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Abstract

ZnSe thin film electrodes have been deposited on two types of transparent
conducting substrates, fluorine doped tin oxide (FTO) coated glass and
indium doped tin oxide (ITO) coated plastic sheets, by electrochemical
deposition (ECD). The prepared thin films have then been characterized by
various techniques (X-ray diffraction (XRD), scanning electron microscopy
(SEM) and electronic absorption spectra). Effects of deposition time,
annealing temperature (100 °C and 150 °C under an inert gas), cooling rate
(quickly and slowly cooled) and modification with MWCNTSs film PEC
characteristics, have been investigated. The ZnSe thin films have p-type

conductivity as confirmed by PEC measurements.

XRD measurements show that ZnSe/FTO/glass thin films exist in mixed
hexagonal and cubic phases, while the ZnSe/ITO/plastic has hexagonal
phase only. The electronic absorption spectra for the films deposited on
FTO/glass showed band gap values between (2.4-2.6 €V), while for films
deposited on ITO/plastic, the band gap values are between (2.82-3.05eV).
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The band gap value decreases with higher annealing temperatures. Rapidly

cooled films show higher band gap than slowly cooled ones.

The films deposited on FTO/glass give higher conversion efficiency
(0.84%) than the films deposited on ITO/plastic (0.087%). Annealing the
ZnSe thin films lowered their PEC characteristics. Effect of using
multiwalled carbon nanotube (MWCNT) layers onto ZnSe/FTO/Glass
electrodes has been investigated. The MWCNT layer has been introduced
by two different methods: by insertion between the ZnSe and the FTO
layers (ZnSe/MWCNT/FTO/Glass), or by coating the ZnSe with MWCNT
(MWCNT/ZnSe/FTO/Glass). The ZnSe/MWCNT/FTO/glass shows higher
conversion efficiency (1.68%) compared to (0.84%) for ZnSe/FTO/Glass
electrode. In this case, the MWCNT layer behaves as a charge transfer
agent between the ZnSe layer and FTO substrate. The
MWCNT/ZnSe/FTO/glass electrode exhibits lower conversion efficiency
(0.61%). This is possibly due to the ability of MWCNT coating to block the

incident light from reaching the surface of ZnSe.
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Chapter one
Introduction
1.1 Solar Energy

To overcome climate and environmental change people started using
renewable energy sources. Unlike fossil fuels, Renewable energies do not
emit carbon dioxide or nitrogen dioxide gases. Solar radiation is one major

renewable energy source [1-3].

Sun radiates electromagnetic radiations that are important for life. The solar
radiation that reaches our Earth surface has ~8% ultraviolet, ~42.3% visible

and ~49.4% infrared radiations [4].

Solar energy is renewable and sustainable with no negative effects to
environment it can be used for heating and for electricity by solar cells [5-

7]. Solar cells use semiconductor materials light-to-electricity conversion.
1.2 Semiconductors

Semiconductors are materials with lower conductivity than conductors
(such as Cadmium) and higher conductivity than insulator (such as
glasses). Semiconductors are useful in various technologies such as
temperature sensors, mobile phones, computers, refrigerators and solar

cells [8].

Materials are classified conductors, semiconductors and insulator based on
their band gap values. Conductors have no band gap while Insulators have

large band gaps, which require higher energy to transfer electricity.


http://matse1.mse.uiuc.edu/~tw/sc/glos.html#sc
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Semiconductors have a small band gap values which allows thermal
excitation of electrons between valence and conduction bands at moderate

temperatures, Figure (1.1) [9,10].

Conduction band

AE<3.2eV

Valence band

Metals Semiconductors Insulators

Figure 1.1: Band gap in conductors, semiconductors and insulators [11].
1.3 Semiconductors in Solar Cells

Semiconductors can be elements (as silicon and germanium) [12], 1I-VI
and  1lI-V compounds (as cadmium selenide and gallium phosphate),
respectively [12, 13]. Oxides (zinc oxide) [14], ternary compounds
(CulnS,) [15] and quaternary compounds (Cu,NiSnS,) [16] are also known

semiconductors.
1.4 Types of Semiconductors

Semiconductors (SCs) are classified into two groups, intrinsic SCs and

extrinsic SCs.



1.4.1 Intrinsic SCs

Intrinsic semiconductor are pure (undoped) semiconductors which behaves
as insulator at zero Kelvin. At higher temperatures, some electrons are
thermally excited to conduction band, leaving holes in valence band, Figure
(1.2). In this type the concentration of electron carriers is equivalent to the

concentration of holes carriers [17-18].

Conduction Band Eonducﬁon Band

o 0

Forbidden
Energy Gap

O 000 0 0 00 00 O 000 0 0 00 0 0
Valence Band Valence Band

(a) (b)

Figure 1.2: Energy band gap diagram of intrinsic semiconductor at (a 0 K and b)

higher temperatures [19].

1.4.2 Extrinsic SCs

Extrinsic semiconductors are doped with impurities. Dopants are usually
elements from Ill and V of the periodic table. Extrinsic semiconductors are

two types [17]:
1.4.2.1 n-type

In this type the dopant atoms behave as electron donor, (like phosphorous
and arsenic donors in silicon). P and As atoms have five electrons in the

outer shells with energy level close to the Si conduction band. Electrons
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can easily jump to the conduction band and behave as majority carriers, and

the conduction is called negative type (n-type) [17,20,21], Figure (1.3a).

1.4.2.2 p-type

In this type the dopant atoms are electron acceptors (such as boron and
gallium in silicon). B and Ga have three electrons in their outer shells. The
energy level is close to the valence band. In these materials, valence band
electrons of silicon jump to the dopant atoms leaving holes in the valence

band. This type is called positive type (P-type) [17,21], Figure (1.3b).

. . Exlra
Conduction Conduction hole

- ener
Feml = v e s e e | ng
level EVeS.

Extra 0000000000 o Fermi

alactron level

anergy
levels

Figure 1.3: Extrinsic type semiconductor a) n-type SC and b) p-type SC [21].
1.5 Types of Solar Cells

There are two main techniques used to convert solar energy to useful
electric energy. These main techniques are photovoltaic devices (PV) and

photoelectrochemical solar cells (PEC).



