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solar cells manufactured by chemical
bath deposition

Student: Yi-Ching Lin Advisor: Dr. Wen-Feng Hsieh

Institute of Electro-Optical Engineering

National Chiao Tung University

Abstract

Branched ZnO nanowires have been fabricated on fluorine doped tin oxide substrates
using aqueous solution method: for dye sensitized solar cells. ' The one-dimensional branched
nanostructures can afford .a direct conduction pathway instead of interparticle hops while
using nanoparticles.  Furthermore, the short-circuit current density and the energy
conversion efficiency of the branched ZnO nanowire DSSC are 2.37 mA/cm? and 1.51 %,
respectively, which is twice higher than the bare ZnO nanowire one. The improvement can
be explained association with the enlargement of internal surface area within the
photoelectrodes and achieving higher dye adsorption that significantly enhances the

performance of the DSSC.
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Chapter 1 Introduction

1.1 Significance of solar cells

One of the most critical issues of today’s society is how to satisfy the ever
growing demand with decreasing resource. Nuclear power and thermal power are
two main energy sources for regular usage. Nuclear power provides long term and
steady energy supplementation; however, its muclear waste poses serious threat to
general health of the environment and society. Thermal power uses large amount of
fossil fuel. As_a result, excess carbon dioxide and other green house gases are
produced as wasteful byproducts of thermal power.

The goal of the Kyoto Protocol of 1997 was to reduce green house gas emissions,
or to practice emission trading-among the pledged nations in. order to achieve
emission reduction. +To ease the energy crisis, intensive researches are put into
exploring alternative energy sources with less pollution and affordable cost. As a
result, solar power could be the solution to today’s energy crisis.

The efficiency and capacity of solar power depend on sunlight exposure on the
solar cell, and the degree of exposure is affected by climate and latitude.

1.1.1 Current status of solar cells
The current status of solar cells is shown in Fig 1-1. The Si single crystalline is

the most popular solar cell for our living. The conversion efficiency of Si single
1
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crystalline is up to 24%. However, a dye-sensitized solar cell could possibly offer

better efficiency than Si single crystalline. Such a feature of a dye-sensitized solar

cell (DSSC) makes it possible for DSSCs to use low- to medium-purity materials

through low-cost processes, and provides commercially realistic energy-conversion

efficiency. In addition, it is of great importance that the materials used in DSSCs are

eco-friendly.

Bulk
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— Silicon type
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A
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Fig. 1-1 Current status of solar cells

1.1.2 Working principle of DSSC

In 1991, dye-sensitized nanocrystalline TiO, solar cells (DSSCs) based on the

mechanism of a fast regenerative photoelectrochemical process were first reported by

Gritzel et al [1]. The working principle of DSSC is shown in Fig. 1-2.  When the



solar cell was excited by incoming light, the original state of the dye is restored by

electron donation from the electrolyte, which is usually an organic solvent containing

iodide/triioide redox system. The electrons poured into the conduction band of the

nanocrystalline TiO, will eventually reach the anode. The electrons reach the

cathode through the load, where they were then absorbed through redox reaction into

electrolytic liquid.

< Structure & Principle >
(S+/S%*)

Fig. 1-2 Working principle of DSSC [1]



1.2 Motivation

How to produce solar cell at reduced cost has become a critical challenge.
Some new ideas for solar-to-electric energy conversion have challenged the
traditional devices based on the p-n junction diode for several years [2]. The
efficiencies of the TiO, nanoparticle-based DSSCs has exceeded 10% [3]. A very
important feature of DSSCs is its photoelectrode, which includes mesoporous
wide-bandgap oxide semiconductor films with an enormous internal surface area,
typically a thousand times larger than-that of bulk films. “To date, the highest
solar-to-electric:eonversion efficiency has been achieved with films that consist of 20
nm TiO, nanocrystallites sensitized by ruthenium-based dyes. It is advantageous to
replace the TiO; nanoparticles with .dense array of.wide-band-gap semiconductor
nanowires. The 'morphology of nanowires provides direct conduction paths for the
electrons from the dye to the electrode [4]. The.semiconductor ZnO has wide gap
(3.37 eV) which is similar to TiO; and very high electron mobility which is about 155
ecm?V' s for high quality thin film. The ZnO material has a very high UV
emission efficiency at room temperature (free exciton binding energy is 60 meV). It
is possible that ZnO may be a new material to construct dye sensitized solar cell [5].

However, to significantly improve energy conversion efficiency of DSSCs

remains a challenge. In order to increase efficiency of the nanowire cell, higher dye



loading could be achieved by increasing surface area. Competition between

generation and recombination of photoexcited carriers in DSSCs is a technical

bottleneck for developing higher conversion efficiency. We are now extending our

synthetic strategy to design nanowire electrodes with much larger areas available for

dye adsorption.

A solution is to incorporate nanoparticles with original one-dimensional

nanostructures [6][7]. The nanowires/nanoparticles composite is mainly ascribed to

enrich the light harvesting without sacrificing the electron transport efficiency. Even

so, the excess electron hopping-through: the interparticle barriers still has the chance

for charge recombination.

In the present work,.we suggested the tree-like ZnO nanowire structures

(one-dimensional “branches " directly attached the main nanowire backbone) could

simultaneously afford a direct conduction pathway and achieve higher dye adsorption,

therefore significantly enhance the overall efficiency of the DSSC.

