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The field of renewable energy has no-
tably boosted over time, whereas the
demand for more efficient and sustain-
able solar cell technologies is taking
central attention. Among the various
photovoltaic structures, organic photo-
voltaic (OPV) devices have emerged as
promising candidates due to their cost-
effectiveness, adaptability, and ease of
management. However, the journey
towards realizing the full potential of
OPVs has been hindered by two criti-
cal challenges: rapid degradation and
low efficiency. The issue of stability
can be addressed by implementing an-
other structural configuration, namely
inverted OPV devices. In comparison
to regular devices, inverted OPVs ex-
hibit longer lifetimes, addressing the
stability concern. Nevertheless, they
suffer from low device efficiency. The
primary goal of this research is to iden-
tify the proper materials among dif-
ferent metal oxides and to optimize
them through multilayering, interlay-
ering, and additive engineering for an
efficient ETL structure for future flex-
ible, integrated, and semitransparent
electrode devices.
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Preface

As the world have an urgent need for sustainable and efficient energy solutions, the
field of renewable energy has gained unprecedented attention. Among the various
avenues explored, the development of efficient solar cell technologies stands out
as a promising path. This capstone project, undertaken at Nazarbayev University
in the Department of Electrical and Computer Engineering, delves into the explo-
ration of transition metal oxide electron transporting layers (ETLs) for inverted
PM6:Y6 polymer solar cells.

This project presents a comprehensive study encompassing the selection, char-
acterization, and optimization of metal oxides. The research methodology inte-
grates a mix of experimental and analytical approaches, including additive and
interface engineering, comparative efficiency assessments, and extensive data anal-
ysis. Our findings offer valuable insights into the development of more stable and
efficient OPV devices, potentially contributing significantly to the field of renew-
able energy.

I extend my gratitude to my supervisor, Annie Ng, for her invaluable guidance
and support throughout this project. I also thank my peers and the faculty at
Nazarbayev University for their encouragement and constructive feedback.

As we move towards a future where sustainable energy is not just a necessity
but a reality, it is my hope that this project adds a small but significant impact to
the advancment of renewable energy technologies.

Nazarbayev University, April 26, 2024

Aruzhan Zinedenova
<Aruzhan.zinedenova@nu.edu.kz>
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Chapter 1

Introduction

Polymer solar cell devices, also known as organic photovoltaic (OPV) devices, are
utilized for converting sunlight into electricity. The distinct advantage of poly-
mer solar cells lies in their accessibility, flexibility and potential to reduce the cost
compared to conventional silicon devices [1].

The working principle of OPV devices is based on the photoelectric effect,
which can be easily investigated. Upon exposure to sunlight, active photons stimu-
late the electrons within the bulk of the sandwiched device, causing them to move
from their respective orbits, thereby creating an electron flow that generates elec-
tricity [2]. Consequently, the OPV became a full value energy converter device[2].

Polymer solar cells are mostly implemented for their flexibility, as they can
be applied in a variety of devices, including photovoltaic cells and wearable de-
vices[3]. However, these devices are faced with limitations regarding their power
conversion efficiency and stability.

The focus of this Capstone project has been the careful selection and optimiza-
tion of metal oxides to enhance organic photovoltaic technology. We began with
an in-depth analysis of common metal oxides, namely zinc oxide, titanium diox-
ide, and tin dioxide, moving toward comparing the efficiency of single/multilayer
metal oxide configurations, additive engineering with EMIM-DEP ionic liquid, and
applying interlayers using PCBM, PMMA, and carbon-quantum dots (c-QD). These
experimental approaches were used to examine the effects of multilayering on
smoothing the surface of metal oxides after deposition, the impact of ionic liquid
on the thermal stability of metal oxides, and interface engineering on optimizing
energy level alignment between the ETL and the active layer, thus reducing car-
rier recombination. These investigative paths have been crucial in identifying the
best configuration for organic photovoltaic cells, opening new possibilities for their
wider application in renewable energy.
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Chapter 2