1.5.1 Photovoltaic (PV) System.

PVs involve n-type and p-type semiconductors p-n junction. The p-n
junction can be homojunction (same type of crystal) or a heterojunction
(two different materials). Electron and hole pairs result from absorption of
light in depletion layer, where electrons transfer to n-side and holes to the

p-side, and photocurrent occurs, Figure (1.4) [22-24].

[
ptype OPQ- ® n-type

- —»
‘\!\ @O O® 00O 8® conduction band

valence band

Figure 1.4: Formation of an electron-hole pair by absorbing light with frequency

equal or higher than threshold frequency [24].

1.5.2 Photoelectrochemical (PEC) System

PECs can also transform light energy to electricity. PEC cells are based on
the formation of SC/electrolyte junction. In n-type semiconductor, the
Fermi level (Ef) is above the E.g4x before equilibrium. The electrons
therefore transfer from SC to electrolyte until the Fermi levels become
equal. In p-type semiconductor the Fermi level of SC is below the Fermi
level of electrolyte, and thus the electrons move from the electrolyte to the

SC to reach equilibrium [23,25], Figure (1.5).



0

R Eredor j:__/

n type Semi- Solution n type Semi-
conductor conductor

0
R Endo-

R Evodou

Solution
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conductor conductor Solution

| : (d)

Figure 1.5: The energy schemes for n-type and p-type semiconductors in

electrolyte solution before and after equilibrium [26].

1.6 Dark Current Generation in PEC Solar Cells.

In n-type SC, the dark current occurs when electrons transfer from the
conduction band to electrolyte. At equilibrium there is a potential barrier
that is generated by band bending in both valence and conduction bands.
For transfer to occur the electrons must cross this barrier. Therefore the
electrons need enough energy to overcome these barriers. A negative
potential (AE,) is therefore needed on the n-side. The space charge layer

(SCL) disappears and flat band occurs, Figure (1.6) [20, 22].



Figure 1.6:Dark current occurs in n-type SC [22].

Photo current

Ji (mA/cm?)

Dark current

Figure 1.7: J-V plots for dark and photo current for n-type SC.
1.7 Photo Current Generation in PEC Solar Cells.

When photons with energy larger than Ebg of SC are absorbed, electrons
and holes are created. The majority carriers (electrons in n-type and holes
in p-type) concentrations and the minority carriers (holes in n-type and

electrons in p-type) concentrations, photo current happen when the
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electrode forms depletion layer and photo generated minority carriers

migrate toward the electrode electrolyte interface, Figure (1.8) [27-29].

Figure 1.8: photo current generation at n-type and p- type SCs [30].

1.8 Thin Film Technology.

Thin film semiconductor electrodes are rapidly emerging this is due to their
cost effectiveness and ease of fabrication. Thin films are being widely used

in solar cells, electronics and biosystems [30, 31].

Thin films can be deposited on metals, glass and other substrates. Many
techniques are used for thin film deposition such as chemical bath
deposition (CBD), physical vapor deposition (PVD), and electrochemical
deposition (ECD) [31, 32]. Many inorganic semiconductors are used as a

thin film, such as CdSe, CuSe, CuO, ZnSe, CdTe and others.
1.9 ZnSe Thin Film.

Zinc Selenide (ZnSe) is semiconductor with a wide range of applications such

as IR detectors, photoresistors, photovoltaics and photoelectrochemical
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devices. It can be used as a window layer in heterojunction solar cells
instead of CdS in CdS/CdTe solar cells because it is less toxic than CdS,
also it can be used for photocatalytic applications. Zinc Selenide is n-type
semiconductor with a medium band gap value 2.7 eV. It exists in

hexagonal and cubic crystal structures as illustrated in Figure (1.9) [33-37].

Figure 1.9: Crystal structure of ZnSe with (a) zinc blende and (b) wurtzite crystal

structures [39].

ZnSe films can be deposited by various techniques, including chemical bath
deposition [33, 34], electron beam evaporation [38], inert gas condensation
method [36], electrochemical deposition [40] and physical thermal
evaporation [36]. Among these methods Electrochemical deposition is

simple, low cost and gives good contact layer on substrate [20, 40].
1.10 Objectives

The main objective of this work is to prepare ZnSe thin film onto fluorine
doped oxide (FTO/glass) and indium tin oxide (ITO/plastic) by using

electrochemical deposition technique (ECD). The electrode will be used in
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photoelectrochemical (PEC) process. The prepared thin films will be

modified by annealing, cooling rate and MWCNTSs.

Technical objectives are:

1.

Prepare ZnSe thin film electrode by using ECD onto FTO/glass and
ITO/plastic. ECD method yields good contact between ZnSe and FTO,
ITO surfaces.

Examine film efficiency in light-to-electricity conversion. Different
characteristics (such as short circuit current density Js, open—circuit
photo potential V,., conversion efficacy and fill factor) will be studied.
Examining the stability of the prepared ZnSe thin films to photo-

degradation (photo corrosion) under PEC conditions.

1.11 Hypothesis

This work is based on the following assumptions:

1.
2.

Plastic is cheaper than glass. It is easier to move around and clean.

ECD makes good contact between ZnSe thin film and substrates.
Annealing the prepared ZnSe thin film is expected to give higher
conversion efficiency compared to nonannealed ones.

Modifying the prepared ZnSe thin film with MWCNTSs is expected to

enhance efficiency and stability.

1.12 Novelty of this work.

1-

Electrodeposition of ZnSe thin film on ITO/plastic has not been

reported.
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2- Effect of annealing temperatures and cooling rate on ZnSe thin film
deposited on ITO/plastic will be studied here for the first time.
3- Effect of cooling rate on ZnSe thin film deposited on FTO/glass will be

studied for the first time.

4- Modification of ZnSe thin film with MWCNTs for the PEC working

electrode will be studied for the first time.
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Chapter Two

Experimental
2.1 Materials

ZnS0,.7H,0, SeO, were purchased in pure form from Sigma-Aldrich.
Acids were purchased from (SDFCL) in pure form, organic solvents were
purchased from (Omega Raw- Materials CO.-Nablus), FTO/glass and
ITO/plastic substrates were purchased from Sigma-Aldrich, and
MWCNTs/Benzoic acid was kindly donated by Mrs. Heba Nassar, An-

Najah National University.
2.2 Equipment
2.2.1 Electronic absorption spectrometer.

