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Thesis Organization

Solar cell is a device designed to convert solar energy directly into electrical power by the
photovoltaic (PV) effect. At present, the crystalline Si (c-Si) solar cells dominate the worldwide
PV market owing to their high-power conversion efficiency (PCE, >20%), abundant resources
for Si, and superior stability (>20 years). However, manufacturing c-Si solar cells involves
high temperature (~900 °C) diffusion process and toxic boron/phosphorous gas precursor.
Carbon nanotube (CNT)/Si heterojunction solar cells have attracted much attention owing to
the simple fabrication of heterojunction, which processed by transferring CNT films onto Si
substrate at room temperature. This avoids high temperature diffusion processes which are
necessary for the traditional c-Si solar cells. However, the CNT/Si heterojunction solar cells
have poorer stability and lower power conversion efficiency (PCE) than conventional Si solar
cells. Importantly, it is still a challenge to reach industrial production due to the difficulty of
scaling up of the active area without decreasing its PCE. In this study, the CNT/Si
heterojunction solar cells with designs on the cell structure and the fabrication processes that
are compatible with scale up are developed.

Chapter 1 begins with the background of the solar cells, including the type of solar cells and
the physical principles of solar cell operation. Then it summarizes the development of the
CNT/Si heterojunction solar cells, including previous advancements, current progresses and
remaining challenges. And a review of application of MoOx layer in CNT films and CNT-based
devices follows. Finally, the research methods and technical route are proposed for practical
fabrication of CNT/Si heterojunction solar cells that integrate simple, quick, and controllable
processes including dispersion-filtration-transfer process for CNT layer, introduction of
multifunctional MoOx layer onto CNT films, mask-deposition for metal grid electrode, spin-

coating for anti-reflection (AR) layer.



Chapter 2 focuses on coating the CNT films in the CNT/n-Si heterojunction solar cell with
MoO; via simple spin-coating of solution-processable MoOx precursor. A significant
improvement in the performance of the CNT/n-Si solar cell is achieved with the MoOx layer.
The PCE of the cell increased to 10.0% from the pristine value of 7.2%. The MoOx layer is
found to be an efficient p-type dopant for the CNT films in CNT/n-Si solar cell, which results
in an increase in charge carrier density of the CNT films for lower series resistance and an
improvement in the built-in potential at the CNT/n-Si heterojunction for more efficient
separation of electron/hole pairs. The MoOx layer also serves as an enhancer for the anti-
reflection (AR) effect of the MoO—CNT layer, which enhances the short-circuit current density
of the cell. The device with the MoOx coating shows considerable stability, maintaining the
PCE at 80% of its original value for 1440 h in air without any protective layer. The above
experiments are carried out based on the small solar cell (active area of 0.0314 cm?). For the
large-sized solar cell fabrication, it is essential to have a metal grid on the CNT film. But the
metal grid directly contacts with n-Si through the pores in the CNT films, which results in
severe current leakage in the cell. The MoOx layer can fill the pores in the CNT films, which
is expected to be a blocking layer between the metal grid and n-Si for preventing the current
leakage. Therefore, the use of the MoOx precursor for large active area CNT/n-Si solar cell
fabrication is explored. However, a poor PCE value of 1.4% is obtained for the large-sized
MoO:-CNT/n-Si solar cell (active area of 4.0 cm?) is obtained. This is due to the non-uniform
MoO:x layer that is caused by the highly hydrophobic surface of the CNT films, which has
limited effect in suppression of current leakage in the cell. Finally, the ethanol solution is
explored to improve the wettability of MoOx precursor solution, targeting uniform MoOx layer
on large area CNT films. However, the ethanol is found to be so poor to fully hydrolyze the

MoO:x precursor into MoOx.



Chapter 3 is about the development of a rapid vapor deposition of MoOx layer for CNT films
in the CNT/n-Si solar cell, targeting more uniform deposition of MoOx layer on the CNT films
directly. Here, the MoOx layer is deposited onto the CNT films in CNT/n-Si heterojunction
using a pre-oxidized-Mo boat as a MoOx source for vapor deposition. The MoOx layer enhances
the PCE significantly from 7.1% to 11.1% for a small-sized solar cell (active area of 0.0314
cm?) owing to p-type doping of the CNT films and the enhanced AR effect of the MoO—CNT
layer. As-deposited MoOx layer serves as a more efficient blocking layer between the metal
grid and CNT/n-Si interface than that by the solution method owing to the improved uniformity
of the MoOx layer on the CNT films. A PCE of 3.6% is achieved for a large-sized MoO.—
CNT/n-Si solar cell (active area of 4.0 cm?). The rate of MoO. deposition via rapid vapor
deposition is analyzed and it is found that this method is too quick to control the MoOx
thickness carefully in the batch process. But in future, this problem will be solved by integrating
the rapid vapor deposition of MoOx layer with roll-to-roll technology, where the MoOx
thickness will be accurately controlled by the sample carrying speed.

Chapter 4 reports an improved method for the vapor deposition of MoOx on the CNT films.
The MoOx layer is deposited onto the CNT films in CNT/n-S1 heterojunction using a Mo wire
via a hot-wire oxidation-sublimation deposition method, which is processed by resistively
heating the Mo wire under an oxygen-rich gas mixture at low pressure. This method is simple
and controllable. As-deposited MoOx as a multifunctional layer that enables the size and
performance enhancement of solar cells are reported. A 4 cm?-sized MoO-—CNT/n-Si solar cell
with a PCE of 10.0% is realized by the combination of the multifunctional MoOx layer with a
Ag grid electrode. The MoOx layer plays an essential role as a blocking layer to prevent direct
contact and current leakage between Ag and n-Si. It also serves as a p-type dopant for the CNT

film, which enhances the electrical conduction and separation of electron—hole pairs at the



heterojunction, and as an enhancer for the AR effect of the MoO.—CNT layer. Post-thermally
annealing of MoOx is found to be crucially important, and the role of MoOx is discussed.
Chapter 5 compares the three processes for MoOx deposition and the resulting MoOx
structures on PV performance of MoOx—CNT/n-Si solar cells. Although all devices have almost
similar PCE in the small sized solar cells, the dry process is better in the scalability. Then, the
conclusion of the thesis is summarized. This thesis discusses the scale-up and performance
enhancement of the CNT/n-Si heterojunction solar cells using the MoOx layer. It adopts three
methods for MoOx layer to achieve this goal. They include the simple spin-coating of MoOx
precursor solution, the rapid vapor deposition (<1 min) using a pre-oxidized Mo boat as the
source, and the hot-wire oxidation-sublimation deposition using a Mo wire as the source. A 4
cm?-sized PMMA-MoO.—CNT/n-Si solar cell with a PCE of 10.0% is realized by optimizing
the process conditions and the solar cell structures. A maximum PCE of about 12% would be
expected by simply decreasing the shadow of the grid electrode. Finally, a perspective of plan
is presented. The previously developed rapid vapor deposition of 10 pm-thick crystalline Si
film will be integrated with the cell structure and fabrication technologies developed in this

thesis toward the future flexible Si heterojunction solar cells of high performance/cost ratio.



Chapter 1 Introduction

1.1 Solar cells
1.1.1 Solar cells and Si solar cells

Solar cell is an electrical device designed to convert the solar energy into electricity power
directly by photovoltaic (PV) effect [1]. They have some advantages including the minimal
operating cost and no CO2 emission during electric power generation. More importantly, the
PV technologies helps the electrification of remote places. Basing on the semiconducting
material they are made of, the solar cells can be typically classified into multi-crystalline or
mono-crystalline Si (c-Si) solar cells, cadmium telluride (CdTe) thin film solar cells, copper
indium gallium selenide (CIGS) solar cells, amorphous silicon (a-Si) solar cells, dye-sensitized
solar cells, organic solar cells, perovskite solar cells and other emerging solar cells [1]. At
present, Si solar cells dominate the worldwide PV market owing to their high-power conversion
efficiency (PCE) (>20%), abundant resources for Si and superior stability (>20 years).
However, manufacturing of c-Si solar cells is currently performed via the high temperature
(~900 °C) diffusion process and using toxic boron/phosphorous gas precursor for fabrication
of junction [2—3]. Si heterojunction (SHJ) solar cells have been developed using hydrogenated

amorphous silicon (a-Si:H) that can be fabricated at lower temperature, still using toxic gases

[4].
1.1.2 Physical principles of the solar cell operation

The most known solar cell is the p-n junction solar cell that is constructed from a
semiconductor material doped in p- and n-types. Two photovoltaic properties are important:

voltage and electric current generated in a device when it is exposed to light. The physical



principle operating of the solar cell is generation of voltage or electric current between two
semiconducting materials when exposed to light [1]. As illustrated in Fig. 1.1, the photovoltaic
energy conversion in solar cell involves two important steps. The semiconductor absorbs
photons firstly and generates hole-electron pairs when light illuminates the solar cell. Then, the
generated hole-electron pairs diffuse and separated by a built-in electric field £ at the p—n
junction, where the electron moves to the n-region and hole moves to p-region, thus, generating

electric current in external circuit [1].

p-type @ ®
e @ @®
. . ® ®
Built in electric field E @ & o o ® ® ® External
for hole and electron ® @ ' @ @A S , load
separation @ ntype @ @ @ ® @

@ hole ® electron

Fig. 1.1 Schematic of physical operating principles of the p-n junction solar cell

The primary parameters of a solar cell are the open-circuit voltage (Voc), the short-circuit
current density (/sc), the fill factor (FF) and the power conversion efficiency (PCE) (7). A brief
overview of the model relevant to solar cell parameters is provided here. An ideal solar cell
can be expressed by an equivalent circuit model. The ideal current source is in proportion to
the photo flux when the device is exposed to sun light. There are two conditions for the solar
cells and its equivalent circuit: the /s is the current that flows when the terminals are short-
circuited and the Vo is the voltage that appears across the terminals when the leads are left

open. The relative /-V characteristic (Fig.1.2) is provided by equation (1) below [1]:

I= Ly —I, (e% - 1), (1)



Where k is the Boltzmann constant, T is the absolute temperature, q is the electron charge,
and V is the voltage at the terminals of the solar cell. I is the diode saturation current (a solar
cell in the dark is simply a semiconductor current rectifier or diode). The I, is the
photogenerated current, which is closely associated with the photo flux incident on the solar

cell and its absorbance dependences on the wavelength of light.

For an ideal solar cell, the I, is equal to the photogenerated current L,,. The V. is

determined by equation (2) below:

kT I
Voo = Zin(1 + 22 @)

The maximum power P, of the solar cell is produced at a voltage V},, and current I,,, (Fig.
1.2), and it is used to define the FF:

LinVin _ Prax (3)

FF = =
ISCI/OC ISC‘/OC

The power conversion efficiency 1 of solar cell is a most commonly used parameter to
evaluate the PV performance of solar cell, that is defined as the ratio of power output from the

solar cell to input power from the sun. And it is defined by equation (4) below:

nZPmQXZISCXI/OCXFF' (4)

Psun PS‘lLTL

Where P, is the input power from the sun. And the input power for efficiency calculations

is 1 kW/m? or 100 mW/cm? under air mass (AM1.5) solar spectrum [1].

To improve the solar cell efficiency, considering the parameters discussed above, it is
important to increase the carrier concentration for the enhanced light absorption and the current
production and to increase the built-in potential for the enhanced separation of the hole-electron

pairs.
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Fig. 1.2 I-V characteristic of solar cell.

1.1.3 Limitation of PCE of silicon solar cells

Silicon is an ideal photovoltaic material for solar cells fabrication. It is not only an
abundant element in the earth but also an elemental semiconductor whose bandgap (1.12 eV)
well matches the solar spectrum. Referring to the parameters discussed above, an important
consideration in the improvement of PCE includes the increase of the carrier concentration and
the light produced current for higher /s; the increase in built-in potential that enhances the
separation ability of the hole-electron pairs for higher Voc; the reduction of series resistance of
cell for high FF. The theoretical limit for the PCE of ¢-Si solar cell is found to be 30% that can
be calculated from the optical absorption edge at the energy gap of c-Si (1.12 eV) and the air
mass (AM1.5) solar spectrum based on the Shockley-Queisser theory [5], where the efficiency
is calculated as a function of the energy gap. Based on the reported literature and established
knowledge of silicon solar cells, the high efficiency of 20% are already well achieved for

practice.
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1.2 CNT/Si heterojunction solar cells

1.2.1 CNT and CNT films

The report by Sumio lijima in 1991[6] ignited the extensive research on carbon nanotubes
(CNTs) owing to their unique nanostructure and properties including large aspect ratio, highly
carried mobility and electrical conductivity [7—12]. There are three main methods to produce
CNTs currently. They include arc-discharge [13], laser ablation [14], and chemical vapor
deposition (CVD) [15-16]. The individual CNTs have been studied for investigating
fundamental properties of CNTs including electronic, transport, optical, and mechanical
properties. Application of individual CNTs in devices is yet to be fully realized because of the
absence of the scalable fabrication processes with precise structure control on the position and
chirality of CNTs. Assembling individual CNTs in the form of random networks provides more
practical applications because of the scalable production of uniform CNTs films. Furthermore,
the CNTs films will have the collective behavior of the individual tubes with additional
properties from the tube-tube interaction, which leads to the CNTs films with excellent
electrical properties, extremely high electron/hole mobilities and optoelectronic properties [17].
These properties make CNTs films to be useful in various application, including transparent
electrical conductors [18—19], thermal interface materials [20—21], energy storage devices [22—
241, and heterojunction solar cells [25-26].

Currently, the CNT films can be fabricated by two processes: the dry printing process and
the solution-based process. For the dry printing process, the aerosols of CNTs synthesized via
floating catalyst CVD are directly collected as a randomly oriented CNTs films on membrane
filters or substrates [27]. This direct deposition method produces film with fewer damages and
contamination, leading to high-quality CNTs films [28-29]. The CNTs films with high

performance of 84 and 86 €/sq at 90% optical transmittance at 550 nm after doping with NO2
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and AuCls were reported [30-31], thus are expected to replace indium-tin-oxide (ITO)
transparent electrodes. However, the CNTs films deposited on substrates via direct grown
method may consist of large amount of residual catalyst and difficulty of precise density control.
The solution-based CNTs films have demonstrated wide-spread interest in both academia and
industry. The CNTs films are often fabricated by a dispersion-filtration-transfer process [32—
35]. The solution-based process has several advantages in terms of its ambient process
temperature and its applicability to CNTs powders produced from any methods. More
importantly, the solution-based process is more suitable for the industrial process for scalable
fabrication of the CNTs films because it can be integrated into conventional and popular roll-
to-roll technique. For instance, the fabrication of the large scale optically transparent and
electrically conducting CNTs films via simple and fast method by combining CNTs ink with
rod-coating technique was reported [36], where the purified CNTs powder was dispersed in
water at high concentrations with aid of the surfactants and then rod-coated to form uniform

thin films.

