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ABSTRACT

This Ph.D. research has focused on the development of new materials
for alternative renewable energy using organic photovoltaics (OPVs).
The first step was to established reliable fabrication and
characterization methods of organic photovoltaic devices. The
reproducibility of organic photovoltaic cell performance is one of the
essential issues that must be achieved before engaging serious

investigations of the applications of creative and challenging ideas.

Secondly, we thoroughly studied the surface chemistry of the
underlying layer and its critical role on the morphology of the BHJ
active layer. We showed that when the active layer (which consists of
blends of poly(3-hexylthiophene) (P3HT) and phenyl-C60-butyric acid
methyl ester (PCBM)) is deposited and annealed over a sol-gel ZnO
electron transport layer surface made from monoethanolamine (MEA)
containing precursor, PCBM clusters form during annealing and this
phase segregation leads to a drastic reduction of OPV parameters due
to both low charge generation and high bimolecular recombination.
Rinsing the pyrolyzed ZnO films with solvents or using a ZnO recipe
without MEA significantly reduced the formation of PCBM clusters and

produced devices with good performance.

Third, we developed new materials suitable for low-temperature
processing and large area deposition methods to be used as transport
layer on OPVs. We achieved the synthesis of material suspensions

suitable for large area deposition, with controlled size, stoichiometry,



and electronic properties using controlled oxidative dissolution of
micron sized metal powders with H;0O, in n-butanol. The small
nanoparticle diameters of 1-2 nm enabled solution processing of n-
type WOs and MoOs, and p-type NiOx and CoO, nanoparticle films on
ITO with electronic properties comparable to solution processed and
vacuum deposited counterparts, without the need for any post

processing.

We also explored the synthesis of solution processed transition metal
dichalcogenides for electronic application. We demonstrated the ability
to synthesize MoS, nanoflakes by solvothermal method by microwave
heating. The characterization techniques confirmed the presence of 2H
phase and hexagonal crystalline structure. In addition, the MoS;

nanoflake thickness was consistent with a single-layer flake.

By the end of this work, we achieved the improvement of key OPV
parameters by reducing the phase segregation of the active layer. We
carried out the synthesis of material suspensions suitable for large
area deposition, with controlled size, stoichiometry, and electronic
properties enabling a route towards low-cost OPV fabrication. We
tested the use of films casted from these suspensions as transport
layer for OPV obtaining similar performances as the commonly used
vacuum deposited materials. Finally we accomplished the synthesis
and characterization of layered graphene-like materials, with
electronic, optical, mechanical and thermal properties that makes
them suitable for flexible electronic applications. With all these results
we have contributed to enable a route towards low-cost OPV and other

electronics fabrication.
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1 Introduction

1.1 Overview and Motivation

Over the past decade, the field of renewable energy production
experienced a rapid growth as a result of the increased awareness
regarding the limited availability of fossil fuels, the negative impact on
the environment induced by their use, and the high price volatility of
oil'. Amongst renewable energy sources, photovoltaics (PV) represent
one of the most promising technologies because it is an abundant and
easily accessible source of power?. In addition of being plentiful, solar
radiation is also widely available geographically, giving photovoltaic
technology a significant portability and scalability advantage over

other alternative energy technologies®.

The major PV technology commercially available nowadays is
crystalline silicon. It is mainly based on costly batch-to-batch
semiconductor processing production techniques, and represents
around 90% of the market'*. Thus, finding an alternative PV
technology is essential and organic photovoltaics (OPV) have acquired
much attention in this area during the past decade®. OPV technologies
combine manufacturing adaptability, the potential to be flexible,
lightweight and semitransparent®3. In addition to these qualities, the

main property that makes this technology attractive is the potential to



be manufactured in a continuous printing process by large area coating
on low cost substrates, thus considerably less effort and production
energy is needed for the fabrication process®. For comparison, a typical
Si wafer production plant with a 30 cm wafer process has an annually
processed area output of 88,000 m?/year. A typical printing machine

can produce the same area in 1-10h°.

Oxide films used for the fabrication of OPVs are commonly deposited
by thermal evaporation methods or sol-gel processes that require
temperatures higher than 300 °C. These deposition methods inhibit
one of the key assets of OPV technologies, which is the large-area
potential manufacturing. A widely used substitute for vacuum
processed oxide films is the poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS);
unfortunately, PEDOT:PSS has been evidenced to initiate a number of
degradation mechanisms in organic electronic devices which limit the
device lifetime and cause severely reliability issues’. Consequently,
there has been strong efforts to achieve low-temperature solution
processed oxide films. Only a few have been reported such as ZnO
nanoparticles® !, WO0s'?, Mo0Os!3, and V,0s'*; nevertheless, the
performance of these solution processed films depends strongly on the
type and quantity of organic additives during synthesis and post-

processing steps.

Currently, the power conversion efficiency (PCE) and operational
stability of OPV are considerably lower than those offered by silicon
technology. Research scientists have been focused on improving the
PCE and operational stability of the devices, with a recent report of
10.6% for tandem cell*®>. Although this value falls short of 25-30%

2



PCE level offered by inorganic PV cells, it may be sufficient for a
feasible commercial proposition when substantially less expensive
production budget for OPV is considered?. Besides PCE, a key issue
faced by OPVs is the stability of the organic materials. Nevertheless, it
is encouraging that some similar molecules containing chromophores
are commonly used for automotive paints, and that organic light-
emitting displays are demonstrating acceptable lifetimes under high

injection currents®.

In the following chapters, details about basic mechanisms of OPV and
different approaches proposed to improve the PCE of these devices will
be discussed. In addition, details about previous work performed in the
last three years will be provided, and future research plan will be

described.

1.2 OPV Basics

The basic structure of an OPV cell is shown in Fig. 1.1. Sunlight enters
through the transparent electrode. The absorption then takes place in
the active layer, the excitation caused by the absorbed photons results
in the creation of excitons, which consists of a Coulombically attracted
electron-hole pair. Excitons diffuse through the active layer with a
diffusion length of about 5-10 nm in an organic material. The energy
required to split an exciton is in the range of 100-400 meV compared
to a few meV for crystalline inorganic semiconductors'®. Room
temperature thermal energy kT and typical applied electric field are

not sufficient to dissociate these excitons'’. In order to split excitons

3



into free charge carriers, the energy can be provided in the presence
of an electron accepting material with a different electron affinity than
the donor material'®!’. Because the typical exciton diffusion length in

conjugated polymers is limited to ~10 nm, the donor and acceptor

materials should form nanoscale interpenetrating networks within the
whole photoactive layer to ensure an efficient dissociation of
excitons!®. In this sense bulk heterojunction (BHJ) has a conceptual
advantage, the donor and acceptor materials are deposited such that
their interface area is maximized while typical dimensions of phase
separations are continuous and within the exciton diffusion range'®.
When excitons reach the interface between the donor and the
acceptor, the electric field dissociates the exciton to form free charges
(electron and hole). The free charges then transport to the cathode

(electron) and anode (hole), so that a photocurrent is generated?’.

\ Donor-Acceptor

Bottom Contact Blend

(Transparent)

Fig. 1.1. Basic structure of an OPV cell

Another important difference to inorganic semiconductors lies in the

orders of magnitudes lower charge-carrier mobility in organic
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semiconductors?!, which has a large effect on the design and efficiency

of organic semiconductor devices. However, organic semiconductor
have strong absorption coefficients (210> cm™), which partly balances

low mobilities, giving high absorption in even <100nm thin devices??.

In the simplest OPV cell architecture the active layer is in direct
contact with both the anode and the cathode. This makes it possible
for the acceptor material to transfer electrons to the hole-collecting
anode, and vice versa, resulting in large leakage current,
recombination, and decreased PV performance of the OPV?3. To avoid
leakage and improve charge collection, buffer layers are inserted to
change the interface between active layers and electrodes. Fig. 1.2
shows the structure of an OPV enhanced with both electron transport
layer (ETL) and a hole transport layer (HTL). These layers adjust the
energetic barrier height between the active layer and the electrodes,
form a selective contact for carriers of one sort, set up the internal
field, determine the polarity of the device, and sometimes act as

optical spacert®?*,



Fig. 1.2. Structure of an OPV cell with buffer layers

Although various materials such as Mo03%*?%, WO03!®?°, V,05%7+%8,
NiO,?°, and poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) !®3° have shown to be effective HTLs, and ZnO3!,
TiOx3%32, LiF*3, ca®*3®, and Ba®> as ETLs, development of new
materials suitable for low-temperature processing and large area
deposition methods to be used as transport layer on OPVs are needed

to compete with Si-based solar cells.

1.3 OPV Characterization

One of the primary ways to characterize a solar cell is by measuring
current density as function of applied voltage in the dark and under
illumination. The typical J-V characteristics of OPVs are shown in Fig.
1.3. To the left, the J-V curve of the cell in dark is shown. When a cell
is illuminated, the J-V curve is shifted down by the short-circuit current

density, Jsc (Fig. 1.3, right), which is the current density at zero bias.
6



The open-circuit voltage, V,., corresponds to the difference in the work
functions of the metals and it balances the built-in field. The cell is
placed in an open circuit and it is illuminated. Electrons and holes
separate and flow towards the low and high work functions,
respectively. At the same point the injected current equals the
photocurrent. The square JmaxVmax is the maximum work the cell is
able to yield. The fill-factor FF is a measure of closeness of the solar
cell J-V curve to the rectangular shape (the ideal shape), and it is
given by JmnaxVmax/JscVoc. The PCE is defined by the power output
delivered by the OPV divided by the incident light power=®.

PCE=VyeJse FF/Piy Egn. 1
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Fig. 1.3. J-V of an OPV cell under dark (black curve) and under
illumination (red curve) conditions. The open circuit (Vo) and short-
circuit current density (Jsc) are shown. The maximum output is given

by the square Jmax™* Vmax-

In practice, solar cells can deviate from the ideal behavior predicted
due to various reasons. The photogenerated charges have to travel
through the semiconductor region to reach the respective electrode,
which are thin and have an intrinsic resistance. This introduces an
effective series resistance (Rse) into the photovoltaic circuit that
generates a voltage drop and therefore prevents the ideal photovoltaic
voltage from developing when a current is drawn. Besides the Rs, a

fraction of the photogenerated carriers can also flow through the edges



of the device or through grain boundaries instead of flowing through
the external load. These effects prevent photogenerated carriers from
flowing in the external circuit and are represented by an effective
internal shunt or parallel resistance (Rsn) that diverts the photo current

away from the load®’.

The Rse can significantly deteriorate the solar cell performance as
shown in Fig. 1.4a, where Rsc = 0 is the best solar cell case. It is clear
how the available maximum power decreases with the series
resistance, reducing the cell efficiency. Similarly, low Rs, values due to
extensive defects in the material also reduce the efficiency (Fig.
1.4b).

2
Rs, 100 Qcm

10— -

v i v s
J (mA/cm?) J(mA/cm")

Ry, 1000 2cm’

Fig. 1.4. Effect of the series resistance (a) and shunt resistance (b) on

the solar cell efficiency



2 Hypothesis

The solution synthesis of n-type and p-type materials, such as metal
oxides and transition metal dichalcogenides, will result in novel
materials with electronic properties comparable to solution processed
and vacuum deposited counterparts; thus, such properties combined
with low-temperature deposition methods, makes them strong
candidates for large-area films for electronic applications. The use of
these materials as hole transport layer will exhibit excellent
performance in organic photovoltaics, which will permit to reduce the
time consumption and production costs compared with other
fabrication techniques. Due to the simplicity and generality of the
synthesis and deposition of these materials, the use of solution-
processed methods will have a great potential for applications in many
areas, such as photovoltaics, thin film transistors, batteries, and

catalysis.
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3 Objectives and Outlines

General Objective

The objective of this work is to improve of the OPV key parameters by
using strategies to maximize every step on the working principles of
the OPV cell. These include light absorption, exciton dissociation, free
charges transport, and charge collection®®. By maximizing every step
enhancement of OPV overall performance is achieved. One route to
improve the exciton dissociation is to investigate the effect of phase
separation of the active layer caused by organic impurities on OPV
overall performance. In addition, to develop new materials suitable for
low-temperature processing and large area deposition methods to be
used as transport layer on OPVs, enabling large area fabrication of
OPVs.