Background

2.1 Architecture of Organic Photovoltaic Devices (OPV)

The effective performance of organic photovoltaics (OPV) is largely attributed to its
sandwich-like structure, with an active layer situated between the electron trans-
port layer (ETL) and hole transport layer (HTL). This structure can be configured in
different ways, with the conventional structure consisting of a transparent conduc-
tive electrodes, namely fluorine tin oxide or indium tin oxide, a hole transporting
layer, the active layer, an electron transport layer, and a metal electrode (Figure 2.1.)
[4]. In contrast, the inverted structure includes an indium tin oxide layer, an ETL,
the active layer, and a HTL (Figure 2.2) [5]

Figure 2.1: Prototype of Conventional Structure for OPV[5]

For this project, the inverted OPV structure is preferred due to its improved
stability and resistance to moisture and oxygen, which reduces degradation and
extends the cell’s lifespan [6][7]. Additionally, the inverted OPV structure (Figure

2
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Figure 2.2: Prototype of Inverted Structure for OPV[5]

2.3) offers diverse applications, such as integration of perovskite solar cells (PSC)
[8] and semi-transparent electrode device fabrication[2]. Although PSCs possess
similar structural variations, their traditional structure is inverted relative to that
of OPV, with inverted PSCs serving as the traditional polymer solar cell. The in-
tegration of traditional PSCs with OPV for the development of integrated solar
cell devices is a promising avenue that offers benefits over commercially avail-
able silicon-based solar cells, including increased efficiency and reduced cost [8].
Regarding semi-transparent electrode devices, the inverted OPV structure have
molybdenum trioxide as a HTL, which provides an opportunity to deposit trans-
parent electrode for opaque devices. This OPV technologies have a promising
future in vehicles and window applications[2].

Figure 2.3: Structure of OPV and selected materials

It is important to note that organic photovoltaics (OPVs) have significant poten-
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Figure 2.4: Fabricated OPV

tial for advancements in wearable and portable electronics [9]. For development
in this direction, the mechanical properties of the fabricated cells must be consid-
ered. Therefore, OPVs are a fundamental solution because they are constructed
with polymers in the ETL and HTL, which facilitates bending. According to Qin et
al., conventional OPV structures demonstrate higher power conversion efficiency
but suffer from lower stability, leading to rapid cell degradation [9]. In contrast,
the inverted OPV structure offers a more promising alternative due to its enhanced
stability. However, challenges arise with the use of metal oxides as ETLs, which
are less flexible than polymers, leading to cracks that can extend to the active layer
and HTL, creating dead areas as it is shown in Figure 2.5 [10]. Despite these is-
sues, flexible conventional OPVs have achieved an efficiency of 11.35 % (Table 2.1)
in laboratory conditions. To develop devices with higher resistance to moisture
and oxygen, and significant efficiency, further optimization of the ETL in inverted
OPVs is essential. This optimization could be a key development in the fabrication
of flexible OPV with longer lifetime and promising efficiency.

Table 2.1: Flexible OPV parameters

Conditions Scan Voc, V Jsc, mA/cm2 FF PCE

PET/ITO/PEDOT:PSS/PM6:Y6/PNDIT-F3N-Br
for 0.78 20.87 69.30 11.35
rev 0.78 20.94 69.46 11.40
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Figure 2.5: Cracks on flexible devices [10]

Figure 2.6: Flexible OPV

2.2 Stability of inverted OPV

In comparison to traditional OPV architectures, inverted OPV devices demonstrate
superior lifetimes. The inverted OPV structure utilizes metal oxides like zinc ox-
ide, titanium dioxide, and tin dioxide as ETL and molybdenum trioxide as HTL.
These metal oxides possess higher work functions compared to the polymer ma-
terials typically used in conventional OPV structures[11]. Notably, both the ETL
and HTL materials in inverted OPV devices are non-acidic, thereby minimizing
the risk of degradation acceleration. Conversely, conventional OPV devices face
a stability challenge with the use of PEDOT:PSS as the HTL. While PEDOT:PSS
contributes to high performance, its hygroscopic property leads to moisture ab-
sorption from the surrounding environment, compromising stability. In order to
protect the devices from different enviromental factors and increase its durability,
the fabricated cells encapsulated with glass and epoxy glue[12]. The aging trends
of both inverted and conventional OPV were systematically observed over 9 weeks
by weekly measuring with solar simulator to assess their stability under ambient
environmental conditions, as illustrated in Figure 2.7. The graph demonstrates
that the efficiency of inverted and traditionally structured OPVs are reduced for
almost 10 and 30 percent, respectively. The obtained results show that theoretical
expectations about the stability of two configurations are true.
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Figure 2.7: The device performance during 9 weeks of remeasuring

