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Characterization of Electrochemically Deposited Cu,O/TiO, Bulk Hetero-Junction

Student : Wen-Peng Hsu Advisors : Dr. Chao-Hsin Chien

Department of Electronics Engineering & Institute of Electronics
National Chiao Tung University

Abstract

Dye-sensitized solar cell (DSSC) is an attractive candidate for solar application owing to
its properties of low cost and ‘shorter-payback time. But the leakage of electrolyte caused by
the degradation of sealant is hard to avoid. To further improve the long term stability of DSSC,
solid-state material may be a good substitute for liquid electrolyte layer. In this thesis, Cu,O
was used as a hole conductor and the Cu;0/TiOz bulk hetero-junction is successfully formed.

In the beginning, the electrochemical deposition method is used to deposit the Cu,O
layer onto the nano-porous TiO, film. Since the deposition conditions are dependent on the
surface properties of matter on which we deposited, it is not easy to find the best condition of
deposition. As a result, material analysis plays an important role in the experiment. With the
help of XPS and XRD analyses, we can find the best condition from variety of conditions.
Besides, with the SEM technique, the deposition rate of material can be investigated. It is
believed that all of the techniques of material analysis can help us to form the Cu,O/TiO; bulk
hetero-junction successfully.

Next, characteristics of the bulk hetero-junction are investigated with photo-electrical

measurements and electrical impedance spectroscopy (EIS). With the results we obtained, it is



though that the recombination mechanism limits the performance of junctions. It is critical to
inhibit the number of recombination centers before applying to DSSC. As a result, many
conditions are tested in order to further eliminate the recombination current. With the EIS
measurement, we can investigate the variation of recombination mechanism form its
frequency response and then find the better way to improve the junction performance.

With the basic understanding of the bulk hetero-junction, some advanced measurements
are performed to investigate the other characteristics of the junction. First, temperature
dependence of junction is examined with the elevated temperatures. Second, optical condition
of junctions is observed with different neutral density filters. Finally, the voltage response of
junction is analyzed and the Mott-Schottky plot is obtained with the EIS results. With the
Mott-Schottky result, the flat-band voltage is obtained and the complete model of band energy
can be constructed.

In this thesis, the Cu;O/TiOz bulk hetero-junction is form successfully with
electrochemical deposition method and suitable deposition conditions. And the characteristics
of the junction are investigated. by. the measurement of DC IV and AC EIS techniques.
Although deposition of Cu,O on dyed-TiO; is not accomplished, the research of Cu,O/TiO,
bulk hetero-junction now will be a good help in the future study. Based on this research, it is
believed that solid-state DSSC with better long term stability can be achieved with application

of Cu,0O material to DSSC.



e

Bipd EARTY AT EY ol 3N R E A g B AEfR A AR FawT Y
AYRHIE P e FARE A i X PR TRE EAFENEFAT % Nk
hphEs o FAEpER AP B 0 o KEA P F A RE OEIT >  § 2 PR AP
RS LA K,\.,EH;L*'«L,—LL =R e N a & R

HAERHTRZ DT REL ~RPEL -V EFE R FEFL - FPHA
FLEFREFE MNP RARY FHEREXA U AR FNL BT AGEE

B SR A SRR R B s ML SR E 0 B P AR S

B

R T2 o LR A RERE Y S 6

A
\ 3\
=
"
oE

VAT AR { e & T
FloAig 4 phss.

FRER SR EAGH I AT B - o 2 E ¢ o R e s R4
EEAN 3 UNUE RIRREE D1 IO SOSETRE RTINS AT N S
AEA S FAUPHROERT R B MEEL LR AV I A
TIES e 2 dp i AR R PLERT OE] R S

RSV R C R AR 3T Rk £ X0 iR TR RS 3 R R =
mhauipfﬁamﬁ%ﬂ’ﬁﬁﬁﬂjmﬁﬁ’wwhﬁ~ﬁgi’ﬁﬁﬁmpf
ARG R AR L RN (PR o VAR E R P
28 A £ LR ERCE S S S

B NBRBAN DL A R REGHEL 2o >4 A FEN PSR IR S

:

i PR R FPA AL G G PP enF e e B R R R

_—

i.
AHE G RN PR A F o EARG SRR R e N R

BAKep F3 o PRI N A s B



Contents

F N 01 1 = Tod A (4 1 1= TP
ADSTraCt (ENGHSN) ... . e e e e e
ACKNOWIBAQE. .. e e e e e e e e e
(O0] 4] (=] 01 KPP PPIP
TabIe CaPtIONS. ...t e e

Lo L T O T o] o] o A PP

Chapter 1 INTrodUCTION. ... ..ttt e e e e e e e e e e e ae e

Chapter 2 Experimental MethodS .. . o i i e,
2.1 Materials and equipments used in fabrication......cc..........oo i
2.2 Equipments for material characterization. . ... ..o oo,
2.3 Electrochemical deposition eXPerimMeNtS.« . i . e et e ee e e e eene
2.4 Photo-electrical MeasUremMents. .. ......vveieieie e e e e ean e

2.4.1 Current-voltage (I-V) mMeasurement..........o.ueuuieiieiie e e eeeen

2.4.2 Electrical impedance spectroscopy (EIS)

Chapter 3 Electrochemical Deposition and Material Analyses...........................
3.1 DepOSItION CONTITIONS. .. ...t eeieee e et et et e e e e e e e e e e e e ena s
3.1.1 Cu20 deposition MechaniSM..........ouuie i e,

3.1.2 Cu20 deposition Methods. ..o

3.1.3 Cu20 deposition CONAITIONS. ... ... ettt e e e e eeen

3.2 Material @NALYSES. .. ... e e

vi

Vil

Vil

Vil

............... 10

A1

A1

W11

.12

.13

.14



Chapter 4 Junction Characterizations

I e Lo [or LA (o] g o {0 L= PP
4.2 Photo-electrical analyses. ... ..o oi oo
4.2.1 Basic characteristics Of JUNCLION..........ov i e e
4.2.2 Effect of Other faCtors. .......oou e e

4.2.3 Effect of vacuum annealing.............ooiiiii it e

Chapter 5 Advanced MeasUremMENTS. .. ......uie ittt it e e et e e e e ean e
5.1 Temperature dePenUENCE. .. ... ettt et e e e e e e et e e e e e aen s
5.2 lllumination intensity dependence..........c.cccoveivieiieinnennnn.

5.3 Voltage response —Mott-Schottky(IM-=S) .t.s .. ov e

Chapter 6 Summary and QUEIEOK......... . i i

RETOIEINCES. .. e e e e e e e e e e e

AV /] - T

vii

.26

.28

.28

.30

.33

.50

.50

o1

..53

.64

..66

.70



Table Cptions
Table 1.1 Energy payback time of different type solar cells. [1, 2] p.5

Table 5.1 The ND filters we used and its transmittances with relative neutral density.  p.58

Figure Captions
Chapter 1 Introduction
Fig.1.1 Basic structure of DSSC. [4] p.5

Fig.1.2 Basic structure of solid-state DSSC. [9] p.6

Chapter 2 Experimental Methods

Chapter 3 Electrochemical Deposition and Material Analysis
Fig.3.1 Equipment of electrochemical deposition. p.17
Fig.3.2 Deposition curve of two kinds of methods: (a) galvanostatic (b) potentiostatic.  P.18
Fig.3.3 (a) Voltage profiles with different deposition current density in bath solution of pH 10.

