added in the precursor solu-
tion keeps non-stoichiometric ratio, and diethylammonium
hydrochloride can volatilize out from the film during the growth
of perovskite crystal, introducing the uniformity of crystals,
smoothness of film surface, and therefore, leading to low FF
and PCE. Two-dimensional (2D) material diethylammonium
bromide has also been used in our previous work to post treat
MAPDI; film, and Br element can induce the small crystals
secondary grow into large crystals.’” However, the performances
of the device with post-annealed film are partly depend on the
performances of the MAPbI; film which cause a lower short
circuit current. It is worth mentioning that doping of DA cations
into the perovskite precursor solution may be beneficial to
improve the film morphology and increase the short circuit
current of the devices. And DA" contains a short-branched chain
than PEA" and BA" which may have better charge transport
property and is able to introduce into the MAPbI; perovskite to
enhance the performance of the devices.

In this work, small quality of 2D perovskite DA,Pbl, (DAI is
abbreviation for diethylammonium iodide, DA" = (CH;CH,),-
NH,") has been incorporated with three-dimensional (3D)
MAPDI; in precursor solution, which facilitates the perovskite
crystallization processes and improves the resulting film
quality. The fabricated (DA,Pbl,),.0sMAPDI; perovskite hybrid
films exhibit good morphology with larger grains more than 1
micro and without pinhole. Compared with control device,
incorporated 2D perovskites DA,Pbl, with long alkyl chain can
increase long term stability of the device. Applying the mixed
(DA,PDb1,)0.0sMAPDI; perovskite hybrid film in solar cells, the
enhanced performance is achieved with a V¢ of 1.05 V, short-
cireuit current (Jsc) of 22.95 mA cm 2, and FF of 79.04%,
leading to a remarkable efficiency of 19.05%, which is 20%
higher than that of the control device (15.73%).

Results and discussion

Fig. 1a and b illustrates the diagram and energy level of the
planar perovskite solar cells used in this work. The perovskite
layer was fabricated by antisolvent assisted deposition method.
A small quantity of 2D material DAI was incorporated in 3D
MAPDI; with different compositions by mixing different
amounts of 1.25 M solution of DAI: Pbl, (2:1) with the
MALI : Pbl, precursor solution (DAI : MAI = 7%, 10% and 15%
molar ratio), and denoted as 7%, 10% and 15% DAI contents for
convenience. The chemical structure of DAI and schematic of
DAI doped perovskite crystal are shown in Fig. 1c and d.
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Fig.1 Structure (a) and energy level (b) diagram of the inverted planar
perovskite solar cell, the chemical structure of DAI (c) and schematic of
DAl doped perovskite crystal (d).

The morphological evolution of perovskite films using
various DA incorporation methods is shown in scanning elec-
tron microscopy (SEM) images (Fig. 2), indicating that incor-
porated DAI contents can positively facilitate the perovskite film
grain growth. The morphology of the perovskite film without
DAI was characterized by a poor-quality surface with small sized
crystals about 161.54 nm. When the DAI content is 7%, the
perovskite film presents larger grains with average grain size up
to 0.71 um. When the DAI content is 10%, the grains size of
perovskite film presents much larger grains about 1.27 um,
resulting in a much denser and more homogeneous
morphology than the MAPDbI; film. When the DAI content is
15%, the average grains size down to 1.00 pm. Generally, the
larger the perovskite film crystals are, the better the solar cell
performance is expected, because perovskite films with larger
grains have lesser grain boundaries which act as barriers for
charge transport between the cathode and anode in PVSCs.***
Therefore, from the SEM images, the 10% DAI incorporated
perovskite film may be the most suitable for high performance
devices. The above results exhibit that incorporating small
quality of DAI in MAPDI; precursor solution can facilitate the
film crystallization and produce larger grains with more
homogeneous grain-size distribution, and 10% DAI content can
induce largest grain growth. Besides, in order to investigate
whether other 2D cations incorporated can enlarge the perov-
skite grains, we also prepare the 10% PEAI and 10% BAI doped
perovskite films for comparison. The SEM images of 10% PEAI
and 10% BAI doped perovskite films are tested and displayed in
Fig. S1.T It is obvious that the films doped with these two
materials exhibit small grains less than 100 nm, and even
smaller than the MAPDI; film. The result demonstrate that DA
cation doped 3D perovskite can increase the film crystal grains
is its unique properties.

