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Abstract

Polycrystalline CdS/ZnS thin films were prepared by chemica bath
deposition (CBD) technigue on fluorine-doped tin oxide (FTO) coated
glass substrates. Enhancement of deposited CdS/ZnS thin  film
characteristics at solid/liquid interface in photoelectrochemical (PEC)
systems was investigated. Deposited CdS/ZnS thin films were exposed to
different treatment methods and different experimental conditions. The
films were heated to desired temperatures (300 C, 400 C) under air.
Cooling of heated films to room temperature was achieved by either slow
cooling or quenching. Etching of film surface was conducted using dilute
HCl solution. The effect of such treatment on the film
photoel ectrochemical characteristics was measured by monitoring different
parameters, such as. open-circuit voltage (V o), short-circuit current density
(Jso), dark current density-potential (J-V) plots, photo J-V plots, conversion
efficiency (n), fill factor (FF), Scanning electron microscopy (SEM), X-ray
diffraction, together with electronic absorption and photoluminescence

(PL) emission spectra.

The characteristics of CdS/ZnS thin films in PEC systems were

enhanced by controlling different experimental conditions, controlling
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preheating temperatures and controlling cooling rates. The dark- and photo-
current densities vs. potential plots were improved by annealing. Cell
efficiency, fill factor, short-circuit current densities ( J ) and SEM results
were enhanced for the anneded CdS/ZnS films. The best annealing
temperature for CdS/ZnS films was found to be 300 C at which the photo

JV plots and cell efficincy were improved significantly.

Slowly cooled electrodes from temperature 300 C, gave better dark
and photo current density vs. potential plots with higher efficiency than
their quenched counterparts. SEM measurements were consistent with
these findings, and showed better surfaces for slowly cooled CdS/ZnS thin
film electrodes. Maximum values of conversion efficiencies were obtained
by slow cooling of preheated CdS/ZnS electrodes cooled from

temperature 300 C compared to that of electrodes cooled from 400 C.

The effect of coating the CdS/ZnS electrodes with MnP/polysiloxane
was also studied. The (J) values of coated CdS/ZnS films (with certain Zn
ratios) were significantly enhanced. The MnP/polysiloxane coating
introduces a charge-transfer mediator species that enhances current and

electrode stability.
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Chapter 1

Fundamentals and Historical Background

1.1 Photoelectr ochemical Cellsvs. Photovoltaic Cells

Both photovoltaic (PV) and photoelectrochemical (PEC) cells are
based on using semiconductor materials in solar energy conversion into
electricity. Materials that have an energy gap (Eg) of ~0.7- 3 eV are called
semiconductors. Table (1.1) shows the energy band gaps for some
semiconductors. At T=0 K, all electrons are in the valence band. Thus
semiconductors are non conductors at very low temperatures [1].

Table (1.1): Energy Band Gap Valuesfor Some Semiconductors|[1]

Crystal Eq(eV)atOK | E;(eV) at 300K
Si 1.17 1.14
Ge 0.744 0.67
InP 1.42 1.35
GaP 2.32 2.26
GaA s 1.52 1.43
Cds 2.582 2.42
CdTe 1.607 1.45
ZnO 3.436 3.2
ZnS 3.91 3.6

When n-type SC electrode is brought in contact with an electrolytic
solution, Figure (1.1), the (¢ - h") pairs will be generated within the
depletion layer and generated electric field will drive photogenerated holes
toward the interface. The electrons will be driven toward the interior (bulk)
of the electrode. By joining a SC electrode with a suitable counter electrode

aPEC cdll is constructed [2].
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Figure (1.1): Energy level diagram for SC/electrolyte interface showing band
bending and the creation of an electron-hole pair in n-type SC upon absor ption of
a photon with wavelength equal or shorter than threshold wavelength. Ecsand Ey s
mark the surface energies of the conduction and valence edges respectively
(reproduced from ref. [3]).

In PEC systems, a semiconductor-electrolyte junctions are used as
the active layer instead of the solid-state p-n junctions in photovoltaic. In
both cases, a space charge region is formed where contact formation
compensates for the electrochemical potential differences of electrons on

both sides of the contact.

Potentially, there are several advantages for PEC cells, in solar

energy conversion, over conventional PV devices|[2]:

(@) PEC devices can be fabricated and modified with considerable ease.
Contrary to PV devices, only solid-liquid junctions are demanded in
PEC. The band bending characteristics of the SC can be conveniently

varied by suitable choice of electrolyte and cell variables.

(b) PEC cells do not have problems associated with different thermal

expansions of p-n junctions.
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(c) PEC devices can store energy in the form of either conventional fuel or

electricity.
(d) Unlike PV devices, no antireflection coatings are required in PEC cells.
(e) PEC much less expensive than PV cells.

However, absorption of light by the electrolyte solutions, reflection
losses from the cell and the stability of the electrode limit the energy
conversion efficiencies in PEC devicesin many cases and are shortcomings

of PEC systems[4].
1.2 Fundamentals of PEC Cells

The PEC systems are based on the formation of a SC/electrolyte
junction when a SC electrode is immersed in a suitable e ectrolyte solution.
For the SC electrode, the Fermi level (Er) is determined by chemica
potential of majority carriers (electrons in n-type SC, and holes in p-type
SC). For dectrolyte solution, the redox couples and their concentrations

determine the initial chemical potential [5].

