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Abstract:

Over the last few years, the organic-inorganic perovskites (MAPDIs) have attracted
considerable attention for application as high-efficiency photovoltaic devices due to their low-
cost and low-temperature fabrication compared to conventional solar cells. Good surface
morphology and high crystallinity are necessary for high-performance devices. Here, we
examine the negative effects of chemical ambiences on perovskite crystal formation and
morphology (i.e. pinholes and grain features). The repeated cation doping (RCD) technique
was developed to remedy the issues by gradually dropping methyammonium ions, MA™ on
top of about-to-formed perovskite surfaces to cause recrystallization. RCD promotes pinhole-
free, compact, and polygonal-like surfaces under various chemical vapor conditions.
Furthermore, electronic properties and crystallization are enhanced by RCD. RCD extends its
benefits beyond perovskites under vapor ambiences, improving regular perovskites and
wasted perovskites.
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Abstract

Over the last few years, the organic-inorganic perovskites (MAPDIs) have attracted
considerable attention for application as high-efficiency photovoltaic devices due to their low-
cost and low-temperature fabrication compared to conventional solar cells. Good surface
morphology and high crystallinity are necessary for high-performance devices. Here, we
examine the negative effects of chemical ambiences on perovskite crystal formation and
morphology (i.e. pinholes and grain features). The repeated cation doping (RCD) technique
was developed to remedy the issues by gradually dropping methyammonium ions, MA™ on
top of about-to-formed perovskite surfaces to cause recrystallization. RCD promotes pinhole-
free, compact, and polygonal-like surfaces under various chemical vapor conditions.
Furthermore, electronic properties and crystallization are enhanced by RCD. RCD extends its
benefits beyond perovskites under vapor ambiences, improving regular perovskites and
wasted perovskites.
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1. Introduction

The organic-inorganic perovskite materials have been popular these days because of their
excellent semiconductor behaviors coupled with low cost fabrication processes[1]. These
hybrid materials have great potentials for modern electronic devices such as Light-Emitting
Electrochemical Cells (LECs)[2], Light-Emitting diodes (LEDs)[3] and solar cells[4, 5],
having outstanding characteristics i.e. direct bandgap, high charge-carrier mobility, low trap
density of electron, and high absorption coefficient[6]. Unlike silicon-based solar cells, these
materials can be fabricated through solution processing e.g. spin-coating[7], spray coating[8]
and dip-coating[9]. Moreover, perovskite can be expediently prepared from abundant
chemical substances and fabricated in low-temperature production[10, 11].

As high power conversion efficiency (PCE) necessitates good morphology and electronic
properties, a lot of previous studies have focused on improving perovskite layer through
various methods e.g., NaCl-incorporated precursor solution[12], MABr-selective Ostwald
ripening process[13], anti-solvent engineering[14, 15], and solvent annealing process[16].
During and after perovskite film formation, perovskite properties are highly sensitive toward
surrounding ambient conditions and fabrication protocols[17, 18]. To ensure the success of
future large-scale perovskite production, effects of different precursor vapors (i.e. possible
leftovers or contaminations) on perovskite morphology and formation are studied in this
work. Here, we introduced various potential vapors including gamma-butyrolactone (GBL),
dimethyl sulfoxide (DMSO), N,N-dimethylformamide (DMF) and mixed perovskite precursor
vapors (PE) (in 7:3 GBL:DMSO) inside a sealed spinner system during perovskite formation.
Film morphology was significantly altered for different vapor ambiences; however, consistent
features were observed under repeated trials for the same vapors. Many undesirable features
such as pinholes, nonhomogeneousness, and roughness were seen. To overcome this issue, we
developed repeated cation doping (RCD) method which slowly drops extra salt mixture such
as Methyl ammonium lodide (MAI) over a fixed period of time on top of about-to-formed
perovskite layers to cause gradual recrystallization to improve the perovskite layer. This new
technique is a prolonged 1-step deposition unlike the traditional 1-step technique[7, 14, 19,
20], the 2-step technique[21-23], or the combination of 1-step and 2-step techniques[24].

2. Experimental details

2.1 Materials

Lead iodide (Pbly, 99.95% purity), dimethyl sulfoxide (DMSO, anhydrous grade), g-
butyrolactone (GBL, anhydrous grade), N,N-dimethylformamide (DMF, anhydrous grade),
Isopropanol (IPA, anhydrous grade) were all purchased from Sigma-Aldrich. Ethanol
(anhydrous grade), toluene (anhydrous grade), and methyl ammonium iodide (MAI) were
purchased from Fisher Scientific, Kanto chemical, and Dyesol, respectively.