Specific Objectives

* Morphology of BHJ active layer. To study the role of the surface
chemistry of the underlying layer on the morphology of the BHJ
active layer. By reducing the phase segregation of the active layer,
an increase of interfacial area is obtained. This results in a drastic
improvement of OPV parameters due to higher charge generation
and lower bimolecular recombination®,

* Synthesis of hanomaterial for large area deposition. The synthesis

of material suspensions suitable for large area deposition, with

11



controlled size, stoichiometry, and electronic properties enabling a
route towards low-cost OPV fabrication. The effect of synthesis
conditions on the physical, chemical, and electric properties of
these nanomaterials will be studied, and films casted from these
suspensions will be used as transport layer for OPV.

Solution processed transition metal dichalcogenides for electronic
application. The synthesis and characterization of layered
graphene-like materials, with electronic, optical, mechanical and
thermal properties that makes them suitable for flexible electronic

applications.
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4 Characterization Techniques Applied

The following experimental techniques were employed in the proposed

work to measure the corresponding properties of the materials:

- Scanning Kelvin Probe: work function measurements

- Photoelectron Spectroscopy in Air (PESA): ionization potential

- Ultraviolet Photoelectron Spectroscopy (UPS): work function and
ionization potential measurements

- X-ray Photoelectron Spectroscopy (XPS): elemental composition

- Dynamic Light Scattering (DLS): nanoparticle hydrodynamic size

- Transmission Electron Microscopy (TEM): nanoparticle size,
crystallinity

- Atomic Force Microscopy (AFM): surface morphology, work function
(SKPM)

- Scanning Electron Microscopy (SEM): surface morphology

- UV-vis spectroscopy (UV-vis): optical bandgap, transparency

- Thermogravimetric Analysis: reaction temperature, reaction yield

- Fourier Transform Infra Red spectroscopy (FTIR): compound

identification
The details of the instruments employed and the specific conditions of

the measurements performed are explained in detail in further

chapters.
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5 Influence of ZnO sol-gel electron transport
layer precursor processing on BHJ active layer
morphology and OPV performance

Authors: Diego Barrera, Yun-Ju Lee, and Julia W.P. Hsu

Journal: Solar Energy Materials & Solar Cells, 125 (2014) 27-32.

5.1 Introduction

ZnO is a versatile semiconductor material, with wide range of

applications in photoelectrochemical cells 3°, lasers *°, and other

41,42

electrical devices . Due to its combination of low work function,

large band gap, high crystallinity, and processability from precursor

43,44

solutions , sol-gel ZnO films are frequently used as the electron

4548 and organic photovoltaic

transport layer in light emitting diodes
(OPV) devices 3147753, While ZnO nanoparticles or nanorods have been
used for similar purposes 8, the performance of the these ZnO films
depends strongly on the type and quantity of organic additives during

® and post-processing steps °*°°. Therefore, this paper will

synthesis
focus on forming ZnO films by sol-gel methods because they can be
synthesized in one step and are widely used. Bulk heterojunctions
(BHJs) consisting of blends of poly(3-hexylthiophene) (P3HT) and
phenyl-C60-butyric acid methyl ester (PCBM) represent the best
characterized active layer for OPV devices. In particular, thermal
annealing of P3HT:PCBM BHJs has been shown to significantly improve
all aspects of device performance °°, which is attributed to optimization
of BH] morphology such that the characteristic length of the

P3HT:PCBM domains match the exciton diffusion length (~ 10 nm)

14



18,57.58 However, thermal annealing can create large (> 1 pm) clusters
of crystalline PCBM °°%°, which were observed when using blends with
high PCBM ratios °*°2 or when using long annealing times ®3®*. These
clusters have been shown to lower OPV device performance due to
decreased interfacial areas between P3HT and PCBM leading to poor

charge collection 616365

. Nevertheless, there has not been systematic
studies on the influence of the underlying layer on the formation of
PCBM clusters within the BH] Fig. 1.1. In this report, we show that
detailed processing of the sol-gel ZnO films can affect the area fraction
of PCBM clusters upon thermal annealing and the OPV performance. In
addition, we show that removal of residual organics after pyrolysis
drastically reduces the formation of PCBM clusters and improves
device performance, due to a reduction in bimolecular recombination
as determined by white-light biased external quantum efficiency

measurements 38,

5.2 Experiments

All chemicals were purchased from Fisher Scientific and were used as
received unless otherwise noted. Inverted BHJ] devices were fabricated
on patterned indium tin oxide (ITO; 20 Q/sq, Thin Film Devices). ZnO
electron transport layer (ETL) was deposited in air using different
approaches. For the first approach (MOE ZnO), 0.5M zinc acetate
dihydrate and different concentrations of MEA ranging from 0.25M to
2M (default concentration = 0.5M) were dissolved in a 2-
methoxyethanol (MOE) ** and were spin-coated at 2000 rpm and
pyrolyzed at 300 °C for 10 min. Following pyrolysis, some MOE ZnO

films were rinsed with pure MOE spin-coated at 2000 rpm. For the
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second approach (EtOH ZnO), 0.053M zinc acetate dihydrate was
dissolved in ethanol without a stabilizer, and two layers were spin-
coated at 1000 rpm and pyrolyzed at 150 °C for 5 min °°. For the BHJ,
P3HT (RMI-001E, Rieke Metals, Inc.) and PCBM (Solenne BV) were
dissolved in anhydrous chlorobenzene (Sigma-Aldrich) at a
concentration of 25 mg/mL each, spin-coated at 1200 rpm, and
annealed at 170 °C for 10 min in N, ®®7. The thickness of active layer
is approximately 200 nm. 5 nm MoOs hole transport layer (HTL) and
100 nm Ag electrode were thermally evaporated (Angstrom

Engineering) to complete the devices, with area of 0.11 cm? each.

For FTIR measurements, ZnO films were deposited on 500pm p-type
double-side polished Si(100) substrates (10-20 W cm, University
Wafers). Absorbance spectra were taken at Brewster angle (6 =74°),
using a Thermo Scientific Nicolet iS50 FTIR spectrometer with a
mercury cadmium telluride detector (MCT). Thermogravimetric
analyses (TGA) were done using a TA Instruments SDT Q600
thermogravimetric analyzer in the temperature range 20-600 °C with
a heating rate of 1 °C/min, with 10 ml/min of air flux into alumina
crucibles. UV-vis absorbance spectra were measured for ZnO films on
glass using an Ocean Optics USB QE65 Pro spectrometer. Optical
images were taken using a Leica DM2500M optical microscope, and
were analyzed using Imagel. The topography was studied using an
Asylum MFP-3D atomic force microscope (AFM) under tapping mode.
The current density-voltage (J-V) curves were measured in N> under a
class AAA solar simulator (Sun 3000, Abet Technologies) with an AM

1.5G filter at 100 mW/cm? using a low noise source meter (2635A,

16



Keithley). The simulator intensity was set using a NREL calibrated
photodiode. For the white-light biased external quantum efficiency
(EQE) measurements 8, the devices were placed in a o-ring sealed
sample holder to avoid air exposure during the time of measurement
(~1.5 hour). In brief, EQE spectra were taken using a chopped
monochromated light (Horiba TRIAX-180, grating 600 groove/mm)
from 350 to 750 nm with a wavelength window of 3.53 nm, while a
white light emitting diode (MWWHL3, Thorlabs DC 2100) provided
continuous background bias with intensity ranging from 1 to 100

mW/cm?.

5.3 Results and Discussion

Fig. 5.1 shows the optical microscopy images of the surface
morphology of annealed P3HT:PCBM deposited over ZnO films made
by two different sol-gel recipes. P3HT:PCBM annealed on top of MOE
ZnO contains a large number of objects with lateral dimensions of ~
10 um (Fig. 5.1a). The size and shape of these objects are consistent
with PCBM clusters previously reported for P3HT:PCBM annealed at

%2 The cluster area fraction, defined as the area

high temperature
occupied by PCBM clusters divided by total area as determined from
image analysis, is 0.33. In contrast, P3HT:PCBM annealed at the same
temperature on top of EtOH ZnO contains a much lower number of
clusters (Fig. 5.1b), with an area fraction of 2.4x1073. A similar
reduction in the area fraction of PCBM clusters can be achieved if the

MOE ZnO film is rinsed with MOE before BHJ deposition (Fig. 5.1c),
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with a cluster area fraction of 0.01. Fig. 5.1d shows a AFM image of a
PCBM cluster found in Fig. 5.1a, which exhibits a height of 500 nm,
approximately double the thickness of a typical P3HT:PCBM active
layer. The presence of PCBM clusters suggests that the remainder of
the BH] has lower concentration of PCBM and probably a lower
interfacial area between donor and acceptor. In addition, UV-vis
spectroscopy showed increasing light scattering with PCBM cluster area

fraction, indicating that high cluster area fraction BHJ]s have increased

roughness, consistent with AFM data.

' 50 p'}n

(d)

400
200

-200
-400

Fig. 5.1. Optical microscopic images of annealed P3HT:PCBM layer
deposited on top of ZnO films made by (a) MOE zZnO, (b) EtOH ZnO,
(c) rinsed MOE ZnO. (d) 5x5 um AFM image of a typical PCBM sample.

18



Fig. 5.2 shows cluster area fraction of the P3HT:PCBM active layer
annealed on top of the MOE ZnO films as a function of MEA
concentration in the precursor solution ranging from 0.25M to 2M. The
data show a strong correlation between the amount of MEA in the
precursor and the formation of PCBM clusters. A saturation of the
cluster area fraction near 0.50 can be seen, implying a virtually
complete phase separation of P3HT and PCBM since the blend consists
of 50% for each component. No data was shown for MEA
concentrations below 0.25M because zinc acetate dihydrate did not
fully dissolve at low stabilizer concentrations. Nevertheless, the ability
to control cluster area fraction by varying MEA concentration allows us
to systematically study the effect of cluster area fraction on device

performance.
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Fig. 5.2. Cluster area fraction vs MEA concentration in the precursor
solution used to make MOE ZnO films, showing a positive correlation

between the two parameters.

To understand the surface chemistry of MOE ZnO films, FTIR
experiments were performed (Fig. 5.3). MOE ZnO before pyrolysis
(Fig. 5.3a, black) shows peaks at 1590 cm™ and 1425 cm’,
corresponding to asymmetric and symmetric stretching vibration of
C=0 mode of zinc acetate °°. The low energy C=0 peak is
superimposed with the stretching vibration mode of NH group present
in MEA (~1420 cm™) 7°, making a broad peak of organic species that
include MEA. MOE ZnO after pyrolysis (Fig. 5.3a, blue, 45x amplitude)
still exhibits both peaks, suggesting that most but not all of the
organics were removed during pyrolysis at 300°C. The presence of
residual organics after the 300 °C pyrolysis of zinc acetate-MEA based

1

ZnO sol-gel films has been reported by Fujihara et al. 7!, consistent
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with the TGA results (Fig. 5.3b) showing that weight loss continues up
to 350 °C for complete decomposition of organics. However, annealing
sol-gel ZnO on top of ITO up to 350°C leads to poor OPV performance
due to ITO decomposition 72, In comparison, MOE ZnO after 300°C
pyrolysis and rinsing with MOE (Fig. 5.3a, green, 15x amplitude)
shows no peaks near 1420 cm™, suggesting that MOE rinsing
decreases residual organics level, most likely MEA, to below the
detection limit of the MCT detector (~ 107).