In n-type SC/electrolyte junction, before equilibrium the Eg will
remain above E,«0x. Electrons will therefore flow down from SC to E;egox,
Figure (1.38). As a result, Er will be lowered. The electron flow will
continue until the equilibrium is established, Figure (1.3b). At equilibrium
Er and Eiegox Will match up. This produces a positive depletion region or
space charge layer (SCL) in the SC because of chemical reduction process

which will produce an electric field in the depletion layer. As a result,
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conduction and valence band edges are bent, and a potential barrier is

established against further electron transfer into the electrolyte, Figure

(1.3), [6].
n-T ; i
serggnduztor Electrolyte L s Electrolte
EC 1] @—
e e
E,
- Eg.“ ,,,,,,,,,,,,, Redepid
E(Redi()x)
Ey .
(a) ! ®)

Figure (1.2): n-type SC/electrolyte junction in the dark (a) before equilibrium, (b)
at equilibrium. E = electron potential; E; = lower conduction band edge; EV =
upper valence band edge; Er = Fermi level; Eregiox = Standard potentials.

Using these principles two types of PEC cells can be built. (1)
Regenerative PEC cells are used to convert light energy into electrica

energy, and (2) Photoelectrolytic PEC cells are used to store chemical

energy, Figure (1.4) [7].

7 = Oﬁj“ 55 W - T

’Z 7.7 1lew

e 71 "

Z Y. 2 / Z ( /

e i N e %
(@) o)

Figure (1.3): Operational principles for the two types of PEC cells: a)
photoelectrolytic energy storage cell and b) regenerative photovoltaic
cell (copied from ref. [8]).
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1.2.1 How Dark Current Occursin PEC Cdlls

In n-SC/liquid junctions, the dark current results from electron
transfer from the Conduction Band to the electrolyte redox couple
(cathodic current flow). At equilibrium, the band bending creates an energy
barrier for the electrons to overcome before they transfer. For any given SC
and electrolyte, there exists a unique potential for which the potential drop
between the surface and the bulk of the electrode is zero (no SCL). This
potential is called the flat band potential (V1y), with no band bending. Thus,
for dark current to occur, the n-type SC must be negatively biased to

provide the electrons with enough energy (AE) to overcome the barrier.
1.2.2 How Photocurrent Occursin PEC Cells

When light absorption generates a population of excited holes and
electrons, the majority carrier concentration changes relatively little and the
minority carrier concentration is greatly enhanced. Hence photo-effects are
greatest when minority carriers dominate the electrode response. This
occurs when the electrode is biased to form a depletion layer and the photo-
generated minority carriers transfer towards the electrode/electrolyte

interface [9].

The SC exhibits a threshold response to photon energy dictated by
the band gap energy. The photo-effects switch on as the wavelength of
incident light (A) becomes shorter than the threshold wavelength (&g). With
longer wavelength, electrode is insensitive to light. A useful relation

between the threshold wavelength (1) and the band gap energy Eg [10] is:



=1240/E, (1) Ay
Where (Ag) has units of nanometers, and E4 units of electron-volts (eV).
1.2.3 Stability Enhancement of SC in PEC Systems
SC stability can be enhanced by different methods:
a) Protective Layers

The unstable SC is prevented from direct contact with the electrolyte
and the photo-generated carrier can tunnel through the thin protective

layers. Different techniques of protective layer are reported such as.

(i) Thin layer of metallic coating on the surface stabilizes the electrode.
Consequently the deVice will be transformed into a buried SC-metal
Schottky barrier [11]. The strategy is to shield SC coming into direct
contact with the electrolyte. However, it is obvious that the hole transfer
or tunneling through the metallic layer is not effective as for the case of

direct contact, especialy if Schottky barrier exists.

(i1) Coating semiconductors with a wide band gap material (like TiO,, ITO
or SnO,) which is relatively more stable [12-13]. This strategy is aso

not effective for the same reasonsin (i).

(iii) Electrode stabilization was achieved using electro-active species
attached to the electrode surface. The photo-generated holes first
oxidize the molecules attached to the surface which in turn oxidizes the

reduced species of the electrolyte [14].
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(iv) Encouraging results of stabilization have been obtained by growing

thin polymer films on the SC electrode [15-16].

b) Chemical and Photochemical Etching

Chemical and photochemical etching of many SC electrodes has
been found to reactivate them. It is found that different enchants change
differently the stability and efficiency of some SC electrodes [17-18]. Short
time etching yields better results [19]. Removal of surface impurities and
change in surface morphology are apparently responsible for stability and

efficiency enhancements.

¢) Redox Couple and Solvent Variation

The variation in the nature of redox couple and solvent can
profitably be used in stabilizing SC electrode. Examples of stabilization are
described below:

(i) A fast redox couple is added to the electrolyte which can provide an
dternative path to minority carrier capture. Rapid carrier transfer

effectively competes with corrosion [20].

(i) Non-agueous electrolytes containing the appropriate redox couple
sometimes creates less damage to SC electrodes than aqueous
electrolytes. The anodic decomposition potentials have been observed to

amore positive value in non-aqueous solutions [21].
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(iii) Addition of NaCl and LiCl salts in the aqueous electrolyte seems to
stabilize CdS and CdSe electrodes [21]. This increases the overal

kinetics of hole collection from the CdS and CdSe €l ectrodes.

(iv) Some simple techniques like stirring or relative ratio of redox species

can be used to suppress corrosion.

(v) Various reducing agent species in the electrolyte would give different

stabilities [22].

d) Annealing of Semiconductors

Annealing of semiconductors was found to increase the efficiency of
the PEC cells. This is due to the fact that there is an increase in the grain
size and removal of frozen-in defects in the SC. Consequently, there is an
increase in minority carrier diffusion to electrolyte solution in PEC solar

cell. Surface enhancement in SC can be obtained by annealing of SC [23].

1.3 Semiconductor Materialsfor PEC Cedlls

One of the most challenging aspects of the solar cell research is that
of finding a stable absorber material with needed properties at acceptable

cost. The following basic requirements should be fulfilled [24]:

a) The band gap of the material should be such that maximum part of solar
spectrum is used. Most of the visible part of solar energy reaching the

earth's surfaces is centered in the range 1.0-3.0eV (1240- 413nm).
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b) The efficiency of the cell, which depends on absorption coefficient, band
gap, diffusion length, conductivity, recombination, surface states, etc,

should be high.

c) The electrode must be stable against corrosion when placed in the
specific redox electrolyte. Low band gap semiconductors are generaly

easily corroded.

