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ABSTRACT
NEW METHOD OF NICKEL OXIDE AS HOLE TRANSPORT LAYER AND

CHARACTERISTICS OF NICKEL OXIDE BASED PEROVSKITE SOLAR CELL

Loi Nguyen
Old Dominion University, 2018
Director: Dr. Gon Namkoong

For perovskite solar cells, poly (2,3-dihydrothieno-1, 4-dioxin)-poly (styrenesulfonate)
(PEDOT:PSS) is a common hole transport layer. However, PEDOT:PSS has a lot of drawbacks,
such as irregular quality from distributors, poor electron blocker, and hygroscopic nature. On the
other hand, NiOx has been reported that it can provide good stability and carrier mobility. From
literature, NiOx was used to replace PEDOT:PSS as a hole transport layer with positive results
since it is transparent as a thin film and also possesses compatible work function in perovskite
solar cell bandgap alignment. In depositing NiOx as a thin film, many approaches have been
developed. However, those approaches required the use of acute toxic chemicals, lengthy
processing time, complicated chemical requirement, and/ or expensive equipment. In order to
obtain NiOx thin film as a hole transport layer, we have developed a facile method to obtain a thin
film of NiOx by simply mixing NiOx powder and HCI solution. This process only needs less than
5 minutes of chemical mixing time and the precursor can be immediately spin-coated on top of
substrate. In addition, the equipment needed to obtain thin film NiOy is a spin coater and a hot
plate.

With our quick, simple and inexpensive approach to get NiOy thin film for perovskite solar
cells with inverted p-i-n structure, it is found that inverted perovskite solar cell with NiOx as a hole

transport layer demonstrated higher open circuit voltage than perovskite solar cell fabricated with



PEDOT:PSS, which enhanced solar cell power conversion efficiency. Our experiment has shown
that NiOx thin film obtained by newly developed technique, exhibited promising material
characteristics such as long lifetime decay. In our experiment, we also optimized the processing
conditions of NiOx thin films to remove the light soaking effect caused by defects in NiOx layer.
Hence, it is found that a quick, simple and inexpensive method enabled deposition of NiOx thin

film as a promising hole transport layer for inverted p-i-n structure of perovskite solar cell.
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CHAPTER |

INTRODUCTION

The finite amount of fossil fuel is pushing the world toward renewable source of energies.
Solar energy is a popular renewable source of energy because of its easily accessible characteristics
both on earth surface and outer space. Effort has been invested to increase the solar energy
conversion efficiency as well as to lower the cost of solar energy harvesting devices. In the realm
of photovoltaic field, there are many technologies being developed to transform solar energy to
electrical energy such as organic solar cells [1]-[3], inorganic solar cells [4], [5], quantum dot solar
cells [6], and dye-sensitized solar cells [7]-[13]. Solar power is the most reliable solution for a
wide range of missions from low Earth surface all the way to Jupiter and outer space explorations.
Therefore, solar cells are being used extensively for all type of aeronautics and space operations.
However, with increasing mission demands, traditional solar cells such as the widely used silicon
solar cells are proving to be inadequate in power efficiency, flexibility, and cost. Fortunately, there
is a new solar cell technology called perovskite solar cell (PSC) in development which possesses
promising capabilities such as low cost, flexibility, and potentially very high-power efficiency.
Furthermore, perovskite solar cell technology has a lot of future potential since it has big
absorption range [14], great extinction coefficient [15], [16], and long diffusion length [13], [17],
[18]. Notably, a form of perovskite named methyl ammonium lead iodide (CHsNHsPbX3)
demonstrates excellent features such as big optical cross section [15], great charge transport [19],
adjustable band gap [20]-[22], and this material is compatible with low-cost large-scale production
technique [13]. Particularly, the PSC can be manufactured at low temperatures, but the efficiency

can reach beyond 20% [23]. According to the NREL Efficiency Chart, the current perovskite solar



cell is at 22.1% efficiency, which is quite an improvement considering its founding efficiency to
be 3.8% in 2009 [24]. Perovskite cells have the advantages in areas of being lightweight, flexible
and have high efficiencies that provide low load when launching a spacecraft to space. These
features are essential in enabling future NASA robotic and human exploration missions because
perovskite solar technology not only increases the mission life, but also decreases mission mass.
Being able to reach a high efficiency for PSCs means that we must understand the platform of its
fabrication, the structure, as well as the issues relating to its anomalies and defects. The design of
optimal device parameters is of paramount importance to achieve higher energy conversion
efficiency in perovskite solar cells. For example, optical absorption and subsequent creation of
photo-generated charge carriers, and extraction to electricity should be simultaneously optimized.
In addition, the degradation of perovskite solar cells is one of the impending challenges to be

overcome for commercialization of perovskite solar cells.

HISTORY OF PEROVSKITE SOLAR CELLS

With various properties such as ambipolar conductivity and good optical absorption that
makes it a promising material, perovskite has been on the rise of research material in the solar
market since it was found in 1839 by Gustav Rose [25]. Perovskite crystal structure was named
after a Russian mineralogist Lev Perovskite [26], [27]. The perovskite crystal structure is identified
with ABXz formation, of which A is a 2+ metal cation, B is a 4+ metal cation, and X is a 2- oxygen
anion. CaTiO3z and BaTiOs are popular perovskite structures [27]. In 1893, another ABX3
composition was found by Wells [28]. In this new structure, A is a 1+ alkaline cation, B is a 2+
lead cation and X is a 1- halogen anion [27], [28]. In 1978, methyl ammonium cation (CH3NHz")

was found to be able to replaced 1+ alkaline cation in perovskite structure [27], [29]. In 1995, this



