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Engineering Inorganic Perovskite Films by X Values of
DMAPDI, toward Large Area Photovoltaic Devices by

Slot-Die Coating

Yifang Qi, Qigi Zhang, Jeffrey Aguinaga, Chuchu Qiu, Rui Hang, Sheng He, Saroj Upreti,
Antim Maurya, Nihar Pradhan, Paresh Chandra Ray, Vitor Pomin, Xiaodan Gu,

Derek Patton, Tianquan Lian, and Qilin Dai*

Dimethylammonium lead iodide (DMAPbI,) has the potential to address the
phase stability issue of inorganic perovskite solar cells (PSCs). In this study,
the crystallinity, phase structure, defect states, and crystal growth habits of
DMAPDbI, are controlled by adjusting the x value during synthesis, where
N,N-dimethylacetamide (DMAC) is used as the solvent to regulate perovskite
film growth. Furthermore, large-area CsPbl, 4. Br, ;5 perovskite films with
preferred oriented growth are achieved using the optimized x value in
DMAPbI, through the slot-die coating method. The inorganic PSCs, with a
n-i-p structure and the active area of 0.04 cm?, achieve a champion power
conversion efficiency (PCE) of 19.82%, with an open-circuit voltage (V,_ ) of
1.16 V based on perovskite films formed by slot-die coating. This work
provides important insights into the DMAPDbI, -based method for fabricating
high-quality inorganic perovskite films, and paves the way for large-area

and tunable bandgaps.'3] The organic-
inorganic hybrid PSCs lead in terms of
power conversion efficiency (PCE), and the
certified efficiency of single-junction hy-
brid PSCs with p-i-n structure has reached
26.7%.1*1 However, the poor intrinsic ther-
mal stability of hybrid PSCs (e.g., methy-
lammonium lead iodide, and formami-
dinium lead iodide) limits the industrial ap-
plication, as the organic cations (FA* and
MAY) are volatile in perovskite films un-
der environmental moisture, light, or heat
stress.>®! The inorganic PSCs, with suit-
able bandgaps and excellent photovoltaic
properties, exhibit better thermal stabil-
ity than organic-inorganic hybrid PSCs.!]

inorganic PSCs fabrication for practical applications.

1. Introduction

PSCs have attracted great attention in recent years due to low ex-
citon binding energy, long carrier lifetime, high defect tolerance,
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Among them, CsPbX; (where X = halo-

gen) stands out as the most promising

type because Cs* ion is the most feasible
inorganic cation to occupy ammonium sites./® The inorganic per-
ovskite phases include the orthorhombic structures (y (2H) and
5 (4H)), the tetragonal structure (f (6H)) and the photovoltaically
active black phase of cubic structure (a (3C)).21%11 The cubic
inorganic perovskite phase has a bandgap of ~1.7 eV, which is
suitable for photovoltaic device applications.'>13] However, the
effective radius of the Cs* ion is only 1.88 A, resulting in a low
tolerance factor of t = 0.851, which falls outside the range for a
stable cubic perovskite structure. As a result, the cubic CsPbl,
structure is unstable at room temperature.'>!*] The inorganic
perovskite films could easily be converted to §-CsPbl, with a
wide bandgap of ~2.8 eV at room temperature, leading to poor
photovoltaic performance.l'>'] Therefore, it is essential to en-
hance the phase stability of the cubic CsPbl, perovskite film to
get high efficiency and high stability of devices. DMAPDI  -based
perovskite precursor solution avoids undesirable phase transi-
tion of perovskite, exhibiting the significant potential to solve
the stability issue of cubic CsPbl, perovskites.'”'8] Cs* ions are
partly replaced by DMA* (dimethylammonium) ions to stabi-
lize the cubic CsPbl; phase due to its effective radius of 2.72
A12] Snaith et al. utilized DMAPDI,, as an additive into CsPbI,
perovskite precursor solution!*] to stabilize the black phase of
CsPbl;. Chen et al. reported inorganic CsPbl,Br PSCs with a
PCE of 12.4% by DMAPDI, strategy.'¥l Kanatzidis et al. incor-
porated DMAPbI,, into inorganic CsPbl; perovskite to achieve
PCE of #12.62%.!12] Liu group reported CsPbl, and CsPbI, 4Br,,
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inorganic PSCs with PCE over 20%.[2°%] Liu group also fab-
ricated CsPDbl, ¢sBr, ;5 inorganic PSCs with DMAPDI,, yielding
PCE values over 21%.[2426] Although the DMAPDI,, strategy has
become the most common method to improve the performance
of the devices including efficiency and stability, the mechanism
of DMAPDI, growth and the influence on inorganic perovskite
film growth is still not clear. Most importantly, the lack of fun-
damental understanding of the component in terms of x values,
which may optimize the perovskite component and correspond-
ing device performance significantly, limiting the development
of this method in the fabrication of inorganic PSCs.