(b) Voltage profiles with different current pH value at the current density

10pA/0.25¢cm?, p.19

Fig.3.4 SEM images of as depositing nano-porous samples at 10ptA/0.25 cm? for 6

hours (pH 10), and the identified Cu,O regions were indicated in the figures. p.20
Fig.3.5 The voltage-time variations at different current levels with samples of P25

TiO,, 20nm TiO, thin film, and the selected substrates, (1) 200pA/cm? 1TO,

(2) 300pA/cm*FTO, (3) 300pA/cm?* 1TO, and (4) 500pA/cm? ITO. p.20
Fig.3.6 SEM images of as depositing nano-porous samples at 300pA/cm? for 6 hours

(pH 14), and the identified Cu,O regions were indicated in the figures. p.21
Fig.3.7 The (a) XPS, and (b) XRD result at deposition current density of 300pA/cm? for 2

hours with different pH values of (1) pH12.8, (2) pH14, and (3) pH14.7. p.22

viii



Fig.3.8 The (a) XPS and (b) XRD result at bath solution of pH14 for 2 hours with different
current levels of (1) 40pA/cm?, (2) 80pA/cm?, (3) 200uA/cm?, (4) 300uA/cm?, and
(5) 400pAlcm?. p.23
Fig.3.9 The (a) XPS and (b) XRD result at current density of 300pA/cm? and bath solution of
pH14 for 2 hours with different vacuum annealing conditions of (1) without anneal,
(2) 100°C 15minutes, (3)200°C 15minutes, (4) 200°C  15minutes in N2 0.3 torr, and
(5) 300°C 15 minutes. p.24
Fig.3.10 SEM cross-sections and top views with different deposition time of

(a)(b) 15 minutes, (c)(d) 30 minutes, (e)(f) 150 minutes. p.25

Chapter 4 Junction Characterizations
Fig.4.1 Fabrication flow of Cu,O/TiO, bulk hetero-junction. p.26
Fig.4.2 The complete Au/Cu,O/Ti02/TCO junction structure for measurement and the
SEM cross-sectional image with- indicated corresponding layers. p.36
Fig.4.3 Forward and reverse current-voltage characteristics of the typically fabricated junction:
Cu,0 300pA/cm?4hr, P25 TiO; 1.5 um, 20nm sputtered TiO; at elevated temperatures.
Inserted picture is the enlarged reverse part. p.36
Fig.4.4 (a) Forward and reverse current-voltage characteristics in log scale of junctions, and
(b) 1sun illuminated current-voltage characteristics of junctions with three different
Cu,0 depositing conditions: (1) 28uA/0.09cm”4hrs, (2) 28uA/0.09cm?’ 6hrs, and
(3) 28pA/0.09cm? 8hrs. All bottom layers were P25 TiO, 1.5 um, 20nm sputtered
TiO,. p.37
Fig.4.5 Impedance results of junctions with three different Cu,O depositing conditions:
(1) 28uA/0.09cm?4hrs, (2) 28uA/0.09cm?” 6hrs, and (3) 28pA/0.09cm? 8hrs.
All bottom layers were P25 TiO, 1.5 um, 20nm sputtered TiO,. All the samples were
measured at zero bias, and the recorded frequency was ranged from

ix



100kHz to 1mHz. p.38
Fig.4.6 (a) Dark current and (b) photocurrent to voltage characteristics of junction with
different annealing temperatures of TiO: (1) 375°C 3 hours (b) 450°C 2 hours. p.39
Fig.4.7 (a) Dark current and (b) photocurrent to voltage characteristics of junctions
fabricated on different substrates:
(1) ITO: 20 /11, (2) FTO1: 10 Q/1, and (3) FTO2: 30 Q/( 1. p.40
Fig.4.8 (a) EIS phase and (b) Nyquist plot of junctions fabricated on different substrates:
(1) ITO: 209/, (2) FTO1: 10 /11, and (3) FTO2: 30 QL. p.41
Fig.4.9 (a) Dark current and (b) photocurrent to voltage characteristics of junctions with
different Cu,O deposition time of (1) 3 hours, (2) 4 hours, and (3) 6 hours. p.42
Fig.4.10 (a) EIS phase and (b) Nyquist plot of junctions with different Cu,O deposition time
of (1) 4 hours, (2) 6 hours, and (3) 8 hours. p.43
Fig.4.11 (a) Dark current and (b) photocurrent to voltage characteristics of junctions with or
without dye absorption: (1) without dye absorption, (2) with N3 dye absorption, and
(3) with N719 dye absorption. p.44
Fig.4.12 (a) EIS plot and (b) Nyquist plot of junctions with or without dye absorption:
(1) without dye absorption, (2) with N3 dye, and (3) with N719 dye. p.45
Fig.4.13 (a) Dark current and (b) photocurrent to voltage characteristics of junctions
fabricated with different bath solutions of
(1) pH 14.7, (2) pH 14, and (3) pH 12. p.46
Fig.4.14 (a) EIS phase and (b) Nyquist plot of junctions fabricated with different pH values of
(1) pH 14.7, (2) pH 14, and (3) pH 12. p.47
Fig.4.15 (a) Dark current and (b) photocurrent to voltage characteristics of junctions with
different vacuum annealing temperatures of (1) 100°C, (2) 200°C, and (3) 300°C for

30 minutes. p.48



Fig.4.16 (a) EIS phase, (b) Nyquist plot, and (c) Nyquist plot of junctions with different
vacuum annealing temperatures of (1) 100°C, (2) 200°C, and (3) 300°C for 30

minutes. p.49

Chapter 5 Advanced measurements
Fig.5.1 Forward and reverse current to voltage characteristics of junctions with elevated

temperatures: (1) 298K, (2) 308K, (3) 318K, (4) 328K, and (3) 338K. p.55
Fig.5.2 LogJ to reciprocal temperature plot of junctions in (a) forward bias, and

(b) reverse bias region with elevated temperatures: (1) 298K, (2) 308K, (3) 318K,

(4) 328K, and (3) 338K. p.56
Fig.5.3 (a) EIS phase and (b) Nyquist plot of junctions with elevated temperatures:

(1) 298K, (2) 308K, (3).318K, (4) 328K;and (3) 338K. p.57
Fig.5.4 Photocurrent to voltage characteristics of junctions.under varied illumination

intensities. p.58
Fig.5.5 (a) EIS phase and (b) Nyquist plot of junctions under varied illumination

intensities. p.59
Fig.5.6 Photocurrent to voltage characteristics of junctions with different Cu,O deposition

time of (a) 8 hours, (b) 6 hours, and (c) 4 hours under varied

illumination intensities. p.60
Fig.5.7 Fig.5.7 (a) EIS phase and (b) Nyquist plot of junctions with positive voltages from 0V

to +0.6V, and (c) Mott-Schottky plot extracted from the EIS results. p.61
Fig.5.8 (a) EIS phase and (b) Nyquist plot of junctions under 0.2V bias. p.62
Fig.5.9 Mott-Schottky plot of junctions extracted from (a) middle frequency region and (b)

high frequency region. p.63

xi



Chapter 1
Introduction

The demand of energy grows up very rapidly in recent years. Nearly everything that can
make our life convenient is energy consuming, for example, machines, vehicles and electrical
equipments. Although there are so many ways to produce energy, it is always insufficient and
polluted. For instance, one of the major methods is the direct burning of fossil fuel, which can
make serious air pollution by discharging carbon oxide and carbon dioxide. Except fossil fuel,
nuclear power may be a more efficient way to produce energy, but it is very difficult to handle
the nuclear waste. In the present, low pollutant producing, source abundant and non-expensive
are the basic requirements for the new era energy.  To produce energy sufficiently but not
destroying our environment is‘an urgent issue.

