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Abstract

Perovskite solar cells (PSCs) are gaining significant interest as the future
of photovoltaics owing to their superior performance and cost-effectiveness.
Nonetheless, the commercialization of perovskite solar cells faces significant
hurdles due to the susceptibility to degradation from moisture, light, and heat, as
well as the adverse impact of traps on device efficiency and stability.

Therefore, trap suppression through the passivation process is important
for implementing perovskite solar cells with high efficiency and stability. It is
also important to track trap changes inside perovskite solar cells to confirm the
effectiveness of the passivation process. In this study, methylammonium chloride
(MACI) additive and phenyltrimethylammonium iodide (PTMAI) posttreatment
were applied to passivate bulk and surface defects. Furthermore, variations of the
traps’ quantitative spatial arrangement have been monitored using the drive-level
capacitance profiling (DLCP) analysis.

A similar magnitude of trap reduction was observed for the bulk
perovskite layer and two interfaces (electron transport layer (ETL)/perovskite and
hole transport layer (HTL)/perovskite) when employing an optimal concentration
of MACI additive. However, the effect of perovskite posttreatment in reducing
the trap density was much more noticeable at the HTL/perovskite interface,
compared to the bulk and ETL/perovskite regions. This observation was
reinforced by the outcomes of the 500 h thermal stability tests at 60 °C from seven
independent batches, which demonstrated a substantial suppression of trap
accumulation, particularly at the HTL/perovskite interface by an order of

magnitude.

Keyword: Perovskite Solar Cell, Organometal Halide Perovskite, Defect
Passivation, Trap Density of States, Additive Process, Posttreatment,
Depth-Profile Defect Analysis.
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Chapter 1.

Development of Perovskite Solar Cells

1.1. Fundamental Working Principle of Photovoltaics

Solar cells that incorporate the union of n-type and p-type semiconductors,
each possessing distinct electrical characteristics, offer affordability through their
absence of mechanical components.  Furthermore, the solar cell promotes
environmental friendliness by producing no pollutants and exerting no strain on
natural resources. As shown in Figure 1-1, the fundamental principle of solar
power generation lies in the phenomenon known as the photoelectric effect.! In
other words, it refers to the process of converting sunlight into electrical energy.
When solar radiation interacts with a solar cell comprising an n-type and a p-type
semiconductor, it generates electrons and holes within the cell due to the energy of
the incident light.  Consequently, the holes migrate towards the p-type
semiconductor while the electrons move towards the n-type semiconductor, resulting
in the flow of electric current due to the creation of a potential difference.? The
electricity produced in this manner is collected in a storage battery and distributed
through a power conversion device.

Solar power generation effectiveness in photovoltaic devices is commonly
evaluated through current density-voltage (J-V) measurement. Power conversion
efficiency (PCE) denotes the proportion between solar energy absorbed by the
device and the electrical energy output (maximum power output) obtained from the
solar cell's terminal. As shown in Figure 1-2, PCE can be expressed as the
product of three factors: open circuit voltage (Voc), short-circuit current density
(Jsc), and fill factor (FF). Solar cells encounter a constrained efficiency,
commonly referred to as the Shockley-Quarter limit (presented in Figure 1-3).3
The limitation arises due to the band gap of the absorbing material constraining the
open circuit voltage (Voc) of the solar cells, thereby preventing the absorption of
photons with energies lower than the band gap. In other words, an elevated band
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gap of material leads to an increased Voc, whereas a reduced band gap results in a
higher Jsc. Consequently, there exists a threshold for enhancing power output,
represented by the product of Voc and Jsc. Therefore, an optimization of the
bandgap is essential for high-efficiency solar cell implementation.*® In general, it
is known that a material with a band gap between 1.2 and 1.5 eV has a high

photovoltaic performance.
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1.2. Benefits of Perovskite as a Photovoltaic Material