The resulting high temperature of fabricating 1-D ZnO nanostructures by the

vapor-liquid-solid (VLS) method would create too much resistance within the

substrate. Therefore, the aqueous solution method will be first adopted to fabricate

ZnO nanowires. Second, the tree-like ZnO nanowire structure was suggested, such

that it could afford a direct conduction pathway and could simultaneously achieve



higher dye adsorption. As a result, the overall efficiency of the DSSC was enhanced

significantly. It was a considerable success to improve the original conversion

efficiency from 0.18% by VLS method up to 1.5% with the tree-like ZnO nanowire

structures by chemical bath method.

1.3 Organization of thesis

After the introduction;: the thesis includes fouf- other chapters. Chapter 2

discusses the theoretical background of the experiments such as'the vapor-liquid-solid

method and the chemical ~-bath- process, ithe device. operation principles, the

electrochemical impedance spectroscopy theory (EIS), and the scanning electron

microscopy (SEM), respectively. .In Chapter 3, the experimental processes including

VLS and solution-liquid-solid (SLS) methods are explored. " In Chapter 4, the

morphology of ZnO nanowires and I-V curve, EIS;and Photon to Current conversion

Efficiency (IPCE) will be investigated. Finally, the final chapter discusses potential

future development and concludes the thesis.



Chapter 2 Theoretical background

2.1 Growth mechanism of one-dimensional ZnO nanostructures
2.1.1 Growth Mechanism of Vapor-Liquid-Solid (VLS)

Most popular approach for forming 1-D nanostructures is the vapor-liquid-solid
(VLS) method [8]. The VLS method was originally developed by Wagner and his
co-workers to produce micrometer-sized whisker in- 1960s [9]. Recently, this
technique is re-examined by Lieber [§]=dn the VLS method, the catalyst plays a key
role on the growth of the nanewires -ormanorods. * The catalyst would form an alloy
nanocluster with the ‘reactant under the proper conditions. The growth of the
nanowires results from the alloy nanoclusters are supersaturated in the reactant. The
formation procedure of 1-D nanostructure in the VLS method is shown in Fig. 2-1,
which demonstrates the formation of semiconductor nanowire using metal catalyst.
The reactant metal vapor which could be generated by the thermal evaporation is
condensed to the catalyst metal to form a liquid alloy nanocluster as the temperature is
low. Nanowires grown after the liquid metal alloys become supersaturated and
continue as long as the metal nanoclusters remain in a liquid state. Growth of
nanowires will be terminated as the temperature reduces to the point that the metal

nanoclusters solidify. Therefore, a strong evidence of the VLS mechanism is to



observe catalytic metal at the ends of the nanowires as that observed on the formation

of Ge nanowires in the report by P. Yang et al. [10], as shown in Fig. 2-2. Based on

the VLS growth mechanism, ZnO nanowires had been successfully grown on silicon

substrates also by P. Yang et al. [11].

nanowire

metal alloy
catalysts liquid e

RV

Fig. 2-1 Vapor-Liquid-Solid method
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Fig. 2-2 In situ TEM images recorded during the process of nanowire growth. (a) Au nanoclusters in
solid state at 500 C; (b) Alloying is initiated at 800 °C, at this stage Au exists mostly in solid state; (c)
liquid Au/Ge alloy; (d) the nucleation of a Ge nanocrystal on the alloy surface; (¢) Ge nanocrystal
elongates with further Ge condensation; (f) eventually forms a wire; and (g) Au-Ge binary phase

diagram. [11]



2.1.2 Growth Mechanism of Solution-Liquid-Solid (SLS)

In the SLS growth mechanism [12], crystal growth requires (1) a reversible
pathway between the fluid (solution, melt or vapor) and the solid phase or (2) high
surface mobility in the solid phase. These conditions let the atoms, ions, or
molecules to get the correct positions developing the crystal lattices. Aqueous or
organic solvants dissolve their constituent ions or molecules and condition (1) is met,
so molecular or ionic solids: can be crystallized fromi solution at low temperature.
However, covalent/nonmolecular solid-such as 1lI=V semiconductors are generally
insoluable and eannot be crystallized from the solution at low temperature. These
materials should be" synthesized from _solution by condition (2) with two
circumstances that: support. low.temperature crystal growth: catalysis by protic
reagents and the participation of metallic flux particles. .The growth mechanism of

low temperature SLS shown in Fig. 2-3 is analogousto that.of high-temperature VLS.

T+
R;M+EH; Growth direction

%

nanowire
3JRH

Solution Liquid Solid

Fig. 2-3 Solution-Liquid-Solid method
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2.2 Device operation principles

Figure 2-4 illustrates the equivalent circuit of an ideal solar cell. From this

diagram, one could find the photo-generated current density J can be written as:

= Jsc — Jo {E[qwﬁsl)] - 1}, @.1)

where n is the ideality factor of diodes (1 <n <2, n =1 for the Shockley equation).