organo-lead-halide perovskite structure CH3NHsPbX3 was found to demonstrate semiconductor
behaviors [27], [30]. The finding had a lot of impact in the research community and resulted in the
Core Research for Evolutional Science and Technology (CREST) project in Japan. In 2009, the
first dye-sensitized perovskite solar cells paper was published by Kojima et al. with the help of
one of the CREST’s researchers [24], [27]. However, because of the low efficiency and instability
of this dye-sensitized perovskite solar cells structure, the research effort stopped [27]. In 2012, two
different teams published perovskite solar cells with efficiency close to 10% [27], [31], [32]. The
stunning achievement renewed the solar cell community’s interest in perovskite structure. In the
subsequence years, the efficiency of organo-lead-halide perovskite solar cells quickly reached 20%
[27], [33]-[37]. In 2015, a certified efficiency of 22.6% was achieved by Jeon et al [27], [37].
Since the organo-lead-halide perovskite solar cells attained comparable efficiency with silicon
solar cells, perovskite solar cells’ structure and fabrication technique needed to be optimized for
commercial viability. Factors such as stability, cost, and lead-free structure were tackled. Lead-
free perovskite solar cells are being researched, but the overall results are not comparable to lead
perovskite solar cells [27]. In addition, the perovskite’s chemical elements are abundantly
available on earth, the cost of chemical resource is low. Because the perovskite solar cells’
fabrication process does not require high energy and high cost systems as compared to silicon solar

cells, the cost of perovskite solar cells is super competitive [27], [38].



PEROVSKITE SOLAR CELL FABRICATION PROCESS

Ag
C60 + C
PCBM

Perovskite

PEDOT:PSS
FTO

Figure 1. P-i-n inverted structure of perovskite solar cell with PEDOT:PSS as a hole transport

layer.

The solar cell fabrication is an intricate process that requires proper handling of chemicals
as well as careful transition between the depositions of layers. Figure 1 shows the inverted
perovskite solar cell structure that we have been working with. First, we have to preparea 1 x 1
inch glass, which has a coating of fluorine tin oxide (FTO). Then we defined FTO electrodes for
perovskite solar cells. This layer is crucial in the fabrication process as it serves as the conductive
layer and the positive contact when taking measurements with the device. The FTO glass is etched
in a way to prevent any short connection between the silver layer and the FTO coating. Before we
start the fabrication process, it is required to clean the FTO glass to remove any contaminants
residing on the surface during the etching and handling process. We prepare three sets of solutions
for the cleaning process: methanol, acetone, and 2-propanol. All solution is heated in a hot plate

at 80°C for around 10 minutes, filling the beaker to about 125 mL. We first start with methanol,



place it in the ultrasonic bath for 10 minutes, and repeat the same process for the remaining two
chemicals in the order of acetone and 2-propanol being the last chemical used for cleaning. We
then dry the glass with a nitrogen gun and bake it for 20 minutes in 120°C on the hot plate. As we
wait for the glass to cool, we then start spin-coating the PEDOT:PSS layer on the glass surface at
around 2500 rpm for about 1 minute. Choosing different speeds on the spin coater provides us with
different thickness, and choosing 2500 rpm for the PEDOT:PSS provides us with a thickness
around ~20 — 30 nm. After spin-coating the PEDOT:PSS layer on the FTO coated glass, we then
bake the cell at 150°C for 15 minutes, and cool it for another 15 minutes. This process allows the
crystal structure of the material to return back to its lattice. The next step requires baking the cell
for 30 minutes at 180°C and heating of the perovskite solution at 70°C in another hot plate. This
process requires extensive proper handling as the perovskite layer is responsible for the photo-
generation of electrons and holes which are responsible for the current and voltage output of the
cell. The temperature of the cell as well as the solution has to be retained during the spin-coating
process, thus requiring the handler to properly and quickly transfer the solution onto the glass and
start the spin-coating as soon as possible. Not being able to do this properly could output very low
efficiencies, shorter lifetime, and a bad J-V curve output. The perovskite structure is spin-coated
for about 4000 rpm for 10 seconds to have the thickness of 250 nm. After the spin-coating of the
perovskite, we transfered the cell into the glove box and spin-coat the PCBM layer in the glove-
box. We spin coat the PCBM layer at 1250 rpm for 1 minute giving us a thickness between 30 —
40 nm. The next step was to deposit a thin layer of C60 mixed with carbon in a ratio of 1:1 using
E-beam machine. This deposition had a duration of 20 seconds. Lastly, we then deposit the silver

layer at around 120 nm of thickness using the E-beam deposition machine.



Each layer spin-coated and deposited is responsible for certain aspects of how the PSC
functions. The silver and FTO glass layer acts as the negative and positive contact when applying
voltage measurements to observe the J-V output and efficiency of the cell after fabrication.
Furthermore, the PEDOT:PSS layer acts as a hole transport layer (HTL) as it transports the holes
and positive ions generated from the perovskite layer as lights hit it. The counterpart
PCBM/C60+C layer is responsible for the electron transport (ETL) and negative ions. These two
layers are responsible for transporting the electron-hole pairs generated in the perovskite to the

contacts during the J-V curve analysis.



CHAPTER II

NICKEL OXIDE

In p-i-n perovskite solar cell structure, PEDOT:PSS is a hole transport layer. It is a popular
choice in solar cell structure because of its good conductivity as well as compatible bandgap to let
hole passing through. Accordingly, PEDOT:PSS has been used in polymer solar cells and
perovskite solar cells [39]-[46]. Unfortunately, PEDOT:PSS has drawbacks such as hygroscopic
characteristics as well as a poor electron blocker in solar cells. As a result, perovskite material gets
affected by moisture accumulation in PEDOT:PSS layer, which degrades the perovskite solar cell.
It was reported that PEDOT:PSS layer made the degradation of organic solar cells more dramatic
when compared between low humidity conditions and high humidity conditions [40], [47], [48].
In addition, poor ability to block electron leads to unnecessary recombination at layer interface,
which decreases perovskite solar cell performance [40], [46]. The main reason why PEDOT:PSS
shows hygroscopic trait is because of PSS characteristic [49]. By itself, PEDOT does not mix into
most types of solution. However, the addition of PSS makes PEDOT easily dissolve in water. In
addition, the conductivity of PEDOT is decreased because of PSS enclosure [41], [46], [50]. This
reduction in conductivity is because of accumulated moisture, which increases sheet resistance
[40]. Furthermore, PEDOT:PSS provided by different vendors is originated from different sources
and some vendors introduce different amounts of additives [40]; this led to the discoveries made
by Norrman et al. [51] where there were unspecified particles formed in the structure of organic
solar cells. It was proposed that excess PSS in compared to PEDOT penetrated other layers in
organic solar cells and combined with other elements to create observed particles. These particles
were defined as point defects in organic solar cells [40], [51]. There were also reports that

PEDOT:PSS led to interface degradation due to PSS’s high acidity level [49]. Obviously,



PEDOT:PSS is not an ideal material for a hole transport layer in perovskite solar cells. There was
research to replace PEDOT:PSS layer with other inorganic material that could transport hole.
There are many considerations that need to be considered in choosing a material that can act as a
hole transport layer. The material needs to be transparent, being able to block electron, provides
ohmic contact with other layers and has good stability [52]—[55].