(a) ‘ ) 4en
El 450
© ~
- | L
8 \ Pt
< c 4.4
Re! x45 _%
3 =
2 ¢ 4.3+
x15
1 1 | 4.2 | |
1800 1700 1600 1500 1400 1300 250 300 350 400

Wavenumber (cm’) Temperature (°C)

Fig. 5.3. (a) Comparison of FT-IR absorbance spectra for various MOE
ZnO films: unpyrolyzed (black), pyrolyzed (blue, x45), pyrolyzed and
rinsed (green, x15). The NH stretching mode at 1420 cm™ is
highlighted with an arrow. (b) TGA thermogram of MOE ZnO for
temperature range 250- 400 °C.
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Fig. 5.4 shows current density-voltage (J-V) characteristics at AM
1.5G 100 mW/cm? for devices made on top of MOE ZnO with cluster
area fraction ranging from 0.01 to 0.46. Short circuit current density
(Jsc), open circuit voltage (V,c), fill factor (FF), and power conversion
efficiency (PCE) values of these devices are summarized in Table 5.1.
A clear reduction of performance in J-V curves of OPV devices as

cluster area fraction increased can be seen. The black curve in

Fig. 5.4 is the device made on MOE ZnO ETL with rinsing to remove
residual organics. The other devices are made on unrinsed MOE ZnO
ETL. The performance of EtOH ZnO devices is similar to rinsed MOE
ZnO devices. However, the EtOH ZnO ETL is less reliable due to poor
stability of zinc acetate dehydrate in EtOH without a stabilizer, which
limits maximum solubility to 0.053M and causes precipitation over a
period of several hours, making it difficult to reproducibly deposit of a
ZnO films with suitable thickness (~40 nm) without pinholes or
aggregates. We found that PCBM clusters form in two regions: a low-
density region with cluster area fraction < 0.10 and a high-density
region with cluster area fraction = 0.30. In all devices used in this
study (~ 120), we did not observe PCBM cluster area fraction between
0.10 and 0.30, indicating two different cluster formation mechanisms.
In the low-density region, cluster formation was probably triggered by
surface imperfections or dusts located randomly on the ZnO film (Fig.
5.1b and Fig. 5.1c¢). In the high-density region, the cluster formation
arose from a much more uniform distributed source, possibly the
residual organics (Fig. 5.1a). The gap between these two regions

indicates an instability in the cluster formation.
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solar cells under 100 mW/cm? AM 1.5G illumination.

Table b5.1.

Summary of the device

performance

5.4. Influence of cluster area fraction on J-V characteristics of

parameter

dependence on cluster area fraction obtained from J-V characteristics

of solar cells taken under 100 mW/cm? AM 1.5G illumination. Series

resistance (Rse) and shunt resistance (Rsy) were calculated from J-V

characteristics measured in the dark.

Cluster

area fract
0.01
0.06
0.34
0.39
0.46

ion

VOC (V)
0.563 % 0.005
0.532 +0.013
0.328 % 0.038
0.330 + 0.037
0.310 +0.014

Jec (MA/cm?)

10.32
9.24
4.79
4.32
3.51

+0.17
+ 0.33
+ 0.89
+ 0.92
+ 0.22

FF ()

0.518
0.474
0.402
0.424
0.416

+ 0.022
+ 0.006
+ 0.006
+ 0.012
+ 0.015

PCE (%)

3.01
2.33
0.64
0.62
0.45

+ 0.10
+ 0.16
+0.21
+ 0.22
+ 0.05

R,. (Q cm?)

11

9
19
14
18

+2
+2
+4
+3
+4

Ry (2 cm?)
5399 £ 476
4807 + 1631
2871 + 1173
15088 + 935
4930 £+ 1168

The dependence of Js, Vo, FF, and PCE on cluster area fraction is

depicted in Fig. 5.5. As noticed before, the dependence of device

parameters on cluster area fraction can be divided into the same low
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and high cluster area fraction regions. Note that for cluster area
fraction between 0.30 and 0.40, the results show larger standard
deviation within a sample as well as sample-to-sample variation. This
is consistent with cluster formation being unstable and minute
differences leading to large variations in cluster area fraction. Despite
some variations in the results, a clear trend is observed: the
performance of the devices reflected on all four parameters decreases
with increasing cluster area fraction. For cluster area fraction < 0.1,
the devices work well with average values of Js, Vo, FF, and PCE of
9.7 + 0.5 mA/cm?, 0.55 £ 0.02 V, 0.47 + 0.03, and 2.5 £ 0.3 %,
respectively, over 25 devices. OPV device parameters with the cluster
area fraction > 0.3 show reductions of up to 45% in Js;, up to 35% in
Voe, up to 15% in FF, and up to 65% in PCE compared to devices with
cluster area fraction < 0.1. Similar reductions in the OPV device
parameters has been reported by van Bavel et al. for BH] devices with

PCBM clusters forming due to high PCBM concentrations °©!

, although
their analysis is complicated by the effect of PCBM concentration on

performance.
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Fig. 5.5. Influence of cluster area fraction on OPV device parameters.

Fig. 5.6 shows Js. values at 100 mW/cm? integrated from EQE spectra
(Jsc (EQE*)) measured at different white-light bias intensities *® for
P3HT:PCBM devices on MOE ZnO with cluster area fraction of 0.01
(black, achieved by rinsing), 0.33 (red), and 0.46 (blue). Jsc(EQE*)
represents the expected Js. value of a device under AM1.5G 100
mW/cm? illumination for different levels of bimolecular recombination,
which we control by varying the background white-light intensity and
hence the carrier density inside the BHJ. It is evident that devices with
high cluster area fraction (Fig. 5.6, red and blue) exhibit significantly

lower Jsc (EQE*) compared to the device with low cluster area fraction
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(Fig. 5.6, black) even at low background intensities, where
bimolecular recombination is negligible, indicating that the presence of
PCBM clusters in BHJ]s decreases carrier generation. This is likely
caused by a lower degree of interpenetration between P3HT and PCBM.
When Js(EQE*) at 100 mW/cm? background intensity is compared to
the average value of Jsc (EQE*) at low intensities (Fig. 5.6, dashed
lines), a significantly greater reduction of performance is observed for
devices with high cluster area fraction. For example, the device with
0.01 cluster area fraction exhibits a 2.6% decrease in Js(EQE*) at 100
mW/cm?, while the devices with cluster area fractions of 0.33 and 0.46
exhibited decreases of 29% and 27%, respectively. This indicates that
devices with high cluster area fraction experience higher bimolecular
recombination, possibly caused by inefficient carrier transport in the
non-aggregated regions of the active layer. We also found that after
white-light biased EQE measurements, devices with high cluster area
fraction degraded significantly, while devices with low cluster area
fraction showed no significant change. Thus, low cluster area fraction
in P3HT:PCBM BHIJs, which can be achieved by rinsing the pyrolyzed
MOE ZnO surface to remove residual organics (Fig. 5.6 black), results
in improved device performance both from increased charge

generation and reduced bimolecular recombination.
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Fig. 5.6. Current density integrated from EQE spectra, Jsc (EQE*), at
different background intensities for P3HT:PCBM devices on MOE ZnO
with cluster area fraction of 0.01 (black), 0.33 (red), and 0.46 (blue).
Dashed lines represent average Js. (EQE*) value at < 10 mW/cm?

background intensity for each device.

5.4 Conclusions

In summary, we demonstrate the influence of the underlying layer on
the BHJ] layer morphology. We show that trace amount of organic
species, possibly MEA, on the pyrolyzed MOE ZnO surface has a
significant effect on the morphology of P3HT:PCBM BHJ films. When
the active layer is deposited and annealed over a sol-gel ZnO ETL
surface made from MEA containing precursor, PCBM clusters form
during annealing, with cluster area fraction correlated with the MEA
concentration in the precursor solution. This phase segregation leads

to a reduction of interfacial area and lower PCBM concentrations
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outside of the clusters in the active layer, resulting in drastic reduction
of OPV parameters due to both low charge generation and high
bimolecular recombination. Rinsing the pyrolyzed MOE ZnO films with
MOE or using a ZnO recipe without MEA significantly reduced the
formation of PCBM clusters and produced devices with good

performance.
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6 In Situ Chemical Chemical Oxidation of
Ultrasmall MoO, Nanoparticles in Suspension

Authors: Yun-Ju Lee, Diego Barrera, Kaiyuan Luo, and Julia W.P.

Hsu

Journal: Journal of Nanotechnology, 195761 (2012).

6.1 Introduction

Metal oxide nanoparticles represent a large class of materials with

applications in areas such as energy conversion and storage®®’?,

747> sensing’®, and biomedicine’’. Major advantages of metal

catalysis
oxide nanoparticle suspensions include compatibility with low
temperature, large area solution processing, versatile surface
functionalization, and formation of complex architectures via self-
assembly. Molybdenum oxide (MoOy) has attracted much interest as a

hole transport layer (HTL) material in organic light emitting diodes and
solar cells because of its high work function (®). By matching ® of the

HTL to the highest occupied molecular orbital (HOMO) of the organic
electron donor material'®, MoOy films inserted between the active layer
and the anode has been shown to improve performance of organic

13,23,27,50,78-81  Most work in this area use

photovoltaic (OPV) devices
thermally evaporated MoOy films®’>%7879, While solution deposition of
MoO, HTL films has been reported, all approaches thus far have
required a post-deposition processing step that must be performed

either at high temperature (= 160 °C) 2388 and/or in an O,-
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containing ambient!? to obtain MoOy films with high ®. In addition, the

solvents currently used for the solution deposition of MoOx do not wet
the organic layer to form a uniform thin film as required in an inverted
OPV architecture, which shows superior stability in air compared to
conventional devices®%83, Recently, our group developed a microwave-
assisted synthesis of MoOx nanoparticles (npMoOy) in n-butanol
suspension, demonstrated formation of uniform thin films on poly(3-
hexylthiophene):):[6,6]-phenyl-C61-butyric acid methyl ester
(P3HT:PCBM) blends using room temperature solution processing, and
examined performance of inverted OPV devices using npMoOy films as
HTLs?®. Here we focus on in situ chemical oxidation to optimize the
npMoO, properties for HTL application. Specifically, we examined the
effect of chemical oxidation conditions on the size and stability of the
npMoO, suspension to evaluate its suitability for the formation of

uniform and pinhole free thin films. We also quantified the impact of
chemical oxidation on ® and stoichiometry MoO, thin film, and
demonstrated continuous tuning of ® from 4.4 eV to 5.0 eV through
precise control of the chemical oxidation conditions and Mo oxidation
state. We show that in situ chemical oxidation of MoO, nanoparticle is
a versatile technique to synthesize stable suspensions of ultrasmall
nanoparticles with desired stoichiometry and ® for the formation of

thin HTL on top of organic active layer without post processing.
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6.2 Experiments

MoO, nanoparticle (npMoOy) suspensions were synthesized using
nonhydrolytic  sol-gel conversion of  molybdenum dioxide
bis(acetylacetonate) (Moacac) in anhydrous n-butanol as shown
schematically in Fig. 6.1, following a microwave-assisted synthesis
procedure modified from Bilecka and co-workers®*. We selected this
approach because it has been shown to yield various metal oxide
nanoparticles with low size polydispersity, good stability, and short
reaction times down to 3 min. Furthermore, the procedure does not
require additional ligands for nanoparticle stabilization, and thus
should allow the deposition of nanoparticle films with good carrier
transport properties without the need to remove electrically insulating
ligands through a post synthesis step. We used n-butanol as the
solvent because of the good solubility for Moacac, and because it wets,
but does not dissolve or swell, hydrophobic organic films such as
P3HT:PCBM. For the microwave synthesis, a test tube of Moacac
solution in n-butanol was mixed in N, and placed in a microwave
reactor (CEM Discovery) containing a single mode 2.54 GHz microwave
cavity. A Moacac concentration of 0.1 M was selected to balance
complete dissolution and strong absorption microwave to enable rapid
heating to 200 °C within three minutes. The Moacac solution was
maintained at 200 °C for 15 min to synthesize the brown npMoOy
suspension (Fig. 6.1). We chose to chemically oxidize npMoOy in
suspension using H;0; for three reasons: H,0; is a strong oxidizing

agent, H,0O, is miscible with n-butanol, and byproducts of the
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reaction, e.g. H,O and O,, can be easily removed during subsequent
processing. For chemical oxidation, a small amount of 30 wt% H,O0- in
H,O (Fisher) was added to the npMoO, suspension to achieve the
desired concentration (for example, 10.2 uL of 30 wt% H>0, in H,O
per mL of suspension for 0.1 M H,0,). The mixture was then stirred at

room temperature for times ranging from 20 min to 24 hr for oxidation

to occur.

' 0.1M
200 °C H,0,
15 min 24 hrs
—_—>
100x 100x
diluted diluted

Fig. 6.1. Picture of microwave synthesis and chemical oxidiation of
MoOy nanoparticles. A mixture of molybdenum oxide
bis(acetylacetonate) in n-butanol was placed in a microwave reactor
(CEM Discovery) and heated using 2.45 GHz radiation. When heated
at 200 °C for 15 minutes, Moacac reacted, forming a brown
suspension of nanoparticles. Chemical oxidation of the nanoparticle
suspension with 0.1M H,0, for 24 hours yielded a blue suspension of

nanoparticles.

