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Abstract

The copper selenide (CuSe) thin films were prepared using electrochemical
deposition (ECD), chemical bath deposition (CBD) and combined
CBD/ECD preparation techniques on fluorine-doped tin oxide (FTO)
coated glass substrates. Enhancement of deposited CuSe thin film
characteristics in photo-electrochemical (PEC) systems was investigated.
Deposited CuSe thin films were exposed to different treatment methods
and different experimental conditions (deposition time 2, 4 and 6 hr). The
films were annealed at 250°C under N, atmosphere for 1 hour. Cooling of
annealed films to room temperature was done using two different methods
(slow and fast cooling). KsFe(CN)e/K4Fe(CN)g/LiCIO, as redox couple was
also used in the PEC measurements. The effect of such treatment on
electrode PEC characteristics, such as: open-circuit voltage (V,), short-
circuit current density (Js), dark current density-potential (J-V) plots, photo
J-V plots, conversion efficiency (n), fill factor (FF), Surface Morphology
and stability, was studied.

The characteristics of CuSe thin films in PEC systems were enhanced by

using different experimental conditions, annealing and cooling rates.
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Improving the stability of the prepared CuSe electrode by cleaning and
using suitable redox couple was also achieved.

The dark and photo-current density versus potential plots were non-
improved by annealing. Cell efficiency (n), fill factor (FF), and short-
circuit current densities (Js) were enhanced by CuSe films annealing. The
best CuSe films are naked and non-annealed CBD/ECD film which the
photo J-V plots and cell efficiency was improved significantly.

The effect of coating the CuSe electrodes with MP/polysiloxane (1:4 ratios)
was also studied. The (J) values of coated CuSe films were significantly
enhanced. The MP/polysiloxane coating introduces a charge-transfer
mediator species that enhances current and electrode stability.

The PEC studies and characteristics showed that the 2 hr deposition time
(prepared by CBD/ECD) gave films with more uniform, smoother, more
homogeneous surfaces, higher conversion efficiency (14.6%) than other

counterparts.



Chapter One

Introduction



2
Chapter One
Introduction
1.1 Solar Energy
In recent years the world has begun to change slowly from using non-
renewable energy to renewable energy. Renewable energy sources are very
important in helping us save of non-renewable resources like oil. The sun is
the most important source of renewable energy available today.
Solar energy technology converts sunlight into heat, hot water, and
electricity, for homes and industry. One of the alternative energy sources
for decreasing the effects of global warming and climate change is solar
energy. This environmentally friendly energy source is promising in
combating the hazardous emissions of fossil fuels. Daily, the sun radiates a
large amount of energy. It radiates additional energy in one second than the
planet has used since time began. This energy comes from inside the sun
itself [1-4].
The sun is a huge gas ball involving mostly hydrogen and helium atoms. It
makes energy in its internal core in a process called nuclear fusion [1-4].
Solar energy is an important part of life. Humans use the daylight to
provide vitamin D in their bodies. Animals and plants use solar light to
produce important nutrients in their cells. The sun doesn't emit toxic gases
into our environment. Importance of solar energy lies in the benefits, it
does not cause pollution, can be used in remote areas where it is too
expensive to extend the electricity, and solar energy is infinite. On the other

hand, the oil is limited [5-6].



1.2 Semiconductors (SCs)

A semiconductor is material that has electrical conductivity in between a
conductor (such as copper) and an insulator (such as glass).
Semiconductors are used in modern electronics, as computers, radio,
telephones, and solar cells. Semiconductor solar PV panels or PEC cells
directly convert sunlight into electricity [7].

1.3 Popular Semiconductor Materials Used in Solar Cells

Many semiconductor materials can be used in solar cells, but the most

common semiconductors can be categorized by groups; such as, Table (1.1)

[8].
Table (1.1): Popular semiconductor materials used in solar cells.
Class Example

Elements Si and Ge
I11-V Compounds GaAs, GaP and InP
I1-VI Compounds CdS, CdSe and CdTe
Transition Metal Di-chalcogenides | MoSe, and ZrS,
Ternary Compounds CulnS, and CdIn,Se,
Oxide Semiconductors TiO,, WO3; and ZnO
Zinc Phosphides ZnP,

1.4 Types of Semiconductors (SCs)

The properties of a solid material depend on the difference in energy
between the valence band and the conduction band is called the energy
band gap E4 [13-14]. Materials are classified according to their E; into three
types: Conductors (with overlapping between the valence and conduction
bands and its E4 equal zero), insulators (that have E, above ~ 4 eV), and

semiconductors (with Eg in between), Figure (1.1) [15-16].
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Figure (1.1): Band gap in conductor, semiconductor, and insulator [13].
Semiconductors are categorized into two groups: intrinsic and extrinsic
1.4.1 Intrinsic SCs
An intrinsic SC is a pure semiconductor without impurity (dopant) species
present. When an electron gets enough energy, it moves to the conduction
band and leaves a hole behind in the valance band, Figure (1.2). This
method is termed (electron-hole pair creation). In intrinsic SC, since
electrons and holes can be created in pairs at room temperature, relatively
few electrons have enough thermal energy to jump. Therefore, intrinsic SC

has only limited conductivity [9-12].

(onduction Band s ©
Band Gap S
| 3 ®
; \
L
Valehce Band electrons are hole produced
easily excited by electron
achoss the small jimping to
band gap eohduetioh band

Figure (1.2): Schematic showing thermally excited electron in intrinsic semiconductor [9].



1.4.2 Extrinsic SCs

An extrinsic SC a semiconductor that is doped. Doping involves adding
impurity (dopant) to an intrinsic semiconductor, and improves conductivity
of the wider band gap SC. Extrinsic semiconductors are divided into two
types:

1.4.2.1 n-type

In this type the dopant atoms (impurity) are donor atoms. For silicon,
phosphorus (P) or arsenic (As) can be used as donors, with five electrons in
their outer shell. When these atoms present, one of the electrons in this
shell will simply jump to the conduction band. This type is called negative
type semiconductor (n-type) [17-20].

1.4.2.2 p-type

In this type the dopant atoms (impurity) are acceptor atoms. For silicon,
boron (B) or Aluminum (Al) can be used as acceptors, with three electrons
in their outer shell. When these atoms are present in the silicon crystal,
electrons in the silicon valence band will jump to the valence shell of one
of the acceptor atoms. The name positive type (p-type) is suitable for these

SCs [17-22].

ZH CH
o Free electran

= | Donator lewel = Ficed dopant
o . T
Lt Fieed dopant Lt _i'_ Acceptar level
i
Ve ®— Free hole v
n-semiconductor  (a) p-sermniconductor - (b)

Figure (1.3): Dopant energy levels in n-type SC and p-type SC [21].
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If the dopant energy level lies close to the conduction band, CB (the case of
electron donor), then electrons will be thermally excited to CB. The SC is
thus known as n-type. If the dopant energy level lies close to the valance
band, VB (the case of electron acceptors), then electrons are captured from
the VB leaving excess positive charge carrier holes. Figure (1.3) [17-22].
1.5 Fermi Level (Ef)

The Fermi level is an extremely important parameter for metal and
semiconductor electrochemistry, because it is the property which is
controlled by the externally applied potential. The Fermi level is the
energy, at which the probability of an energy level being occupied by an
electron is exactly 1/2 [23].

In metal the Fermi level in effect marks the division between occupied and
empty levels. For semiconductors the Fermi level resides in the band gap
forbidden region. For an intrinsic semiconductor the Fermi level is
approximately midway between valance band and conduction band as
shown in Figure (1.4 b). It shifts towards the conduction band for n-type
SC as shown in Figure (1.4 a), while for p-type SC, it shifts towards the

valance band edge, as show in Figure (1.4 c).

(@), (b) (©)

R BE e
e

F

Figure (1.4): Fermi level diagram, a) n-type semiconductor, b) intrinsic semiconductor,

C) p-type semiconductor [24].
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1.6 Solar Energy Conversion Technologies

Solar energy may be used by using several active technologies to convert it
into useful electric energy. Two main techniques are known:

1.6.1 Photovoltaic Devices (PV)

PV means conversion of solar energy into electricity (light-electricity), by
photovoltaic effect. The photovoltaic effect means that the generation of a
potential difference at the p-n junction of two different materials. p-n
junctions could be homo-junctions (having same type of crystal) or hetero-
junction (having two different types of crystals). PV has some advantages,
in being environmentally friendly, having long life time up to 30 years and
no used of fuels and water. On the other hand, it has some disadvantages as
it cannot operate without light and large area needed [25-26].

1.6.2 Photoelectrochemical Solar Cell (PEC)

Like PV cells, a PEC cell may convert solar power into electricity. The
operation relies on the contact potential between a semiconductor and a
redox solution. Instead of the solid state p-n junction that is employed
within the photo-voltaic (PV) solar cells, a SC electrolyte junction is used
in PEC cells [9, 22].

In n-type SC, before equilibrium (contact) the Er can stay higher than
Eredgox- Electrons can flow right down to E.qx. After connection between
two phases the electrons transfer from the SC to electrolyte until the Fermi
energy of the two phases become equal. As a result, Er will be lowered,

Figure (1.5). The space charge layer (SCL) is made as results of n-type
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semiconductor electrolyte junction. For SC, the Fermi level (Ef) within the

SC is set by chemical potential of electrons [27-29].

n-type semiconductor case

a b 1 Space charge region
| 4
: - £
E,; CB it s o EC
* g

- o
---------- {‘ "" 2 | qft’ug
E - ESY

21 ©-qUAAY)

QU(AA) o
4 ++*+ =
: =
“+
[ —— . + & = E".l
E, VB " o =
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Figure (1.5): Energy level diagrams of an n-type SC before and after equilibrium with

an electrolyte containing the redox couple A/A" [30].

1.7 Dark Current in n-type PEC Systems

Dark current occurs in the dark. At equilibrium, there exists a potential
barrier between the surface and the bulk of the electrode. The band bending
in each valence and conduction bands represents this potential. Dark
current occurs because electrons transfer from the n-type SC conduction
band to the electrolyte across the interface, Figure (1.6). To realize this, a
negative potential (AE) should be applied, to provide electrons with enough
energy to overcome this barrier, consequently no SCL will exist (flat band),
Figure (1.7). Therefore, dark current occurs in cases of flat band system

[31-32].
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Figure (1.7): Dark current in n-type SC [33].
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1.8 Photo Current in n-type PEC Systems

When light absorption generates excited electrons and holes, the majority
carrier concentration changes relatively very little and therefore the
minority carrier concentration is relatively greatly enhanced, Figure (1.8).
Thus photo-effects are greatest when minority carriers dominate the
electrode response. This occurs when the electrode is biased to create a
depletion layer (with positive potential) and also the photo-generated

minority carriers migrate towards the electrode/electrolyte interface [32].