One of the possible technologies for energy is the solar cell, which is a device that
converting energy of sunlight to electricity directly. For the abundance, inexhaustibility of
solar energy, and the least pollution production inthe operation of solar cells, the photovoltaic
device is a promising candidate for energy production in the future.

The working principle of the conventional solar cell is based on the properties of a p-n
junction structure. Incident photons interact with electrons in the semiconductor bulk and
cause the excitation of electrons to the conduction band. The build-in potential in the
depletion region of the p-n junction causes separation of electrons in the conduction band and
holes in the valence band. When electrons and holes are separated and drifted out of depletion
region, each one will transport to corresponding electrode by diffusion because of the
concentration gradient induced in the bulk material. Briefly speaking, the operation of a solar

cell includes three major stages, absorption separation and transportation.



Although it is possible to attain sufficiently high light conversion efficiency in
conventional semiconductor p-n junction structures, the contrary high cost in material
purification limits the payback time seriously. The other disadvantage of silicon solar cells is
the use of toxic chemicals in manufacture. To obtain a photovoltaic component better in
terrestrial use, new architecture with less material consuming is required. The remarkable
energy conversion efficiency achieved in dye-sensitized solar cell (DSSC) has demonstrated
the possibility to gain high photovoltaic performance in relatively low material cost with a
different solar energy harvesting architecture. Tablel.1 [1, 2] are lists of the energy payback
time of different solar cells; it is obvious that the payback time for DSSC is much shorter than
other solar cells; just as mentioned before.

Dye sensitized solar cell, proposed by M.Gratzel at 1991 [3], works different from
conventional structures. The basic structure of the device is shown as Fig.1.1 [4], the specially
designed dye molecule, as the major light absorber, are on one side chemically absorbed on
the surface of titanium dioxide deposited on TCO /(transparent conducting oxide) glass
substrate while the other side is immersed in I'/ I3 _electrolyte with catalytic Pt or carbon layer
as the counter electrode. Upon light absorption from TCO side, the electron at the ground
state of the dye is excited to the excited states. After that, the electron in the excited state
inject ultra fast to the conduction band of TiO,. The injected electrons will diffuse in the TiO;
layer due to the concentration gradient before reaching the anode of the cell. The left hole in
the ground state of dye will be reduced by 1"/ I3 ionic electrolyte.

However, there are severe problems for present DSSCs such as solvent evaporation, dye
degradation, and seal imperfection in the encapsulation of liquid electrolyte in these cells.
Several solid state materials are proposed to replace the liquid redox electrolyte to solve these
problems that limited the efficiency of dye-sensitized solar cells. For example, RT molten
salts [5], conducting organic polymer [6], polymer gel electrolyte [7] and p-type
semiconductors [8] are suitable as hole conductor in cells. There are some criteria for these
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materials, such as transparency in visible spectrum, good conductivity to hole, and proper
method to deposit in the nano-porous TiO, structure. The basic structure of solid-state DSSC
is shown in Fig.1.2 [9], it is similar to liquid DSSC except for the replace of liquid electrolyte
to solid-state material.

Since the TiO2 thickness for DSSC should be over several micrometers, there are not
many suitable processes to deposit the hole conductor on the nano-porous film to form the
hetero-junction well. Solvent removal method and the electrochemical deposition method are
the two common ways to fill the pores of the TiOs.

Solvent removal method is a way that a p-type semiconductor is usually dissolved in a
suitable solvent and filled into nano-porous TiO; film by dipcoating or spicoating. After that,
the sample was heated to evaporate the solvent. It.is a relatively easy way to deposit materials
such as CuSCN [10], Cul [11],and spiro-OMeTAD [12], and the performance of solid-state
DSSC used these materials are already demonstrated.-However, forming a good contact with
the dyed TiO; particles by this method is very hard since dye may detach from the TiO,
surface in deposition process, and lead to the low efficiency of solid-state DSSCs.

Electrochemical deposition method ‘is normally more material restricted and is dependent
on both the characteristics of deposited material and the surface properties of the material on
which it is deposited. Therefore, if we want to fill the porous structure well, the best
deposition condition must be found. For example, it has been showed the growth of CulnSez
within porous TiO2was controllable by using modified electrolyte compositions [13]. Besides,
CuSCN was already reported to be electrochemically deposited onto dye adsorbed ZnO by
this method and the efficiency was 1.5% [14], and it was also deposited onto TiO2
nano-crystalline surface with demonstrating p-n hetero-junction characteristics [15,16].

Cuprous oxide (Cu20) is an appropriate p-type material in solar energy application
because it is direct band gap, abundant in element on the earth, and is non-toxic. Although
Cu20 should be applicable as a rarely existed intrinsic p-type binary oxide, the preparation

3



methods highly limited its use. Direct oxidation of copper metal cannot be applied to other
substrates. In spite of oxidation, another method was proposed to deposit Cu20 nano-particle
onto ZnO nanowire, and the photovoltaic characteristics are observed on the all oxide
composed hetero-junction [17]. However, the reported ZnO thickness with this method was
still less than 3 um.

In this thesis, we have applied he electrochemical deposition method to directly deposit
Cu,0 onto nano-porous TiO, film. By applying appropriate constant current level, we were
able to control the growth rate of Cu,O within the nano-porous network and Cu,O was
successfully filled the TiO,, which its thickness is more than 5um. Most important of all, the
whole fabrication flow is quite simple and is environmentally benign. The measured electrical
characteristics of this all oxide composed hetero=junction had shown the similar behavior with
the conventional p-n junctions. By applying different measurement techniques we explored
the preliminary knowledge about:this bulk hetero-junction composed by two wide band-gap

oxides.



Table 1.1

Cell Technology Energy Payback Time (EPBT) (yr)
Single-crystal silicon 2.7
Non-ribbon multicrystalline silicon 2.2
Ribbon multicrystalline silicon 1.7
Cadmium telluride 1.0
Dye sensitized solar cell [8] 0.8

Table 1.1 Energy payback time of different type solar cells. [1, 2]
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Fig.1.1 Basic structure of DSSC. [4]



Fig.1.2Basic structure of solid-state DSSC. [9]



Chapter 2
Experimental Methods

2.1 Materials and equipments used in fabrication

Used materials and chemicals

Substrate

Glass/ITO 7 QL
Glass/FTO 10 Q/]
Glass/FTO 200 Q]
Glass/FTO 300 /]
TiO; nano-crystalline powder

TiO, P25 Degussa

Ingredient of TiO, paste

Alpha terpineol SHOWA
Ethyl cellulose SHOWA
Acetic acid SHOWA

Chemicals of electrochemical deposition

Cupric sulphate SHOWA

Lactic acid SHOWA

Sodium hydroxide SHOWA




Equipments in device fabrication

Microprocessor pH Meter (SUNTEX SP-2200)

Atmospheric Anneal Furnace (KH Union Co., Ltd)

Backend Vacuum Annealing Furnace (Best Champion Technology Co., Ltd)

Sputtering System (lon Tech Microvac 450CB)

E-gun Evaporator (ULVAC EBX-8C)

2.2 Equipments for characterization of materials

Surface Profiler (Dektak 3030)

Scanning Electron Microscope (Hitachi S-4000)

High-Resolution Scanning Electron Microscope

& Energy Dispersive Spectrometer  (Hitachi S-4700I)

X-Ray Diffractometer (PANalytical X'Pert Pro (MRD))

AES & ESCA (VG Scientific Microlab 310F)



2.3 Electrochemical deposition experiments

Electrochemical deposition is an attractive method for preparing a variety of
materials. It offers the advantages of low cost and high purity. A wide range of oxide
semiconductors such as TiO, [18], ZnO [19], and CdO [20] were also synthesized by
this method. Besides, there are many studies on electrochemical deposition of Cu,O
films [21-28]. The Cu,O film can be synthesized in a three-electrode system
containing CuSQy-based aqueous solution by two kinds of methods - galvanostatic
method and potentiostatic method.