Perovskite degradation under environmental conditions such
as oxygen and moisture is associated with the nature of iodide
according to ISOS protocol.””] Oxygen-induced degradation of
perovskite films is reported to reach saturation within 10 min for
a 500 nm thick film.[?®] Research efforts showed that the stoichio-
metric ratios of the final perovskite films after annealing process
are different from the perovskite precursor solution.!?*-3! The I
to Pb ratio was reported to be 2.60-3.02:1 in 2D perovskite accord-
ing to the literature.[*?) Pb to I ratio was measured to be 1:1.55 for
FA,_, MA Pbl; perovskite films.*3] Du et al. reported that the I
to Pb ratio was less than 3 in MAPDI; perovskite films.34 It is
known that the I to Pb ratio affects the film defect states, charge
transport, and energy levels of the perovskite films, which in-
fluence the corresponding PSC device performance significantly.
However, the knowledge gap in understanding the relationship
between the I to Pb ratios, perovskite film properties, and device
performance hinders the development of film fabrication toward
optimized components for high-performance devices. Moreover,
the optimized ratio of I to Pb for high-quality films and high-
performance devices could differ from 3:1, and the exact value
remains unknown.

The efficiency record of CsPbl, ¢Br, s inorganic PSCs was
reported to be 21.08%,* and devices were fabricated by the
spin-coating method. However, the spin-coating method is not
suitable for large-area PSC fabrication, which limits its indus-
trial applications.[**] Non-spin coating methods attracted much
attention due to their significant potential in large-area PSCs
for practical applications. Zhao et al. fabricated CsPbI,Br PSCs
by a blade coating method, and the PCE value was 14.7% for
0.03 cm? active area device.l*®) Vaynzof et al. reported the CsPbl,
PCSs by thermal deposition, and its efficiency reached 15% for
4.5 mm? active area device.””] Monroy et al. fabricated CsPbI,
PSCs with an all-evaporated structure, and the PCE value of the
device (0.025 cm?) was ~8%.1®] Qi et al. fabricated CsPbBr; in-
organic PSCs via a vapor growth method, and a PCE of 10.91%
was achieved for 0.09 cm? device.l* Zhao et al. utilized the blade
coating method to fabricate CsPbI; PSCs with an optimized PCE
of 19% for an active area of 0.09 cm?.[*1 In our previous work,
we fabricated CsPDbI, ,,Br,,; PSCs with green solvents by slot-
die coating and the PCE reached 19.05%.[1] Slot-die coating is
one of the most promising methods to fabricate large-area inor-
ganic PSCs for future industrial applications due to the low cost
of manufacturing and the ability to form uniform films on rigid
or flexible substrates.3>*?] In addition, slot-die coating is a pre-
metered coating method, where the formation of films with pre-
defined thickness is possible and the wastage of precursor can
be minimized.*S! Therefore, the development of large-area inor-
ganic PSCs is still very urgent for practical applications.
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Herein, we control the molar ratios of Pbl, to HI in the syn-
thesis process of DMAPbI, using DMAC to control the defects,
crystallization process, and microstructures of the DMAPbDI, and
to optimize the x values in DMAPDI... The inorganic perovskite
films are substantially affected by the DMAPDI, synthesized with
different molar ratios of Pbl, to HI in terms of I to Pb ratios of the
perovskite films, valence band maximum (VBM) positions, con-
duction band minimum (CBM) positions, defect states, and sur-
face states, leading to optimized charge extraction and transport
properties of devices. High efficiency of 19.82% is achieved based
on our optimized perovskite films by slot-die coating method
with the optimized ratio of I to Pb of 3.8:1 on the surface of the
film.

2. Results and Discussions

The DMAPDI, -based solution method is considered to be one
of the most effective ways to avoid phase transition from per-
ovskite to non-perovskite phase.l''?)l DMAPbI, powders are usu-
ally prepared via the chemical reaction of Pbl,, dimethylammo-
nium (DMA*), and HL.'>*1 The chemical reaction is shown in
Equation (1)1

Pbl, + DMA* + HI — DMAPbI, + DMAI 1 (g) (1)

In this work, the x value in DMAPDI, is controlled to manipu-
late the growth of inorganic perovskite films via the intermediate
phase/product in terms of defect states, crystallinity, and electron
configuration. Figure 1 shows the overview of this work. Three
different synthetic routes to obtain DMAPDI, powders controlled
by solvent and x values via the ratios of PbI, to HI are presented
in Figure 1a left. Then DMAPbDI, powders, CsI, and PbBr, were
dissolved in the mixed solution of dimethylformamide (DMF)
and dimethyl sulfoxide (DMSO) to form perovskite precursor so-
lutions (Figure 1a right). Figure 1b presents a schematic of the
slot-die coating of perovskite precursor solution on the top of
FTO/TiO,, followed by spiro-MeOTAD solution coated on the top
of annealed perovskite films.