Red

Figure (1.8): Photocurrent generation at n-type SC [33].

1.9 Thin Film Technology

Thin film technologies reduce the number of material needed in making the
active material of solar cell. Thin films of metal compounds can be
deposited onto glass, metal, plastics and other substrates by a variety of
techniques, such as, electrochemical (ECD) and chemical bath deposition

(CBD). These metal compounds are often encapsulated in building
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materials which permit photovoltaic cells to use in some circumstances
where glass coated solar modules wouldn't be allowable or would be
impractical. The majority of thin film solar modules have significantly
lower conversion efficiencies than mono-crystalline solar cells, but are
cheaper to produce. Many semiconductors have been examined as thin film
electrodes in solar cells, such as CuSe, CdSe, CdTe, CuS, ZnS, CdS and
others [34-36].

1.10 Copper Selenide (CuSe)

CuSe is a semiconducting material, which has electrical and optical
properties suitable for photovoltaic application. Copper selenide is a direct
band gap p-type semiconductor with an energy gap value in the range 2.1 -
2.3 eV. This makes the material suitable to make solid/ liquid junction solar
cells. CuSe exists in widely different crystal structures depending on the
method of preparation. It normally exists in cubic structure and hexagonal

structure [37-46], Figure (1.9).
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Figure (1.9): Crystal structure of CuSe, a) cubic structure, b) hexagonal structure [47].
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Thin films of copper selenide are obtained by different techniques like
vacuum evaporation, sputtering, molecular beam epitaxy, spray pyrolysis,
electrochemical deposition and chemical bath deposition [48-50].
Electrochemical deposition is attractive because it is simple and non-costly.
It is used in producing products for our everyday lives, appropriate for the
preparation of large scale thin films and may control film thickness and
morphology [51-52].

Chemical bath deposition is used to prepare thin films of certain materials
on a substrate in a liquid bath containing suitable reagents at temperatures
starting from room temperature to 100°C. It has been known as a method
suitable for the preparation of large area thin films [53-54].

1.10.1 Some Basic Properties of Copper Selenide (CuSe)

Table (1.2): Some basic properties of copper selenide (CuSe).
Property Value

Physical state | Crystalline solid

Molar mass 142.506 g mol™

Color Blue-black

Melting point | 550°C (decomposes)

Density 6000 kg m™

Solubility Insoluble in hot and cold water

1.11 Objectives

The main objective of this work is to prepare new type of nano-sized
environmentally friendly CuSe film onto fluorine doped tin oxide
(FTO)/glass for the purpose of PEC conversion of light to electricity. We
look for an efficient and stable nano-film under PEC conditions.

The prepared a new type of CuSe film will be prepared by combined ECD

and CBD techniques together. The ECD technique gives good contact
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between the CuSe and the FTO surface. The CBD technique gives thick
layers suitable enough for light-to-electricity conversion. Therefore, the
CBD/ECD technique gives a CuSe/FTO/glass film that has good contact
and suitable thickness. The final CuSe film, prepared by CBD/ECD, will be
followed by annealing, to give higher conversion efficiency and better
stability than either ECD, CBD films separately.
In this study, the work has two routes and two aims as well. Firstly, we will
prepare CuSe films by ECD, CBD and CBD/ECD techniques, anneal them
and compare between them. Secondly, we will coat CuSe films by a special
electro-active matrix and study the effect on conversion efficiency and
stability.
1.12 Hypothesis
It is often desirable to control the properties of semiconductors. Therefore,
considerable efforts are being devoted to enhance PEC characteristics of
the CuSe film. Our objective (described earlier) can be achieved based on
the following assumptions:
1) The ECD method is expected to give good contact between the CuSe
film and the FTO/glass surface.
2) The CBD method gives soundly thick layers suitable for light-to-
electricity conversion.
3) The CBD/ECD technique is expected to give a film that has good
contact and suitable thickness.
4) The CBD/ECD method may vyield two different distinct layers

within the produced CuSe film. Such a shortcoming may be avoided
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by annealing the two layers together to give a homogeneous single
layer film, with the preferred properties.

5) The final CuSe film, prepared by CBD/ECD, followed by annealing,
IS expected to give highest conversion efficiency and stability, as
compared to earlier ECD and CBD films.

6) Coating CuSe thin films with polymeric matrices having
electroactive species such as metalloporphyrine (MP) is assumed to

enhance its PEC characteristics.
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Chapter Two

Experimental
2.1 Materials

2.1.1 Chemicals

CuCl,.2H,0, CuS04.5H,0 and methanol were purchased in pure form from
Riedel. HCI and Na;CgHs0,.2H,0O were purchased from Merck. NH,CI,
and CH,CI, were purchased in pure from Frutarom. Na,SO; (purchased
from Fluka) and Se powder (from Aldrich) were used as starting materials
for Se” ions. FTO/glass substrates were purchased from Aldrich. All
chemicals used were of analytical reagent grade and used without further
purification.

2.1.2 FTO/Glass Substrate Cleaning Process

Highly conducting FTO/Glass (Aldrich) substrates were cleaned before
CuSe film deposition process. FTO/Glass slides were used as substrates
and they were cleaned well with detergent and distilled water, and were
kept in HCI (10% v/v) for about 1 hour. The substrates were then washed
first under running tap water to clean the acid off and then cleaned with
acetone. They were then washed with running tap water and finally cleaned
with distilled water and were dried in air prior to film deposition.

2.1.3 Preparation of Selenium lons

At first, selenium element was used for the preparation of sodium
selenosulfate (Na,SeSOs) by mixing the sodium sulphite (Na,SO3z) with
selenium powder and refluxed at 80°C for about 10 hours [55], Figure

(2.1).
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Figure (2.1): Preparing the (Na,SeSO3) by refluxing the reactant (2.000 g Se powder,

20.0 g of Na,SO3, 100 mL distilled water) at 80°C for 10 hour [56].

To prepare 100 mL of Na,SeSO; solution, Na,SO3 20.000 g was added to
100 mL of distilled water, then Se powder 2.000 g was added to the
solution. After stirring for 10 hours at 80°C, fresh Na,SeSO; solution was
filtered and stored while tightly covered for electrochemical deposition
processes.

2.2 Preparation of CuSe Films

Preparation techniques involved electrochemical deposition (ECD),
followed by chemical bath deposition (CBD). Both techniques were
combined together to yield CBD/ECD film.

2.2.1 Electrochemical Deposition (ECD) Technique

CuSe films were deposited on pre-cleaned FTO/Glass substrates using

electrochemical deposition (ECD) technique, as shown in Figure (2.2)
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Figure (2.2): The experimental arrangement for the ECD-CuSe film. 1) magnetic stirrer
plate, 2) magnetic stirrer, 3) CuSe thin film, 4) platinum electrode, 5) counter electrode
(Ag/AgCl), 6) nitrogen, 7) ECD cell, 8) glass cover, 9,10,11) electrodes holders, 12)

Potentiostat [46].

The experimental arrangement for CuSe film preparation is shown in
Figure (2.2). It involved a solution containing Na,SeSO; (20.0 mL, 0.008
M), CuCl,.2H,0 (20.0 mL, 0.008 M) and NH,CI (10.0 mL, 3.0 M) which
was used as supporting electrolyte. The deposition was done at room
temperature; the nitrogen inlet was then above the solution and stirring was
continued during deposition to avoid O, leakage. Deposition was
performed by an applied potential of a DC stripping at fixed potential (-
0.6V vs. Ag/AgCl) which is assumed to be the best working potential.

2.2.2 Chemical Bath Deposition (CBD) Technique

CuSe thin films were deposited on FTO/Glass substrates using CBD

technique. The experimental setup for CuSe film preparation is shown in
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Figure (2.3). It involves a chemical bath containing CuSO,4.5H,0 (4.0 mL,
0.5M), NazCsHs07.2H,0 (4.0 mL, 0.1M), Na,SeSO; (4.0 mL, 0.25M), a
few drops of dilute HCI and distilled water to make a total volume of (50.0
mL). The deposition was allowed to proceed at room temperature (20°C)
for different time durations. The pH of the solution was about 6.5 and very
slow stirring was continued during the deposition. After deposition, the
glass slides were taken out from the bath, washed with distilled water and
were dried in blowing air. To our knowledge, this procedure has not been

used for CuSe films.
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Figure (2.3): Experimental setup for solution growth of CBD-CuSe thin film.

2.2.3 Preparation of Electro-active (MP-Sil) Matrix

MP complex was prepared by vigorously refluxing tetrapyridyl porphyrin
H,TPyP (81.700 mg, 0.132 mmol) with excess manganese (Il) sulphate
(1.530 g , 0.91 mmol) in 60.0 mL of N,N-dimethylformamide (DMF) for
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15 hours. The solution was concentrated by evaporating DMF under
reduced pressure. Air was passed through the reaction mixture to oxidize
Mn? to Mn*. The reaction mixture was then chromatographed over
activated neutral alumina using DMF as an eluent. Eluate fractions with the
characteristic absorption bands at 462, 569 and 620 nm were stored in the
dark [57-61]. Commercial R.T.V. made polysiloxane paste (Sil) and tetra(-
4-pyridyl)porphyrinatomanganese (III)sulfate (MP) complex, Figure (2.4),
were used in preparing MP-Sil matrix to coat CuSe film electrode. MP
solution was prepared by dissolving (0.010 g, 1.37x10® mol) in 1.0 mL
methanol (CH3OH). A dilute solution of Sil was prepared by dissolving
0.010 g of Sil in 20.0 mL dichloromethane (CH,Cl,). Three MP-Sil
matrixes with different concentrations of MP were prepared by adding the
MP solutions separately to the Sil solutions in 1:4 (v/v) ratios respectively.
Figure (2.5 a) shows the Photoluminescence spectra of MP complex

embedded in Sil polymer.

1+

12 504

Figure (2.4): Tetra(-4-pyridyl)porphyrinatomanganese (IlI)sulfate (MP) complex.
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Figure (2.5): Photoluminescence spectra of: a) MP embedded in Sil polymer coated on

FTO/Glass substrate, b) FTO/Glass substrate.

Figure (2.5 a), has bands at ~ 660 nm and ~ 720 nm (the same as the
porphyrin). And it has bands at ~ 470 nm and ~ 540 nm, while the band at 540

nm confirms the presence of the Mn'"

porphyrin species, the band at shorter
wavelength 470 nm is attributed to the Mn'"porphyrin species [59, 63].

