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Abstract

Controlling the crystal growth in the solution process is the most
effective way to achieve high efficiency and high stability perovskite
solar cells. However, the dynamic and rapid evaporation of the
solvent makes it difficult to realize the high performance devices. In
this study, an additive engineering using anionic surfactant was
developed to boost the performance of perovskite solar cells. The
efficiency and stability of perovskite solar cells were greatly
increased by adding anionic surfactants to the lead halide—based
perovskite. The anionic surfactants reduced the surface tension of
the perovskite solution and increased the affinity with the substrate,
enhancing the crystal growth of perovskite. Furthermore, the
negative ions significantly improved the optical performance of lead—
based perovskites by passivating uncoordinated lead defects. The
perovskite solar cells with the anionic surfactants showed the reliable
efficiency of 17.21%, exhibiting greatly reduced the hysteresis
phenomenon which was commonly seen in perovskite solar cells. In
addition, the addition of anionic surfactant increased the stability in
both air and water. This method could be suggested as an effective
way for commercialization of perovskite solar cells.

Keywords : Perovskite, Solar Cells, Additives, Anionic Surfactant,
Passivation, Stability

Student Number : 2019—25885
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Chapter 1. Introduction

1.1. Perovskite Solar Cells

Solar cells have been widely studied in the next—generation
renewable energy field. The inorganics, mostly silicon solar cells''™
4], showed superb efficiency with high stability, but they had
expensive fabrication costs due to ultra—high purity of silicon

required many processing steps. The organics, practically polymer®~

71 8-101

and small molecule! solar cells, had simple and low—cost

processes, but their efficiency has stagnated below 16%, limiting
their practical use."™ The perovskites!'> '™ containing both
inorganic and organic materials, have been highlighted to overcome
the problems (Figure 1.1).

16,17] and

Perovskites were generally classified into oxides'
halides"®!' according to types of negative ions used for the anion
site. The halide perovskites were commonly used as a solar cell
material, based on better semiconducting properties than oxides.
Perovskite’s ABXs formula was first reported in 1978 with small
cations, such as MA", FA", and Cs”, as A, heavy metal cations, such
as Pb?" and Sn®" as B, and halogen anions, such as Cl~, Br~, and I,
as X (Figure 1.2a). In particular, tin—based perovskites have been
drawn attention, because of the environmental pollution of lead—
based perovskite.?0~2%

The perovskite was suggested as the active material for use in
the solar cells, due to its high absorptions over the visible region, low
exciton binding energy, large charge carrier diffusion lengths, and

47261 The superb optical and electrical properties

tunable band gap.'
of perovskite materials made the MAPbIs—based perovskite solar
cells could theoretically exhibit the efficiency of 30.6%, V,.of 1.315
V, Jse of 25.27 mA/cm?, and FF of 0.91.%7

The general structures of perovskite solar cells were presented
(Figure 1.2b). Specifically, the perovskite solar cells consisted of
planar junction with perovskites, n—type, and p—type

1 i
1 -"x_!'|'
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semiconductors unlike organic solar cells in which form a bulk—
heterojunction. The photo—generated charge carriers in perovskite
layer, especially electrons and holes, were selectively collected by
the electron transport layer (ETL) and hole transport layer (HTL),
respectively (Figure 1.2c). In this transport processes, the
difference in fermi level between materials acted as charge injection
barriers, which could greatly change the performance of perovskite
solar cells.!?®

The first all—solid—state perovskite solar cells developed in
2009 showed a power conversion efficiency (PCE) of 8.51% by
mimicking the architecture of dye—sensitized solar cells."” The
efficiency of 23.32% was reported by the Chinese Academy of
Sciences in 2019 (Figure 1.2d).°Y Very recently, the highest
efficiency, reported by KRICT/MIT, was 25.2%.%!