Perovskite solar cells (PSCs) have garnered interest due to their cost-
effective production methods involving low temperatures and straightforward
solution processes, in contrast to conventional silicon solar cells.%” As a result,
continuous research efforts have led to PCE exceeding 25% which surpasses the
efficiency typically observed in polycrystalline silicon solar cells.®

The ABXj structure of organic metal halide perovskite, commonly used in
solar cells, is characterized by the presence of organic molecules such as
methylammonium (MA) and formamide (FA) at the A cation site, atoms such as
Pb?* and Sn?* at the B cation site, and halides including I, Br,, and CI- at the X
cation site (Figure 1-4).° Perovskite materials possess the ability to form intricate
alloys by incorporating diverse molecules or elements at the A, B, and X positions.
This allows for the introduction of inorganic elements such as Cs or Rb at the A
position, in addition to MA and FA.  Also, synthesis methods involve combining |
and Br at the X position. Perovskite alloys, with their diverse compositions, can
exhibit a wide range of bandgap.’®%2  The corresponding variations in bandgap
can be observed in Figures 1-5.2  Furthermore, organometallic halide perovskites,
which are organic-inorganic hybrid compounds, possess distinct properties such as
high absorption coefficients and long carrier diffusion lengths.’* In addition to
these advantages, as shown in 1-6, the fact that various structures such as a p-i-n
planar structure that can fabricate flexible devices, n-i-p mesoscopic, and n-i-p
planar structures can be manufactured is raising greater interest in perovskite solar

cells.16
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Schematic illustration of perovskite solar cell and ABX;

perovskite crystal. From Ref. [9].
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1.3. Degradation and Defects in Perovskite Solar Cells

The organic metal halide perovskite is promising as an active area
material for next-generation solar cells due to various advantages.
Nevertheless, one of the hurdles faced by the development of perovskite solar cells
is their deterioration, impacting the long-term stability and overall functionality of

the device.1"18

Moisture, oxygen, heat, and light are the main causes of perovskite
degradation. These factors cause soluble species formation, perovskite crystal
structure change, defects formation, and ion migration.?*? The process of ion
migration, as shown in Figure 1-7, leads to chemical reactions, the formation of
electrical defects, and alterations in the composition of the perovskite material.?*
In addition, the perovskite layer contains defects in different forms, including bulk
point defects, uncoordinated ions, anti-sites, and dangling bonds, as depicted in
Figure 1-8.222 These defects not only accelerate degradation but also have

adverse impacts on the performance of the devices.

The defect passivation process is one of the effective approaches for
mitigating degradation and enhancing the performance of perovskite devices. As
shown in Figure 1-9, post-treatment, interlayer, dopant, and composition
engineering are representative processes of defect passivation.??*  The aim of
these processes is to reduce the adverse effects of defects by inhibiting
recombination and enhancing charge transport properties.”® Until now, cases of
improving the PCE and stability of the device through various defect passivation
processes have been reported. Furthermore, the exploration of new approaches
and materials for defect passivation engineering is expected to implement more

efficient and reliable perovskite solar cells.

10
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Chapter 2.

Understanding the Trap Characteristics of Perovskite Solar

Cells via Drive-Level Capacitance Profiling

2.1. Introduction

The trap-states are a type of defect in the crystal structure that can trap and
immobilize charge carriers like electrons and holes, resulting in reduced efficiency
by decreasing current and voltage output.*? Additionally, these defects can
provoke device degradation, leading to lower stability and a shorter lifespan.*34
To mitigate this issue, researchers are exploring ways to decrease the concentration
of trap-states in the perovskite layer.810:14-21

With extensive research, additives and posttreatment methods were
suggested to resolve the defect issues in the perovskite solar cells (PSCs).
Particularly, the utilization of additives during perovskite precursor preparation and
interface passivation with various agents have been widely studied, which are well-
known methods for enhancing the device performance and stability.?>3
Nevertheless, the mechanisms of the trap distributions throughout the perovskite
layer (from the HTL and up to the ETL interfaces) are not been fully investigated
yet. Even though electrochemical impedance spectroscopy (EIS) or x-ray
photoelectron spectroscopy (XPS) can be conducted to understand the defect
concentration, the depth profiling of electronic traps in the perovskite layer should
be further researched to comprehend the behavior of defects.