For the application to solid-state DSSC, it is necessary to find the best condition
to fill the porous TiO, well to for-a good cantact. Even for the static current condition,
it was not always possible to-obtain a fully. filled bulk hetero-junction; similar to the
electrochemical deposition of CulnSe; onto TIO, hano-particle or nano-tube proposed
before [28], it was observed that the -applied condition apparently influenced the
pore-filling ability. With different_conditions, we can achieve the different deposition
mechanism, which is related to the ambipolar diffusion of ions with the nano-porous

films.

2.4 Photo-electrical measurements

2.4.1 Current-voltage (I-V) measurement

The basic I-V measurement included two parts - the light source and the electrical
measuring system. The solar simulator consists of Newport Oriel 96000 150W Xe
lamp and AM1.5G filter 81094; the optical power of incident light was measured by

9



the thermopile detector 818P-010-12 and calibrated to 100mW/cm before measuring.
The electrochemical potentiostat / galvanostat EG&G model 273A was connected to

the device in two probing modes to characterize the 1-V properties.

2.4.2 Electrical impedance spectroscopy (EIS) [29- 31]

The setup of EIS measurement was basically the same as the I-V measurement
system, except that EG&G model 1025 Frequency Response Detector was connected
to the electrochemical potentiostat / galvanostat EG&G model 273A. In the EIS
measurement, small voltage oscillation signals with constant amplitude and different

frequencies Vye'®t were « applied, ~and ~the corresponding current responses

Voeimt
I(m)ei(mt+cp)

I(w)el@t*®) were andlyzed. Then the impedance Z(o) = = Zo(0)e'?,

where ¢ is the phase-difference, can be acquired. Electrical impedance spectroscopy
measures the variation «of impedance at different frequencies, so it is a trace of the
variation of the impedance of measured sample.

Normally, the measurement for DSSC was done under the standard illumination
with DC bias applied. The value of the DC bias was selected to be the open-circuit
voltage of the measured device so that the device was under the static condition, i.e.
there was almost no DC current when the measurement was proceeding. If not
specially claimed, the conditions for EIS measurement in the experiment were always
that the AC amplitude was of 5mV descending from 500 kHz to 0.01 Hz and DC bias

equaled to open-circuit voltage.
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Chapter 3
Electrochemical Deposition
and Material Analysis

The reason of why we want to fabricate solid-state DSSC had been introduced in
chapterl. Electrochemical deposition method seems to be a good way to deposit Cu,O on the
surface of nano-porous TiO- film to form a bulk hetero-junction. However, the best condition
of electrochemical deposition must be found before using Cu,O as a hole collector. In this
chapter, the details of deposition condition and related material analyses are examined. All
these results can help us to not only. find. the ‘best condition for Cu,O deposition but also
understand the properties of CuO with different deposition condition. It can provide the

meaningful reference to the later works.

3.1 Deposition conditions

3.1.1 Cu,O deposition mechanism

The possible reaction during Cu,O deposition can be described by the following

equations:
2Cu** +2e1 + 20H — Cu,0 + H,0 (1)
Cu®*+2e* — Cu 2)
Cu,0 + 2e* + 2H" — 2Cu + H,0 (3)

It is obvious that equation (1) and equation (3) are pH dependent, at lower bath

pH value the metallic Cu may form according to reaction(3). The films deposited at
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pH 7 is a compisite of Cu,O and Cu; while the film deposite at bath pH value larger
than 9 is pure Cu,O. It means that with higher OH" concentration the Cu,O could be
deposited easily. Besides, with the the the bath pH increased from 9 to 13, the prefered
Cu,O orientation also changed from (200) to (111). And all the results mentioned
above corredponded to the previously proposed paper [32, 33]. According to these
results discussed before, it is obvious that the pH value of solution is an important

factor in the synthesis of Cu,O.

3.1.2 Cu,O Deposition methods

To electrochemically depasit Cu;O-onto the TiO, nano-particle, the solution was
referenced to previously proposed one-[21]:.0.4M cupric sulphate, 3M lactic acid, and
sodium hydroxide was added to modify the pH value. The deposition was carried out
at the set temperature-in the standard- three electrode configuration, as shown in
Fig.3.1, Ag/AgCl be the reference electrode whereas Pt be the counter electrode, and
the applied bias were controlled by the potentiostat.

Two types of electrochemical deposition methods, galvanostatic method and
potentiostatic method, were both examined in our experiment. Fig.3.2. (a) shows the
monitored deposition voltage profiles at constant current level. The voltage drastically
change at the early initial stage and afterward became neatly steady for each
deposition processes. It is easy to control the deposited Cu,O thickness by the static
deposition rate estimated from galvanostatic method. Compared with it, the
potentiostatic method with constant voltage level shows the time dependent deposition
current profiles, as shown in Fig.3.2 (b); and it is hard for us to control the deposition

process.
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3.1.3 Cu,O deposition conditions

Even with the current static approach, a fully filled BHJ was not always
accomplished; similar to the previously proposed electrochemical deposition of
CulnSe; onto TiO, nano-particle or nano-tube [13], the applied pH value of solution
(solution composition) did influence the pore-filling ability of the deposited material.

Fig.3.3 (a) shows the voltage profiles in bath solution with pH10, it is shown
that the spontaneous potential oscillation is observed. It is a normal phenomenon in
the alkaline Cu(ll)/taetrate and lactate system when applying current level to
electrochemical deposition [36, 37], and was caused by the variations in pH close to
the electrode surface during the-oscillation process. When spontaneous potential
oscillation is observed;. both Cu and -Cu;O. are deposited. The oscillation period is
effected by pH value and temperature. Besides, the current density also decides when
the oscillation happened.. A high current density favors Cu deposition and a low
current density favors CuzO: deposition.~As.shown in fig.3.3 (a), we can get static
deposition voltage when the applying current density is lower enough. Fig.3.3 (b)
shows the voltage profiles with different pH value but the same current level
(2811A/0.09cm?). As the pH increased, the voltage shifted to more negative value,
which was due to the pH dependent deposition mechanism.

Although we can get static deposition rate with lower enough current density in
solution with pH10, the deposition rate is too low to fill the nano-porous TiO, film.
Beside, instead of plainly cumulative deposition from the bottom to the top, the Cu,O
also appeared on the top portion of nano-porous TiO,; therefore, the formation of a
complete bulk hetero-junction cannot be achieved, as shown in Fig.3.4. As a result, we

use the solution with higher pH value, which we can apply the higher current density
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and hence get higher deposition rate.