The molar ratio of Pbl, to HI highly affects the synthesis
phenomena, DMAPbI, component (x value), and growth of
DMAPDI,. Figure 2a shows that the DMAPDI, powders precip-
itate in DMAC with the molar ratios of Pbl, to HI 1:0.5, 1:0.9,
1:1, 1:2, and 1:3, and the color of the solution changes from light-
yellow to red-brown with the decrease of Pbl, to HI ratio. The
ratio of 1:0.9 is the critical ratio to obtain precipitate in the solu-
tion. A yellow transparent solution without any precipitation is
formed when the molar ratio is higher than 1:0.9; for example,
the solution formed at molar ratio 1:0.5 (Pbl, to HI) in Figure 2a.
DMAPDbI,, are obtained by filtering and washing with DE for the
case of Pbl, to HI = 1:0.5.

Figure 2b displays the X-ray diffraction (XRD) patterns of
DMAPDI, powders prepared with varying ratios of Pbl, to HI.
The main peaks are observed at 11.80°, 20.45°, 26.03°, 29.97°,
31.26°, 32.32°, 41.32°, 42.07°, and 43.08°, which are consistent
with previously reported literature.['?) However, new peaks at
11.16° and 17.69° are observed in XRD patterns for the molar ra-
tio of PbI, to HI 1:2 and 1:3, which are attributed to the excess HI
in the solution resulting in the additional phase.[** The intensity
ratio of peaks at 11.80° to 26.03° is affected by the molar ratios of
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Figure 1. a) The fabrication process of perovskite precursor solution by DMAPbI, prepared with different ratios of Pbl, to HI. b) Diagram of perovskite

and spiro-MeOTAD layer preparation by slot-die coating.

Pbl, to HI, as shown in Figure 2c. The intensity ratios of peaks
at 11.80° to 26.03° increases as the ratio of Pbl, to HI decreases
from 1:0.5 to 1:1, then decreases as the ratios of Pbl, to HI further
decreases from 1:1 to 1:3, leading to the maximum peak intensity
ratio value of 2.82. Therefore, the DMAPDI,, crystal growth pro-
cess and orientation are greatly influenced by molar ratios of PbI,
to HI in the reaction.**#/] The X-ray photoelectron spectroscopy
(XPS) measurement is conducted to study the chemical states of
the elements in DMAPDI, powders in Figure 2d, and also to con-
firm the ratios of Pb to I for the DMAPDI, powders caused by
different ratios of Pbl, to HI added in the DMAPDI, synthesis
process. All the XPS spectra of DMAPbDI, powders exhibit two
peaks at 629.82 and 618.15 eV, which are attributed to I 3d; , and
I 3d;),, respectively.**] The peaks at 142.65 eV and 137.42 eV of
the XPS spectra of the DMAPbI, powders are ascribed to Pb 4f; ,
and Pb 4f; ,, respectively.*’]