The drive-level capacitance profiling (DLCP) is a method that can analyze
the electronic properties of materials such as perovskites by examining changes in
DC bias and AC voltage ranges at a given frequency.?**° The DLCP analysis is a
potent tool for optimizing materials for electronic applications due to its high
sensitivity in detecting even low levels of defects and traps in materials.3+3¢
Moreover, the technique allows researchers to conduct depth profiling of electronic

properties throughout the materials thickness (depth), thus providing valuable
] O

-
|
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insights into their variations.3*263%  Specifically, the DLCP analysis can quantify
the spatial distributions of charge traps throughout PSCs by analyzing the
capacitance-voltage characteristics, and this information aids in understanding the
mechanisms responsible for the carrier recombination and degradation in
PSCS.14’37'39

Herein, the DLCP analysis is performed to investigate the impact of
various experimental factors (additive and posttreatment agent) on the trap state
density of the formamidinium lead triiodide (FAPbI3) PSCs. Based on the DLCP
analysis, with a 30 mol. % MACI additive, the minimum density of trap states
throughout the profiling regions of the perovskite layer is identified. Interestingly,
unlike surface passivation, the reduction of trap densities in the perovskite bulk and
interfaces with charge-transport layers is approximately equivalent. In addition,
the application of further PTMAI posttreatment to the PSC resulted in not only the
decrease of trap densities throughout the perovskite layer but also the suppression
of trap formation during the heat-induced degradation. Although the decrease in
trap density within the bulk region is relatively small, the most significant control
effect is observed at the interface between the HTL and perovskite layer, where the
posttreatment agent is applied. A reduced trap concentration signifies the
inhibition of ion migration, slowing the degradation rate and activating carrier
movement.#¥ In line with the trap characteristics, the PSCs incorporating 30
mol. % additive and the PTMAI surface passivation exhibit an efficiency retention
rate over 10% higher after the 60 °C thermal stability test compared to PSCs
without these modifications. This study suggests the influence of different
processes on the characteristics of the PSC by effectively mitigating trap

generation within PSCs.



2.2. Experimental Section/Methods

Preparation for FAPDbIs Perovskite: The precursor of the FAPbI3
perovskite solution was prepared by 1.3 M formamidinium iodide (FAI, Great Cell
Solar), lead iodide (Pbl,, TCI) was blended with N, N-dimethylformamide (DMF,
Sigma-Aldrich) and dimethyl sulfoxide (DMSO, Sigma-Aldrich). Dissolved in
IPA (Sigma-Aldrich), phenyltrimethylammonium iodide (PTMAI, TCI) forms the
PTMAI solution while the volume ratio of DMF to DMSO is 4:1. After being
prepared in the Na-filled glovebox and stirred for 90 min, the solution was spin-

coated.

Solar Cell Fabrication: After performing UV-ozone treatment for 15 min
on the ITO substrate (AMG), a 4:1 volume ratio mixture of deionized water and
SnO; nanoparticle dispersion in H.O (Alfa-Aesar) was deposited at 3000 rpm using
30 s spin-coating for electron transport layer (ETL), which was then heated at
150 °C for 30 min. Once the heated substrate was cooled to room temperature,
another round of UV-ozone treatment was performed for 15 min. Next, the
perovskite film was deposited onto the SnO; film by spin-coating the precursor
solution in a two-step program consisting of 30 s at 500 rpm, followed by 10 s at
3000 rpm.  The 1mL of diethyl ether (DaeJung) antisolvent was dropped onto the
spinning substrate 10 s before the end of the program during the second step.
Finally, the substrate was annealed in air at 150 °C for 10 min.  For hole transport
layer (HTL) solution, 17.5 mg of PTAA (117 kDa, MS Solutions) was dissolved in
1 mL of chlorobenzene (Sigma-Aldrich) with the addition of 6 pL of 4-tert-
butylpyridine (tBP, Sigma-Aldrich), and 4 pL of bis(trifluoromethane)sulfonimide
lithium salt (Li-TFSI, Sigma-Aldrich) solution (520 mg/mL in acetonitrile). After
stirring for 1 h, the HTL solution was deposited using spin-coating at 3000 rpm for
30s. Thermal evaporation was used to deposit gold contact onto the device as the