2.3 Modification of CuSe Thin Films

CuSe thin film modification involved annealing, cooling rate control and
coating with (MP-Sil) matrix.

2.3.1 Annealing Process

Film annealing was fixed at temperature is 250°C, under N, atmosphere for
1 hour, by using a thermostated horizontal tube furnace. The prepared CuSe

thin films were inserted in the middle of a glass cylinder for annealing.

Figure (2.6), shows the annealing system.


http://www.scielo.br/scielo.php?script=sci_arttext&pid=S1516-14392003000100013#fig4
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Figure (2.6): The annealing system, 1) nitrogen input, 2) nitrogen output, 3) CuSe thin

film.
2.3.2 Cooling Process

2.3.2.1 Fast Cooling (Quenching)

After the films were annealed at 250°C for 1 hour, the furnace was shut
down and the glass tube (which contained the CuSe thin films) was taken
out of the tube furnace and left to cool to room temperature for 10-15
minutes under N, atmosphere.

2.3.2.2 Slow Cooling

After the films were annealed at 250°C for 1 hour, the furnace was shut
down and left to cool slowly to room temperature under N, atmosphere.
Slow cooling occurred in about 3 hours.

2.3.3 Coating with MP-Sil

CuSe thin films were coated by immersion in the (MP-Sil) solution for 3
seconds. The organic solvent mixture (CH,Cl,/ CH3;OH) was then allowed
to evaporate off, leaving a transparent thin layer of (MP-Sil) matrices on

the surfaces of CuSe thin films.
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2.4 Film Characterization

2.4.1 Electronic Absorption Spectra

A Shimadzu UV-1601 spectrophotometer was used to measure solid state
electronic absorption spectra for different thin films of CuSe. The
wavelength of the incident photons was scanned in the range 200-800 nm.
2.4.2 Fluorescence Spectrometry

A Perkin-Elmer LS 50 luminescence spectrophotometer was used to
measure the emission fluorescence spectra for different CuSe/FTO/Glass
films. Emission photo luminescence spectra were measured to find the
band gap of CuSe nano-particles using an excitation wavelength 383 nm. A
cut-off filter (500 nm) was used to remove undesired reflected shorter
wavelengths.

2.4.3 Atomic Force Microscopy (AFM)

The AFM measurements were done at Al-Quds University using a tapping
mode-AFM system and the WSxM software designed by Nanotec
Electronica (Madrid, Spain) to obtain and analyze the Data. Soft, non-
conductive, rectangular, commercial SizN, cantilevers (NSG10, NT MDT
Co., LTD.) with spring constants of 5.5-22.5 N/m and resonance
frequencies from 190-325 kHz were employed. AFM was used to study the
surface morphology of the prepared CuSe thin films.

2.4.4 X-Ray Diffraction (XRD)

XRD technique was used to give information about the crystallographic
structure and chemical composition of our CuSe thin films prepared by

different techniques. XRD measurements were kindly conducted in Jung-
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Eun KIM, ISAA Environment Consulting Co., Ltd., 329-5, Chilgeum-
Dong, Chungju-City, Chungbuk, 380-220 South Korea.

2.5 Photoelectrochemical Cell (PEC)

The PEC cell consisted of CuSe thin film electrode (as working electrode),
and a platinum counter electrode connected to an internal reference
electrode, all in electrolytic solution. KzFe(CN)g/K4Fe(CN)g/LiCIO,
solution was used in this experiment as a redox couple (0.10 M KsFe(CN)s,
0.10 M K4Fe(CN)g, 0.10 M LiCIO,). The solution was stirred at the
beginning, but stirring was stopped as the PEC experiment started. High
purity N, gas (99.999%) was bubbled through the solution for 5-10 minutes
before each experiment, but was then kept to flow above the solution
during the experiment to minimize air contamination.

A 50 Watt halogen spot lamp was used for illumination. The lamp has an
intense converge of wide spectral range between 450-800 nm with high
stability. The lamp was placed at a defined distance from the working
electrode. The illumination power on the electrode was about

(0.00196 W/cm?) calculated by tungsten-halogen lamp spectrum.
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Figure (2.7): Two-electrode photo-electrochemical cell (PEC). 1) Beaker, 2) rubber
seal, 3) CuSe working electrode, 4) platinum counter electrode and internal reference

electrode 5) electrolytic solution, 6) nitrogen, 7) light source [57].

2.6 Current Density-Potential Plots

Plots of current vs. voltage (I-V) plots were measured using a computer
controlled  Princeton Applied Research (PAR) Model 263A
Potentiostat/Galvanostat. The measured current (I) was converted into
current density (J), by dividing the measured electric current (I) by area of
the illuminated electrode (A).

The dark current experiments were conducted under complete dark using
thick blanket cover. The photocurrent experiments were conducted, using
the 50 Watt halogen spot lamp as described above. Experimental setup

mentioned above, Figure (2.7), was used at room temperature under N,


http://en.wikipedia.org/wiki/Electric_current
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atmosphere, using KsFe(CN)g (0.10M)/K;Fe(CN)¢ (0.10M)/LiCIO, (0.10M)
as redox couple.
The Potentiostat/Galvanostat had three electrodes. The counter electrode
and the reference electrode were connected to the Platinum electrode, with
internal reference used. The semiconductor electrode was incorporated as
working electrode. The internal reference potential was calibrated vs. an

Ag/AgCl reference, as shown in Figure (2.8).
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Figure (2.8): Reduction of copper ion in HCI electrolyte solution, on glassy carbon

electrode.

As shown in the Figure (2.8), the internal reference electrode showed 0.204
V more negative than Ag/AgCl reference. This means that the internal

reference of Potntiostat is equivalent to that of SHE. Thus all J-V plots
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measured in this work are presented with reference to SHE, unless
otherwise stated.

2.7 Electrode Stability Testing

A polarograhic analyzer (Pol 150) and a polarographic stand (MDE 150)
were used to study the electrode stability under PEC conditions as
described formerly. The values of short circuit current (Ji) were measured
versus time by keeping the electrode under steady illumination (0.00196
W/cm?) at applied potential 0.00 V (Ag/AgCl). The values of short circuit
current density (Ji.) were obtained by dividing values of (ls) by the
measured electrode area immersed in solution. All measurements were
made at room temperature, under nitrogen atmosphere using

KsFe(CN)s/K4Fe(CN)6/LICIO, as redox couple.
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Chapter Three

Results

CuSe thin films were prepared using electrochemical deposition (ECD),
chemical bath deposition (CBD) and combined CBD/ECD preparation
techniques. Different parameters were controlled to enhance the prepared
films including such as deposition times (2, 4, and 6 hrs), annealing (at
250°C under nitrogen atmosphere for 1hr) and cooling rate (fast or slow
cooling).

The main purpose of this work was to prepare CBD/ECD CuSe film
electrodes with the highest PEC efficiency and stability. Effects of
deposition time, annealing, cooling rate, and coating with MP-Sil matrix
were all studied for different films, using AFM, XRD, PL spectra,
electronic absorption spectra, J-V plots, efficiency, and stability testing.
The CBD and CBD/ECD CuSe film electrodes deposited in 2 hrs, annealed

at 250°C for 1 hr were studied after coating with MP-Sil matrix.

Part |

Naked CuSe Thin Film Electrodes

Characteristics of different prepared CuSe thin films, such as, electronic
absorption, photoluminescence, AFM and XRD spectra are shown below.

3.1 Electronic Absorption Spectra

3.1.1 Effect of deposition time on CuSe thin film electrodes
The effect of deposition times on ECD, CBD and CBD/ECD-CuSe thin

films was studied.
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3.1.1.1 Effect of deposition time on ECD-CusSe thin film electrodes

In earlier studies, AL-Kerm prepared a new type of CuSe film by ECD
technique and studied the effect of deposition time (5, 10 and 15 min) on
their PEC characteristics. The 15 min deposition time gave best results
[46]. The electronic absorption spectra for the CuSe thin films prepared by
ECD here were investigated, Figure (3.1). The electronic absorption spectra
results were consistent with Photoluminescence spectra results, with band

gap value ~2.10 eV.
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Figure (3.1): Electronic absorption spectra for ECD of the CuSe thin films deposited in

15 min.

3.1.1.2 Effect of deposition time on CBD-CuSe thin film electrodes
The effect of deposition times (2, 4 and 6 hrs) on the CuSe thin film spectra
was studied. Electronic absorption spectra for the CuSe thin film electrodes

prepared in different deposition times (2, 4 and 6 hrs.) were investigated,
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Figure (3.2). The electronic absorption spectra results were consistent with
Photoluminescence spectra results, with band gap value ~2.17 eV. Better

absorption was observed for film deposited in 6 hours, due to its thickness.
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Figure (3.2): Electronic absorption spectra for CBD of CuSe thin films, deposited in

different times, a) 2 hr, b) 4 hr and ¢) 6 hr.

3.1.1.3 Effect of deposition time on CBD/ECD-CuSe thin film
electrodes

The electronic absorption spectra for the CuSe thin films prepared by
CBD/ECD were investigated, Figure (3.3). The prepared films showed
different absorption edge values, with band gap values in range of 2.00-
2.25 eV. The band gap energy controls the light absorption characteristics
of the semiconductors. A useful relationship between Apq and Eyg is [33]:

Moy = 1240/Ep,
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Where Ayg has units of nanometers (nm), while Epq has units of electron-
volts (eV).The film deposited in 6 hours shows absorption edge value about
~640 nm, with band gap ~2.00 eV, the film deposited in 4 hours shows
absorption edge value about ~600 nm, with band gap ~2.06 eV, and the
film deposited in 2 hours shows absorption edge value at about ~570 nm,
with band gap ~2.17 eV. The film deposited in 6 hours shows Better

absorption than others, due to it is higher thickness.
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Figure (3.3): Electronic absorption spectra for the CBD/ECD of CuSe thin films,

deposited in different times, a) 2 hr, b) 4 hr and c) 6 hr.

3.1.1.4 Comparison of CuSe thin film electrodes prepared by different
techniques

The electronic absorption spectra for the CuSe thin films prepared by
different techniques (ECD, CBD and CBD/ECD) were investigated, Figure
(3.4). The prepared films show different absorption edges, with band gap
values were in the range of 2.00- 2.25 eV. The film prepared by CBD/ECD
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for 2 hr was consistent with Photoluminescence spectra results, with band
gap ~2.17 eV, the film prepared by CBD for 2 hr was consistent with
Photoluminescence spectra results, with band gap ~2.17 eV, and the film
prepared by ECD for 15 min was consistent with Photoluminescence

spectra results, with band gap ~2.10 eV.
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Figure (3.4): Electronic absorption spectra for CBD of the CuSe thin films, deposited in

different techniques, a) CBD/ECD for 2 hr, b) CBD for 2 hr and ¢) ECD for 15 min.