Figure 2e shows the molar ratio of I to Pb obtained from XPS
spectra of DMAPDI, powders based on different ratios of Pbl,
to HI. It is observed that the molar ratio of I to Pb in DMAPbI,
powders increases from 1.45:1 to 3.06:1 as the ratio of PbI, to
HI decreases from 1:0.5 to 1:3. The perovskite films exhibit very
similar crystal structure measured by grazing incidence wide-
angle X-ray scattering (GIWAXS) (Figure S1, Supporting Infor-
mation), but the ratio of I to Pb in the perovskite films are dif-
ferent (Figure S2 and Table S1, Supporting Information), which
is dictated by the components of DMAPbDI, caused by the ratio
of Pbl, to HI. The ratio of I to Pb in our perovskite films in-
creases from 3.5 to 5.2 as the ratio of Pbl, to HI of DMAPDI,
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decreases from 1:0.5 to 1:3, whereas the reported ratio of I to Pb
is 3.02 or less in perovskite films.[>*-34 The excess HI in synthe-
sis of DMAPDI, could have led to amorphous I-based compound
on the surface of the perovskite film. And the Pb vacancy also
can be occupied by I ion,** which might be another reason for
the high ratio of I:Pb according to the literature.’?-3* The I:Br
ratio of all the samples are in the range of 17.4-21.2, indicating
similar bandgaps of the perovskite films with different I:Pb ra-
tios. The ratio of Pbl, to HI affects the final perovskite film com-
position, defect states, and microstructures, which may further
influence the corresponding photovoltaic performance. We col-
lected the XPS data based on different sputtering times to study
the I to PD ratio on different depths of the film. The optimized
film with the Pbl, to HI ratio of 1:1 was selected to study the
I/PD ratio across the whole film (Figure S3a,b, Supporting Infor-
mation). The calculated results based on the XPS data show that
the I/Pb ratio of 3.92 on the surface of the film, which is indi-
cated by 0 nm in the figure. The I/Pb ratios are 2.99, 3.16, 3.15,
and 2.95 as the sputtering depth increased to 100, 160, 220, and
300 nm, respectively. The I/Pb ratio is calculated to be 2.18 as the
sputtering depth increased to 400 nm, where the Sn signal from
FTO glass is observed, indicating the removal of the perovskite
film by sputtering. The I/Pb ratio on the perovskite film surface
is 3.92, and the I/Pb ratio inside the film is very close to the sto-
ichiometry (3:1) of the perovskite crystal. As the sputtering pro-
cess increased to 400 nm, the I/Pb ratio shows 2.18, which is con-
sistent with the literature results.[*?*] We also sputtered the film
based on the ratio of Pbl, to HI = 1:0.9 (Figure S3c,d, Supporting
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Figure 2. a) Photographs of DMAPDbI, precursor solution with different molar ratios of Pbl, to HI after heating 12 h (from left to right: 1:0.5, 1:0.9,
1:1, 1:2, and 1:3). b) XRD patterns of DMAPbI, powders based on different molar ratios of Pbl, to HI. c) The relative intensity ratio of XRD peaks at
11.8° and 26.03° (in Figure 2b) versus the molar ratios of Pbl, to HI. d) XPS scans of | 3d and Pb 4f spectral regions for perovskite films formed using
different ratios of Pbl, to HI. e) The molar ratio of | to Pb as determined via XPS spectra of DMAPbI, powders based on different ratios of Pbl, to HI. f)
SEM top-view images of perovskite films based on DMAPbI, with different molar ratios (Pbl,:HI). g) XRD patterns of the perovskite films showing the
intermediate perovskite phases in the range of 10°-~16° when films were annealed at 200 °C for 1 min only. h) Crystal structure of inorganic perovskite
polytypes 2H, 4H, and 6H showing Pblg octahedra connectivity and 3C cubic perovskite structure.

Information). The I/Pb ratio of 3.85 is obtained on the surface of
the film and decreased to 3.08, 3.10, 2.82, 2.46, and 1.96 as the
sputtering depth increased to 110, 160, 220, 300, and 400 nm re-
spectively. The comparison of the two samples showed that the
optimized sample can maintain the stoichiometry (3:1) of per-
ovskite crystal from 110 nm to 300 nm. However, the other sam-
ple (Figure S3c,d, Supporting Information) can only maintain the
stoichiometry (3:1) of perovskite crystal from 110 to 220 nm. Usu-
ally, the stoichiometry of perovskite crystal is less than 3 accord-
ing to the literature.32**) Our optimized sample showed more
thicker layer inside the film could maintain the stoichiometry
(3:1) of perovskite crystal compared to the other sample. The ex-
cess I on the surface might be associated with the surface de-
fects. Meanwhile, the thick layer with the stoichiometry (3:1) of
perovskite crystal inside the films may improve the device per-
formance. Therefore, the films with excess I on the surface still
exhibited optimized photovoltaic performance due to the thick
layer of stoichiometry (3:1) of perovskite crystal inside the film.
In addition, the UV-vis absorption (UV-vis) and PL spectra of
perovskite films based on different DMAPDI, powders are pre-
sented in Figure S4 (Supporting Information), which show a sim-
ilar peak position and further indicate the similar bandgap of per-
ovskite films.[>!] All the perovskite films exhibit identical Fourier
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transform infrared spectroscopy (FTIR) peak positions, indicat-
ing the same functional group vibration modes in perovskite
films prepared by different DMAPDI,, (Figure S5, Supporting In-
formation). Figure 2f shows the scanning electron microscopy
(SEM) images of the perovskite films based on DMAPDI, pre-
pared with different ratio of Pbl, to HI. A small number of pin-
holes are observed in the perovskite films with a Pbl, to HI ra-
tio of 1:0.5. Notably, the number of the pinholes decreases sig-
nificantly as the ratio of Pbl, to HI decreases to 1:1. The pin-
holes appear again in the perovskite film when the ratio of Pbl,
to HI increase to 1:3. The pinholes in perovskite films serve as
sites for charge carrier recombination and also act as degrada-
tion centers, adversely affecting the stability and performance of
the films.[*>>3 Compared to the perovskite prepared by DMAPDI,
based on 1:2 ratio of PbI, to HI, the perovskite film prepared with
DMAPbI, based on 1:1 ratiopresent a much smoother morphol-
ogy, which is beneficial to carrier charge extraction and trans-
port in the devices.’*% And the photograph of inorganic per-
ovskite films prepared by different DMAPbIx is shown in Figure
S6 (Supporting Information). To understand the perovskite crys-
tallization process affected by the ratio of Pbl,:HI, we prepared
perovskite films based on DMAPbDI,, with different ratios of Pbl,
to HI annealed at 200 °C for a short time (1 min), which presents
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Figure 3. a,b) UPS spectra of perovskite films based on DMAPbI, with different molar ratios of Pbl, to HI, and their work functions and VBMs can be
derived. c) Energy level diagram of the perovskite films based on different ratios of Pbl, to HI.

the conversion process to obtain the cubic (3C) perovskite crystals
and allows us to study the hexagonal perovskite polytype interme-

diate phase during the crystallization process®’! (Figure 2g).