Solid state electronic absorption spectra of ZnSe thin films were measured
using a Shimadzu UV-1601 spectrometer (at room temperature in the range

200-800 nm).
2.2.2 X-ray diffractometer (XRD).

ZnSe thin film crystallinity was investigated by a PAN alytical X’Pert PRO
X-ray diffractometer (XRD) with CuKa (A=1.5418 A) as a source. XRD
measurements were kindly conducted at the UAE University, Al-Ain,
UAE. The XRD lines were identified by comparison with known JCPDS

data-base cards.
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2.2.3 Photoelectrochemical cell (PEC)

ZnSe thin film was used as working electrode (WE) in a PEC cell.
Platinum sheet was used as counter electrode, and calomel electrode as
internal reference. All electrodes were dipped in the redox couple solution.
KsFe(CN)s/K4Fe(CN)e/LICIO, system was used as a redox couple, with
(0.1 M K3Fe(CN)s, 0.1 M K4Fe(CN)g, 0.1 M LiCIO,). N, gas (99.999%)
was bubbled through the solution for (5-10) minutes to remove oxygen
before each experiment and bubbling was then kept over the solution

throughout experiments to minimize contamination, Figure (1.2).

Illumination was done with a 50-Watt halogen lamp with spectral range

450-800 nm. The illumination power on the electrode was ~0.0086 W.cm™.

Figure 2.1: Schematic diagram for PEC measurement: 1) Internal reference
electrode, 2) ZnSe thin film, 3) Ny, 4) Pt counter electrode, 5) redox couple

solution, 6) light source.
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2.2.4 Scanning electron microscope (SEM)

SEM micrographs were recorded with a Field Emission Scanning Electron
Microscope (FE-SEM, JEOL JSM-6700F) having an energy dispersive X-
ray spectrometer (EDS). All SEM measurements were performed at the

UAE University, Al-Ain, UAE.
2.3 FTO/glass substrate and 1TO/plastic substrate cleaning

All FTO/Glass substrates were pre-cleaned prior to film deposition by
washing with a detergent, and rinsing with distilled water. The substrates
were then soaked in a sonicated acetone bath for 10 min, followed by
isopropanol alcohol for more 10 min. Finally, the substrates were rinsed

with distilled water and dried in air.

ITO/plastic substrates were cleaned by washing with a detergent then
rinsed with distilled water and acetone. Finally, the substrates were rinsed

with distilled water and dried in air.

2.4 Electrochemical deposition of ZnSe films

ZnSe were deposited on a pre-cleand FTO/glass or ITO/plastic substrate,
which was used as working electrode (WE). The counter electrode (CE)
was a Platinum sheet, and a calomel electrode was used as internal

reference (RE).



Figure 2.2: Schematic diagram for ECD ZnSe thin film. 1) ZnSe thin film 2)platinum
counter electrode 3) magnatic stirrer plate 4) SCE 5) Nitrogen 6) potentiostat. [33]

ECD solution was prepared in an acidic solution containing ZnSO, and
Se0,. ZnSO,4 (30 ml, 0.2 M) was mixing with SeO, (30 ml, 0.002 M) and
pH was adjusted to (2.5-3) by sulfuric acid addition [40].

Highly pure nitrogen was bubbled up inside the solution for 5 minutes
before deposition to remove any dissolved oxygen. ZnSe thin film was
grown by an applied potential of a DC stripping potential -0.9 V (vs SCE)
at room temperature.

2.5 ZnSe thin film modification.

Various methods were used to modify the deposited ZnSe thin films such
as: annealing process and cooling rate, in addition to modifying with

MWCNTSs.
2.5.1 Annealing.

Films were annealed using a Lindberg Heavy-Duty thermostated horizontal
tube furnace. Annealing was performed at 100 °C and 150 °C under an

inert gas for 10 min). The deposited ZnSe thin films were placed inside a
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glass cylinder, which was inserted inside the oven under nitrogen

atmosphere. Figure (2.3) describes the annealing system.

Figure 2.3:The annealing setup, 1) ZnSe thin film, 2) nitrogen outlet, 3) nitrogen inlet.

2.5.2 Cooling
2.5.2.1 Fast cooling (quenching)

After film annealing, the heated furnace was shut-off and the pyrex-glass
cylinder (with ZnSe film inside) was taken out from the furnace and left to

cool under an inert gas flow for 5-10 minutes.
2.5.2.2 Slow cooling

The heated furnace was shut-off and the film (inside the cylinder) was left
inside the furnace to cool down to room temperature slowly (cooling rate of

0.8 "C/min) under an inert atmosphere.
2.5.3 Modification of ZnSe with MWCNTSs.

Pre-deposited ZnSe electrode was prepared by spray coating of
MWCNTs/benzoic acid on pre-cleaned FTO/glass substrate, then annealing
at 100 °C under Nitrogen atmosphere for 15 minutes and quickly cooled,

after that ECD deposition of ZnSe.
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Coated of ZnSe with MWCNTs was prepared by spray coating of
MWCNTs/benzoic acid on ZnSe layer.

2.6  Current density vs. potential (J-V) plots

A Corr Test electrochemical workstation Potentiostat/Galvanostat was used
to measure J-V plots. A 50-Watt halogen lamp was used to in photo-
experiments

The redox couple was K;[Fe(CN)g]/Ks[Fe(CN)e]/LICIO,) . The short circuit
current Is. values were divided by the exposed area of the dipped electrode
to obtain the values of the short circuit current density Js..

2.7  ZnSe thin film stability.

A Corr Test electrochemical workstation was used to measure the
electrode stability. A potential of zero Volt (vs. calomel electrode) was
applied, under steady illumination intensity of~0.0086 W/cm®. The values
of short circuit current density J. were measured with time. The short
circuit current lg. values were divided by the exposed area of dipped

electrode to find the values of the short circuit current density Js.
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Chapter three
Result and Discussion

Electrochemical deposition has been used to prepare ZnSe thin films on
two different substrates (FTO/glass and ITO/plastic). Preparations have
been made using various parameters to enhance the prepared films. Such
parameters include deposition time (15, 30, 45 and 60 min), annealing (at
100 °C and 150 °C) under an inert gas for 10 min, cooling rate and

modifying with MWCNTSs.