1.2.2 Advances and current progresses in CNT/Si heterojunction solar cells

CNT/Si heterojunction solar cells have become a potential alternative technology for the
commercialized Si solar cells [25]. The CNT/Si heterojunction solar cells are developed with
designs on the c-Si solar cell structure but with simpler structure owing to the CNTs films with
multiple functions (as shown in Fig.1.3). These includes a transparent conductive layer for
transportation of charge carrier, a contact layer for formation of heterojunction with Si, and an
effective hole transporting layer [25]. Moreover, the advantage of this type of solar cells is that
the simple fabrication of heterojunction, which can be processed by transferring CNTs films
onto Si substrate at room temperature. This avoids high temperature diffusion processes

(~900 °C) [26], which are need for conversional c-Si solar cells.
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The photovoltaic conversion process in CN'T/Si heterojunction solar cells is described below.
The incident solar light passes through the semitransparent CNTs films, reaches and is
absorbed by the Si substrate, and generates electron-hole pairs. The produced electron-hole
pairs diffuse to the CNT/Si heterojunction and are separated by an electric field at this region
that is set up owing to the built-in potential between the CNTs films and Si wafer. The carrier
transport mechanism of CNT/Si heterojunction solar cells is complex and is not yet fully
understood. As discussed in previous works, the CNT/Si heterojunction is either p-n or
Schottky junction characteristics [37-38]. And related works indicated that the CNTs films do
not contribute to the photovoltaic conversion process and the Si plays more important role in

photocurrent-generation processes.

Anode

.. CNT film
SiO,

Si
Cathode

Fig. 1.3 Schematic of the CNT/Si heterojunction solar cell

The CNT/Si heterojunction solar cells were firstly reported in 2007 by Wei and co-workers,
with a 1.3% PCE [39]. In Wei’s work, the double-walled carbon nanotube (DWNT) films were
used for solar cell fabrication. The DWNT films was deposited on n-type silicon (n-Si)
substrate via a solution process, by expanding the as-grown DWNT films on water surface and
then transferring it onto the n-Si substrate via picking up the floated film from the water with
the n-Si wafer. After this report, the PCE of the CNT/Si solar cells have been improved

significantly to the range of 4.5%—17%, and 20.1%, as summarized in Table 1.1 [35, 39-52].
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These progresses in the CNT/Si heterojunction solar cells have been made by focusing mainly
on improving the quality of CNTs films, doping the CNTs films, treatment of the Si surface

and addition of anti-reflective coating.

Table 1.1. Summary of literature reports of CN'T/Si heterojunction solar cells [35, 39—
52].

Active area PCE Jsc Voc FF

Year (cm?) (%) (mA/cm?) V) ©) Optimization Ref
Double-walled
2007 0.49 1.3 13.8 0.50  0.19 ONT [39]
2009 0.25 4.5 26.5 035 049 SOCL, doping [40]
2011 0.09 13.8 36.3 0.6 0.72 HNO; doping [41]
TiOx+ HNO3
2012 ; 15.1 32.0 061 077 {0 doping 142
2013 - 11.2 28.6 053 074 High-quality [43]
' ' ' ‘ SWCNT films
2014 0.09 10.8 29.7 054 068  DrytransferCNT o,
films
2015 0.008 17.0 36.6 0.59  0.78 MoO, doping [45]
2016 0.03 10.4 33.1 0.55 0.7 Texture Si [46]
2017 0.09 14.1 36.1 0.54  0.72 CuCL/Cu(OH)> ey
doping
2019 0.09 14.4 36.7 0.55 0.1 Nafion doping [48]
2019 0.03 8.5 26.5 0.55  0.58 Passivation Si [49]
wafer
Nafion + Texture
2019 5 15.1 32.8 064 073 G lithography 1)
2020 16 8.8 34.0 06 043  Nafion+Texture 5,

Si+ Passivation
SiN, +n'Si +
2020 245.71 20.1 39.5 0.65 0.79 Texture + Nafion +  [52]
Back-junction
MoO:, precursor

2021 0.03 10.2 29.2 0.52 0.67 .
doping

[35]
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1.2.3 Remaining challenges for CNT/Si heterojunction solar cells

1.2.3.1 Efficiency and air stability

The efficiency and air stability are two key considerations for solar cells and the CNT/Si
heterojunction solar cells are no exception. The pristine CNT/Si heterojunction solar cells show
a lower efficiency and a poorer air stability primarily resulting from the nature of CNTs films
with porous structure. The CNTs network films cannot form the desirable passivation surface
that is essential for the high-quality heterojunction with Si. As a result, the CNT/Si
heterojunction solar cells usually show low Voc, leading to low PCE. The oxygen or water
reach and oxidize Si surface through the pores in CNT films under ambient air, which results

in performance degradation of the device over time.

The carrier doping to the CNTs films is an effective way to enhance the PCE of the CNT/Si1
heterojunction solar cells, but it also suffers from the doping effect degradation over time. The
doping mechanism of CNTs films is that doping can increase the free carrier concentration and
reduce the tube-tube junction resistance that allows the carriers more easily move through the
CNTs network [53]. There are several useful materials that can dope CNTs films. Acidic liquid
dopants are popular that ranges from chloro-sulfonic acid for instance HNO3 [41], H2SO4[54],
SOCI2[40] to AuCls [55]. However, most of them have unstable doping effect in air due to the
volatile nature. They also introduce some mobile ions into the CNTs films, which would
damage the metal grid electrodes fabricated on top of the CNTs films, thus leads to the
performance degradation of the solar cell over time. The CNT/Si solar cells with a record high
PCE 0f 20.1% by integrating various technologies used for the construction of conventional Si
solar cells [47] and a record high air stability of about one year (doping with Cu(OH)2/CuCl>)
[52] have been achieved by now. The fabrication of CNT/Si heterojunction solar cells that

show high efficiency and long-term stability remains a challenge to explore.
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1.2.3.2 Scale up of active area

Until recently, most works are based on small active area (typically in the range of 0.008 to
0.49 cm?) that is defined by the top metallic electrode of a frame shape. The small active area
enables researchers to test various chemical dopants or explore new combinations of materials
with CNTs films. However, to meet the practical application, the active area of single solar
cells needs to be scaled up to centimeter scale. The PCE degradation with the increase of active
area is a common phenomenon in CNT/Si solar cell [56—57]. In commercialized Si-based solar
cells, metal grids are applied and deposited on top of the device to efficiently collect charge
carriers from the entire device area [58]. However, the metal can penetrate through the CNTs
films and reach the Si surface during metal grid deposition because of the loose and porous
structure of the CNTs films, which results in severe current leakage in the device. Thus, the
fabrication of large-sized CNT/Si solar cell with high efficiency is still a challenging topic to
explore. Recently, the CNT/Si solar cell with a PCE of about 10% was realized in active area
of 0.49 cm? by combining CNT with Ag nanowires and adding TiO: layer as an additional
antireflection layer, where the Ag nanowires works as grids for the enhanced charge carrier
collection [55]. The device with active area of more than 2 cm? was reported, in which the CNT
strips were used as a replacement of metal grids to avoid the current leakage [59]. The CNT/n-
Si solar cells with larger active area of 5, 16, and 245.71 cm? with respective PCE of 15.5%
[50], 8.8 [51], 20.1 [52], were developed via integrating various technologies applied in the
conventional c-Si solar cells. There included the passivating and texturing the Si surface and
lithography-based patterning for the contacts and metal grid electrodes. To prevent the metal
grid and Si from coming into direct contact, they used the lithographically patterned SiO2 layer
[50], a lithography-less intermixed Nafion-CNT layer that serves also as a passivation, physical
blocking and anti-reflective (AR) layer [51], and a Nafion-CNT layer spin-coated on the rear

surface that serves also as a hole extraction and passivation layer [52].

16



1.2.4 Performance outlook of CNT/Si heterojunction solar cells

Table 1.2 lists the main efficiency parameters for CNT/Si heterojunction solar cells
including the current best values that have been reported in literatures, and some suggested
target values for development in this field. It is predicted that a PCE 0f 21.6% could be achieved
via combining the current best reported values (Voc = 0.66 V, Jic = 39.9 mA/cm?, FF = 0.82).
The target values could be Voc = 0.70 V, Jsc = 40 mA/cm?, and FF = 0.84, that realize a PCE of
23.5%. From the table, while many parameters are already at or near the target values, and
there are not any fundamental limitations that prevent CN'T/Si heterojunction solar cells from
having high PCE. The challenges for the CNT/Si solar cells are in further understanding of the
working mechanism of the CNT/Si heterojunction, in improving overall quality of material and
fabrication, and in integrating simple, quick and controllable processes into a practical device

fabrication process.

Table. 1.2 PV parameters of previously developed CNT/Si solar cells and the limits in their

improvement [47, 52, 59]

Parameters Goal Target Best limit Ref
Built-in potential (dominated by
Voe [V] Up ~0.70 0.66 work function of CNT films [52]
Theoretical max for Egap, Si=42-
Jsc [mA/ sz] Up ~ 40 399 5% shading by nanotube (90%) [52]
films =39
Practical limit around 0.82-0.84
FF Up ~0.84 0.82 know from silicon cell [52]
Area [cm?] Up ~243 245.71 243 (156 mm square wafer) [52]
Nanotube Rheet Unknow, trade-off with
[Q/sq] Down <100 69 transmittance [47]
Nanotube T5so Up > 95 93 < 100, trade-off with resistance [59]

[70]
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1.3 Applications of MoOx layer in CNT films and solar cells.

The MoOx has wide applications as a useful electronic material owing to ease of deposition
from solution or vapor, and their remarkable properties including environmental friendliness,
durability, inexpensiveness, low parasitic absorption and high work function [60—61]. There
are some reports about the doping of graphene with MoOx and it had been considered as a weak
dopant [62—63]. On the contrary, the MoOx has been proven to be a strong and stable dopant
for CNT films [64—66]. The charge-transfer interaction between MoOx and CNT network was
demonstrated [64], which provides evidence for the stable doping of CNT films by MoOx. The
CNT forests also showed a decrease in resistances after doping by a MoOx layer [66]. Moreover,
doping CNTs films with MoOx layer as electron-blocking transparent electrodes for highly
efficiency flexible organic solar cells was reported [67—69]. A high PCE of about 17% in active

area of 0.008 cm? of CNT/Si solar cell using MoOx was also reported [45].

1.4 Research scope and technical route

The potential of CNT/Si heterojunction solar cells for conversion of solar energy to electrical
power has attracted much attention. And the CNT/Si heterojunction solar cells can potentially
be developed to the level of current high efficiency silicon solar cells. However, the challenges
of present insufficient PCE, small active area, and poorer stability need to be solved for their
practical application. The small active area is the most core challenge that needs to be solved.
Thus, I focus on the scale-up and performance enhancement of CNT/Si heterojunction solar
cells using MoOx layer. The MoOx layer will expectedly have an essential role as a blocking
layer that prevents the metal grid and Si from coming into direct contact and current leakage
while allowing the electrical conduction between the top metal grid electrode and CNTs. It also
acts as a p-type dopant for the CNTs, which enhanced the electrical conduction and separation

of electron—hole pairs at the heterojunction, and as an enhancer for the anti-reflective effect of
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the MoO.—CNT layer. The research objectives include: (1) development of a simple, quick,
and controllable process to introduce the MoOx onto CNTs films, targeting large area uniform
MoOx layer for large-area CNTs films; (2) scalable fabrication of high-efficiency CNT/Si
heterojunction solar cells via combination of prepared MoOx layer with CNTs films. The detail
of technical route illustrated in Fig. 1.4 includes: (1) dispersion-filtration-transfer process for
CNTs films; (2) introduction of multifunctional MoOx layer onto the CNT films in the CNT/n-
Si solar cell; (3) mask-deposition of Ag top grid electrodes; (4) spin-coating of additional anti-

reflective (AR) layer.

S S >
s — s — e — B

Depression-filtration-transfer Introduction of Mask-deposition for spin-coating
Process for CNT layer ~ multifunctional MoO, layer Ag grid electrodes anti-reflection layer
Less toxic

Solution process based Scalable production solution-process based

simple and stable

Fig. 1.4 Schematic of the technical route for fabrication of large-sized and high-
performance CNT/n-Si heterojunction solar cells using the MoOx layer.
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Chapter 2 Performance enhancement of carbon nanotube/silicon

heterojunction solar cell by solution processable MoOx

The part of the content of this Chapter has been published by Xiaoxu HUANG, et al.,
Performance enhancement of carbon nanotube/silicon solar cell by solution processable MoOsx,

Appl. Surf. Sci. 542, 148682 (2021).

2.1 Introduction

Previous research [1-3] focused on using MoOs powders as the source for deposition of
MoOs by thermal evaporation on carbon nanotubes (CNTs) films and CNTs forests. But this
method usually requires high vacuum and long process time and is not suitable for large-scale
and low-cost scalable production. On the other hand, MoOx was found to be an effective hole
selectivity layer in organic solar cells [4—6], where the MoOx layer was prepared via spin-
coating. Noticeably, there are few reports in applying the spin-coating for doping the CNTs
films by MoOx in CNT/Si heterojunction solar cells. This chapter demonstrates that the MoOx
precursor solution can significantly improve the power conversion efficiency (PCE) and
enhance the air stability of the CNT/Si heterojunction solar cells. The influence of MoOx on
CNT/Si heterojunction solar cells was studied. It is found that the MoOx worked as both an
efficient p-type dopant and an enhancer for antireflective effect for CNTs films, which
benefited to reduce the series resistance and enhance short-circuit current density of the solar
cell. As a result, a high PCE of 10.0 % was achieved for the MoO,—CNT/n-Si heterojunction
solar cell, which is a 39% improvement from the pristine value of 7.2%. Moreover, the device
exhibits a considerable enhancement in air stability, maintain the PCE at 80% of its original

values for 1400 h under ambient environment without any protective layer. Application of
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MoOx layer by spin-coating for large-sized MoO»—CNT/n-Si heterojunction solar cells was also

explored.

2.2 Experiments

2.2.1 Preparation of CNT films and MoOx precursor solution

CNT films were prepared using a solution method [7], whole preparation process was
provided in Fig. 2.1. CNT powder (1-3 mg; MEIJO eDIPS, Meijo Nano Carbon Co., Ltd.,
Nagoya, Japan), which mainly consisted of single-walled CNTs with small amount of double-
and triple-walled CNTs, was dispersed in 25 ~ 30 mL of a 0.5 wt% aqueous solution of sodium
dodecylbenzene sulfonate (SDBS, Sigma Aidrich, St. Luouis, Mo, USA) via ultrasonication
(VS-50R, VELVO-CLEAR, Tokyo Japan) while being cooled with an ice-bath process for 3
min. Then the dispersed CNTs solution was centrifugated at 4,000 rpm for 30 ~ 60 min to
remove any undispersed CNTs bundles, and all the suspension was collected for CNTs films
fabrication. The dispersion and centrifugation processes were repeated several times (3~4
times). The CNTs suspension was diluted and then poured into a vacuum filtration system,
where a hydrophilic membrane filter (pore size 0.1 um, VCWP, Merck Millipore, Darmstadt,
Germany) was used to correct CNTs as a film. The CNT-membrane filter was slowly immersed
in water to allow the CNTs films to separate and float on the water surface. Then the water was
heated to ~ 100 °C to remove the surfactant (SDBS) from CNT film [8]. Finally, the CNTs
films can be readily transferred onto a Si wafer by carefully picking up it from the water with
the wafer. CNTs films on polyethylene terephthalate (PET) substrate with various optical
transmittances (at 550 nm) and sheet resistances are shown in Fig. S2.1 and Table. S2.1
(Appendix). The MoOx precursor solution was prepared by dissolving the ammonium hepta-
molybdate ((NH4)6M07024-4H20) powder (99.9%, Aldrich) in deionized water, then a 30%

H20:2 solution was added to modify the solution [6]. As shown in Appendix, Table S2.2, the
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MoO,—CNT thin film fabricated with MoOx precursor solution showed a lower sheet resistance
of 172 €/sq than that fabricated with the ammonium hepta-molybdate aqueous solution without
modification by H202 (214 Q/sq). The addition of 30% H20:2 solution probably yielded per-
oxo derivatives of poly-molybdates [9] that has superior doping effect compared to MoO.. For
improving the wettability of MoOx precursor, the precursor solution was examined using water-

ethanol (10%, 50%, 99% ethanol) mixed solution (Wako, Tokyo, Japan) instead of pure water.