2.2 Fabrication of perovskite layer

Fluorine-doped tin oxide was cleaned by sonicating in detergent agent, deionized water, and
isopropanol, respectively, then soaked in isopropanol overnight. A compact titanium oxide
(TiOy) layer was deposited by a one-step spin deposition at 2000 r.p.m. of 0.3 M titanium (IV)
isopropoxide in ethanol solution for 30 seconds, followed by annealing at 450 °C for 1 hour.

Perovskite (MAPDI3) film was fabricated on top of compact TiO»/ fluorine doped tin oxide.
1.5 M precursor solution was prepared by mixing equimolar ratio of lead iodide (Pbl,) and



methyl ammonium iodide (MAI) in g-butyrolactone (GBL, Sigma-Aldrich)/dimethyl
sulfoxide (DMSO, Sigma-Aldrich); 7/3 v/v and stirred at 70 °C for 30 minutes. The
perovskite solution was then filtered with a PTFE syringe filter (Whatman, 0.22 um) and spin-
coated on a compact TiO./ fluorine doped tin oxide substrate. The substrate was spun in a
two-speed protocol at 500 r.p.m. for 10 seconds and then 5000 r.p.m. for 60 seconds, followed
by toluene dripping[14] at 30" second. The perovskite film was fully crystallized by
annealing at 100 °C for 15 minutes.

For the chemical vapor ambient study, the compact TiO,/ fluorine doped tin oxide substrate
was first left in a closed spinner chamber that maintains saturated solvent vapors for 8
minutes. Then, MAPDI; film was prepared using the same method above.

For the repeated cation doping technique, 3 mL of 0.05 M MAI in ethanol/isopropanol (1/1
v/v) was gradually dropped on top of the about-to-formed perovskite layer (prepared by
spinning perovskite solution at 500 r.p.m. for 10 seconds) every 3 seconds for 30 seconds (10
times of dropping) during the second speed protocol (5000 r.p.m. for 60 seconds) through a
syringe, followed by toluene dripping at the 33" second. The perovskite film was then
annealed at 100 °C for 15 minutes. For RCD with 10 second and 5 second intervals, the same
procedure was applied; however, the time intervals between consecutive MAI droppings were
10 seconds (total 3 times) and 5 seconds (6 times), respectively.

A wasted film was prepared by heating perovskite film at 300 °C for 5 minutes; the film was
fully changed to the yellowish state. For full doping, 7.8 ml of 0.05 M MAI in
ethanol/isopropanol (1/1 v/v) was gradually dropped on top of the wasted film every 3
seconds for 78 seconds (total 26 times of dropping) under the spinning protocol of 5000
r.p.m. for 106 seconds, followed by toluene dripping at 81" second. For the half doping
protocol, the MAI solution was reduced to 3.9 ml.

2.3 Characterizations of perovskite materials

The perovskite film morphologies were observed using an scanning electron microscope
(Quanta 450 FEI, Tungsten filament electron source, 20 kV, secondary electron (SE) mode).
UV-visible absorption spectra were achieved using a uv-vis spectrophotometer (Shimadzu
UV-2600, Deuterium lamp light source, double-beam, 1 nm slit width, absorbance mode). X-
ray diffraction was performed using a X-ray diffractometer (Advance Bruker, Cu Ko
radiation, LYNXEYE high-resolution energy-dispersive 1-D detector, detector scan mode
with step size of 0.020449 degree, 0.8 s per step, and theta start of 5.00 degree). The surface
photovoltage signals were obtained through a modulated surface photovoltage technique with
fixed capacitor arrangement, double-phase lock-in amplifier (Elektron-Manufaktur Mahlsdorf,
Germany), high impedance buffer of 20 Gohm, 100 W halogen light source, and quartz prizm
monochromator (Bausch & Lomb).

3. Results and discussion

We prepared MAPbI; films under five different vapor ambiences e.g. N2, GBL/N2, DMSO/Nj,
DMF/N,, and perovskite precursors (Pbl.+MAI+GBL+DMSO)/N, ambiences. The same N,
flow was constantly applied in all conditions to reduce humidity effects. The MAPDI; film
morphology was examined using scanning electron microscopy (SEM) (Fig. 1b). The images
revealed drastic shifts in morphology under the influences of different chemical vapors; only
two conditions i.e. control with only N, and perovskite precursor ambience with N, showed
typical flat surfaces with dark brown colors (Fig. 1b inset). We hypothesized that as some
solvents (i.e. DMSO and DMF) could from intermediate states with Pbl, and MAI [25, 26],
the crystallization process was disturbed. Optically, MAPDIs films under DMSO/N. and
DMF/N; vapor ambiences were pale brown. Films under GBL/N, and PE/N. ambiences



consistently processed small pinholes throughout the top surfaces. In agreement with the
microscopy results, films formed under DMSO/N. and DMF/N, showed little absorption (Fig.
1c) The other three films showed typical absorption of 3D MAPbIs with the onset around 780
nm [27].