One of those inorganic materials is a metal oxide material named NiOx. It has been reported
that metal oxide materials provide good stability and better carrier mobility [56]-[58]. In addition,
NiOx is also transparent as well as can act as a hole transporter [55], [59], [60]. NiOx was first
tested out as a replacement of PEDOT:PSS by Irwin et al. [55] and NiOx demonstrated good
potential in organic solar cells [55], [61]. In addition to the satisfaction of transport material
requirement, NiOy also has a work function of between 5 to 5.6 eV. Therefore, NiOx was deemed
as a prospective hole transport layer for perovskite solar cell structures [61].

Even though NiOxy is an ideal candidate to replace PEDOT:PSS, a few problems have been
reported associated with NiOy as a layer of solar cell. Specifically, there is a concern about the
conductivity of metal oxide compared to PEDOT:PSS [46]. In addition, NiOx layer contains a lot
of surface defects, which act as potential trap states in solar cell structure [62]. The problem with
defects in NiOx layer is that there was a report of hydroxyl group being absorbed into these sites
[63]. Unfortunately, it was reported that hydroxyl group takes part in the degradation perovskite
structure [64]. Furthermore, due to a number of trap sites of NiOy the light soaking effect is
imminent, which directly is related to internal defects [65]. With these conductivity and defect
concerns accompanying the NiOx layer, additional steps are needed to rectify these problems if it

is to be used as a hole transport layer for perovskite solar cell.



METHODS OF FABRICATING NICKEL OXIDE THIN FILM

In fabricating thin film layer of NiOy, there are many techniques such as, thermal
decomposition of Ni(OH). [66], spray pyrolysis [67], [68], sol-gel spin casting [69]-[71],
sputtering [72], and thermal oxidation [73].

For thermal decomposition of Ni(OH)2, this process requires the use of six chemicals:
nickel chloride hexahydrate, ethanol, hydrazine monohydrate, potassium hydroxide, and acetone
[66]. Among these chemicals, the hydrazine monohydrate is a very dangerous chemical since it is
highly poisonous and has acute toxicity through oral, dermal, or inhalation. Hence, in order to
work with this chemical, the lab scientists would need a glove box filled with noble gas. In
addition, the process would require two hours of mixing the chemical and heating temperature as
high as 600°C to obtain nickel oxide nanoparticles [66]. It is a very time consuming, energy
demanding, and a highly poisonous approach.

For spray pyrolysis, this process requires the mixing of nickel chloride with deionized
water and a spraying system that allows noble gas such as nitrogen to act as a carrier to bring the
chemical mist to the surface of preheated substrate[67], [68]. The setup of the spaying system is
costly and not readily available in our lab.

For sol-gel spin casting method, this process requires the use of nickel acetate tetrahydrate,
2-methoxyethanol, and mono-ethanolamine [69]. In addition, the mixed solution requires more
than one day before it can be spin-coated onto the substrate [69]. Another sol-gel spin-coating
method requires the use of nickel nitrate hexahydrate, 2-methoxyethanol, mono-ethanolamine, and
acetic acid [70]. This process also requires at least two days before the precursor is ready for spin

casting on substrate [70]. A third sol-gel spin casting method requires the use of nickel nitrate
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hexahydrate, ethylene glycol, and ethylenediamine [71]. It also requires an annealing time of one
hour [71]. Therefore, the available sol-gel spin casting methods require a lengthy waiting time and
a lot of chemicals to be able to obtain thin film layer of NiOx. Furthermore, the quickest spin
casting method requires the use of ethylenediamine, which has a mark of acute toxicity through
oral, dermal, or inhalation.

For the sputtering method [72], this process requires an expensive instrument in order to
deposit a thin layer of NiOx on substrate. Generally, the cost for a sputtering system is more than
ten thousand dollars. It is expensive equipment.

For thermal oxidation [73], this process requires the use of an electron beam evaporator,
which is very energy consuming equipment with a lengthy processing time. In addition, an
electron beam evaporator generally cost more than fifty thousand dollars.

We have developed a facile method to obtain a thin film of NiOx from a simple mixture of
NiOx powder and HCI solution. This process only needs less than 5 minutes of chemical mixing
time and the precursor can be immediately spin casted on top of substrate. In addition, the
equipment needed to obtain thin film NiOy is a spin coater and a hot plate. Furthermore, we do not
have to use acute toxic chemicals such as ehylenediamine [71] or hydrazine monohydrate [66]
during synthesis process. It is a quick, simple, and inexpensive approach to deposit a thin film
layer of NiOx in place of PEDOT:PSS. It is found that NiOy greatly increases open circuit voltage
and increases the power conversion efficiency compared to PEDOT:PSS.

NEW SYNTHESIS METHOD FOR NiOx THIN FILM

NiOx precursor is prepared by mixing 0.72g of NiO with 2 mL of HCI 36% and then stirs

at 90°C with 300 rpm speed for 4 minutes. After mixing, the solution is filtered by a 0.45um filter.

Figure 2 shows the NiOy precursor at each stage of chemical mixture.
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Cool solution
after mixing at
90°C

o ¢
Figure 2. Process of obtaining NiOx precursor for spin coating method. After mixing NiOx powder

and HCI in 90°C, cooling and filtering were needed to obtain a pristine precursor for spin coating.

The NiOx precursor is a mixture of nickel chloride (NiCl2) and water (H20) as can be seen

in the chemical reaction between NiOx and HCI in equation (1).