RSC Adv., 2019, 9, 7984-7991 | 7985
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Fig.2 Top view of SEM images and correspond grain size of perovskite films without DA (a) and with 7% DAI content (b), 10% DAI content (c) and

15% DAI content (d).

X-ray diffraction (XRD) analysis were carried out to identity
a distinction of the perovskite films with different DAI contents,
as shown in Fig. 3a. The MAPDI; film exhibits the main charac-
teristic diffraction peaks at the 26 values of 14.13°, 28.46°, and
31.90° corresponding to the (110), (220), and (310) planes of
tetragonal perovskite, respectively. The DA mixed perovskite film
exhibits stronger diffusion peaks at (110) and (220) than those of
DA free perovskite film, which reflects better crystallinity. Full
width at half maximum (FWHM) of XRD peak corresponding to
(110) plane is 0.08° for the 7% and 10% DAI contents, which is
narrower than that of the film without DAI (0.10°), however, the
FWHM is widened to be 0.09° for 15% DAI content. Those results
indicate that the perovskite film incorporated 10% DAI content
shown the best crystallinity. Furthermore, compared the XRD
patterns of perovskite film of different DAI contents with the XRD
patterns of 2D perovskite DA,Pbl, film in Fig. S2,f it can be
confirmed that the several peaks around 7.5° in the XRD patterns
of DA mixed films belong to DA,Pbl, and DA,Pbl, is successfully
embedded in MAPDI; film.

To investigate the effects of DAI doping into MAPDI; on its
optical properties, UV-visible absorption spectroscopy and
steady-state photoluminescence (PL) spectra were measured as
shown in Fig. 3b and c. Apparently, the absorption is improved
with low DAI contents (7% and 10%) and the absorption doesn't
increase as the DAI content increases to 15%. The perovskite film
with 10% DAI content exhibits best absorption, which may be
associate with the best film morphology. The absorption edge of
the DA mixed perovskite films presents only a slightly blue shift
compared with that of the DAI free film, which is consistent with
the blue-shifted emission peak in the PL spectrum in Fig. 3c. As
presented, the DAI free perovskite film shows a PL peak at
774 nm, and DA incorporated perovskite films with 7%, 10% and
15% DAI contents exhibit blue-shifted PL peaks at 768, 764 and
761 nm. The slight shift to lower wavelength of the PL spectrum
are probably due to the presence of 2D perovskite DA,Pbl,.

The time-resolved PL (TRPL) spectra were measured with the
incident exciting light at 401 nm to examine the effect of DAI
contents on nonradiative recombination in the perovskite films.

7986 | RSC Adv., 2019, 9, 7984-7991

The PL decay curves were fitted by the followed eqn (1) to
evaluate the carrier recombination lifetime:****

y = A + By exp(—t/t)) + By exp(—t/t,) (1)
B,’T,‘z
Tavg = %va (2)

where B; and B, are the relative amplitudes, t; and 7, are the
lifetimes for the fast and slow recombination, respectively.*> The
average PL lifetime of the carriers can be calculated by eqn (2)***
and the detailed results are summarized in Table S3.1 The DAI
free film shows an averaged PL lifetime of 61.34 ns, and the 7%,
10% and 15% DA incorporated perovskite films exhibit averaged
PL lifetimes of 72.65 ns, 89.48 ns, 35.65 ns, respectively. On the
basis of the TRPL spectroscopic characterization, perovskite films
with low DAI contents present longer carrier lifetimes, suggest
a significant drop in non-radiative recombination due to larger
perovskite crystal grains which is consistent with the SEM
images. However, the PL lifetime of perovskite with 15% DAI
content was shortened which may be two reasons: one is the
decrease in film crystallinity, and the other is excessive 2D
perovskite exist in 3D perovskite as more 2D perovskite (lower n
value) leads to shorter lifetime of perovskite in the literatures.****
The SEM image of 15% DAI incorporated perovskite shows that
there are some micron rods appeared, we speculate that phase
separation may occur due to more 2D perovskite doped in 3D
perovskite, and PL quenched by the 2D perovskite which
supports the notion of hole transfer from 3D perovskite into 2D
perovskite. From the above results, the longest lifetime of the PL
transition in the (DA,Pbl,),0sMAPbI; perovskite film may be
attributed to the decrease in the concentration of defects and the
increase in crystallinity, which are matched with the SEM and
XRD results,*® indicating that high-quantity film can suppress
nonradiative charge carrier recombination.