The perovskite crystal structure has various polytype intermedi-

ate phases due to the stacking sequence. The yellow 6 phase—
also called 2H phase—is observed in the pure hexagonal closed-
packed perovskite, which also has P6,/mmc space group and
is composed of the face-sharing [PbI]** octahedra separated
by DMA™ cations. 4H perovskite polytype is produced by face-
sharing octahedra Pb,X, (where X = halogen) and then con-
nected to another Pb,X, dimers by corner-sharing octahedra,>”!
and 6H perovskite polytype exhibits a cubic phase resulting in
preliminary 3D framework.[®*) With increasing the molar ratio
of Pbl, to HI in the DMAPbDI,, the 2H perovskite (20 ~ 11.8°)
peak disappears, while 4H (26 ~ 11.6°), 6H (20 ~ 12.2°), and cubic
phase (26 ~ 14.2°) peak intensities increase during the annealing
process. These results suggest that perovskite crystallization se-
quence likely occurs from 2H, 4H, 6H and finally arrives at the
3C cubic phase as shown in Figure 2h, which is consistent with
literature.[] Additionally, the XRD peak appears at 10.6° may
be related to the §-phase of perovskite.[®!] This result indicates it
is hard to form cubic phase of perovskite when the molar ratio of
PbI, to HI reaches 1:3. Therefore, the XRD patterns of the films
indicates the perovskite crystallization process can be controlled
by variation in the ratios of the PbI, to HI.

To further investigate the electronic structure of perovskite
films based on different kinds of DMAPDI, powders, the work
function (WF) and valence band minimum (VBM) were ob-
tained by UV photoelectron spectroscopy (UPS), as shown in
Figure 3a,b. The observed WF values are ~16.91, 16.85, and
16.81 eV for perovskite films based on DMAPDI, with Pbl, to HI
ratio of 1:0.5, 1:1, and 1:3, respectively, which are determined by
the secondary electron cut off.l%?! In addition, the VBM positions
of perovskite films based on DMAPDI, with the Pbl, to HI ratio
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of 1:0.5, 1:1, and 1:3 are located at #1.18, 1.19, and 1.29 eV be-
low the Fermi level (Eg), respectively. The energy level diagram
for perovskite films based on different DMAPDI, is shown in
Figure 3c. The bandgaps of perovskite films are obtained from
UV-vis absorption spectra (Figure S4, Supporting Information).
The VBM position shifts from —5.68 to —5.52 to —5.46 eV for the
perovskite films based on DMAPbDI, with PbI, to HI ratio from
1:0.5 to 1:1 and 1:3, respectively. The Ej position also shifts to-
ward the conduction band minimum (CBM) by ~110 meYV, in-
dicating the perovskite films based on DMAPbDI,, with more HI
become more p-type,[®] which is beneficial for carrier charge ex-
traction and transport to HTL.[626466] Therefore, the ratio of Pbl,
to HI controls the electron configuration in terms of VB and CB
positions of the perovskite films as well as the charge extraction
and transport properties of the devices.

To investigate the influence of DMAPDI, prepared with dif-
ferent ratios of Pbl, to HI on the PSC performance, the devices
with an active area of 0.04 cm? were fabricated with a n-i-p stack
of FTO/ TiO,/CsPDbI, ¢sBr, ;5/spiro-MeOTAD/Au, as shown in
Figure 4a. Figure 4b exhibits J-V curves of the champion PSCs
fabricated by DMAPDI, based on various ratios of Pbl, to HI,
and the corresponding photovoltaic performance parameters are
displayed in Table S2 (Supporting Information). The fill factor
(FF) values of champion PSCs fabricated by different kinds of
DMAPDI,, are 1.12, 1.13, 1.16, 1.1 and 1.09 V for molar ratios
of PbI, to HI 1:0.5, 1:0.9, 1:1, 1:2 and 1:3, respectively. The corre-
sponding FF values are 76.0,76.12, 82.4,71.52, and 71.11%. Over-
all, the PCE of the devices based on different DMAPbDI, powders
are 16.75, 17.65, 19.82, 15.72, and 14.83%, corresponding to mo-
lar ratios of Pbl, to HI 1:0.5, 1:0.9,1:1, 1:2 and 1:3 respectively.
V,. and FF values of the devices increase as the molar ratio of
PbI, to HI decreases from 1:0.5 to 1:0.9, and these two parame-
ters further increase and reach the optimized values as the ratio
of PbI, to HI decreases to 1:1. However, the V,_ and FF values of
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Figure 4. a) The device structure of our inorganic PSCs. b) J-V curves of optimized devices based on a series of DMAPbI,. c,d) The reproducibility of
V. and PCE of PSCs based on 35 devices prepared with the same condition for each ratio of Pbl, to HI.

