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ABSTRACT

The nanostructuration of solar cells is an interesting approach to improve the photovoltaic
conversion efficiency (PCE), in which the main goal of this thesis is to enhance the perfor-
mance of the electrodeposited C'u,O and ZnO nanostructures for optoelectronic devices.
Many key parameters effect are studied for both metal oxides to control their physical and
electrochemical properties. Firstly, a comparative study between galvanostatic and po-
tentiostatic mode for the ZnO nanosheets (ZnO(yg)) and ZnO nanowires (ZnOyw)) is
taken place. Secendly, Similar strategy was applied for C'usO nanostructures and Cu,O
nanoparticles. The structural, morphological, optical and electrochemical parameters
were investigated for the synthesized ZnO and CusO nanostructures, where they show
good performance and high photoelectrochemical stability. Finaly, a heterojunction de-
sign (CuyO / n — ZnOnw) / ZnO(ns)) was proposed and exanimated under the different
electrodeposition approaches. Whereas, n — ZnOyw) / ZnOns) is the conductive layer

in the heterojunction and p — Cu,0O is the absorber layer.
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INTRODUCTION

We cannot solve our problems
with the same thinking we used
when we created them

"Albert Einstein”

HE renewable energies include the conversion of sunlight, wind, nuclear power and
T thermal earth heat into electric energy which could meet the most needs of energy
in the world. In 1952 four thousand people died in London because of the high concentra-
tion of pollution [1]. Recently in 2012 the World Health Organization (WHO) reported
around 7 million of people died because of air pollution exposure [2]. The air pollution
became the biggest environmental health risk in the world. The solar energy is unlimited
and environmentally friendly, direct conversion of solar energy into electric energy using
photovoltaic devices is considered as an ideal solution to reduce the abasement of the cli-
mate. In the other hand, the advances that have been made in the miniaturization field of
electronics and optoelectronic devices have far outpaced the corresponding development
within the use of renewable energy sources. The most suitable candidate materials to
achieve this purpose are earth-abundant metal oxides semiconductors. So far, they pos-
sess a wide range of properties which make them preferred for many applications; such as
photovoltaics[3-5], organic reaction catalyst [6, 7], water splitting under visible light [8],
solar energy conversion [9], metal-insulator-metal resistive switching memory[10]|, chem-

ical template [11], and negative electrode material for lithium-ion battery [12]. Among
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them, are ZnO and C'usO; ZnO is an n-type semiconductor with high electron mobility, a
large gap of 3.3eV [13], and a relatively high exciting binding energy of 59meV. Further-
more, the ZnO emission range is in the near ultraviolet at ambient temperature. Cuprous
oxide C'u50 is an abundant, nontoxic, and low-cost[14, 15| semiconductor. It is generally
exhibits p-type conductivity [16-18] , with direct band gap (Eg = 2.0eV) [19]. The Cuy0O
remains an interesting alternative to various metal oxide semiconductors thanks to the
high theoretical efficiency of CusO based solar cell (18-20% [20]). Whereby, in recent
years, electrochemical deposition has taken the attention of scientists, which offers excel-
lent possibilities for controlling the properties of the deposited material. In which, many
efforts have been made to use its advantages; making large-area films using chemical solu-
tions at low-temperature [21]. So that, electrochemical deposition is considered the easiest
and the least expensive method for the deposition of high quality films, which could be
used for device applications. It is an interesting technique that provides a facile control
of critical parameters such as the deposition current, potential, temperature, precursor
concentration, and pH. The electrodeposition process can be carried out either poten-
tiostatically or galvanostatically, involving respectively, applied constant potential where
a current density varying with time during the film growth or applied constant current
density where a potential varying with time. The main advantage with the potentiostatic
approach is that, the film morphology can be determinate naturally. Whoever, the rate
of the deposition can be precisely controlled in the galvanostatic mode. Whereas, the
potentiostatic mode is the preferred generally. Since 2010, galvanostatic mode has taken
attention of scientists to control different morphologies for such materials: C'dS/SnS het-
erostructure [22|, aluminium nano-rods|23|, ZnO thin films[24|, Carbon nanotube [25],
bismuth telluride thin films|26], BixO3 [27|, Manganese Oxide [28], CusZnSnSy thin
film[29], cadmium telluride films [30]. It’s worthnoting that the Galvanostatic approach
makes the electrodeposition more simple and effective, thanks to the elimination of the
reference electrode. To date, there is consequently very little information regarding the
influence of the current density on the structural and the morphological properties of de-
posits.