The prepared thin films were characterized and investigated in terms of
SEM, XRD, electron absorption spectra, EDX, J-V plots, efficiency and

stability under photo-electrochemical conditions.
3.1 Characteristics of electrodeposited ZnSe/FTO/glass film
3.1.1 XRD Crystal Study

The XRD patterns of ZnSe/FTO/glass thin films before and after annealing
are presented in Figure (3.1). The ZnSe films measured are polycrystalline
cubic crystal having orientations of C(311) and C (400), and hexagonal
structure having orientations H(100), H(002), H(101) and H(102). The
films resemble those reported earlier [42-46]. The other peaks represent the
FTO substrate and Selenium metal [42,47,48]. The selenium peaks are
clearly shown in Figure (3.1) particularly in the film annealed at 150 °C

with slow cooling.

The XRD data have been used to measure the particle size of ZnSe using

Scherrer equation, D = kA/fcos® [42]. The average grain sizes are
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summarized in Table (3.1). The hexagonal structure exhibits relatively high

sintering and crystalline growth by annealing. In the cubic phase the

average particle sizes remain unchanged with no clear sintering at the used

temperatures.
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Figure 3.1: XRD patterns measured for ZnSe thin films electrodeposited on

FTO/glass. a) non-annealed, b) annealed at 100 °C, quickly cooled, ¢) annealed at

100 °C and slowly cooled, d) annealed at 150 °C, quickly cooled and f) annealed at
150 °C, slowly cooled.

Table 3.1: The particle sizes of ZnSe/FTO/glass thin films.

Sample Description Average particle | Average particle
size for hexagonal size for cubic
structure (nm) structure (nm)
Non-annealed 35.32 14.80
Annealed at 100 °C, | 38.56 14.76
rapidly cooled
C Annealed at 100 °C, | 57.75 14.47
slowly cooled
d Annealed at 150 °C, | 53.44 14.21
rapidly cooled
f Annealed at 150 °C, | 63.13 15.36
slowly cooled
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3.1.2 Electronic absorption spectra.

3.1.2.1 The effect of deposition time on ZnSe/FTO/glass film electronic

absorption spectra.

The electronic absorption spectra of the prepared ZnSe/FTO/glass thin
films deposited in various deposition times are shown in Figure (3.2). The
Figure shows that the highest electronic absorption spectrum is for the film

prepared in 60 min due to its film thickness.

The results of Figure (3.2) are summarized in Table (3.2). The optical band
gap values were determined by Tauc method [52] and the relationship of
Aog= 1240/E,y [50]. The band gaps of the prepared ZnSe thin films are
ranged between (2.4-2.6) which is less than optical band gap of ZnSe 2.7
eV. This band gap lowering may be attributed to the excessive Se in the
films. Longer deposition time leads to increase in the film thickness and
may lead to increased particle sizes. The band gaps therefore decreases as

illustrated in Table (3.2).
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Figure 3.2: Optical absorption spectra measured for ZnSe/FTO/glass film in

various time, a) 15 min b) 30 min c) 45 min and d) 60 min.
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Table 3.2: Values of optical band gaps for ZnSe thin films deposited on

FTO/glass in different times.

Sample Deposition time (min) Epq (V) g (NM)
a 15 2.60 AT7
b 30 2.50 496
C 45 2.40 517
d 60 2.40 517

3.1.2.2 Effects of annealing temperature and cooling rate on

electronic absorption spectra.

The prepared ZnSe/FTO/glass thin films were annealed at (100 °C and 150
°C) and then cooled either quickly and slowly. Figure (3.3) shows the
electronic absorption spectra of the prepared ZnSe thin films annealed at
(100 °C and 150 °C) and cooled at different rates (slow and fast). The
Figure shows that the annealed films at 100 °C have better absorption
spectra than the non-annealed film. The annealed film at 100 °C with slow
cooling has better spectrum than the rapidly cooled film, which indicates
that annealing at low temperature enhances the optical properties of ZnSe
thin films. The films annealed at higher 150 °C has lowest absorbance, due
to effect of higher temperature on ZnSe thin film. Annealing may damage
the thin film layers. In fact, the film layer partially disappeared during slow
cooling, which indicates the lack of stability of the film. With slow cooling,
the 150 °C annealed film has enough time with higher temperature which

allows film decomposition.
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Table (3.3) summarizes the optical band gap and absorption band values.
The band gap values are lowered in the annealed films due to increased
particle sizes. The film annealed at 150 °C gives lower band gap than the
annealed films at 100 °C, and the film annealed at 150 °C with slow cooling
gives the lowest band gap value. The particle size at higher temperature
increases by sintering and leads to smaller band gaps. The annealed films
cooled slowly are exposed to heat for a longer time, which causes more

sintering.

As described above, slow cooling at 150 °C has two effects on the film,
decomposition and particle size increase. The results indicate the
possibility to affect film properties simply by controlling annealing

temperature and cooling rate, while avoiding higher temperature.
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Figure 3.3: Optical absorption spectra measured for ZnSe thin film electrodes
deposited on FTO/glass and a) non-annealed b) annealed (100 °C) rapidly cooled c)
annealed (100 °C) slowly cooled d) annealed (150 °C) rapidly cooled and f)
annealed (150 °C) slowly cooled.
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Table 3.3: Effect of annealing and cooling rate on optical band gap for

ZnSe/FTO/glass.

Sample Description Ebg (V) | Apg (Nm)
a non-annealed 2.30 539
b annealed at 100 °C, rapidly cooled | 2.28 544
c annealed at 100 °C, slowly cooled 2.10 590
d annealed at 150 °C, rapidly cooled | 1.82 681
annealed at 150 °C, slowly cooled 1.80 689

3.1.3 Photoelectrochemical (PEC) characteristics for ZnSe/FTO/glass

thin film.

The photo-electrochemical characteristics of the prepared films have been
measured. The photo J-V plots for films prepared under different

conditions are measured.

3.1.3.1 Effect of deposition time on the J-V plots of ZnSe/FTO/glass

films.