3.1.2 Effect of cooling rate on the CuSe thin film electrodes

Effect of cooling rate (slow and fast cooling) on the CuSe thin film
electrodes and annealed at temperature 250°C under nitrogen for 1 hr has
been studied.

3.1.2.1 Effect of cooling rate on the CBD-CuSe thin film electrodes
Effect of cooling rate (slow and fast cooling) on the CBD-CuSe thin film
electrodes deposited in 2 hrs and annealed at 250°C under nitrogen for 1 hr

was studied. The results are shown below.
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The electronic absorption spectra for the CuSe thin film electrodes
deposited in 2 hrs, annealed at 250°C for 1 hr, cooled to room temperature
by either fast or slow cooling were investigated, Figure (3.5). Absorption
edge of ~ 570 nm was observed for both slowly and quickly cooled films.

The quickly cooled film exhibit better absorption than slowly cooled

counterpart.
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Figure (3.5): Electronic absorption spectra for CBD of the CuSe thin films deposited in
2 hr, a) non-annealed, b) annealed at 250°C for 1 hr, quickly cooled and c) annealed at

250°C for 1 hr, slowly cooled.

3.1.2.2 Effect of cooling rate on the CBD/ECD-CuSe thin film
electrodes

The electronic absorption spectra for the CuSe thin films deposited in 2
hrs, annealed at 250°C for 1 hr, and cooled to room temperature by either
slow or fast cooling were investigated, Figure (3.6). Absorption edge of

~570 nm was observed for both slowly and quickly cooled films. The
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slowly cooled film exhibits better absorption than the quickly cooled
counterpart. The non-annealed film shows better absorption than annealed

film.
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Figure (3.6): Electronic absorption spectra for CBD/ECD of the CuSe thin films
deposited in 2 hr, a) non-annealed, b) annealed at 250°C for 1 hr, quickly cooled, and c)

annealed at 250°C for 1 hr, slowly cooled.

CusSe thin films were prepared using different techniques (ECD, CBD and
CBD/ECD). Effects of deposition time (2, 4, and 6 hr), annealing (at 250°C
for 1 hr) and cooling rate (fast and slow cooling) were all studied for
different films, using electronic absorption spectra.

3.2 Photoluminescence Spectra (PL)

3.2.1 Effect of deposition time on CuSe thin film electrodes
The effect of deposition time on ECD, CBD and CBD/ECD-CuSe thin

films was studied.



36
3.2.1.1 Effect of deposition time on ECD-CusSe thin film electrodes
Photoluminescence spectra for CuSe thin film electrode, deposited by ECD
in 15 min, were investigated, Figure (3.7). The systems were excited at
wavelength 383 nm. The Figure shows many peaks, but the highest

intensities appeared at wavelength ~590 nm, with band gap ~2.10 eV.
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Figure (3.7): Photoluminescence spectra for ECD of CuSe thin film, deposited in 15

min.

3.2.1.2 Effect of deposition time on CBD-CusSe thin film electrodes

Photoluminescence spectra for CuSe thin film electrodes, deposited by
CBD in different deposition times (2, 4 and 6 hrs.), were investigated,
Figure (3.8). The systems were excited at wavelength 383 nm. The Figure
shows many peaks, but the highest intensities appeared at wavelengths
~590 nm, and the band gap value was similar to that obtained from the

electronic absorption spectra, 1240/590 = 2.10 eV. All films prepared in
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different deposition times show nearly same band gap values with different
intensities. The intensity values for CuSe films prepared by CBD show, the
film prepared in 2 hr gave higher intensity, then the film prepared in 4 hr.

Finally, the film prepared in 6 hr gave lowest intensity.
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Figure (3.8): Photoluminescence spectra for CBD of CuSe thin films, deposited in

different times, a) 2 hr, b) 4 hr and ¢) 6 hr.

3.2.1.3 Effect of deposition time on the CBD/ECD-CuSe thin film
electrodes

The photoluminescence spectra for CuSe thin films prepared by CBD/ECD
were investigated, Figure (3.9). The systems were excited at wavelength
383 nm. The Figure shows many peaks, but the highest intensities appeared
at wavelength ~590 nm, showing a band gap 1240/590 = 2.10 eV, which is
consistent with electronic absorption spectra values. All films prepared in

different deposition times show nearly same band gap with different
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intensities. The intensity values for CuSe films prepared by CBD/ECD
show that the film prepared in 2 hr gave higher intensity than the film

prepared in 4 hr. Finally, the film prepared in 6 hr gave lowest intensity.
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Figure (3.9): Photoluminescence spectra for CBD/ECD of CuSe thin films, deposited in

different times, a) 2 hr, b) 4 hr and c¢) 6 hr.

3.2.1.4 Comparison of CuSe thin film electrodes prepared by different
techniques

The photoluminescence spectra for CuSe thin films prepared by different
techniques were investigated, Figure (3.10). The systems were excited at
wavelength 383 nm. The Figure shows many peaks, but the highest
intensities appeared at wavelength ~590 nm, showing a band gap 1240/590
= 2.10 eV, which is consistent with electronic absorption spectra values.

The film prepared by CBD for 2 hrs shows higher intensity than the other
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films, and the film prepared by CBD/ECD for 2 hrs shows higher intensity
than the film prepared by ECD for 15 min.
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Figure (3.10): Photoluminescence spectra for CBD of CuSe thin films, deposited in

different techniques, a) CBD/ECD for 2 hr, b) CBD for 2 hr, and ¢) ECD for 15 min.

3.2.2 Effect of cooling rate on CuSe thin film electrodes

Effect of cooling rate (slow and fast cooling) on the CuSe thin film
electrodes and annealed at temperature 250°C under nitrogen for 1 hr has
been studied.

3.2.2.1 Effect of cooling rate on the CBD-CuSe thin film electrodes

The photoluminescence spectra for CuSe thin films deposited in 2 hrs,
annealed at 250°C for 1 hr, and cooled to room temperature by either slow
or fast cooling, were investigated, Figure (3.11). The systems were excited
at wavelength 383 nm. The Figure shows many peaks for each film, but the

highest intensity appeared at wavelength ~590 nm, showing a band gap
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1240/590 = 2.10 eV. The Figure shows that the non-annealed film
exhibited higher PL intensity than annealed films. The film annealed at
250°C for 1 hr with fast cooling shows higher intensity than the film

annealed at 250°C for 1 hr with slow cooling.
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Figure (3.11): Photoluminescence spectra for CBD of CuSe thin films deposited in 2
hr: a) non-annealed, b) annealed at 250°C, for 1 hr, quickly cooled and c) annealed at

250°C, for 1 hr, slowly cooled.

3.2.2.2 Effect of cooling rate on CBD/ECD-CuSe thin film electrodes

The photoluminescence spectra for CuSe thin films deposited in 2 hrs,
annealed at 250°C for 1 hr, and cooled to room temperature by either slow
or fast cooling were investigated, Figure (3.12). The systems were excited
at wavelength 383 nm. The Figure shows many peaks, but the highest

intensities appeared at wavelength ~590 nm, showing a band gap 1240/590
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= 2.10 eV. The non-annealed film shows higher intensity than the annealed
films. The film annealed at 250°C for 1 hr with fast cooling shows slightly

higher intensity than the film annealed at 250°C for 1 hr with slow cooling.
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Figure (3.12): Photoluminescence spectra for CBD/ECD of CuSe thin films deposited
in 2 hr: a) non-annealed, b) annealed at 250°C, for 1 hr, quickly cooled and c) annealed

at 250°C, for 1 hr, slowly cooled.

3.3 Atomic Force Microscopy (AFM)

The surface morphology of CBD-CuSe and CBD/ECD-CuSe films
deposited in 2 hr was studied using AFM. The CBD/ECD-CuSe film,
annealed at 250°C under nitrogen for 1 hr and slowly cooled, was also

studied.



(b)

Figure (3.13): 2D AFM image for non-annealed CuSe thin films deposited in 2 hr, and

prepared by different techniques: (a) by CBD/ECD, and (b) by CBD.

Figure (3.13), shows agglomerates of CuSe nano- particles with nearly 73
and 120 nm for the non-annealed films deposited in 2 hr by CBD/ECD and
CBD respectively as 2D AFM images show. The film deposited by
CBD/ECD had higher homogeneity with less dark islands, smoother
surface and higher resolution than the film deposited by CBD. In earlier
study, Al-Kerm studied a new type of CuSe film by ECD technique.

Values of root mean square (RMS) roughness were obtained from average
surface roughness analysis, Figure (3.14). Films which were deposited in 2
hr by CBD and CBD/ECD exhibited RMS roughness of about ~150 and
100 nm respectively. As mentioned above, this indicates that the surface of
the non-annealed film deposited in 2 hr by CBD/ECD shows better
homogeneity, and its grains show more coalescence, than the non-annealed

film deposited in 2 hr by CBD.
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Figure (3.14): Average surface roughness analysis for non-annealed CuSe films

deposited in 2 hr, prepared by different techniques: (a) by CBD, and (b) by CBD/ECD.

Figure (3.15), shows agglomerates of CBD/ECD-CuSe (deposited in 2 hr)
nano- particles with nearly 73 and 250 nm for the non-annealed and annealed
(at 250°C for 1 hr and slowly cooled) films respectively, as 2D AFM images
show. The non-annealed film had higher homogeneity with little dark islands,

smoother surface and higher resolution than the annealed film.

Figure (3.15): Effect of annealing on 2D AFM image for CBD/ECD-CuSe thin films
deposited in 2 hr, (a) non-annealed, and (b) annealed (at 250°C for 1 hr and slowly
cooled).
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Values of root mean square (RMS) roughness were obtained from average
surface roughness analysis, Figure (3.16). The CBD/ECD films (deposited
in 2 hr) without and with annealing (at 250°C for 1 hr and slowly cooled)
exhibited RMS roughness of about ~150 and 250 nm respectively. As
mentioned above, this indicates that surface of the non-annealed film shows

better homogeneity and the grains show more coalescence than the

annealed film.
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Figure (3.16): Effect of annealing on average surface roughness analysis for
CBD/ECD-CusSe thin films deposited in 2 hr, (a) non-annealed, and (b) annealed (at

250°C for 1 hr and slowly cooled).