Considering large grains, well crystallinity and long lifetime
of DAI incorporated films, current-voltage (J-V) measurements
were employed to directly observe the effects of DAI contents on
device performance. The J-V characteristics of the optimal

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra01186b

Open Access Article. Published on 11 March 2019. Downloaded on 2/14/2026 6:09:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
(a) —Without DAI 4 —— Without DAI
. 7% DAI 7% DAI
——10% DAI - ——10% DAI
= ——15% DAI 5:3- ——15% DAI
sl A ]
2 ] 22
g ' R _‘é‘
£ 31
J l el -
& J " M <
" A A
0 T T v T v T T
10 ) 20 ) 0 ) 40 300 400 500 600 700 800
20 (degree) Wavelength (nm)
S1.04(c) —— Without DAI — Without DA
© 7% DA ——7% DAl
s ——10% DAI o —10% DAl
£ 0.8- ——15% DAI - ——15% DAl
S >
[¢}] b
£ 0.6- g
- ] o
% 0.4- k=
Q7 -
N o
= 0.2
£ 1.
00.08=— T - T — . : :
Z 700 750 800 850 0 200 _ 400
Wavelength (nm) Time (ns)

Fig.3 X-ray diffraction patterns (a), UV-vis absorption spectra (b), PL spectra (c) and TRPL spectra (d) of perovskite films without and with 7%, 10%

and 15% DAI contents.

devices with the DAI free and DAI mixed perovskite film under
AM 1.5G illumination (100 mW c¢m™?) are shown in Fig. S3,f
and the detailed device parameters are summarized in Table
S1.7 It is interesting to see that the Vo does not increase as the
DAI content increases, which is different from the case of quasi-
2D PEA,MA,,_1Pb,I3,.1.>*** And the SEM image shows that the
micron rods appeared on the surface of 15% DAI film, indi-
cating the structural mismatch lead to different phases. These
results illustrate that a small amount of 2D D,Pbl, is not
incorporated into the crystal lattice of 3D MAPDI; ascribe to the
structural mismatch that possibly exists at the grain bound-
aries. The device based on the perovskite film with 10% DAI
content shows the best PCE. Obviously, the device with the
(DA,PbI,)0.0sMAPDI; perovskite film yields a significant
enhancement in performance compared to the control device as
shown in Fig. 4a and Table 1, mainly originating from a mark-
edly enhanced FF from 68.60% to 79.04%, as well as a slightly
increased Jsc from 22.47 mA cm ™ to 22.95 mA cm ™' and Voc
from 1.02 V to 1.05 V, leading to an overall PCE from 15.73% to

This journal is © The Royal Society of Chemistry 2019

19.05%. The improved electronic properties of the device with
the (DA,Pbl,)o.0sMAPDI; perovskite film are normally ascribe to
the large grains and less grain boundaries. -V curves and
statistical data of reverse and forward scanning are described in
Fig. S4 and Table S2.7 The J-V curves of MAPbI; device yielded
relatively high hysteresis. While, the hysteresis of the (DA,-
Pbl,)o.0sMAPDI; perovskite solar cell is reduced compared with
the DAI free device, which mainly attributed to increased grain
size and decreased grain boundaries defects of the perovskite
film.*

The incident photon-to-current efficiency (IPCE) spectra of
the corresponding devices were measured, as shown in Fig. 4b.
The (DA,Pbl,),0sMAPDI; exhibits a substantial
enhancement in a broad wavelength range from 400 nm to
750 nm relative to the control device, which is consistent with
the improvement in morphology and the increase in absorp-
tion. In addition, the value of the integrated photocurrent
density from the IPCE for the solar spectrum is in well agree-
ment with the obtained Jsc. The output short-circuit

device

RSC Adv., 2019, 9, 7984-7991 | 7987
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Fig. 4 J-V characteristics (a), EQE spectra (b), stabilized short-circuit photocurrent density (c), and PCE distribution (d) of the perovskite devices

without and with 10% DAI contents.