The Ph.D. project focuses on enhancing the features of ZnO and C'u;O elaborated through
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electrochemical deposition. In order to achieve this goal, we implemented many strate-
gies to study the key parameters effect on the electrochemical, structural, optical, and
morphological properties of the synthesized nanostructures. The thesis manuscript is or-
ganized as follows:

Chapter 1 presents an introduction to the basics of semiconductors, p — n junctions and
devices. In particular, a literature review on ZnO and CusO properties and CusO/ZnO
heterojunction development limitation.

Chapter 2 presents, as a first part, the electrodeposition principle and its conditions of
elaboration, as a second part, the different methods and the experimental conditions
followed to grow ZnO and CusO. Finally, we show the electrochemical and physical in-
struments used to characterize the synthesized ZnO and C'uyO nanostructures, as well as
the working principle of each method.

Chapter 3 studies, as a first part, the current density effect on ZnO nanosheets formed
through electrochemical deposition. Where the films are elaborated galvanostatically in
a nitrate solution. And as a second part, the mode effect onto the ZnO nanosheets
(ZnO(ns)) and ZnO nanowires (ZnOnw).

Chapter 4 studies, as first part, the current density effect on the CuyO nanostructures
using electrodeposition through the galvanostatic approach, as a second part, the effect
of the elaboration mode within two different pH media.

Chapter 5 studies, the additives effect on the CusO properties. As first part, we study the
Ammonium chloride (N H,C1) effect on CuyO nanoparticles. As second part, we study
the potassium chloride (K'C1) on the CuyO nanostructures.

Chapter 6 proposes, as application of the synthesized ZnO and C'usO nanostructures, an
architecture design of p — n heterojunction

(p— CUQO/n — ZnO(NW)/ZnO(NS)). Where, we present a comparative study in order
to investigate the mode and pH effects on the heterojunction performance.

The thesis is resumed by a general conclusion and future perspectives.



CHAPTER 1

BACKGROUNDS AND LITERATURE

REVIEW

1.1 Generalities

1.1.1 Semiconductors

1.1.1.1 Theory of semiconductors

VERY atom has different discrete energy states, and from the pauli exclusion prin-
Eciple two electrons can not be in the same state at the same time. When many
atoms are brought together in a solid, continuous bands are formed by the adjusted en-
ergy levels with a forbidden band between them. At 0°K an insulator or semiconductor
has a band structure where a completely empty conduction band is separated from a filled
valence band by the forbidden gap, see Fig. (1.1) [31]. When the allowed energy states
are plotted against the wave vector (?)—spaee the lowest excitation energy is between the
lowest point in the conduction band and the highest point in the valence band. When
these points are located at the same place along the k-axis, it is called a direct band gap,
while when they are not, it is called an indirect band gap. Direct band gaps are associated

with optical transistions, because photon momentum is very small.
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ENERGY BAND GAPS IN MATERIALS
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Figure 1.1: Band structure at 0°K of: a) insulator, b) semiconductor and c¢) metal (a

metal can have either overlapping bands or partially filled conduction band.