final step.

Characterization: To measure the current-voltage (J-V) characteristics
and steady-state power output of the PSCs with an active area of 0.09 cm?, the solar
simulator (K3000, McScience) was utilized. The measurements were conducted

under the standard AM 15 G (1 sun illumination: 100 mW/cm_Z). The
19 - 22 TH
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morphology of the perovskite films was examined using a field-emission scanning
electron microscope (Merlin Compact, Zeiss). Using an x-ray diffractometer
(New D-8 Advance, Bruker), the crystallinity of both the perovskite films and
devices was examined. The PL analyzer (Fluotime 300, Picoguant) was used to
perform photoluminescence (PL) spectra and time-resolved photoluminescence
(TRPL) spectra measurements. A UV-visible spectrophotometer (V-770,
JASCO) was employed to analyze the optical band gap and absorption of the film.
An LCR meter (E4980A, Keysight) was utilized to perform the drive-level
capacitance profiling (DLCP) on the solar cells. The capacitance of the cells was
measured at a given 20 kHz frequency by changing DC and AC voltages from 0 to
1.0 V and 5 to 50 mV, respectively. In an N-filled glove box, the thermal
stability of the devices was tested by storing them at 60 °C.  After cooling to room

temperature for more than 2 h, analyses were performed.



2.3. Results and Discussion

To determine the optimal MACI additive concentration, surface,
crystallinity, and capacitance of FAPbI; perovskites were investigated. The cross-
sectional scanning electron microscope (SEM) image of Figure 2-1(a) shows
uniform and enlarged grain in the perovskite layer with 30 mol. % MACI additive.
Figure 2-1(b) is a schematic diagram showing the movement of electron/hole
carriers in perovskite layers according to the various MACI additive concentrations.
X-ray diffraction (XRD) analysis in Figure 2-1(c) also confirms that the phase
transition from J-FAPbDI; (hexagonal structure) to a-FAPDI; (cubic structure) is not
carried out smoothly in the perovskite layer with 10 mol. % MACI additive. On
the other hand, a-FAPDI; is well formed in the perovskite layer with 30 and 50
mol. % of additives. However, in order to confirm the exact effect of the additive,
observing the energetic and spatial variation of trap states that affect the efficiency
and stability of the device is necessary.

Figure 2-1(d) shows the trap density distributions from the ETL to HTL of
the perovskite layer at each MACI additive concentration analyzed by the DLCP.
The measurement of the perovskite layer reveals high trap density in all profiling
regions in ranks of 10, 50, and 30 mol. %, which indicates that the magnitude and
distributions of trap density throughout the perovskite layer change depending on
the concentration of the MACI additive. The PSC containing 30 mol. % MACI
additive, which exhibits the lowest density of trap states throughout the measured
profiling regions, achieves the highest efficiency of 20.5% (Figure 2-1(e)).
Characteristically, when the concentrations of MACI additive are varied, a
reduction in trap densities inside of the perovskite bulk is observed, similar to trap
densities reduction near the interface of the perovskite layer. The effective
involvement of the additive in trap behavior throughout the profiling regions can be
inferred due to its inclusion in the precursor prior to the deposition of the
perovskite layer, unlike posttreatment methods. Therefore, the DLCP analysis
allows us to gather solid evidence for the effect of MACI additive on the trap
density in various regions of the perovskite layer, including interfaces and bulk,