2.3 PM6:Y6 characterization

Recent research has indicated that the PM6:Y6 structure is the most efficient config-
uration as an active layer for OPV devices, employing a typical bulk heterojunction
strategy. Both PM6 and Y6 are polymers within a strong infrared light absorption
spectra [6]. A narrow optical band gap is present between the two polymers, as
illustrated in Figure 2.8, where the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) energy levels are -5.65 eV for Y6
and -5.54 eV for PM6, as well as -4.10 eV for Y6 and -3.65 eV for PM6, respectively
[2].

The PM6:Y6 polymer combination is considered "well-complementary" when
the HOMO level of one polymer aligns closely with the LUMO level of the other,
resulting in an efficient charge transfer complex formation at the interface [2] [13].
As polymers consist of long chain repeating groups of atoms, the electrons along
chain approach the other polymer upon contact, creating a "meeting point" where
electron transfer occurs[14]. The formation of such a charge transfer contributes
significantly to high conductivity and separation of positive and negative charges,
which is activating photovoltaic effect described in device performance [15]. Due
to their well-complementary combination, PM6 and Y6 are frequently utilized as
the active layer in OPV devices[16].
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Figure 2.8: Energy band diagram of PM6 and Y6[4]

2.4 Different Electron Transport Layer characterization

The incorporation of well-complementary polymers is essential for efficient photon-
to-electron conversion in both inverted and conventional organic photovoltaic (OPV)
devices [1]. However, in order to achieve optimal performance in polymer solar
cells, it is necessary to address the trade-off between electron and hole transport
layers. The primary objective of this project is to investigate the potential of metal
oxide layers for the fabrication of integrated devices.

Existing studies [17][18] indicate that metal oxides, such as zinc oxide and ti-
tanium dioxide, are commonly employed as electron transport layers (ETLs) in
polymer and perovskite solar cells. Various preparation and deposition techniques
are available for these metal oxides [17]. In this study, we will utilize commer-
cialized zinc oxide nanoparticles, which offers unique advantages over traditional
zinc oxide due to its small particle size. The nanoparticles in this ink are less than
100 nanometers in diameter and are present in a liquid or viscous state[19]. The
high surface area-to-volume ratio of nanoparticles contributes to enhanced physi-
cal and mechanical properties, as well as increased reactivity [19]. Another reason
for utilizing commercialized zinc oxide is the potential to establish a reproducible
fabrication process for stable devices, while the titanium dioxide will be synthe-
sized by hand in a lab. As the aim of this project suggests, the paper will represent
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the affordable and reproducible preparation process of OPV devices.

Also, according to the energy band diagram presented by Zhu and Hu [20]
in Figure 2.9, the titanium dioxide and zinc oxide are in the same level, therefore
they will-complement the polymer blend solution’s HOMO and LUMO character-
istics (Figure 2.8). However, the compatibility of tin dioxide with PM6 under the
suspission of succesful ETL application, because of misalignment in energy band
diagram. Moreover, it’s crucial to address the compatibility challenges between
zinc oxide and polymers when they are employed as ETLs in organic electronic
devices. While zinc oxide effectively matches the LUMO of acceptor materials, its
hydrophilic nature contrasts with the hydrophobic nature of most polymers, caus-
ing the low contact angle during the active layer deposition[21]. Therefore, opti-
mizing the ETL is pivotal for enhancing device efficiency. This capstone project
is dedicated to exploring and optimizing ETLs through multilayering, interlayer-
ing and additive engineering techniques to address compatibility concerns and
enhance device performance.