YYsaowvud

wwTr o

on PET

Fig. 2.1. The dispersion-filtration-transfer process of the carbon nanotube (CNT) film.
(Step1: Dispersion of CNT powders in aqueous solution of a sodium dodecylbenzene
sulfonate (SDBS). Step 2: Vacuum-filtration of the CNT dispersion via a membrane filter.
Step 3: Releasing CNT film from the membrane filter and floating it onto water surface.
Step 4: Transferring the CNT film onto a polyethylene terephthalate (PET) substrate by

carefully removing it from the water with the PET substrate.)

2.2.2 Fabrication of solar cells and characterization

n-Type Si (n-Si) (100) wafers (1-5 Q cm) with a circular opening (diameter of 2 mm, defined
by 500 nm SiO2 layer) were used to fabricate the small-sized solar cells. n-Type Si (100) wafers
(1-2 Q cm) with thickness of 625 = 10 um were used to fabricate the large-sized solar cells.
The native SiO2 layer on n-Si wafer was removed using 4.7 wt% hydrofluoric (HF) acid
aqueous solution. The CNT/n-Si heterojunction was formed by carefully picking up the floated

CNTs films from the water with the n-Si substate, and then drying it in a vacuum oven (100 °C,
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3 min). Subsequently, the MoO. was introduced onto CNTs films in the CNT/n-Si
heterojunction by spin-coating the MoOx precursor solution at 2,000 rpm for 60 s. For the
small-sized solar cells, a rear In cathode was formed via welding an In wire by hand, which
yields ohmic junction (Appendix), while a top Au electrode (100 nm in thickness) was
deposited by using DC magnetron sputtering. For the large-sized solar cells, a full contact rear
Al cathode (500 nm in thickness) was deposited using DC magnetron sputtering, while a top
Au anode (300 nm in thickness, 9 fingers connected to a busbar, Appendix, Fig. S2.2a) was
made by DC magnetron sputtering using a lithography-made Ni foil mask. The illumination
area (4.0 cm?) of solar cells was precisely determined (Appendix, Fig. S2.2b). The PEDOT:
PSS—CNT/n-Si solar cell was fabricated for comparison by spin-coating the ploy(3,4-

ethylenedioxythiophene):ploy(styrenesulfonate) (PEDOT:PSS) solution.

The optical transmittance (550 nm) and the sheet resistance of CNTs films on quartz glass
substrate (0.5 mm in thickness) were evaluated by using ultraviolet-visible spectrophotometry
(UV-Vis; V-630 JASCO, Tokyo, Japan) and four-point probe measurement, respectively. Four
solar cells were fabricated for each condition and their photovoltaic (PV) performance was
measured by a solar cell evaluation system (JASCO YQ-2000, Tokyo, Japan) under AM1.5
(Pinpu= 100 mW/cm?) at 25 °C. The top-view microstructure of the pristine CNT films and
MoO.—CNT films were observed by scanning electron microscopy (SEM, Hitachi S-4800,
Tokyo, Japan). The chemical state of the MoO,—CNT films and CNT films were analyzed by
using X-ray photoelectron spectroscopy (XPS, JSP-9010TR) with Al Ka source (1486.6 eV).
The binding energy was calibrated by fixing the binding energy value of C 1s to 284.6 eV. The
work function of CNT films with/without MoOx were measured using the ultraviolet
photoelectron spectrometer (UPS, ULVAC-PHI, VersaProbe2) with a resolution of ~0.1 eV.
He I (hv = 21.22 eV) and a negative bias of 5.00 V were used in normal emission geometry.

The external quantum efficiency (EQE) measurements were performed using a CEP-2000
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integrated system (Bunko-Keiki, Tokyo, Japan) with a Xe lamp attached to a monochromator
(300-1200 nm). The CNT films with/without doping with MoOx were characterized by using
a Raman measurement (HR—800, Horiba, Kyoto, Japan) with an excitation wavelength of 488
nm. The surface reflectivity of the bare n-Si, the CNT/n-Si, and the MoO.—CNT/n-Si were
measured using a UV-Vis spectrophotometer (PerkinElmer, Lambda 650, USA). The crystal
structure of the as-prepared MoOx thin film on SiO2/Si substrate was analyzed by X-ray

diffraction (XRD; Rigaku RINT-Ultima III, Akishima, Japan) with a Cu Ka source.

2.3 Results and discussion

2.3.1 Characterization of the CNT films with and without doping with MoOx

Fig. 2.2a shows the schematic of the preparation process of MoO,—CNT/n-Si heterojunction
solar cell. The CNT film was transferred onto n-Si substrate, followed by casting and spin-
coating the MoOx precursor solution. The XPS and UPS measurements were performed to
analyze the doping mechanism of CNT films with MoOx. The Mo peak (red line) was observed
in CNT film after MoOx coating (Fig. 2.2b). In the pristine CNT films, the O 1s core level
peaks (Fig. 2.2¢) indicate the presence of carbon-oxygen bonds; C—O-C, C-O-OH, and C-OH
at the binding energy of 533.2 — 533.4 eV, and C=0 and O—-C=0 at 532.2 ¢V [10]. In the
MoO,—CNT composite film, an additional peak at 530.6 eV was observed, suggesting the Mo—
O bond [11]. Four peaks were detected in pristine CNT film and MoO,—CNT film (Appendix,
Fig. S2.3); C—C (sp?) at 284.6 eV, C—C (sp?) at 285.1-285.5 eV, C—O at 286.2 eV, and C=0 at
287.7 —287.8 eV [12—13]. An extra peak at 283.2 — 283.3 eV (Appendix, Fig. S 2.3b, ¢) was
observed in the MoO,—CNT film, which is associated with the C—Mo interaction indicating the
p-doping of CNT [1]. The enhanced C—Mo peak was observed in CNT film doped with the
MoO:x precursor solution of 4 wt% (Appendix, Fig. S2.3c), showing stronger p-doping than

that with the MoOx precursor solution of 0.4 wt%. The Mo 3d spectra of the MoO.—CNT films

32



resulted a Mo 3ds/2 peak at 232.7 eV and a Mo 3d32 peak at 236.0 eV, which are attributed to
the Mo®* (Fig. 2.2e) [14]. Previous research suggested that the p-doping of CNT film by MoOx
can be effectively enhanced by post-annealing the MoO,—CNT film at about 450 °C for 3 h in
N2 gas, which is evidenced by an appearance of Mo*" at around 230 eV [2]. However, the Mo*"
did not observed in the Mo 3d spectrum of the MoO,—CNT films fabricated with 0.4 wt% and
4 wt% MoOx precursor solutions (Fig. S2.4a, ¢) possibly due to lack of a post-annealing process.
Post-annealing of the MoOx—CNT/n-Si heterojunction at the moderate annealing temperature
of 300 °C for 1 h led to a degraded PV performance owing to the obvious increase in series
resistance. The previous work [3] reported that the MoOx can dope the CNT film without
thermally annealing. The cutoff down-shifted by ~ 0.2 eV in UPS spectra (Fig. 2.2f), indicating
the increased work function due to the p-type doping of CNT film by MoOx [1]. The peak
position of G-band blue-shifted by 2 cm™ in Raman spectra (Fig. 2.2g), which provides further
evidence of p-type doping of the CNT films by MoOx [15]. The XRD pattern showed only
broad halo pattern, suggesting that the as-prepared MoOx thin film fabricated using the MoOx
precursor solution is amorphous (red line, Appendix, Fig. S2.5). And the 30% H20:2 solution
has no effect on the crystal phase of MoOx thin film (black line, Appendix, Fig. S2.5). Doping
of the CNT film with MoOx via spin-coting of the 0.4 wt% MoOx precursor solution slightly
reduced the optical transmittance ((88.6%)/ (90.8%)=0.976) and significantly decreased sheet

resistance ((172 €/sq)/(228 Q/sq)=0.754) (Fig. S2.6).
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Fig. 2.2 (a) Schematics of the preparation process of the MoO,—CNT/n-Si solar cells. (b)
Wide-scan X-ray photoelectron spectroscopy (XPS) spectra of the CNT and MoO.—CNT
films. (c,d) O1ls core level XPS spectra of the CNT film (¢) and the MoO,—CNT film (d).
(e) Mo 3d core level XPS spectrum of the MoO,—CNT films. (f) Ultraviolet photoelectron
spectrometer (UPS) spectra of the CNT film (black line) and the MoO—CNT film (red
line) with binding energy relative to the sample stage potential. (g) Raman spectra of the
CNT films with and without the MoO,. The samples were the CNTs films with ~90%

transmittance at 550 nm and that treated with the 0.4 wt% MoQO, precursor solution.

2.3.2 Microstructure of CNT films with and without MoOx

Fig. 2.3a, b shows the top-view SEM images of the CNT films (~ 90% transmittance at 550
nm) with and without spin-coating the MoOx precursor solution on SiO2/Si substrates. The
pristine CNT films presented a spider-like network structure (Fig. 2.3a). The void space of the
CNT films was fully filled by MoOx after spin-coating the MoOx precursor solution (Fig. 2.3b),

which could help in reducing the tube—tube junction resistance and making the charge carrier
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move more easily through the CNT network [16]. There effects are evidenced by the lower

sheet resistance of the MoO.—CNT film than the pristine CNT film (Appendix, Fig. S2.6).

54800 1.0kV x30.0k SE(M)

Fig. 2.3 Scanning electron microscopy (SEM) images of the pristine CNT film (a) and the
MoO.—CNT film (b) on the SiO,/Si substrate. The MoOy precursor solution of optimum

concentration (0.4 wt%) was used.

2.3.3 PV performance of small-sized (0.0314cm?) solar cells

The influence of the MoOx precursor concentration on PV performance of MoO,—CNT/n-Si
solar cells was investigated, and the results were summarized in Fig. 2.4. Four solar cells were
fabricated for each condition under identical conditions (Appendix, Fig. S2.7 and Table. S2.4).
The optimized MoOx precursor concentration was 0.4 wt%, this resulted in a high PCE of 10.0%
of MoO,—CNT/n-Si solar cell. The increased MoOx precursor concentration improved the Jsc
value from 28.1 to 30.4 mA/cm? and the FF value from 0.51 to 0.62 (Fig. 2.4b), indicating that
a thicker MoO.—CNT composite layer improved the anti-reflective effect and decreased the
series resistance. However, when the MoOx precursor concentration further increased to 4 wt%,
the Jsc value decreased to 27.4 mA/cm? possibly due to the higher absorption of the incident
light and/or the inhibition of the charge transfer through the CNT film by the thick and

electrically resistive MoOx [17].
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Fig. 2.4. J-V curves (a) and photovoltaic (PV) parameters (b) of MoO.—CNT/n-Si solar

cells fabricated using various MoQO, precursor solution concentrations.

Fig. 2.5a shows the comparison of the PV performance of the CNT/n-Si solar cells with and
without MoOx. The pristine CNT/n-Si solar cell showed a PCE of 7.4%, which results from the
short-circuit current density (Jsc) value of 28.9 mA/cm?, the open-circuit voltage (Voc) value of
0.58 V and the fill factor (FF) value of 0.44 (Fig. 2.5a). The average PCE of four solar cells
was 7.2% with a standard deviation of 0.5 % (Appendix, Fig. S2.7 and Table. S2.4). Compared
with the pristine CNT/n-Si solar cell, the MoOx—CNT/n-Si solar cell presented a higher Jsc of
31.1 mA/cm? and FF of 0.58. Consequently, the solar cell with the best PCE of 10.2% was
realized. The average PCE of four solar cells was 10.0% with a standard deviation of 0.2%
(Appendix, Fig. S2.7 and Table. S2.4), which is about 39% improvement from pristine value.
The CNT/n-Si solar cell with MoOx showed a larger EQE value in the wavelength range of
400-800 nm (Fig. 2.5b) and lower surface reflectivity that decreased from 31.3 to 28.5% (Fig.
2.5¢), indicating that the MoOx enhanced the AR effect and reduced the reflection of the
incident light, increasing Jsc.

The dark In J-V curves were analyzed to understand the carriers transport mechanism at the

CNT/n-Si interface before and after spin-coating MoOx precursor solution (Fig. 2.5d.). As
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discussion previously, the CNT/Si heterojunction is complex and remains not understood well
[18-20]. Here, thermionic emission theory is applied to evaluate the diode ideality factor (n)

using the Equation below [21]:

dv

n
aonpy s Aert) * g

where Rg and A.ff are the series resistance and the effective diode area of the solar cell,
respectively. n is the diode ideality factor, 8 is q/kT, q and k are the elementary charge and
the Boltzmann constant, and T is temperature, Generally, the value of q/kT is obtained by
plotting of dV/d(InJ) vs J using the dark In J-V" data. The ideal p-n junction shows a diode
ideality factor of 1 <n < 2, while the CNT/Si junction tends to exhibit n > 2, suggesting the
mixed nature of the p-n and Schottky junctions due to the mixture of metallic and
semiconducting CNTs [19-20]. The cells in this study also showed n > 2; 2.79 for the CNT/n-
Si solar cell and 2.27 for the MoO,—CNT/n-Si solar cell, respectively. The MoO,—CNT/n-Si
heterojunction has smaller n that enables more efficient separation of the hole-electron pairs
from the heterojunction and lower diffusion recombination [22], leading to the FF value

increasing from 0.44 to 0.58 (Fig. 2.5).

37



(a)r_,)o MoO,-CNT/n-Si (b) 30 | MoO,-CNT/n-Si
£ 10.2%
S~
<
E
>20
‘@
[
(]
©
€ 10
o 20
5
O
0 L 0
0 01 02 03 04 05 0.6 400 500 600 700 800 900 1000
Voltage (V) Wavelength (nm)
(C) el (d)6.E+2 A
— s
n-Si E 3pn Mo0,-CNT/n-Si
< 60 § n=227
< € 2840 |}
b el .
240 t g sE2 | CNT/n-Si
5 (\—\k Z n=2.79
S |~ = $ 3|
o —
20 " Mo0,-CNT/si 5 264 |
5
0 L O 1ES5
200 300 400 500 600 700 800 900 0.2 0 02 04 06 0.8 1
Wavelength (nm) Voltage (V)

Fig. 2.5 (a) Comparison of the J-V characteristics of the pristine CNT/n-Si solar cell
(black line) and the MoO,—CNT/n-Si solar cell (red line). (b) External quantum efficiency
(EQE) spectra of the CNT/n-Si solar cell (black line) and the MoO.—CNT/n-Si solar cell
(red line). (¢) Optical surface reflectance spectra of the bare n-Si wafer, CNT/n-Si, and
MoO.—CNT/n-Si. (d) Dark In J-V curves of the pristine CNT/n-Si solar cell and the
MoO.—CNT/n-Si solar cell. The CNT film with ~ 90% transmittance in 550 nm and the

MoOx precursor solution of 0.4 wt% were used.