1.4 SC Thin Film Deposition Techniques

There are many dozens of deposition technologies for material
formation [25-29]. Since the concern here is with SC thin-film deposition
methods for forming layers in the thickness range of a few nanometers to
about ten micrometers, the task of classifying the technologies is made

simpler by limiting the number of technologies to be considered.

Basically, SC thin film deposition technologies are either purely
physical (such as evaporative methods) or purely chemical (such as gas and
liquid-phase chemical processes). A considerable number of processes
that are based on glow discharges and reactive sputtering combine both
physical and chemical processes, such overlapping processes can be
categorized as physical-chemical methods [29]. In our study, we will focus

on one type of preparation as shown below.

1.5 Chemical Bath Deposition (CBD)

CBD is a process in which afilm of the SC is plated spontaneously

onto a substrate dipped in a bath of appropriate composition.
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In order to prepare CdS/ZnS films by CBD method, a chemical bath
containing a cadmium sat and zinc sat (e.g., CdCl,, ZnCl,, CdSO4 or
Cd(CH3;COO0) as Cd/Zn sources, thiourea (CS(NH,),) as a sulfur source
and ammonia water (NH4OH) as a buffer, in suitable proportions is used.
The bath temperature is controlled and the substrate (glass, Ti, ITO, FTO,

etc) isimmersed in it with continuous stirring [30-34].
1.6 What isThisWork All About?

As mentioned earlier, different thin film deposition methods and
different SC enhancement techniques have been reported in literature. In
this work, we study the effect of change the CdS/ZnS molar ratio, effect of
metalloporphyrin modification and effect of annealing and cooling rate of
polycrystalline SC thin films, deposited by using CBD method, on their
PEC characteristics for the first time. Polycrystaline CdS/ZnS thin films
will be prepared by CBD method under different experimental conditions
to find the best electrode. The prepared samples will be treated by heating

to different temperatures and by cooling at different rates, will be studied.
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Chapter 2

| ntroduction
Thin-film photovoltaic technologies are being developed to reduce
the cost of photovoltaic (PV) systems. The rationale for this is that thin-
film modules are expected to be cheaper to manufacture to reduce material
costs, energy costs, handling costs and capital costs. The idea of thin films
dates back to the inception of photovoltaics. It isan ideaaimed at achieving

truly low-cost photovoltaics appropriate for mass production [35].
a) Amor phous Silicon (a-Si)

Amorphous silicon is the non-crystalline form of silicon. It can be
deposited in thin films at low temperatures, aslow as 75 C. Technology has
made good progress. Now it appears that commercial, multijunction aSi

modules could be in the 7%-9% efficiency range [36-39].
b) Cadmium Telluride (CdTe)

The advantage of CdTe is easiest of films to fabricate, this kind of
cell used of athin n-CdsS layer to form the junction with p-CdTe. This CdS
layer must be thin enough to allow high energy light to reach the junction.
The ability to achieve high current and high voltage with thin CdS is the
main research problem in CdTe technology [35, 40, and 41].

2.1 Earlier Studies

The chemical bath deposition is a ssmple and suitable method for

obtaining smooth, uniform, high reflecting and strong adherent CdS/ZnS
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thin films [42]. The resistivities of the CdS/ZnS films increases as [Zn]
value increase, and higher band-gap CdS/ZnS films can be obtained by
increasing the relative Zn/Cd ratio in the CBD [43].

Annealing of semiconductor surfaces plays an important role in
crystallization process of the SC crystals. It enhances the crystals
homogeneity, quality, performance and reliability. Annealing also reduces
defects, and lowers surface roughness [44-53]. Cooling rate of heated SC
electrodes aso has an obvious effect on the quality of the crystals through
improving their parameters [54-58]. Etching removes recombination
centers at the surface and at grain boundaries, reduces surface impurity and

changes surface morphology [22].

2.2 Objectives

The main goa of this work is to enhance the characteristics of
polycrystalline cadmium zinc sulfide (Cd,.«Zn,S) thin film electrodes, at
the solid/liquid interface in photoelectronchemical (PEC) systems. Cd,.
«ZNn,S thin films will be grown using chemical bath deposition (CBD) on
fluorine-doped tin oxide (FTO) coated glass substrates. Different
techniques will be used to enhance characteristics of thin films, including:
(1) studying the effect of annealing and cooling rates of CdS/ZnS, (2)
studying the effect of CdS/ZnS molar ratio in order to have the highest
efficient photocatalytic system, (3) investigating the effect of

metalloporphyrin modification on the CdS/ZnS thin film electrodes.
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Enhancements of prepared polycrystaline CdS/ZnS thin film
characteristics have been investigated by measuring performance
parameters including, open-circuit voltage (Vo), short-circuit current (lg),

dark current density-potential (J-V) plots, photo J-V plots.

Zinc and cadmium sulfides are compound semiconductors with a
wide range of potential applications. These materiads have many
similarities; both exist in cubic or hexagonal forms and are wide and direct
band gap semiconductors. The CBD process uses a controlled chemical

reaction to effect the deposition of athin film by precipitation.

Thin films are deposited using various techniques such as:
electrodeposition, ultrasonical colloid chemistry deposition (UCCD),
vacuum eV aporation, sputtering, spraying, molecular-beem epitaxy, laser-
induced, electroless plating and CBD. The CBD technique is not the most
efficient polycrystalline thin film deposition technique; but it appears to be
relatively ssimple, inexpensive and convenient for large area deposition of
polycrystallione thin films. CBD technique has been intentionaly
employed in this work, so as to see if our modification techniques are
competent or not. If found satisfactory, the modification techniques may

then be recommended for SC electrodes deposited by other techniques.