NiO + 2HCL 25 Niz* + 2¢1- + H,0 (1)

With this simple preparation of NiOx precursor, the solution is ready to be spin-coated on

top of substrate. After spin casting at a speed of 2000 rpm for 60 seconds, the thin layer of solution
is then evaporated by heating the glass substrate at 350°C for 10 minutes. The chemical reaction

by annealing the solution obtained from equation (1) at 350°C is shown in equation (2).

Ni?* +2Cl‘+6H20?L0°C>Ni0+2HClT+5H20 T (2)
TESTING FOR NICKEL OXIDE STRUCTURE
As this is a new method of depositing NiOx as a hole transport layer for perovskite solar
cell application, we wanted to make sure that we actually obtained a layer of NiOx. A large amount
of solution was deposited onto glass substrate and then evaporated to get a thick layer of material
for testing.
X-ray diffraction measurement was done on this substrate afterward. The result is shown

in Figure 3. In compared to the x-ray diffraction measurement of a glass surface, the thick surface
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of NiOx showed several NiOx x-ray diffraction peaks’ signature. The x-ray diffraction peaks
indicated there were both polycrystalline structure (NiOx) and crystal structure (NiO) on top of
glass substrate. For polycrystalline structure, we clearly observed the x-ray diffraction peaks
indexed as (202), (004), (400), and (022) planes [74]. For the crystal structure, we also observed
low peaks intensities of crystal planes (111) and (200) [75] in compared to the polycrystalline x-
ray diffraction peaks. There was supposed to be a crystal plane (220) visible. However, since the
test substrate had a very thick layer of material, there was a lot of noises as can be observed in
Figure 3. The (220) crystal plane peak was overwhelmed by noises. Nevertheless, the x-ray
diffraction peaks have successfully indicated that NiOx polycrystalline and NiO crystal structure

is obtained from the precursor that we mixed.

Intensity (a.u.)

2 Theta (Deqgree)

Figure 3. X-Ray diffraction of a thick layer of NiOx on glass substrate versus glass.
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PEROVSKITE’S GRAIN STRUCTURE COMPARISON BETWEEN NiOx AND PEDOT:PSS

With this new NiOx deposition method, we would like to know if there would be any
difference in perovskite grain structure between the sample with NiOx and PEDOT:PSS. We
prepared two samples with the following structures: FTO/NiOx/MAPDIz«Clx and
FTO/PEDOT:PSS/MAPDbI3«Clyx . Scanning electron microscopy (SEM) measurement was done to
compare the perovskite’s grain structure. As can be seen in Figure 4, the perovskite grain’s
structure was similar between the two samples. Hence, there was no structural difference in

perovskite layer between samples fabricated with PEDOT:PSS and NiOx.

FTO/NIO/MAPbI, CI, FTO/PEDOT:PSS/MAPbI, CI

Figure 4. SEM images of (a) FTO/NiOx/MAPDbIzxClx and (b) FTO/PEDOT:PSS/MAPDI3.xClx.

To further investigate the performance difference between the two samples, absorption
measurement using ultraviolet-visible spectrophotometry (UV-Vis) instrument was done. The
result of this measurement is shown in Figure 5. Interestingly, the absorption amount of the sample
using NiOx deposited by our new method demonstrated a better absorption than the sample with

PEDOT:PSS.
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Figure 5. UV-VIS absorption of FTO/NiOx/MAPbIzxClx and FTO/PEDOT:PSS/MAPDI3.«Clx

samples.

An increase in absorption might be a result of higher crystallinity of perovskite since NiOx
is not an organic material and does not contain an acidic component such as PSS that can
potentially attack perovskite crystal’s structure during and after the sample fabrication process.
Hence, the absorption measurement showed that the NiOx layer obtained by our new deposition

method allowed good perovskite crystal grain to absorb light in comparable capacity as the sample

with PEDOT:PSS as hole transport layer.
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CHAPTER I

PEROVSKITE SOLAR CELL WITH NICKEL OXIDE
Since our method only needs a minimal amount of time to create a mixture of NiOx powder
and HCI solution before spin coating on top of the substrate, we needed to prove that our method
created a layer of NiOx that could replace PEDOT:PSS layer as well as provide better perovskite
solar cell structure. To find out whether or not newly developed NiOx depositing method would
result in good perovskite solar cell, two p-i-n perovskite solar cell structures with either NiOy or

PEDOT:PSS as hole transport layer were fabricated.

PEROVSKITE SOLAR CELL FABRICATION WITH NiOx OR PEDOT:PSS

The perovskite solar cell was fabricated through a series of steps. A glass substrate with
FTO coated surface was cleaned using acetone, methanol, and iso-propanol (IPA) sequentially.
Each solution was heated at 80°C and then put into an ultrasonic bath for 10 minutes to clean the
substrate. The substrate was then dried with nitrogen and heated to 120°C for 20 minutes to
completely evaporate all liquid residues. NiOx precursor was prepared by mixing 0.72g of NiO
with 2 mL of HCI 36% and then stir at 90°C with 300 rpm speed for 4 minutes as shown in Figure
2. The solution was then filtered and spin coated onto the substrate at a speed of 2000 rpm for 60
seconds. This substrate was then heated to 350°C for 10 minutes.

PEDOT:PSS precursor was prepared by mixing with IPA for 20 minutes in an ultrasonic
bath at a ratio of 1 to 3 before spin coated onto the substrate at a speed of 2500 rpm for 60 seconds.
Perovskite (CHaNH3PDblz«Cly) precursor was prepared by mixing led iodide (Pbl,, Sigma-Aldrich,
99%) and methylamine hydrochloride (MACI, Sigma-Aldrich) at a ratio of 1 to 1 before adding
N, N-dimethylformamide (DMF, Sigma-Aldrich, anhydrous, 99.8%) to get an 11% concentration

mixture. A hot casting technique was used to create perovskite thin film. The perovskite solution
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was heated to 70°C and the substrate was heated to 180°C before spin coating at 4000 rpm for 10
seconds. PCBM(Nano-c) precursor was prepared by mixing with di-chlorobenzene (Sigma-
Aldrich). This precursor was spin coated onto substrate in nitrogen filled glove box. C60 mixed
carbon and silver contact were the last two layers of perovskite solar cell structure. The mixture of
C60 and carbon was in a ratio of 1:1. They were deposited by using electron beam evaporation
technique. The completed perovskite solar cell structure were FTO/PEDOT:PSS or NiOx/MAPbDIs.
xClx/PCBM/C60+C/Ag as shown in Figure 6. The current-voltage measurement was obtained in
air by using Keithley 2400 under AM1.5, which emits a power of 100mW/cm?. In Figure 6(c), the

bandgap of NiOx layer was obtained from [76].