The air stability is a key consideration for solar cells and the CNT/n-Si solar cells are no
exception. Here, the air stability of the MoO.—CNT/n-Si solar cells under ambient environment
is tested and compared with that of the pristine CNT/n-Si solar cells and the PEDOT: PSS—
CNT/n-Si solar cells. The MoO»—CNT/n-Si solar cell maintained 80% of its original value
when it was exposed to the air without any protection layer for 1440 h (red plots and line in
Fig. 2.6, see also Appendix, Fig. S2.8a and Table. S2.5), indicating the device has a

considerable stability in ambient environment. This is likely because the dense MoOx—CNT
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composite layer prevented the oxygen and water from penetration through porous CNT film
and oxidizing the n-Si surface. Besides, it’s noticed that the PCE of CNT/n-Si solar cell with
MoOx increased from 9.5% to 10.1% during the initial 360 h and then degraded to 8.1% when
the device was exposed to the air (Fig. 2.6d). The enhanced PCE at the initial stage is possibly
owing to the further oxidation of MoOx in air and/ or the charge transfer between the CNT and
MoOx [1,23]. The finial decrease of the PCE is probably due to the oxidation of the n-Si surface,
which can be explained by the increased series resistance and the reduced FF of the solar cell
(Fig. 2.6b). In contrast, the CNT/n-Si solar cells dramatically decreased its PCE from 7.4% to
1.2% after storing in the air for 1440 h (black plots and line in Fig. 2.6, see also Appendix, Fig.
S2.8b and Table. S2.4) and the PEDOT: PSS—CNT/n-Si solar cells presented the most severe
degradation (green plots and lines in Fig. 2.6, see also Appendix, Fig. S2.8c and Table. S2.4).
This is because the degradation in conductivity of the PEDOT: PSS when it is exposed in
ambient environment [24]. The degraded PEDOT: PSS layer will severely increase the series

resistance and recombination of the solar cell, thus, reducing the FF, Jsc and Voc (Fig. 2.6a, b,c).
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Fig. 2.6. Stability test of the solar cells in the ambient environments without any protective
layer. (a) Short-circuit current-density (Jsc), (b) open circuit voltage (V,c), (¢) fill factor
(FF), and (d) (Power conversion efficiency (PCE). The stability of the MoO,—CNT/n-Si
solar cell is compared with those of the pristine CNT/n-Si solar cell and the ploy(3,4-
ethylenedioxythiophene):ploy(styrenesulfonate) (PEDOT:PSS)-CNT/n-Si solar cell.

2.3.4 PV performance of large-sized (4.0 cm?) solar cells

2.3.4.1 Effect of active area on PV performance of CNT/Si solar cells

The CNT/Si solar cells with small and large active areas were fabricated to investigate the
effect of active area on its PV performance (Fig. 2.7a). The PCE degradation of the CNT/Si
solar cells upon the increase of active area is a common phenomenon [25-26]. The metal-grid
based structure is compatible with scalable production for solar cells owing to their ability in
facilitating carrier collection across the entire cell area [27]. For the current CNT/Si solar cells,

the metal-grids can penetrate through the CNT film and reach the Si surface during metal grid
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deposition due to the loose and porous structure of CNT film, resulting in severe current
leakage in the device. As shown in Fig. 2.7a, the PCE of the pristine CNT/n-Si solar cells
dramatically decreased from 7.2% to 1.3% with its active area increased from 0.0314 to 4.0
cm?, which is attributed to the lower Voc 0f 0.33 V, FF 0f 0.22 and Jsc of 17.94 mA/cm?. Making
CNT film dense via simple spin-coating MoOx precursor solution onto the CNT film is
expected to solve the current leakage by preventing the direct contact between metal grids and
Si wafer. However, compared with the small-sized MoO.—CNT/n-Si solar cells of PCE of
10.2%, the PCE of the large-sized cells MoOx-CNT/n-Si solar cells is only of 1.4 % (Fig. 2.7
b). By further analyzing of the surface of the MoO.—CNT composite thin films, it was found
that the MoOx was non-uniformly distributed on the large area CNT films due to the high
hydrophobic property of CNT film surface. The non-uniform MoO.—CNT composite film

could not effectively prevent the metal grids and Si from coming into direct contact.
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Fig. 2.7 (a) J-V curves of the (a) CN'T/n-Si solar cells and (b) MoOx-CNT/n-Si solar cells

with active area of 0.0314 and 4.0 cm?, respectively.

2.3.4.2 Improvement of wettability of MoOx precursor solution.

Ethanol having smaller surface tension than water [28] will help improving the wettability

of MoOx precursor solution. Therefore, the ethanol-water mixed solution was used as the
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solvent to prepare the MoOx precursor solution instead of pure water. As expected, the ethanol-
water based MoOx precursor solution yielded more uniform MoOx layer on the CNT film.
However, the PV performance of the MoO,—CNT/n-Si solar cells degraded compared with the
pristine cells (Fig. 2.8) with poorer PV performance with ethanol of higher concentrations. This
probably because the MoOx precursor has a poor solubility in ethanol solution and the MoOx

precursor was not fully hydrolyzed into MoOs in ethanol solution.
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Fig. 2.8. J-V characteristics of the CN'T/n-Si solar cells doped with the MoOyx precursor

solution prepared using ethanol-water mixed solution of various ethanol concentrations.

2.4 Conclusions

In this chapter, a solution processable MoOx that enhances the PV performance of the
CNT/n-Si solar cells was reported. Simple spin-coating of the MoOx precursor solution onto
the CNT film significantly improved the PCE from 7.2% to 10.0% and air stability (efficiency
after 1440 h from 1.2% to 8.1%) for the small-sized cell (active area of 0.0314 cm?). The MoOx
was demonstrated to have multiple functions for improvement of PV performance of the
CNT/n-Si solar cells. It works as a p-type dopant for the CNT film for lower series resistance,

an enhancer for the anti-reflection effect of the MoO,—CNT layer, and a protective layer for the
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CNT/n-Si interface. For the large-sized solar cell fabrication, the solution-processable MoOx
did not effectively prevent the current leakage owing to the non-uniform distribution of the
MoO:x thin layer on the CNT film that was caused by the high hydrophobic properties of the
surface of the CNT films. The PCE of the large-sized CNT/n-Si solar cell was not obviously
enhanced by coating with MoOs. The wettability of MoOx precursor solution was improved by
adding ethanol to the MoOx precursor solution. As a result, a more uniform MoOx layer on
large-area CNT film was achieved. However, the PCE of the solar cell decreased with ethanol
of higher concentrations probably due to the MoOx precursor being not fully hydrolyzed into

MoO:x in the ethanol-water mixed solution.
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Appendix

Evaluation of the work function of n-Si and the junction type of n-Si/In.

Dopant (P) concentration is estimated as np = 1-5x10'> cm™ from its resistivity (p = 1-5 Q

cm) and reference [A]. The intrinsic carrier concentration is #i = 1.07x10'° cm™ at 300 K from

Ey+Ep _

reference [B]. The Fermi level of the intrinsic Si is Ej = —4.61 (eV) relative to

vacuum level where Ev and Ep are the valence band energy (-5.17 eV) and the conduction band
energy (—4.05 eV), respectively [C, D]. The Fermi level of n-Si is estimated to be —4.31 < Er <
—4.27 eV using the equation Ex = E; + len(:ll—]_) .

When a metal and semiconductor are brought into contact, two types of junction form
depending on the work function of the semiconductor (®s) and that of the metal (@m). In case
of the junction between a metal and n-type semiconductor,

1. Schottky junction - @m > Ps

2. Ohmic junction - @m < Ds
Here In has @m = 4.09 eV [E] and the n-Si (1-5 Q cm) has 4.27 < @5 < 4.31 eV. Because of

®m < Ps, the n-Si/In junction is ohmic.
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Table S2.1. The detail of the sheet resistance of the CNT films with various optical

transmittances.
Sample Transmittance (%) Sheet resistance (£2/sq)
T1 90 225
T2 85 136
T3 80 95
T4 75 70

Table S2.2. The detail of the sheet resistance of CNT film on a quartz glass substrate
before and after doping. Three different dopants were applied: (i) 0.4 wt% MoO,

precursor solution modified with and without 30% H>O: solution; (ii) 30% H:O: solution.

Transmittance  Sheet resistance ((O/sq)  Sheet resistance (Q/sq)

Doping (550 nm) % Pristine CNT film Doped CNT film Ratio
MoOQ_ precursor
wlo H,0, o14 237%2 214+1 (214)/(237)=0.90
H,0, 91.6 233 +£4 219+2 (219)/(233)= 0.93
MoO_ precursor
w/ H,0, 908 228%3 1725 (172)/(228)= 0.76

Table S2.3. Fraction of each component in XPS O 1s spectra of the CNT films in Fig. S2.3.

MoOs precursor 533.240.2 eV 532.3+0.2 eV 531.2+0.2 eV 530.2+0.2 eV

solution (C—0—C) (%) (H,0) (%) (~OH) (%) (Mo—0) (%)
0.4 wt% 84.3 2.6 10.2 2.9
4 wt% 19.7 7.9 30.6 41.8

45



Table S2.4. The detail of the photovoltaic parameters of the MoO,—CNT/n-Si solar cells

fabricated using the various MoO, precursor concentrations.

Concentration (wt%) J. (mA/cm?) Voc V) FF (-) PCE (%)
pristine 285+ 1.1 0.55+0.04 0.45+0.04 7.2 +0.5

0.1 28.1£1.0 0.56 +0.02 0.51 £0.04 8.1 +0.1

0.4 30.4 2.0 0.53 £0.02 0.62 +£0.06 10.0 £0.2

1 29.0 £1.1 0.56 £0.02 0.58 £0.01 9.4 +0.1

2 27.3 0.6 0.54 +0.00 0.62 +0.01 9.2 +0.1

4 27.4 0.6 0.53 +0.02 0.62 +0.01 9.0 £0.1
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Table S2.5. The detail of the photovoltaic parameters of the MoO,—CNT/n-Si solar cells

stored in ambient air for different periods of time without any protect layer.

Time (h) Jsc (mA/ecm?) V. (V) FF (-) PCE (%)
0 29.5 0.54 0.60 9.5
360 28.5 0.58 0.61 10.1
480 29.2 0.58 0.59 9.9
1080 28.9 0.58 0.49 8.2
1440 29.2 0.58 0.48 8.1

Table S2.6. The detail of the photovoltaic parameters of CNT/n-Si solar cells stored in

ambient air for different periods of time without any protect layer.

Time (h) Jgo (MA/ecm?) V. (V) FF (-) PCE (%)
0 28.9 0.58 0.44 74
360 23.6 0.44 0.38 4.1
480 22.7 0.42 0.26 2.5
1080 20.2 04 0.18 1.5
1440 17.1 0.28 0.25 1.2

Table S2.7. The detail of the photovoltaic parameters of PEDOT:PSS—CNT/n-Si solar

cells stored in ambient air for different periods of time without any protect layer.

Time (h) Jgc (MA/em?) V. (V) FF (-) PCE (%)
0 28.8 0.58 0.57 9.6
360 17.4 0.36 0.25 1.2
480 12.3 0.28 0.16 0.7
1080 6.9 0.26 0.14 04
1440 6.7 0.20 0.12 0.3
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Fig. S2.1. Photographs of the filtrated CNT films on polyethylene terephthalate (PET)

substrates with various optical transmittances.
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Fig. S2.2 Design of the mask used in fabricating the large-sized solar cells. (a) The
lithography-based Ni foil mask for the top anode (thickness of 50 pm; fingers of 0.1 mm

in width, 9 lines at 2 mm pitch, 20.0 x 20.0 mm? region was determined by 4 busbar of 26

x 3 mm?). (b) digital image of a large-sized solar cells with Au grid top anode.
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Fig. S2.3. C 1s core level spectra in (a) pristine CNT, (b) 0.4 wt% MoO,—~CNT films and
(c) 4 wt% MoO,—CNT films. The transmittance of CNT film is ~90% for (a—c).

a) b) [o1s
232.7 eV C-0-C, C-0-OH, C-OH
z 0 (533.4 ¢V)
0.4wt% = =
wn -;
2 2 €=0,0-C=0
MOO" “a’ f‘é (532.2¢V)
B = Mo-O (530.6eV)
240 238 236 234 232 20 28 53 536 54 532 530 58 526
Binding energy (eV) Binding energy (eV)
¢) [Mo3a I d)|o1s 4 wt%
Mo-O (530.7¢V)
o] 2360ev _
4wt% z Mo 3ds, g €=0,0-C=0
MoO g Mo 3d;, = (532.0eV)
* = § | coc.co-om,
= E | C-OH (s33.4eV) .
—— S
L 1 1 i L 1

240 238 236 234 232 230 228 538 536 534 532 530 528 526
Binding energy (eV) Binding energy (eV)

Fig. S2.4. C 1s core level spectra in (a) pristine CNT, (b) 0.4 wt% MoO,—CNT films and
(¢) 4 wt% MoO,—CNT films. The transmittance of CNT film is ~90% for (a—c).
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Fig. S2.5. X-ray diffraction (XRD) spectrum of MoOx layer fabricated via spin-coating
0.4 wt% MoOyx precursor solution. Ammonium heptamolybdate aqueous solusion with

red line) and without (black line) modifying with 30% H>O; solution.
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Fig. S2.6. The transmittance spectra of the CNT film on a quartz glass substrate before
and after doping with 0.4 wt% MoO, precursor solution. Inset table shows the

transmittance at 550 nm and sheet resistance with standard deviation of the CNT film.
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Chapter 3 Carbon nanotube/silicon heterojunction solar cell with
the enhanced performance using MoOx via rapid vapor

deposition process

3.1 Introduction

As described in Chapter 2, the highly hydrophobic property of the carbon nanotube (CNT)
film surface does not allow the MoOx layer to form uniformly on the large area CNT film via
simple spin-coating of a MoOx precursor solution. Targeting uniform MoOx layer onto large
area CNT film, it is important to develop a simple, quick method for preparing MoOx layer.
Previous works [1-3] applied MoOx powder as a source for the MoOx deposition by thermal
evaporation, but such method is unsuitable for scalable production because the uncontrollable
surface area of the powder. In this chapter, this problem was solved while keeping things simple
by rapid vapor deposition of MoOx by using a pre-oxidated Mo boat as the source for MoOx,
where the Mo boat was thermally annealed in an oxidation-rich gas (air). As-deposited MoOx
layer significantly enhanced the power conversion efficiency (PCE) of the small-sized CNT/n-
Si solar cell (active area of 0.0314 cm?) from 7.1% to 9.2%, and then further improved to 11.1%
by heating the CNT/n-Si substrate during the deposition process. For the large cell fabrication
(active area of 4.0 cm?), as-deposited MoOx layer helps in preventing the metal grid and Si
from coming into direct contact. As a result, a PCE of 3.6% of the large-sized cell was realized,

which was 177% improvement from the original value (1.3%).
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3.2 Experiments

3.2.1 Preparation of CNT films and MoOx layer

CNT films were prepared following the method described in experimental section in
Chapter 2. The MoOx layer deposited on the substrate following the method below (Fig. 3.1).
The boat (99.95%, Nilaco, Japan) was first thermally annealed in air at 600 °C for 1~3 min for
oxidation (Appendix, Fig. 3.1 a). And then the pre-oxidized Mo boat was resistively heated at
1200 °C under vacuum of 10 Pa for depositing MoOx layer on target substrate (Appendix, Fig.
3.1b). The whole deposition process will be finished in 10 —15 s. The color of the surface of
the Mo boat changed from shiny to dark black after thermally annealing, and then recovered to
shiny again after rapid vapor deposition process (Appendix, Fig. S3.1). The as-deposited MoOx
layer on the Si02/Si substrate showed uniform color within each sample (Appendix, Fig. S3.2).
The weight of the synthesized MoOx on the Mo boat was proportional to the thermally
annealing time (Appendix, Fig. S3.3a). And the MoOx thickness was roughly controlled by the

weight of the deposited MoOx from the pre-oxidized Mo boat (Appendix, Fig. S3.3b).