Jsc is the short current density and J is the reverse saturation current density. Rg is
the equivalent series resistance of the solar cell. In Fig. 2-5, the cell J-V
characteristics in dark condition and under illumination are shown. The parameters
used to describe the solar cell are indicated as follows:

The open-circuit voltage Voc can'be derived from'by Eq. (2.1) with J =0

Voc = “qﬂln (']S—C +1). @2

The fill factor FF is another parameter of solar cell, which is defined as the ratio
of the maximum output power to the product of the open-circuitivoltage and the

short-circuit current, or equivalently

FF = maxVmax = (7 3)

JscVoe
The efficiency of'solar cell is defined as the ratio of'the maximum output power to the
input power

rl — VmaxImax X 100% i VOCXECXFF%, (2'4)

in in
where Pj, and S are the input power per unit area and the effective area of solar cell,

respectively.

10
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Fig. 2-4 Equivalent circuit of an ideal solar cell

illuminated
cluurent

Fig. 2-5 J-V curve of a solar cell in dark condition and under illumination
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2.3 Scanning Electron Microscope (SEM)

The principle of SEM used for examining a solid specimen in the emissive mode

is closely comparable to that of a closed circuit TV system shown in Fig. 2-6. In the

TV camera, light emitted from an object forms an image on a special screen, and the

signal from the screen depends on the intensity of image at the point being scanned.

The signal is used to modulate the brightness of a cathode ray tube (CRT) display, and

the original image is faithfully reproduced if (a) the/camera and display raster are

geometrically similar and exactly in time and (b).the time for signal collection and

processing is shert compared-with-the time for the scan.moving from one picture point

to the next.

In the SEM the object itself is scanned with the'electron beam and the electrons

emitted from the surface are collected and amplified to form the video signal. The

emission varies from point to point on the specimen surface, and so an image is

obtained. Many different specimen properties cause variations in electron emission,

thus, although information might be obtained about all these properties, the images

need interpreting with care. The resolving power of the instrument can not be

smaller than the diameter of the electron probe scanning across the specimen surface,

and a small probe is obtained by the demagnification of the image of an electron

source by means of electron lenses. The lenses are probe forming rather than image

12



forming, and the magnification of the SEM image is determined by the ratio of the
sizes of raster scanned on the specimen surface and on the display screen.

For example, if the image on the CRT screen is 100 mm across, magnifications
of 100X and 10000X are obtained by scanning areas on the specimen surface Imm
and 10pum across, respectively. One consequence is that high magnifications are
easy to obtain with the SEM, while very low magnifications are difficult. This is
because large angle deflections are required which imply wide bore scan coils and
other problem parts; and it-is more difficult to maintain scan linearity, spot focus and

efficient electron collection at-the-extremes of the scan.

-

Video Scan
amplifier generator

(a)

(b)

] Display CRT

—z—— Scon generator

—{ Video lif -| Gun

m
L

=

Display CRT Fig. 5,1(b). Scanning electron microscope.

~

Fig.2-6 Closed circuit TV (a) and scanning electron microscope (b) [13]

2.4 The electrochemical impedance spectroscopy theory in dye-sensitized solar

cells

2.4.1 The Bisquert Equation [14]

Bisquert obtained the impedance of diffusion and recombination based on the

following three assumptions: (1) electrons in the conduction band diffuse, (2) there is
13



no trap, and (3) an irreversible first-order reaction is assumed for the recombination.
The diffusion-recombination model for small amplitude oscillating quantities,

superimposed to a given stationary state, is written as

o _ o] . _
at  ox kit =D

0211 ~
——ki,  (25)

where N, D, and k represent the small oscillating electron density, diffusion
coefficient of an electron in the ZnO nanocrystal, and reaction rate constant for
recombination, respectively:

The boundary ¢endition is given as

on
T=0,axX =1 " (26)

where L represents the film thickness of ZnO:. The impedance under boundary

condition (2) is'given by Bisquert as

et
- (%)2 coth [(2—2)1 (1+ i)ll 2.7)

DR
where

D

1
wdzﬁ,wk=k=;, (28)

ql;izs,Rk = 24R,, = Con L9

L
Ry = ConB,Con = "
Here, Z, Ry, Ry, 1, kg, T, q, A, and n, represent the impedance, electron transport
resistance in TiO,, charge-transfer resistance related to recombination of an electron,

lifetime of an electron in ZnO, Boltzmann constant, absolute temperature, charge of a

proton, the electrode area, and the electron density at the steady state in the
14



conduction band, respectively.

Equation (2.7) can be rewritten to obtain

1

m‘z coth l(;’—‘;)% (1+ ﬁ)gl (2.10)

wd Wk

Z=R,

Dye

IConduction band lectron
X mjection: G
jection:

x4
Transparent
conductive k, ky
glass

\ Back electron

Trap level ‘\trinsfer
k
T I3-

Fig. 2-7 Reaction paths in the TiO, electrode of the DSSCs in the model of Kern et al.[15]

On the other hand, Kern et al. [15] derived the impedance of diffusion and

recombination in TiO, based on the reaction paths shown in Figure 2-7. They set the

following three assumptions:

(1) Electrons are injected into the conduction band from the excited dye at the
15



injection rate G under illumination; (2) only a single trap level is assumed, and the

rate constant, k;, for the trapping of the conduction band electrons is much faster than

k, for the detrapping of the electrons; and (3) trapped electrons are lost by the

recombination with I3", and the second-order reaction rate is assumed with respect to

electrons for the recombination.