3.4 X-Ray Diffraction (XRD)
XRD measurements were obtained for CBD and CBD/ECD-CuSe thin film
electrodes prepared in different duration times (2, 4 and 6 hr) and cooled by

fast and slow cooling.
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3.4.1 Effect of deposition time on CBD-CuSe thin film electrodes

XRD measurements were obtained for CBD-CuSe thin films deposited in
different times (2, 4 and 6 hr). XRD patterns are shown in Figure (3.13).
The average grain size of the CuSe was calculated using Debye-Scherrer's
formula (D = 0.9A/BcosB). The average grain size for all CBD-CuSe
(deposited in 2 hr) nano-particles was found to be (~27.00 £ 0.01 nm), the
average grain size for CBD-CuSe (deposited in 4 hr) nano-particles was
found to be (=31 + 0.01 nm) and the average grain size for CBD-CuSe
(deposited in 6 hr) nano-particles was found to be (~28 = 0.01 nm). The
film involved only cubic phase, [34, 65]. With no change in crystalline
structure of CBD/ECD-CuSe films for both films deposited in (2 and 4 hr)
and the film deposited in (6 hr) shows small change. Figure (3.17) shows
that annealing CBD-CuSe film lowered the order in the film particles. This
is evident from comparison of peak height ratios for the C(200) plane with
the FTO reference peaks. The non-annealed CBD-CuSe film (deposited in
2 hr) showed higher ratio than other counterparts, and the CBD-CuSe film
(deposited in 6 hr) showed higher ratio than CBD-CuSe film (deposited in
4 hr). Figure (3.17) summarizes these observations. Table (3.1) shows the

positions of observed peaks and their significances.



46

C(200)
FTO
FTO
FTO
c(311)
FTO
FTO

C(200)
FTO

Intensity (a
[ w
o o
g 8
o
c(111)
FTO
—
2
%_ FTO
1. c(311)
FTO
FTO

{200)
FTO
FTO

C
11)
TO

._.
(]
[=)
o
1]
(1
F
c(311)
FTO
F

TO

10 2|0 3|0 40 50 60 70
2 Theta (deg.)

Figure (3.17): XRD spectra for CBD-CuSe thin films electrodes, deposited in different

times, a) 2 hr, b) 4 hr and ¢) 6 hr.

Table (3.1): XRD measurements for CBD-CuSe thin films

Position of observed peak (20) | Cubic(C) (hkl) | References
(Deposited in 2 hr) 26.938 C(200) [65]

28.441 C(111) [34+65]
34.136 FTO [64]
38.154 FTO [64]
51.900 FTO [64]
54.915 C(311) [34+65]
61.937 FTO [64]
65.875 FTO [64]
(Deposited in 4 hr) 26.923 C(200) [65]

28.480 C(111) [34+65]
34.113 FTO [64]
38.129 FTO [64]
51.882 FTO [64]
54.882 C(311) [34+65]
61.905 FTO [64]
65.858 FTO [64]
(Deposited in 6 hr) 26.907 C(200) [65]

34.109 FTO [64]
38.121 FTO [64]
51.888 FTO [64]
54.910 C(311) [34+65]
61.907 FTO [64]
65.852 FTO [64]
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3.4.2 Effect of deposition time on CBD/ECD-CusSe thin film electrodes

XRD measurements were obtained for CBD/ECD-CuSe thin films
deposited in different times (2, 4 and 6 hr). XRD data showed that there
was more crystallinity and more ordering in cases of CBD/ECD-CuSe
films than CBD-CuSe films. XRD patterns are shown in Figure (3.18) and
Table (3.2). The average grain size of the CuSe was estimated using
Debye-Scherrer's formula (D = 0.9A/BcosO). The average grain size for
CBD/ECD-CusSe (deposited in 2 hr) nano-particles was found to be (~20.00
+ 0.01 nm), the average grain size for CBD/ECD-CuSe (deposited in 4 hr)
nano-particles was found to be (~26.00 = 0.01 nm) and the average grain
size for CBD/ECD-CuSe (deposited in 6 hr) nano-particles was found to be
(~29.70 £ 0.01 nm). The film involved only cubic phase with no change in
crystalline structure of CBD/ECD-CuSe films deposited in (2, 4 and 6 hr).
Figure (3.18) shows that annealing CBD-CuSe film lowered the order in
the film particles. This is evident from comparison of peak height ratios for
the C(200) plane with the FTO reference peaks. The non-annealed CBD-
CuSe film (deposited in 6 hr) showed higher ratio than other counterparts,
and the CBD-CuSe film (deposited in 4 hr) showed higher ratio than CBD-
CuSe film (deposited in 2 hr). Figure (3.18 a, b & ¢) summarizes these

observations.
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Figure (3.18): XRD spectra for CBD/ECD-CuSe thin films electrodes, deposited in

different times, a) 2 hr, b) 4 hr and ¢) 6 hr.

Table (3.2): XRD measurements for CBD/ECD-CuSe thin films

electrodes

Position of observed peak (20) | Cubic(C) (hkl) | References

(Deposited in 2 hr) 26.937 C(200) [65]
28.452 C(111) [34+65]
34.111 FTO [64]
38.149 FTO [64]
44921 C(220) [34+65]
51.900 FTO [64]
61.902 FTO [64]
65.877 FTO [64]

(Deposited in 4 hr) 26.964 C(200) [65]
28.474 C(111) [34+65]
34.129 FTO [64]
38.158 FTO [64]
44.898 C(220) [34+65]
51.908 FTO [64]
61.908 FTO [64]
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65.874 FTO [64]
(Deposited in 6 hr) 26.946 C(200) [65]
28.439 C(111) [34+65]
34.126 FTO [64]
38.156 FTO [64]
45.151 C(220) [34+65]
51.907 FTO [64]
61.912 FTO [64]
65.897 FTO [64]

3.4.3 Effect of cooling rate on CBD/ECD-CuSe thin film electrodes

The XRD patterns for CuSe thin films deposited in 2 hrs, annealed at
250°C for 1 hr, and cooled to room temperature by either slow or fast
cooling were investigated, Figure (3.19). The average grain size of the
CuSe was estimated using Debye-Scherrer's formula (D = 0.94/Bcos0). The
average grain size for quickly cooled CuSe nano-particles was (~57.00
0.01 nm), and for slowly cooled CuSe, it was (~39 £ 0.01 nm), and the
average grain size of non-annealed CBD/ECD-CuSe film is smaller than
the average grain size of annealed CBD/ECD-CuSe film (at 250°C for 1
hr). As shown in Figure (3.19 b). Both films involved cubic phase only,
with no change in crystal structure of CBD/ECD-CuSe films by cooling
rate under N, atmosphere. Figure (3.19) shows that annealing CBD/ECD-
CuSe film (at 250°C for 1 hr) enhanced the ordering in the film particles.
This is evident from comparison of peak height ratios for the C(200) plane
with the FTO reference peaks. The annealed CBD/ECD-CuSe film (at
250°C for 1 hr with fast cooling) showed higher ratio than annealed
CBD/ECD-CuSe film (at 250°C for 1 hr with slow cooling). Figure (3.19)

summarizes these observations.
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Figure (3.19): XRD spectra for CBD/ECD of CuSe thin films deposited in 2 hr: a)
annealed at 250°C, for 1 hr, quickly cooled and b) annealed at 250°C, for 1 hr, slowly

cooled.

Table (3.3): XRD results for annealed CBD/ECD-CuSe thin film

electrodes
Position of observed peak (20) | Cubic(C) (hkl) | References

(Quickly cooled) 27.162 C(200) [65]

28.486 C(111) [34+65]
34.121 FTO [64]
38.153 FTO [64]
45.066 C(220) [34+65]
51.899 FTO [64]
53.310 C(311) [34+65]
61.919 FTO [64]
65.855 FTO [64]
(Slowly cooled) 27.098 C(200) [65]

28.550 C(111) [34+65]
34.128 FTO [64]
38.153 FTO [64]
45.124 C(220) [34+65]
51.902 FTO [64]
53.394 C(311) [34+65]
61.924 FTO [64]
65.865 FTO [64]
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3.5 PEC Studies
PEC studies were investigated for ECD, CBD and CBD/ECD-CuSe thin

film electrodes before annealing and after annealing with control in cooling

rate.

3.5.1 Effect of deposition time on the CuSe thin film electrodes

3.5.1.1 Photo J-V plots measured for ECD-CuSe thin film electrodes
Photo J-V plots were measured for CuSe thin film electrodes prepared by

ECD deposited in 15 min, Figure (3.20).
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Figure (3.20): Photo J-V plots for ECD of CuSe thin films, deposited in 15 min.

Table (3.4): The PEC characteristics of ECD-CuSe thin film electrode

deposited in 15 min
description Voo (V)| J(mA/cm?) ‘n%| T FF%
15 min | -0.113 0.28 0.42 26.54

The V. value for the films deposited in 15 min is (-0.113 V) and the J
value is (0.28 mA/cm?) with percentage conversion efficiency (n % ~0.42).

Table (3.4) summarizes PEC characteristics for each film electrode.

"1 (%) = [(maximum observed power density) / (reach-in power density)] x100%.
“FF = [(maximum observed power density) / Jo Vo] %100%.
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3.5.1.2 Photo J-V plots measured for CBD-CuSe thin film electrodes
Photo J-V plots were measured for CBD-CuSe thin film electrodes

prepared in different deposition times (2, 4, and 6 hr), Figure (3.21).
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Figure (3.21): Photo J-V plots for CBD of CuSe thin films, deposited in different times,

a)2hr,b)4hrandc)6 hr.

Table (3.5): Effect of deposition time on PEC characteristics of CBD-

CuSe thin film electrodes

Sample| description| Vo (V)| J(MA/cm?) ‘n%| FF%
a 2 hr|-0.21 0.76 1.83 22.52
b 4 hr{-0.02 0.48 0.13 26.25
C 6 hr|----- 006 |- |-

The V. values for the films deposited in 2 and 6 hrs were close to each
other. But the V,. value for film deposited in 4 hrs is different. The film
deposited in 2 hr showed higher Ji. than other counterparts, and gave
highest percentage conversion efficiency (n % ~1.83). Table (3.5)

summarizes PEC characteristics for each film electrode. The Table shows

"1 (%) = [(maximum observed power density) / (reach-in power density)] x100%.
“FF = [(maximum observed power density) / Jo Vo] %100%.
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that 2 hr deposition time gives better values than films deposited in 4 and 6
hrs.
3.5.1.3 Dark J-V plots measured for CBD-CuSe thin film electrodes
Dark J-V plots were investigated for CBD-CuSe thin film electrodes
deposited in different times, Figure (3.22).