The deposition of CdS by CBD is straitghforward and involves an
alkaline solution of a cadmium salt, a complexant and a chalcogen source,
often thiourea or thioacetamide. In contrast ZnS is more difficult to deposit.

Cdy.xZn,S aloy compounds have attracted technological interest because
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the energy gap can be tuned and lattice parameters can be varied. In recent

years the replacement of CdS with itsternary alloy

Cd;.«Zn,S has been attempted to improve the (Cd, Zn) S/Cu (In, Ga)
Se, solar cell performance, this has resulted in a higher efficiency of
16.9%. Moreover, the replacements of CdS with the higher energy gap
ternary Cd,.Zn,S has also led to a decrease in window absorption loss, and

has resulted in an increase in the short circuit current in solar cell.
2.3 Hypothesis

The combined CdS/ZnS thin films will function as converters of
light to electricity. A synergistic effect may enhance the efficiencies of
both species. It is assumed that molar ratios of the system may affect

efficiency.

Heating pre-prepared thin films of CdS/ZnS would give crystallites
with larger sizes and better sintering, which would give higher carrier
mobility across the thin film matrix. Thus the film resistance would be
lowered by heating. So it is anticipated to have better photovoltaic
characteristics for annealed films. The quenched thin films are assumed to
have more cracks (imperfections). Slow cooling is expected to give better
chances for heated films (likely to have many imperfections) to go back to

more ideal ordering.

In earlier works, the effect of annealing and cooling rates of single

crystaline n-Si and n-GaAs wafers has been investigated. It has been found
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that, n-Si and n-GaAs electrode efficiency can be easily enhanced by
controlling preheating temperatures and rates of cooling. Annealing of
single n-Si and n-GaAs surfaces improves the surface quality by
minimizing defects and improving crystal characteristics. Also, slow
cooling of these SC improves crystal properties. If the heated crystal is
slowly cooled, the crystal will be able to gan its origina order. If
guenched, the crystal will retain its imperfection. Imperfection will be
exhibited in many ways, such as the ill-defined band-edge structure, and
the distorted crystal surface. To our knowledge, such technique has not
been investigated as a tool to enhance the characteristics of Cd;Zn,S thin
films. Therefore; we intend to formulate a convenient method to enhance
the surface structure of Cd,..Zn,S thin films for the purpose of enhancing

their PEC properties.

In this work, we expect to enhance the characteristics of Cd;ZnS
thin films prepared by CBD method in PEC systems by controlling film
thickness, change the CdS/ZnS molar ratio, effect of metalloporphyrin

modification, preheating temperatures and rates of cooling.
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Chapter 3

Experimental Work

3.1 Materials

3.1.1 Chemicals and Solvents

ZnCl,, CdCl,, thiourea (CS (NHy),), NH3, hydrazine hydrate, HCI,
ethanol, LiClO,4, K3Fe(CN) ¢ and K4Fe(CN)g were purchased from Aldrich.
Tetra(-4-pyridal) porphyrinatomanganese complex (MnP), polysiloxane
was obtained from earlier preparations in this Department. The electronic
absorption spectra showed the presence of both Mn**P and Mn*'P at the
same time Figure (3.1). polysiloxane from RTV, and highly conductive
FTO glass samples were donated by Professor. Guy Campet of ICMCB,

University of Bordeaux, France.
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Figure (3.1): Absorption spectrum of metallopor phyrin

3.1.2 Preparation of CdS/ZnS Films

CdS/ZnS films have been grown by CBD on FTO/glass substrates,
as shown in the literature [59-62]. Into the beaker was added 50ml of
stirred deionized water at 70°C, ammonia (1.4M), hydrazine (2.25M),
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thiourea (0.14M), CdCl, and ZnCl, with concentrations between 0 and
0.1M where ([CdCl,]+[ZnCl;]=0.1M) as desired. The deposition took place
on cleaned FTO/ glass substrate. The FTO/ glass substrates were cleaned
with ethanol and etched in a 10% HCI solution just before depositions. The
FTO/ glass dids were placed in the 50 ml closed beaker. Thiswas placed in
a water bath at a constant temperature of 70°C. CdCl, and ZnCl, were
added first to the NHs/NH,-NH, solution under stirring followed by the
addition of thiorea[67].

The deposition process is based on controlled precipitation of zinc or
cadimum sulfide in the reaction bath. The solubility products of metal
sulphides are very small and therefore pericipetation control has to be made
by controlling the concentrations of free Zn*" and Cd** in the bath. This can
be achieved by using suitable complexing agents which release small
concentrations of ions according to the complex ion dissociation and
equilibrium constant. In this work the complexing agent used was
ammonia.the dissociation equilibriums of the mentioned complex ions and

thier corresponding equilibrium constant are:
Cd(NHs),*" = Cd*" + 4NH, (1)
Zn(NH3)s*" = Zn®" + 4NH, (2)

The solubility products and the complex ion dissociation constants
indecate that the CdS precipitation is easier and faster than that of ZnS.