(a) ) 22 © 21
Ag 390
C60+C xRy 2995
PCBM FTO |PEDOT 5 Ag P
_—|:pss Perovskite | PCBM| C60 FTO ) ) Ag
p 1o 47 iC = Nio | perouskite |PCBM c+:eco
erovs .
5.2
\ -5.4 5.3
PEDOT:PSS or NiO ® =
FTO 60 —— —

-6.2

Figure 6. (a) p-i-n inverted structure of Perovskite solar cell with PEDOT:PSS or NiOy, and energy
bandgap alignment of perovskite solar cell with (b) PEDOT:PSS and (c) NiOx as hole transport

layers.

POWER CONVERSION EFFICIENCY
The immediate advantage of replacing PEDOT:PSS layer with NiOx layer was the increase
of open circuit voltage. As can be seen in Figure 7, the perovskite solar cell structure with NiOx
layer had much higher open circuit voltage than the one with PEDOT:PSS layer when both solar

cells were made under the same condition.
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Figure 7. Perovskite solar cell power conversion efficiency comparison between solar cell
structure with PEDOT:PSS versus NiOx. Under the same fabrication condition, the one with NiOx

demonstrated superior performance in comparison to the one with PEDOT:PSS.

Table 1 shows the basic parameters of perovskite solar cell with PEDOT:PSS and NiOy
layer as hole transport layer. The perovskite solar cell structure with PEDOT:PSS as hole transport
layer had a power conversion efficiency of 13.04% while the perovskite solar cell structure with
NiOx had a power conversion efficiency of 14.71%. In comparison, the perovskite solar cell with
NiOx had higher open circuit voltage as well as better fill factor. All of these factors contributed
to the superior power conversion efficiency of perovskite solar cell with NiOy versus the one with
PEDOT:PSS. According to data obtained from our experiment, open circuit voltage of perovskite

solar cell with NiOx was 10.3% better than the one with PEDOT:PSS. This open circuit voltage
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contributed the most to the power conversion efficiency difference between structure with NiOx

and PEDOT:PSS layers.

Table 1. Parameters comparison between solar cell structure with PEDOT:PSS versus NiOx.

Hole Transport Jsc Voc FF Efficiency
Layer (mA/cm?) V) (%)
NiOx 23.30 1.07  0.59 14.71
PEDOT:PSS 23.58 097 057 13.04

The reason behind higher open circuit voltage for perovskite solar cell is due to the energy
bandgap alignment of perovskite solar cell structure. As can be seen in Figure 6(c), the NiOx layer
has a wider bandgap than PEDOT:PSS. In addition, the lowest unoccupied molecular orbital of
NiOx is higher than that of PEDOT:PSS’s. This advantage also improves perovskite solar cell
ability to prevent electrons from migrating to FTO, which in turn reducing the electron-hole
combination effect that would lower the power conversion efficiency of perovskite solar cell.

Positive results were obtained. Under the same condition, the perovskite solar cell with
NiOx yielded improved power conversion efficiency than the one with PEDOT:PSS. Therefore,
our simple method of NiOx deposition had yielded a NiOy layer that could definitely replace the
PEDOT:PSS layer being used as hole transport layer. This initial outcome prompted us to further

investigate and optimize the process of depositing NiOx.
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CHAPTER IV

OPTIMIZATION OF PEROVSKITE SOLAR CELL WITH NICKEL OXIDE
As the initial perovskite solar cell with NiOx as hole transport layer showed good results,
we started to optimize fabrication factors such as annealing temperature after spin coating, length
of substrate annealing time after spin coating, and the spin speed for optimized thickness of NiOx

layer.

ANNEALING TEMPERATURE OPTIMIZATION OF NICKEL OXIDE LAYER

The first factor that we decided to optimize was the annealing temperature of substrate. We
wanted to see if different temperatures of annealing would affect the power conversion efficiency
of perovskite solar cell. Four different perovskite solar cells with NiOx as hole transport layer were
made with four different NiOx layer’s annealing temperatures of 300°C, 350°C, 400°C, and 450°C.
The J-V curves for these perovskite solar cells are shown in Figure 8. As can be observed, the J-V
curves of perovskite solar cell with annealing temperature of 350°C provided the best performance

while the one with annealing temperature of 300°C showed no performance.
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Figure 8. NiOx based solar cells using annealing temperatures of 300°C, 350°C, 400°C, and

450°C. The solar cell with annealing temperature of 350°C showed the best performance.

Further details of perovskite solar cell parameters are shown in Table 2. Since the
perovskite solar cell with annealing temperature of 300°C provided no performance data, it was
not included in Table 2. As can be observed, we had the highest efficiency of 16.23% for the
perovskite solar cell with annealing temperature of 350°C. The superior short circuit current and
open circuit voltage in compared to the parameters from perovskite solar cells with annealing
temperatures of 400°C and 450°C were the reasons behind the dominance in power conversion
efficiency of perovskite solar cell with annealing temperature of 350°C. Hence, we concluded the
best annealing temperature for our perovskite solar cell with NiOx as hole transport layer is 350°C.

The next step is to find out how long we needed to anneal our NiOx layer to get the best

performance.
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Table 2. Parameters of NiOx based solar cells using annealing temperatures of 300°C, 350°C,
400°C, and 450°C.