The continuity equations for the conduction band electrons and for the electrons

in the trap state, which desctibes injection, diffusion, collection, trapping, detrapping,

and recombination of electrons in the TiOy of the DSSCs, are given as

2
o = Dep 5 — kyn + kNG @11)
S =—kn—k N +kin, (2.12)

n = ng + Anel®t,  (2.13)
N = N + ANelot+®) 59 14)
where D, represents the diffusion coefficient of an electron in the conduction band
and ns and Nj are the steady state electron density in the conduction band and in the
trap state, respectively. An and AN are the amplitudes of the modulated component
of the conduction band and trap state electron density, respectively.
Defining
ky
Deff = Dep i (2.15)
1
Dkeff = ZNSkr, (216)

16



2 keff iw
=—=4+— (2.17
Y Deff  Defr ( )

And using the following boundary conditions

oA Al
Atx=L, qDef (a—xy) =2=4]; (218)

o 9y _
Atx=0, =X =0. (2.19)

Impedance is obtained by Kern et al. [15] as

7= g1 1 1+e2VL
B 9A Dygry [ 1-e2vL?
T kefr

(2.20)

where

_keT [1
S =2 = g(221)

Equation (2.16)was transformed-into-Eq: (2.20) as follows.
Defining

De
wq = 50k = Kefr, 1(222)

yL= |2+ i‘*—; (2.23)

w

and impedance can be rewritten as

2 1
_ 1 wk\2 iw)2
Z=R, Eom) (1+iﬂ)] coth l(wd) (1 + 0)k) l (2.24)
wq Wk
where
_ kT L L _ 1
Rw = CAn: Dor Con Do’ Ry = Con Do (2.25)

Then, Eq. (2.24) becomes the same as Eq. (2.10)

Let us consider here the reason why the impedance by Kernet al. becomes the

same as the Bisquert equation. The assumption that the trapping is much faster than
17



detrapping (ki » k) results in N; » ns. Electrons in the trap state N detrap to the
conduction band and diffuse with the diffusion coefficient D, for the period
proportional to ky/k;. Thus, electrons in the trap state are regarded as diffusing
charges with the diffusion constant Degr = Dey(ka/k1). Electrons in the trap state also
react with I3” with a pseudo-first-order reaction rate with reaction rate constant kegr
=2Nsk;. Therefore, the model by Kern et al. is simplified as follows:

Injected electrons become the trap electrons, diffusing with the diffusion coefficient
Desr and being lost by the pseudo-first-order recombination rate'with the rate constant

kesr.  This reaction scheme is-eventually the same as that of Bisquert.

2.4.2 Models of the Impedance of the Electron Transfer at the Pt Counter

Electrode and the Finite Warburg Impedance of Tri-lodide in'Electrolyte

First, the impedance of the electron transfer at the Pt counter electrode can be

described approximately by the following simple RC circuit with

1
Z, = Tty (2.26)

Oy = ﬁ (2.27)
where r, and C, represent the resistance at the Pt surface and the capacitance at the Pt
surface, respectively.

Second, the finite Warburg impedance describes the diffusion of triiodide ions in

the electrolyte as

18



Zy = Rp—=tanh |5, (2.28)
Dy 52

52
_ KgT
Rp = m2q2AyC*D;8’ (2.29)
Di
Wmax = 2.5 = (2.30)

where D) and J represent the diffusion coefficient of Is ~ and the thickness of the

liquid film, respectively. The number of electrons transferred in each reaction, m, is

2 in this case. Ayand C* are Avogadro’s constant and the concentration of I3 “in the

bulk, respectively.

2.4.4 The total impedance of the DSSC

The total“impedance of the DSSC, Zs, is given as the summation of the

impedance of diffusion and recombination in the ZnO electrode, Z, given by Eq.

(2.24), Z,, given.by Eq. (2.257?), and Zy, given by Eq. (2.27??), and

2.5 IPCE Measurements

The incident-photon-to-current-efficiency (IPCE), also referred to as

incident-photon-to-collected-electron-efficiency, gives the spectral resolution of the

photocurrent. These measurements were done in Ar-glove boxes using a homemade

setup: The light coming from a Xe-lamp is optically chopped. After passing a

monochromator the light is focused onto the sample using a light fibre. Each time
19



the lamp is turned on, the lamp spectrum is calibrated using a monocrystalline silicon
diode with known sensitivity. For signal detection a lock-in amplifier is used.

After the measurement the IPCE can be calculated using

I[nA]

IPCE[%] = 12401V « nm] » oo

«100%. (2.32)

In this equation I, is the light power incident on the device.
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Chapter 3 Experiment and measurement

3.1 Sample preparation
3.1.1 VLS method

The ZnO nanowires were grown by thermal vapor deposition from zinc vapor
and a little oxygen gas on FTO (F:SnO;) conducting glass substrate, which has wire
resistance of 10 Q/cm”. _The vertical distance between the metal source and the
sample was about 3=5 mm. Then the-alumina boat which carried the substrate was
inserted into a quartz tube. ~This quartz tube was placed inside a furnace, with the
center of the alumina boat positioned at the center of the furnace and the substrates
placed downstream of growth metal powder (Fig.. 3-1). The quartz tube was
evacuated to a pressure below 2 x107? forr using mechanical' pump. After the
high-purity argon gas was mfused into the system,with a flow rate of 500 sccm and
pressure controlled at 10 torr. The zinc vapor was transported with argon carrier gas
with controllable flow rate ranging from 500 sccm to 700 sccm, and pressure ranging