To determine the nanoparticle size and distribution, an aliquot of each

npMoO, suspension was diluted by a factor of 10 with n-butanaol,
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agitated in an ultrasonic bath (Branson) for 5 min, and passed through
a 0.2 ym PTFE syringe filter. The diluted suspension was analyzed by
dynamic light scattering (DLS) under backscattering conditions using a
Malvern Zetasizer. To form thin films for these measurements, the
npMoO, suspension without dilution was passed through a 0.2 um
PTFE syringe filter and spin coated at 1000 rpm on a cleaned ITO
coated glass (20 Q/o, Thin Film Devices). ® of the MoOy film was

measured using the Kelvin probe technique, and oxidation state of the

Mo cation was determined using X-ray photoelectron spectroscopy
(XPS). @ of the npMoOy film was measured in air using an isoprobe
electrostatic voltmeter (Model 244, Monroe Electronics), with Au as the
reference material (® = 5.15 eV). XPS of the npMoOy film was carried

out using a Perkin-Elmer 5600 ESCA system with monochromated Al
KR source (1486.7 eV). All spectra were collected at an angle of 45° to
the sample normal, with a pass energy of 58.7 eV and energy step of
0.125 eV. All XPS spectra were fitted using commercial software
(MultiPak, PHI) and aligned to the C 1s reference at 284.8 eV. A
reference sample of 20 nm MoOs on ITO was made by thermal
evaporation at a rate of 0.1 A/s. A FWHM of 1.2 eV for each peak was
used for peak fitting.

6.3 Results and Discussion

We found that microwave heating of Moacac resulted in a brown
suspension of npMoO, (Fig. 6.1). Even without added ligands, the
suspension showed excellent stability and remain dispersed for more

than 90 days. DLS of the as-synthesized npMoOy suspension found a
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volume weighted mean diameter of 2.1 £ 0.9 nm (Fig. 6.2a, dashed
line), in good agreement with the size determined using small-angle x-
ray scattering (SAXS)?®. Storage of the as-synthesized npMoOy in air
for up to 120 hrs led to no change in size, as confirmed by DLS (data
not shown). In contrast, we found that chemical oxidation with H,0,
modified the size of the resulting nanoparticles in a complex way (Fig.
6.2a). For example, 0.1M (Fig. 6.2a, blue) and 0.3M (Fig. 6.2a, red)
H,O, at short reaction times ranging from 20 min to 3 hr decreased
the npMoO, diameter to ~ 1 nm. In comparison, a further increase in
reaction time to 24 hr caused the nanoparticle size to increase back to
2 nm. The increase in size with longer reaction time is consistent with
our previous observation that the average diameter of chemically
oxidized npMoOx from SAXS had increased to 4 nm after ~ 15 days of
chemical oxidation®®, and indicates that Ostwald ripening for these
nanoparticles only occurs with the addition of H,O,. Nevertheless, the
nanoparticles are still small enough to form multilayer films with
thickness of ~ 10 nm. Indeed, we previously showed using atomic
force microscopy that a chemically oxidized MoOyx suspension spin
coated on top of P3HT:PCBM formed a pinhole-free film that planarized
the roughness of the underlying P3HT:PCBM layer®®. Thus, while
npMoOy size increases after chemical oxidation with H,0,, it remains
sufficiently small to form uniform films on top of organic layers at

thickness values that are relevant for HTL in OPV devices.
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Fig. 6.2. Effect of chemical oxidation with H,O, on MoO, nanoparticle
properties. a) Dependence of nanoparticle size on chemical oxidation
time (up to 24 hrs), showing that compared to as-synthesized
nanoparticles (dashed line), both 0.1M H,0, (blue) and 0.3M caused

npMoOy size to decrease to 1 nm (up to 3 hrs) and then increase back

to 2 nm (24 hr). b) Dependence of nanoparticle film ® versus chemical

oxidation conditions, showing ® of as-synthesized npMoOy (black) was

increased from 4.48 eV to 4.85 eV with 0.05M H,O, (purple) and that
the increase was independent of the reaction time between 20 min and
24 hr. In contrast, 0.1M (blue), 0.2M (green), and 0.3M (red) H,0, all

caused work function to increase to 5.0 eV with a reaction time of
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up to 3 hr. However, a further increase in reaction time to 24 hrs

decreased @ to 4.9 eV.

Chemical oxidation of the MoO, nanoparticles significantly altered the

electronic properties of npMoOy films, as measured by their ® values
in air. The as-synthesized npMoOy films exhibited a low ® of 4.48 +

0.02 eV. Addition of 0.05M H,0, for 20 min caused ® to increase to
4.82 £ 0.04 eV, and longer reaction times did not significantly increase

¢ (Fig. 6.2b, purple). Increasing H,;O, concentration to 0.1M and

above caused ® to increase to 4.94 £+ 0.01 eV after 1 hr, and the
value remained unchanged when increasing the reaction time to 3 hr
(Fig. 6.2b). However, a further increase in reaction time to 24 hr

caused P to decrease to 4.90 £ 0.01 eV. We note that the decrease in

® corresponded to the change of the nanoparticle suspension color

from brown to blue (Fig. 6.1).

To quantitatively understand the origin of the change in & with

chemical oxidation, we examined the stoichiometry of npMoO, films
with different H,O, reaction conditions using XPS. As a reference, we
measured an evaporated MoOs film and found that the Mo 3d XPS
spectra can be fitted to doublet peaks at 232.3 eV and 235.4 eV,
corresponding to Mo 3ds/; and Mo 3ds/,; peaks for Mo®*, plus very weak
doublet peaks at 231.0 eV and 233.8 eV corresponding to Mo 3ds/; and
Mo 3ds;; peaks for Mo>*26:8485 The Mo®* fraction, defined as the area

under the Mo®* peaks divided by the total peak area, was 0.95,
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indicating that the reference sample was almost pure MoOs. The FWHM
of the fitted peaks was 1.2 eV, and this value was used for all peaks
when fitting XPS spectra of npMoOyx films where there are significant
contributions to the overall signal from multiple oxidation states, in
order to quantify the atomic fraction from each oxidation state. For
example, the Mo 3d XPS spectra of as-synthesized npMoOy contain
peaks at 232.4 eV and 235.5 eV from Mo°*, 231.4 eV and 234.5 eV
from Mo>*, and 229.8 eV and 232.9 eV from Mo*" (Fig. 6.3a). The
Mo®* fraction was 0.21, showing that as-synthesized npMoOy is mostly
reduced. Reaction with 0.05M H,0, for 1 hr caused the Mo®* peaks to
increase in intensity at the expense of the Mo* and Mo** peaks, (Fig.
6.3b), so that the Mo®* fraction increased to 0.60. Nevertheless, the
XPS spectra clearly show that 0.05M H,0, only partially oxidized the as
synthesized MoO,x nanoparticles to MoOs. Increasing the H>0;
concentration to 0.1M resulted in Mo 3d XPS spectra consisting almost
entirely of peaks at 232.6 eV and 235.7 eV from Mo®*, with a
miniscule contribution from Mo>* peaks at 230.9 eV and 234.1 eV (Fig.
6.3c). The corresponding Mo®* fraction of 0.97 indicates that 0.1M
H,O, for 1 hr oxidized npMoOx to the extent similarly to the
evaporated MoOs film. Increasing the reaction time to 24 hr at 0.1M
H,0, caused the Mo>* and Mo** peaks to reappear in the Mo 3d XPS
spectra (Fig. 6.3d), decreasing the Mo®* fraction to 0.55. We believe
the partial reduction of npMoO, with increased H,0, reaction time can
be explained by the electrochromism of MoOs. MoOs is known to
change to a blue coloration upon the insertion of small cations such as

H*, following the reaction®®
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MoO, + xH" + xe- — MoO,_.(OH), Egn. 2

In our case, H* is supplied by the H,O in the 30 wt% H,0, solution,
and e may be supplied by oxidation of neighboring Mo** and Mo>*
atoms. This reaction scheme is consistent with the observation that
the change in npMoOy coloration from brown to blue was only
observed after 24 hr reaction with 0.1M and 0.3M H;0,. The onset of
color change, and by reference the proton insertion, also coincides

with the increase in nanoparticle size and reduction in ®. Thus,

analysis of XPS spectra reveals that chemical oxidation with H,0;
consists of two concurrent processes, a fast oxidation that is complete
at 0.1M and higher H,0, concentrations within ~ 1 hr, and a slow
reduction caused by H" insertion that occurs after ~ 24 hr, highlighting
the importance of the chemical oxidation conditions on the

stoichiometry of the resulting npMoO.
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Fig. 6.3. Effect of chemical oxidation conditions on MoO, nanoparticle
stoichiometry. a) Mo 3d XPS spectra of as-synthesized hpMoOy on ITO
(crosses) and curve fit (solid), showing mixed oxidation states with
contributions from Mo>*, Mo**, and a small amount of Mo®*. b) Mo 3d
XPS spectra of npMoO, after chemical oxidation with 0.05M H,0, for 1
hr, showing mixed oxidation states with a majority of Mo®* oxidation
state. ¢) Mo 3d XPS spectra of npMoO, after chemical oxidation with
0.1M H,0, for 1 hr, showing almost complete oxidation to Mo®*
oxidation state. d) Mo 3d XPS spectra of npMoO, after chemical
oxidation with 0.1M H,0, for 24 hr, showing mixed oxidation states

with a majority of Mo®* oxidation state.
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Fig. 6.4 depicts ® and Mo®" fraction that can be achieved using the in
situ H,0, chemical oxidation approach. For npMoOy films that were
chemically oxidized at different H,O, concentrations for 1 hr (Fig. 6.4,
circles) and at 0.1M H,0, for 24 hr (Fig. 6.4, triangle), the data show
a strong correlation between the two parameters, suggesting that a
clear relationship exists between MoO, nanoparticle stoichiometry and
electronic properties. A continuous tuning of the Mo®* fraction between

0.2 and 1.0, and ® from 4.4 eV to 5.0 eV was achieved. Such control

should allow us to systematically study the effect of MoO, composition

on device performance in various applications.

5.0+ 0.3M =
0.1M =
4.9
0.1M-24h 4
S a7k 0.035M =
2
& 46F
4.5
0.025M &
4.4 As synth. g
4.3 | | | ] ]
0.0 0.2 0.4 0.6 0.8 1.0

6 .
Mo " fraction

Fig. 6.4. ® versus Mo®* fraction for npMoO, as synthesized and
chemically oxidized at 0.025M, 0.035M, 0.042M, 0.05M, 0.1M, and
0.3M H,0, concentrations for 1 hr (circles) and at 0.1M H,0, for 24
hour (triangle), showing a positive correlation between the two

parameters.
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6.4 Conclusions

In conclusion, through a systematic study of the effect of H,O>
concentration and reaction time on nanoparticle size, work function,
and stoichiometry, we demonstrate that in situ chemical oxidation of
MoOx nanoparticle suspensions with H,0, is a simple but versatile
method to control their stoichiometry and electronic properties.
Starting from suspensions of ultrasmall (d ~ 2 nm) MoO, nanoparticles
in n-butanol synthesized by a one-step microwave heating procedure,
we found that short time (< 3 hr) reactions at room temperature with
sufficiently high (= 0.1 M) concentration of H,O; result in £ 1 nm MoOy
nanoparticles with high work function and almost entirely MoOs;,
properties which are desirable for HTL material in OPV devices.
However, long chemical oxidation times (= 24 hr) increase
nanoparticle size and reduce Mo oxidation state and film’s work
function. By comparing Kelvin probe results and XPS spectra of
npMoO, films that have been chemically oxidized under various
conditions, we established a clear correlation between the work
function and the Mo®' fraction of the npMoO,, and achieved a
continuous tuning of work function values from 4.4 to 5.0 eV and Mo®*
fraction from 0.2 to 1.0. Such precise control of MoO, stoichiometry
and properties is crucial for the optimization of npMoO, as a solution
processible material for various applications. Moreover, the simplicity
of the chemical oxidation procedure should be generally applicable in
synthesizing other transition oxide nanomaterials with tunable

stoichiometry and properties.
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7 General Method to Synthesize Ultrasmall
Metal Oxide Nanoparticle Suspensions for Hole
Contact Layers in Organic Photovoltaic Devices

Authors: Yun-Ju Lee, Diego Barrera, Jian Wang, and Julia W.P. Hsu

Journal: MRS Communications, (2015).