Temperature Jsc Voc FF Efficiency
(°C) (MA/cm?) (V) (%)
350°C 2364 109 0.63 16.23
400°C 2363 1.04 0.63 15.48
450°C 2051 1.08 0.64 14.18

ANNEALING TIME OPTIMIZATION OF NICKEL OXIDE LAYER

With the annealing temperature optimized for NiOx layer, we wanted to know how long
we would need to anneal our NiOx layer. Hence, we fabricated three different perovskite solar cells
with different annealing times of 15 minutes, 30 minutes, and 45 minutes for NiOx layer. These
perovskite solar cells would be annealed at the optimized annealing temperature of 350°C. As can
be seen in Figure 9, the annealing time of 15 minutes delivered the best performance of 16.08%
power conversion efficiency. The longer annealing time of 30 minutes and 45 minutes lowered the
perovskite solar cell performance to 15.62% and 15.55% respectively. Hence, we found that
annealing the NiOx layer at 350°C for 15 minutes delivered the best perovskite solar cells
performance so far. These two factors would be used in optimizing the thickness of NiOx layer

through different spin coating speeds.
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Figure 9. NiOx based solar cells using different annealing times of 15 minutes, 30 minutes, and

45 minutes at annealing temperature of 350°C.

THICKNESS OPTIMIZATION OF NICKEL OXIDE LAYER

With the annealing temperature and annealing time optimized to be 350°C for 15 minutes,
the last optimizing factor that we wanted to do was the thickness of NiOx layer in perovskite solar
cell. Since the thickness of NiOx layer in our perovskite solar cell structure is directly related to
the spin speed after NiOx precursor deposition, we controlled the different thicknesses of
perovskite solar cell with different spin speeds of 1000 rpm, 1500 rpm, 2000 rpm, 2500 rpm, and
3000 rpm. As can be seen in Figure 10, the different thicknesses of NiOx layer showed significant
impact on the performance of perovskite solar cell with NiOx as hole transport layer. With the spin
speed of 3000 rpm, the NiOx layer was so thin that the performance of perovskite solar cell almost

depleted.
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Figure 10. NiOx based solar cells using different thickness of NiOx at annealing temperature of

350°C for 15 minutes.

Table 3 shows all the related parameters associated with J-V curves for different
thicknesses in Figure 11. The perovskite solar cell with NiOx layer annealed at 350°C for 15
minutes after spin coating at a speed of 1500 rpm delivered the best power conversion efficiency
with 16.76%. For the perovskite solar cell, with spin speed of 1500 rpm, all of the parameters such
as short circuit, open circuit voltage, fill factor, and efficiency were superior to the other perovskite
solar cells at different spin speed as shown in Table 3. In addition, Figure 11 provides a quick

observation on the impact of different thicknesses of NiOx layer on the perovskite solar cell

parameters.
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Table 3. Parameters of NiOx based solar cells using different thickness of NiOx at annealing
temperature of 350°C for 15 minutes.

Thickness Jsc Voc FF Efficiency
(rpm) (mA/cm?) (V) (%)
1000 23.02 1.04 0.63 15.08
1500 24.25 1.08 0.64 16.76
2000 23.80 1.06 0.62 15.64
2500 20.39 1.02 0.57 11.85
3000 16.26  0.90 0.33 4.83
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Figure 11. Parameters comparison of NiOx based solar cells using different thicknesses of NiOx

at annealing temperature of 350°C for 15 minutes.
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RESULT AFTER OPTIMIZATION
After optimization of layer thickness, annealing temperature, and annealing time, the
power conversion efficiency of perovskite solar cell with NiOx as hole transport layer had
improved from 14.71% in Figure 7 to 16.76% in Figure 12. The parameter difference can be

referenced between Table 1 and Table 4. It was the highest perovskite solar power conversion

efficiency obtained in our lab so far.
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Figure 12. Optimized perovskite solar cell with spin coating speed of 1500 rpm and annealing

temperature of 350°C for 15 minutes.

We had optimized fabrication factors such as annealing temperature after spin coating,
length of substrate annealing after spin coating, and the spin speed for optimized thickness of NiOx
layer. It was found that the best perovskite solar cell performance was obtained with NiOx layer

spin coating speed of 1500 rpm, annealing temperature of 350°C, and annealing time of 15
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minutes. This improvement was the result of better conductivity and higher fill factor as shown in

Table 4 in comparison to Table 1.

Table 4. Parameters of optimized perovskite solar cell with spin coating speed of 1500 rpm and

annealing temperature of 350°C for 15 minutes.

Hole Transport Jsc Voc FF Efficiency
Layer (mA/cm?) (V) (%)

NiOx 2425 1.08 0.64 16.76
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CHAPTER V

LIGHT SOAKING EFFECT IN PEROVSKITE SOLAR CELL WITH NICKEL OXIDE

APPEARANCE OF LIGHT SOAKING EFFECT

The perovskite solar cell with NiOyx exhibited light soaking effect. Specifically, the current-
voltage measurement of perovskite solar cell increased steadily when it was being exposed with
AML.5 light source. It took more than 10 minutes for the power conversion efficiency to maximize,
Figure 13. This phenomenon indicated that there were a lot of defects in this structure of perovskite
solar cell, specifically at the NiOx layer. These defects acted as a trapping location for charge
carriers and these points needed to be filled before the solar cell reached its optimum performance
potential. These defects might be the result of a low annealing temperature, which result in a high
percentage of NiOx polycrystalline structure versus a low percentage of NiO crystal structure as

can be seen in Figure 3.
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Figure 13. Light soaking effect of Perovskite solar cell with NiOy as hole transport layer. The J-

V curve starts to stabilize after 10 minutes of photo illumination.

REMOVAL OF LIGHT SOAKING EFFECT

As a result of the light soaking effect, further optimization of NiOy layer was carried out to
remove this unwanted effect from happening. We thought that the low temperature of the solar
cell substrate contributed to a different percentage of defects in NiOx layer. Since we had done hot
casting of perovskite layer with success in creating high crystallinity grains, we wanted to test if
the hot casting technique would help improve the crystallinity of NiOx layer. The better
crystallinity of NiOx layer would reduce the number of defects, which would lessen the light
soaking effect. Hence, we prepared five perovskite solar cells with substrates being annealed at

room temperature, 50°C, 70°C, 100°C, and 120°C, before spin coating of NiOx precursor.
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After making perovskite solar cells with different hot casting temperatures as mentioned
above, the J-V measurement was done to evaluate the performance difference between each of the
perovskite solar cells. By repeatedly doing J-V measurement for each perovskite solar cell while
they were being illuminated with AM1.5 light source, we found that the perovskite solar cell with
NiOx layer hot casted at 120°C showed a stable J-V curve before photo illumination and after

photo illumination as can be seen in Figure 14.
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Figure 14. J-V curve of hot casting NiOx thin film (a) before photo illumination and (b) after photo

illumination under AM 1.5 light source. The perovskite solar cell with a hot casting temperature

of 120°C was not affected by light soaking process.