In an indirect band gap material, a phonon (carrying momentum) is required for
transition between the bands, as shown in Fig. (1.2). A phonon also carries energy. The
electron may go via a defect state within the band gap to get to the appropriate position
for direct excitation/recombination; this state is called a virtual state, and the electron

waits in this state for a phonon of the right energy.
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Figure 1.2: direct and indirect band gaps [32]

The two-step excitation process decreases the transition probability compared to a

direct band gap one-step transition [33], thus decreasing the optical response of the ma-
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terial. A semiconductor is like an insulator, but with a smaller band gap, typically less
than 3eV. An undoped semiconductor is called intrinsic. By insertion of impurities, a

semiconductor can be doped, creating an extrinsic semiconductor [34].

The Fermi level is the potential energy level where a (hypothetical) electron state would
have a 50% probability of being occupied at thermal equilibrium. Where its position is
shown in Fig. (1.3).

| “conductionbana | | “Conductonbana | | “conductionbana |
E, - —rumilesl_ T E rermilevel _ _ E, ~ ~famiewel
TW—T T Valence band T Valence band
KT=E, KT =E, KT=E,
~Filedband ~Filedband "~ Filedband
Intrinsic p-type n-type

Figure 1.3: Fermi levels for intrinsic, p- doped and n-doped semiconductors.

For an intrinsic semiconductor the Fermi level is in the middle of the band gap, as
the number of occupied states in the conduction band equals the number of unoccupied
states in the valence band. If the semiconductor is doped, the concentration of holes in
the valence band or of electrons in the conduction band can be made higher. The two
types of doping are called p— and n—doping, respectively. The p-side is a semiconductor
doped with a material with fewer occupied electron states than the original material
(e.g. B in Si), which gives rise to free electron states called "holes”. A hole moves by
being occupied by a neighboring electron, leaving an empty state behind in the electron’s
previous location (now a hole). n—type material is created by doping the semiconductor
with a material with one more occupied electron state (e.g. P in Si). Electrons move by
occupying neighboring unoccupied states. This means that a p—type material has high a
concentration of mobile holes in the valence band and a low electron concentration in the
conduction band while the opposite is true for an n—type material. The p— and n— type

materials are however not electrically charged [31]. Some materials are spontaneously n—
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or p—type due to structural defects acting as dopants, for example is ZnO n—type because
of Zn interstitials and O vacancies [35]. The Fermi level moves closer to the valence band
when the material is p—doped, and closer to the conduction band for a n— doped material

to compensate for the doping-induced changes in concentration of occupied states [31].

1.1.1.2 p—n junctions

A p — n junction is the juxtaposition of n—type and p—type semiconductors, because of
the gradient of majority carrier’s concentration the holes from the p-side diffuse to the n-
side and the electrons from the n—side diffuse to the p—side. This gives rise to a diffusion
current across the junction. When an electron diffuses from the n—side to the p-side, an
ionized donor is left behind on the n—side, which is immobile. Similarly, when a hole goes
from the p—side to the n—side, an ionized acceptor is left behind in the p—side. Thus,
the created zone without mobile carriers (ionized atoms) is called the space charge region

(SCR) or depletion zone as seen in Fig. (1.4).
— @
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Figure 1.4: Formation of the depletion zone within a p — n junction|36|

Holes diffuse from the p—type material into the n—type material and electrons from
the n—type into the p—type material. The diffusion causes the regions closest to the
junction on both sides to be electrically charged. This difference in charge in turn gives
rise to an electric field across the junction. The electric field then counters the diffusion
caused by difference in hole and electron concentration. The diffusion of carriers does

not stop until the drift current balances the diffusion current, thereby reaching thermal

equilibrium as indicated by an alignment of Fermi level (Er) which induces a curvature
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of the bands as well as a potential barrier VD as seen Fig. (1.5). And the illustration of

this process is shown in Fig. (1.6)

Figure 1.5: Energy band diagram of a p — n junction at thermal equilibrium.
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Figure 1.6: a) The p—type material has a higher concentration of holes, and the n—type
material has a higher concentration of electrons. When the two are brought into contact
this gives rise to diffusion of carriers, which in turn gives rise to a potential difference

across the junction [31]. b) p — n junction diode reverse bias circuit diagram.