7.1 Introduction

Thin films of semiconducting metal oxides are frequently used to
modify the interfaces organic semiconductor devices due to the large
variety of materials with well-characterized optical and electronic
properties and good chemical and physical stability®’. Metal oxide films
deposited from nanoparticle (NP) suspensions in theory combine the
properties of metal oxides with large-area and low-temperature
processing, which improves compatibility with organic devices but also
create processing challenges. For example, organic photovoltaics
(OPVs) represent a promising route toward low-cost, lightweight

renewable energy generation®®°,

Contact layers between bulk
heterojunction (BHJ) active layers and electrodes can significantly
improve performance of OPVs'®. To fully realize the potential benefits
of vacuum-free processing for low-cost OPVs, solution processed

contact layers are intensively researched in recent years’#° Various
solution processed metal oxide films with high work function ® have

been utilized as hole contact layers (HTLs) in OPVs, which exhibit

91 ,_-,_—7,14,23,91-94’

higher open circuit voltage V,c and

92,93

, higher fill factor

improved device stability compared to the well-established
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conducting polymer (poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS) HTL.

Despite the recent progress, the stringent processing requirements of
organic semiconductor devices have prevented general adoption of
solution processed metal oxide films as interfacial layers. For example,
published reports on solution processed metal oxide NP films as HTLs
in OPVs typically require harsh post-deposition treatments, including

annealing at temperatures > 100 °C?3:8%,91-98

14,28

, annealing for hours to
days!*?®, and 0O, plasma treatment®®®®’ all of which decrease
compatibility with organic devices. We previously reported in situ
oxidation of MoOx NPs in n-butanol to MoOs with H>0O,, but & after

oxidation was still 0.3 eV lower than evaporated MoOs films®®.
Alternatively, NP suspensions have been formed by dispersing metal
oxide NP powders in alcohols with ultrasonication®®, but this approach
is limited by the availability of the powders and by NP size, typically >

91,95

10 nm. Also, with a few notable exceptions , most publications on

solution processed metal oxide NP HTLs have focused on n-type
NPsl#:23:26,28,81,92-94,96-99 " Hare we demonstrate a general method to
synthesize suspensions of ultrasmall (1-2 nm) MoOs;, WOs, NiO4, and
CoOx NPs in n-butanol. Spin coated metal oxide NP films with no post-
deposition treatment exhibit high ® and ionization energy IE

comparable to vacuum deposited films and consistent with the
oxidation states of the metal cations. Finally, we examine the
performance these NP films as HTLs in conventional poly[N-9'-
heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1',3'-

benzothiadiazole)]:phenyl-C;:-butyric acid methyl ester
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(PCDTBT:PC;1BM) OPVs.

7.2 Experiments

Metal oxide NP synthesis and characterization: metal oxide NP
suspensions in n-butanol were synthesized using a modified version of
a published recipe!®. Mo (average particle size 2-4 pm), W (1-5 pm),
Ni (2.2-3.0 um), and Co (1.6 pm) powders were purchased from Alfa
Aesar and were used as received. In a typical reaction, 0.3 mmol
metal powder was added to 525 uL n-butanol (Fisher) and 75 pL HCI
(37% in H>0, Fisher) and stirred at 25 °C for 20 min. 2220 pL of n-
butanol and 180 pL of H,0, (30% in H>O, Fisher) were then added,
and the solution was stirred at 25 °C for 16 hr, yielding 0.1M
suspension of metal oxide NPs. The product was passed through a 0.2
Mm PTFE syringe filter (Pall), and was used without further purification.
DLS was performed using a Malvern ZetaSizer Nano ZS. For TEM, NiOy
NP suspension was diluted to 0.005M with n-butanol, drop casted on a
TEM grid (01824, Ted Pella), and imaged at 200 kV with a JEOL
JEM2100. NP diameter was analyzed using Image] and represents an
average of 80 NPs. Metal oxide NP films of different thicknesses were
formed by diluting the stock NP suspensions with n-butanol, and spin

coating 2-4 layers. For ® and XPS measurements, 0.05M metal oxide

NP suspensions were spin coated twice at 8000 rpm on unpatterned
ITO on glass (20 Q/g, Thin Film Devices) that had been cleaned by
rinsing with IPA and H,0O, follow by UV-0Os; cleaning for 20 min

(BioForce Nanosciences). @ was measured in air using a scanning
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Kelvin probe (SKP 5050, KP Technology), with Au as the reference
material (& = 5.15 eV). XPS was measured using a Ulvac-PHI

VersaProbe 2 with monochromated Al Ka source (1486.8 eV). All
spectra were collected at an angle of 45° to the sample surface with
energy step of 0.1 eV and pass energy of 23.5 eV, and were fitted
using commercial software (MultiPak, Ulvac-PHI). UPS was measured
on MoOs; and WOs films using the same instrument with He I plasma
source (21.2 eV) with energy step of 0.1 eV. PESA was performed on
NiOx and CoOx NP films using a RKI Instruments Model AC-2 system

with 100 nW deuterium lamp power and energy scanning between 4.8
eV and 6.2 eV with a step of 0.05 eV. The standard deviation for ®

measurement was found to be 0.03 eV. The uncertainty of the UPS
and PESA measurements were found to be 0.1 eV and 0.05 eV,

respectively.

OPVs fabrication and characterization: Conventional PCDTBT:PC;;BM
OPVs were fabricated following published procedure!®® with
modifications. Metal oxide NP suspensions (0.025M for MoOs3,
0.00625M for others) were spin coated four times at 8000 rpm on
patterned ITO on glass (20 /o, Thin Film Devices) to form the HTL.
For reference devices, PEDOT:PSS (Clevios P VP AI 4083, Heraeus)
was mixed with isopropanol in a 7:3 volume ratio, spin coated at 4000
rpm on patterned ITO, and annealed in N, at 170 °C for 5 min to form
the HTL. PCDTBT (1-Material) and PC;;BM (Solenne BV) were
dissolved at 7:28 mg/mL in ortho-dichlorobenzene (Aldrich), spin
coated at 2000 rpm, and annealed in N> at 70 °C for 15 min to form 50
nm thick BHJ]. Finally, Ca (7 nm) and Al (150 nm) were thermally

evaporated (Angstrom Engineering) to complete the devices. The
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class AAA solar simulator (Sun 3000, Abet Technologies) contained
AM1.5G filter, with the intensity adjusted to 100 mW/cm? using a
calibrated Si photodiode with KG5 filter (RR_227 KG5, Abet
Technologies). J-V measurement was performed in N, using a low
noise sourcemeter (2635A, Keithley) controlled by LabView (National
Instruments). A 2.5 mm diameter aperture was placed in front of each
device to rigorously define the illumination area to 0.049 cm?. All data

shown represent the average of at least five devices.

7.3 Results and Discussion

7.3.1 NP and Film Properties

The metal oxide NP suspensions were synthesized by controlled
oxidative dissolution of micron-sized metal powders in the presence of
H,0, and HCI, using a modification of published procedure!®. We
found that by replacing the original solvent of water with n-butanol,
and by reducing the metal concentration to 0.1M, the diameter of the
dispersed NPs measured using dynamic light scattering (DLS) was
reduced from ~ 5 nmto 0.7 £ 0.1 nm, 1.6 £ 0.4 nm, 1.0 £ 0.2 nm,
and 0.9 £ 0.4 nm for MoOs, WOs3, NiOy, and CoOy respectively (Table
7.1). The surfactant-free NP suspensions exhibit different colors
arising from bandgap and/or intraband d-d transitions of the metal
oxides (Fig. 7.1b inset), and remain dispersed without change in DLS
size for at least two weeks. Fig. 7.1a depicts a typical transmission
electron microscopy (TEM) image of NiOx, NPs, showing spherical

particles with diameter of 1.3 £ 0.7 nm, consistent with the DLS
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result. High magnification image of a single NiOx NP gives a
characteristic spacing of 0.24 nm (Fig. 7.1a, inset), which matches
the spacing from (111) planes of NiO. Thus, oxidation of metal powder
by H>0, in n-butanol produces stable suspensions of ultrasmall metal

oxide NPs.

Table 7.1. Properties of metal oxide NP suspensions and films.

Material  Diameter® @ IE
(nm) (eV) (eV)

MoO; NP 0.7+0.1  5.20 8.55"

WO; NP 1.7+04 531 8.23°

NiO, NP 1.0+02 5.11 5.55°¢

CoO,NP 09+04 5.16 5.70¢

* Measured in suspension by DLS

® Measured by UPS

¢ Measured by PESA

Metal oxide NP films spin coated on ITO were characterized in air
unless otherwise noted to examine their electronic properties. ® was

measured using a scanning Kelvin probe, and was found to be 5.20 eV
for MoO3, 5.31 eV for WO3, 5.11 eV for NiOy, and 5.16 eV for CoOy
(Table 7.1 and Fig. 7.1b). These values are significantly higher than
bare ITO (4.85 eV) and PEDOT:PSS (4.95 eV), and is consistent with

film thickness of ~ 5 nm measured by spectroscopic ellipsometry. The

& values are similar to published data for solution processed NP films
of Mo0s'%2, W05%’, and NiO,>>; ® for CoOx NP film has not been

reported. The ~ 1 eV decrease in ® compared to vacuum deposited

3 is probably caused by adsorption of hydrocarbon species!®?

films'©
due to solution processing. The ® and ellipsometry data suggest that

spin coating results in significant coverage of the ITO surface with

47



metal oxide NPs.

Fig. 7.1. (a) TEM images of NiOx NPs. Inset: high magnification image
of single NP, showing lattice spacing of 0.24 nm. (b) ¢ values for ITO

and various films on ITO. The error bar for ® measurement is 0.03 eV.

IE of MoOs and WOs5 NP films was measured by UPS, yielding values of
8.6 eV and 8.2 eV, respectively (Table 7.1). These two oxides’ IE
cannot be measured by photoelectron spectroscopy in air (PESA), due
to the upper limit of the deuterium source (6.2 eV). MoOs and WOs
NPs exhibit bandgap 2.95 eV and 3.45 eV, respectively, as measured
by UV-vis absorbance spectroscopy, in good agreement with
literature®’. In other words, ® is similar to electron affinity EA (EA = IE
- Eg), and these oxides are n-type. For NiOyx and CoOx NP films, IE
measured by PESA is 5.55 eV and 5.70 eV, respectively (Table 7.1).
Given bandgaps from literature for NiOx (3.7 eV)?° and CoO (2.4 eV)¥,
we see that @ is similar to IE, suggesting that they are p-type. The IE

values are consistent with published results on Mo0s%° and NiO,*°
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NP films, while IE values for solution processed WO3; and CoOx NP films
have not been reported. In summary, the electronic levels of our
solution processed metal oxide NP films are comparable to solution
processed and vacuum deposited films of both n-type and p-type

semiconductors, without the need for post-deposition treatment.

The stoichiometry of metal oxide NP films on ITO was characterized by
x-ray photoelectron spectroscopy (XPS). The Mo 3d spectra can be
fitted to doublet peaks at 232.4 eV and 235.6 eV with the same FWHM
and 3:2 areal ratio (Fig. 7.2a), corresponding to Mo 3ds;; and Mo
3ds;, peaks of pure MoOs. Similarly, the W 4f spectra can be fitted to
doublet peaks at 35.7 eV and 37.8 eV with the same FWHM and 4:3
areal ratio (Fig. 7.2b), corresponding to W 4f;,, and 4fs;, peaks of
pure WOs. The Ni 2ps3/; spectra contains peaks at 855.4 eV, 860.9 eV,
and 864.1 eV (Fig. 7.2c), corresponding to either NiO or
Ni(OH),1%%1%, In addition, the peak at 857.3 eV matches NiOOH
previously reported for post processed NiOx NP film!%. The O 1s
spectra shows peaks at 529.2 eV, 530.5 eV, and 531.7 eV, confirming
the presence of NiO, Ni(OH),, and NiOOH, respectively®>. The NiOOH

was previously shown to establish a surface dipole which increases ®

and IE of post processed NiOyx NP filmsi®®, and may play a similar role
in our films. The Co 2ps3,2 spectra contains peaks at 780.4 eV, 782.2
eV, and 786.4 eV (Fig. 7.2d), corresponding to CoO or Co(OH),!%. In
addition, a weak peak at 785.0 eV may correspond to Co304, although
unambiguous assignment is difficult due to the complex surface
chemistries of CoOx and the resulting overlap in XPS peaks!®®. The O
1s spectra shows peaks at 529.6 eV, 531.0 eV, and 532.7 eV,

corresponding to CoO, Co(OH),, and adsorbed H»O, respectively®,
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Thus, as deposited metal oxide NP films show stoichiometric MoOs and
WOs3, and mixed NiOy and CoO,. The high oxidation states of the metal

cations are consistent with the high ® of the NP films!°3.
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Fig. 7.2. XPS spectra of metal oxide NP films. (a) Mo 3d spectra for
MoOs. (b) W 4f spectra for WOs. (c) Ni 2ps3/2 spectra for NiOy. NiOOH
peak is labeled, and other peaks correspond to NiO or Ni(OH),. (d) Co
2p32 spectra for CoOx. Cos304 peak is labeled, and other peaks
correspond to CoO or Co(OH),. Crosses represent experimental data

and lines represent fit to the data.
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7.3.20PV Performance