Photo J-V plots for thin films deposited in different times are shown in
Figure (3.4). The plots show that the ZnSe films have p-type conductivity
as illustrated in the Figure. Some literature showed that ZnSe is n-type
conductor, while others showed p-type conductivity for the films [51, 52].
The p-type behavior is due to the increased ratio of selenium to zinc. The
reddish color of the films is an evidence of an excess of elemental selenium
as indicated in earlier report and as shown in XRD results [52]. Selenium
element takes electrons from the crystal and becomes Se”, so that the

shortage in electrons converts the crystal to a p-type.



Figure 3.4: Photo J-V plots measured for ZnSe/FTO/glass films deposited in a) 15,
b) 30, c¢) 45 and d) 60 min.

Table 3.4: PEC characteristics for ZnSe/FTO/glass film in different times.

Sample | Deposition | *Voc (V) | "Jsc % FF%
time (min) (mA/cm?)

A 15 0.21 -0.25 0.21% | 28.6%

B 30 0.27 -0.51 0.45% | 24.3%

C 45 0.30 -0.81 0.82% | 25.7%

D 60 0.34 -0.28 0.32% |22.3%

®Voc = open-circuit voltage
®Jsc = short-circuit current density

‘n (%) = conversion efficiency = [(maximum observed power density)/ (reach-in

power density)] x100%.

‘EF = Fill factor = [(maximum observed power density)/Js:xVoc] x100%.

The prepared ZnSe film deposited in 45 min has highest Voc (0.30), Jsc (-
0.81) and efficiency (0.82%) among the series. The film prepared in 45
min has narrow band gap value, which means it can absorb light in wider

visible range, which increases conversion characteristics.
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3.1.3.2 Effects of annealing temperatures and cooling rate on J-V for

ZnSe/FTO/glass thin films.

PEC properties for ZnSe thin film annealed at (100 °C and 150 °C) with
different cooling rates (slow and fast) are measured. Photo J-V plots for
thin films annealed at (100 °C and 150 °C) and cooled slowly and quickly
are shown in the Figure (3.5). The results of the Figure are summarized in

Table (3.5).

Jsc (mA/cm?2)

Figure 3.5: Photo J-V plots for ZnSe/FTO/Glass electrodes a) non-annealed, b)
annealed at 100 °C rapidly cooled c) annealed at 100 °C slowly cooled d) annealed

at 150 °C rapidly cooled and f) annealed at 150 °C slowly cooled.

Table 3.5: PEC characteristics for ZnSe/FTQ/Glass thin film annealed

at (100 °C and 150 °C) and cooling rate.

Sample | Description | *Voc (V) | "Jsc (MA/cm?| % | ‘FF%
a non-annealed 0.28 -0.96 0.84% |25.6%

b annealed at 100(0.24 -1.05 0.76% |27.5%
°C, quenched
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C annealed at 100(0.17 -0.85 0.41% |25.1%
°C, slowly

d annealed at 150(0.22 -0.84 0.58% |26.7%
°C, quenched

f annealed at 150|0.08 -0.30 0.08% |33.8%
°C, slowly

®Voc = open-circuit voltage
b3sc = short-circuit current density

‘n (%) = conversion efficiency = [(maximum observed power density)/ (reach-in

power density)] x100%.

‘EF = Fill factor = [(maximum observed power density)/Js:XVoc] X100%.

The Voc values for films annealed at (100 °C and 150 °C) and quickly
cooled resemble each other. The annealed film at 100 °C with quick
cooling has highest Jsc value (-1.05). The non-annealed film has highest
efficiency (0.84%). The film annealed at 100 °C with quick cooling has
higher efficiency (0.76%) than film annealed at 150 °C (0.41%) and
quickly cooled. Quick cooling gave higher efficiencies than slowly cooled
films (0.41% and 0.08%) annealed at (100 °C and 150 °C) respectively.
Here the efficiency result for annealed films at 100 °C did not agree with
their electronic absorption spectrum, possibly due to the lowering of the Zn

content through annealing.

Annealing may improve the crystallinity of the film and reduce surface
roughness [52] but not all the time. Here the annealing doesn’t enhance the
photoelectrochemial properties of ZnSe thin film. The ECD layer is
relatively uniform without annealing. Upon heating the kinetic energy

increases, and leads to increased disorder in the film [53,54]. With rapid
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cooling there will be less disorder in the crystal, while in slow cooling the
crystals have longer exposure time to high temperature which causes more
disorder. The deposited ZnSe film is partially destroyed by annealing at
150 °C and slow cooling, leading to sublimation of the Zn element, with

longer exposure to heat.
3.1.4 SEM images for ZnSe/FTO/glass thin films.

SEM images have been measured for non-annealed and annealed films at
100° C with different cooling rates, Figure (3.6). The Figure shows

agglomerations with nonuniform size distribution between (100-500) nm.
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Figure 3.6: SEM images for ZnSe/FTO/glass thin films, a) non-annealed b)

annealed at 100°, rabidly cooled and c) annealed at 100°, slowly cooled.

3.2 Characteristics of ZnSe films modified with MWCNTSs

Two types of MWCNT modified ZnSe films have been deposited onto
Glass/FTO substrates. In one type the Glass/FTO surface was first coated
with MWCNT and the ZnSe thin films was then deposited. The resulting
film is thus named (ZnSe/MWCNT/FTO/Glass). The other ZnSe thin film

was prepared by depositing the ZnSe film onto the Glass/FTO substrate,
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followed by coating with MWCNT layer. The resulting film is named
(MWCNT/ZnSe/FTO/Glass).

3.2.1 XRD measurements for ZnSe thin films modified with MWCNTs.

The XRD patterns of ZnSe/FTO/glass thin films modified with MWCNTSs
are shown in Figure (3.7). The ZnSe thin films are polycrystalline with
mixed cubic and hexagonal crystal phases. The ZnSe /IMWCNTs /FTO
/glass has higher crystallinity than other films. This is evidenced by
comparing the C (311) and C(400) peaks with the FTO peaks. The average
particle sizes have been measured by Scherrer equation, as described
above, and are summarized in Table (3.6). The presence of MWCNTS is
affected on the average particle size of ZnSe, in cubic phase the average
particle size for ZnSe in case of ZnSe/MWCNTSs/FTO/glass are relatively
larger than others, while in hexagonal phase the average particle size for

Naked ZnSe are relatively larger than others.