The Fermi levels align, because when there is thermal equilibrium which can only be
one Fermi level. Thus a junction is formed. A homojunction is a junction where the p—
and n—sides are the same material, and a heterojunction is a junction where they are of

different materials [31].
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1.1.2 Photovoltaic device

The photovoltaic device (or The solar cell) is one of the technologies that allow us to
convert the enormous amount of solar energy directly into electricity. Therefore, the solar
cell acts like a diode in dark and generates photo-voltage under illumination without the
influence of any external voltage source. In principle, a solar cell is a junction device
obtained by placing two electronically different materials together with a thin electronic
barrier in between, to separate charges [37]. The photovoltaic conversion occurs under
the light through three successive processes [38]:

1. The semiconductor absorbs the light and converts the photons to electron-hole pairs.
2. The collection and the separation of these carriers by an internal electric field (p — n
junction).

3. The distribution of electricity to an external load.

1.2 Solar cells

1.2.1 Solar cell principle

1.2.1.1 Function of a solar cell

A solar cell is a device in their function principal it uses photovoltaic effect to convert the
sun radiation into electricity when it is exposed directly to light (Fig. (1.7)).

The production of electricity by PV photovoltaic system follows three mechanisms:

1. Absorption of photons Solar radiation is an electromagnetic wave that can be assimi-
lated to particles (photons) whose energy is inversely proportional to the associated wave
length. The absorption of these photons is done by a semiconductor, called an absorber,
having the capacity to absorb the energy (hv) of the incident photons of energy greater
than or lower to the energy of its gap (Eg).
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Figure 1.7: Illustration of a PV function

The loss of energy in the absorber, known by Queisser Schottky limit is due to:
olf hv > Fg: the energy of the incident photons is enough to excite the electrons of the
valence band and make them pass to the conduction band leaving a hole behind them.
The remaining energy (hv— Eg) is lost by thermalization of the electron in the conduction
band ~ 47%, which has the effect of heating the material oIf hv < Eg: the energy of
the incident photons is less than the energy of the band gap (Eg) of the material so the
excited electrons can’t jump the forbidden band and remain in the valence band. The

transmission loss of lower photon energy ~ 18%. As shown in Fig. (1.8)

E (eV)
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-
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hv < E, hv = E, hv = E,

Figure 1.8: Absorption of different photons by a semiconductor material

2. Separation of charges: The separation of free charges (electrons and holes) and

10
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their extraction towards the collecting electrodes is achieved by p—n junction as described
before.

3. Collection of porter: The electric field in the space charge region will separate the
photo-generated carriers in this zone and extract them to the zone of majority carriers,
where the probability of recombination is very low. The generated charges are collected

and injected into an external circuit via the conductive electrodes.

1.2.1.2 Losses in solar cells

In a solar cell many reasons can cause the loss in their performance such as optical or

electrical losses as described below:

1.2.1.2.1 Optical losses are due to non-absorption, thermalization, reflection, and
transmission. The non-absorption happens when the energy of the incident photon is
lower than the gap energy of the absorber material.

1. Thermalization: When the coming photon energy is greater than the gap energy of the
absorber, the excess energy is dissipated as heat, this heat increases the temperature of
the solar cell which increases the reverse saturation current due to the increase in carriers
concentration and diffusion length of minority carriers which caused a decrease of the
open circuit voltage value (V,.) [39].

2. Reflection loss: The reflection is due to the blocking of the light by the top contact,
reflection from the top surface and reflection from the back contact without proper ab-
sorption [40].

3. Transmission loss: This is due to the small thickness of cell and the low absorption
coefficient of the absorber layer.