We examined the performance of metal oxide NP films as HTLs using
conventional PCDTBT:PC;;BM OPVs (Fig. 7.3a, inset). Fig. 7.3a
shows that all devices with metal oxide NP HTLs perform similarly to
references devices with PEDOT:PSS HTL under AM1.5 100mW/cm?
illumination. Compared to the device without HTL (Fig. 7.3a, purple
crosses), the devices with HTL exhibit significantly higher V,. (Table
7.2) due to the larger drift field established between the high & HTL

and Ca. The devices with HTL also exhibit much smaller standard
deviations in V,c and power conversion efficiency PCE (Table 7.2),
highlighting the importance of the HTL in creating a uniform electrical
contact between the BHJ] and the anode. Examining the data in detail,
devices with n-type MoOs; NP (Fig. 7.3a, red squares) and WOs NP
(Fig. 7.3a, orange triangles) HTLs exhibit slightly lower short circuit
current density Jsc compared to reference devices (Figure 3a, black
circles), leading to small reductions in PCE (Table 7.2). In contrast,
devices with p-type NiOx NP (Fig. 7.3a, green inverted triangles) and
CoOx NP (Fig. 7.3a, blue diamonds) HTLs exhibit similar Jsc and PCE
as the reference devices. We also compared poly(3-
hexylthiophene):phenyl-Cs1-butyric acid methyl ester (P3HT:PCs1BM)
devices with different HTLs and found that performance identical to
reference devices can be achieved using MoOs, WOs3, and NiOx NP
HTLs. We note that to optimize OPV performance, the thickness of
WOs3, NiOy, and CoOx NP HTLs must be decreased by diluting the NP

suspensions to % of the concentration of the MoOs; NP suspension.
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Fig. 7.3. J-V response under AM 1.5 100 mW/cm2 through a 2.5 mm
diameter aperture for PCDTBT:PC71BM OPVs with different HTLs.
Conventional devices with PEDOT:PSS (black circles), MoOs NP (red
squares), WOs NP (orange triangles), NiOx NP (green inverted
triangles), and CoOx NP (blue diamonds). Device parameters are given

in Table 7.2. Inset: conventional device architecture.

This effect can be explained by comparing current density-voltage (J-
V) curves of P3HT:PCs1BM devices with MoOs and NiOx NP HTLs of
different thicknesses. When MoOs; NP HTL thickness was varied, we
found minimal effect on the J-V curves. In contrast, when NiO, NP HTL
thickness was increased, the J-V curve developed a distinct S-shape,
significantly decreasing device FF. S-shaped J-V curves have been
attributed to inefficient collection of one type of carriers that can be
caused by low contact layer conductivity, changes in recombination, or
variable electric field distributions, which depends on the specific metal
oxide HTL, Thus, by optimizing the thicknesses of metal oxide NP

HTLs, performance matching PEDOT:PSS is achieved for conventional
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PCDTBT:PC7:BM and P3HT:PCs1:BM OPVs. Decreasing HTL thickness

from the optimal values lowered device yield.

Table 7.2. Performance of conventional PCDTBT:PC7;BM OPVs with
different HTLs under AM1.5 100 mW/cm? illumination through a 2.5

mm diameter aperture.

HTL Voc Jsc FF PCE

V) (mA/cm’) (%)
PEDOT:PSS  0.887 £0.005 9.95+0.13 0.604 +0.008 5.33+0.13
MoOs; NP 0.895 +£0.005 9.57+0.10 0.596 + 0.005 5.12+£0.03
WO; NP 0.882+0.004 9.68+0.07 0.587+0.004 5.02+0.04
NiO, NP 0.895 +0.006 9.85+0.11 0.598 +0.008 5.27+0.11
CoO, NP 0.900 £0.000 9.77+£0.10 0.606+0.006 5.33 +0.05

7.4 Conclusions

In conclusion, we demonstrate a general method to synthesize stable
suspensions of metal oxide NPs using controlled oxidative dissolution
of micron sized metal powders with H;O, in n-butanol. The small NP
diameters of 1-2 nm enable solution processing of n-type and p-type
metal oxide NP films on ITO with electronic properties comparable to

solution processed and vacuum deposited counterparts, without the
need for any post processing. Due to their high ® values, the metal

oxide NP films exhibit excellent performance as HTLs in conventional
OPVs, with PCE in most cases identical to the PEDOT:PSS HTL
reference. Due to the simplicity and generality of the technique,
synthesis of other ultrasmall NPs with tailored properties, e.qg.

ternary/quaternary and doped metal oxide NPs, should be achievable,
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with potential applications in many areas, such as photovoltaics, thin

film transistors, batteries, and catalysis.
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8 Solution Processed Transition Metal
Dichalcogenides for Electronic Application

8.1 Introduction

The two-dimensional transition meal dichalcogenides (TMDs) are
highly anisotropic layered, graphene-like compounds that are of great
interest in basic research due to a large variety of electronic, optical,
mechanical and thermal properties that makes them excellent
candidates for high-gain photo-detection, among others, because the
charge carriers in these materials show large mobility. 177109,
Furthermore, the extraordinary opaque property of 2D materials in
addition to their excellent conductivity makes them highly applicable

as electrodes in many electronic devices, such as solar cell'*°.

Many 2D materials exist in bulk form as stacks of strongly bonded
layers with weak interlayer attraction, allowing exfoliation into
individual atomically thin layers'*!, These materials have the formula
MX,, where M is a transition metal element from group 1V, V, or VI,
and X is a chalcogen (S, Se or Te). They form layered structures of the
form X-M-X, with the chalcogen atoms in two hexagonal planes

separated by a plane of metal atoms, as shown in Fig. 8.1.
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Fig. 8.1. Three dimensional schematic representation of a typical MX;
structure, with chalcogen atoms (X) in yellow and metal atoms (M) in

grey!!?.

Flexibility and transparency are also desirable characteristics for next-
generation electronics. Researchers are now turning to TMDs as
ultrathin materials with tunable bandgaps that can be used in all sort
of electronic applications!?”. In some semiconducting TMDs, for
example MoS;, there is a transition from an indirect bandgap (1.3 eV)
in the bulk to a direct bandgap in the single-layer form (1.8 eV)!!? as

shown in Fig. 8.2.
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MoS, bulk MoS, monolayer

E; (Hartree)

Fig. 8.2. Band structures calculated from first-principles density

functional theory (DFT) for bulk and monolayer MoS,*3.

The presence of bandgap in most semiconducting TMDs, whether in
bulk or monolayer, are comparable to the bandgap in silicon making
them suitable for use in a wide range of electronic applications.
Furthermore, the relatively high Earth abundance of TMDs and their
direct bandgaps in the visible range make them attractive as the light-

absorbing material in alternative thin-film solar cells!!?.

Reliable production of TMDs with uniform properties is essential for
translating their electronic and optical properties into applications®’.
Stoichiometry, size, layer thickness, and electronic properties of TMDs
may vary depending on the method employed to obtain single or
multilayers of TMD nanoflakes: mechanical exfoliation, liquid
exfoliation, CVD, epitaxial growth, and solvothermal synthesis have all
been used!®’1!>, Solution-based colloidal synthetic route for TMDs can
be useful because it represents mild reaction conditions and easy

tunability in terms of size, composition, and monodispersity''®. Current
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reports on solvothermal synthesis of layered TMD nanocrystals in

nanometric size are scarce’!’.

Although TMDs have been widely studied for decades, their role as
near-atomically thin materials is new. Recently a BHJ solar cell made
from TiO2 nanoparticles, MoS, atomic layer nanosheets and P3HT was
reported with 1.3% photoconversion efficiency!!®. This is a clear
example of effective photo-absorption of MoS, nanoflakes and the
photovoltaic performance shown by the BHJ solar cell suggests that
layered semiconductors could be viable material candidates for solar

cell applications.

8.2 Electronic  Structure Measurements of 2-D
Materials

This chapter describes the simplified band structure for a

semiconductor material and the characterization techniques used for

electronic structure measurements of 2-D materials. In addition, there

will be a brief discussion about results obtained from mineral TMDs

using these characterization techniques.

A simplified band structure for a semiconductor is shown in Fig. 8.3.
For semiconductors, the fundamental band gap (Ey) is framed by the
valence band maximum (Evsm) and conduction band minimum (Ecsm).
The work function of a material (F) is the energy required to remove

and electron from the Fermi energy to the vacuum level (Evac — Ef).
Finally, the ionization energy (IE) is the energy required to remove an

electron from the valence band maximum to the vacuum level'°.
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Fig. 8.3. Schematic semiconductor band structure and energy levels.

8.2.1 Kelvin Probe for Work Function Measurements

The work function of a material can be measured using different
methods, including ultraviolet photoelectron spectroscopy (UPS) and
Kelvin Probe (KP). Owing to the fact that the work function of a
material can be extremely sensitive to the surrounding environment,
UPS is the most commonly cited method because it occurs under ultra-

high vacuum**®.

Unlike UPS, the Kelvin probe does not require ultra-high vacuum
conditions to measure work function. Therefore, it offers a distinct
advantage over UPS of being able to quickly screen the work function
of many samples under ambient conditions. Additionally, the KP also
has higher resolution (5-20 meV vs. 100 meV in UPS)!!?, which is

useful for discerning small changes in sample work function.

The Kelvin probe is a non-contact technique employing a vibrating
capacitor to measure the work function difference between a flat probe

and the surface of a sample. When brought into close proximity of the
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surface, the vacuum levels are aligned, but each material (probe and

sample) has a different work functions (Fig. 8.4, left). By connecting

the two materials externally, electrons flow from the lower ® to the

higher ® so that, equal and opposite surface charges are formed and
the Fermi energies are equal. In addition, an electrostatic potential
between the tip and sample is generated called the contact potential
difference or Vcpp, which equals the ® difference between the tip and
the sample (Fig. 8.4, center). In this equilibrated state, the potential
field equals the work function between the materials. Vcp can be
determined by applying a backing potential (V,) until the field between
the two materials is zeroed (Fig. 8.4, right)'*®. By knowing the work

function of the tip, the work function of the sample can be obtained.

Conducting isolated External electrical “Backing potential”
samples contact applied
E'.‘.w
D, D,
q)l | (I)Inp \‘,' (1)“',
CPD
Je— E_‘ E b E‘ s
(= s (T)“
L'I" T Ellp al‘l‘
- 8‘,
-+
-+

I U B

Flow of charge, potential gradient

Fig. 8.4. Energy alignment in Kelvin probe measurements in floating

(left), short-circuit (center), and voltage-nulling situations (right) *°.
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8.2.2 Photoelectron Spectroscopy in Air

The ionization energy (IE) of a material can be measured by
photoelectron spectroscopy in air (PESA). This is a non-contact, non-
destructive technique that employs an open counter electron detector
operated under atmospheric pressure with a low photoexcitation
energy UV source (3.4 - 6.2 eV). UV-rays emitted from deuterium
lamp are set through a grating monochromator, and then focused on a
sample surfaces (spot diameter of 2 mm!?°) in air. The spectra are
acquired by increasing the energy of UV photon from 3.4 eV to 6.2 eV,
with a 0.05 eV step. When the energy of UV ray is higher than the IE
of the sample material, the photoelectrons are emitted from the
sample surface and ionize the O, in the air. These ions are detected
and counted in the air by the open counter. The crossing point of the
background and the yield line is called photoemission threshold
energy. If the sample is a metal, the relationship between the photon
energy and the square root of yield looks linear, the photoemission
threshold energy indicates the work function of the metal. If the
sample is semiconductor, the cube root of yield shows a linear
relationship with the incident photon energy, and the photoemission

threshold energy equals the IE of the semiconductor!?.