The general characteristics of the perovskite solar cells, such as
the current density—voltage (J/—V) curves, were similar to
conventional silicon solar cells, indicating that their general analysis
could be applied.m] In general, the performance of solar cells could
be described by several parameters. Js was the current density in
the short circuit condition (Maximum current in the solar cell
operation), and V,. was the voltage in the open circuit condition
(Maximum voltage in the solar cell operation). FF was the fill factor

determined by the following formula,

_ Real solar cell power (Maximum area of green box)

Theoretical solar cell power (Area of red box)
_ Real solar cell power (Maximum area of green box)

Bl Jse X Voe

and PCE was obtained by dividing the solar cell power by the solar

power (Figure 1.3a).

PCE — Real solar cell power (Maximum area of green box)

Solar power

.]SC X ‘/OC
Solar power

2 -":Ix_! -'%|: -T

PCE =FF X



In the case of the perovskite solar cells, the hysteresis phenomenon
could occur due to the characteristics of the ion—bonding

3334 As a results, different efficiencies were exhibited

materials.
depending on the scan directions. In order to compare the
performances, the hysteresis index (HI) was introduced as
quantitative factor, which was determined by the following formula

(Figure 1.3b).1%!

Hi Reverse scan power — Forward scan power

Reverse scan power

1.2. Surfactants

Perovskite solar cells have been widely fabricated by spin—

36—-40

coating method.! "' The dynamic and rapid evaporation of solvent

causes several problems in perovskite growth, such as pin hole
defects formation, irregular grain growth, contact issues with ETL

and HTL, and low purity of perovskite films. The researchers studied

41,42]

an anti—solvent,' interface modification,*** and additive*>*?

methods to control perovskite growth. The surfactant additive
methods have recently been studied as a novel method for fabricating

uniform and highly reproducible perovskite solar cells with high

efficiency. 748

Surfactants typically consisted of a hydrophilic head and a
hydrophobic tail with neutral, anionic, and cationic head, and the
generally alkyl chain tail (Figure 1.4a). The surfactants were existed
in various phases depending on their concentrations in solutions.

Especially at the high concentration, micelle structures were formed,

which could be apply to various polymerization methods?®®" and
(51,52

drug delivery systems. ' In the case of low concentrations, the

surfactants were located on the surface of the solution, playing

critical roles during spin—coating steps. The surfactants were added

53]

to the charge transport layer™ or the active layer®, facilitating



solution wetting and improving performances. In detail, the surfactant
was located on the surface of the perovskite solution, enabling
uniform perovskite crystal growth by reducing the surface tension
(Figure 1.4b), and increasing the affinity between the hydrophobic
surface and the solution, enabling dense crystal growth (Figure
1.4¢)."" In addition, some heads allowed hydrophobic surfactants to
be located on the perovskite film surface and grain boundaries
through the interaction with perovskite crystals. The surfactants
could also act as molecular barriers for the diffusion of H20 and Os,

extending the lifetime of perovskite solar cells (Figure 2. d).!"®

1.3. Background of Research

As mentioned above, the perovskite solar cells could overcome
the shortcomings of conventional inorganic and organic solar cells by
synergistically combining the advantages of each component, leading
to the fabrication of high PCE solar cells prepared at a low processing
cost. However, the low atmosphere stability of perovskite and the
non—uniform perovskite crystal growth during spin coating process
still remained challenging issues. Using surfactant additives might
solve these problems. A small amount of surfactant could reduce the
surface tension of the solution and increase the affinity with the
hydrophobic substrate.

In this work, we searched for surfactants that could be solution
processable, then applied them to the fabrication of perovskite solar
cells. For this purpose, potassium perfluorobutane sulfonate (PFC)
was developed. The formation of high purity perovskite film was
confirmed through XRD analysis, and the passivation effect of
sulfonate (anion) was confirmed through XPS analysis. In addition, the
characteristics of the perovskite film were analyzed using SEM and
AFM analyses. Their charge transport was studied using
photoluminescence (PL) and time—resolved photoluminescence
(TRPL) analyses, and the characteristics of the fabricated perovskite
solar cells were investigated by measuring the J—1V properties.