Hydrazine has been added to the reaction bath, as was done to promote the
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ZnS incorporation within the film. Thiourea has been used as the $*

source. Thiourea hydrolysesin alkaline media through:
SC(NH;), + OH™ = SH ™+ CH;N, + H,0O (3

In this medium the HS isin equilibrium with water according to:
HS +OH ™ 9# S*+H,0 (4)

This reaction sequence indicates that it is posible to obtain only an
extremly small S* concentration by having large excess of OH ~ in the bath
[63]. Using the previously mentioned conditions, we obtaind deposits
which are homogeneous and colours varying from orange-yellowish to
white-yellowish depending on the bath composition. The deposition time
was 45 min. After each deposition, the coated substrate was cleand with
distilled water and dried in nitrogen atmosphere and stored in a clean place

[43, 49].
3.1.3 Etching Process

The prepared CdS/ZnS electrodes were etched by treatment with
dilute HCI (10% v/v) solution. The electrode was immersed in the dilute
HCI solution for about 5 seconds and then rinsed with distilled water [63].
The above procedure was repeated two or three times to obtain a shiny film
surface. The electrode was then rinsed with distilled water and methanol,

and dried with nitrogen.
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3.1.4 Annealing Process

Annealing was conducted using a thermostated horizontal tube
furnace. The prepared CdS film substrates to be annealed were inserted in a
long Pyrex cylinder. The heat was raised to the desired temperature (300°C
or 400°C), under air and was left for 30 min before cooling. The system

was left to cool, in the desired method quenching or slow cooling.
3.1.5 Cooling Process
Quenching Process

The annealing system was left to cool under continuous flow of air
from the desired temperature to room temperature within 3 min, from the
desired temperature. This was achived by removing the cylinder from the
furnace immediatly after switching off the heater, and allowing the system

to rapidly cool in air.
Slow Cooling Process

After the substrates were annealed to the desired temperature, the
temperature was in steps of 50°C, and annealing system was left for 20
min interval at each cooling step. When the cooling time interval between
variou temperature cooling steps above 30 min, the furnace was shut
down, and left to cool to room temperature. The time intervals of slow
cooling process were varid from between 3-5 hour, depending on the

annealing temperature.
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3.1.6 Electrode M odification with M nP/polysiloxane

The MnP/polysiloxane stock solution was prepared by adding the
MnP solution to the polysiloxane solution in a 1:4 (v/v) ratio, respectively.
Then 0.1 ml of the MnP/polysiloxane stock solution, containing 4.0x10°g
polysiloxane and 2.0x10™g MnP, the electrode dropped in the solution for

3 min, and then leave the modified electrode to dry under nitrogen gas.

The modified electrode was further annealed, after fabrication, at
125°C for 30 min under nitrogen. The system was then left to cool at room

temperature under N, [15].
3.2 Equipment
3.2.1 PEC Ceéll Description

The prepared CdS/ZnS film electrode was incorporated as a working
electrode into a three-electrode one-compartment photoel ectrochemical
cell, with a platinum counter electrode and a reference saturated calomel

electrode.

The redox couple used in this study was: LiClIO, (0.01 M), K4Fe
(CN)s (0.05 M), K3Fe(CN)e (0.05 M) as a redox couple in distilled water.
The solution was stirred at the beginning, and was stopped as the PEC
experiment started. High purity (99.999 %) nitrogen gas was bubbled
through the solution for at least 5 min before each experiment, and was
kept to flow above the solution during the experiment to minimize

contamination with air. The measurements of current- voltage data were
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performed 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 current | by the area of

the illuminated e ectrode.
3.2.2 Light Source

[llumination was carried out using a 50 Watt Xenon lamp equipped
with housing and a concentration lens. The lamp has a high stability and an
intense coverage of wide spectral range, from about 450 to 800 nm [64].
The Xenon lamp was placed at a defined distance from the working
electrode. The intensity of light used in the experiment is equal 0.972
W/,

3.3 Measurements

3.3.1 Current Density-Potential Plots

Current density voltage (JV) plots were measured using a PC
controlled potentiostat at room temperature under nitrogen atmosphere.
The dark experiments were performed, by covering the system with a
black thick cloth. On the other hand, 50 W Xenon lamp was used in the

photocurrent measurements.
3.3.2 Spectra
Absorption spectrophotometry:

A shimadzu UV_1601 spectrophotometer , equipped with thermal
printer model DPV-411-040 , Type 20BE, was used for electronic
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absorption spectra ; measurements .The spectrophotometer was used to
measure remaining contaminant concentrations during photo — degradation
experiments, it was also used to measure solid spectra for different catalyst

systems.
3.3.3 Photoluminescence
Fluorescence Spectrometry:

A Perkin-Elmer LS 50 Luminescence spectrophotometer was used to
measure emission fluorescence spectra for different catalyst systems as
solid films. Emission spectra were also measured for a number of reagents.
Emission spectra were used to measure semiconductor catalyst band gap.
The ware length of the photoluminescence peak was taken to be the wave

length of the band gap for the quantum wells.
3.3.4 Scanning Electron Microscopy (SEM)

SEM is useful to directly study the surface of solid objects. By
scanning with an electron beam that is generated and focused by the
operation of the microscope. SEM uses electrons instead of light to form
an image. A beam of electronsis produces at the top of the microscope by
heating of a metallic filament. The electron beam follows a vertical path
through the column of the microscope. It makes its way through
electromagnetic lenses which focus and direct the beam down towards the
sample. Once it hits the sample, other electrons are gected from the

sample. Detectors collect the secondary or backscattered electrons, and
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convert them into a signal that is sent to a viewing screen to produce an

image.
3.3.5 X-ray Diffraction (XRD)

XRD patterns were measured for CdS/ZnS thin film. The
measurements were carried out in the ICMCB laboratories, Bordeax
University, using a Philips XRD X’PERT PRO diffractometer with Cu Ka
(A =1.5418 ) asasource.
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Chapter 4

Results and Discussion

4.1 General Remarks

In this work, Cd,..Zn,S semiconductor thin films have been prepared
using chemical bath deposition technique (CBD). Deposited Cd; ,Zn,S thin
films were exposed to different experimental conditions and different
treatment techniques. The effects of different experimantal conditions on
the photoelectrochemica (PEC) cell performance such as. repeated
depositions, changing the CdS/ZnS molar ratio, metaloporphyrin
modification of the CdS/ZnS thin film were investigated. The prepared thin
films have been treated by heating and cooling. The films were heated to a
desired temperature (300°C and 400°C) under air. Cooling of pre-heated
films to room temperature has been done using two different methods, slow

cooling and quenching.