10torr to 30 torr, to change the rods’ length.
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Fig. 3-1 Thesmal vapor transport system

3.1.2 SLS method

First, the arrays of ZnO nanowires were synthesized on seeded fluorine doped tin
oxide (FTO) substrates (3 mm thickness, 10 Q per square, Nippon Sheet Glass)
similar to P. D. Yang et al. by immersing the seeded substrates in.aqueous solutions
containing 0.08 M zinc nitrate hydrate (98%, . Riedel-deHaén), 0.08 M
hexamethylenetetramine (99%, Showa), and 12 mM polyethylenimine (branched, low
molecular weight, Aldrich) at 95 °C for 10 hours. Second, in order to fabricate the
branched nanowires, the ZnO nanowires substrate obtained from the first step were
re-coated with ZnO seed layer by dip-coating in a 0.005 M zinc acetate dihydrate
(99%, Riedel-deHaén) in ethanol. Then the branched nanowires were grown by
immersing the seeded ZnO nanowires in aqueous solutions containing 0.02 M zinc

nitrate hydrate, 0.02 M hexamethylenetetramine and 3 mM polyethylenimine at 95 °C
22



for 5 hours. The branched ZnO nanowires were finally rinsed with deionized water
and baked in air at 450 °C for 30 minutes to remove any residual organics. The

growth procedure was illustrated in Fig. 3-2

1111

Fig. 3-2 The schematic growth procedure from the original ZnO nanowires to the branched ZnO
nanowires.
3.2 Fabricate the DSSCs

Dye-sensitized  solar cells were .prepared by immersing the: branched ZnO
nanowires on substrates nto a solution of 0.5 mM
cis-bis(isothiocyanato)bis(2,2’-bipyridyl-4,4’-dicarboxylato)-ruthenium(II)
bis-tetrabutylammonium (N719, Solaronix) in acetonitrile/tert-butanol (1:1) for 15
mins, and the films were then rinsed with acetonitrile. The sensitized electrodes
were sandwiched together with thermally platinized FTO counter electrodes separated
by 25-um-thick hot-melt spacers (Surlyn, Dupont). The internal space of the cell
was filled with an  electrolyte solution  (0.IM  Lil, 0.5M
1,2-dimethyl-3-propylimidazolium iodide, 0.03M I,, and 0.5M tert-butylpyridine in

acetonitrile).
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3.3 Scanning Electron Microscope (SEM) system

The morphology of ZnO-based nanostructures was observed by the Field

Emission Gun Scanning Electron Microscopy (FEG-SEM) [JEOL JSM-6500F]. The

accelerated voltage is 0.5-30kV and the magnification is 20-300k times, as shown in

Fig. 3-3.

Fig. 3-3 SEM system
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3.4 The equipments of conversion efficiency measurement and impedance
spectroscopy

Efficiencies for solar energy conversion and ac impedance spectroscopy were
immediately evaluated under AM 1.5G simulated sunlight (Yamashita Denso,
YSS-100A) and electrochemical analyzer (Autolab, PGSTAT3). The light power

was calibrated with a set of neutral density filters by using a silicon photodiode

(BS-520, Bunko Keiki).
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Chapter 4 Results and Discussion

4.1 ZnO nanowire based dye-sensitized solar cell manufactured by VLS
4.1.1 Growth of ZnO nanowires with VLS

The images shown in Fig. 4-1 are the SEM cross-sectional views of the
nanostructures. Figure 4-1(a) shows the ZnO film and Fig. 4-1(b) shows the ZnO
rods grown at 550 °C under.10 torr tube pressure with-500 sccm of flow rate for 60
mins. Their lengths are about ~ 2 pm:—Figure 4-1(c) shows-the rods grown at 550
‘C under 100 torr tube pressure-withy700 ‘scem of flow rate for 60 mins. Their

lengths are about ~ 4 um.
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Fig. 4-1 The SEM images of the ZnO rods (a) ZnO film, (b) 1.5-2 umrods, and (c¢) 3-4 um rods
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4.1.2 The energy conversion of DSSCs base on ZnO nanowires grown by VLS

The current-voltage characteristics for a solar cell constructed using nanowires
with Pi, = 100 mW/cm® broadband illumination were shown in Fig. 4-2. Active
electrode area was typically 0.2827 cm®.  Figures 4-2(a) and (b) show the I-V curve
with the incident light came from the top and the bottom of the solar cell, respectively.
Because the incident light has to pass through the translucent ZnO buffer layer, less of
the absorbed energy of incidence by the dye on the nanowires and so the J;. for which
the light came from the bottom of the-solar cell is/less than that the light came from
the top of the selar cell. The-relations of the short circuit current, the open circuit
voltage, the fill factor, and the overall efficiency to length of nanowires are shown in
Table 1. Obviously, the solaricell with longer nanowires has the better conversion
efficiency, and the worst conversion efficiency obtained for using the ZnO film. It
can be interpreted as the larger surface area can adsorb the more dye for the longer
ZnO nanowires. The external quantum efficiency (ECE), which is the percentage of
electrons collected per incident photon (with no correction for reflection losses), will
increase as increasing length [16].