Finally, the stability tests of perovskite solar cells were conducted.
4 "':l"'\-_-i _'\.;:._ T
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Figure 1.1. a. Summary of three different solar cells. b. Summary of

two different fabrication processes.
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Chapter 2. Experimental

2.1. Fabrication of Perovskite Solar Cells

For the perovskite and PCBM precursor, several materials were
required such as lead iodide (Pbls), potassium perfluorobutane
sulfonate (PFC), methylammonium iodide (MAI), and [6,6] —phenyl—
Cso—butyric acid methyl ester (PCBM). Additionally, dimethyl
formamide (DMF), dimethyl sulfoxide (DMSO), and chlorobenzene
(CB) were used as solvents.

For the NiOx precursor, several materials were required such as
nickel (II) nitrate hexahydrate and copper (II) nitrate trihydrate.
Additionally, ethylene glycol and ethylenediamine were used as
solvents.

For washing the I'TO glasses, they were sonicated with deionized
(DI) water, acetone, and isopropanol (IPA) for 15 minutes,
respectively. After the washing, they were treated with UV/O3 to
make the hydrophilic surface.

Fabrication of NiOx layer: the ethylene glycol solution containing
0.4 M nickel (II) nitrate hexahydrate and 0.02 M copper (II) nitrate
trihydrate with 1 molar equivalent of ethylenediamine was mixed at
60 °C for 12 h. In this stage, the copper—doped nickel exhibited
excellent electrical properties.”” The NiOy precursor was spin—
coated on the UV —treated I'TO glass at 4000 rpm for 90 s. Then, the
substrates were annealed at 150 °C for 30 min and 400 °C for 30 min,
respectively. After the cooling, they were put in a glove box (Figure
2.1a).

Fabrication of perovskite layer: the 1.53 M perovskite precursor
contained PbIo:MAI=1.045 in DMF:DMSO=8:1 (v/v) was mixed at 60
°C for 12 h. For the precursor containing surfactants, 0.01 solution
wt% of PFC in DMF:DMSO=8:1 (v/v) was added in this step. In this
step, the high concentration of PFC surfactants interfered with the
formation of the perovskite films (Figure 2.2). Then it was spin—
coated on the NiOy coated ITO glasses at 4000 rpm for 50 s. At this
stage, 0.5 mL of CB was rapidly dropped by spin—casting at 41 s.
And then, the ITO glasses were annealed at 100 °C for 15 min (Figure
2.1b).

Fabrication of PCBM layer and metal electrode: the 20 mg/mL
PCBM in chlorobenzene was mixed at 60 °C for 12 h. Then it was spin
coated on the perovskite layer at 1000 rpm for 60 s and at 2000 rpm

9 -":Ix_! -'%|: -T



for 1 s, respectively. Finally, 7 nm BCP and 100 nm Ag was deposited
by using thermal evaporator (Figure 2.1c). All the thermal
evaporation processes were conducted at the high vacuum condition,
5x 107° Torr.

2.2. Measurements

The XRD patterns of perovskite films were obtained using a D& —
Advance al system (BRUKER MILLER Co.). The XPS data were
obtained with a SIGMA PROBE (ThermoFisher Scientific, U.K). The
SEM images were recorded using a JSM—7800F Prime (JEOL Ltd,
Japan). The AFM images were obtained using a NX—10 (Park
Systems). The PL and TRPL data were obtained using FlouTime 300
(PicoQuant). The UV-—vis spectra were recorded using a V=770
spectrophotometer (JASCO).