Table 1 Performance of devices with perovskite films without and with 10% DAI contents. The values inside the parentheses are average values

obtained from 30 devices, respectively

Active layer Jsc (mA ecm™2) Voc (V) FF (%) PCE (%)
Champion-MAPbI; 22.47 1.02 68.60 15.73

MAPbI, perovskite (21.98 + 0.48) (1.02 + 0.01) (66.64 + 1.82) (14.92 =+ 0.54)
Champion-DA doped 22.95 1.05 79.04 19.05

DA doped perovskite (22.66 + 0.44) (1.04 + 0.02) (78.00 =+ 1.65) (18.30 £ 0.47)

photocurrent of the cells as a function of time were recorded, as
shown in Fig. 4c. For the control device, the photocurrent is
continuous decreased for the first 200 s, indicating that the
device is unstable, which may be ascribe to the more traps in the
perovskite film. While for the (DA,Pbl,), 0sMAPDI; devices, the
photocurrent stabilizes within seconds to approximately 22.95
mA cm %, which is comparable to the device parameters
extracted from the J-V curve. The results proved that the (DA,-
Pbl,)0.0sMAPDI; device better output stability which may be
ascribed to the DAI induced large grains with less traps in the
perovskite film. Fig. 4d displays the PCE distribution of the
control devices and the (DA,Pbl,), 0sMAPDbI; devices calculated

from 30 devices, respectively. In  general, the

7988 | RSC Adv., 2019, 9, 7984-7991

(DA,PbI,)o.0sMAPDI; devices exhibit an average PCE of 18.30%,
which shows the good reproducibility for the (DA,Pbl,)o 05"
MAPDI; devices. Furthermore, we have also measured the long-

Fig. 5 Cross-section SEM images of perovskite films without (a) and
with 10% DAI content (b).

This journal is © The Royal Society of Chemistry 2019
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term stability of the devices with DAI free perovskite film and
(DA,PbI,)0.0sMAPDI; film which are storage in the glove box as
shown in Fig. S5.f The PCE of the (DA,Pbl,),.0sMAPDI; device
maintains almost 80% of the initial PCE after 60 days, showing
better stability than the MAPbI; device.

The cross-sectional SEM images of the MAPbI; and (DA,-
Pbl,).0sMAPDI; devices are shown in Fig. 5a and b. The
perovskite layers are about 400 nm thick for both devices. It can
be seen that the grains in the MAPbI; device are about 100-
300 nm and there are about two or more grains between the
electronic transport layer and hole transport layer, which will
bring out defects recombination. For the (DA,Pbl,),.0sMAPDI;
device, the grains are large enough that most of the photo-
generated charges can be collected by the electrodes without
encountering grain boundaries, which can significantly
decrease charge recombination loss and enhance the charge
transport and carrier extraction. Meanwhile, the decreased
grain boundary density might diminish the amount of
boundary traps and bring about a reduction of defects
recombination.

To further explore the origin of the improved device char-
acteristics, transient photocurrent (TPC) and transient photo-
voltage (TPV) techniques were carried out to further investigate
the charge extraction and carrier recombination lifetimes in the
working device.*®* TPC was generated by a nanosecond pulse of
a laser incident on devices and could provide insightful infor-
mation on charge transport within the device. As shown in
Fig. 6a, (DA,Pbl,), 0sMAPDI; based device shows a faster decay
of 0.51 ps compared with that of the control device (1.08 ps),
which confirms the (DA,Pbl,),sMAPDbI; device has quicker
charge transport and charge extraction. TPV, correlating to the
electron lifetime in the active layer, provides an insight into
carrier recombination in the cell. TPV measurement was per-
formed with a pulsed laser under 1 sun illumination intensity at
open-circuit voltage condition. As shown in Fig. 6b, the charge-
recombination lifetime of the (DA,Pbl,),sMAPDbI; device is
4.47 ps, much longer than 1.01 ps which is calculated from the
control device. The longer carrier lifetime in the (DA,Pbl,)o 05
MAPDI; device indicates that carrier recombination has been
suppressed due to the better film quality.

The open-circuit voltage as a function of light illumination
intensities (LIPV) measurement was also performed to gain

This journal is © The Royal Society of Chemistry 2019

insight into the influence of traps on recombination under the
open-circuit condition, as shown in Fig. 6c. The ideality factor
(n) of PVSCs can be calculated according to equation:

_ 4 dVee
"= kT dIn(1)

where ¢ is the elementary charge and kT relates to the thermal
energy. In general, the n value ranges from 1 to 2 in a solar cell.>*
The n value for the (DA,Pbl,)s osMAPDI; device is 1.15 + 0.01
lower than 1.38 £ 0.01 for the control device, revealing that the
contribution of trap-assisted recombination is smaller in the
(DA,PDbIL,)0.0sMAPDI; device. The good crystallization of (DA,-
Pbl,)o.0sMAPDI; perovskite film can form better contact with the
hole/electron transport layers and lead to fewer interfacial
defects restrain the trap-assisted recombination effectively.