As vapor contaminations especially from perovskite precursors used in prior batch of
production represent likely threats for perovskite manufacturing, we developed a prolonged 1-
step deposition technique or repeated cation doping (RCD) to alleviate such issues. RCD is a
prolong doping of methyl ammonium cation after the typical one step fabrication in hope to
prolong crystallization process and enhance crystallinity while resetting any morphology
distortion from vapor contaminations. To find the optimal conditions of methyl ammonium
cation doping, many parameters including solvent types, solvent amount, timing, dropping
rate, spinning protocols, and heat treatment were carefully optimized.

The effect of dropping rate was shown in figure 2 where we varied the intervals between MAI
dropping onto MAI/DMSO/Pbl; intermediate phases on top of the TiO- layer using 10 second,
5 second, and 3 second intervals, respectively. The morphology showed polygon-grain
feather, more compact formation, and less pin-holes with increasing rate of dropping (Fig 2a).
As aresult, RCD with the 3 second interval was mainly used in this study.

To apply the RCD technique under chemical vapor ambiences, a TiO- substrate was left in the
spinner chamber while introducing each chemical vapor ambience (e.g. GBL/N2, DMSO/Nz,
DMF/N; and PE precursors/N). Later on, typical 1-step film fabrication was subsequently
applied with the optimized RCD protocol all under the vapor influence. With RCD, the
MAPDI; films (Fig. 2b) showed much improvement in terms of smoothness, coverage, and a
number of pinholes even when fabricated in DMSO/N, and DMF/N, vapor ambiences.
Optical images along with absorption spectra further corroborated (Fig. 2c and 2d) the
benefits of RCD in all vapor ambiences.

With RCD, all UV absorption spectra showed strong band-edge at ~780 nm, indicating that
the resulting films still have the usual 3D MAPbI; structure. With increasing rate of MA*
dropping from the 10 second interval to the 3 second interval, increased absorbance in the
range of 780 — 900 nm and reduced absorbance in the range of 300 — 500 nm (flat region)
were observed. This phenomenon was reported to be more scattering from microcrystal
perovskites yet less scattering from nanometer-sized perovskite crystals[24], further
demonstrating high film quality with RCD. The flat feature between 300 nm and 500 nm also
represents bulk and MAPDI; single crystalline-like characteristics[28]. Interestingly, UV-
Visible absorption spectra of the MAPbI; films that were fabricated in chemical vapor
ambiences showed similar promising features except for RCD under the DMSO/N; or
DMF/N; condition. Nevertheless, RCD (DMSO/N; or DMF/N>) did have improved coverage
and absorbance. As both DMSO and DMF could form intermediate states with MAI and Pbl,
i.e. MAI-DMSO-Pbl; and MAI-DMF-Pbl;[25, 26], under the saturated DMSO or DMF
ambience, MAI-DMSO-Pbl; or MAI-DMF-Pbl, might remain under such intermediate states
perpetually, retarding growth of perovskite and causing RCD less effective.

To identify the phase composition and crystallinity of MAPbIs, the films were examined by
the X-ray diffraction (XRD) as shown in Fig. 2e. RCD intensified XRD peaks 5 times or more
at all key perovskite positions i.e. (110), (220), and (310) using identical XRD settings under
most vapor conditions, further establishing RCD-enhanced crystallinity. Only little to no Pbl.
was found after RCD. These XRD results resonate with the UV-visible results discussed
earlier. With RCD, perovskites experience extended crystallization process, leading to slower
formation and better crystallinity.