the devices decrease as the ratio of Pbl, to HI decreases to 1:2 and
1:3. XPS results that the ratio of Pbl, to HI affects the molar ratio
of Pb to I in the final perovskite films (Figure S3 and Table S1,
Supporting Information). Therefore, the performance of PSCs is
significantly impacted by the amount of I in DMAPDI, . The short
circuit current density (J,.) value of the device based on the 1:1
molar ratio of Pbl, to HI is slightly higher than that of other de-
vices. Therefore, the molar ratio of 1:1 for PbI, to HI in DMAPbDI,
yields the optimized performance of PSCs.

The reproducibilities of device V. and PCE performance are
exhibited in Figure 4c,d. Statistical V,. and PCE distributions of
35 devices are prepared with different DMAPbDI, powders (con-
trolled by the ratios of Pbl, to HI). The average PCE value of the
devices enhances from 15 to 18.5% as the ratio decreases from
1:0.5to 1:1, and then decreases to 14% and 13% corresponding to
1:2 and 1:3, respectively, which is mainly attributed to the change
of V. affected by the ratio of Pbl, to HI. The average V, value of
devices increases from 1.10 to 1.13 V when the ratio of Pbl, to HI
decreases from 1:0.5 to 1.1. Then, the average V, drops to 1.07 V
and 1.05 V for the ratio 1:2 and 1:3, respectively. In addition, the
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small deviation for the performance of PSCs based on the molar
ratio of Pbl, to HI 1:1 indicates high reproducibility of the de-
vices. All the results demonstrate the PSCs based on DMAPDI,,
synthesized by the molar ratio of Pbl, to HI 1:1 exhibit optimized
device performance compared to the devices based on other mo-
lar ratios. The optimized performance of the devices based on
the molar ratio of Pbl, to HI = 1:1 is attributed to the optimal
perovskite films such as low defects density, optimized energy
levels and improved charge extraction from perovskite layers pos-
sibly caused by the crystal structure, crystallinity, components of
DMAPDI, in the synthesis process due to the critical ratio Pbl,
to HI.

The defects at the perovskite surface and grain boundaries in-
fluence the carrier charge transport and recombination proper-
ties dramatically. Density functional theory (DFT) calculations
were carried out to further study the trap densities in the per-
ovskite films based on different kinds of DMAPDI... The projected
density of states (PDOS) is calculated by DFT level with exchange-
correlation energy approximated by Perdew—Burke—Ernzerh
generalized gradient approximation (PBE-GGA) simulations on
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Figure 5. a—c) DFT calculation of the trap states for perovskite with a) I-less, b) I-normal, and c) I-rich, optimized crystal structures (left panel) with
contributions from Br (orange), | (purple), and Pb (dark blue) and PDOS (right panel).

a 2x2x2 perovskite slab on the exposed (100) surface.”] The
CBM is dominated by the 6p orbitals of Pb element, and the VBM
is chiefly contributed by the 5p orbitals of I elements (Figure 5a).
The density of states (DOS) for perovskite films is close to the
VBM due to the origin of the same iodine 5p orbitals.[®®] The to-
tal DOS of I-poor and I-rich are higher than the I-normal per-
ovskite films, as shown in Figure S7 (Supporting Information).
High defect densities would induce uncoordinated Pb defects
which may result in nonradiative recombination and poor device
performance.l®! Additionally, PDOS spectra of the I-rich, I-less,
and I-normal perovskite films (100) surface are separated into dif-
ferent components, as shown in Figure 5a—c. The calculated I-5p
defect density states are much lower than other elements for I-
less and I-rich in perovskite (100) surfaces. However, the contri-
bution of the I and Br defect states to the calculated total DOS of
the I-normal perovskite film are similar to each other (Figure 5b).
Overall, both I-rich and I-less in the perovskite films may result
in high defect densities, leading to charge recombination at the
traps.