40 45 50
2 theta/degree

Figure 3.7: XRD patterns measured for ZnSe thin films electrodeposited on
FTO/glass. a) ZnSe/FTO/glass, b) MWCNT/ZnSe/FTO/glass and «¢)
ZnSe/MWCNTs /FTO/glass.
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Table 3.6: The particle sizes of ZnSe modified with MWCNTSs.

Sample | Description Average Average
Particle size in | particle size
hexagonal in cubic
structure (nm) | structures

(nm)

ZnSe/FTO/glass 35.32 14.80

b MWCNTS/ZnSe/FTO/glass | 31.43 15.26
C ZnSe/MWCNTs/FTO/glass | 33.44 17.41

3.2.2 Electronic absorption spectra.

The electronic absorption spectra of the prepared ZnSe thin films modified
with MWCNTSs are presented in Figure (3.8). Band gap values are shown in
Table (3.7). Treatment with MWCNTs did not affect the electronic

absorption spectra for ZnSe film.
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Figure 3.8: Optical absorption spectra measured for ZnSe thin film electrodes
modified with MWCNTSs, a) ZnSe/FTO/Glass, b) ZnSe/MWCNT/FTO/Glass and c)
MWCNT/ZnSe/FTO/Glass.
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Table 3.7: the optical band gaps and absorption bands for ZnSe thin
film modified with CNTs.

Sample Description Epq (V) Apg (NM)
a ZnSe/FTO/Glass 2.33 532
b ZnSe/MWCNT/FTO/Glass | 2.30 539
c MWCNT/ZnSe/FTO/Glass | 2.17 571

3.2.3 J-V plots for MWCNT modified ZnSe films

The photo J-V plot is measured for the prepared thin films modified with
MWCNTSs as represented in Figure (3.9). The results of the Figure are

summarized in Table (3.8).

Figure 3.9: Photo J-V plots measured for various treated electrodes a) ZnSe/FTO
/Glass, b) ZnSe/MWCNT/FTO/Glass and ¢) MWCNT/ZnSe/FTO/Glass.

Table 3.8: PEC characteristics for ZnSe thin films modified with CNTSs.

Sample | Description Voo PJsc “n% FF%
(V) (mA/cm?)
ZnSe/FTO/Glass 0.28 -0.96 0.84% |25.6%

ZnSe/MWCNT/FTO/Glass {0.29  |-1.85 1.68% [26.9%

c MWCNT/ZnSe/FTO/Glass [0.33 -0.65 0.61% (23.3%
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Vo = open-circuit voltage

®Jsc = short-circuit current density

‘n (%) = conversion efficiency = [(maximum observed power density)/ (reach-in power
density)] x100%.

‘FF = Fill factor = [(maximum observed power density)/JsxVc] x100%.

The ZnSe/MWCNT/FTO/Glass electrode shows the highest conversion
efficiency (1.68%), while the MWCNT/ZnSe/FTO/Glass film shows the

lowest conversion efficiency (0.61%).

MWCNTSs provides an effective way for holes to transfer from ZnSe to
FTO. So it leads to enhanced PEC characteristic Figure (3.10 a). The CNT
layer may enhance contact between the ZnSe layer and the FTO surface.
The MWCNT/ZnSe/FTO/Glass with MWCNT coating shows lowered
conversion efficiency. This is because the MWCNT coating blocks the
light from reaching the surface of ZnSe. Moreover, the MWCNT layer
increases resistance and slows charge transfer at the solid/electrolyte

interface, as described in Figure (3.10 b).

counter electrode Pt

working electrode

r ] ¥
ass FTO ZaSe MWCNTs

Figure 3.10: Effect of MWCNT on charge transfer process in A) ZnSe/MWCNT
/IFTO/Glass and B) MWCNT/ZnSe/FTO/Glass.
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3.2.4 SEM images for ZnSe modified with MWCNTS.

SEM surface images have been measured for ZnSe thin films modified
with  MWCNTs, Figure (3.11). In MWCNT/ZnSe/FTO/Glass, The
MWCNT particles can be observed at the surface of ZnSe Figure (3.11 b).
In Figure (3.11 c¢) the ZnSe particles show agglomeration between (100-
600) nm.
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Figure 3.11: SEM images for ZnSe/FTO/glass thin films, a) ZnSe/FTO/glass, b)
MWCNTs/ZnSe/FTO/glass and c) ZnSe/MWCNTSs/FTO/glass.

3.2.5 ZnSe/FTO/glass thin film stability.

The stability of thin-films with highest conversion efficiency has been
studied and the results are shown in Figure (3.12). Values of Jsc have been
measured at applied potential (0 vs SCE), and recorded with time. The film
modified with MWCNTSs gives highest Js. values and shows higher stability

than others.
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Figure 3.12: Plots of short circuit current density vs time for different films a)
ZnSe/FTO/glass films nob-annealed, b) ZnSe/FTO/Glass annealed at 100 °C
rapidly cooled, and c) ZnSe/MWCNT/FTO/Glass. All measurements were

conducted under PEC condition at room temperature.

3.3 Characteristic of ZnSe films electrodeposited on ITO/plastic.

ZnSe thin films have been electrodeposited on ITO/plastic substrates for
the first time. ZnSe/ITO/Plastic film characteristics are described here for

the first time.
3.3.1 XRD crystal study.

The XRD patterns of ZnSe/ITO/plastic thin films before and after
annealing at 100 °C are presented in Figure (3.13). All ZnSe films are
polycrystalline with hexagonal crystal structure having orientations H
(002), H (101), H (102) and H (110) as compared to literature [46]. The
XRD patterns indicate that ZnSe thin films are mostly orientated toward
(002) plane. The annealed film at 100 °C and slowly cooled has higher
crystallinity than other films while the annealed film at 150 °C and slowly

cooled has lower crystallinity than others. This confirms the effect of
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higher temperatures on ZnSe thin film crystallinity. Annealing at high
temperatures increase the kinetic energy and increases the disorder in the

film.