For a better perspective on the changes of perovskite solar cells’ performance, Figure 15
provides a quick observation of efficiency difference during the illumination time of each solar
cell. For the perovskite solar cell spin casting at room temperature, the efficiency of solar cell
changes continuously, which is in line with our original finding of light soaking effect in Figure
13. The hot casting temperature showed immediate impact on the reduction of light soaking effect

since the higher the hot casting temperature it was, the less the efficiency difference during light
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irradiation process. With the observation in both Figure 14 and Figure 15, we concluded that the
light soaking effect in our perovskite solar cell with NiOx as hole transport layer could be removed

by doing hot casting at a temperature of 120°C.
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Figure 15. The efficiency difference of all perovskite solar cells with NiOx thin film hot casted at
different temperatures. The one with NiOx thin film hot casted at 120°C shows stable efficiency

during light irradiation.

TIME-RESOLVED PHOTOLUMINESENSE EVALUATION
To understand why perovskite solar cell with hot casting NiOx thin film layer at 120°C
shows almost no signs of light soaking effect, time-resolved PL decays were also measured to
evaluate the lifetime of charges between the two perovskite samples structure, FTO/NiOx room
temperature/MAPDI3-xCIx and FTO/NiOx 120°C hot casting/MAPbI3-xCIx. We used a time

correlated single counting (TCSPC) system to measure time-resolved PL decays with an excitation
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source of 450 nm. For our measurement, a power density of 1.15 microwatt at repetition rate of 4
MHz was used. Again, time-resolved PL decays were measured at three different locations for
each sample and the average of them was used for analysis. Figure 16 shows the time-resolved PL
decays of the two perovskite samples. By observation, the life time decay of perovskite sample
with hot casting NiOx thin film at 120°C had longer decay time than the perovskite sample with

spin casting NiOx thin film at room temperature.
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Figure 16. Life decays of FTO/NiOx room temperature/MAPDbI3xClx and FTO/NiOx 120°C hot
casting/MAPDI3.xClx. The perovskite sample with hot casting NiOyx at 120°C showed a significant

longer lifetime than the one with NiOx spin casting at room temperature.

Table 5 shows all parameters of life time decays in Figure 18. These parameters were
extracted by fitting those PL decays in Figure 16 with a bi-exponential decay function and lifetime

average function:
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t t
I(t) = Ale("ﬁ) + Aze("i) (3)
Aty + AT
Tave = % (4)

where 11, T2 and tave are fast, slow, and average decay lifetimes and Ay and A are corresponding
weight fractions. Accordingly, the results shown in Table 5 quantitatively show that the perovskite
sample with hot casting NiOx thin film at 120°C had more than four times the average lifetime in
comparison to the perovskite sample with spin casting NiOx thin film at room temperature. In
addition, the fast decay weight fraction A1 of perovskite sample with hot casting NiOx thin film at
120°C was almost three time less than the corresponding parameter from perovskite sample with
spin casting NiOx thin film at room temperature. The much higher average lifetime and much lower
fast decay weight fraction indicated that the perovskite sample with hot casting NiOx thin film at
120°C had much less defects in NiOx layer than the perovskite sample with spin casting NiOx thin
film at room temperature.

Table 5. Parameters of life decays of FTO/NiOx room temperature/MAPbI3xClx and FTO/NiOx

120°C hot casting/MAPbI:xCly after 30 minutes of light irradiation.

Hole Transport T A T2 A Tave
Layer (ns) L (no) 2 (n9)
NiOy 120°C hot
casting 1095 17.06 49.39 8294 4283
NiOx room
temperature 500 4864 1234 5136 877

With time-resolved PL decay measurement performed, we concluded that spin coating
NiOx thin film at room temperature led to a lot of defects in this layer. As a result, light soaking
effect happened because all of the recombination happened at defect sites. However, we were able

to successfully remove this light soaking effect by applying hot casting technique to our new
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method of spin coating NiOx thin film. Herein, we have finalized a new method to deposit a thin
film of NiOx as hole transport layer for our perovskite solar cell. This method is very easy to

perform and does not require a lengthy process as well as an expensive instrument setup.
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CHAPTER VI

CONCLUSIONS

PRIMARY CONTRIBUTIONS OF THIS STUDY

With our quick, simple, and inexpensive approach to fabricate NiOx thin film, perovskite
solar cells with an inverted p-i-n structure, FTO/PEDOT:PSS, or NiOW/MAPDIs.
xClx/PCBM/C60+C/Ag, have been investigated. It is found that perovskite solar cell with NiOx as
hole transport layer demonstrated superior open circuit voltage than perovskite solar cell with
PEDOT:PSS, which enabled higher solar cell power conversion efficiency. Our experiment has
shown that NiOx thin film obtained by our spin coating technique exhibited good material
characteristics such as long decay lifetime. In our experiment, we also removed the light soaking
effect cause by defects in NiOx layer through hot casting technique. This improvement has allowed
NiOx thin film to become the future hole transport layer in our lab since it is so easy to obtain and
NiOx does not cause problems similar to PEDOT:PSS such as unstable chemical quality from
manufactures, hygroscopic nature, and an acidic PSS component. Our method does not require the
use of highly toxic chemicals such as ehylenediamine, hydrazine monohydrate, expensive
spraying, sputtering, electron beam evaporating system, or complex fabrication technique that
requires long hours and a lot of chemical mixing. Hence, we have found a quick, simple, and
inexpensive method to deposit NiOx thin film on top of FTO substrate for inverted p-i-n structure