The characteristics of perovskite solar cells were measured
using a Keithely 2400 sourcemeter under simulated AM 1.5 G
irradiation produced by 300 W Xenon lamp solar simulator. The
voltage range was —0.5 V to 1.2 V with a step voltage of 0.02 V/s
and delay time of 100 ms, the area of solar cells was measured to be
about 1.2 x 107° m?. At this stage, the delay time played an important
role in controlling the hysteresis of the perovskite solar cells. The
perovskite solar cells with 100 ms delay time showed one quarter to
a fifth of the HI compared to the 0 ms delay time measurements
(Figure 2.3 and Table 2.1). CV measurements were carried out in the
dark at the range of —0.5 V to 0.5 V and a constant frequency of 10
kHz and an AC amplitude of 20 mA.
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Figure 2.1. Schematic image of the fabrication process of perovskite
solar cells. a. Fabrication of NiOx hole transport layer. b. Fabrication

of perovskite layer c. Fabrication of PCBM layer and metal electrode.
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Figure 2.2. Images of the perovskite films with high PFC surfactant

concentrations. The red circles indicate cracks in perovskite films.
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Table 2.1. Performance and hysteresis index (HI) of the perovskite

solar cells with different delay times.

Condition  Scan direction J, (mAcm?) V. (V) FF (%) PCE (%) HI (%)
PSC
without prc Trverd (FW) 200 18 9 B 145
0ms R RY .
delay time ~ Reverse(RV) 203 107 736 15.9
o Forward (FW) 195 1.06 68.6 142
with PFC : : : .
100 ms 34
delay time  Reverse (RV) 19.6 1.06 71.0 147
PSC Forward (FW) 20.6 1.07 73.0 16.1
without PFC s
0ms .
delay time  Reverse (RY) 20.8 1.08 82.2 18.4
et Forward (FW) 202 1.08 763 16.6
with PFC ) : . .
24
100 ms R RY
delay time ~ Reverse (RV) 202 1.07 78.1 17.0

14



Chapter 3. Results and Discussions

3.1. Characterization of Perovskite Films

The X—ray diffraction (XRD) peaks were well matched with the
previously reported XRD peak of the solution processed MAPDbIs

[57], which indicated that our perovskite films were well

perovskite
formed during optimized spin coating conditions. However, the XRD
peaks for perovskite and perovskite with PFC surfactants showed a
significant difference between PbI2®® (red line box) and MAI-DMF—
Pbl, intermediate®” (green line box) peaks (Figure 3.1¢). The lower
peak of Pbly could be concluded that the addition of PFC decreased
surface tension of precursor and increased affinity with the substrate
during the crystallization processes, as results, over—crystallization
of Pbl; was inhibited.® Unusually, the MAI-DMF —Pbl; intermediate
peak was clearly observed in our perovskite film, which might be
caused by using the high concentration of the perovskite precursor
in order to increase the thickness of the perovskite layer. Fortunately,
the use of PFC surfactants suppressed the formation of the
perovskite intermediates. This results could be thought that the
addition of PFC facilitated the extraction of solvents such as DMF and
DMSO, resulting the transition of the intermediate phase to the cubic
phase was promoted. The X—ray photoelectron spectroscopy (XPS)
measurements revealed that a shift of about 0.1 eV for the Pb 4f peak
was observed when the PFC was added. This result was quite
different from the amine based PFC surfactants. The amine—based
PFC acted weak Lewis base, lowering the surrounding Pb bonding
peaks."® Here in, the anion—based PFC surfactants might be thought
to have the different mechanism, the direct electron donation.
Additionally, the similarity to the shift when Pb was electron—
donated™ indicated that the uncoordinated Pb was passivated by
SO3” of PFC (Figure 3.1d).

The scanning electron microscope (SEM) measurement showed

that the addition of PFC had no effect on the grain size. Each grain

¥ o 1 1
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size distributions showed the similar trends, indicating that PFC did
not participate in perovskite crystal growth in the planar direction
(Figure 3.2a, b). Interestingly, in the cross—section SEM results, the
pinhole defects were not observed between the NiOyx layers and
perovskite with PFC layer (Figure 3.2c, d). This result indicated that
precursor wetting process occurs well on the hydrophobic NiOx
surface. The formation of pinhole defect was minimized by addition
of PFC, and then, the vertical growth 1is facilitated through

suppression of over—crystallization at the interfaces. This

phenomenon was expected to improve the J,. of perovskite solar cells.