Additionally, after having been grown the ZnO nanowires by thermal vapor
deposition at 550°C for an hour, the resistance of the FTO conducting glass substrates
became 125 Q/cm’>. We found there are current jump around applied voltages of
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0.05, 0.3, and 0.4 V in Fig. 4-2 for the films of ~2 um, and ~4 um thick. The higher

sheet resistance reduces short-circuit current which causes the lower conversion

efficiency as compared with the reported results [17, 18] of the ZnO nanowire-based

dye-sensitized solar cell.

sample Film 2um 4um
n(%) 0.09 0.15 0.18
Vo (V) 0.73 0.75 0.73
Jse (mA/cm®) 0.19 0.45 0.62
FF 0.65 0.44 0.40

Table 1 The short circuit current, the open circuit voltage, the fill factor, and the

overall efficiency of'the solar cell with different lengths of nanowires.
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Fig. 4-2 Current-veltage characteristic-of a-ZnO nanowire-based dye sensitizes solar cell with 100
mW/cm’® broadband visible illumination. (a) the incidentlight came from the top of the solar cell and

(b) the incident light came from the bottom.of the solar cell.

4.2 ZnO nanowire based dye-sensitized solar cell manufactured by SLS

The arrays of ZnO nanowires were synthesized on seeded fluorine doped tin
oxide (FTO) substrates (3 mm thickness, 10 Q per square, Nippon Sheet Glass) by
immersing the seeded substrates in aqueous solutions containing 0.04 M zinc nitrate
hydrate (98%, Riedel-deHaén), 0.04 M hexamethylenetetramine (99%, Showa) and at
75 °C for 8 hours. The image shown in Fig. 4-3 is the SEM cross-sectional view of
the nanowires. The efficiency of the DSSC made by this nanowires sample is about
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0.153 at % and the I-V curve is shown in Fig. 4-4.  Active electrode area was
typically 0.2827 cm?.  The short circuit current density, the open circuit voltage, the
fill factor are 0.905mA/cm?, 0.67V and 0.252, respectively and are summarized in
Table 4-2. As compared with the report of P. D. Yang, et al. [17], it still has a lot to
improve in efficiency. The I-V curve indicates not only there is a large barrier

between nanowires and FTO but also the nanowires with length of ~1 um and

LI N
@M_ ea for dye to stick on.

ma.y- I.!gl
&

diameter of 100 nm

i
s E R e

Fig. 4-3 The SEM images of the ZnO rods fabricated by SLS with 0.04 M zinc nitrate hydrate (98%,

Riedel-deHaén), 0.04 M hexamethylenetetramine (99%, Showa) and at 75 °C for 8 hours.
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Fig. 4-4 The I-V curve of the ZnO rods-fabricated by SLS with 0.04 M zinc nitrate hydrate (98%,

Riedel-deHaén), 0.04 M hexamethylenetetramine (99%, Showa) and at 75 °C for 8 hours.

n(%) Ve (V) Joo (mA/cm?) FF

0.153 0.666 0.905 0.252

Table 4-2 The short circuit current, the open circuit voltage, the fill factor, and the overall efficiency of

the solar cell, in which the nanowires were manufactured by SLS with 0.4M nitrate hydrate, etc.
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4.3 Ultra long nanowires to improve the efficiency of the DSSCs manufactured
by SLS

The process of the growth of the ZnO nanowires is also the same as that
mentioned in Section 4.2, but some different steps were used, e.g., 0.6 M zinc nitrate
hydrate (98%, Riedel-deHaén), 0.06 M hexamethylenetetramine (99%, Showa) and
12 mM polyethylenimine (branched, low molecular weight, Aldrich) and stirred at 95
°C for 2.5 hours three_times. The image shown in Fig. 4-5 is the SEM
cross-sectional view. of the nanowires:— It seems-that the length of nanowies are
much longer than those mentioned-intthe previous section. . The function of the
polyethylenimine and repeating grown for three times at 95 °C is to make high aspect
ratio nanowires.

The relations of the short circuit current, the open circuit voltage, the fill factor,
and overall efficiency to length-of nanowires wereralso listed in Table 4.3. Active
electrode area was typically 0.2827 cm”. ~ Jsc and the fill factor become 2.82 mA/cm®
and 0.44. So the efficiency is higher than that mentioned in Section 4.2. The
longer nanowires offer more surface area for dye adsorption and so have the higher
efficiency. In the next chapter we will use another process to improve the efficiency

of DSSCs.
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Fig. 4-5 The SEM images of the ZnO rods (a) without PEI, (b) with PEI, and (c) with PEI and grow 3

times
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Fig. 4-6 The I-V curve of the ZnO.rods fabricated by SLS with 0.06 M zinc nitrate hydrate (98%,

Riedel-deHaén), 0.06'M hexamethylenetetramine (99%, Showa) and 12 mM PEI and at 95 °C for 2.5

hours three times.

6.00E-1

Isc ( mA)

Jsc (mA/cm2)
Voc (Volt)

Fill Factor
Efficiency (%)

0.797729
2.821823
0.685550
0.445678
0.862165

Table 4-3 The short circuit current, the open circuit voltage, the fill factor, and the overall efficiency of

the solar cell which the nanowires manufacture by SLS with 0.6M nitrate hydrate etc.