of perovskite solar cell.
SUGGESTIONS FOR FUTURE RESEARCH

CARBON QUANTUM DOTS
With the intent to use NiOx as the hole transport layer, there must be a way to increase the

conductivity of this metal oxide material. Not only do carbon quantum dots potentially provide
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better conductivity for NiOy, but also their nanoscale dimensions make it suitable for the thin film
layer of perovskite solar cell. There are two approaches in making carbon quantum dots: bottom
up and top down. As the bottom up approach requires less specialized equipment, it is also quicker
in carbon quantum dots synthesis process. The bottom up approach is the preferred way to fabricate
carbon quantum dots in the lab. Regarding the bottom up approach, there are a few fabrication
techniques that yield different sizes of the carbon quantum dots. These carbon quantum dots’ sizes
are directly related to the color emitted from their solutions when high energy light such as deep
blue light or ultra violet light, is shined onto their solutions. In addition, different techniques of
fabrication result in hydrophilic carbon quantum dots or hydrophobic carbon quantum dots.
Carbon quantum dots were first discovered through carbon nanotubes synthesis process
[77]. The small carbon particles illuminated different colors under different nanotube synthesis
conditions. Carbon quantum dots were first identified as fragmentation of carbon nanotube during
the synthesis process [78]. The discovery of carbon quantum dots sparked interest in finding
carbon quantum dots synthesis procedures. Laser ablation was an early method to produce carbon
quantum dots from carbon sources. It was also discovered that the carbon quantum dots produced
from a laser ablation process did not emit light as expected. It was found that carbon quantum dots
produced fluorescence when their surface was treated with additional chemical process. It was
concluded that carbon quantum dots’ fluorescence property depended on their size, but also
depended on the different chemical surface treatment or surface passivation [78], [79]. Another
interesting fact about surface passivation of carbon quantum dots is that this process could make
carbon quantum dots hydrophilic [78]. After laser ablation method was reported, another approach
using carbon based precursors to make carbon quantum dots was described. Because the making

of carbon quantum dots from carbon based precursors energetically favored this bottom up process
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and it was much simpler than laser ablation of carbon nanotubes [78]. One example would be the
shining of a non-focused laser at precursors and achieving controllable carbon quantum dots’ size
by varying the laser’s power [78], [80].

With hydrophilic carbon quantum dots being easier to fabricate since the required chemical
materials are readily available in the lab, hydrophilic carbon quantum dots were the first type to
be fabricated in the lab. On the other hand, hydrophobic carbon quantum dots were harder to make
since the required materials were not available in the lab and were hard to obtain. Ultimately, both
hydrophobic and hydrophilic carbon quantum dots were successfully made in the lab. Figure 17

shows the hydrophilic carbon quantum dots that were made in the lab.
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Figure 17. Hydrophilic carbon quantum dots with microwave pyrolysis process is (a) being
filtered and (b) shined with blue light. (d) Hydrophilic carbon quantum dots powder (d) is
obtained by (c) air drying the solution.

As previously stated, perovskite solar cells degrade easily by moisture. It is ideal to have a
hydrophobic electron transport layer to reject moisture from penetrating the perovskite layer. In
this instance, carbon quantum dot is a good candidate since there have been reports on synthesizing
hydrophobic carbon dots for photovoltaic application. So far, different ways of hydrophobic
carbon quantum dots fabrication include: microwave [81], hydrothermal [82], thermal oxidation
[83], and material combustion [84]. With the incorporation of hydrophobic carbon quantum dots

in perovskite solar cell structure, the air stability of perovskite solar cell has the potential to be
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enhanced. Figure 18 shows the successful fabrication of hydrophobic carbon dots solution in the

lab.

Figure 18. (a) Hydrophobic carbon quantum dots with microwave pyrolysis process, (c) topped

with water and (b), (d) shined by blue light.

POLYMETHYL METHACRYLATE
Perovskite solar cells stability is a big issue since perovskite material decomposes with
water and air moisture affects the chemical structure of perovskite immensely [27], [85]-[87]. The

chemical reaction [27] between perovskite and water is:
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CH3;NH;* + H,0 2 CH3;NH, + H;0* (5)
I” + H;0* 2 HI + H,0 (6)
CH3;NH3Pbl; 2 CHsNH, T +HI T +Pbl, (7)

Because CH3NH> and HI have -6°C and -34°C boiling points respectively, they turn into
gas after perovskite and water reaction. As a result, Pbl> is the remaining product of perovskite
and water reaction. Pbl> formation can be identified with yellow color and the perovskite crystal
can be identified with black color [27]. The degradation of perovskite solar cell after 100 hours

can be observed in Figure 19. The changes of all the solar cell parameters are shown in Table 6.
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Figure 19. Photo-degradation of Perovskite solar cell with NiOy as hole transport layer at 0, 28,

52, and 100 hours.
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Table 6. Parameter comparison between Perovskite solar cell with NiOx as hole transport layer at

0, 28, 52, and 100 hours.

Air Exposure Jsc Voc  FF  Efficiency
Time (mA/cm?) (V) (%)
0 hours 23.63 1.09 0.59 15.20
28 hours 20.61 1.00 049 10.10
52 hours 16.22 0.96 0.48 7.47
100 hours 15.36 0.87 0.44 5.88

To increase the air stability of perovskite solar cells, there needs to be a way to prevent
moisture from contact with the perovskite layer. Polymethyl methacrylate (PMMA) is a promising
material since it has been used to prevent air moisture from penetrating through [88]-[91]. In
addition, PMMA was used to passivate perovskite surfaces before [92] and it was also proposed
that PMMA structure attached to the dangling terminations of perovskite, which effectively
passivates perovskite uneven surfaces [92], [93]. It has been proposed that PMMA can fill into
perovskite crystal defect sites, which prevents shorts between electron and hole transporting layer.
Perovskite solar cell with PMMA was also reported to withstand air condition for more than 20
days with little degradation [91]. With PMMA being a non-conducting material [93], the mixture
of a conductive material such as carbon should lessen the series resistance induced by PMMA.

One example was the addition of PCBM to PMMA [93].
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