To study charge separation ability and trap states, the MAPDbI; films were prepared on FTO
substrate for characterizing by surface photovoltage technique (SPV) as described intensively
in previous publications [29-31]. SPV results are shown in Fig.3. The black line represents
in-phase signals or fast responses, while the red line represents out-of-phase signals or slow
responses. The data showed the typical perovskite onset at 1.5 eV and the Pbl; peak (if any)
around 2.3 eV, as previously demonstrated by Supasai et. al. The negative signals of both fast
and slow responses depict p-type in the depletion region (electron moving away from FTO)
[29] and two mechanisms of charge separation in perovskite [31] . With RCD application,
SPV signals (proportional to amount of excited charge x charge separation distance) were
increased, demonstrating better charge separation. At same time, Pbl, traces at 2.3 eV
disappeared with application of RCD. Furthermore, the characteristic energies of tail defect
states (E:) were consistently lessen after applying RCD (as shown in table 1), demonstrating
less disorder resulted from electronic states. RCD with the 3 sec interval had the lowest defect
energies. More details on E; calculations can be found in the supplementary information.
However, RCD is less effectively for DMSO/N; and DMF/N, ambiences, in agreement with
other measurements. We believe with higher crystallinity, there are fewer boundary trap states
and therefore better electronic properties.

Lastly, we explored the potentials of RCD to recover wasted perovskite films where
perovskite had already converted back to Pbl,. Wasted films were prepared by heating usable

perovskite films at 300 C for 3 minutes; all top surfaces became yellow. The wasted films
were then introduced with RCD under N2 ambience. RCD using higher MAI amount (full
doping) had more potentials to freshen wasted films as absorption results indicated more
bulk-like characteristics (Fig. 4b). RCD using both MAI amounts did lead to morphology
improvement and good charge separation (Fig. 4a and 4c). However, as wasted films
originally had very large pinholes, RCD merged smaller grains together, creating more
compact perovskite islands and leaving large empty areas in between. Little Pbl, still
remained (as shown in Fig 4c around 2.3 eV in comparison to the control sample). This
procedure could be further studied and optimized for future recycling process.

4. Conclusion

In this work, we investigated the negative effects of chemical vapor ambiences on perovskite
formation and developed a new versatile technique called RCD to help generate thin films
with smoother morphology, more compact grain formation, and less pin-holes under various
environments. RCD promotes higher crystallinity, more charge separation, and less tail
defects under most ambient conditions. RCD is a useful tool, improving normal perovskites,
perovskites under chemical vapors, and wasted perovskites.

List of abbreviations

RCD : repeated cation doping
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Figure 1: (a) Diagram of repeated cation doping (RCD) method. (b) SEM images of perovskite
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Figure 2: (a) SEM images of perovskite film in N2 ambience without RCD and with RCD using 10
second, 5 second, and 3 second intervals, respectively. (b) SEM images of perovskite films with RCD
using 3 second interval in GBL/N2, DMSO/N2, DMF/N2, and PE precursors/N2 ambiences. ()
Absorption spectra of perovskite films with RCD using 10 s, 5's, and 3 s intervals. (d) Absorption
spectra of perovskite films with RCD using 3 seconds interval in N2, GBL/N2, DMSO/N2, DMF/Nz,
and Perovskite precursors/N2 ambiences. (e) XRD of perovskite film with and without RCD on

TiO2/FTO.
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Figure 3: SPV spectra of perovskite films in ambiences from left to right; N2, GBL/N2, DMSO/Nz,
DMF/Nz2, and Perovskite precursors/N.. Upper row: without RCD; lower row: with RCD.



AMBIENCE W-W/O RCD Et (meV)
N2 W/O RCD 23
RCD — 10 sec intervals 21
RCD -5 sec intervals 22
RCD — 3 sec intervals 17
GBL/N2 W/O RCD 27
RCD — 3 sec intervals 23
DMSO/N3 W/O RCD 21
RCD — 3 sec intervals 22
DMF/N2 W/O RCD 24
RCD — 3 sec intervals 25
PE W/O RCD 21

PRECURSORS/N2

RCD — 3 sec intervals 21

Table 1: The characteristic energies of tail defect state (Et) measurements for perovskite films in
ambiences without RCD and with RCD. The fitting and calculation were shown in the
supplementary information.
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Figure 4: @ SEM of wasted perovskite films (left)and recycled perovskite films with RCD using half
doping (middle)and full doping right) (o) Absorption spectra of recycled perovskite films. The black line
is a regular perovskite control sample for comparison. (¢c) SPV spectra of recycled perovskite films.
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Abstract

Perovskites have attracted considerable attention for application as high-efficiency
photovoltaic devices due to their low-cost and low-temperature fabrication. Good
surface and high crystallinity are necessary for high-performance devices. We
examine the negative effects of chemical ambiences on perovskite crystal formation
and morphology. The repeated cation doping (RCD) technique was developed to
remedy the issues by gradually dropping methyammonium ions on top of about-to-
formed perovskite surfaces to cause recrystallization. RCD promotes pinhole-free,
compact, and polygonal-like surfaces under various vapor conditions. Furthermore,
electronic properties and crystallization are enhanced. RCD extends its benefits
beyond perovskites under vapor ambiences, improving regular and wasted
perovskites.