Fig.3.5 shows the voltage profiles at different current levels at solution with
pH10. We found that the magnitude of voltage was closely related to the applied
current level; larger current level, higher voltage and Cu,O deposition rate were
observed if all the other deposition conditions were kept the same. In addition,
different substrates did not lead to different results. This is due to the presence of an
intentionally deposited condensed TiO, layer on top of the substrates, which could
prevent the formation of reversed leakage path and shunt resistance lowering arising
from the direct contact of Cu,O with the substrates. As a result, negligible difference
in the deposition can be anticipated if the distinct substrates had similar sheet
resistance. This result also helped' us justify whether or not the Cu,O/TCO junction
was formed. If there was unwanted great shunt leakage paths in the complete structure,
it will become an ohmic sjunction instead of a rectified junction. Fig.3.6 shows the
cross sectional SEM images of the film deposited with pH 14. The growth of Cu,O
starting from the bottom.of TiO, was obviously observed, and the growth rate was

found to be nearly constant and around 20nm/min.

3.2 Material Analyses

Once a well filled junction was obtained, the material analyses are needed to be
conducted in order to characterize the physical properties of the deposited film. Fig.3.7
shows the XPS and XRD results of the sample prepared with 300pA/cm? for 2 hours
with 1.5um porous TiO; and 20nm sputtered TiO, barrier layer on the ITO substrate.
Three different pH values, 12.9, 14, and 14.7, are adapted as the solution pH value.

From the Cu 2p spectra in Fig.3.7 (a), the peaks for Cu 2p;;, and Cu 2ps, locate at
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952.0eV and 932eV respectively, which agree well with the reported values for the
cuprous oxide [38,39], and the CuO-related shake satellites were weak for samples
with pH12.9 and pH14. We noted that when pH value reaches to 14.7, the obvious
CuO-related shake satellites appear. Under this condition, we cannot get pure Cu,O
film. From the XRD diffraction spectra in Fig.3.7 (b), we obviously observed the
major Cu,O crystalline peaks without Cu or CuO peaks appearing. Besides, the
sample with pH14 shows the strongest dominant Cu,O (111) orientation. The TiO;
anatase peak of the host layer below Cu,O also could be found in the spectra, the rutile
phase of P25, however, was relatively weak so that this phase was not be easily
identified in the figure.

Fig.3.8 shows the XPS and XRD: results at pH14 for 2 hours with different
current level ranges from40pA/cm? to400pAlem?. For samples with current density of
40pAlcm?, 80pA/cm? and-200pA/cm?, the CuQ-related shake satellites were very
obvious in Fig.3.8 (a). And: their“XRD results in Fig.3.8 (b) showed weak Cu,O
orientation, which corresponded to the XPSresults. Samples with current densities of
300pA/cm? and 400pA/cm? showed ‘the Cu,O characteristics in the XPS results.
Therefore, their dominant Cu,O (111) orientation is obviously strong. Even through,
the (111) orientation of sample with 300pA/cm?was larger than the 400pA/cm? one.

As a result, from the XPS and XRD result discussed before, the deposition
conditions with pH12.9 or pH14 and current density of 300pA/cm® may be the best
condition to deposit pure Cu,O on the nano-porous TiO; films.

According to the previously proposed paper [40], vacuum annealing of CuO bulk
can make the surface of CuO bulk transform to Cu,O by decreasing the contaminant
of oxygen. And the experiment result was verified by the XPS spectrum. In the thesis,
vacuum annealing is also applied in an attempt to get purer Cu,O composition. Fig.3.9
shows the XPS and XRD results at 300pA/cm? and pH14 for 2 hours with different
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vacuum annealing conditions. All samples are heating in about 5e-7 torr for 15
minutes with different temperatures. It makes no difference in the condition of 100°C
to 300°C at vacuum except for 300°C in 0.3torr N2, in which the CuO component
become a little larger.

In order to calculate the deposition rate, we deposit the Cu,O film with different
time and use the SEM technique to investigate its cross-sections and top-views.
Fig.3.10 shows the SEM images, it was shown that Cu,O growth from bottom layer of
nano-porous TiO; to its upper layer, and the thickness of Cu,O were about 300nm,
600nm, and 3000nm for deposition time of 15 minutes, 30 minutes, and 150 minutes,
respectively. And the deposition rate was about 20nm/minutes. Besides, with longer
deposition time, the number .of CuO rgrains on the surface of nano-porous also

becomes larger.
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Fig.3.4 SEM images of as depositing nano-porous samples at 101A/0.25 cm? for 6 hours

(pH 10), and the identified Cu,O regions were indicated in the figures.
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Fig.3.5 The voltage-time variations at different current levels with samples of P25
TiO,, 20nm TiO, thin film, and the selected substrates, (1) 200pA/cm? ITO,

(2) 300pA/cm? FTO, (3) 300pA/cm? ITO, and (4) 500pA/cm?ITO.
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6 hours (pH 14), and-the identified Cu,O regions-were indicated in the figures.
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and (5) 300°C 15 minutes.
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Fig.3.10 SEM cross-sections and top views with different deposition time of

(a)(b) 15 minutes, (c)(d) 30 minutes, (e)(f) 150 minutes.
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Chapter 4
Junction Characterizations

Based on previous results, we find the better conditions for Cu,O deposition and have the
basic understanding of material characteristics. In this chapter, we successfully fabricate the
Cu,0 bulk hetero-junction and investigate its characteristics by electrical measurements. With
the study of the obtained results, we can comprehend the basic characteristics of the junction
and compare it with the properties of conventional p-n junction. Furthermore, we acquire the
frequency response by applying electrochemical impedance spectroscopy (EIS) under
different conditions to get the information about charge diffusion and recombination

mechanism inside the structure.

4.1 Fabrication process

l NC coating l Cu20 deposition

|/

. Sinter

Encapsulation

Fig.4.1 Fabrication flow of Cu,O/TiO- bulk hetero-junction.
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The fabrication flow is depicted as Fig.4.1. In the beginning, the TCO (20Q/]
FTO or 10Q/11 ITO) glasses were ultrasonically cleaned in ethanol first and then in
de-ionized water. 20nm amorphous thin film TiO, was reactively sputtered onto the
TCO substrate before the coating of TiO, nano-particles. The preparation of TiO;
paste was referenced to the previous method [41]; the paste was coated on TCO glass
substrate by the doctor blade method. After that, the TiO2 film was sintered in
atmospheric ambient at 450°C for 2 hours with air flow. The thickness of the prepared
Ti0, was determined by Surface Profiler

For electrochemical deposition, the samples were immersed in the CuSO4-based
aqueous solution at room temperature; the solution consisted of 0.4M cupric sulfate
and 3M lactic acid and the pH:of the bath was adjusted by the addition of sodium
hydroxide. The deposition was carried out at the set temperatures in the standard three
electrode configuration, Ag/AgCl be the reference whereas Pt be the counter, and the
applied bias were controlled by thepotentiostat. After the 4 to 6 hours deposition, the
reddish sample was moved out from the solution and rinsed by ethanol and water and
was baked to remove residual solution on the surface.

For electrical measurement, 150nm Au contact pad was E-gun evaporated onto
the Cu,O surface; the complete Au/Cu,O/TiO,/TCO junction structure is shown in
Fig.4.2. Then junction properties were measured by the pontentiostat in two electrode

configuration.
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4.2 Photo-electrical analyses

4.2.1 Basic characteristics of junction

The current density of device with different deposition conditions under both
forward and reverse bias is presented in Fig.4.3. The deposition current level we
applied was of 50puA with active area 0.16cm? for 4 hours on the 1.5um P25 porous
layer with 20nm TiO, barrier layer under it. Rectifying characteristic of the junctions
was clearly observed, and both forward and reverse currents increased with the raise
of measured temperature. It is similar to the conventional p-n junction.