and its direct contribution to the device’s performance.
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Figure 2-1. The properties and performance of the PSC by the concentration
of MACI additive. (a) Cross-sectional SEM images, (b) schematic illustration of
perovskite solar cells, (¢) XRD patterns, and (d) depth-profile trap density of the
perovskite solar cells with varying MACI additive concentrations (10, 30, and 50
mol. %) by the drive-level capacitance profiling (DLCP). (e) Statistics of power-
conversion efficiency (PCE) with different concentrations of MACI additives (10,
30, and 50 mol. %).
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Despite the MACI additive effectively enhancing the phase stabilization
of the perovskite and reducing defects, an additional passivation step is required to
remove any residual defects. To this end, the PSCs without/with the PTMAI
surface passivation were compared to identify the magnitude of the initial trap and
the reduction of heat-induced trap generation. Figure 2-2(a) schematically shows
how the PTMAI passivation behaves on the surface and grain boundaries of the
perovskite layer. Figure 2-2(b) compares the J-V curve of the devices’ best PCE
without/with the PTMAI posttreatment. The PSC with the PTMAI posttreatment
shows the best PCE of 21.2% with an improvement in open-circuit voltage (Voc) of
~10% compared to the nonpassivated PSC. This implies that the passivation of
existing defects is achieved by posttreatment. In addition, the current stability
during light exposure for 500 s shown in Figure 2-2(c) is better and the Jsc is
slightly improved due to the impact of the PTMAI passivation. Figure 2-2(d)
shows the PCE statistics according to the PTMAI passivation, confirming that
posttreated PSCs exhibit higher efficiencies in general.

To verify further passivation effects in the device, the optical properties
and crystallinity of the perovskite layer are investigated. Through XRD analysis,
higher a-FAPDbI; (001) peak intensity and lower Pbl, (001) peak intensity can be
observed in devices with the PTMAI posttreatment (Figure 2-3). This indicates
that the crystallinity of the cubic a-FAPDI3 structure is enhanced due to the PTMAI
posttreatment effect. It also denotes that the PTMAI posttreatment suppresses the
formation of Pbl, (hexagonal structure) which acts as defects that cause non-

radiation recombination and reduce the performance of the PSCs.
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Photoluminescence (PL) and ultraviolet-visible (UV-vis) absorption
analyses were conducted to determine how the PTMAI posttreatment affects the
optical properties of the device. PL analyses were performed with the ETL and
HTL carrier-transport layers to determine the transport characteristics of charge
carriers. Figure 2-4(a) confirms that the luminescence intensity of the device with
the PTMAI passivation is lower, implying that the movement of charge carriers
toward the transport layer is more efficient. In addition, in the time-resolved PL
analysis (Figure 2-4(b)), the fast decay time of the posttreatment device can be
identified, implying that the PTMAI passivates defects on the surface, inhibiting
nonradiative recombination and helping charge carriers to be extracted quickly.
The UV-absorption analysis shown in Figure 2-4(c) suggests the lack of difference
in bandgap energy, as expected.

To observe various characteristics of the posttreated PSC by thermal
degradation, especially the behavior of the trap states throughout the perovskite
layer, a thermal stability test was performed at 60 °C, 500 h in an inert condition.
Figure 2-5(a) shows the cross-sectional SEM of devices without/with the PTMAI
posttreatment, before and after a 500 h heat stability test. Before the thermal
stability test (0 h), the morphology difference of the film according to passivation
is insignificant. Interestingly, after a 60 °C thermal stability test for 500 h,
devices without the PTMAI posttreatment show poor morphological properties,
where pinholes are also observed. On the other hand, the PTMAI posttreatment
looks to alleviate the heat-induced degradation after 500 h. The degradation
suppression effect can also be inspected through the retention rate statistics (Figure
2-5(b)). Posttreated PSCs have an average retention rate of more than 80%, and