Figure 2.9: Different Metal Oxide’s energy band diagram[20]
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Methodology

3.1 Methods and Procedure of Data Collection

I. Literature Review:
Conduct an extensive literature review to gain a comprehensive understand-

ing of the current state of organic photovoltaic (OPV) technology, including its
challenges, recent advancements, and the role of ETL optimization. The fabrica-
tion method for the whole device structure established after careful examination
of device fabrication techniques proposed by several sources. Moreover, to save
time, the selection of metal oxides, polymers, and ionic liquids for the experiments
conducted in this project will be based on their properties and compatibility as
described in the literature for the future architecture of OPV devices.

II. Material Selection:
Select ETL materials based on their compatibility with the chosen polymer ma-

terials and their ability to enhance charge transport. Compare commercially avail-
able zinc oxide nanoparticles ink., tin dioxide and synthesized titanium dioxide.

III. Preparation:
The research project starts from investigating the proper fabrication process of

a polymer solar cell. The process involved cleaning, synthesis, device fabrication,
J-V curve measurement and characterization.

a. Cleaning
Fluorine-doped tin oxide (FTO) and indium-doped tin oxide (ITO) substrates

cleaning conducted using detergent, deionized water, acetone, and isopropyl alco-
hol through sonication for 20 minutes each. Following the cleaning, the substrates
were dried blowing the nitrogen and treated under ultra-violet (UV) ozone for 30
minutes [18].

9



10 Chapter 3. Methodology

Figure 3.1: Clean Substrates

Figure 3.2: Titanium dioxide deposition

b. Synthesis of titanium oxide
The mixed solution of Polyvinylpyrrolidone (PVP) in Isopropyl alcohol (IPA)

and acetic acid was added drop-by-drop into the Titanium isopropoxide (TTIP) in
IPA solution with acetic acid during the magnetic stirring. The prepared titanium
oxide treated at high thermal annealing temperature in the oven at 500 degree as
it is shown in Figure 3.2.

c. Device Fabrication
The active layer solution with PM6:Y6 prepared at a weight ratio of 1:1.2 and

stirred for 3 hours at room temperature using a magnetic stirrer[2]. Chloronaph-
thalene was added to the active layer solution 30 minutes before the deposition
process. The zinc oxide nanoparticles were tested together with zinc oxide com-
pact layer which id synthesized by hand. However, as previously mentioned, to
ensure reproducibility in this project, commercially available nanoparticles were
used to prepare the electron transport layer. This decision was made because the
hand-synthesized solutions showed different results in each experiment. As it is
shown in Figure 3.3, the zinc oxide ink. was sonicated for 30 minutes and de-
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Figure 3.3: (a) Deposition of Electron Transport Layer (Zinc oxide); (b) Deposition of Active Layer
(PM6:Y6); c) Thermal Evaporation of Molybdenum trioxide and Silver; (d) Fabricated OPV device.

posited in a fume hood in air at 4000 rpm for 30 seconds, followed by annealing at
130 degrees for 20 minutes. Subsequently, the PM6:Y6 solution was deposited at
3000 rpm for 30 second on top of titanium dioxide and zinc oxides, and annealed
at 100 degrees for 5 minutes. Finally, molybdenum trioxide and silver were ther-
mally deposited onto the prepared substrates with thicknesses of 100 Å and 1000
Å, respectively[22].

3.2 Methods and Procedure of Data Analysis

Characterization Techniques:
a. The J-V curve measurement will be conducted on the fabricated device using

a Solar Simulator in an ambient environment. This procedure aims to obtain the
J-V curve of each device, allowing for comprehensive characterization.

b. EQE and IQE. The external quantum efficiency measuring will be used to
define the amount of photons converted to the electron at specific wavelength. This
characterization also will be applied to show that the carriers mobility increased
and caused increase in current density.

c. PAS attain the predetermined objective of achieving high stability in inverted
OPV devices. To assess the efficiency of these devices under UV light, the PAS
equipment monitor and control the lifetime of prepared inverted OPVs.