(a) (b) Substrate
(si wafer or CNT/n-Si)
X HEAtar I Quartz glass
Stage
<4 Air
& 'Mo boat MoO, (g)
Yt

Hot Mo boat

Fig. 3.1. Schematic representing (a) the thermally annealing process of the Mo boat in air
and (b) the rapid vapor deposition process of the pre-oxidized Mo boat for MoO. layer

under vacuum of 10 Pa.
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3.2.2 Fabrication of solar cells and characterization

n-Type Si (n-Si) (100) wafers of resistance (1-5 Q cm) with a circular opening (diameter
of 2 mm, defined by 500 nm SiO:z layer) were used to fabricate the small-sized solar cells. n-
Si (100) wafers of resistance (1-2 € cm) were applied to fabricate the large-sized solar cells.
The native SiO2 layer was removed away by 4.7wt% hydrofluoric (HF) aqueous acid solution.
The CNT/n-Si heterojunction was formed by carefully picking up the CNT film from the water
with n-Si wafer and then drying it in a vacuum oven (100 °C) for 3 min. The MoOx layer was
deposited onto the CNT film in the CNT/n-Si heterojunction using the pre-oxidated Mo boat
via the rapid vapor deposition method, which was processed by resistively heating the pre-
oxidated Mo boat at 1200 °C and 10 Pa. For the small-sized solar cells, a rear Al full contact
cathode was sputter-deposited using DC magnetron sputtering apparatus, while a top Au
electrode (100 nm in thickness) was deposited by using DC magnetron sputtering. For the
large-sized solar cells, a full contact rear Al cathode (500 nm in thickness) was deposited using
DC magnetron sputtering, while a top Ag anode (300 nm in thickness, 9 figures connected to
a busbar, Chapter 2, Appendix, Fig. S2.2a) was made by thermal evaporation using a
lithography-made Ni foil mask. The illumination area (4.0 cm?) of solar cells was precisely
determined (Chapter 2, Appendix, Fig. S2.2b).

The weight of the Mo boat was measured using electronic scales. Four solar cells were
fabricated under identical conditions. The photovoltaic (PV) performance of solar cells was
evaluated using a solar cell evaluation system (JASCO YQ-2000, Japan) under AM 1.5 (Pinpu=
100 mW cm) at 25 °C. X-ray photoelectron spectroscopy (XPS, JPS-9010TR) with Al Ka
source (1486.6 eV) was applied to analyze the as-prepared MoOx layer on Si0O2/Si substrate.
The binding energy was calibrated by fixing C 1s binding energy at 284.6 eV. The surface
morphologies of the as-prepared MoOx layer on Si0O2/Si substrate was observed using the

scanning electron microscopy (SEM, Hitachi S-4800, Tokyo, Japan). The atomic force
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microscopy (AFM; SPM-9600, Shimadzu, Japan) using Si cantilever with a sharpened
tetrahedral tip (tip radius of 73 nm) (Olympus OMCL-AC240TS-C3, Tokyo, Japan) with
resonant frequency of 70 kHz and spring constant of 2 N/m was used to evaluate the surface
microstructure of as-prepared MoOx layer on SiO2/Si substrate. The crystal structure of the as-
prepared MoOx thin film on SiO2/Si substrate was analyzed by X-ray diffraction (XRD; Rigaku

RINT-Ultima III, Akishima, Japan) with a Cu Ka source.

3.3 Results and discussion

3.3.1 Characterization of deposited MoOx layer

The Mo 3d core level XPS data of the prepared MoOx film showed two oxidation states for
Mo (Fig. 3.2a), where the major components, Mo®* 3ds> and Mo®" 3ds3» , were observed at
232.8 eV and 235.8 eV, and the minor components, Mo>* 3ds;2 and Mo’" 3ds/2, were observed
at 231.5 eV at 234.3 eV [4]. The as-prepared MoOx thin film showed an O/Mo atomic ratio of
2.84, which demonstrated that the as-prepared MoOsx thin film was a sub-stoichiometric
molybdenum trioxide (MoOx, x<3). Thus, I used MoOx (x<3) as the as-prepared molybdenum
oxides in this chapter. The XRD pattern showed the broad halo patterns, and some MoOx peaks
at (170) (221) (112), which indicates the deposited MoOx was almost amorphous and partially
crystallized (Fig. 3.2b). The SEM and AFM were used to analyze the surface microstructure of
the as-prepared MoOx thin film on the SiO2/Si substrate. The as-prepared MoOx layer with a
uniform distribution on the SiO2/Si substrate was observed (Fig. 3.2c). The root-mean-square
(RMS) roughness of the MoOx film surface was estimated to 0.71 nm (Fig. 3.2d), indicating

the obtained MoOx film was smooth.
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Fig. 3.2. (a) The Mo 3d core level X-ray photoelectron spectroscopy (XPS) spectrum in
the deposited MoO\ film. (b) X-ray diffraction (XRD) pattern of the as-prepared MoO,
layer on a SiO,/Si substrate. (¢) Top-view scanning electron microscopy (SEM) image of
the deposited MoOy film on a SiO»/Si substrate. (¢) Atomic force microscopy (AFM)
image of the deposited MoOx film on SiO2/Si substrate. The MoO. layer with a thickness

~ 30 nm was used in each measurement.

3.3.2 PV performance of the small-sized (0.0314 cm?) solar cells

The influence of the MoOx thickness on PV performance of the MoOx—CNT/n-Si solar cell
was first investigated. The optimized MoOx thickness was 30 nm (Fig. 3.3a, b). The MoOx—
CNT/n-Si solar cell with the best PCE of 9.3% was achieved (Fig. 3.3a). The average PCE of
four solar cells was 9.2% with a standard deviation of 0.2% (Appendix, Fig. S3.4 and Table.
S3.1). Using thicker MoOx layer for solar cell fabrication led to the decreased short circuit
current density (Jsc) and fill factor (FF) (Fig. 3.3b). This is probably due to the higher absorption

of the incident light and/or inhibition of the electric transport in the CNT film with top electrode
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by thicker and highly resistive MoOx. Because the overall PV performance of the MoOx—
CNT/n-Si is still undesirable, further enhancement for its PCE is needed. Then further
improvement of the PCE of MoOx—CNT/n-Si solar cell was explored by heating the CNT/n-Si
substrate during MoOx deposition process. The optimized substrate temperature was 300 °C.
This resulted in the PCE improved dramatically from 9.2% to 11.1% (Fig. 3.3¢c, d), which is
attributed to the enhanced Jsc value from 27.4 to 34.8 mA/cm?, and FF value from 0.62 to 0.64.
(Appendix, Fig. S3.5 and Table. S3.2). The higher substrate temperature resulted in the
decrease in PCE of the cells because of the reduced FF, Jsc and open circuit voltage (Voc) (Fig.
3.3d), which are probably due to the increased oxygen vacancy in the as-deposited MoOx [5-

8].
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0 0.1 0.2

curves and (d) PV parameters as a function of substrate temperature.

Then, the small-sized CNT/n-Si solar cells (0.0314 cm?) fabricated with/without MoOx layer
was compared (Fig. 3.4). The pristine CNT/n-Si solar cells showed a poor PV performance (Jsc:
26.7 mA/cm?, Voe: 0.53 V, FF: 0.50, PCE: 7.1%) (black line, Fig. 3.4b). The schematic diagram
of the MoO,—CNT/n-Si solar cells was presented in Fig. 3.4a. Based on such structure and the
optimized experiment conditions, the PCE of the cell was significantly improved from 7.1 %
to 11.1% (red line, Fig. 3.4b), which is 56% improvement from the original value. The
enhanced PCE is mainly contributed from higher Jic value of 34.8 mA/cm?, Vo value of 0.5 V
and FF value of 0.64 (Fig. 3.4b), indicating that the MoOs acted as an enhancer for anti-

reflection effect of CNT film for increasing the absorption of incident light and as an efficient
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dopant for reducing the sheet resistance of the CNT film. Moreover, the color of the active area
of solar cell changing from blight gray to dark gray after depositing the MoOx (Fig. 3.4c¢) also

evidenced the enhanced anti-reflection effect by the MoO.—CNT composite layer.
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Fig. 3.4. (a) Schematic diagram of the structure of the MoO,—CNT/n-Si solar cell (0.0314
cm?). (b) J-V curves of CNT/n-Si solar cells with and without MoOy layer; inset table
shows the detailed parameters of pristine CN'T/n-Si solar cells and MoO.—CNT/n-Si solar
cells with standard deviation. (c¢) Digital image of CN'T/n-Si solar cells with and without

MoOx.

3.3.3 PV performance of large-sized (4.0 cm?) solar cells

For fabrication of the large-sized CNT/Si solar cells, it is important to deposit a metal grid
on the CNT film to collect the generated charge carriers over long distance and decrease the
power loss caused by the sheet resistance of the CNT film. However, the metal grid can directly
contact with Si through the pores in the CNT film, which leads to severe current leakage.
Therefore, depositing a MoOx layer onto the CNT film in CNT/Si heterojunction is expected
to suppress the current leakage by preventing the metal grid and Si coming into contact (Fig.
3.5a). The large-sized MoO~—CNT/n-Si solar cells were fabricated following the same

optimized experimental conditions in the small-sized solar cell. The pristine CNT/n-Si solar
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cell (Jsc: 18.1 mA/cm?%; Voe: 0.34 V; FF: 0.21; PCE: 1.3%) was considerably worse than the
MoOx-CNT/n-Si solar cell (Jse: 24.3 mA/cm?; Voc: 0.40 V; FF: 0.38; PCE: 3.7%) (Fig. 3.5c¢).
This is due to the severe current leakage that is caused by the directly contact between the Ag
grid and n-Si substrate. The current leakage was suppressed after deposition of MoOx because
the MoOx layer could work as a physical blocking layer that prevents the direct contact between
the Ag grid and n-Si. The color of the solar cell changed to dark bule after depositing MoOx,
which evidences that the MoOx acted as an enhancer for antireflection effect of the CNT film.

This is consistent with the Js increased from 17.9 to 25.0 mA/cm?.
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Fig. 3.5. (a) Schematic diagram of the structure of MoO,—CNT/n-Si solar cell (4.0 cm?).

(b) Digital image of solar cells with and without MoOx. (c) J-V curves of the solar cells
with and without MoOy layer; inset table shows the detailed parameters of the pristine

CNT/n-Si solar cells and the MoO,—CNT/n-Si solar cells with standard deviation.

3.3.4 Rate analysis of the MoOx deposition via rapid vapor deposition

The synthesized MoOx on Mo boat was evaporated completely in 15 s at 1200 °C under
pressure of 10 Pa. The MoOx layer thickness mainly depends on the amount of evaporated

MoO: from the pre-oxidized Mo boat. Therefore, the rate of the MoOx deposition is carefully
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analyzed to make accurate control of the MoOx thickness. The relationship of vapor pressure

and temperature is given by Antoine Equation (1) [9]:

B
c+T’

logio(p) = A — (D

Where the p is the vapor pressure, 7'is temperature, and 4, B, and C are Antoine coefficients
specific to the substance. In the case of substance (MoOx), the values of 2.6, 2137.4 and -616.5
are obtained for 4, B, and C, respectively, from reference [10]. The minimum evaporation
temperature of MoOx is estimated to be 938 K (665 °C) under vacuum of 10 Pa. Therefore,
the pre-oxidated Mo boat was resistively heated at 700 °C under pressure of 10* Pa for
depositing MoOx layer and recorded the color change and weight change of the Mo boat over
time (Appendix, Fig. S3.6). The weight change was about 93% of'its original value in the initial
20 s (Fig. 3.6a) and the whole deposition process was almost finished in the initial 10 s even at
the minimum evaporation temperature of 700 °C. The estimated MoOx deposition rate was
about 6.5 nm/s at the initial stage (10 s) and then rapidly reduced to below 0.2 nm/s (Fig. 3.6¢).
There results demonstrated that the method presented in this work is too fast to make careful
control over the thickness in the batch process. But in future, this difficulty can be solved by
integrating the rapid vapor deposition of MoOx layer with roll-to-roll technology, where the
MoO:x thickness would be accurately controlled by the sample carrying speed, as shown in Fig.

3.6¢.
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Fig. 3.6. (a) Percentage of weight change of MoO, over the time. (b) Average deposition
rate of MoOx layer over the time. (¢) Schematic diagram of the rapid vapor deposition of

MoOx layer with roll-to-roll technology for Si thin film or CNT/Si thin film.

3.4 Conclusions

In this chapter, a new method was developed to deposit the MoOx layer, where a pre-oxidized
Mo boat was resistively heated at 1200 °C under vacuum of 10 Pa for thermal evaporation of
MoOx layer. Such method is advantageous in comparison with the previous vapor deposition
method using MoO3 powder because of the well-controlled surface area and compatibility with
the substrate heating during MoOx deposition, which may skip the long-time post-thermal
annealing process. The as-deposited MoOx layer significantly enhanced the PV performance
of the small- (0.0314 cm?) and large-sized (4.0 cm?) solar cells. The MoO.—CNT/n-Si solar
cells with active areas of 0.0314 and 4.0 cm? showed PCE of 11.1 % and 3.6 %, respectively.
Moreover, the rate of MoOx deposition via rapid vapor deposition was analyzed and it was

found that the whole evaporation process was too fast to make careful control over the MoOx
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thickness in the batch process. But in future, this difficulty could be solved by integrating with
the rapid vapor deposition of MoOx layer with roll-to-roll technology, where the MoOx

thickness would be accurately controlled by the sample carrying speed.
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Appendix

Table. S3.1. The detail PV parameters of MoO.—CNT/n-Si solar cells fabricated using
the MoOx layer with different thickness.

Thickness (nm)  J . (mA/cm?) Voc V) FF (-) PCE (%)
0 26.7 + 1.3 0.53 £ 0.01 0.50 + 0.01 7.1+£03
10 26.7+1.2 0.53+0.01 0.57+0.03 8.1+0.1
30 274 £ 0.5 0.53 +0.01 0.61 £0.01 9.0 £0.1
60 26.0+0.6 0.53+0.01 0.60+0.01 82+03

Table. S3.2. The detail PV parameters of the MoO,—CNT/n-Si solar cells fabricated using
the MoOy layer deposited at various CN'T/n-Si substrate temperature.

Temperature (°C) J,. (mA/cm?) Voc V) FF (-) PCE (%)
RT 274 £ 0.5 0.53 +0.01 0.61 £0.01 9.0 £0.1
100 274+0.5 0.54 £ 0.00 0.62 +0.01 9.2+0.2
200 31.8+1.1 0.55+0.02 0.58+0.02 10.1 £0.2
300 34.8+0.4 0.50+0.02 0.64+0.02 11.1+0.2
400 26.5+2.0 0.27+0.01 0.21+0.01 25+0.2
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Pre-oxidation

Fig. S3.1. Digital images of purity Mo boat, pre-oxidized Mo boat and rapid vapor
deposited Mo boat.