4. Area loss: This loss is due to metal grid design or by metal electrode coverage [41].
These type of optical losses can be reduced by using an antireflective coating (ARC) of

quarter wavelength thick on the top surface.

1.2.1.2.2 Electrical loss are due to Collection losses, Recombination losses, Series
resistance (R;)

1. Collection losses: These losses are due to surface and bulk recombination at metal or

11
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semiconductor contact and recombination in depletion region. These recombination losses
mainly affect the open circuit voltage. Impurities, crystalline defects and incomplete chem-
ical bond on semiconductor acts as traps for photo-excited carriers, and recombination on
these traps cause the reduction of photocurrent. The reduction in the concentration of
impurities and defects can increase the diffusion length of minority carriers and this can
decrease the recombination losses in a solar cell [42].

2. Recombination losses: can be reduced by creating a heavily doped metallic region
which acts as back contact, by chemical treatment of the materials or by using a thin
layer of passivating oxides.

3. Series resistance (R,): The Photovoltaic cell is never perfect. To properly translate
the behavior of a cell PV, two resistors are added on the equivalent diagram (Fig. (1.9)).
The first important lost in solar cells is because of the series resistance which regroups
the back and front metal contacts resistances, the semiconductors bulk resistances and
the interfaces resistance. To obtain a high record efficiency the series resistance must be

as low as possible because of their negative effect on the photo-generated current.

seres resistance

Phaoto Current
- W
I
ph | R A
ey S
q;:_fg-
shunt
resistance Valtage
Rep W

Figure 1.9: Real solar cell with the resistors Rs and Ry,

4. Shunt resistance (Rg,) The second and important loss in solar cell is due to the
shunt resistance (Rg,) which is due mainly to the presence of defects in the bulk of
semiconductors and at interfaces. It is estimated from the reverse bias of the I — V
characteristics. Shunt resistance reduces the open circuit voltage (V,.). It should be as
high as possible in order to prevent losses[43] which arerecognized in parallel with the

diode and the generated current as seen in Fig. (1.9).

12



Chapter 1 : Backgrounds and literature review

1.2.2 Thin-film solar cells

A thin-film solar cell (T'F'Sc) is the name given to the second generation of solar cells,
which is realized by the deposition of one or more thin layers of photovoltaic material on
a substrate (glass, plastic or metal). Thin-film solar cells are commercially used in several
technologies, including amorphous thin-film silicon (a — S, TF — Si), cadmium telluride
(CdTe), and copper indium gallium selenide (CIGS). In this technology of solar cells,
the film thickness varies from a few of nanometers (nm) to tens of micrometers (um),
different to the first generation of solar cell which uses silicon wafers with a thickness up
to 200 pum, the other drawback of silicon is their indirect band gap energy, however the
probability of absorption of a photon is much lower than the semiconductor with direct
band gap energy, whereas semiconductor used in thin film solar cells have direct band gap

energy and characterized by a high absorption coefficient, and low cost of fabrication.

1.2.2.1 History of thin film solar cells

In 1963, Cusano reported 6% efficiency polycrystalline thin-film solar cells consisting of
Cuy_,Te — CdTe hetero-junctions [44]. In 1969 Andirovich et al. reported a thin-film
solar cell consisting of a hetero-junction between n—type CdS and p—type CdTe which
was deposited on SnOs—coated glass [45]. Even though, the efficiency of this cell was
only 1% at that time. In 1974, Wagner et al. fabricated a heterojunction for photovoltaic
application, it consisted of an n—type CdS window layer which was vacuum-deposited on
a p— type CulnSes single crystal. In the following year, the same group reported a solar
cell which had the same hetero-structure and exhibited a high value of efficiency about
12% [46]. In 1976 Kazmerski et al. developed the first thin-film solar cell consisting of
CulnSe, with an efficiency of 4 — 5% [47]. In 1978 Konagai et al. developed a 13.5%
efficiency solar cell consisting of an n—type (Ga, Al) As /p—type GaAs hetero-junction
[48]. Recent progression C'ZT'S based thin-film solar cell technology is remarkable, despite
the fact that the semiconducting properties of CZT'S and its photovoltaic effect were not
known of until 1988. Gunawan and coworkers at IBM Thomas J. Watson Research Center

have succeeded in achieving over 10% efficiency CZT (S, Se) thin-film solar cells using
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solution-based processing in this decade [49, 50].