8.3 Experimental

Motivated by these attractive properties of TMD and encouraging
electronic applications, we explored the synthesis of colloidal MoS;

nanoflakes. Following a microwave-assisted synthesis procedure
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modified from Joo and colleagues!??>. We selected this approach
because it has been shown to yield various semiconducting metal
sulfide nanocrystals employing thermolysis of organometallic

precursors with low size polydispersity and good stability.

MoS, nanoflakes were synthesized from the reaction of
molybdenum(V) chloride and sulfur powder in oleylamine in the
presence of 1,2-hexadecanediol. For the microwave synthesis, MoCls
(0.05 M) (Aldrich) with 1,2-hexadecanediol (0.05 M) (Alfa Aesar) were
dissolved in oleylamine (technical grade 70%, Aldrich), added to a
previous dissolved solution of sulfur (Alfa Aesar) in oleylamine (0.6 M).
The solution was placed in a microwave reactor (CEM Discovery)
containing a single-mode 2.54 GHz microwave cavity. The solution
were maintained at 100 °C for 1 hour to completely dissolve the
precursors, and reacted at different temperatures ranging from 140°C
to 220 °C for 15 minutes and 1 hour, resulting in black colloidal
solution (Fig. 8.5).

Molybdenum Chloride CEM Discover Microwave Reactor
Cl Cl r _

100 °C-1h f
+ |

_—
140 - 220 °C
15 min & 1h

Stable MoS, nanoflake
suspension

Cloee.. \ Gl , .-
CI/ Nio\m/ M‘O\m
cl cl

1,2-Hexadecanediol

CHS(CHz)mcHzY\OH
OH

Sulfur powder NH,
\ in Oleylamine

R

Fig. 8.5. Schematic of microwave synthesis of MoS, nanoflakes.
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Anhydrous ethanol was added in order to cause the MoS; nanoflakes
to be precipitated. The precipitate was retrieved by centrifugation and
washed four more times using anhydrous ethanol to completely
eliminate any organic residual. The nanoflakes were then dispersed in
dichloromethane (DCM).

To determine the nanoflake size and distribution, an aliquot of the
resulting suspension was diluted by a factor of 100 with DCM, agitated
in an ultrasonic bath for 5 min and analyzed by dynamic light
Scattering (DLS) under backscattering conditions using a Malvern
Zetasizer. For TEM, MoS, suspension was diluted 5 times with DCM,
drop casted on a TEM grid (01824, Ted Pella), and imaged at 200 kV
with a JEOL JEM2100. For ® and XPS measurements, MoS, suspension
was dropcasted on p-type Si(100) substrates (10-20 Wcm, University
Wafers) that had been cleaned by rinsing with IPA and H,O, follow by
UV-0s5 cleaning for 20 min. For PESA measurements MoS; films were
drop casted on glass slides previously cleaned with the same
procedure as Si substrates. ® was measured in air using a scanning
Kelvin probe (SKP 5050, KP Technology) with Au as the reference
material (® = 5.15 eV). XPS was measured using a Ulvac-PHI
VersaProbe 2 with monochromated Al Ka source (1486.8 eV). All
spectra were collected at an angle of 45° to the sample surface with
energy step of 0.1 eV and pass energy of 23.5 eV, and were fitted
using commercial software (MultiPak, Ulvac-PHI). PESA was performed
using a RKI Instruments Model AC-2 system with 100 nW deuterium
lamp power with a step of 0.05 eV. Topography measurement was

performed using an Asylum Research MFP-3D atomic force microscope
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(AFM).

8.4 Results and discussion

We found that microwave heating of precursor solution resulted in a
black suspension of MoS, (Fig. 8.5). The suspension showed excellent
stability and remained dispersed for more than 30 days. DLS of the
synthesized MoS, nanoflakes shows that the MoS, nanoflakes size
depends strongly on the reaction temperature and time. 15 min
reaction at 220°C produces 142 = 23 nm lateral size (Fig. 8.6c).
SAED pattern from MoS, nanoflake surface depicts hexagonal lattice

structure, consistent with 2H phase (Fig. 8.6d).

9 (T
| 1h

2500
2000
1500
1000

DLS size (nm)

140 °C 180 °C 220 °C
Temperature

Fig. 8.6. TEM characterization of MoS, nanoflakes. (a) TEM image,
scale bar 2 ym. (b) A typical HRTEM image of MoS, nanoflakes,
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scale bar 20 nm. (c) DLS size distribution histogram. (d) The SAED
pattern from the MoS; surface shown in (a). (e) Enlarged HRTEM
image of MoS, nanoflake, the measured d spacing distance is around
0.27 nm

The stoichiometry of Mo0S, nanoflakes was characterized by x-ray
photoelectron spectroscopy (XPS). The Mo3d, S2s, and S2p spectra of
MoS, nanoflakes synthesized at different conditions on silicon (crosses)
and curve fit (solid) (Fig. 8.7a,b), are consistent with 2H phase of
MoS,'?3. Raman spectra of MoS, nanoflakes is can be seen in Fig.
8.7c, showing in plane E';4 and out of plane A4 peaks, consistent with
2H phasel®*,

3 |a) Mo3ds; S2ps, _
& Mo3d
> e S2pis2 C) Ag
£ S2s ~ r
5 S
S L 1 e S r :
236 232 228 224 164 160 b E 29
Binding energy (eV) ‘B
c L
~ S
g _b) M03d5/2 Szp3/2 E
< [ Mo3dsp S2p1,2
:5; S2s i N T f | N |
s [ 200 300 400 500
j= A R e ) ) -1
236 232 228 224 164 160 Raman Shift (cm )

Binding energy (eV)
Fig. 8.7. XPS spectra showing Mo 3d, S 2s, and S2p core level peak
regions for samples synthesized at (a) 180 °C -15 min, (b) 200 °C -15
min. (c) Raman spectra of MoS; nanoflake synthesized at 220 °C-15

min.

An AFM topographic image of a MoS; nanoflake is shown in Fig. 8.8

(left). Cross-sectional plot along the red line from AFM image of a 6.4
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A thick single layer MoS, nanoflake synthesized at 140 °C - 1h (Fig.
8.8, right), matching (002) interplanar distance, indicating a single

layer flake.
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Fig. 8.8. Atomic force microscopy image of a single layer MoS,

nanoflake (left). Cross-sectional plot along the red line in left (right).

IE of MoS, nanoflakes were measured by photoelectron spectroscopy
in air (PESA) (Fig. 8.9a) yielding values of 4.85 eV. The synthesis

temperature and time do not have effect on IE, as shown in Fig. 8.9b.
The ® of the MoS; nanoflakes was measured using scanning Kelvin

probe, and was found to be 4.50 £ 0.04 eV the highest value, when
synthesized at 180 °C-15 min (Fig. 8.9b). Assuming a bandgap of 1.3

eV!?>, these MoS, nanoflakes show a p-type behavior (Fig. 8.9c).
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Fig. 8.9. (a) PESA spectrum of MoS, nanoflakes synthesized at 180 °C

Energy from vacuum (eV)

-15 min. (b) ® and IE histogram for MoS, synthesized at different
conditions. (c) Band diagram of MoS, synthesized at 180 °C -15 min,

constructed from IE and F measurements, using a reference bandgap
value of 1.3 eV!?,
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8.5 Conclusions

We have demonstrated the ability to synthesize MoS, nanoflakes by
solvothermal method by microwave heating. Results confirmed by XPS
and Raman spectroscopy the presence of MoS, 2H phase. In addition,
SAED and TEM confirmed MoS, hexagonal structure. MoS, nanoflake
thickness is consistent with a single-layer flake. Finally, according to
PESA and Kelvin probe measurements, IE of MoS,; nanoflakes

remained unaffected by synthesis conditions, whereas ® presents a

maximum when MoS; is synthesized at 180 °C for 15 minutes.
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9 General Conclusions

In summary, we have demonstrated the influence of the underlying
layer on the BHJ] layer morphology. We showed that phase segregation
leads to a reduction of interfacial area and lower PCBM concentrations
outside of the clusters in the active layer, resulting in drastic reduction
of OPV parameters due to both low charge generation and high
bimolecular recombination. We found a simple solution by rinsing the
pyrolyzed MEA-containing ZnO films with MOE or using a ZnO recipe
without MEA significantly reduced the formation of PCBM clusters and

produced devices with good performance.

We demonstrated that in situ chemical oxidation of MoOy nanoparticle
suspensions with H,0; is a simple but versatile method to control their
stoichiometry and electronic properties. Our synthesis resulted in < 1
nm MoOx nanoparticles with high work function and almost entirely
MoOs, properties which are desirable for HTL material in OPV devices.
We established a clear correlation between the work function and the
Mo®* fraction of the MoO,, and achieved a continuous tuning of work
function. Moreover, the simplicity of the chemical oxidation procedure
should be generally applicable in synthesizing other transition oxide

nanomaterials with tunable stoichiometry and properties.

Following the MoOx nanoparticle synthesis, we demonstrate a general
method to synthesize stable suspensions of other metal oxide
nanoparticles using controlled oxidative dissolution of micron sized
metal powders with H,O, in n-butanol. We achieved the deposit of

small nanoparticles with diameters of 1-2 nm n-type MoOs; and WOs3,
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and p-type NiOx and CoO films on ITO with electronic properties
comparable to solution processed and vacuum deposited counterparts,
without the need for any post processing. The metal oxide nanoparticle

films exhibit excellent performance as HTLs in OPVs.

Finally, we have demonstrated the ability to synthesize MoS,
nanoflakes by solvothermal method using microwave heating.
Spectroscopy techniques showed the presence of MoS, 2H phase and
SAED and TEM confirmed the hexagonal structure. MoS, nanoflake
thickness is consistent with a single-layer flake. Finally, according to
PESA and Kelvin probe measurements, IE of MoS,; nanoflakes

remained unaffected by synthesis conditions, whereas ® presents a

maximum when MoS; is synthesized at 180 °C for 15 minutes. The
synthesis of layered graphene-like materials, with electronic, optical,
mechanical and thermal properties contributes to the pursuit of

materials suitable for flexible electronic applications.

Taken together, the investigations carried out in this thesis contribute
positively towards finding routes for low-temperature solution
processing of metal-oxides and transition metal dichalcogenides,
suitable to replace their vacuum processed analogues and building

blocks in large-scale OPVs fabrication.
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Future Work

We propose the optimization of the synthesis of MoS, nanoflakes. The
challenge to develop simple methods for the preparation of high-
quallity 2D nanoflakes that are solution-processable at low
temperature remains. Exploration of this synthesis method using CS,
as chalcogen precursor agents in order to get similar ® and IE to those

measured from mineral TMDs 115, Recently, Jeong et al. reported the
generation of highly reactive radicals from elemental sulfur during the
reaction, which promoted degradation of the structural integrity of 2-D
layered nanocrystalsiie, To avoid reactive radical formation, CS, was
chosen as alternative chalcogen precursor because no radical species
are formed when CS; is heated in oleylamine!!>®, In addition to the
synthesis, it is necessary to achieve the deposition of functional thin
films from these colloidal solutions for applications in energy
conversion and flexible electronics. Most methods for the fabrication of
thin films of TMDs require high vacuum or high temperature, very few

methods have been reported regarding solution-based deposition.

The electronic structure of these nanoflakes should be studied with
Kelvin probe and PESA measurements. In addition, size and
crystallinity will be examined by TEM, and stoichiometry
characterization of these semiconductor 2D materials will be
performed by XPS studies. For the second part of this work, we
propose the synthesis of other TMDs (MoSe2, WS,, WSe>) following
this solvothermal method, the fabrication of electronic devices using

films casted from solution processed TMDs, such as solar cells.
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Recently, it was reported that films prepared from exfoliated WS, and
MoS, solutions show high smoothness compared to bare ITO, leading
to an improvement of the OPV when these materials are used as

interfacial layer?2e,
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Appendix I

Supporting Tables and Figures of Chapter 5

Fig. AIL.1 shows the UV-vis absorbance spectra for various P3HT:PCBM
films deposited on MOE ZnO with cluster area fraction of 0.01 (black),
0.07 (red), 0.34 (green), and 0.46 (blue). The high cluster area
fraction films show significant scattering of incident light as indicated
by higher absorbance for wavelengths > 650 nm, which is consistent

with the large size of PCBM clusters relative to the wavelength.
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Fig. AIL.1l. UV-vis absorbance spectra for various P3HT:PCBM films
deposited over MOE ZnO with cluster area fraction of 0.01 (black),
0.07 (red), 0.34 (green), and 0.46 (blue).
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The dependence of the series resistance (Rse) and shunt resistance
(Rsn) on cluster area fraction is depicted in Fig. AIL.2. Rs. increases
gradually with respect to cluster area fraction, whereas there is a very

little correlation between R, and cluster area fraction.
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Fig. AIL.2. Influence of cluster area fraction on series resistance (right),

and shunt resistance (left). Lines correspond to linear best fits.