Fig.4.4 (a) displays the I-V characteristics of junctions with different deposition
conditions. All the three devices showed slope transition in the forward region as the
conventional p-n junction did. The forward current densities differed most in the low
voltage region. Besides; larger reverse current densities were obtained for junctions
with larger current densities in low voltage region. So, the current in the low voltages
region was postulated to be provided by the recombination centers, and these trap
centers also acted as the dominant generation source of the reversed current. Even
though the exact mechanism and the locations of these traps could not be clearly
clarified by available data now, the amount of these centers should be related to the
composition of Cu,O for the different I-V characteristics with the different deposition
conditions.

Fig.4.4 (b) is the optical responses of these junctions, and the highest
photo-voltage and photocurrent achieved under 1 sun illumination were 0.38V and
0.21mA/cm? for the device with the lowest recombination current. This result was

consistent to our speculation of the effect by the Cu,O bulk traps or Cu,O/TiO,
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interface traps. Since the junction will be influenced by these traps, it is important to
lower down the number of these recombination centers before applying to the DSSCs.

Fig.4.5 shows the impedance spectrums under zero bias of these junctions. There
were no apparent difference of the impedance magnitude at higher frequency region,
but the impedance magnitude deviated apparently at low frequency region. As a result,
the dominant electron transfer mechanism around zero bias was via the interface or
bulk trapping states. Noted that the characteristic frequencies for these samples were
separated obviously, and the characteristic frequencies for these three samples were
consistent with those exhibited in recombination current and impedance magnitude as
well. Hence, the characteristic frequencies could be related to the recombination rate
as in the conventional DSSC results [42]. It was reasonable that the device with lower
characteristic frequency, which is related to the smaller recombination rate, shows
better optical performance:

Based on the above experimental results and discussion, it was known the
Cu,O/TiO, bulk hetero-junction had certainsimilarities with a conventional p-n
junction. With both DC 1-V "and” AC EIS analyses, we could evaluate the
recombination behavior of this 3D disordered junction. It was thought that the
recombination behavior is the most important factor that limited the junction
performance. Therefore, to comprehend the cause of the defects and then suppress the

formation of these traps is the purpose we pursuing now.
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4.2.2 Effect of other factors

In this section, we investigate the IV and EIS results with many groups of
conditions. This help us to not only further understand the effect of different
conditions but also find the best condition to achieve better device performance. If not
specially claimed, the conditions for Cu,O deposition are galvanostatic deposition
method with current density 2811A/0.09cm? for 6 hours in the CuSO,-based aqueous
solution with pH14.

First of all, Cu,O was deposited on the TiO, layer with two sintering conditions,
375°C for 2 hours and 450°C for 3 hours. The deposition conditions were maintained
the same for the two junctions and the substrates used were ITO for 375°C 2 hours
and FTO for 450°C 3 hours.-And the sheet resistances of the two substrates are the
same (20Q/[1) after. sintering. The dark current and photocurrent to voltage
characteristics are shown in Fig.4.6 (a) and (b), respectively. It was obvious that the
junction with TiO, sinter condition .of 450 °‘C for 3 hours showed smaller
recombination current and reverse current than the one with 375°C for 2 hours; and
the optical result also showed the larger photocurrent but nearly the same
photo-voltage for junction with TiO; sinter condition of 450°C for 3 hours. From the
results, it seems that junction fabricated by TiO, film with sinter condition of 450°C
for 3 hours, which showed smaller recombination current and larger photocurrent, is a
better condition. Fig.4.7 (a) and (b) displays the dark current and photocurrent
characteristics of junctions with different substrates. Noted that the sinter conditions
are 375°C 2 hours and 450°C 3 hours for the ITO and FTO substrates, respectively.
Again, those junctions on FTO substrates, which TiO, sinter condition was 450°C 3

hours, showed better performance. Besides, the photocurrent of junction fabricated on
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FTO substrates with 10€Q/1 was larger since its sheet resistance is smaller than the
30Q/11 one.

In Fig.4.8 (a) and (b), the EIS phase plot and Nyquist plot are presented.
Although the Nyquist plot showed the same trace except for the impedance value, the
peak frequencies which is related to recombination mechanism shifted to higher value
for junctions with TiO; sinter condition of 450°C 3 hours. It seems contradictory to
the 1-V characteristics shown before since the one with small recombination current
showed larger peak frequency. But the TiO, sinter conditions are different for
junctions fabricated on different substrates, so it is obvious that the divergence in peak
frequency values is related to the TiO, surface properties. From the experiment results,
although junctions with TiO,.sinter ‘condition of 450°C 3 hours show higher peak
frequency values, it is not related to/the higher.recombination currents. Besides, the
high frequency circle in Nyquist is obvious, and we assume the circle is related to the
Cu,O/TiO; junction since the frequency range is reasonable.

Next, another experiment was performed- to clarify whether the deposition time
affect the electrical characteristics”of junction. Basic I-V characteristics of these
junctions are depicted in Fig.4.9 (a) and (b). The dark 1-V curves were quite similar
except for a little deviation in low voltage region, and the difference of recombination
current is also due to this deviation. The optical characteristics displays that the
junction with Cu,0O deposition time of 4 hours showed larger photo-voltage, which is
related to its smaller recombination current in the dark 1-V curves. Fig.4.10 (a) and (b)
shows the EIS results of junctions with different Cu,O deposition time, and it was
found that these three junctions showed the similar impedance trace in Nyquist plot. It
was noted that for junctions with longer Cu,O deposition time, the peak frequencies
shifted to lower values, which meant the improved recombination mechanism. It is
believe that there is a repair mechanism between the Cu,O/TiO; boundaries in the
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deposition process, and the junctions after repaired may showed better recombination
characteristics. As a result, for samples with longer deposition time, the junctions will
be repaired more and the numbers of recombination centers between the Cu,O/TiO;
junctions will be eliminated.

Third, for the further application to the DSSC, we examined the effect of the
deposition mechanism after the TiO, layer was coated with dye. It is reasonable that
the surface property with dye absorption is very different from surface without dye
absorption, and the deposition condition will not be the same for different surface
properties. Basic |-V characteristics of the devices with dye absorption are depicted in
Fig.4.11 (a) and (b). It was shown that both the devices with dye absorption showed
larger recombination currents.and reverse. currents. The optical characteristics also
displayed the same results, which the devices with dye absorption showed the worse
performance than those without dye absorption,. especially the one with N3 dye.
Besides, the deviation between the‘two dyed devices came from the different binding
characteristics of dye ‘with. the TiO, surface. All the divergence of the I-V
characteristics for these devices 'may be ascribed to the properties of TiO, surfaces,
which is very different from each other. Hence, when we apply the same deposition
condition on surfaces with different properties, the mechanism for deposition must be
different. Furthermore, the detachment of dye which absorbed on the TiO, surface also
affected the deposition mechanism. In order to confirm this postulation, EIS
measurement is conducted and the results are presented in Fig.4.12. Fig.4.12 (a) shows
the result of EIS phase, and it was found that the peak frequency, which corresponded
to recombination mechanism, of devices with dye absorption shifted to higher value in
phase plot. Fig.4.12 (b) displays the Nyquist plot, and it is apparent that the
impedances of circles related to recombination mechanism also decreased with the
increased values of peak frequencies in phase plot.
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In the final part of the section, we applied the same deposition conditions in the
solutions with different pH values in order to investigate the effect of deposition pH
value. Fig.4.13 (a) and (b) displays the dark current and photocurrent to voltage
characteristics of junctions with pH value of 14.7, 14, and 12.9. The junction with pH
14 showed the best I-V characteristic and the junction with pH 14.7 showed the worse
characteristic which may be due to the change of composition as discussed before. It
was also found that the junction with pH14.7 showed the worse characteristic and the
other junctions showed the similar characteristics in the photocurrent to voltage results.
The EIS characteristics of these junctions are also depicted in Fig.4.14 (a) and (b), it is
obvious that junction with pH 14 showed the lowest peak frequency than others in the
phase plot. Again, the junctions with pH14 and pH12.9 showed the similar trace in the
Nyquist plot except for the magnitudes of impedance, and the result of junctions with
pH14.7 is very different.«From the results we investigated before, pH14 may be a

better condition within the three pHvalues we used to deposit the Cu,O films.