The photoluminescence (PL) measurement showed high PL
values when the PFC was added to perovskite. This showed that the
anionic surfactant passivated defects in the grain boundary and
surface, which act as non-—radiative recombination sites.
Interestingly, after deposition of the PCBM layers on the perovskite
layers, PL showed that the perovskite with PFC exhibited a large
quenching effect, indicating good charge transport from perovskite to
PCBM layer (Figure 3.3a).

The time—resolved photoluminescence (TRPL) measurements
confirmed charge transport from perovskite to PCBM layer. The
TRPL showed that charge carrier lifetime of perovskite with PFC was
significantly reduced. This results were similar to the previous PL
results, meaning that the presence of PFC was related to charge
transfer from perovskite to the PCBM layer (Figure 3.3b). One
possible mechanism was the formation of a smooth perovskite
surface. However, the AFM measurement indicated that the surface
roughness of perovskite layers would not rely on the existence of
PFC. The other adapted mechanism might be the formation of many
PCBM crystal domains on perovskite with PFC layer. The addition of
PFC made perovskite surface hydrophobic, which enhanced the
crystallinity of PCBM, resulting in improved electron charge
transport (Figure 3.3c). Another possible mechanism might be
considered that the PFC, located between the interfaces, led to dipole
reduced trapping effects, allowing the trapped photo—generated

charge to be easily extracted.'®!

16 A “._, ‘_]l



3.2. Device Performance and Characterization

The PFC, referred to CF—S0s3s, exhibited better performance than
amine—PFC, referred to CF—Am (Figure 3.4, Table 3.2). It might be
considered that the better improvement of performances with the
PFC was based on the higher electron donating effects and strong
dipole strength of the anionic surfactant heads. The concentrations
of PFC directly affected the growth of perovskite films, meaning that
low concentrations of PFC was required (Figure 2.2). Comparing the
efficiencies of below 0.1 wt% PFC concentration, the 0.01 wt% of
PFC showed the highest efficiency, and then increasing concentration
of the PFC led to a decrease in efficiencies (Figure 3.5, Table 3.3).
These results indicated that when the above 0.01 wt% of PFC was
added, the perfluorocarbon chains of PFC could act as insulators or
modify the substrates too hydrophobic.

The perovskite solar cells optimized with PFC showed a PCE of
17.21 %, Jse of 21.59 mA/cm?, V,e 0f 1.035 V, and FF of 77.08%, with
almost negligible hysteresis, while the perovskite only device
exhibited a PCE of 14.9 %, J.. of 19.93 mA/cm?, V,. of 1.003 V, and
FF of 74.6% (Figure 3.6a). The statistical analysis on Js, Voe, FF,
and PCE for the 25 devices revealed that the addition of PFC
dramatically improves the performance of perovskite solar cells
(Figure 3.6b, Table 3.4). The UV—vis data showed a slight increase
in the optical band gap'®® of perovskite with PFC due to the shallow
trap filling (Figure 3.6¢). The CV data showed that the perovskite
solar cell with PFC had a higher flat band gap, confirming that the
passivation was performed by anionic surfactant (Figure 3.6d). Both
data indicated that the perovskite with PFC devices had a large V.

due to the passivation effect.

3.3. Stability Test of the Devices

The stability of perovskite solar cells was mainly determined by
the decomposition rate of perovskite. The chemical reactions of

perovskite were accelerated by air'®®!  1ight!%%!  and
§
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67681 ' The main step was reaction with Oz and H.O by

exposure to air. The chemical reaction formula was as follows'®,

temperature[

H,0
CHsNH3Pbl; <= CH3NH;1(aq) + Pbl,(s)
CH3;NH3I(aq) < CH3;NH,(aq) + Hl(aq)
4HI(aq) + 0, © 21,(s) + 2H,0

h
2HI(aq) © Hy T +1,(s)

Is, Pbls, etc. were precipitated during the reactions with the largest

891 Therefore, preventing air injection to

proportion of Pbly.!
perovskite layer was one of the most reasonable ways to increase
stability of perovskite solar cells. In this regard, the perovskite solar
cell with PFC surfactant was expected to have the hydrophobic
molecular barriers modified by perfluorocarbon chains.