Traditionally, DMF reacted with HI and PbI, to obtain
DMAPDI, powders, which was reported by literature.”® We
used DMAC to replace DMF to prepare DMAPDI, powders in
this work. We controlled the ratio of HI and Pbl, to control
the DMAPbDI, powder synthesis, and we did not change the
DMAC amount in the DMAPbDI,, powder synthesis. Two kinds of
DMAPDI, powders were obtained by DMF and DMAC separately.
Then two kinds of DMAPDI, powders were used to fabricate
perovskite films and devices. We compared the DMAPbI, pow-
ders, films, and devices obtained by the two methods (our DMAC
method and traditional DMF method), and the results and the
corresponding discussion are shown in Figures S8-S21 (Sup-
porting Information). The results show the efficiency and sta-
bility of devices prepared with DMAC-DMAPDI, are better than
the devices prepared with DMF-DMAPbDI,.. A champion PCE of
19.82%, with a V. of 1.16 V was obtained by the DMAC method
(Figure S13, Supporting Information). Therefore, DMAPbI, syn-
thesized by DMAC exhibits a promising way to fabricate the in-
organic perovskite solar cells.

3. Conclusions

In summary, we controlled the growth and crystal phase of
DMAPDI,, by different coordination solvents (DMAC and DMF)
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with Pbl, to achieve the self-precipitation DMAPbDI,. In addi-
tion, the growth and the intermediate phase of inorganic per-
ovskite films were further studied by DMAPDI, prepared with
DMF and DMAC, affecting nucleation rates and preferred ori-
entation growth. Introducing DMAC-prepared DMAPDI, crystals
into the perovskite precursor solutions stabilized the cubic phase
of inorganic perovskite, which was then prepared by slot-die coat-
ing under ambient conditions. The I to Pb ratio of the perovskite
films were significantly affected by the x values in DMAPDI, . Fur-
thermore, the inorganic PSCs based on the ratio of I:Pb = 3.8
presents the champion efficiency of 19.82% and V. of 1.16 V.
The stability of the PSCs based on DMAC-DMAPDI, exhibited
over 80% of initial PCE after 1000 h under 15%-20% RH and
temperature of 30 °C (ISOS-D-1). The DMAC-DMAPDbI,, device
also could maintain ~50% of the beginning PCE under the tem-
perature of 85 °C and 20% RH (ISOS-D-2). Therefore, this work
offers a comprehensive study of DMAPDI, and its effect on the
growth and crystallization processes of inorganic perovskite, pro-
viding a promising approach to achieve high efficiency and sta-
bility in inorganic PSCs.

4. Experimental Section

Materials:  Dimethylformamide (DMF) anhydrous, 99.8%, dimethyl
sulfoxide (DMSO) anhydrous, 99.8%, spiro-MeOTAD (99%), hydriodic
acid (57 wt% in H,0, 99.95%), 4-tert-butylpyridine (4-tBP, 98%), diethyl
ether (DE, 99.0%, with BHT as inhibitor), and chlorobenzene (CB), an-
hydrous 99.8% were purchased from Sigma-Aldrich. Lead iodide (Pbl,,
98.5%), cesium iodide (Csl, 99%), lead bromide (PbBr,, 99%), lithium
bis (trifluoromethanesulfonyl) imide (Li-TFSI) and dimethylacetamide
(DMAC, 99%) were purchased from TCl America. Titanium (IV) chloride
(TiCly), 99.0% was purchased from Fisher Scientific Chemicals. Patterned
fluorine-doped tin oxide (FTO) glass substrates (=15 Q per sq) were ob-
tained from Advanced Election Technology Co., Ltd.

Synthesis of DMAPbI, powders: DMAPbI, powders were prepared by
two methods based on two solvents DMF and DMAC in this work. In
the DMAC-based method, DMAPbI, solution was prepared by addition
of Pbl, and hydroiodic acid (with different molar ratios of 1:0.5, 1:0.9, 1:1,
1:2, and 1:3) into DMAC with stirring for 1 h. In the DMF-based method,
DMAPDbI, solution was prepared by addition of Pbl, and hydroiodic acid
with a molar ratio of 1:1 into DMF with stirring for 1 h. Then the solu-
tions were kept in an oil bath at 120 °C (10 h) for DMAC or 100 °C (2 h)
for DMF and the solution color changed to light yellow. For the DMAC
method, DMAPbI, needle-like powders appeared as the solution tempera-
ture decreased, while there is no DMAPbI, precipitant in the DMF method.
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Finally, the powders were washed with DE until the supernatant turned col-
orless. The DMAPbI, powders were obtained after drying in the vacuum
oven at 60 °C overnight.