Anideal dark JV plot illustrated in Figure (4.1a), can be defined as:
a smooth plot in which the current density remains zero for a given
potential, and suddenly it drops negative at onset potential (Vonset). Anideal
photo J-V plot displayed in Figure (4.1b), can be defined as: a smooth plot
in which the fill factor approaches 100%.
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Figure(4.1): ldeal dark J-V plot b) Ideal photo J-V plot for semiconductor
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Cooling rate of a pre- heated metal crystal may affects the crysta
properties. As for example, it is reported that quenching of pre-heated
aluminum rods prevents their contraction to original volume [65]. The
metastable spheres, in the heated crystal, may not return to origina stable
positions with quenching due to kinetic restriction. Alternatively, slow
cooling could kinetically allow the return of metastable spheres to original
positions. Therefore, it can assumed that slow cooling improves

crystalinity, by allowing removal of imperfections.

Annealing of single SC wafers was reported to enhance their
characteristics, such as crystal structure, surface and doping distribution.
Slow cooling has also been reported to enhance SC characteristics [23, 66-
71]. Slowly cooled crystals may retain their original order. On the other
hand, quenched crystals would retain imperfection. Such imperfections
may be exhibited in many ways, such as ill-defined band-edge structures,
distorted crysta surfaces and increased surface states. This will

consequently affect the dark current and photo current plots [22].

Moreover, chemical and photochemical etching of many semi
conductor (SC) electrodes reactivates them. It is found that different
etchings change differently the stability and efficiency of some SC
electrodes [17-19]. Removal of surface impurity and change in surface

morphology are apparently responsible for stabilization.

Since cooling rate technique has not been widely used as a tool to

enhance the PEC characteristics of CdS/ZnS thin film [72]. We hereby
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utilized such ideas to improve the PEC characteristics of CdS/ZnS thin film
SC electrodes.

4.2 Effect of Experimental Preparation Conditions on CdS/ZnS Cdll

Efficiency

In this work, we investigated the influence of different experimental
conditions on PEC cell performance as, change the CdS/ZnS molar ratio,
metalloporphyrin modification, repeated depositions, annealing and cooling
rates. In other words, CdS/ZnS cell efficiency is observed to be affected by
different parameters such as, multiple depositions, bath concentration and
rate of cooling. We found that CdS/ZnS films prepared from a bath of
molar ratios Cd/Zn 0.10:0.00, Cd/Zn 0.09:0.01, Cd/Zn 0.08:0.02, Cd/Zn
0.07:0.03 have better photo JV plots than films prepared from a bath of
Cd/Zn 0.06:0.04, Cd/Zn 0.05:0.05, Cd/Zn 0.04:0.06, Cd/Zzn 0.03:0.07,
Cd/Zzn 0.02:0.08, Cd/Zn 0.01:0.09, Cd/Zn 0.00:0.10. This is presumably
due to the increasing Zn concentration in the solution. Which is observed to

attenuated the electrical parameters [43].

With multiple depositions, the best film performance has been

obtained with three-deposition films.

The effect of number of depositions on Cd,..Zn,S cell efficiency has
been studied. The one, two and four deposition steps gave no PEC result.
Figure (4.2), shows absorption spectrum of CdS/ZnS prepared by CBD,

four deposition steps were done at Cd/Zn 0.06:0.04 with slowly cooling
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from 300 C. The figure reflects, the absorption spectra for the samples
being prepared at different Cd/Zn ratios. As it is evident from the figure,
the four deposition steps prepared at Cd/Zn ratio of 0.06:0.04, revealed a
very week spectrum with rather broaden line in the wave length region of

200-800 nm. Thisisan indication failure in film construction.

Figure (4.2) displays the effect of Zn concentration of the absorption
spectra.  Increasing Zn ratio does not show a systemic behavior in the
absorbance values. However, at the absorption edge there is an apparent

shift in the spectra.

To give better understanding to the observed absorbance, we have

analyzed the spectra in accordance to the energy bang theory in solid.

The experimentaly determined absorbance is related to the
absorption coefficient through the relation (A = [1d with d being the film

thickness). The direct energy gap is determined from the relation,

(¢E)* = E—E,. (4.1)
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Figure (4.2): Absorption spectrum of CdS/ZnS prepared by CBD with slow cooling
from 300 C.

Figure 4.3 displays the absorption coefficient as function of incident
photon energy in the energy region of 2.2-2.7 eV where the absorbance
appeared to be very strong. The intercept of the figure, reveal the direct
allowed transition energy band gap of the material (E,). Asitis clear from
the E-axis, the energy band gap for the pure CdSis 2.21 eV and for Cd:Zn
ratio of 0.09:0.01 is 2.25 eV. Figure 4.4 displays the other ratios of Cd:Zn.
The energy band gap is 2.35 for 0.08:0.02 ratio and 2.19 eV for 0.07:0.03
ratio. From the calculated data of energy band gap, there is a systematic
increase from 2.21 to 2.25 and 2.35 eV as the Zn concentration increased
from O to 0.01 and 0.02 , respectively. Further increase in the Zn
concentration reduces the energy gap to 2.19 V. The increase in the

energy gap with increasing Zn concentration may be attributed to many



29

reasons like structural modifications and energy band alignment with

increasing Zn atom Zn percentages.
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Figure (4.3) the (¢E)* —E dependence for slow cooling from 300 °C at Cd: Zn
ratio of 0.10:0.00 and 0.09:0.01.
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4.3 Effect of Annealing on CdS/ZnS Thin Film Electrodes

In general, pre-heated multideposited CdS/ZnS film samples give
results photo J-V plots, where as untreated samples gave no PEC results,
for al different CdS/ZnSratios. As explained earlier, better photo J-V plots

mean higher Jy. value and more negative V .