Keywords: Perovskite; Perovskite Formation; Crystallization; Ambient Effects;
Repeated Cation Doping (RCD); Recycled Perovskite; Fabrication Process



The organic-inorganic perovskite materials have been popular these days because of
their excellent semiconductor behaviors coupled with low cost fabrication processes'.
These hybrid materials have great potentials for modern electronic devices such as
Light-Emitting Electrochemical Cells (LECs)?, Light-Emitting diodes (LEDs)* and
solar cells*®, having outstanding characteristics i.e. direct bandgap, high charge-
carrier mobility, low trap density of electron, and high absorption coefficient®. Unlike
silicon-based solar cells, these materials can be fabricated through facile processing
e.g. spin-coating’, spray coating®, sputter coating® and dip-coating'®. Moreover,
perovskite can be expediently prepared from abundant chemical substances and
fabricated in low-temperature production'!!2,

As high power conversion efficiency (PCE) necessitates good morphology and
electronic properties, a lot of previous studies have focused on improving perovskite
layer through various methods e.g., NaCl-incorporated precursor solution'?, MABT-
selective Ostwald ripening process'®, anti-solvent engineering'>!®, and solvent
annealing process!’. During and after perovskite film formation, perovskite properties
are highly sensitive toward surrounding ambient conditions and fabrication
protocols'®!. To ensure the success of future large-scale perovskite production,
effects of different precursor vapors (i.e. possible leftovers or contaminations) on
perovskite morphology and formation are studied in this work. Here, we introduced
various potential vapors including gamma-butyrolactone (GBL), dimethyl sulfoxide
(DMSO0), N,N-dimethylformamide (DMF) and mixed perovskite precursor vapors
(PE) (in 7:3 GBL:DMSO) inside a sealed spinner system during perovskite formation.
Film morphology was significantly altered for different vapor ambiences; however,
consistent features were observed under repeated trials for the same vapors. Many
undesirable features such as pinholes, nonhomogeneousness, and roughness were
seen. To overcome this issue, we developed repeated cation doping (RCD) method
which slowly drops extra salt mixture such as Methyl ammonium lodide (MAI) over a
fixed period of time on top of about-to-formed perovskite layers to cause gradual
recrystallization to improve the perovskite layer. This new technique is a prolonged 1-
step deposition unlike the traditional 1-step technique”!32%2!  the 2-step technique®*-
24 or the combination of 1-step and 2-step techniques?.

Perovskite (MAPDI3) film was fabricated on top of compact TiO»/ fluorine doped tin
oxide. 1.5 M precursor solution was prepared by mixing equimolar ratio of lead iodide
(Pblz) and methyl ammonium iodide (MAI) in g-butyrolactone (GBL, Sigma-
Aldrich)/dimethyl sulfoxide (DMSO, Sigma-Aldrich); 7/3 v/v and stirred at 70 °C for
30 minutes. The perovskite solution was then filtered with a PTFE syringe filter
(Whatman, 0.22 um) and spin-coated on a compact TiO/ fluorine doped tin oxide
substrate. The substrate was spun in a two-speed protocol at 500 rpm for 10 seconds
(acceleration of 250 rpm /second) and then 5000 RPM for 60 seconds (acceleration of
1500 rpm /second), followed by toluene dripping'® at the 30" second. For the
spinning protocol, N, was continuously flowing at a fixed rate of ~5x10° cubic

meters per second. The perovskite film was fully crystallized by annealing at 100 °C
for 15 minutes on a hotplate.



For the chemical vapor ambient study, the saturated vapor environment was created
by filling the bottom halve of the closed spinner chamber with kimwipes excessively
soaked with a desired solvent (~ 50 ml). The chamber size is 0.2 m (diameter) x 0.14

m (height). The compact TiO>/ fluorine doped tin oxide substrate was first left in a
closed spinner chamber that maintained specific saturated solvent vapor for 8 minutes
before the MAPDIs film was prepared under the vapor environment using the two
speed protocol. N2 was always flowing at a fixed rate of ~ 5x10° cubic meters per
second.