Conclusions

In a summary, 2D perovskite DA,Pbl, was first incorporated
into the 3D MAPDbI; perovskite to improve the crystallization of
perovskite thin films. A significantly enhanced PCE (~20%) of
the planar perovskite solar cells is achieved from 15.73% to
19.05%. SEM images and XRD spectra evidence that incorpo-
rated 2D DA,PbI, can facilitate homogenous crystal growth for
better morphology and well crystallinity with large grains and
uniform grains size. The grain size is large enough to
throughout the device that can decrease charge loss by recom-
bination at grain boundaries, which is also responsible for the
improved performance. TRPL spectra were used to extract
charge carrier dynamics, demonstrating an exceptional
improvement in carrier lifetime for (DA,Pbl,)y osMAPDI; film.
The DAI doped perovskite film can effectively suppress trap-
assisted recombination and enhance the charge extraction,
which is evidenced from the TPC, LIPV and TPV measurements.
This work provides an approach to obtain large grain perovskite
films for high efficiency and stable perovskite solar cells.

Experimental

Device fabrication

PbI, (99.999%), M0Oj3 (99.998%) and Ag (99.99%) are purchased
from Alfa Aesar. MAI and DAI are purchased from dyesol. Spiro-
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OMeTAD (99%) are purchased from 1-materials. The ITO
substrates (15 Q sq~ ') were firstly cleaned in an ultrasonic bath
by detergent, deionized water, acetone, and ethanol for 30 min
each. Subsequently, the ITO substrates were exposed to UV-O;
plasma for 10 min. TiO, solution which were synthesized
according to our previous work* were deposited onto glass/ITO
substrates with spin-coating speed at 7000 rpm for 40 s in
ambient condition. The substrates were then annealed on a hot
plate in ambient air at 150 °C for 40 min. The ITO substrates
coated with the TiO, layers were transferred into a nitrogen-
filled glove box. Subsequently, a 1.25 mM solution of MAPbI;
(PbI, : CH3NH;I = 1 : 1) in DMF was deposited onto TiO, layers
by a one-step solvent induced method with the spin-coating
process at 3000 rpm for 12 s followed by 5000 rpm for 30 s.
During the low-speed step, 150 ul chlorobenzene was drop-
casted on the rotating substrates after 8 s of spinning to
promote crystallization. DA,Pbl, was incorporated in 3D
MAPDI; with different compositions by mixing different
amounts of 1.25 M solution of DAI: Pbl, (2:1) with the
MAI : Pbl, precursor solution (7%, 10% and 15% molar ratio).
All the perovskite films were annealed at 100 °C for 10 min to
form crystal film. After cooling down, 30 pl of spiro-OMeTAD
solution were spin coated on the MAPbI; layers at 4000 rpm
for 30 s. Finally, about 10 nm MoO; and 90 nm Ag were
deposited on the tops of the spiro-OMeTAD-coated film at
a constant evaporation rate of 0.1 As™" and 1 A s, respectively.
The active area of all the devices is 4.5 mm?®.

Film characterization

The morphologies of the perovskite films were investigated
using a field emission scanning electron microscope (ZEISS
GeminiSEM 300). The XRD patterns were tested with a Bruker
D8 Advance X-ray diffractometer. The absorption spectra were
measured using an UV-vis absorption spectrophotometer (Shi-
madzu UV-3101PC). The PL spectra of the perovskite films were
examined using Fluorolog, Horiba Scientific. TRPL decay
profiles of ITO/perovskite films detected by HORIBA JOBIN
YVON using a 401 nm laser.

Device characterization

J-V characteristics were measured using a solar simulator (SAN-
EI Electric, XEC-301S) equipped with a Keithley 6430 Source
meter under Air Mass 1.5 G illumination at 100 mW cm 2. The
IPCE measurements were performed on a solar cell QE/IPCE
measurement system (Zolix Solar Cell Scan 100). TPC and TPV
measurements were conducted using a digital oscilloscope
(Tektronix MSO 5104B), excitated by a Q-switched neodymium
ion-doped yttrium aluminum garnet (Nd*":YAG) laser. To form
the short-circuit and open-circuit conditions, the input imped-
ance of the oscilloscope was set to 50 Q and 1 MQ, respectively.
The TPV measurement was carried out under 1 sun background
illumination, with a laser pulse used to produce a small
perturbation. The LIPV measurements were carried out using
a focused cool white light emitting diodes (LEDs), for which
illumination intensities were adjusted with a GPIB-controlled
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power. The Vi values were collected by a 16 bits data acquisi-
tion board (NI-6052E).
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