The photo J-V plot displayed in Figure (4.5), was observed for CdS/ZnS
thin film electrode which we slowly cooled from 300°C and was found to
be better than that from 400°C, with molar ratio Cd/Zn 0.10:0.00.
Moreover, we note enhancement in absorbance spectrum of thin films, for

the same rate of cool, the energy gap for the film was 2.35 eV.

The CdS/ZnS thin film electrodes prepared by three-time deposition were
pre-heated, to different temperatures, and then cooled (slowly or quenched)
to room temperature. Heating and cooling procedures were conducted
under air. The dark JV plots of the electrodes were affected by both

annealing temperature and cooling rate.

For the molar ratio Cd/Zn 0.10:0.00, the slow cooling from 300°C reveals
higher dark current density than that of slow cooling from 400°C, as
indicated in Figure (4.6). Thisis consistent with photo-current vs. potential

plot resultsin Figure (4.5).
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Figure (4.5): Photo current J-V plotsfor slowly cooled CdS/ZnS electrodes at [Zn]
=0.00 [Cd] =0.10 from a) 300 C b) 400 C. All measurements were conducted in
aqueous LiClIO4/K sFe(CN)e/K sFe(CN)g at 25 C.
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Figure (4.6): Dark current J-V plots for slowly cooled CdS/ZnS electrodes at
Cd/Zn 0.10:0.00 from a) 400 C b) 300 C. All measurements were conducted in
aqueous LiClIO4/K sFe(CN)e/K sFe(CN)g at 25 C.
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For molar ratio Cd/Zn 0.09:0.01, slow cooled thin film electrodes
from 300 C to room temperature, the energy band gap was 2.25 €V as
observed from absorption spectra show in Figure (4.3). Photo J-V plot for
electrodes slowly cooled from 300°C are better than JV plots for slowly
cooled electrodes from 400°C to room temperature, as shown in Figure
(4.7). This result is consistent with balance with dark J-V plot results of
slowly cooled CdS/ZnS thin film electrodes from 300°C and 400°C, Figure

(4.8). The Figure shows that slow cooling from 300°C gives dlightly higher

dark current density than slow cooling from 400°C.
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Figure (4.7): Photo current J-V plots for slowly cooled CdS/ZnS electrodes at
Cd/Zn 0.09:0.01 from a) 300 C b) 400 C. All measurements were conducted in

aqueous LiClO4/K 4Fe(CN)g/K sFe(CN)g at 25 C.




33

ATaIN
SRELEY

Dark current density

Potential [V vs SCE

Figure (4.8). Dark current J-V plots for slowly cooled CdS/ZnS electrodes at
Cd/Zn 0.09:0.01 from a) 300 C b) 400 C. All measurements were conducted in
aqueous LiClO4/K 4Fe(CN)g/K sFe(CN)g at 25 C.

For molar ratio Cd/Zn 0.08:0.02, three deposition steps, the photo
current J-V plots for slowly cooled electrodes from 300 C is better than J-V
plots for slowly cooled electrode from 400°C as shown in Figure (4.9). The
energy gap of the film calculated from absorption spectra, Figure (4.4) was
2.35eV. Figure (4.11), shows the dark J-V plots of slowly cooled CdS/ZnS
thin film electrodes from 300°C and 400°C, The figure shows that, thin
film slow cooling from 300°C gives higher dark current density than from

400°C.
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Figure (4.9): Photo current J-V plots for slowly cooled CdS/ZnS electrodes at
Cd/Zn 0.08:0.02 from a) 300 C b) 400 C. All measurements were conducted in
aqueous LiClIO4/K 4Fe(CN)e/K sFe(CN)g at 25 C.

L
L
pid
l\\
-
|
-
L
]
—_
o
™
—

f 0 C007 -
] 000075 4

Iy
) Q002 A

P o T
“LLUL L

Dark current density {
a_cm-2
L

Fotential | V vs

Figure (4.10): Dark current J-V plots for slowly cooled CdS/ZnS electrodes at
Cd/Zn 0.08:0.02 from a) 400 C b) 300 C. All measurements were conducted in
aqueous LiClIO4/K sFe(CN)e/K sFe(CN)g at 25 C.
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For molar ratio CdS/ZnS 0.07:0.03 electrode three deposition step,
the energy gap of the thin film electrode prepared by CBD, slow cooling
from 300 C was 2.19 eV. Thisresult was obtained from Figure (4.4), which

shows the optical absorption spectra of CdS/ZnS thin film electrode.

The photo current J-V plots for slowly cooled e ectrodes, from 300 C
is better than JV plots for slow cooled from 400°C, Figure (4.11). This
result is consistent with dark JV plots shown in Figure (4.12). The Figure
shows that, slow cooling from 300°C gives higher dark current density than

slow cooling from 400°C.
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Figure (4.11): Photo current J-V plots for slowly cooled CdS/ZnS electrodes at
Cd/Zn 0.07:0.03 from a) 300 C b) 400 C. All measurements were conducted in
aqueous LiClIO4/K sFe(CN)e/K sFe(CN)g at 25 C.
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Figure (4.12): Dark current J-V plots for slowly cooled CdS/ZnS electrodes at
Cd/Zn 0.07:0.03 from a) 300 C b) 400 C. All measurements were conducted in
aqueous LiClIO4/K sFe(CN)e/K sFe(CN)g at 25 C.

CdS/ZnS thin films grown by CBD technique are generaly
polycrystalline, composed of metastable cubic and stable hexagonal phases.
Thermal annealing may lead to phase transition and thereby may change
the band gap [44-53]. Similar results are observed in Figure (4.17).