The repeated cation doping technique (RCD) had the same initial protocols as regular
and vapor processes. However, additional cation droppings ( 3, 6, or 10 times) were
carefully implemented to cause gradual re-crystallization. Specifically, the substrate
was spun in a two-speed protocol at 500 rpm for 10 seconds and then 5000 RPM for
60 seconds. The one-step perovskite solution was dropped on substrate before the first
speed protocol as usual. 3 mL of 0.05 M MAI in ethanol/isopropanol (1/1 v/v) was
gradually dropped on top of the about-to-formed perovskite layer every 3 seconds for
30 seconds (10 times of dropping) during the second speed protocol through a
syringe, followed by toluene dripping at the 33" second. The perovskite film was then
annealed at 100 °C for 15 minutes. For RCD with 10 second and 5 second intervals,
the same procedure was applied; however, the time intervals between consecutive
MAI droppings were 10 seconds (total 3 times of dropping) and 5 seconds (6 times),
respectively.

A wasted film was prepared by heating perovskite film at 300 °C for 5 minutes and
then rested in air to cool down to room temperature. The film was fully changed to the
yellowish state. For full doping, 7.8 ml of 0.05 M MAI in ethanol/isopropanol (1/1
v/v) was gradually dropped on top of the wasted film every 3 seconds for 78 seconds
(total 26 times of dropping) under the second spinning protocol of 5000 rpm for 106
seconds, followed by toluene dripping at 81" second. For the half doping protocol,
the MAI solution has the same concentration but with reduced amount of 3.9 ml.

Lead iodide (Pbl2, 99.95% purity), dimethyl sulfoxide (DMSO, anhydrous grade), g-
butyrolactone (GBL, anhydrous grade), N,N-dimethylformamide (DMF, anhydrous
grade), Isopropanol (IPA, anhydrous grade) were all purchased from Sigma-Aldrich.
Ethanol (anhydrous grade), toluene (anhydrous grade), and methyl ammonium iodide
(MAI) were purchased from Fisher Scientific, Kanto chemical, and Dyesol,
respectively.

The perovskite film morphologies were observed using an scanning electron
microscope (Quanta 450 FEI, Tungsten filament electron source, 20 kV, secondary
electron (SE) mode). Absorption spectra were achieved using a uv-vis
spectrophotometer (Shimadzu UV-2600, Deuterium lamp light source, double—beam,
1 nm slit width, absorbance mode). X-ray diffraction was performed using a X-ray
diffractometer (Advance Bruker, Cu Ko radiation, LYNXEYE high-resolution
energy-dispersive 1-D detector, detector scan mode with step size of 0.020449 degree,
0.8 s per step, and theta start of 5.00 degree). The surface photovoltage signals were
obtained through a modulated surface photovoltage technique with fixed capacitor
arrangement, double-phase lock-in amplifier (Elektron-Manufaktur Mahlsdorf,



Germany), high impedance buffer of 20 Gohm, 100 W halogen light source, and
quartz prizm monochromator (Bausch & Lomb).

We prepared MAPbIs films under five different vapor ambiences e.g. N2, GBL/No,
DMSO/N,, DMF/N2, and perovskite precursors (Pblo+MAI+GBL+DMSO)/N2
ambiences. The same N flow was constantly applied in all conditions to reduce
humidity effects. The MAPbIz film morphology was examined using scanning
electron microscopy (SEM) (Fig. 1b). The images revealed drastic shifts in
morphology under the influences of different chemical vapors; only two conditions
i.e. control with only N2 and perovskite precursor ambience with N> showed typical
flat surfaces with dark brown colors (Fig. 1b inset). We hypothesized that as some
solvents (i.e. DMSO and DMF) could from intermediate states with Pbl, and MAI
2627 the crystallization process was disturbed. Optically, MAPbI; films under
DMSO/N; and DMF/N2 vapor ambiences were pale brown. Films under GBL/N> and
PE/N2> ambiences consistently processed small pinholes throughout the top surfaces.
In agreement with the microscopy results, films formed under DMSO/N: and
DMF/N2 showed little absorption (Fig. 1c) The other three films showed typical
absorption of 3D MAPbI3 with the onset around 780 nm 28,

As vapor contaminations especially from perovskite precursors used in prior batch of
production represent likely threats for perovskite manufacturing, we developed a
prolonged 1-step deposition technique or repeated cation doping (RCD) to alleviate
such issues. RCD is a prolong doping of methyl ammonium cation after the typical
one step fabrication in hope to prolong crystallization process and enhance
crystallinity while resetting any morphology distortion from vapor contaminations. To
find the optimal conditions of methyl ammonium cation doping, many parameters
including solvent types, solvent amount, timing, dropping rate, spinning protocols,
and heat treatment were carefully optimized.