XRD data have been used to measure the particle size of ZnSe using
Scherrer equation, D = kA/fcost [42]. The average grain sizes were 15.87
nm (non-annealed), 16.18 nm (annealed at 100 °C, quickly cooled), 16.16
nm (annealed at 100 °C, slowly cooled), 16.52 nm (annealed at 150 °C,
quickly cooled) and 17.32 nm (annealed at 150 °C, slowly cooled). The
results show only little sintering at 100 °C and more sintering at 150 °C.
With rapid cooling there is less sintering while with slow cooling the film

Is exposed to heat for longer time and more sintering.
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Figure 3.13: XRD patterns measured for ZnSe thin films electrodeposited on
ITO/plastic. a) non-annealed, b) annealed at 100 °C, quickly cooled, ¢) annealed at
100 °C and slowly cooled, d) annealed at 150 °C, quickly cooled and f) annealed at
150 °C, slowly cooled.
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3.3.2 Electronic absorption spectra.

3.3.2.1 The effect of deposition time on ZnSe/FTO/glass film electronic

absorption spectra.

The electronic absorption spectra of the ZnSe/ITO/plastic thin films
deposited in various deposition times are presented in Figure (3.14). Figure
(3.14) shows that the highest absorption is for the film prepared in 30
minutes because the surface of the film deposited in 30 min was more
uniform and smoother than the others, there are many interferences effect
because ITO is conductive so should be highly reflecting, also because
ZnSe has a high refractive index there can be an optimal thickness so there
Is no linear increase of absorbance with the film thickness and the optimal

thickness here for the film deposited in 30 min.

Values of band gaps are summarized in Table (3.9). The band gap values
are between (2.82-3.05) eV, which are higher than the band gap value for
bulk ZnSe (2.7) eV.

The variation of band gap values confirms the effect of the deposition time
on the average particle size. The band gaps decreased with increasing the
deposition time due to increase the film thickness. However, when the
deposition time was increased to 60 minutes, the band gap increased, due to

presence of more impurities.
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Figure 3.14: Optical absorption spectra measured for ZnSe thin film electrode

deposited on ITO/plastic in various times, a) 15 min b) 30 min c¢) 45 min and d) 60 min.

Table 3.9: Values of optical band gaps for ZnSe/ITO/plastic

electrodeposited in different time.

Sample Deposition time (min) | Epy (€V) Apg (NM)
a 15 2.92 424
b 30 2.89 429
C 45 2.82 440
d 60 3.05 407

3.3.2.2 The effect of annealing temperature and cooling rate on

ZnSe/lITO/plastic thin film electronic absorption spectra.

The prepared ZnSe/ITO/plastic thin films were annealed at (100 °C and 150
°C) and cooled slowly and quickly. Figure (3.15) shows the electronic
absorption spectra of the prepared ZnSe thin films annealed at (100 °C and
150 °C) and cooled at different rates (slow and fast). The Figure shows that
the annealed films at 100 °C have better absorption spectra than the non-

annealed film. The annealed film at 100 °C with fast cooling has better
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spectrum than the slowly cooled film. Annealing at 150 °C lowers the

absorption spectra for the film.

Table (3.10) summarizes values for optical band gaps and absorption band
gaps. The band gap values are lower for the films annealed at 150 °C than
annealed at 100 °C due to larger particle sizes and sintering. The films
cooled slowly have lower the band gap values because they are exposed to

heat for longer time with more sintering.
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Figure 3.15: Optical absorption spectra measured for ZnSe thin film electrodes
deposited on ITO/plastic and a) non-annealed b) annealed (100 °C) rapidly cooled
¢) annealed (100 °C) slowly cooled d) annealed (150 °C) rapidly cooled and f)
annealed (150 °C) slowly cooled.

Table 3.10: Effect of annealing and cooling rate on optical band gap

for ZnSe/lITO/plastic.

Sample description Epg (eV) Apg (NM)
a Non-annealed 2.89 429
b annealed at 100 °C, quenched | 2.22 559
c annealed at 100 °C, slowly 2.30 539
d annealed at 150 °C, quenched 1.64 756
f annealed at 150 °C, slowly 1.51 821
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3.3.3 PEC measurement for ZnSe/ITO/Plastic thin films.

The photo-electrochemical characteristics of the prepared films have been
studied. The photo J-V plots for films prepared under different conditions

are measured.

3.3.3.1 Effect of deposition time on the J-V for ZnSe/ITO/plastic thin

films.

Figure (3.16) shows the photo J-V plots for ZnSE/ITO/Plastic films
deposited in different times. The conductivity for all films is p-type. The

results of the Figure are summarized in table (3.11).

Figure 3.16: Photo J-V plots for the prepared ZnSe/ITO/plastic films deposited in
a) 15, b) 30, ¢) 45 and d) 60 min.

Table 3.11: PEC characteristics for ZnSe/ITO/plastic films deposited

in different times.

Sample | Deposition | *Voc (V) | "Jsc “n% FF%
time (min) (mA/cm?)
15 0.34 -0.009 0.007% | 19.0%
30 0.41 -0.086 0.087% | 21.8%
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C 45 0.42 -0.071 0.081% | 23.5%
d 60 0.46 -0.037 0.043% | 22.0%

%Voc = open-circuit voltage

®Jsc = short-circuit current density

‘n (%) = conversion efficiency = [(maximum observed power density)/ (reach-in power
density)] x100%.

‘FF = Fill factor = [(maximum observed power density)/JsxV,] x100%.

The prepared films showed low efficiency, compared to ZnSe/FTO/glass
films, Table (3.3). This is due to higher conductivity of FTO/glass
compared to ITO/plastic. The films prepared on ITO/plastic have wide
band gap values as shown in Table (3.11), which means they cannot absorb
light in wider visible range. The highest efficiency here is for the film

prepared in 30 min (~n_0.086%).

3.3.3.2 Effects of annealing temperature and cooling rate on J-V for

ZnSe/ITO/plastic thin films.

PEC properties for ZnSe thin film annealed at (100 °C and 150 °C) with
different cooling rates (slow and fast) are measured. Photo J-V plots for
thin films annealed at (100 °C and 150 °C) and cooled slowly and quickly
are shown in the Figure (3.17). The results of the figure are summarized in

Table (3.12).