4.2.3 Effect of vacuum annealing

To achieve the best electrical characteristic, except for the request of deposition
methods, the composition of p-type materials we deposited is also an important issue.
As a result, high purity of p-type Cu,O film is our purpose. In previously proposed
paper [43], high vacuum treatment was adapted and the surface composition of CuO
and Cu,0O was investigated by XPS and XAES. In our research, high vacuum anneal
treatment was also applied in order to get the purer Cu,O composition. The
characteristics of junctions with different vacuum annealing treatments were discussed

in this part.
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Experiment was performed to investigate the effect of vacuum annealing
temperature. Noted that the annealing pressure was about 5e-7 torr and the annealing
time was 30 minutes. Fig.4.15 (a) are the dark current to voltage characteristics of
junctions with different vacuum annealing temperatures, it was found that junctions
with vacuum annealing treatment shows larger recombination currents than junctions
without treatment except for the one with 300°C annealing. Besides, the junction with
100°C annealing showed similar diffusion current levels with the one without
annealing, and both were larger than these two junctions with 200°C annealing.
Besides, for junctions with 200°C vacuum annealing treatment, the one in N2 ambient
(about 0.3 torr) showed worse performance than the other. Fig.4.15 (b) shows the
photocurrent to voltage characteristics: of these junctions with different vacuum
annealing conditions, and it displayed the same trends that junctions with smaller
recombination currents showed better optical-performance. It is mentioned that the
junctions with 300°C annealing showed very small current levels both in forward and
reverse bias regions, but the rectify characteristic was not investigated.

With the results we investigated, it seemed that vacuum annealing treatment
cannot provide better performance. From the analysis of XPS results about different
vacuum annealing conditions before, it was shown that the composition of deposited
Cu,0 with 100°C, 200°C, and 300°C vacuum annealing were nearly the same. So the
deviation of these junctions cannot be ascribed to the change of Cu,O composition. As
a result, it is reasonable to postulate that the vacuum annealing treatment may break
the junction and hence degrade the electrical characteristics.

In order to improve our postulation, EIS measurement was conducted, and the
result is shown in Fig.4.16. Figt.4.16 (a) is the phase plot, it was found that junctions
with higher vacuum annealing temperature showed lower peak frequencies values
except for the 100°C one, which showed a little larger value of peak frequency. The
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contradictory results of phase plot compared to the I-V characteristics can be
explained by the destruction of Cu,O/TiO, junctions. The recombination time, which
is proportional to the reverse frequency, became smaller because the Cu,O/TiO;
junction was broken with the elevated temperatures. The Nyquist plot is also shown in
Fig.4.16 (b) and (c), it is obvious that the circles related to the high frequency region
became larger with the increase of annealing temperature. It may be reasonable to
postulate the circles with high frequency region is related to the Cu,O/TiO, junction
since the composition and crystal phase of TiO; itself do not change in the annealing

temperature range.
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Fig.4.2 The complete Au/Cu,O/TiO./TCO junction structure for measurement and the

SEM cross-sectional image with indicated corresponding layers.
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Fig.4.3 Forward and reverse current-voltage characteristics of the typically fabricated junction:

Cu20 300pA/cm? 4hr, P25 TiO2 1.5um, 20nm sputtered TiO, at elevated temperatures.

Inserted picture is the enlarged reverse part.
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Fig.4.4 (a) Forward and reverse current-voltage characteristics in log scale of junctions and
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Chapter 5
Advanced Measurements

In the chapter four, the basic characteristics of the Cu,O/TiO- bulk hetero-junction were
examined. It was found that the suppression of recombination currents is a critical issue for
applying the junction to DSSC. Only with sufficiently small recombination currents can we
get better performance. Although many factors were considered and junctions were examined
by the DC IV and AC EIS measurements, some advanced measurements were still needed to
further understanding the characteristics of junctions. In this chapter, advanced measurements
were conducted to investigate the temperature dependence, optical conditions, and voltage
response of the Cu,O/TiO, bulk hetero-junction. It-is believed that with these thorough

analyses, it will be helpful for our future researches:

5.1 Temperature dependence

In previously proposed paper [44], temperature dependent impedance result of
DSSC was analyzed. Here, the temperature dependent 1V and EIS measurements were
both done to examine the effect of temperature to the characteristics of junction. Fig.5.1
shows the forward and reverse current to voltage characteristics of junctions with
elevated temperatures from 298K to 338K, and both forward and reverse currents
increased when the measuring temperature was elevated as the conventional p-n junction

did. Besides, according to the temperature dependent equation of p-n junction forward
current in the empirical form: Jg = J, exp(qV/KT)  exp[—(E, — qV)/KT], it is

apparent that the forward current will increase approximately as exp[—(Eg — qV)/KT].

In order to investigate the temperature dependence of junction current, current density to
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reciprocal temperature characteristics of junctions was examined, as shown in Fig.5.2 (a)
and (b). It was obvious that the trend of curve was similar to the conventional p-n
junction equation. Noted that we want to evaluate parameters from the current equation
of conventional p-n junction, but owing to the bulk hetero-junction structure, which is
dissimilar to conventional p-n junction, it is impossible for us to evaluate the parameters
according to the current equation.

The EIS phase and Nyquist plot of junctions with elevated temperatures are shown
in Fig.5.3 (a) and (b). The value of peak frequency, which is related to the recombination
mechanism, shifted to higher value since the recombination current was increased with
elevated temperature. Besides, the impedance value of circles in Nyquist plot, which is
related to the resistance of the recombination currents, was also increased; and the trend
of increased impedance values in Nyquist plot is the same as the elevated peak frequency

values in phase plot.

5.2 lllumination intensity dependence

In the second part of the section, the light intensity dependence of junctions will be
discussed. In this experiment, neutral density (ND) filters were used to modify the light
intensity, and the light intensity will decay to 1079 after pass through the ND filter,
where d is the optical density. Table 5.1 shows the ND filters we used and its
transmittances with relative neutral density. Fig.5.4 is the corresponding 1-V
characteristics under varied illumination intensities. The change in the photocurrent was
apparent once the light intensity was modified; and the change in photo-voltage could
also be identified, too. Besides, the current behavior in positive current region was due to

the different optical conductance of junctions under different illumination intensities.
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With larger light intensity, the larger excess charge will contribute to the larger optical
conductance.