The effect of dropping rate was shown in figure 2 where we varied the intervals
between MAI dropping onto MAI/DMSO/Pbl> intermediate phases on top of the TiO>
layer using 10 second, 5 second, and 3 second intervals, respectively. The
morphology showed polygon-grain feather, more compact formation, and less pin-
holes with increasing rate of dropping (Fig 2a). As a result, RCD with the 3 second
interval was mainly used in this study.

To apply the RCD technique under chemical vapor ambiences, a TiO2 substrate was
left in the spinner chamber while introducing each chemical vapor ambience (e.g.
GBL/N., DMSO/N2, DMF/N2 and PE precursors/N2). Later on, typical 1-step film
fabrication was subsequently applied with the optimized RCD protocol all under the
vapor influence. With RCD, the MAPDIs films (Fig. 2b) showed much improvement
in terms of smoothness, coverage, and a number of pinholes even when fabricated in
DMSO/N2 and DMF/N2 vapor ambiences. Optical images along with absorption
spectra further corroborated (Fig. 2c and 2d) the benefits of RCD in all vapor
ambiences.

With RCD, all absorption spectra showed strong band-edge at ~780 nm, indicating
that the resulting films still have the usual 3D MAPbI3 structure. With increasing rate
of MA" dropping from the 10 second interval to the 3 second interval, increased
absorbance in the range of 780 — 900 nm and reduced absorbance in the range of 300



— 500 nm (flat region) were observed. This phenomenon was reported to be more
scattering from microcrystal perovskites yet less scattering from nanometer-sized
perovskite crystals®®, further demonstrating high film quality with RCD. The flat
feature between 300 nm and 500 nm also represents bulk and MAPbDI3z single
crystalline-like characteristics®®. Interestingly, the absorption spectra of the MAPDbI;
films that were fabricated in chemical vapor ambiences showed similar promising
features except for RCD under the DMSO/N2 or DMF/N2 condition. Nevertheless,
RCD (DMSO/N. or DMF/N>) did have improved coverage and absorbance. As both
DMSO and DMF could form intermediate states with MAI and Pbl; i.e. MAI-DMSO-
Pbl, and MAI-DMF-Pbl,?*?7, under the saturated DMSO or DMF ambience, MAI-
DMSO-Pbl, or MAI-DMF-Pbl; might remain under such intermediate states
perpetually, retarding growth of perovskite and causing RCD less effective.

To identify the phase composition and crystallinity of MAPDIs, the films were
examined by the X-ray diffraction (XRD) as shown in Fig. 2e. RCD intensified XRD
peaks 5 times or more at all key perovskite positions i.e. (110), (220), and (310) using
identical XRD settings under most vapor conditions, further establishing RCD-
enhanced crystallinity. Only little to no Pbl, was found after RCD. These XRD results
resonate with the UV-visible results discussed earlier. With RCD, perovskites
experience extended crystallization process, leading to slower formation and better
crystallinity.

To study charge separation ability and trap states, the MAPbI; films were prepared on
FTO substrate for characterizing by surface photovoltage technique (SPV) as
described intensively in previous publications 332, SPV results are shown in Fig.3.
The black line represents in-phase signals or fast responses, while the red line
represents out-of-phase signals or slow responses. The data showed the typical
perovskite onset at 1.5 eV and the Pbl, peak (if any) around 2.3 eV, as previously
demonstrated by Supasai et. al. The negative signals of both fast and slow responses
depict p-type in the depletion region (electron moving away from FTO) 3° and two
mechanisms of charge separation in perovskite *2 . With RCD application, SPV
signals (proportional to amount of excited charge x charge separation distance) were
increased, demonstrating better charge separation. At same time, Pbl traces at 2.3 eV
disappeared with application of RCD. Furthermore, the characteristic energies of tail
defect states (E:) were consistently lessen after applying RCD (as shown in table 1),
demonstrating less disorder resulted from electronic states. RCD with the 3 sec
interval had the lowest defect energies. More details on E: calculations can be found
in the supplementary information. However, RCD is less effectively for DMSO/N:
and DMF/N2 ambiences, in agreement with other measurements. We believe with
higher crystallinity, there are fewer boundary trap states and therefore better
electronic properties.