4.4 Tree-like ZnO nanowries

Using the process described in section 3.1.2, we obtained slightly off-aligned
seeded ZnO nanowires with density of about 7x10® cm™ grown on the FTO substrate,
as shown in Fig. 4-7. It shows the seeded ZnO nanowires were formed of little
crystalline nanopaticles with diameter 10-20 nm attached to the backbone bare

nanowires having length and diameter in the range of 7-8 pum and 150-250 nm,

irre
respectively. After the acﬂq:&' groﬁ(.fh.step,.thp ra{l?sq::ondary branches emanated
k. L
from the seeds, as s.bl?l_vm!'r';.%gs 4- 7(?9- nd (c).___.-'-.l.. ."-.__ .i_l

(d]l.i‘lul

Fig. 4-7 Before (a) and After (b) re-coating a seed layer of the original ZnO nanowires obtained from

aqueous solution. (¢) Low- and (d) High-magnification images of the branched ZnO nanowires after

second growth. The scale bar has a length of 1 um.
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The secondary branches or branched nanowires have length and diameter ranging
from 100-300 nm and 20-50 nm, respectively. Although the branched nanowires
have non-uniform size due to the roughly dip-coating process, they still can offer
more sufficient internal surface area for dye adsorption as compared with the bare
nanowires.

The photocurrent—voltage (J-V) characteristics for solar cells constructed using
ZnO nanostructures with_100 mW/cm? broadband illamination from a xenon lamp
were shown in Fig.4-8. Active electrode area was'typically 02827 cm®. Table 4.4
summarizes the-measured and-the calculated values obtained ' from each J-V curve.
The short-circuit current density (Jsc) and the overall light conversion efficiency of the
branched ZnO nanowires are 2.37. mA/em® and 1.51 %, respectively, ‘and almost twice
higher than that”of the bare ZnO nanowires. One factor for the increase in
short-circuit current density is the enhanced photon absorption associated with the
presence of enlargement of internal surface area resulting in sufficient dye-loading.
Although the length and density of ZnO structures exhibit the disadvantage compared
with previous study [19], the overall efficiency can achieve almost the same value via
utilizing the extra secondary nanobranches. The values of fill factor (FF) for ZnO
DSSCs are general lower than those using TiO, nanoparticles (0.6-0.7). This is
attributed to recombination between photoexcited carriers in the photoanodes and
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tri-iodide ions in the electrolyte. Slightly different value in the bare ZnO nanowire
and branched ZnO nanowire DSSCs reveal the almost same interfacial recombination,
which is evidenced by the equivalent value of the shunt resistance Ry,=(dV/dI)v-
from the I-V curves under illumination. The series resistance R&—=(dV/ dl)—, for
branched ZnO nanowire DSSC (25.64 Qcm®) is significantly lower than the bare ZnO
one (46.13 Qcm?) and is previously explained association with the dye loading but not

the nanowire length [20].

5 / /
1 J .

4] ey ZnO NWs.(dark) ; i
] 1—0—ZnO NWs (100 mWicm?) g )]

34 e Branched ZnO NWs (dark) £ DDZO _.’

— o Branched ZnO NWs (100 mW/cm’))

Current density (mA/cm?)

0.0 0.2 0.4 0.6 0.8
Voltage (V)

Fig. 4-8 Current density against voltage (J-V) characteristics
Recently, electrochemical impedance spectroscopy (EIS) measurement has been

widely performed to investigate electronic and ionic processes in dye-sensitized solar
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cells [21, 22, 23, 24, 25]. The Nyquist plots of the impedance data for bare and
branched ZnO nanowire DSSCs were performed by applying a 10 mV ac signal over
the frequency range of 10 °~10°> Hz under illumination at the applied bias of V.., as
shown in Fig. 4-9(b). Some interior parameters of the devices with thickness of L
can be derived by well fitting the impedance data of the Nyquist plots to expressions
based on the equivalent circuit of nanowire DSSC suggested by Wu et al [23, 24].
Although the concrete equivalent circuit may be mote complex than the previous
reports.  According to the formation-ofZn’"/dye.¢omplexes from the dissolution of
surface Zn atoms:in the acid-dye-system andfinally block the electron transport from
the dye to semiconductor [26]. Hence, the impedance data obtained at different
applied potentials cannot .be ! fitted.-with ‘a single. equivalent circuit and some
components such”as an“inductor element should be considered [27]. In order to
avoid the unnecessary interference from the trapped electrons, we presently ignored
the low frequency part of impedance data. The fitted results were also listed in Table
4.4, which includes the first-order reaction rate constant for the loss of electrons (kefr),
the electron lifetime (t=1/kesr), the electron transport resistance (Ry), and the charge
transfer resistance related to recombination of electron at the ZnO/electrolyte interface
(Ry). We found Ry and Ry, are quite similar for both DSSCs in this present work,
which indicates the same interfacial recombination and equal crystallinity for either
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bare ZnO nanowires or branched ZnO nanostructures. On the contrary, Ker in the
branched ZnO nanowire DSSC is smaller than the bare nanowire one to cause the
smaller effective diffusion length [22] (Degr = (Rk/RW)Lszeff ) in branched ZnO
nanowire DSSC. Since ke is related to reaction rate, the electron lifetime, T = 1/Kesr,
could be prolonged by the additional transport distance between branches and

conductive electrode (backbone nanowire).