Chapter 4

Results and Discussions

4.1 Results

Table 4.1: Summary of inverted OPVs with ETL multilayering

Conditions Scan Voc, V Jsc, mA/cm2 FF PCE

FTO/ZnO/PM6:Y6/MoO3
for 0.79 20.25 60.45 8.89
rev 0.75 20.10 57.17 8.55

FTO/TiO2/PM6:Y6/MoO3
for 0.77 16.93 63.44 8.64
rev 0.76 16.64 63.62 8.50

FTO/ZnO/ZnO/PM6:Y6/MoO3
for 0.83 21.37 59.49 10.06
rev 0.83 21.35 59.71 10.66

FTO/TiO2/TiO/PM6:Y6/MoO3
for 0.78 14.73 54.83 6.37
rev 0.78 14.68 55.17 6.39

FTO/ZnO/ZnO/ZnO/PM6:Y6/MoO3
for 0.83 21.54 55.85 9.99
rev 0.83 21.55 56.25 10.06

FTO/TiO2/ZnO/PM6:Y6/MoO3
for 0.82 21.62 65.83 11.707
rev 0.82 21.59 65.95 11.705

Table 4.2: Summary of additive engineering

Conditions Scan Voc, V Jsc, mA/cm2 FF PCE

FTO/ZnO/PM6:Y6/MoO3
for 0.77 24.59 52.43 10.06
rev 0.76 16.64 63.62 9.91

FTO/TiO2/PM6:Y6/MoO3
for 0.77 17.10 60.68 8.093
rev 0.77 17.07 60.71 8.074

FTO/ZnO+EMIM-DEP/PM6:Y6/MoO3
for 0.73 23.98 48.88 8.71
rev 0.74 24.24 50.30 9.13

FTO/TiO2+EMIM-DEP/PM6:Y6/MoO3
for 0.76 16.31 52.42 6.58
rev 0.75 16.51 47.97 5.99

12
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Table 4.3: Summary of interlayering

Conditions Scan Voc, V Jsc, mA/cm2 FF PCE

ITO/ZnO/PM6:Y6/MoO3
for 0.81 22.63 71.15 12.99
rev 0.81 22.64 71.09 13.00

ITO/ZnO/PCBM/PM6:Y6/MoO3
for 0.81 18.55 73.87 11.00
rev 0.81 18.44 73.00 10.95

ITO/ZnO/PCBM:PMMA/PM6:Y6/MoO3
for 0.82 22.38 68.79 12.62
rev 0.82 22.26 69.01 12.59

ITO/ZnO/c-QD/PM6:Y6/MoO3
for 0.82 23.30 73.80 14.03
rev 0.82 23.27 73.87 14.02

4.2 Discussions

The investigation into efficient ETL materials began with a material selection pro-
cess. Initially, common metal oxides such as zinc oxide, tin dioxide, and titanium
dioxide were examined for their suitability. These materials were deposited on FTO
substrates to evaluate their performance. Zinc oxide and titanium dioxide show
compatibility of layers according to the results in Table 4.1 and Table 4.2, while tin
oxide’s performance lagged due to the energy level gap between ETL and PM6, as
it was predicted in background section based on Figure 2.9.

In the next stage, the commercial zinc oxide nanoparticles compared with zinc
oxide compact layer prepared by hand. However, the experiment show better
power conversion efficiency with higher current density and reproducible effi-
ciency results using the zinc oxide from Sigma Aldrich. Based on that results, the
zinc oxide purchased from Sigma Aldric recommended for further experiments,
considering its stability and efficiency.

The optimization of ETL for inverted OPV devices, as detailed in Table 4.1, the
focused on multilayering of selected metal oxides, hypothesizing that this approach
could enhance device performance. The adoption of double, triple ETL coatings
aimed to reduce the surface roughness and improving the charge transfer[23]. This
strategy was expected to significantly improve the device’s efficiency by minimiz-
ing the recombination of charge carriers within the bulk, effectively enhancing
hole-blocking capabilities. However, the study also uncovered a challenge with
titanium dioxide: its efficiency was notably compromised under high thermal an-
nealing conditions at 500 degrees, where deposition of second layer contributes to
the second thermal annealing of the substrate impacting on degradation of ETL’s
first layer. To address this, a novel method of layering zinc oxide atop titanium
dioxide was introduced, yielding the most favorable results with an efficiency en-
hancement up to 11.7%. This combination of zinc and titanium dioxide, optimized



14 Chapter 4. Results and Discussions

the current density for the control device accounting for 20.25 mA/cm2 to 21.62
mA/cm2.