Device Fabrication: 10 cm X 10 cm FTO substrates were cleaned by
ultrasonic bath for 15 min using a detergent solution, acetone, deionized
water, and isopropanol. The electron transport layer TiO, was prepared
by the chemical bath deposition method.l”"l 60.4 mL TiCl, was slowly
dropped into 300 mL ice water and then the FTO substrates were im-
mersed into the TiCl, solution at 70 °C. After 40 min, the FTO substrates
were washed with deionized water and ethanol to remove the excess ph-
ysisorbed TiO, nanoparticles. Then the FTO substrates were annealed at
200 °C for 30 min. The perovskite precursor solution was prepared by
adding Csl, PbBr, and synthesized DMAPbI, powders (with molar ratio
of 1: 0.15: 2.85) to 1 mL solution of DMF: DMSO (9:1 v/v), then the pre-
pared solutions were stirred for 4 h for dissolution. Any undissolved ma-
terial in the precursor solutions was removed by a 0.45 um filter. The per-
ovskite films were fabricated by slot-die coater (MSK-AFA-PD100, Kejing
Star Technology Company) in the air glove box with the relative humidity
of 20-25% and temperature of ~25 °C, which are important factors to de-
vice efficiency. The film coating speed, coating gap, bed temperature, and
precursor solution flow rate were 5 mm s~', 120 um, 40 °C, and 3 mm ™',
respectively. The wet films were annealed at 210 °C for 5 min to obtain
perovskite films. After that, the spiro-OMeTAD layer was slot-die coated
on the surface of perovskite films (coating speed 5 mm s~ coating gap
80 um, solution flow rate 3 mm s~'). The spiro-OMeTAD solution was
prepared with 90 mg spiro-OMeTAD in 1 mL in CB with 36 pL 4tBP and
22 pL Li-TFSI solution (520 mg mL~" in ACN). The slot-die coating area
is 10 cm X 10 cm which has been cut for small area single device. Finally,
the gold electrode layer with a thickness of 80 nm was deposited on the
surface of the spiro-OMeTAD layer, and device fabrication was finished via
thermal evaporation under a high vacuum of 1x 107 Pa. The video in the
supporting inforamtion shows the slot-die process.

Characterization: ~Experimental parameters for scanning electron mi-
croscopy (SEM), atomic force microscopy (AFM), UV-vis absorption
spectra (UV-vis), current density—voltage (J-V) curve, light stability,
time-resolved photoluminescence (TRPL), photoluminescence (PL), exter-
nal quantum efficiency (EQE), electrochemical impedance spectroscopy
(EIS), X-ray diffraction (XRD) patterns, Fourier transform infrared spec-
troscopy (FTIR), the grazing-incidence wide-angle X-ray scattering (Gl-
WAXS), X-ray photoelectron spectroscopy (XPS), ultraviolet photoelec-
tron spectroscopy (UPS) are the same as described in the previous
report.[#>7273] Femtosecond transient absorption (TA) measurements
were based on a regenerative amplified Ti:Sapphire femtosecond laser
system to generate the 800 nm fundamental pulse (Astrella, Coherent,
800 nm, 1 kHz, 35 fs pulse duration, and 5.1 mJ per pulse), which was
split by a 90:10 beam splitter. For the 10% fundamental pulse, half of it
was attenuated by a neutral-density filter and focused onto a constantly
translating CaF, crystal to generate a white light probe pulse from 400 to
800 nm. For the 90% of the fundamental beam, half of it was used to pump
a visible optical parameter amplifier (OPA, Light Conversion LLC) to gen-
erate the pump pulse at 400 nm by second harmonic generation in a type
| BBO crystal. The pump pulse was chopped at 500 Hz to achieve pump-
on and pump-off contrast. The power of pump pulse was controlled by a
series of neutral-density filters. The delay time between pump and probe
pulses was achieved by delaying the pump pulse with a delay stage. The
probe and reference beams were collected by fibers and guided into grat-
ing and CMOS detector (Ultrafast System, Helios). Data collection was
completed in the Helios software. NMR data were processed and analyzed
by using MestReNova 14.1.0 and TopSpin 3.6.4. software (Bruker). In the
sample preparation and measurement, about 30 mg of DMF-DMAPbI,
and DMAC-DMAPbI, were dissolved in 550 uL of DMSO-d6 and trans-
ferred to 5 mm NMR tubes. "H and *C NMR experiments were performed
at 25 °C on 600 MHz Bruker Avance Il HD using a 5 mm BBFO RT probe
equipped with Z gradient. "H NMR spectra were recorded using the fol-
lowing settings: relaxation delay of 1.0 s, acquisition time of 2.7 s, spectral
width of 20.0 ppm, and 128 scans. 13C spectra of related compounds were
acquired using the following parameters: relaxation delay of 3.0 s, FID data
points 65536 and 1024 scans.
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Density functional theory (DFT) calculations were carried out carried
on CP2K software to further study the trap densities in the perovskite
films based on different kinds of DMAPbI,. The projected density of states
(PDOS) is calculated by DFT level with exchange-correlation energy ap-
proximated by Perdew—Burke—Ernzerh generalized gradient approxima-
tion (PBE-GGA) simulations on a 2x2x2 perovskite slab on the exposed
(100) surface.

Supporting Information

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