Thin

1 cm

Fig. S3.2. As-deposited MoOy layer with various thickness on SiO»/Si substrate.
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Chapter 4 Carbon nanotube/silicon heterojunction solar cell with
an active area of 4 cm? realized using a multifunctional MoOy

layer

The part of the content of this Chapter has been published by Xiaoxu HUANG, et al., Carbon
nanotube/silicon heterojunction solar cell with an active area of 4 cm?® realized using a

multifunctional MoOx layer, Carbon, 185, 215-223 (2021).

4.1 Introduction

In this chapter, a CNT/Si solar cell with improved efficiency and an enlarged size was
developed using MoOx as a multifunctional layer, which provided the efficient p-type doping
of the CNTs, the enhanced AR effect of the CNT layer, and the essential role as the blocking
layer between the Si substrate and the metal grid electrode. The hot-wire oxidation—sublimation
deposition method [1] was adopted for the deposition of MoOx onto the CNT film, which
proceeded by resistively heating a Mo wire in a low-pressure O2/Ar gas mixture. By combining
the MoOx layer with a Ag grid electrode, a 4 cm?-sized CNT/n-Si heterojunction solar cell was
fabricated. The MoOx layer can block the direct contact between Ag and Si while allowing the
electrical contact between Ag and the CNTs. The MoOx layer thickness was carefully optimized,
and a PCE of 5.2% was realized. Heat treatment was then applied to the MoO,—CNT/n-Si
heterojunction, which enhanced the PCE to 9.1%. Finally, the PCE was improved to 10.0% by
adding an AR layer of polymethyl methacrylate (PMMA). The possible mechanism of

performance enhancement was also investigated.
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4.2 Experiments

CNT films were prepared following the method described in experimental section in
Chapter 2. The MoOx layer deposited on the substrate following the method below (Fig. 4.1).

The whole fabrication process for solar cell is summarized in Fig. 4.1. n-Type, (100)-
oriented Si wafers (Czochralski method, 1-2 Q cm) with thicknesses of 625+10 um were used
to fabricate the solar cell. The Si wafers were etched in a 4.7 wt% aqueous solution of HF for
5 min to remove the native SiO:z layer. The CNT/n-Si heterojunction was formed by carefully
removing the CNT film from the water surface with the n-Si wafer and then drying it in a
vacuum oven (100 °C, 3 min). Subsequently, the MoOx thin film was deposited onto the CNT
film in the CNT/n-Si heterojunction using a Mo wire (purity of 99.99%, diameter of 0.5 mm)
via the hot-wire oxidation—sublimation deposition method [1], which proceeded by resistively
heating the Mo wire to 927 + 20 °C under a 5 vol% O2/Ar gas mixture at 1 Pa and 10 sccm.
Then, a rear Ag cathode (500 nm in thickness) was formed by thermal evaporation, while a top
Ag anode (300 nm in thickness, 21x2 fingers connected to a busbar, Fig. 4.1a) was formed by
thermal evaporation using a lithography-made Ni foil mask. A shadow mask made of Cu foil
(Fig. 4.1b) was used during the PCE measurements to precisely define the illumination area
(409 mm?, Fig. 4.1c). For some cells, an AR layer of PMMA was formed on top of the MoOx
layer. PMMA powder (Wako, Tokyo, Japan) was dissolved in toluene (Wako, Tokyo, Japan)
by stirring for >30 min at 75 °C, and the resulting PMMA solution (1-4 wt%) was spin-coated
onto the MoO.-CNT/n-Si cells at 6,000 rpm for 60 s. The cells were then dried at 120 °C under
vacuum for approximately 1 h. n-Type Si (n-Si) (100) wafers of resistance (1-5  cm) with a
circular opening (diameter of 2 mm, defined by 500 nm SiO: layer) were used to fabricate the
small-sized solar cells. A rear full contact Ag cathode (500 nm in thickness) and a top Ag anode

(300 nm in thickness) was formed by thermal evaporation.
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Fig. 4.1. Entire fabrication process of the MoO,—CNT/n-Si solar cell. (a)—~(b) Transfer of
the CNT film onto the bare n-Si wafer. (b)—(c) Deposition of the MoOx layer onto CNT/n-
Si. (¢)—(d) Thermally annealing of MoO.—CNT/n-Si. (d)—(f) Evaporation of the top Ag
grid anode and rear Ag full-contact cathode. (g) PV measurements using a Cu mask that

defines the illumination area.

All of the solar cells were evaluated by J—V curves using a solar cell evaluation system
(JASCO YQ-2000, Tokyo, Japan) under standard test conditions of AM 1.5 (Pinpur=100 mW
cm) and 25 °C. The external quantum efficiency (EQE) measurements were performed using
a CEP-2000 integrated system (Bunko-Keiki, Tokyo, Japan) with a Xe lamp attached to a
monochromator (300—1200 nm). The microstructures of the CNT film and the MoOx-CNT film
on the Si substrate with a native oxide layer were characterized by scanning electron
microscopy (SEM; Hitachi S-4800, Tokyo, Japan) alongside energy dispersive X-ray
spectrometry (EDS; AMETEK EDAX Genesis, Berwyn, PA, USA). Atomic force microscopy
(AFM; SPM-9600, Shimadzu, Kyoto, Japan) was also employed, which used a Si cantilever

with a sharpened tetrahedral tip (tip radius of 7 £3 nm) (Olympus OMCL-AC240TS-C3,
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Tokyo, Japan), a resonant frequency of 70 kHz, and a spring constant of 2 N/m. X-ray
photoelectron spectroscopy (XPS; JEOL JPS-9010TR, Akishima, Japan) with an Al Ka source
(1486.6 €V) and ultraviolet photoelectron spectrometer (UPS, ULVAC-PHI, VersaProbe2) with
a resolution of ~0.1 eV were used to respectively analyze the chemical state and work function
of the CNT, MoOx, and MoO—CNT films. The binding energy was calibrated by fixing the C
Is signal that represented ambient contaminants to 284.6 eV. Ultraviolet-visible (UV-Vis)
spectrophotometry (JASCO V-630, Tokyo, Japan) and the four-point probe method were used
to measure the optical transmittance and sheet resistance, respectively, of the MoOx, MoOx—
CNT, and CNT films prepared on quartz glass substrates (0.5 mm in thickness). The deposition
rate of MoOx was determined by depositing MoOx on SiO2/Si substates and measuring the
thickness using a stylus profiling system (Dektak XT-S, Bruker, Billerica, MA, USA). Surface
reflectivity measurements were conducted for bare n-Si, CNT/n-Si, MoO,—CNT/n-Si, and
PMMA/MoO.—CNT/n-Si using a UV-Vis spectrophotometer (Perkin Elmer Lambda 650,
Waltham, MA, USA). The crystal structure of the as-prepared MoOx thin film on a SiO2/Si
substrate was analyzed by X-ray diffraction (XRD; Rigaku RINT-Ultima III, Akishima, Japan)

with a Cu Ka source.

4.3 Results and discussion

4.3.1 Preparation and characteristics of MoOx layer.

Previous works [2-3] used MoOs3 powder as the source for the thermal evaporation of MoOx
and for MoOs deposition, but the repeatability was found poor owing to the uncontrollable
surface area of the powder. Recently, Li et al. reported an alternative method, the hot-wire
oxidation—sublimation deposition method, in which a Mo wire was resistively heated and
reacted with Oz to generate MoOx vapor [1]. This method enables the control of the MoOx

deposition rate through the regulation of the feed rate of O2; furthermore, it can be scaled up
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by using multiple Mo wires. Thus, this method was adopted for the present study. The MoOx
layer deposited at a rate of ~3 nm/min on a SiO2/Si substrate using the apparatus shown in Fig.
4.2a had high thickness uniformity over a large area (> 4 cm?) (Fig. S4.1). The MoOx films
showed uniform color within each sample, with optical transmittances decreasing with
thickness (Fig. 4.2b). The Mo 3d core level XPS data showed two oxidation states for Mo (Fig.
4.2¢), where the major components, Mo®" 3ds» and Mo®" 3ds.2, were noted at 232.6 eV and
235.8 eV and the minor components, Mo>* 3ds;2 and Mo>" 3ds/2, were observed at 231.7 eV
and 234.9 eV [4]. The MoOx film showed an O/Mo atomic ratio of 2.74, which demonstrated
that the MoOx thin film was a sub-stoichiometric molybdenum trioxide (MoOx, x<3). Thus,
MoOs (x<3) was used as the as-prepared molybdenum oxide in this study. The XRD pattern
showed only broad halo patterns, indicating that the deposited MoOx was amorphous (Fig.
4.2d). The annealing has negligible effect on the phase of as-deposited MoOx layer (Appendix,

Fig, S4.5¢).
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Fig. 4.2. (a) Schematic representing the reactive vapor deposition of the MoOx layer using
a Mo hot wire and low-pressure O2/Ar gas. (b) Optical transmission spectra of MoOx
layer of various thicknesses deposited on quartz glass substrates. The inset shows a digital
image of the substrates. (c) X-ray photoelectron spectroscopy (XPS) spectrum and (d) X-

ray diffraction (XRD) pattern of an as-deposited MoO. film (thickness of ~30 nm
deposited on a SiQ»/Si substrate).

4.3.2 Structure of the CNT/n-Si and MoOx—CNT/n-Si solar cells

Fig. 4.3a, b exhibited the top-view digital images and schematics of the CNT/n-Si and
MoO,—CNT/n-Si heterojunction solar cells. The pristine CNT film exhibited a loose structure
with void space (Fig. 4.3c, d), and the CNT film retained its morphology at low magnification
after the deposition of MoOx at a rate of ~3 nm/min for 10 min (Fig. 4.3e, f). Some differences
between the MoO,—CNT structure and the CNT film were found upon analyzing the top-view
high-magnification image; the void space was filled with MoOx (Fig. S4.3a). The dense MoOx—

CNT composite film will help in enhancing the charge transfer between MoOx and CNTs [5].
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The dense MoO.—CNT composite film will also be benefit in preventing the Ag grids and Si
from coming into direct contact. The EDS elemental maps show the uniform distribution of O
and Mo in the MoO.—CNT film (Appendix, Fig. S4.3b, c¢). Fig. 4.3g, h shows the AFM images
of the CNT films without and with MoOx. The root-mean-square (RMS) roughness of the
sample surfaces slightly decreased from 14.5 to 11.7 nm after MoOx deposition, indicating that

the MoO.—CNT film was smoother than the pristine CNT film.

Top view Top view
(a) g (b) >
e
/Ag\ -
cross-section [ MoO,— I~ cross-section

g re
Fig. 4.3. (a,b) Top-view digital images with cross-sectional schematics of the carbon
nanotube (CNT)/n-type Si (n-Si) (a) and MoO,—CNT/n-Si (b) heterojunction solar cells.
(c—f) Top view (c,e) and cross-sectional (d,f) scanning electron microscopy (SEM) images
of the pristine CNT film (c,d) and the MoO,—CNT film (e,f) on the SiO»/Si substrate. The
CNTs adhered to the cross-sections of the n-Si wafers when preparing the cross-sectional
samples, as shown in (d,f). (g,h) Atomic force microscopy (AFM) images of the pristine
CNT film (g) and the MoO—CNT film (h) on the SiO»/Si substrate. Line profiles at the
positions marked with white broken lines in the AFM images are also shown. All the

samples had a CNT film possessing ~84% transmittance. The MoOx layer was ~30 nm

thick.
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4.3.3 Effect of MoOkx thickness on the PV performance of the solar cells

The thickness dependence of the MoOx layer on PV performance of MoO,—CNT/n-Si solar
cells was investigated by varying the deposition time of MoOx (Fig. 4.4). The PV performance
first improved when increasing the MoOx thickness from 15 to 30 nm, which resulted in a
significant increase in short-circuit current density (Jsc) value from 17.7 to 21.7 mA/cm?, open
circuit voltage (Voc) value from 0.33 to 0.52 V, FF value from 0.22 to 0.46, and PCE from 1.3
to 5.2%. This is mainly due to the contact between Ag and n-Si being more suppressed by the
thicker films, and because the p-type doping of the CNTs and/or the antireflection effect of the
MoO.—CNT layer was enhanced. Further increasing the MoOx thickness from 30 to 60 nm
resulted in a significant reduction in Jsc value from 21.7 to 16.5 mA/cm? and PCE from 5.2 to
3.1% (Fig. 4.4). In summary, thinner MoOx layer resulted in low Voc and high current leakage,
while thicker MoOx layer led to an increased series resistance and, consequently, decreased Jsc
and FF. This could be ascribed to the decreased optical transmittance (Appendix, Fig. S4.5a)

and increased sheet resistance (Appendix, Fig. S4.5d) for the MoO,—CNT layer with thicker

MOOx.
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Fig. 4.4. (a) J-V curves of the MoO,—CNT/n-Si solar cells with various MoO.-layer

thicknesses. (b) PV parameters as a function of the MoOx layer thickness.
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4.3.4 Analysis of the junction between MoOx and n-Si or CNT and n-Si

Measurements were further carried out to examine the contribution of the CNTs layer
and as-deposited MoOx layer to the formation of heterojunction with underlying n-Si (Fig. 4.5).
Three type structures of cells of the MoO,—CNT/n-Si, MoO.—CNT-MoOx/n-Si and CNT—
MoO./n-Si were fabricated by changing the deposition order of MoOx and CNT (as shown in
Fig. 4.5). The MoOx—CNT/n-Si solar cell exhibited the best PV performance (PCE: 9.3%)
owing to the high Js, FF, and Voc. The CNT-MoOx/n-Si solar cells showed the worst PV
performance (0.3%), probably due to the high sheet resistance of as-deposited MoOx layer.
The MoOx—CNT-MoOx/n-Si solar cell presented a PCE of 2.4%. It is confirmed that the CNT

layer plays a more important role than as-deposited MoOx layer in forming the heterojunction

with n-Si.
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Fig. 4.5. The device structure and J-V curves of the solar cells with different
heterojunctions of 30 nm MoO,—~CNT/n-Si, 27 nm MoO,—CNT-3 nm MoO,/n-Si, and
CNT-10 nm MoO,/n-Si heterojunction. All the cells were evaluated without treating by

thermal annealing.