Fig. AIL.3 represents J-V characteristics of rinsed MOE ZnO (Fig. AIL.3,
black) and EtOH ZnO devices (Fig. AIL.3, blue). Similar performance
was observed. Nevertheless, as mentioned in the main text, the
absence of a stabilizer makes EtOH ZnO ETL less reliable and
reproducible. The OPV parameters for both devices are summarized in
Table AI.1.
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Fig. AI.3. Comparison between MOE ZnO rinsed (black) and EtOH
ZnO (blue) on J-V characteristics of solar cells under 100 mW/cm? AM

1.5G illumination.

Table AIL.1. Summary of the device performance parameter of rinsed
MOE ZnO and EtOH ZnO obtained from J-V characteristics of solar cells
measured under 100 mW/cm? AM 1.5G illumination.

Sample V. (V) J.. (MA/cm?) FF () PCE (%) R, (Qcm?) R, (Qcm?)
rinsed MOE ZnO 0.563 + 0.005 10.32 £0.17 0.518 £0.022 3.01 £0.10 11 £2 5399 +476
EtOH znO 0.550 + 0.000 9.36 + 0.27 0.543 £ 0.023 2.80 +0.13 7 £2 5937 £ 1976

We found that J-V curves of high cluster area fraction devices
measured after white-light biased EQE measurements showed a
significant degradation, while J-V curves of low cluster area fraction

devices remained unchanged. Fig. AIL.4 depicts J-V characteristics of a
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0.01 cluster area fraction device before (black lines) and after (black
dashed lines) white-light biased EQE measurements, showing no
change. In contrast, the 0.38 cluster area fraction device (Fig. AIL.4,
red) showed clear reduction in Js, V., FF, and PCE after EQE
measurement, indicating that these type of devices are susceptible to
degradation. The OPV parameters for both devices before and after
EQE measurements are summarized in Table AI.2. The white-light
EQE measurements for each sample took 1.5 hours with continuous

light exposure.
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Fig. AI.4. Effect of cluster area fraction on performance reduction of
solar cells taken under 100 mW/cm2 AM 1.5G illumination: before
(solid line) and after (dashed Iline) white-light biased EQE
measurements for a 0.01 cluster area fraction device (black) and a

0.38 cluster area fraction device (red).
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Table AI.2. Summary of the device performance parameter change
before and after white-light EQE measurements for devices with two

different cluster area fractions.

Sample V. (V) J,. (mA/cm?) FF () PCE (%) R, (Qcm?) R, (Q cm?)
Before EQE 0.555 £+ 0.005 9.77 £ 0.20 0.475 £ 0.020 2.57 +0.16 9 £2 3406 =+ 1395
After EQE  0.553 + 0.008 9.63 + 0.24 0.463 £ 0.026 2.48 £ 0.21 9 +£2 3326 £ 1471
Before EQE 0.414 £+ 0.013 4.52 £ 0.31 0.430 £ 0.007 0.81 £0.07 10 £2 3800 =+ 1443
After EQE  0.296 + 0.011 3.51 £ 0.23 0.421 +£0.013 0.44 £0.05 10 £2 3442 370
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Appendix II
Supporting Tables and Figures of Chapter 7

Properties of Metal Oxide NP Suspensions and Films
Size distribution curves of metal oxide NP suspensions in n-butanol
from dynamic light scattering are shown in Fig. AIL.1. As noted in the

main text, the dispersed NPs are ~ 1 nm in size, with reasonably

narrow size distributions.
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Fig. AIIL.1. Size distribution curves of (a) MoOs NP, (b) WOs NP, (c)

NiOx NP, and (d) CoOx NP suspensions in n-butanol from dynamic light
scattering.

For thickness measurements, 0.025M metal oxide NP suspensions
were spin coated four times at 8000 rpm on cleaned ITO on glass.
Spectroscopic ellipsometry data was collected on a J. A. Woollam M-
2000DI, and was fitted between 450-700 nm. The film model used for

fitting consists of 1 mm glass ("7059_Cauchy”), 134 nm ITO
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(“ITO_parameterized”, fitted previously for bare ITO substrate), and a
Cauchy film (k amplitude = 0) for the metal oxide NP film, with zero
surface roughness. Good fits were achieved (mean square error < 5),
and the fitted metal oxide NP film thickness values are 3.8 £ 0.1 nm
for MoOs, 2.5 £ 0.1 nm for WO3, 7.6 £ 0.1 nm for NiO4, and 6.4 + 0.1
nm for CoO,. We note that the thickness values are not definitive. For
example, if the ITO thickness in the model was decreased to 130 nm,
which can easily happen due to batch-to-batch variation from the
supplier, the fitted MoOs; thickness became 7.3 = 0.1 nm.
Nevertheless, the spectroscopic ellipsometry data is in agreement with
the WF data showing thin metal oxide NP films are deposited on top of

ITO substrates by spin coating.

UPS spectra of MoOsz NP and WOs NP films with He I excitation (21.2

eV) provides information on their work function value and valence
band position (Fig. AIL.2). ® measured from the photoemission cutoff
is 5.5 eV for MoOs (Fig. AIIL.2a, left) and 4.9 eV for WOs (Fig.
AIIL.2b, left). ® values are similar to the values measured by Kelvin
probe for MoOs; (5.20 eV) and WOs (5.31 eV), but with notable

discrepancy. The discrepancy may be caused by different degrees of

desorption of ambient contaminants when placed in vacuum for UPS,

90



or by photoinduced shifts of the Fermi level in the films under He I
excitation. Also, UPS samples a smaller area (~ 150 pm?) compared to
Kelvin probe measurement (~ 3 mm?), and thus is more susceptible to
variations within the NP film. The valence band spectra shows onsets

at 3.1 eV for MoOs (Fig. AII.2a, right) and 3.3 eV for WOs (Fig.
AIIL.2b, right) that correspond to the difference between ® and IE.

Thus, IE is 8.5 eV for MoOs; and 8.2 eV for WOs. By subtracting

bandgap from IE, EA is found to be 5.55 eV for MoOs and 4.75 eV for
WOs. A comparison of ® and EA shows that MoOs; and WOs are n-type

materials.
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Fig. AIL.2. UPS spectra of (a) MoOs NP and (b) WOs NP films with He

I excitation. The photoemission cutoff (left) and valence band spectra

UV-vis absorbance spectra were collected for 0.1M metal oxide NP
suspensions. When a? was plotted vs. photon energy, where o is the

absorption coefficient, for MoOs; and WOs; (Fig. AIL.3a), a linear
relationship is observed, and their onset values correspond to direct
bandgaps of 2.95 eV and 3.45 eV, respectively. In contrast, NiOyx and
CoO, exhibit multiple absorption features (Fig. AII.3b) due to

intraband d-d transitions in addition to the bandgap transition. Thus,
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literature bandgap values for NiOyx (3.7 eV) and CoO (2.4 eV) were

used.
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Fig. AIIL.3. Optical properties of metal oxide NP suspensions in n-
butanol. (a) «® vs. energy for MoOs (red) and WOs (orange) NP
suspensions. Dash lines indicate the extrapolated bandgap values. (b)
Absorbance vs. energy for NiOx (green) and CoOyx (blue) NP

suspensions.

PESA spectra of NiOx NP and CoOx NP films show a threshold at photon
energy of 5.55 eV and 5.70 eV, respectively (Fig. AII.4), which
corresponds to their IE. The linear relationship between vyield®>® and

photon energy indicates that both films are semiconducting!®’. As

noted in the main text, the similarity between ® (5.1 - 5.2 eV) and IE

suggests that NiOx NP and CoOx NP are p-type materials.
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Fig. AIIL.4. PESA data of NiOx NP (green inverted triangles) and CoOy
NP (blue diamonds) films, showing onsets corresponding to IE values

of 5.55 and 5.7eV, respectively.

The O 1s XPS spectra for NiOx and CoO, NP films show contribution
from multiple oxidation states (Fig. AIL.5). As noted in the main text,
the NiO, spectra shows peaks at 529.2 eV, 530.5 eV, and 532.2 eV,
corresponding to NiO, Ni(OH),, and NiOOH, respectively (Fig. AII.5a).
The CoOyx spectra shows peaks at 529.6 eV, 531.0 eV, and 532.7 eV,
corresponding CoO, Co(OH),, and adsorbed H,O, respectively (Fig.

AIL5b).
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Fig. AIIL.5. O 1s spectra of metal oxide NP films: (a) NiOx. (b) CoOs.

Crosses represent experimental data and lines represent fit to the

data.

Roughness of metal oxide NP films with optimal thickness values for
HTL performance (0.025M for MoOs NP, 0.00625M for WOs3, NiOy, and
CoOx NP) was characterized using atomic force microscopy (Asylum
MFP-3D). The root mean square roughness values overa 1 pm x 1 ym
area are 1.5 nm, 0.8 nm, 1.1 nm, and 0.9 nm for MoOs, WO3, NiOy,
and CoOx NP films, slightly higher than the ITO substrate at 0.8 nm.
This suggests that there are no large aggregates of metal oxide NPs on

ITO.
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OPV Performance

We examined the performance of metal oxide NP films as HTLs using
conventional P3HT:PCs:BM OPVs (Fig. AIL.6a, inset). For metal oxide
NP HTLs, metal oxide NP suspensions (0.025M for MoOs, 0.00625M for
others) were spin coated four times at 8000 rpm. Devices with MoOs3
NP HTL (Fig. AIIL.6a, red squares) exhibit performance identical to
reference devices with PEDOT:PSS HTL (Fig. AII.6a, black circles)
under AM1.5 100mW/cm? illumination, with a power conversion
efficiency PCE of 3.4% (Table AII.1). The same PCE was achieved
using WOs NP (Fig. AII.6a, orange triangles) and NiOx NP (Fig.
AIl.6a, green inverted triangles) HTLs with a thinner thickness by
diluting the NP suspensions to % of the concentration before spin
coating. Devices with thin CoOx NP HTL (Fig. AII.6a, blue diamonds)
exhibit lower V.., FF, and PCE compared to the reference devices
(Table AII.1). A comparison of J-V curves for conventional
P3HT:PCs:BM devices with different HTL thicknesses shows a
qualitative difference between devices with MoOs; NP (Fig. AII.6b) and
NiOx NP (Fig. AIL.6c). For MoOs NP, a 4x increase in the concentration

of the NP suspension for spin coating (Fig. AIL.6b, blue) has little
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effect on the J-V curve, and the device performance is unchanged. In
contrast, for NiOx NP, a 4x increase in concentration generated a S-
shaped J-V curve (Fig. AIL.6¢, blue), indicating unbalanced collection

of electrons and holes.
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Fig. AIL.6. J-V response under AM 1.5 100 mW/cm? through a 2.5mm
diameter aperture for conventional P3HT:PCs1:BM OPVs with different
HTLs. (a) Devices with PEDOT:PSS (black circles), MoOs NP (red
squares), WOs NP (orange triangles), NiOx NP (green inverted
triangles), and CoO,x NP (blue diamonds). (b) Devices with MoOs; NP
spin coated from 0.025M (black), 0.05M (red), and 0.1M (blue)
suspensions, showing minimal effect of HTL thickness on performance.
(c) Devices with NiOyx NP devices spin coated from 0.0125M (black),
0.025M (red), and 0.05M (blue) suspensions, showing development of

a S-shaped curve with increasing HTL thickness.
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Table AII.1. Performance of conventional P3HT:PCgiBM OPVs with
different HTLs under AM1.5 100 mW/cm? illumination through a 2.5

mm diameter aperture.

HCL V.. T FF PCE

(V) (mA/cm’) (%)
PEDOT:PSS 0.537+0.005  9.48.+0.13 0.655+0.012  3.33+0.05
MoO; NP 0.550+0.000  9.78 +0.13 0.626 +0.008  3.37+0.07
WO, NP 0.560 +0.000  9.87+0.15 0.624+0.018  3.45+0.08
NiO, NP 0.540 +0.000  9.61+0.15 0.617+0.010  3.20+0.04
CoO, NP 0.506 + 0.005  9.51+0.16 0.534+0.005  2.58 +0.03
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