To reduce toxic wastes like Pb, perovskites should be recycled. Jena et at.
demonstrated the reconversion of Pbl, through reapplying MAI solution one time
similar to a two-step deposition, studying temperature effects on the performance of
recycled perovskites®. In this work, we explored the potentials of RCD by applying
cations repeatedly (13 times or 26 times) to cause gradual recrystallization and
recover wasted perovskite films where perovskite had already converted back to Pbl».
Wasted films were prepared by heating usable perovskite films at 300 C for 3



minutes; all top surfaces became yellow. The wasted films were then introduced with
RCD under N2 ambience. RCD using higher MAI amount (full doping) had more
potentials to freshen wasted films as absorption results indicated more bulk-like
characteristics (Fig. 4b). RCD using both MAI amounts did lead to morphology
improvement and good charge separation (Fig. 4a and 4c). However, as wasted films
originally had very large pinholes, RCD merged smaller grains together, creating
more compact perovskite islands and leaving large empty areas in between. Little Pbl.
still remained (as shown in Fig 4c around 2.3 eV in comparison to the control
sample). This procedure could be further studied and optimized for future recycling
process.

In this work, we investigated the negative effects of chemical vapor ambiences on
perovskite formation and developed a new versatile technique called RCD to help
generate thin films with smoother morphology, more compact grain formation, and
less pin-holes under various environments. RCD promotes higher crystallinity, more
charge separation, and less tail defects under most ambient conditions. RCD is a
useful tool, improving normal perovskites, perovskites under chemical vapors, and
wasted perovskites.
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Figure 1: (a) Diagram of repeated cation doping (RCD) method. (b) SEM images of perovskite
films formed under N2, GBL/N2, DMSO/N,, DMF/N., and perovskite precursors/N> ambiences
respectively with optical images as insets. (c) Absorption spectra of perovskite films.
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Figure 2: (a) SEM images of perovskite film in N2 ambience without RCD and with RCD using 10
second, 5 second, and 3 second intervals, respectively. (b) SEM images of perovskite films with RCD
using 3 second interval in GBL/N2, DMSO/N2, DMF/N2, and PE precursors/N2 ambiences. ()
Absorption spectra of perovskite films with RCD using 10 s, 5's, and 3 s intervals. (d) Absorption
spectra of perovskite films with RCD using 3 seconds interval in N2, GBL/N2, DMSO/N2, DMF/Nz,
and Perovskite precursors/N2 ambiences. (e) XRD of perovskite film with and without RCD on

TiO2/FTO.
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Figure 3: SPV spectra of perovskite films in ambiences from left to right; N2, GBL/N2, DMSO/Nz,
DMF/Nz2, and Perovskite precursors/N.. Upper row: without RCD; lower row: with RCD.



AMBIENCE W-W/O RCD Et (meV)
N2 W/O RCD 23
RCD — 10 sec intervals 21
RCD -5 sec intervals 22
RCD — 3 sec intervals 17
GBL/N2 W/O RCD 27
RCD — 3 sec intervals 23
DMSO/N3 W/O RCD 21
RCD — 3 sec intervals 22
DMF/N2 W/O RCD 24
RCD — 3 sec intervals 25
PE W/O RCD 21

PRECURSORS/N2

RCD — 3 sec intervals 21

Table 1: The characteristic energies of tail defect state (Et) measurements for perovskite films in
ambiences without RCD and with RCD. The fitting and calculation were shown in the
supplementary information.
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Supporting information

The linear-scale data plots (left) showed spectra of the normalized squared SPV amplitudes
of the samples fabricated without/with RCD in different ambiences. All samples indicated
onset energies (E,,) in the range close to the reported perovskite band gap (Eg) (~1.5
eV)[1] , except the perovskite film that was fabricated in DMF/N, vapor ambience without
RCD technique had its band gap shifted to ~1.6 eV.

The exponential tails of the SPV data below the band gap contain information about charge
separation from defect states near the valence band. The logarithmic-scale data plots (right)
of the perovskite films fabricated without/with RCD in different ambiences could be fitted to
determine the characteristic energies of tail defect states (E;). The characteristic energy,
also called energy of the exponential tails indicates the disorder caused by electronic state.
The technique is expansively explained in previous work [2, 3]. We briefly summarized the
method below.

The amplitude of the SPV signal is calculated as the square root of the sum of the squares
of the X signal (in — phase) and the Y signal (phase — shifted by 90 degrees). The square
root is then divided by photon flux (d)). E; was then obtained by ﬁtting the following

equation[2] :
SPVamplitude
flux

hv
= Aexp( ).

where A is a proportionality constant.
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6.2 Research Utilization and Application

Commercial impact
The work developed new technology to help actual future production by improving the

quality of perovskites for optoelectronic applications through the RCD process.

Academic impact

This work also created a new researcher (a master student who is the first author for
the work published in APEX). Publications from this grant are useful for researchers in
the field around the world and our own academic work regarding perovskite solar cells.
The experimental methods optimized in the work were also adapt for laboratory

coursework (SCME382) for undergraduate students in materials science.

Public impact and policy impact

N/A