Table 4.2 shows the results of incorporating ionic liquids into the ETLs. The 1-
Ethyl-3-methylimidazoliumdiethyl phosphate (EMIM-DEP) ionic liquid was tested
in various concentrations to mitigate material degradation during high-temperature
annealing [24]. Despite the theoretical advantages, this method did not produce
significant improvements. Therefore, the focus of next experiments move to study
interface engineering techniques to enhance device performance and reduce con-
tamination risks.

According to Table 4.3, the next method of ETL optimization involved the in-
terlayering of PCBM, PCBM:PMMA mixture, and carbon-quantum dots (c-QD)
between zinc oxide and the active layer. For this approach the FTO substrates sub-
stituted with ITO substrates. This change was motivated by findings indicating
that ITO surfaces are smoother with lower sheet resistance, offering the potential
for higher power conversion efficiency. Given that FTO substrates were initially
chosen for their resistance to high annealing temperatures required for the tita-
nium dioxide layer, there was no necessity to retain FTO substrates for the selected
metal oxide, namely zinc oxide. Therefore, the interlayering technique was imple-
mented using ITO substrates.

From the obtained results, it is evident that PCBM and PCBM:PMMA did not
demonstrate a significant increase in efficiency, resulting significant reduction of ei-
ther current density or fill factor, while the c-QD showed promising improvements.
As depicted in the J-V curve in Figure 4.1, the c-QD exhibited an increase in open-
circuit voltage (Voc) of 0.82, a short-circuit current density (Jsc) of 23.30 mA/cm2,
a fill factor (FF) of 73.80, and a power conversion efficiency (PCE) of 14.03%. In
comparison, the reference device had a Voc of 0.81, a Jsc of 22.63 mA/cm2, an FF
of 71.15, and a PCE of 12.99%.

The EQE spectra were measured for both the inverted reference and the bi-
layer ZnO/c-QD OPV. According to the referenced article, the presence of c-QD
contributes to the smoother deposition of the active layer, thereby improving the
contact quality between the ETL and the active layer [25]. The study indicates that
better contact quality reduces recombination in the bulk, leading to a maximum
EQE of 87% at wavelengths around 650 nm[25]. This trend is also evident in Fig-
ure 4.2, where the inverted OPV with c-QD exhibits a maximum EQE of approx-
imately 73% at a wavelength of 630 nm. A higher EQE at a specific wavelength
indicates that more photons are being converted into electrons, which correlates
with a higher current density[25]. Therefore, EQE of the interlayered device has
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Figure 4.1: J-V curve data for OPV (a) reference cell; (b) carbon-quantum dots as an interlayer.

Figure 4.2: EQE characteristics

been compared with the reference device at certain wavelengths, suggesting that
the c-QD device is generating a higher current density at a wavelength accounting
630 nm.



Chapter 5

Conclusion

The development of the efficiency and stability of inverted PM6:Y6 polymer solar
cells through the optimization of metal oxides in ETL has been discussed exten-
sively. The study has pointed out that using zinc oxides as an ETL offers bet-
ter efficiency and reproducibility than applying other metal oxides, namely self-
synthesized titanium dioxide and commercially available tin dioxide.

Comparing to multilayer configurations of zinc oxide and titanium dioxide,
additive engineering with EMIM-DEP, carbon quantum dot (c-QD) interlayer op-
timization technique has led to the achievement of maximum efficiency of 11%
and 14% for inverted OPV, respectively. This is primarily seen in enhanced charge
transfer efficiency and improved resistance to environmental degradation. The in-
novative approach of c-QD on zinc oxide emerged as a key finding, demonstrating
a remarkable boost in device efficiency. Although multilayering and additive en-
gineering techniques did not substantially improved the device performance, they
offered notable insights for future exploration.

The project’s outcomes not only contribute to the advancement of OPV tech-
nology but also underscore the potential of these findings in broader applications
like flexible device fabrication, semi-transparent electrode deposition [26] and next-
generation photovoltaics with perovskite/organic integration [27]. These contribu-
tions are poised to influence a wide range of future developments in photovoltaic
technology.

16
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