4.3.5 Effect of thermally annealing on the PV performance of the solar cells

It has been reported that the electrical conduction of the MoOx—CNT film can be improved

by thermally annealing, which enhances the charge transfer between MoOx and the CNTs [5].
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Therefore, the thermally annealing was applied to my MoOx—CNT/n-Si solar cells. First, the
MoOs layer was deposited onto CNT/n-Si at different substrate temperatures. The slight
increase from room temperature to 100 °C resulted in a significant decrease in PCE from 5.2%
to 3.8% (Fig. 4.6d). This was ascribed to the Voc value significantly decreasing from 0.52 to
0.40 V (Fig. 4.6b) and the FF value decreasing from 0.46 to 0.40 (Fig. 4.6¢), which occurred
despite the slight increase in the Jsc value (Fig. 4.6a). The O2 gas used during MoOx deposition
could have possibly reached and oxidized the n-Si surface. To proof this hypothesis, the n-Si
surface heated at 200 °C in 5 vol% O2/Ar was characterized using XPS. As shown in Fig. S4.5f
in Appendix, a Si-O peak was observed from the XPS spectrum of the n-Si wafer. Next, I
examined the thermally annealing of the MoOx—CNT/n-Si solar cell in Ar and 20 vol% O2/N2
gaseous environments. The cell showed considerable improvement in its PV performance, with
its PCE increasing from 5.2% to 6.7% and 7.9% via annealing at 200 °C in Ar gas and 20 vol%
02/N2 gas, respectively (Fig. 4.6d). The PCE enhancement was attributed to the increase in
both FF and Ji (Fig. 4.6a, c), indicating that post-thermal annealing can effectively promote
the charge transfer between MoO. and CNTs for enhanced charge separation at the
heterojunction and electric conduction through the MoO,—CNT composite film. The PV
performance was enhanced more significantly when post-annealing was conducted in O2/Ar
rather than Ar, which is possibly due to O atoms filling the oxygen vacancies contained in the
as-deposited MoOx film, as discussed above (Fig. 4.2). The MoO.—CNT/n-Si surfaces were
then analyzed by XPS and UPS (Appendix, Fig. S4.4) to present more scientific proofs to
support above discussion. The O/Mo ratio and the work function remained small when
annealed in Ar (2.63 and 4.85 eV) while increased when annealed in 20 vol% O2/N2 (2.86 and
5.33 eV). The MoOx as-deposited by the hot-wire oxidation—sublimation deposition method
contained the O vacancy; therefore, it is effective to add oxygen to the MoOx layer via heat

treatment with Oz supply.
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Fig. 4.6. Photovoltaic (PV) performance of the MoO.—CNT/n-Si heterojunction solar cell
heat treated under various conditions. Plots of (a) short-circuit current density (Js), (b)
open circuit voltage (Vo.), (¢) fill factor (FF), and (d) power conversion efficiency (PCE)
under the different conditions. Three different thermal treatments were applied: (i,ii)
MoO, was deposited onto CNT/n-Si without substrate heating, and was then thermally
annealed under 20 vol% O2/N; (i) or Ar (ii) for 10 min; or (iii) MoOx was deposited on
CNT/n-Si with substrate heating. The MoOy layer was deposited at a rate of ~3 nm/min

for 10 min.

The post-annealing conditions of the MoO.—CNT/n-Si solar cell was further optimized by
changing the temperature and time more carefully. Increasing the temperature from room
temperature (RT) to 200 °C increased the Jsc value from 22.2 to 29.5 mA/cm? (Fig. 4.7 a,b,
Table. S4.1), which was possibly owing in part to the enhanced anti-reflection effect of the
MoO,—CNT film that resulted from the increased film density. Meanwhile, further increase in
temperature, from 200 to 300 °C, resulted in Voc value decreasing from 0.50 to 0.41 V (Fig.

4.7a, b and Table S4.1). The optimum temperature was approximately 200 °C, which resulted
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in a PCE of 7.8 + 0.1%. The annealing time was then optimized at 200 °C (Fig. 4.7¢, d and
Appendix, Table S4.2). The FF gradually increased with annealing time to reach a maximum
of 0.59 at 90 min, yielding the highest PCE of 9.1%. The effect of post-annealing on the optical
transmittance, optical surface reflectance, and sheet resistance of the MoO,—CNT layer was
studied on quartz glass substrates. The 0.0314 cm?-sized small solar cell annealed under the
optimum condition (90 min, 200 °C) showed a slightly higher PCE of 10.6% (Appendix, Fig.
S4.6) owing mainly to the shadow-less structure. The optical transmittance at 550 nm increased
from 72.7% to 78.0% (Appendix, Fig. S4.5b) and the sheet resistance decreased from 216 to
144 Q/sq (Appendix, Fig. S4.5d), which contributed to the enhancement of the PV performance

of the MoO,—CNT/n-Si solar cell.
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Fig. 4.7. PV performance of the MoO,—~CNT/n-Si heterojunction solar cells heat treated

in 20 vol% O2/Na. (a,c) J-V curves and (b,d) PV parameters of the MoO.—CNT/n-Si solar

cells annealed at various temperatures for 10 min (a,b) and at 200 °C for various time

periods (c,d).

4.3.6 Mechanism of thermally annealing for MoO-—CNT/n-Si

The mechanism of thermally annealing for MoO,—CNT/n-Si for enhancement of the PV
performance of MoO,—CNT/n-Si solar cells was then studied by XPS and UPS analyses. XPS
Mo 3d profiles had Mo®* and Mo>* components with decreasing Mo>* fraction from 17%, 12%,
to 9% with increasing annealing temperature from pristine (Fig. 4.8a), 100 °C, to 200 °C,
showing the addition of O to the O* vacancy in the MoOx. Further increase in annealing
temperature to 300 °C resulted in the increasing Mo>* fraction to 20%, surprisingly. The O/Mo

atomic ratio and the work function showed consistent results; O/Mo ratio first increased and
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then decreased while the work function first increased and then decreased from the pristine
MoO.—CNT, that annealed at 200 °C, to that annealed at 300 °C (Fig. S4.8c). All these results
show that MoOx is oxidized at 100-200 °C while reduced at 300 °C. B. Han et al. reported the
same change for their MoOx/Si sample [6]. I then examined the Gibbs energy of reaction (ArG)
of the reaction of M0O2.75(cr) + 0.12502(g) — MoOs(cr). Fig. 4.8d shows that this reaction has
A:G° < 0 for the temperature range of 0-300 °C that increases and approaches to 0 with
increasing temperature. In addition, for the experimental condition with po2 = 20 kPa, A:G
increases and approaches 0 further. Although A:G still remains negative (—25.2 kJ/mol) at 327
°C, considering the deviation of the standard Gibbs energy of formation AsG° of the actual
disordered MoOx thin layers from those of bulk crystals of M0Oz.75 and MoO3, MoOx may
release Oz at elevated temperatures. In summary, MoOx had the largest x and the highest work

function when annealed at 200 °C.
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Fig. 4.8. XPS and UPS analyses of the as-deposited MoO,—~CNT/n-Si and the MoO.—
CNT/n-Si heat treated in 20 vol% O2/Nz for 10 min. (a) XPS Mo 3d profiles. (b) UPS
profiles. (¢) O/Mo atomic ratio estimated by XPS, and work function estimated by UPS.
(d) Standard Gibbs energy of formation (AtG°) of M00:.75 and MoQO; with (standard)
Gibbs energy of reaction (A:G°, ArG) of M00Q2.75(cr) + 0.12502(g) — MoOs(cr) calculated

from A{G° and A.G = A,G°-RTIn{(po2/p°)*'*3}. AtG° values are from the NIST-JANAF
Thermochemical Tables (https://janaf.nist.gov/).

The PV performance enhancement with the time at 200 °C in 20 vol% O2/Nz is mainly
attributed to the oxidation of MoOxy; the Mo®" fraction decreased from 17% to 4%, the O/Mo
atomic ratio increased from 2.74 to 2.86, and work function increased from 5.03 to 5.32 eV
with increasing annealing time to 90 min (Fig. 4.9). MoOx got somewhat reduced after 120 min

although the mechanism remained unclear.
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Fig. 4.9. XPS and UPS analyses of the as-deposited MoO,—CNT/n-Si and the MoO.—
CNT/n-Si heat treated in 20 vol% /N, at 200 °C. (a) XPS Mo 3d profiles. (b) UPS
profiles. (¢) O/Mo atomic ratio estimated by XPS, and work function estimated by UPS.

4.3.7 Role of MoOx in the enhancement of the PV performance of the solar cell

The possible mechanism of PV performance enhancement was evaluated by comparing
the CNT/n-Si solar cells with and without MoOx. As represented in Fig. 4.5a and Table 4.1, the
CNT/n-Si solar cell without MoOx exhibited poor PV performance (Jsc: 17.7 mA/cm?, Voc: 0.33
V, FF: 0.22, PCE: 1.3 %). This is mainly due to the severe current leakage caused by the direct
contact between the top Ag anode and the n-Si substrate and high internal series resistance, as
can be seen in the low shunt resistance of Rsw=21 Q and the high series resistance of Rs= 29.9
Q/cm?. Compared to the CNT/n-Si solar cell without MoOx, the MoO,—CNT/n-Si solar cell had
a significantly improved PCE of 8.8% with a high Js value of 30.6 mA/cm?, a Voc value of 0.50
V, and an FF value of 0.58. Its Rsh value also increased to 1.1x10° Q owing to MoOx that filled
the pores in the CNT films and prevented the Ag grid and n-Si from coming into direct contact.
Fig. S4.7a confirms that the current leakage is significant in the Ag/CNT/n-Si structure while

suppressed in the Ag/MoOx/n-Si and Ag/MoOx—CNT/n-Si structures. In addition, the Rs value
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decreased to 4.3 Q/cm?, showing that MoOx served as a dopant for the CNT film and allowed
for efficient charge separation at the CNT/n-Si heterojunction. MoOx also enabled efficient
charge transport through the CNT without disturbing the electrical conduction between the
CNT film and Ag grid. Moreover, the surface reflectance of the cell at 550 nm decreased from
29.5% (CNT/n-Si) to 7.6% (MoO»—CNT/n-Si) (Fig. 4.10b), suggesting that MoOx also works
as an effective AR layer that increased the Jsc value from 17.7 to 30.6 mA/cm?. The device
fabricated using the MoOx film alone exhibited a PCE of approximately 0.7% due to the high
sheet resistance of the MoOx thin film (Appendix, Fig. S4.9).

As discussed in the previous works [7—8], the CNT/n-Si heterojunction is complex and is
not yet fully understood. The J-V characterization was performed for the solar cells under

different light intensities and the ideality factor n was estimated using Equation (1) [9].

Voo = 20 In (£), (1)

where ks is the Boltzmann constant, 7 is the temperature, ¢ is the elementary charge, and Jo is
the saturation current density. From the Voc vs In Jsc plot (Fig. 4.10c) using the Voc and Jsc values
obtained from the J-V curves at different light intensities (Appendix, Fig. S4.7b, c), the n value
of 2.1 and 1.9 was gained for the CNT/n-Si and MoO,—CNT/n-Si, respectively. The ideal p—n
junction has a diode ideality factor of n<2, and both cells showed n~2. The diode ideality factor
was better for the cell with MoOx but the difference was not obvious. Then the dark log dark
J=V curves of the CNT/n-Si solar cells with and without MoOx were analyzed to understand
the carrier transport mechanism of the solar cells (Appendix, Fig. S4.7d) using Equations (2)

and (3) [10,11].

qv
nkgT

J =Jolexp(——) — 1], (2)
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), (3)

_ kgT,  A*T?
¢p = —1In(
q 0

J

where @p is the Schottky barrier height and 4* is the Richardson constant. Jo is obtained by

fitting the dark J-V curve (Appendix, Fig. S4.7d) using Equation (2), and then @ values were

calculated to be 0.64 eV (CNT/n-Si) and 0.73 eV (MoO.—CNT/n-Si) using Jo and Equation (3).
The possible band alignment is schematically shown in Fig. 4.10d. The work function was
evaluated as 5.32 eV (MoO.,—CNT) and 4.48 eV (CNT) by the UPS measurement (Appendix,
Fig. S4.7e), respectively. Therefore, a MoO,—CNT film with a high work function would yield
a large built-in potential (Vbi), that is proportional to the work function difference at the
heterojunction with n-Si. The MoO,—CNT/n-Si heterojunction with a smaller n, larger ¢ g, and
larger Vbi enables more efficient separation of the electron—hole pairs with suppressed diffusion
recombination [12—13] than the pristine CNT/n-Si heterojunction, resulting in the FF value

increasing from 0.22 to 0.58 and Voc value increasing from 0.33 to 0.50 V (Table4.1).
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Fig. 4.10. Comparison of the CNT/n-Si and the MoO.—CNT/n-Si solar cells. (a) J-V curves.
(b) Optical reflection spectra of a bare n-Si wafer, CNT/n-Si, and MoO,—CNT/n-Si. (¢) V-
In J plots obtained from J—V curves under different light intensities in Fig. S11b, c. (d)
Predicted band alignment at the CNT/n-Si and MoO.—CNT/n-Si interfaces.

Table 4.1. PV parameters of the CNT/n-Si and MoO,—~CNT/n-Si solar cells under
AM1.5G one-sun illumination. Standard deviations are also shown for the four cells

fabricated and evaluated.

Jsc(mA/ecm?)  Voc (V) FF Rs (Q/cm?) Re (Q/cm?)  PCE (%)
ONL 177404 0332003 0224003 29962 21 1340l
MODAENT 306404 050002 058002 43201  LIxI0®  88+03

4.3.8 Further enhancement of the PV performance of the MoO»—CNT/n-Si solar cell

The PV performance of the MoO.—CNT/n-Si solar cells was further improved by adding a

PMMA AR layer. The optical reflection spectra changed with PMMA concentration, and the
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reflection was significantly suppressed at wavelengths >500 nm for a 2 wt% PMMA solution
(Fig. 4.11a). Four cells were fabricated and evaluated for the annealed MoO.—CNT/n-Si solar
cell without PMMA (Table S4.3, Fig. S4.10) and with PMMA (Table S4.4, Fig. S4.11). The
color of the solar cell changed from violet to dark-blue violet after spin-coating the 2 wt%
PMMA solution (Fig. 4.10b), indicating the enhancement of light absorption. The PCE

increased from 8.8+0.2% to 9.7+£0.3% with the AR layer that was made using the 2 wt% PMMA

solution, which was mainly owing to the Jsc value increasing from 30.6£0.4 to 33.2+0.4
mA/cm?. The best device exhibited a PCE of 10.0% (Fig. 4.10b, Table S4.4). Fig. 4.10c
presents the corresponding EQE spectra of the device with and without PMMA, showing a
significantly improved EQE for the wavelength range of 500-900 nm. I used a simple mask-
sputtering technique that yielded a large shadow (65.4 mm? and 16.0%) owing to the wide

busbar and fingers (Fig. 4.1). By simply decreasing the shadow, a maximum PCE of ~12% is

expected.
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Fig. 4.11. MoO,—CNT/n-Si solar cells with and without the polymethyl methacrylate
(PMMA) anti-reflective (AR) layer. (a) Optical reflectance spectra of the MoO,—CNT/n-
Si with and without the AR layer spin-coated using various PMMA solutions. (b) J-V
curves with inset digital images of the solar cells. (¢) External quantum efficiency (EQE)

spectra.