Different annealing temperatures may affect the PEC cell
performance. It is found that the best PEC cell performance is obtained
when the CdS/ZnS film electrode is annealed at 300 C under air
atmosphere for slow cooling when the concentration of zinc and cadmium

Cd/Zn 0.07:0.03.

In this work, we intended to enhance efficiency of CdS/ZnS thin

films in light-to-electricity conversion using economic and feasible
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techniques. Annealing is one technique to improve crystal structure, and

consequently cell efficiency. SEM, XRD, and PL results support thislogic.

In this study, we studied J-V characteristics in the dark, for annealed
CdS/ZnS film. No values of JV plots have been observed for the naked
CdS/ZnS film electrode. Thisis due to the film growth in the system atom-
by-atom growth of well crystallized CdS film initially takes place due to
the higher chemical stability of CdS than ZnS. As the concentration of Cd**
becomes lower, the precipitation of ZnS begins in the solution. The cluster-
by-cluster growth of the ZnS outer layer thus follows. The ZnS clusters can
infiltrate the gaps in the CdS inner layer [2]. The effect of 400 C annealing
Is not significantly pronounced for different ratios of Cd and Zn, Figures
(4.4-4.14). On the other hand, for samples annealed at 300 C the effect is
more pronounced, the dark J-V plots were improved by annealing at 300 C.
Quenched samples at 300 C gave better dark J-V plots than slowly cooled

samples with different ratios of Cd and Zn.

The observed annedling effect on the dark JV plots of CdS/ZnS
films can be explained as follows: enhancement in dark JV plots is
presumably due to increased grain size and enhanced film structure by
annealing. Consequently the carrier mobility is enhanced across the
crystallite. Annealing may also induce higher thin uniformity by allowing
CdS and ZnS to randomly diffuse into quasi-bilayer film. Moreover,
annealing presumably increases sintering between crystallites [22]. Thus

the grain boundary resistive effect will be lowered. Therefore, intra-and
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inter-particle carrier mobility will be enhanced. Furthermore heat treatment
increases the adherence of the films to their substrates. Thus annealed films
will have lower overall resistance compared to that of untreated films [44-
53]. Moreover, annealing leads to phase transition from the metastable
cubic phase of CdS/ZnS to the more stable hexagonal phase with much
improved crystalline quality. Annealing always favors films with more
stable phases. We also assume that the untreated crystallites contain
relatively high disorders in the forms of either dislocations or point defects
during random growth. Annealing would thus eliminate such disorders
yielding more order crystallites. Furthermore, annealing may help remove
foreign impurities from the thin films. Combined together, these effects are
expected to be responsible for the enhancement of the characteristics of
CdS/ZnS thin film electrodes. Heated CdS/ZnS films exhibit lower surface
roughness, higher cross linking and larger grain size than untreated
counterparts. Convincing evidence to this discussion comes from measured

absorption spectrain Figures (4.2, 4.3 and 4.4).
4.4 Effect of Cooling Rate

The photoluminescence (PL) spectra of pure CdS films, slowly
cooled from 300 C showed emission band peaking at 570 nm. The film
guenched from 300 C, showed emission band peaking at 570 nm with
lower intensity. Non-annealed film showed no PL spectra, the energy gap
calculated was 2.21 eV.
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Figure (4.13): PL spectra of CdS thin films excited by Aec=220 nm at 27 C, three
deposition prepared by CBD a) red lion slow cooling from 300 C b) green lion
guenching from 300 C c) bluelion non-heating.

The photoluminescence (PL) spectra displayed in Fig. (4.13) reveds
four distinct peaks being located at 542 nm, 549 nm, 579 nm and 594 nm.
The maximum observed peak was at 579 nm, and it is assumed to represent
the energy band gap of the material. In fact, determining the band gap
requires the absorption spectra analysis through obtaining the absorption

coefficient a = A/d, where d is the film thickness.

The absorption coefficient is related to the energy gap through the
relation (o E)Y" = E - Ey . For (o > 1000 cm Y here n =2 for indirect
allowed transitions band gap and n = 1/2 for direct allowed transition band

gap. Ey isthe intercept of the linear plot at the E- axis.

The study of CdS/ZnS electrode surface quality was studied in
parallel to electrode PEC characteristics study. Scanning Electron
Microscopy (SEM) was used to study the electrode surface quality. While
investigating effects of different preparations and treatments on PEC
characteristics, effects of such treatment on electrode surface quality (SEM

micrographs) were also studied.
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Pre-heated CdS/ZnS thin films, show higher quality surfaces than
untreated counterparts. This was evident in both quenching and slow

cooling processes.

The SEM surface quality results for the untreated CdS/ZnS thin film
electrode, Figure (4.14) are rough, with small grain sizes and many islands
and aggregates. SEM indicates that CdS/ZnS film surfaces, slowly cooled
from 300 C, have smoother surfaces and larger grain size than untreated
ones, (Fig.4.15). The grain size was enhanced by treatment. Moreover,
guenching of pre-heated samples reduces the surface roughness and
increases the grain size, compared to untreated and slowly cooled ones,

(Fig.4.16).

SEM results for samples, slowly cooled and quenched, from 300 C
are shown in Figures (4.15, 4.16). The quenched sample shows better
surface quality than the slowly cooled counterpart, aso this sample show
large aggregate particles and more homogenous surface. Therefore, SEM
results indicate that quenched surface give better CdS/ZnS film surface.
Figure (4.15) shows that the CdS/ZnS surface, slowly cooled from 300 C,
small aggregate particles more than in quenched sample of CdS/ZnS. SEM
results, observed so far, are consistent with J-V plots shown earlier. In each
case, the CdS/ZnS thin film electrodes were enhanced by heating.
Furthermore, the slowly cooled sample for Cd/Zn 0.08:0.02 showed better

JV plots than their quenched counterparts.
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