EIS result of junctions under different illumination intensities are examined as
Fig.5.5 (a) and (b). From the phase plot, the variation of frequencies can be more
accurately indentified. The result shows that the peak frequency values shifted to higher
value with the increased light intensities except for the conditions of ND30 and ND20.
There was little improvement of peak frequency when junction under weak light
intensities. Besides, the trend of frequency shift in high frequency region was not the
same as in middle frequency region; therefore, the electron behavior in high frequency
region was not caused by recombination mechanism. In Nyquist plot, the trend of
impedance value change also corresponded to the EIS phase result; and both high
frequency circle and middle” frequency circle were affected by the modified light
intensities. There was a large deviation of the impedance values for junctions under
illumination condition compared to junctions under dark condition.

Optical response was also. examined for-junctions with different Cu,O deposition
time to investigate whether the Cu,O thickness could affect the optical response. Fig.5.6
(a), (b) and (c) show the results of junctions under different illumination intensities with
Cu,0 deposition time of 8 hours, 6 hours, and 4 hours, respectively. It seemed that there
was no apparent divergence of these junctions under different light intensities; and the
change of photocurrent and photo-voltage with the change of illumination intensities was

also identified as before.
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5.3 Voltage response — Mott-Schottky (M-S)

Mott-Schottky analysis [45-47] is an useful technique to examine the characteristics
of thin films and junctions. It can provide us information about the flat-band potential
and carrier concentration in devices by examined its related capacitance response to
voltage under appropriate frequency range. The flat-band potential of TiO; electrode and
CuSCN film was obtained in the previously proposed paper [48], and the correlate

energy band model was constructed with the Mott-Schottky results. The flat-band

2

) ) ) ) 1
potential can be obtained according to the M-S equation: T e, A2( Vo +

KT . . i . .
Vi, — ?), where C is the space-charge capacitance, ¢ is the dielectric constant of Cu,0,

g, 1S the permittivity of free space, N, in the density of acceptors in Cu,O, A is the
electrode area, V is the bias potential, k-is the Boltzmann constant, T is the absolute
temperature and e is the electronic charge; and by extrapolating the linear part to the
potential axis in the C*vs V.plot, the flat-band-potential can be obtained.

In the final part of the thesis, EIS measurement was conducted under positive and
negative bias to investigate the voltage response of the junction. With the extraction of
the EIS data, we try to acquire the information about the variation of capacitance with
different voltage bias and obtain the Mott-Schottky result. Fig.5.7 (a) and (b) shows the
phase and Nyquist plot of junctions under positive voltages from 0V to +0.6V, it is
obvious that the trends of peak frequency shift in EIS phase and impedance circle change
in Nyquist plot were similar. Base on the results investigated, it seems that there were
some similar characteristics of junctions under forward bias in dark condition and under
illumination conditions; and further researches were needed to explain the characteristics.
Fig.5.7 (c) is the Mott-Schottly plot extracted from the EIS results. With linear fitting in
the negative bias part, flat-band potential of -0.23V was acquired; but the acquired
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flat-band potential value is not correct since it must be a positive value. The deviation of
flat-band potential is due to incorrect frequency region of extracted EIS results. The
Mott-Schottky plot is acquired by extracting the circle related to the middle frequency
region, which corresponded to recombination mechanism but not the junction
capacitance.

Fig.5.8 (a) is the EIS phase of junction under 0.2V bias, the high frequency region
of phase plot was not complete since the limitation of our equipment, which the highest
frequency value is about 1M Hz. So frequency response of junctions beyond 1M Hz
cannot be measured, and the response measured near limited frequency value was not
accurate. The equipment limitation restricts our research of frequency response. Fig.5.8
(b) shows the Nyquist plot of junctions under the same bias condition, the incomplete
circle related to high frequency region is observed. It seemed that if we can extract the
capacitance values from' high frequency region, we may acquire the more correct
flat-band potential value.

In an attempt to prove our.guess, we extracted the capacitance values from the high
frequency region in Nyquist plot, although the EIS result is not complete, and compared
it to that extracted from middle frequency region. The Mott-Schottky results extracted
from different frequency ranges are shown in Fig.5.9 (a) and (b). The flat-band potential
in Mott-Schottky plot extracted from middle frequency is -0.207V, and the one extracted
from high frequency region is -0.176V. Although it was still a negative value, the
positive shift accorded to our speculation. Noted that the impedance magnitude near the
high frequency region was not accurate, hence the Mott-Schottky result was not
completely correct; but the trend of positive shift still existed. From the results we
investigated, it is believed that with high frequency range, we can acquire more complete
information from the EIS results. Therefore, we can obtain the more accurate
Mott-Schottky plot and construct the energy band model.
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Fig.5.1 Forward and reverse current to voltage characteristics of junctions with elevated
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Table 5.1
ND d (optical %
filter density) [ transmittance
NDO3 0.3 50 %
ND10 1.0 10 %
ND20 2.0 1%
ND30 3.0 0.1%

Table 5.1 The ND filters we used and its transmittances with relative neutral density.
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Chapter 6
Summary and Outlook

Dye sensitized solar cell, fabricated with inexpensive methods and materials, is an
attractive candidate for photovoltaic device. It has shorter payback time in comparison with
conventional solar cells since the demand of the purity of materials used in DSSC is less.
Although there are many advantages, the main problem of DSSC is the long time stability.
Generally speaking, the degradation on the sealant is hard to avoid and will cause the leakage
of electrolyte. In order to improve the drawback, it seems necessary to replace the electrolyte
with solid-state materials. In this thesis, Cu,O was adapted as a p-type material to replace the
electrolyte layer and the basic. characteristics. of Cu,O/TiO, bulk hetero-junction were
investigated.

At the beginning of the experiment, two Kinds of deposition methods of electrochemical
deposition are examined, including galvanostatic method and potentialstatic method. After the
choice of appropriate method, variety conditions of Cu,O deposition are examined, such as
bath pH value, and current density. Besides, the deposition condition is related to the surface
properties of matter on which we deposited. With the analyses of XPS and XRD results,
correct composition and best condition was found. By adapting the best deposition condition,
a complete Cu,O/TiO, bulk hetero-junction was formed successfully.

Next, the basic understanding of the junction is constructed by current to voltage
measurement and electrical impedance spectroscopy measurement. There are many similar
characteristics between the bulk hetero-junction and conventional p-n junction. Besides, it is
found that inhibition of recombination centers of the junction is a critical issue to improve the
optical performance. Therefore, many conditions are applied to the junctions and the

characteristics of junctions are examined. With different conditions and the measurement
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results, we can advanced characterized the bulk hetero-junction.

Afterward, many advanced measurements are performed to help us to comprehend the
temperature dependence, optical condition, and voltage response of the Cu,O/TiO, bulk
hetero-junction. Furthermore, the voltage response of the junction can let us acquire the
Mott-Schottky plot to calculate the flat-band potential and carrier concentration and even
construct the energy band model. Unfortunately, the frequency range of EIS measurement we
used is not higher enough now to measure the higher frequency response, which is related to
the junction itself, of the junction.

In conclusion, the Cu,O/TiO, bulk hetero-junction is formed successfully by
electrochemical deposition method in the first time. Before applying to DSSC, the
recombination centers of junction should be eliminated first. Since the deposition condition is
dependent on the TiO; surface,.the conditions of Cu,O deposition on dyed-TiO, surface may
be different from now. As a result; further researches are needed to find the best condition of
Cu,O deposition on the dyed-TiO, surface. Additionally, Cu,O film can also used in
nano-tube structure DSSC, and apparently, the deposition condition must be different again
since the surface properties of nano-tube structure is not the same as the nano-porous

structure.
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