4.4 Conclusions

In summary, a MoOx multifunctional layer was proposed for the size and performance

enhancement of CNT/n-Si heterojunction solar cells. A 4 cm?-sized PMMA/MoO—CNT/n-Si



solar cell with a PCE of 10.0% was realized via a simple process: a dispersion—filtration—
transfer process for the CNT layer, hot-wire oxidation—sublimation deposition for the MoOx
layer, mask-deposition for the Ag grid electrodes, and spin coating for the PMMA AR layer.
The MoOx layer played an essential role as a blocking layer preventing direct contact and
current leakage between Ag and n-Si. This layer also served as a p-type dopant for the CNTs
to enhance the electrical conduction and separation of electron—hole pairs at the heterojunction,
and an enhancer for the AR effect of the MoO.—CNT layer. The as-deposited MoOx was sub-
stoichiometric (x<3) and amorphous, and MoOx with an optimum thickness of ~30 nm
enhanced the PCE from 1.3% to 5.2%. Then, heat treatments of the MoO.—CNT/n-Si were
carefully investigated, and post-thermal annealing in 20 vol% O2/Nz at 200 °C for 90 min
effectively enhanced the PCE to 9.1%. This was due to the increased O/Mo ratio and the
increased work function of the MoO.—CNT layer. The dark J—F characteristics were analyzed,
and band energy alignment was discussed to understand the carrier transport mechanism of the
solar cells with the MoOx layer. The MoOx layer reduced the diode ideality factor and increased
the Schottky barrier height, leading to suppressed carrier recombination and improved Voc and
FF values. Finally, the PMMA AR layer was adopted for the MoO,—CNT/n-Si solar cell, and
the highest PCE of 10.0% was achieved for a 409-mm? active area. The top Ag grid electrode
obtained by simple mask-sputtering yielded a large shadow (65.4 mm? and 16.0% of the active
area) in the present device, which, when decreased, is expected to give a maximum PCE of
~12%. The presented method would also work with various other oxides, such as WOx and
VO, that have similar characteristics to those of MoOx. I demonstration of a multifunctional
oxide layer enabling size and performance enhancements via a simple and scalable deposition

method will advance the practical applications of CNT/Si heterojunction solar cells.
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Appendix

Table S4.1. Photovoltaic (PV) parameters of the MoO,—carbon nanotube (CNT)/n-type Si
(n-Si) solar cells post-annealed for 10 min in 20 vol% O»/N; at various temperatures. Four

solar cells were fabricated for each temperature.

Temperature (°C) Jse (mA/cm?) Ve (V) FF Efficiency (%)
RT 22.2+0.7 0.49 +£0.04 0.49 £0.03 53+£0.2
100 27.6+0.8 0.50 £0.02 0.49 £ 0.01 6.7+0.2
200 29.5+£0.5 0.50 +0.02 0.52 £0.02 7.8+0.1
225 29.9+0.2 0.50 =0.02 0.51 £0.03 7.6+0.2
250 28.8+0.8 0.50 £0.02 0.52£0.01 7.5+0.1
275 28.2+0.8 0.45+0.01 0.53 £0.01 6.7+0.2
300 28.2+0.2 0.41 £0.01 0.50£0.01 59+0.2

Table S4.2. PV parameters of the MoO,—CNT/n-Si solar cells post-annealed in 20 vol%
02/N; at 200 °C for different time periods.

Time (min) Jse (MA/cm?) Voe (V) FF Efficiency (%)
RT 21.7 0.52 0.46 5.2
10 29.1 0.50 0.54 7.8
30 29.7 0.50 0.55 8.2
45 30.4 0.50 0.55 8.4
60 304 0.50 0.56 8.5
90 30.8 0.50 0.59 9.1
120 28.9 0.46 0.56 7.4
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Table S4.3. PV parameters of the MoO,—CNT/n-Si solar cells. Four cells were fabricated

using the CNT films exhibiting ~84% transmittance by depositing the MoOy layer at a

rate of ~3 nm/min for 10 min.

Cells number Jse (mA/cm?) Ve (V) FF PCE (%)
#1 30.8 0.50 0.59 9.1
#2 30.8 0.52 0.56 8.9
#3 29.9 0.50 0.58 8.7
#4 30.8 0.50 0.56 8.6
AVE 30.6+0.4 0.50 £ 0.01 0.57+£0.02 8.8+£0.2

Table S4.4. PV parameters of the PMMA/MoO,—~CNT/n-Si solar cells. Four cells were

fabricated using the CNT films exhibiting ~84% transmittance by depositing the MoO,

layer at a rate of ~3 nm/min for 10 min and pin-coating a 2 wt% toluene solution of

PMMA.
cells number Jsc (mA/cm?) Voe (V) FF Efficiency (%)
#1
333 0.50 0.57 9.4
#2
32.7 0.52 0.57 9.7
#3
33.6 0.50 0.58 9.7
#4 332 0.50 0.58 10.0
AVE 332+04 0.51 £0.01 0.57 £0.01 9.7+0.3
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Fig. 4.1. Design of the masks used in fabricating and evaluating the solar cells. (a) The
lithography-based Ni foil mask for the top Ag anode (thickness of 50 pm; fingers of 0.07
mm in width, 21x2 lines at 1.00 mm pitch, two 20.00x10.00 mm? region separated by a
22.00x2.00 mm? busbar). (b) The Cu foil mask used for limiting the illumination area
during PV measurement. (c) Optically scanned image of the Cu mask. The illumination

area was determined using Image J software.

(a) _ (b) . ~25 mm

~25 mm

(C) (nm)
Positon A B C D E F G H | Average

#1 32 29 27 25 36 25 36 26 28 30+4

#2 30 32 33 28 34 26 25 25 29 29% 3

#3 27 25 26 34 30 35 28 31 26 29+4

Fig. S4.2. (a) Digital image of MoOx thin film deposited on a SiO,/Si substrate at a rate of
~3 nm/min for 10 min. (b) Schematic explaining the evaluation of the thickness
distribution. (¢) Thickness values in nm evaluated by a stylus profiler (three times each,

giving 9 different points).
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Fig. S4.3. (a) Top-view SEM image of the MoO,—CNT film on a SiO>/Si substrate. (b,c)

EDS elemental maps of O (b) and Mo (c).
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Fig. S4.4. XPS and ultraviolet photoelectron spectronmeter (UPS) analyses of the as-
deposited MoO—CNT/n-Si and the MoO.—CNT/n-Si heat treated for 10 min at 200 °C in
Ar and 20 vol% O2/N;. (a) XPS Mo 3d profiles. (b) UPS profiles. (¢) O/Mo atomic ratio

estimated by XPS, and work function estimated by UPS.
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Fig. S4.5. (a) Optical transmission spectra of the CNT film with MoO. of various
thicknesses. (b) Optical transmission spectra of the CNT film, the MoOx film, the MoO,—
CNT layer before annealing, and the MoO.—CNT layer after annealing. (c) Optical
surface reflection spectra of 30 nm MoO,—CNT/n-Si without and with thermally
annealing in 20 vol% O>/N; at 200 °C for 10 min and 90 min. (d) Sheet resistance of the
MoO,—CNT layer before and after annealing. (¢) XRD pattern of an as-deposited MoOx
film (thickness of ~30 nm deposited on a SiO»/Si substrate) with and without thermally
annealing at 200 °C in 20 vol% O2/N; for 90 min. (f) XPS Si 2p spectra of the n-Si surfaces
exposed to a S vol% O2/Ar gas mixture at 1 Pa and 10 sccm without and with heating of

the n-Si substrate to 200 °C in the hot-wire oxidation—sublimation deposition apparatus.

To avoid the deposition of MoO,, a Cu wire was used instead of the Mo wire. The native
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oxide on the n-Si substrates were removed using a 4.7wt% HF aqueous solution prior to
the exposure to O;. All samples were prepared on quartz glass substrates in (a—c).

Annealing was performed in 20 vol% O:/N; at 200 °C for 90 min in (b,c). The CNT films

with ~84% transmittance was used.
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Fig. S4.6. J-V curve of the small MoO.—CNT/n-Si solar cell. The thickness of the MoO,
layer was ~30 nm. The MoO,—CNT/n-Si heterojunction was annealed under the optimum

condition (20 vol% O2/N; at 200 °C for 90 min).
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Fig. S4.7. (a) Leakage current evaluation for the various interfaces. Contacts were taken

for the top Ag electrode and the rear of the n-Si substrate using an Ag paste. (b,c) J-V

curves of the CNT/n-Si and MoO,—CNT/n-Si solar cells with different light intensities. (d)

The dark J-V curves of the CNT/n-Si and MoO.—CNT/n-Si solar cells. (e¢) UPS analysis of

CNT and MoO,—CNT on n-Si. MoO,-CNT of the optimum condition (30 nm MoO, heat
treated in 20 vol% O2/N; at 200 °C for 90 min) was used.
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Fig. S4.8. J-V curves of MoO,—CNT/n-Si solar cells fabricated using the post-thermal

annealed MoO,-CNT/n-Si heterojunction at various temperature
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Fig. S4.9. J-V curve of the M0oO./n-Si solar cell. The thickness of the MoO, layer was ~30

nm. The MoO,/n-Si solar cell was post-annealed under the optimum conditions of 20 vol%
02/N2 at 200 °C for 90 min.
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Fig. S4.10. J-V curves of the MoO,—~CNT/n-Si solar cells. Four solar cells were fabricated

under identical conditions.
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Fig. S4.11. J-V curves of the MoO.—CNT/n-Si solar cells spin-coated with a 2 wt% PMMA

solution. Four solar cells were fabricated under identical conditions.
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Chapter 5 Conclusions and Perspective

5.1 Comparison of the three processes for MoOx deposition

The preparation methods strongly influence the structure of as-prepared MoOx, and the
structure factors can alter the chemical and electronic properties of MoOx. Here, the three
processes for the MoOx deposition examined in Chapters 2—4 are compared and discussed in
the viewpoints of the MoOx structure, PV performance, and process/device scalability.

The XRD pattern of the MoOx thin film prepared using the MoOx precursor solution and that
using the hot Mo wire showed only broad halo pattern, suggesting that the prepared MoOx was
amorphous (Fig. 5.1a, c). Weak crystal peaks appeared in the MoOx thin film prepared by rapid
vapor deposition using the pre-oxidized Mo boat (Fig. 5.1b). This is probably because the
MoO:x thin film prepared by rapid vapor deposition led to partial crystallization of molybdenum
oxide due to the radiation from the pre-oxidized Mo boat heated at 1200 °C. The Mo 3d core
level XPS data presented only oxidation state for Mo of Mo ¢* in the MoOx layer prepared from
the MoOx precursor solution (Fig. 5.1d), but two oxidation states for Mo in the MoOx layers
prepared by the rapid vapor deposition of pre-oxidized Mo boat and the by hot-wire oxidation—
sublimation deposition method (Fig. 5.1e,f). This is because the MoOx as-deposited by rapid
vapor deposition of pre-oxidized Mo boat and that by the hot-wire oxidation—sublimation

deposition method contained the O vacancy.
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Fig. 5.1. X-ray diffraction (XRD) patterns and X-ray photoelectron spectroscopy (XPS)
spectra of MoOyx layer on SiO,/Si prepared by (a,d) spin-coating the 0.4 wt% MoO,
precursor solution, (b,e) rapid vapor deposition using the pre-oxidized Mo boat and (c,f)

hot-wire oxidation—sublimation deposition method.

Then the PV performances of the MoO,—CNT/n-Si solar cells were compared (Fig. 5.2).
The device fabricated via the rapid vapor deposition method using the pre-oxidized Mo boat
and that fabricated via the hot-wire oxidation—sublimation deposition method had similar PCEs
of 11.3 % (red plots and lines) and 10.6% (green plots and lines), respectively. This is because
the MoOx layers prepared by these two methods had the similar crystal phase and the oxidation
state for Mo (Fig. 5.1). The cells fabricating using the MoOx precursor solution showed a
relatively lower PCE of 10.1% owing to the lower Jsc values, probably due to the absence of
the annealing process of the MoOx layer. It is worth noting that the MoO.—CNT/n-Si fabricated
using the MoOx precursor showed highest Voc value. This is because the MoOx layer prepared

from MoO. precursor has lower O vacancy, leading to lower recombination by defect.
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Although all devices have almost similar PCE, dry process (hot-wire oxidation—sublimation
deposition method) is better in the scalability for solar cells. Because the dry process can avoid
the non-uniform distribution of MoOx layer in large area CNT films that is caused in case of

coating process of the MoOx precursor solution due to the highly hydrophobic properties of the

surface of the CNT films.
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Fig. 5.2 J-V curves of the MoO,—CNT/n-Si solar cells fabricated using the MoOx layers
prepared by the three different methods; spin-coating of the MoO, precursor solution,
the rapid vapor deposition method using the pre-oxidized Mo boat, and the hot-wire
oxidation—sublimation deposition method.

5.2 Conclusions of the thesis

This study discussed the scale-up and performance enhancement of the CNT/n-Si
heterojunction solar cell using the MoOx layer. Three simple methods were adopted to prepare
MoOx layer for achieving this goal, including spin-coating of MoOx precursor solution, rapid
vapor deposition (<1 min) using pre-oxidized Mo boat, and hot-wire oxidation-sublimation

deposition method.
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Simple spin-coating of the MoOx precursor solution for coating the cell with MoOx
significantly enhanced the efficiency and air stability of the CNT/n-Si solar cell (active area of
0.0314 cm?). The MoOx—CNT/n-Si solar cell with PCE of more than 10% was achieved, which
is about 39% improvement compared with the pristine CNT/n-Si solar cell (7.2%). The cell
with MoOx coating showed a considerable air stability, maintaining its 80% of original PCE
when it is exposed to air without any pretention layer for more than 1400 h. However, the PCE
was poor for large-sized CNT/Si solar cell (active area of 4 cm?) due to the non-uniform
distribution MoOx layer on the CNT film due to the poor wetting of the MoOx precursor

solution on the highly hydrophobic surface of the CNT films.

Rapid vapor deposition (<1 min) of MoOx layer using pre-oxidized Mo boat onto the CNT
film in the CNT/n-Si solar cells was developed, targeting more uniform MoOx. This resulted
in a PCE of 11.1% (active area: 0.0314 cm?) and 3.6% (active area: 4.0 cm?) by optimizing the
experimental conditions. The rate of MoOx deposition via rapid vapor deposition was analyzed
and it was found that the whole evaporation process was too fast to make careful control over
the MoOx thickness in the batch process. But in future, this problem will be solved by
integrating the rapid vapor deposition of MoOx layer with roll-to-roll technology, where the

MoO:x thickness will be accurately controlled by the sample carrying speed.

Then, a 4 cm?-sized PMMA-MoO,—CNT/n-Si solar cell with a PCE of 10.0% was realized
via simple processes: the dispersion-filtration-transfer process for the CNT film, hot-wire
oxidation-sublimation deposition for the MoOx layer, mask-deposition for the Ag grid
electrodes, and spin-coating for the PMMA anti-reflective layer.

Finally, I investigated the influence of MoOx structure on PV performance of MoO.—
CNT/n-Si solar cells by varying the preparation methods of the MoOx layer production.
Although all devices have almost similar PCE, dry process (hot-wire oxidation—sublimation

deposition method) is better in the scalability.
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5.3 Perspective

A future goal will be the simple production of CNT/Si heterojunction flexible solar cells. As
provided in Fig. 5.3, by integrating the rapid vapor deposition of 10 pm-thick crystalline Si
film previously developed in our group with the dispersion-filtration-transfer process for the
CNT film, hot-wire oxidation-sublimation deposition for the MoOx layer, mark-deposition for
the Ag grid electrodes, and spin-coating for the PMMA anti-reflective layer, high

performance/cost ratio will be achieved with the MoO,—CNT/n-Si heterojunction flexible solar

cells.
(a) Si 1 min deposition  (b) Transfer to plastic film (c) CNT film tragsfer and (d) Seal
Heater 145021350 °C C-sub R MoO, deposition Laminate with
-substrate (Reuse) plastic film
Si(g) - Si(s) —/ﬁ \ n-Si WWWH?@ 3 T i i !7 T %51
Plastic film Electrode MoO,-CNT film Bar electrodes

Si source > 2000 °C
Yamasali, et al. CrystEngComm. (2016): 3404-3410.

Fig. 5.3 Schematic of final research objective—large-sized MoO,—CN'T/Si flexible thin

film solar cell
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