1.2.2.2 Possible configuration of solar cell

A thin film solar cell has two possibilities of fabrication from top to down or down to top.

the two configurations are called superstrate and substrate as seen in Fig. (1.10).

Sun light

(a) (b)

Gl.
ass/Transparent Polymer

Sun light

Figure 1.10: Possible configuration of thin film solar cells. a) superstrate configuration.

b) substrate configuration

The different between them is that, in superstrate configuration the light goes through
the superstrate material before reaching the p—n junction, while in substrate configuration
the light reaches the p — n junction without going through the substrate so why we can
use different type of substrate, this is the advantage of the first configuration on which

we can use different types of substrate.
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1.2.2.3 A material based on friendly and abundant elements in nature

CZTS is a metallic chalcogenide composed of copper (Cu), zinc (Zn) tin (Sn), and sulfide
(S). Fig. (1.11) illustrate the content and the world trading price of the elements used

for thin film solar cells.
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Figure 1.11: Relative abundance of the elements.

These elements are widely present in the earth’s crust, particularly in contrast to the
indium and gallium compounds that form the CIGS. The indium (In) is a rare element
with an estimated abundance in the earth’s crust making it a very expensive metal.
Gallium (Ga) is a metal difficult to produce because it is only in the state of trace amounts
in aluminum and zinc ores. Additionally, the metals composing the CZTS are between
25 and 400 times cheaper than indium and gallium. Beyond the price which represents
only a small part of the cost of PV panels, these 2 elements are already widely used
in the electronics industry, which could procurement for a very large scale PV industry
development. However, the abundance and low prices of copper, zinc, and tin make this

material very interesting for the PV conversion in the recent years.
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1.2.2.4 p—n homojunction solar cells

When light shines onto a semiconductor it can be either reflected, transmitted or absorbed.
If it is not reflected from the surface, it will enter the semiconductor. In general, photons
with energy higher than the semiconductor band gap will be absorbed, whereas the rest

will be transmitted.

n-type ZnO  p-type ZnO

Equilibrium Condition

Figure 1.12: Band diagram and dark and illuminated I - V characteristics of a p — n

homojunction, ZnO based [51].

When a photon with sufficiently high energy enters a semiconductor, it will be absorbed
by exciting an electron from the valence band to the conduction band, thus creating an
electron-hole pair. When the electron-hole pair is created it must not be allowed to
recombine directly, as this would only create another photon and possibly heat, instead
of electrical energy. The built-in electric field of the p — n junction can separate them
spatially. A current is created if the separated charge carriers diffuse towards the contacts.
When the device is illuminated, the light-generated current causes the I — V' curve to be
displaced downward (more negative current). The dark characteristics of a p—n Junction
solar cell are those of a p — n junction diode. The light generated current is collected
within a minority carrier diffusion length of the p — n junction depletion region for ZnO

homojunction [51]
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1.2.2.5 Homojunctions and heterojunctions