Figure 3.17: Photo J-V plots for ZnSe/ITO/plastic electrodes a) non-annealed, b)

annealed at 100 °C rapidly cooled c) annealed at 100 °C slowly cooled d) annealed

at 150 °C rapidly cooled and f) annealed at 150 °C slowly cooled.

Table 3.12: PEC characteristics for ZnSe/ITO/plastic thin films

annealed at (100 °C and 150 °C) and cooling rate.

sample | description Voc bIsc % b ={ =7
(V) (mA/cm?)

Non-annealed 0.41 -0.086 0.087% | 21.3%

annealed at 100 | 0.43 -0.029 0.029% | 16.0%
°C, quickly cooled

Cc annealed at 100 | 0.45 -0.047 0.066% | 21.0%
°C, Slowly cooled

d annealed at 150 |0.42 -0.019 0.022% | 17.4%
°C, quickly cooled

f annealed at 150 |0.35 -0.001 0.0017% | 42.8%
°C, Slowly cooled

%Voc = open-circuit voltage

bJsc = short-circuit current density

‘n (%) = conversion efficiency = [(maximum observed power density)/ (reach-in power
density)] x100%.

‘FF = Fill factor = [(maximum observed power density)/Js:xV] x100%.



41
The non-annealed film gives better effeciancy (0.086%) than annealed
films. The films annealed at 100 °C (0.029%, 0.066%) are better than films
annealed at 150 °C (0.022%, 0.0017%) for rapid and slow cooling
respectively. Here, PEC study for non-annealed film showed better than for
annealed films. The efficiency result for annealed films at 100 °C does not
correlate with XRD and electronic absorption spectrum results. This is
because the ECD layer is uniform without annealing. Annealing at low
temperature may cause a slight disorder in the particles. Annealing at
higher temperatures (150 °C), with increased Kkinetic energy, further
increases the disorder in the particles. With rapid cooling the film is expose
to heat for shorter time with less disorder, while slow cooling particularly
at high temperature increases the disorder and degradation of ZnSe layer

and destruction of atomic network structure [53,54].
3.3.4 SEM images for ZnSe/ITO/plastic thin films.

SEM surface images have been measured for ZnSe/ITO/plastic after

annealing at 100 °C and slow cooling, Figure (3.18). The Figure shows

. ¥ 3 4 X R
T R X2T,000 05um  m— ¥
O O ar 10,2021 _saiff 3 0 Mar 10,2021

Figure 3.18: SEM images for ZnSe/ITO/plastic thin fim annealed at 100 °C and
slowly cooled.
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Conclusions

The ECD technique has been used to prepare ZnSe thin films on FTO/glass
and on ITO/plastic.

1. The ZnSe thin film deposited on FTO/glass gives higher efficiency than
the film deposited on ITO/plastic.

2. Non-annealed film showed higher efficiency than annealed films.

3. Modified the ZnSe thin film with MWCNTSs enhanced their PEC

characteristics and stability under PEC condition.

Suggestions for Future Work:

1. Prepare ZnSe thin films using electrochemical followed by chemical
bath deposition.

2. Coating ZnSe thin films with different electro-active polymers.

3. Doping the ZnSe thin films with different metals

4. Electrodeposition of other type of semiconductors (CuS, CuSe,
CdSe....) on ITO/plastic.

5. Pre-deposited of other types of semiconductors with MWCNTSs.
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Appendix
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Figure (1) :Tauc Plot from UV-Vis analysis of ZnSe/FTO/glass film deposited in 15 min.
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Figure (2) : Tauc Plot from UV-Vis analysis of ZnSe/FTO/glass film deposited in 30 min
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Figure (3) : Tauc Plot from UV-Vis analysis of ZnSe/FTO/glass film deposited in 45 min

(athv)?
1.00
0.90
0.80
0.70
0.60

0.50

(Ahv)?2

0.40
0.30
0.20
0.10

0.00
0002040608 10121416 18 20 22 2426 28 3.03.2 34 3.6 3.8 4.0

hv (eV)

Figure (4) : Tauc Plot from UV-Vis analysis of ZnSe/FTO/glass film deposited in 60 min
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Figure (5) :Tauc Plot from UV-Vis analysis of ZnSe/FTO/glass film annealed at
100 °C, rapidly cooled.
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Figure (6) :Tauc Plot from UV-Vis analysis of ZnSe/FTO/glass film annealed at
100 °C, slowly cooled.
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Figure (7) :Tauc Plot from UV-Vis analysis of ZnSe/FTO/glass film annealed at
150 °C, rapidly cooled.
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Figure (8) :Tauc Plot from UV-Vis analysis of ZnSe/FTO/glass film annealed at
150 °C, slowly cooled.
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Figure (9) :Tauc Plot from UV-Vis analysis of ZnSe/MWCNT/FTO/glass film.
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Figure (10) : Tauc Plot from UV-Vis analysis of MWCNT/ZnSe/FTO/glass film.
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Figure (11) :Tauc Plot from UV-Vis analysis of ZnSe/ITO/plastic film deposited in 15 min.

(athv)?

12.00
10.00
8.00

6.00

(Ahv)?

4.00
2.00
0.00

0002040608 10121416 18 2022242628 3.032343638140
hv (eV)

Figure (12) :Tauc Plot from UV-Vis analysis of ZnSe/ITO/plastic film deposited in 30 min.
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Figure (13) :Tauc Plot from UV-Vis analysis of ZnSe/ITO/plastic film deposited in 45 min.
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Figure (14) :Tauc Plot from UV-Vis analysis of ZnSe/ITO/plastic film deposited in 60 min.
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Figure (15) : Tauc Plot from UV-Vis analysis of ZnSe/ITO/plastic film annealed at
100 °C, rapidly cooled.
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Figure (16) :Tauc Plot from UV-Vis analysis of ZnSe/ITO/plastic film annealed at
100 °C, slowly cooled.
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Figure (17) :Tauc Plot from UV-Vis analysis of ZnSe/ITO/plastic film annealed at
150 °C, rapidly cooled.
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Figure (18) :Tauc Plot from UV-Vis analysis of ZnSe/ITO/plastic film annealed at
150 °C, slowly cooled.
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