J,AmA/cm?)

b E(v)

Figure (3.22): Dark J-V plots for CBD of CuSe thin films, deposited in different times,

a)2hr,b)4hrandc)6 hr.

The prepared film deposited in 2 hr showed higher, Vgt Negative value
than other counterparts. The film deposited in 4 hr showed higher, Vgnset
negative value than film deposited in 6 hr.

3.5.1.4 Photo J-V plots measured for CBD/ECD-CuSe thin film
electrodes

Photo J-V plots were measured for CuSe thin film electrodes prepared by

CBD/ECD in different times (2, 4 and 6 hrs), Figure (3.23).
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Figure (3.23): Photo J-V plots for CBD/ECD of CuSe thin films, deposited in different

times, a) 2 hr, b) 4 hr and ¢) 6 hr.

Table (3.6): Effect of deposition time on PEC characteristics of

CBD/ECD-CuSe thin film electrodes

Sample| description| Vo (V)] Jse(mA/cm?) ‘n%| FF%
a 2 hr|-0.32 3.52 14.6 25.41
b 4 hr(-0.13 0.22 0.89 61.15
Cc 6 hr|----- 0.06 0.41 36.08

The film deposited in 2 hr showed higher Js. than other counterparts, and

gave highest percentage conversion efficiency (n % ~14.6). Table (3.6)

summarizes PEC characteristics for each film electrode. The Table shows

that 2 hr deposition time gives better values than films deposited in 4 hr

and 6 hr.

"1 (%) = [(maximum observed power density)/(reach-in power density)]x100%.
“FF = [(maximum observed power density)/ Js. XVo.]x100%.
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3.5.1.5 Dark J-V plots measured for CBD/ECD-CuSe thin film
electrodes
Dark J-V Plots were investigated for CBD/ECD-CuSe thin film electrodes
deposited in different times (2, 4 and 6 hr), Figure (3.24).

J.c(mA/cm?)

E(V)

Figure (3.24): Dark J-V plots for CBD/ECD of CuSe thin films, deposited in different

times, a) 2 hr, b) 4 hr and ¢) 6 hr.

The prepared film deposited in 2 hr showed higher, Vot Negative value
than other counterparts. The film deposited in 4 hr showed higher, Vgnset
negative value than film deposited in 6 hr.

3.5.1.6 Photo J-V plots measured for CuSe thin film electrodes
prepared by different techniques

Photo J-V plots were measured for CuSe thin film electrodes prepared by

different techniques (ECD, CBD and CBD/ECD), Figure (3.25).
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Figure (3.25): Photo J-V plots for CuSe thin films, deposited in different techniques, a)
CBD/ECD for 2 hr, b) CBD for 2 hr and c¢) ECD for 15 min.
Table (3.7): Comparison of CuSe thin film electrodes prepared by

different techniques

Sample| description Vo (V)| Jsc(MA/cm?2) *n%| **FF %
a| CBD/ECD|-0.32 3.52 14.6 25.41
for 2 hr
b|CBD for 2 hr{-0.20 0.76 1.83 22.5
c|ECD for 15/-0.11 0.28 0.42 26.5
min

The V,. values for films prepared by different techniques, ECD (15 min),
CBD (2 hr) and CBE/ECD (2 hr) were -0.11, -0.20 and -0.32V
respectively. The film prepared by CBD/ECD in 2 hr showed higher Js. and
gave higher percentage conversion efficiency (n % ~ 14.6). Table (3.7)
summarizes PEC values. The film prepared by CBD/ECD in 2 hrs shows
better PEC characteristics than other two films. The film prepared by
CBE/ECD (deposited in 2 hr) gave percentage conversion efficiency (n %

~ 14.6), and this result has not been obtained before.

"1 (%) = [(maximum observed power density)/(reach-in power density)]x100%.
“FF = [(maximum observed power density)/ Js. XVo.]x100%.



57

3.5.2 Effect of cooling rate on the CuSe thin film electrodes

Effect of cooling rate (slow and fast cooling) on the CuSe thin film
electrodes deposited in 2 hrs and annealed at 250°C under nitrogen for 1 hr
was studied. The results are shown below.

3.5.2.1 Photo J-V plots measured for CBD-CuSe thin film electrodes
Photo J-V plots were measured for CuSe thin film electrodes deposited in 2
hrs, annealed at 250°C for 1 hr, cooled to room temperature by either slow
or fast cooling, Figure (3.26). The PEC characteristics for each film are

summarized in Table (3.4).
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Figure (3.26): Photo J-V plots for CBD of CuSe thin films, deposited in 2 hr, a) non-
annealed b) annealed at 250°C, 1 hr with fast cooling and c¢) annealed at 250°C, 1 hr

with slow cooling.
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Table (3.8): Effect of annealing on

thin film electrodes

PEC characteristics of CBD-CuSe

Sample| description Ve (V)

Jo(MA/cm?)| "n%| ~“FF %

a Non- -0.20 0.76 1.83 22.52
annealed

b| Fast cooling|-0.17 1.16 2.94 29.23

c| Slow cooling|-0.05 0.32 0.23 29.00

The quickly cooled film showed higher Js. and higher V.. values than the

slowly cooled one, and gave higher percentage conversion efficiency (n %

~2.94), Table (3.8).

3.5.2.2 Photo J-V plots measured for CBD/ECD-CuSe thin film

electrodes

Photo J-V plots were measured for CuSe thin film electrodes deposited in 2

hrs, annealed at 250°C for 1 hr, and cooled to room temperature by either

slow or fast cooling, Figure (3.27).
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Figure (3.27): Photo J-V plots for CBD/ECD of CuSe thin films, deposited in 2 hr, a)

non-annealed b) annealed at 250°C, 1 hr with fast cooling and c) annealed at 250°C, 1

hr with slow cooling.

"1 (%) = [(maximum observed power density)/(reach-in power density)]x100%.
“FF = [(maximum observed power density)/ Js. XVo.]x100%.
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Table (3.9): Effect of annealing on PEC characteristics of CBD/ECD-

CuSe thin film electrodes

Sample| Description |V, (V)| Je(MAcm?) | "n% | “FF %
a| Non-annealed| -0.32|3.52 14.6 25.41
b| Fastcooling|-0.24 |1.60 4.51 23.04
c| Slow cooling|-0.07 |0.82 0.76 26.02

The non-annealed film showed higher Js. and higher V.. values than the
annealed one, and gave higher percentage conversion efficiency (n %
~14.6). The quickly cooled film showed higher Ji. and higher V.. values
than the slowly cooled one, and gave higher percentage conversion
efficiency (n % ~4.51), Table (3.9).

3.6 Stability of the CuSe thin film electrodes

We have studied the stability on the best thin film gave the efficiency
conversion.The stability under PEC conditions was investigated for
CBD/ECD-CusSe thin film electrodes deposited in 2 hr, Figure (3.28). The
value of Jg vs. time was measured at 0.0 V applied potential with respect of

Ag/AgCl electrode.

"1 (%) = [(maximum observed power density)/(reach-in power density)]x100%.
“FF = [(maximum observed power density)/ Js. XVo.]x100%.
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Figure (3.28): Short circuit current density vs. time measured for CBD/ECD of CuSe
thin film electrodes, deposited in 2 hrs. The measurement was conducted in aqueous

KsFe(CN)e/K4Fe(CN)g/LiCIO,4 redox system at room temperature.

Prepared film by CBD/ECD deposited in 2 hrs showed soundly good
stability with steady value for 180 minute. This indicates the relative
stability of CuSe thin films deposited by CBD/ECD in 2 hrs under PEC

conditions.

Part 11

Coating with MP-Sil
Characteristics of CBD and CBD/ECD-CusSe thin film electrodes deposited

in 2 hrs and coated with MP-Sil matrix have been studied.
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3.7 Electronic Absorption Spectra

3.7.1 Effect of coating with MP-Sil matrix on CBD-CuSe thin film
electrodes

The electronic absorption spectra for CuSe thin film electrodes coated by
MP-Sil matrix was investigated, Figure (3.29). The band gap values in the
range of around ~2.1- 2.3 eV were observed. Figure (3.29 b ), shows small
bands at ~450 nm, ~550 nm and ~570 nm which confirm the presence of

the metalloporphyrin (MP). The coating didn't affect the spectra of naked

films.
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Figure (3.29): Electronic absorption spectra for CBD of CuSe thin films, deposited on

FTO in 2 hr, a) naked, b) coated.
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3.7.2 Effect of coating with MP-Sil matrix on CBD/ECD-CuSe thin
film electrodes

The electronic absorption spectra for CuSe thin film electrodes coated by
MP-Sil matrix was investigated, Figure (3.30). The prepared films show the
same absorption edges values ~570 nm, with band gaps values in the range
of ~2.1- 2.3 eV were observed. The coating didn't affect the spectra of

naked films.
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Figure (3.30): Electronic absorption spectra for CBD/ECD CuSe thin films, deposited

in 2 hr, a) naked, b) coated.

3.8 Photoluminescence Spectra (PL)

3.8.1 Effect of coating with MP-Sil matrix on CBD-CuSe thin film
electrodes

The photoluminescence spectra for CuSe thin film electrodes, naked and
coated were investigated, Figure (3.31). The systems were excited at

wavelength 383 nm. The Figure shows many peaks for each film, but the
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highest intensities appeared at wavelengths ~ 590 nm, band gap value is
consistent with PL spectra values, showing a band gap 1240/590 = 2.10 eV.

The naked film showed higher PL intensity than coated film.
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Figure (3.31): Photoluminescence spectra for CBD of CuSe thin films, deposited in

2hr, a) naked, b) coated.

3.8.2 Effect of coating with MP-Sil matrix on CBD/ECD-CuSe thin
film electrodes

The photoluminescence spectra for CuSe thin film electrodes, naked and
coated were investigated, Figure (3.32). The systems were excited at
wavelength 383 nm. The Figure shows many peaks for each film, but the
highest intensities appeared at wavelengths ~ 590 nm, the band gap is
similar with PL spectra values, showing a band gap 1240/590 = 2.10 eV.
The naked film showed slightly higher PL intensity than the coated film.
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Figure (3.32): Photoluminescence spectra for CBD/ECD of CuSe thin films, deposited

in 2 hr: a) naked, b) coated.

3.9 PEC Studies

Effect of coating CuSe thin film deposited in 2 hrs and coated with MP-Sil
matrix has been studied.