The stability tests were conducted with devices fabricated under
the same conditions at a temperature of 20 °C + 2 °C and a relative
humidity (RH) of 60 + 5%. After 7 days, yellow—colored haze was
observed on the perovskite only film, which might be due to
Pbl.. 77070 15 the case of perovskite with PFC film, the less haze
was observed on surface, which might be due to the hydrophobic
chain of PFC acting as molecular barriers of H2O and O. (Figure
3.7a)."*% Additionally, a direct drop method was used to measure the
direct resistance to H2O. As a result, the perovskite layer with PFC
film was decomposed slowly compared with the perovskite only film
(Figure 3.7b).
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Figure 3.1. a. Molecular structure of PFC surfactant. b. Device
structures of fabricated perovskite solar cells. c. XRD patterns of the
perovskite and perovskite with PFC film. The red box indicates Pbly
peak and the green box indicates MAI-DMF—-DMSO intermediate
peak. d. XPS spectra of the perovskite films. The dot lines, located at
138.2 eV and 143 eV, respectively, mean two maximum Iintensity
peaks of perovskite.
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b. Time—resolved PL of the perovskite films with PCBM layer. c.

AFM images of the perovskite films and with PCBM layer.
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Table 3.1. Grain size distribution of the perovskite films.

Condition Counts Mean SD Min. Median Max.

Perovskite film

without PFC 261 378.74 134.07 164.10 353.85 830.77

Perovskite film

with PRC 219 3711.23 136.83 138.46 353.85 876.92

Table 3.2. Performance of perovskite solar cells with different

surfactants.

Condition J (mAcm?)  V, (V) FF(%)  PCE (%)
CF-Am 205 1.03 748 158
CF-S0; 215 1.03 763 169
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Table 3.3. Performance of perovskite solar cells with different PFC

surfactant concentrations.

Condition  J,. (mA cm??) V., (V) FF (%) PCE (%)
0 wt% 199 1.003 74.6 149

0.01 wt% 21.6 1.035 71.0 172
0.05 wt% 229 0.889 747 15.2
0.1 wt% 20.7 0.743 72.8 11.2

Table 3.4. Average photovoltaic parameters of the optimized
perovskite devices with standard deviations.

Condition  J,. (mA cm?) V., (V) FF (%) PCE (%)
PSC
without PFC 1956+053 097+004 7499+248 14.24+0.79
PSC
. 21384071 1004025 77.01+224 16.42+0.96
with PFC
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Chapter 4. Conclusion

The addition of PFC to perovskite improved the crystallinity of
perovskite and suppressed the over—crystallization of Pbls. It is
thought that the addition of surfactant improved the crystallinity of
perovskite film by the reduction of surface tension and good affinity
with the substrate. It is considered that the addition of PFC
suppresses the formation of pinhole defect and facilitates the charge
transport to PCBM. The V,. was increased by passivation of the
uncoordinated Pb defects, confirmed through XPS, PL, UV—vis, and
CV measurements. The optimized reliable perovskite solar cell
functionalized with PFC showed a PCE of 17.21 %, Js of 21.59
mA/cm?, V,. of 1.035 V, and FF of 77.08%, with almost negligible
hysteresis, exhibiting the high stability against O2 and H20O. Our
results demonstrate that anionic surfactant additive can be used to
fabricate high—performance and high—stability perovskite solar cells,
and it is expected that the developed methodology can be applied not
only to solar cells, but also to other optoelectronic devices including

Sensors.
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