the highest device has a retention rate of ~94%.
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To confirm the spatial variations/evolutions of trap densities quantitatively
within the perovskite layer under the thermal stress, the DLCP analyses were
effectively employed.**+3®  The spatial distribution of trap density (at a low AC
frequency, f < 100 kHz or E,, > 0.25 ¢V) comes from a carrier density: NC(x,) =
NC(x,w) — No®(X,mHz), Where N(x,w) is the trap density, N°(x,w) is total carrier
concentration, and No®(x,mH) is a free-carrier concentration at high AC frequency (f

= 1 MHz) 3%

Figure 2-6, shows the variations of trap densities in the perovskite layer
after a 500 h thermal stability test without/with the PTMAI posttreatment.
Apparent profiling distance represents information from 0 nm (HTL/perovskite
interface) to 500 nm (ETL/perovskite interface), measured by changing the DC
voltage from 0 V to 1.0 V. First, all the devices exhibit a higher trap density at
the interfaces than the bulk. In addition, regardless of the heat treatment, it can be
confirmed that the trap density of the devices with the PTMAI posttreatment is
lower throughout the profiling regions. In particular, the difference in the
increases of trap densities after the thermal stability clearly indicates that the
PTMAI posttreatment inhibits the heat-induced degradation and trap generation of
devices.

To closely investigate the behavior of trap density near the interfaces and
bulk after the thermal stability test, the DLCP analysis results from 7 different
batches (7 solar cells without passivation plus 7 solar cells with passivation)
accumulated under the same conditions are divided into the HTL/perovskite
interface, bulk, and the ETL/perovskite interface (Figure 2-7). Figure 2-8 (for six
batches, f - i) represents the DLCP results, as measured under the same conditions
as Figure 2-6 (batch ). Seven different batches (Figure 2-7) exhibit that higher
trap densities are typically observed at the interfaces than at the bulk, which means
that the trap states negatively affecting the efficiency and stability of the devices
are mainly distributed between the charge-transport and perovskite interfaces. In
particular, the trap densities after 500 h differs by up to an order of magnitude due
to the posttreatment, clearly indicating that the suppression of degradation is
particularly noticeable at the HTL/perovskite interface, as expected from the

posttreatment. By conducting the detailed capacitance analyses through the
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DLCP during the thermal degradation process, changes in the trap densities can be
observed guantitatively along the depth, confirming that the stability improvement
of PSCs is directly influenced by the PTMAI posttreatment.
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Figure 2-6. The depth profiles of the electronic trap densities by the drive-
level capacitance profiling (DLCP) at 60 °C for 500 h. Depth-profile trap
density of the PSCs (batch o) analyzed by the drive-level capacitance profiling

(DLCP).
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Figure 2-8. The depth profiles of the electronic trap densities by the drive-
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2.4. Conclusions

In this study, we have investigated how surface passivation and additive
incorporation affect the trap distributions in the perovskite layer from the ETL and
up to the HTL interfaces through the DLCP analysis. Under the 30 mol. %
additive of MACI, the PSC device exhibited the minimum trap density throughout
the profiling regions in the perovskite layer. The result of the thermal stability
test conducted at 60 °C for 500 h on the PTMAI posttreated PSCs, demonstrated
the effectiveness of surface passivation in not only reducing the initial trap
formation but also mitigating further trap generation in both the perovskite
interfaces and bulk. Specifically, these phenomena were most evident at the
interface between the perovskite layer and HTL, where the posttreated layer is
positioned. The findings suggest that the application of passivation agents
inhibits ion migration and thereby reduces the vacancy generation in the perovskite
layer, which means promoting the mobility of charge carriers and impeding the
degradation. Despite identifying the precise sources of the detected traps remains
a challenge, the observed changes in the trap behavior at different depths provide a
significant step toward understanding the fundamental science behind the PSCs’

performance and characteristics.
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