3.9.1 Photo J-V plots measured for coated CBD-CuSe thin film
electrodes

Photo J-V plots were measured for CuSe thin film electrodes coated with

MP-Sil, Figure (3.33). The results are summarized in Table (3.6).
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Figure (3.33): Photo J-V plots for CBD of CusSe thin films, deposited in 2 hr, a) naked,

b) coated.
Table (3.10): Effect of coating with MP-Sil matrix on PEC
characteristics of CBD-CuSe thin film electrodes
Sample| Description| Ve (V)|Je(MA/cm?)| "1 %] “FF %
a Naked|-0.21 0.76 1.83 22.52
b Coated|-0.26 0.03 0.17 73.55

The V. values for naked and coated films were close to each other. The

naked film showed higher Ji. than the coated film, and gave higher

percentage conversion efficiency (n % ~1.83), Table (3.10).

3.9.2 Photo J-V plots measured for coated CBD/ECD-CuSe thin film

electrodes

Photo J-V plots were measured for CuSe thin film electrodes coated with

MP-Sil, Figure (3.34). The results are summarized in Table (3.7).

"1 (%) = [(maximum observed power density)/(reach-in power density)]x100%.
“FF = [(maximum observed power density)/ Js. XVo.]x100%.
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Figure (3.34): Photo J-V plots for CBD/ECD of CuSe thin films, deposited in 2 hr, a)

naked, b) coated.

Table (3.11): Effect of coating with MP-Sil matrix on PEC

characteristics of CBD/ECD-CuSe thin film electrodes

Sample| Description| Vi (V)|J(mA/cm?)| n%| FF %
a Naked |-0.32 3.52 146 |25.41

b Coated |-0.17 2.05 5.04 |28.37

Naked film showed higher V,. and higher J than coated film. The naked
film gave higher percentage conversion efficiency (n % ~14.6), than coated
film, Table (3.11). The coated CBD/ECD-CuSe gave higher percentage
conversion efficiency (n % ~5.04) than both of the coated CBD-CuSe (n %
~0.17) and ECD-CuSe (n % ~0.42) films.

"1 (%) = [(maximum observed power density)/(reach-in power density)]x100%.
“FF = [(maximum observed power density)/ Js. XVo.]x100%.
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Chapter Four

Discussion



68
Chapter Four

Discussion

Many methods were used to enhance the semiconductor thin film electrode
PEC characteristics including: Controlling deposition time, annealing
temperature and cooling rate. In this work, we experimented such concepts
to enhance PEC characteristics of CuSe thin films. Moreover, we used a
new combined technique of ECD followed by CBD to give CBD/ECD film
for the same purpose. To our knowledge, such technigque has not been used
to enhance PEC characteristics of CuSe film electrodes.

In this chapter, we discuss the results, and highlight the advantages of
combined CBD/ECD preparation, annealing and cooling rate on CuSe thin
film characteristics including XRD patterns, electronic absorption spectra,
PL spectra and PEC properties.

As we look around, many things we see are solid substance. A solid is a
material which has definite volume and shape. Solids which have have
regular order of their constituent components (atoms, molecules or ions)
are called crystalline solids. These components are present at fixed
positions. The properties of the solid depend on the nature of the
constituents and on their arrangements which hold the constituent particles
together in tight arrangement [66].

As discussed in Section (1.10), solid CuSe may exist in hexagonal (hcp) or
cubic (fcc) crystal structures [37]. The face centered cubic (fcc) structure is

known to be more stable [65]. The prepared CuSe solid may be cubic,
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hexagonal or both. XRD can help confirm the real structure, by comparison

with earlier reports.
Part |

4.1 Naked CuSe thin film electrodes

4.1.1 ECD-CuSe thin film electrodes

AL-Kerm prepared a new type of CuSe film by ECD technique and studied
the effect of deposition time (5, 10 and 15 min) on its characteristics and
PEC properties. The 15 min deposition time gave the best results. All
AFM, photoluminescence and electronic absorption spectra showed better
result for film deposited in 15 min than other two counterparts [46]. All
measurements (electronic absorption spectra, PL spectra and PEC study)
where repeated here for the 15 min ECD-CuSe thin films, Figures (3.1, 3.7
and 3.20). The goal was to reconfirm earlier study. Our results were
consistent with earlier results.

4.1.2 CBD-CuSe thin film electrodes

CBD-CusSe thin films were reported earlier, and their characteristics were
studied [34]. Unfortunately no work was made to study PEC characteristics
of such film electrodes, to the best of our knowledge.

Effect of deposition time on the CuSe thin film deposited in (2, 4 and 6 hr)
has been studied, Figures (3.2, 3.8, 3.21 and 3.22). The deposition time
didn’t significantly affect position of photoluminescence emission band.
This is because longer deposition time increases film thickness, with no

effect on particles size and structure. The deposition time significantly
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affect intensity of photoluminescence; this is because longer deposition
time increases the disorder between the particles.

Electronic absorption spectra were slightly enhanced by increasing
deposition time and the spectrum for 6 hr deposition time showed more
curved plot than other two counterparts, Figure (3.2). This is because
longer deposition time increases film thickness which in turn increases
absorbance. For PEC study, the 2 hr time gave higher PEC characteristics
than other two counterparts, Figure (3.21and 3.22). In general, the change
in deposition time slightly affected the film characteristics, since it affects
the thickness of the films though not the structure of crystal. This is due to
suitable thickness and longer deposition time increases the disorder
between the particles.

Comparison between XRD spectra for non-annealed CBD-CuSe films
deposited in (2, 4 and 6 hr) was studied, Figures (3.13). In general, in this
study the CuSe films prepared by CBD in different times (2, 4 and 6 hr) did
have difference in crystallite sizes. The crystallite size for CBD-CuSe films
have comparable XRD intensities with preferential orientation in the
C(200), C(111) and C(311) planes, Figure (3.13). This is acceptable as the
CBD-CuSe is expected to be relatively uniform and crystalline. This
because without change in the structure disorder and with a small changed
on particle size. The non-annealed CBD-CuSe film (deposited in 2 hr)
showed higher signal ratio than other counterparts. This means that the
CBD-CusSe film (deposited in 2 hr) has higher crystallinity and uniformity

than other counterparts [62].
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The effect of annealing on CuSe thin film electrode characteristics was
studied. Annealing may reduce defects, remove surface roughness and
consequently enhance SC characteristics. Since there is no perfect crystal,
so all semiconductors contain vacancies or defects. Through heating, the
semiconductors defect concentration increases, normally first at crystal
surface. These defects gradually spread throughout the crystal (form
surface into the bulk). On cooling the vacancy concentration is lowered by
diffusion to grain boundaries or dislocations. The rate at which vacancies
move from point to point in the lattice decreases exponentially with
decreasing temperature. In general, annealing CuSe thin films improves
their photo J-V plots, conversion efficiency by improving the crystal
homogeneity and structure [46, 58 and 61-63].

In this study, effect of annealing on CBD-CuSe thin film electrode
deposited in 2 hr and annealed at 250°C for 1 hr has been studied, Figures
(3.5, 3.11 and 3.26). Effect of annealing didn’t significantly affected
position of photoluminescence emission band, but significantly affect
intensity of PL (the non-annealed gave higher intensity than annealed).
This is because annealing caused a small disorder in the particles which
was not repaired. Electronic absorption spectra were slightly affected by
annealing, and the annealed film exhibited slightly better absorption than
non-annealed, Figure (3.5).

PEC study was made, Figure (3.26). In general, annealing CuSe thin films

improves their PEC characteristics. The fast cooling showed better result
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than non-annealed, but the annealing for long time reduced the efficiency.

Accordingly, slow cooling reduced the efficiency conversion.

Many semiconductor crystal parameters are affected by cooling rates (fast
and slow cooling). Examples of such parameters are: Composition,
uniformity, film thickness, and PL properties. The dislocation density and
concentration of structural defects also depend on the cooling rate SC
crystals [67]. So cooling rate, slow or fast, affects the crystal. Both fast
cooling and slow cooling may improve the properties, and may worsen
them.

As far as we know, effect of cooling rate of CBD-CuSe thin film electrodes
on their characteristics has been studied here for the first time. In this study,
effect of cooling rate on CBD-CuSe thin film electrode deposited in 2 hr
and annealed (at 250°C for 1 hr) has been studied here, Figures (3.5, 3.11
and 3.26). For PL spectra, the cooling rate didn’t significantly affect
position of PL emission band but slightly affect intensity of PL (the quickly
cooled gave higher intensity than slowly cooled) and electronic absorption
spectra (the quickly cooled gave better absorption than slowly cooled) and
all PEC study showed better result for quickly cooled film than slowly
cooled film, Figure (3.26). In general, annealing of CuSe thin films
improves their PEC studies, the fast cooling showed better result than non-
annealed, but the annealing for long time is reduced the efficiency.
Accordingly, slow cooling reduced the efficiency conversion.

4.1.3 CBD/ECD-CusSe thin film electrodes

CBD/ECD-CusSe thin films didn't reported earlier. Unfortunately no work
was made to study characteristics of such film electrodes, to the best of our

knowledge.
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Effect of deposition time on CBD/ECD-CusSe thin film deposited in (2, 4
and 6 hr) has been studied, Figures (3.3, 3.9, 3.23 and 3.24). The deposition
time didn’t significantly affect position of photoluminescence emission
band, Figures (3.9). This is because longer deposition time increases film
thickness, with no effect on structure. The deposition time significantly
affect intensity of photoluminescence; this is because longer deposition
time increases the disorder between the particles. Electronic absorption
spectra were enhanced by increasing deposition time and the spectrum for 6
hr deposition time showed more curved plot than other two counterparts,
Figure (3.3), this is because longer deposition time increases film thickness
which in turn increases absorbance. For PEC study, the 2 hr time gave
higher PEC characteristics than other two counterparts, Figure (3.23 and
3.24). In general, the change in deposition time affected the film
characteristics, since it affects the surfaces of the films though not the
particle size and structure of crystal. This is due to suitable thickness and
longer deposition time increases the disorder between the particles.
Moreover, the CBD/ECD-CuSe film deposited in 2 hr gave very high
efficiency conversion (n % ~14.6). This is an important finding that has not
been reported earlier. For example, the CBD/ECD-CdS gave efficiency
conversion (n % ~0.29 %) [62], CBD-CdSe gave efficiency conversion (n
% ~0.28 %) [63] and ECD-CuSe gave efficiency conversion (n % ~13.4 %)
[46].