604 @ -ZnO NWs
1 'O - BranchedZnO NWs

Z" (@)

7" (@)

Fig. 4-9 Nyquist plots of the bare ZnO nanowires and branched ZnO nanowires DSSCs under AM1.5

illumination. The solid lines are the fitting results.
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In general, the current density for a DSSC is determined by the initial number of

photogenerated carriers, the electron injection efficiency from dye molecules to

semiconductor, and the recombination rate between the injected electrons and

oxidized dye or redox species in the electrolyte. Base on the assumption of the same

injection efficiency and recombination rate for the given ZnO DSSC systems, it is

reasonable that the initial number of photogenerated carriers may be significantly

affected by the variation in the light-harvesting capability of different-structured

photoanodes. Figure 4-10 displays-the wavelength = distribution of incident

monochromaticiphoton to current conversion lefficiency (IPCE). . The photocurrent

peaks occurring at approximately 400 nm are due to direct light harvesting by ZnO

semiconductor (see Fig. 4-11), in which the photogenerated electrons diffuse through

ZnO and the holes in the valence band are replenished directly by charge transfer

from the I3/T'electrolyte [20]. “The maxima of IPCE in the visible region contributed

by the dye absorption are located at approximately 525 nm (see Fig. 4-12),

corresponding to the visible t,>7* metal-to-ligand charge transfer (MLCT). The

IPCE obtained for the branched ZnO nanowire DSSC is almost 1.5 times that of the

bare ZnO nanowire. The improvement in the IPCE suggests that the high energy

conversion efficiency results predominantly from sufficient dye-loading by branched

ZnO nanowires, which enlarge internal surface area within the photoelectrode. This
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concept is anticipated to be equally applicable to other semiconductor photoelectrodes
in DSSCs and organic—inorganic hybrid solar cells, despite that the filling factor of
the ZnO nanostructures are not optimized at this point, as previously shown in the
SEM images (see Fig. 4-7). Further improvement of energy conversion efficiency
could be implemented through adjusting denser and longer branches to fill the
interstitial voids between backbone nanowires, which will substantially improve the

light harvesting and the currént density.

30
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Fig. 4-10 The incident monochromatic photon to current conversion efficiency (IPCE) of the bare

ZnO nanowires and the branched ZnO nanowires DSSCs.
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Fig. 4-11 The photolumineseence-spectra of ZnO under 325 nm He-Cd Laser excitation.
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Fig. 4-12 The absorbance spectra of N719 [28]
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Chapter 5 Conclusion and Future Works

5.1 Conclusion

High growth temperature which uses the vapor-liquid-solid (VLS) method
creates too much resistance in the substrate. The resistance of FTO changes from 10
Q per square to 150 Q per square. Nevertheless, using the aqueous solution method
to fabricate ZnO nanowiresthas successfully solved this problem. The length of the
nanowires is related to conversion efficiency. ~We-can use different concentration of
zinc nitrate hydrate and PEl-te-manipulate the length of nanowires. The branched
ZnO nanowires have ‘been fabricated on FTO' substrates using aqueous solution
re-buffer method for dye sensitized solar cells.  The:short-circuit current density and
the overall light conversion efficiency of the branched ZnO nanowire DSSC nearly
doubled the bare ZnO nanowire. = The improvement can be explained in association
with the enlargement of internal surface area within the photoelectrode without
increasing interparticle hops. In addition, the sufficient dye-loading in branched
Zn0O nanowire DSSC was further evidenced from the lower series resistance R—(dV/
dl)i=o and significantly enhanced IPCE spectra than the bare ZnO nanowire one.
Therefore, the concept of these one-dimensional branched nanostructures could
significantly enhances the overall energy conversion efficiency of the DSSC.
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5.2 Future works

We found that nanobranches only appear on the tops of ZnO nanowires. If the

branches were all around the nanowires, the short circuit current should overtake 2%.

First, SLS could be used to grow trunks of the nanotrees. Second, we can re-buffer

by atomic layer deposition method (ALD). ALD can manufacture multi-crystal ZnO

thin film uniformly on the surface of ZnO nanowires. Then the first process could

be repeated to grow the branches.

We also have an idea that Mercuroechrome may replace N719. Mercurochrome

has higher diffusion length with-nanowires:: | The diffusion length of our nanotree

DSSC has not _yet optimized. Mercurochrome may solve.this problem and improve

the conversion efficiency. .Table 5-1-shows D.g of-Mercurochrome is higher than

that of N3.
Jg. Ve L ’ Ly R, L D.q
DSEC (%) (mAlem®) (V)  FF (s} (s) () () (um) (cm’/s)
Mercurochrome/Zn NW - 0.83 1.30 0516 (0489 513 00951 3125 0376 4.6 90x 107
N3ZnD NW 0.73 186 0.565 0333 584 01711 2232 0393 46 Toxw

Table 5-1 the parameter of DSSC with Mercurochrome and the parameter of DSSC with N3. [7]

Figure 5-1 shows the band gap difference between ZnO and TiO,. If one can

tune the band gap of ZnO based matrerials closer to the band gap of TiO,, the

conversion efficiency of ZnO DSSC has the chance to exceeded 10%. Mg doped

ZnO can vary the band gap from 3.3 eV to 4.0 eV with increasing Mg content [29],
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although, there is still a big challenge to manufacture MZO nanowires by low

temperature method.

Mercurochrome
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Fig. 5-1 ZnO DSSE€ and TiO, DSSC working principle.[30]
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