Comparison between XRD spectra for non-annealed CBD/ECD-CusSe films
deposited in (2, 4 and 6 hr) was studied. Spectra for different CBD/ECD-
CuSe films deposited in (2, 4 and 6 hr) were studied, Figure (3.17). In

general, in this study the CuSe films prepared by CBD did affect in the
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crystallite size and without change in the structure disorder. The crystallite
size for CBD/ECD-CuSe films which have comparable intensities with
preferential orientation in the C(200), C(111) and C(311) directions, Figure
(3.17). This is acceptable as the CBD/ECD-CuSe is expected to be
relatively uniform and crystalline. Thus may do not change their disorder,
but affect in particle size. The non-annealed CBD/ECD-CuSe film
(deposited in 6 hr) showed higher ratio than other counterparts. This means
that the CBD/ECD-CuSe film (deposited in 6 hr) has higher crystallinity
and uniformity than others [62].

In general, annealing CuSe thin films improves the photo J-V plots,
conversion efficiency, and annealing the semiconductors was reported to
enhance the crystal homogeneity, structure and PEC performance [46, 58
and 61-63]. In this study, effect of annealing temperature on CBD/ECD-
CusSe thin film electrode deposited in 2 hr and annealed at 250°C for 1 hr
has been studied here, Figures (3.6, 3.12 and 3.27). Effect of annealing
didn’t significantly affect position of photoluminescence emission band,
but significantly affect intensity of PL (the non-annealed gave higher
intensity than annealed). This is because annealing causes a small disorder
on the particles surface. Electronic absorption spectra were slightly affected
by annealing and the annealed film exhibit slightly better absorption than
non-annealed, All PEC study, showed better result for non-annealed film
than annealed film, Figure (3.27). This is because annealing may damage

the ECD-CuSe layer, this reduces conversion efficiency of the film
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electrode. Moreover, the annealed temperature is not high enough to make
a difference in the nano-particle size; this reduces the efficiency of the film.
As far as we know, effect of cooling rate of CBD/ECD-CuSe thin film
electrodes on their characteristics has been studied here for the first time. In
this study, effect of cooling rate on CBD/ECD-CuSe thin film electrode
deposited in 2 hr and annealed at 250°C for 1 hr has been studied here,
Figures (3.6, 3.12 and 3.27). For PL spectra, the cooling rate didn’t
significantly affect position of PL emission band but slightly affect
intensity of PL (the quickly cooled gave higher intensity than slowly
cooled), electronic absorption spectra (the quickly cooled gave slightly
better absorption than slowly cooled) and all PEC study showed better
result for quickly cooled film than slowly cooled film, Figure (3.27). In
general, annealing of CuSe thin films improves their PEC study, the fast
cooling showed better result than non-annealed one, but the annealing for
long time is reduced the efficiency. Accordingly, slow cooling reduced the
efficiency conversion.

For AFM, the non-annealed CBD/ECD-CuSe films showed better surface
morphology than annealed CBD/ECD-CusSe films (at 250°C for 1 hr, slow
cooling), Figure (3.15 and 3.16). This is because the non-annealed
CBD/ECD-CuSe more uniform and continuous surface than other
counterpart.

Comparison between XRD spectra for annealed CBD/ECD-CuSe films
(deposited in 2 hr) with fast and slow cooling was studied, Figures (3.19).

Cooling rate enhanced the crystallite size in CBD/ECD-CuSe films with
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slowly cooling and fast cooling. The crystallite size was enhanced from
~39 nm to ~57 nm for slow cooled and fast cooled of CBD/ECD
respectively, Figures (3.19). The increase in crystallite sizes for CBD/ECD-
CuSe particles is due to increasing of disorder in the crystallites. The
annealed CBD/ECD-CuSe film (fast cooling) showed higher ratio than
annealed CBD/ECD-CuSe film (slow cooling). This means that the
CBD/ECD-CuSe film (with fast cooling) has higher crystallinity and
uniformity than other [62]. It is also assumed that annealing homogenize
the two CuSe layers prepared successively by ECD and CBD.

4.1.4 Comparison between different preparation techniques: ECD (15
min), CBD (2 hr) and CBD/ECD (2 hr)

The electronic absorption spectra and PL intensity value for non-annealed
CBD/ECD-CusSe film was higher than those for both non-annealed ECD-
CuSe and CBD-CusSe counterparts, Figures (3.4, 3.10 and 3.25). This may
be attributed to the fact that CBD/ECD-CuSe consists of two distinct
layers, because there is a layer of ECD ranked, this helped arrange a layer
of CBD as well, thereby creating two layers regularly.

For AFM, the non-annealed CBD/ECD-CuSe films showed better surface
morphology than CBD-CuSe non-annealed films, Figure (3.13 and 3.14).
This is because the CBD/ECD-CuSe films more uniform and continuous
surface than CBD-CuSe films, and CBD/ECD-CuSe consists of two
distinct layers.

For PEC study, the non-annealed CBD/ECD-CuSe films showed better

photo J-V plots and higher conversion efficiency than either ECD-CuSe or
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CBD-CuSe non-annealed films, Figure (3.25). This may be attributed to the
fact that CBD/ECD technique is expected to give a film that has good
contact, suitable thickness and CBD/ECD-CuSe consists of two distinct

layers with higher thickness than CBD-CuSe and ECD-CuSe films.
Part 11

4.2 Coating with MP-Sil

The CuSe thin films prepared by CBD and CBD/ECD deposited in 2 hrs
and coated with MP-Sil matrix has been studied, Figures (3.29- 3.34).
Coating is a double-edged sword. It may improve the properties, and may
worsen them. The coating of electrodes with MP matrix improved the
conversion efficiencies of the film electrodes, by two ways: Firstly, The
MP involves Mn*¥/ Mn*? ions, which may catalyze hole transfer from thin
film to electrolyte. Fast removal of holes from accumulation region protects
the film surface from corrosion. Secondly, The MP matrix coating may
physically protect thin film layer from oxygen and water molecules [46]. In
this work coating of electrodes with MP reduced the conversion
efficiencies of electrodes; this is possibly due to two reasons. Firstly, the
polymer layer may behave as resistance and slow down the charge transfer
process between the electrode surface and the electrolyte. Secondly, the
coating of film surface with MP matrix may screen light from reaching the
electrode surface [58]. In this study, it was found that the coating of CuSe

electrodes with MP-Sil reduced the conversion efficiencies of electrodes.
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4.2.1 CBD-CuSe thin film electrodes

Effect of CBD-CuSe thin film electrodes deposited in 2 hrs and coated with
MP-Sil matrix has been studied, Figures (3.29, 3.31 and 3.33).

The coating with MP-Sil didn’t significantly affect position of
photoluminescence emission band, Figures (3.31). This is because no effect
on particles size and structure. The coating with MP-Sil significantly affect
intensity of photoluminescence (the naked film showed higher PL intensity
than the coated film); this is because the coating of film surface with MP
matrix may screen light of excitation from reaching electrode surface, and
may screen emitted light from reaching detector. Electronic absorption
spectra, Figure (3.29 b), showed that the coated has a small bands at ~ 450,
~ 550 nm and ~ 570 nm. This are confirm the presence of the
metalloporphyrin (MP). But, electronic absorption spectra for naked films
are not affected by coating, Figure (3.29 a). This is natural, as coating
occurs only on the surface and does not affect crystallite properties.

It is known that the photo J-V plots for SC electrodes are improved by MP-
Sil coating compared to uncoated counterparts [61]. In this study, it was
found that the coating of CuSe electrodes with MP-Sil reduced the
conversion efficiencies of electrodes, Figures (3.33). This is possibly due to
two reasons. Firstly, the polymer layer may behave as resistance and slow
down the charge transfer process between the electrode surface and the
electrolyte. Secondly, the coating of film surface with MP-Sil may screen
light to reach the surface. Practical work and measurements showed that

the coating layer lowered the light intensity for CBD-CuSe thin films. We
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have noticed that the properties of small band gap semiconductors are
improved by coating (for example: CdSe) [63]. On the other hand, the
properties wide band gap semiconductors are not improved by coating (for
example: CdS) [62].
4.2.2 CBD/ECD-CuSe thin film electrodes
Effect of CBD/ECD-CuSe thin film electrodes deposited in 2 hrs and
coated with MP-Sil matrix has been studied, Figures (3.30, 3.32 and 3.34).
The coating with MP-Sil didn’t significantly affect position of
photoluminescence emission band, Figures (3.32). This is because no effect
on particles size and structure. The coating with MP-Sil slightly affect
intensity of photoluminescence (the naked film showed higher PL intensity
than the coated film); this is because the coating of film surface with MP
matrix may screen light of excitation from reaching electrode surface, and
may screen emitted light from reaching detector.
Electronic absorption spectra did not affect between coated and naked
films, Figure (3.30). This is because coating occurs only on the surface and
does not affect crystallite properties.
For PEC study, the naked film showed higher PEC properties than coated
one. It was found that the coating of CuSe electrodes with MP-Sil reduced
the conversion efficiencies of electrodes, Figures (3.34). This is possibly
due to two reasons. Firstly, the polymer layer may behave as resistance and
slow down the charge transfer process between the electrode surface and
the electrolyte. Secondly, the coating of film surface with MP-Sil may
screen light to reach the surface, thereby to reduce the efficiency of the

film.
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Conclusions

— CuSe thin films were prepared by three different techniques,
including electrochemical deposition (ECD), chemical bath
deposition (CBD) and combined CBD/ECD techniques. All films
showed PEC behaviors.

— CBD/ECD-CuSe thin films showed higher efficiency in PEC
systems than its CBD-CuSe and ECD-CuSe films counterparts. It
has been obtained on the efficiency of up to almost (n % ~14.6), and
this is an important finding that has not been reported earlier.

— Non-annealed CBD/ECD-CuSe and CBD-CuSe thin films showed
higher conversion efficiency in PEC systems than its annealed.

— CBD/ECD films showed soundly good stability with steady values
of Js versus time.

— Annealing and slow cooling process showed enhanced characteristics
for different prepared CuSe thin films, such as, AFM, XRD spectra.

— Enhancement of PEC conversion efficiency and stability of different
CuSe films are consistent with enhancements in XRD, PL spectra

and AFM characteristics of the films.
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Suggestions for Further Work
For future work, we recommend doing the following:

1) Prepare CuSe thin films using ECD followed by CBD, with multi
deposition steps.

2) Use annealing at different temperatures to improve the PEC
characteristics.

3) Study the effect of cooling rates of different annealed films, at
different temperatures, on their PEC characteristics.

4) Modify the CuSe films with new coating material and different
electro-active polymers.

5) Apply different PEC cells using different experimental conditions
and different redox couples to enhance electrode efficiency and
stability.

6) Effect of thickness of different prepared CuSe thin films.
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