Homojunctions typically need a shallow junction in order to achieve short wavelength
response. To reduce the series resistance in the top layer it needs to be heavily doped,
as doping increases the number of charge carriers. This in turn will reduce the minority
carrier diffusion length by increasing the recombination in this layer. Recombination at
the surface occurs due to surface states [33]. The most common commercial solar cells are
made of silicon, which is an indirect band gap semiconductor [31]. In order to develop a
non-toxic, effective type of p—n solar cells, new materials are being explored. Not all these
materials can conveniently be doped both p— and n—type, and in order to make a p — n
junction with the desired compounds it is sometimes necessary to create a heterojunction.
A heterojunction cell consists of two different semiconductors with different band gaps,
here generalized as material A and material B. Material A has the wider band gap and
acts as a window layer where all photons with energy below the material A band gap are
passed through. These photons are in turn absorbed in the depletion region or close to it in
material B, the absorption layer [33]. The window layer does not absorb any photons itself.
The primary function of this layer is to allow as much light as possible to pass through
to the junction and material B [52|. The junction and the absorption layer perform the
absorption. A good absorption material should have a high absorption coefficient, because
only the excitons created in or near the junction can be harvested. The band gap should
be small and direct, and the two materials should have a minimum of interface defects
[52]. Because material A and B are different there is a difference in structure, lattice
spacing and band gaps. The difference in band gaps creates discontinuity spikes in the
conduction and valence bands (see Fig. (1.13)) [53]. These spikes can both create extra
barriers for the electrons to overcome or tunnel through, and may also work as potential
wells with discrete energy states [31]. The lattice mismatch causes dangling bonds at
the interface (see Fig. (1.14)). These dangling bonds become intermediate energy states,
acting as recombination centers at the interface. They may also provide sites for quantum
mechanical tunneling across the junction [31]. It is important to use semiconductors
with very similar lattice structures, in order for the heterojunctions to have as near ideal

properties as possible.
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Figure 1.13: A heterojunction between a wide band gap n—type window layer and a

narrow band gap p—type absorber with a discontinuity spike in the conduction band[54].

Figure 1.14: The mismatch between the lattices causes dangling bonds at the interface[53].

1.3 Metallic oxides

1.3.1 Zinc oxide

Zinc oxide (ZnO) has fascinating physical properties by which is considered a promising
material for transparent optoelectronic devices|55-57]. It is used in various systems such
as solar cells [58, 59| and light-emitting diodes [60]. Among its remarkable properties:

quantum electron transport, tunable bandwidth, mechanical flexibility, high thermal and
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chemical stability, and extremely high optical transparency [61, 62|, thanks to its direct
and wide band gap, stability under the wet-chemical etching and the high energy radi-
ation 63, 64]. ZnO is an n—type semiconductor with high electron mobility, a large
gap of 3.3eV [13], and a relatively high exciting binding energy of 59meV. Furthermore,
the ZnO emission range is in the near ultraviolet at ambient temperature. Since ZnO
electrochemical deposition method was taking place from earlier, by Izaki et al.[13], and
Lincot et al., [65] detailed studies have been devoted to the formation of morphologically
controlled ZnO films. It crystallizes in three structures: wurtzite, zinc blende, and the
rarely observed rocksalt. The wurtzite structure is most stable and thus most common
at ambient conditions, compared with other possible crystal structures. The zinc blende
form can be stabilized by growing ZnO on cubic structured substrates. In both cases, the
zinc and oxide centers are tetrahedral. The rocksalt phase is only observed at relatively
high pressures 10 GPa [66]. The wurtzite structure has a hexagonal unit cell with two
lattice parameters; a = 3.25 A and ¢ = 5.20 /i, in the ratio ¢c/a = 1.633 A and belongs
to the P63mc space group. It can be simply described as a number of alternating planes
composed of tetrahedrally coordinated O*~ and Zn?" ions, stacked alternately along the

c—axis direction as depicted in Fig. (1.15) [67].

Figure 1.15: ZnO wurtzite structure model with various crystal planes with tetrahedral

coordination [67].
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1.3.2 Cuprous oxide

The cuprous oxide (Cu20) remains an interesting alternative to various metal oxide semi-
conductors thanks to the high theoretical efficiency of CusO based solar cell. Thus, CusO
has been studied as a photocathode for the fractionation of water|68| and as absorber layer
in heterojunctions for photovoltaic device|69, 70|. P-type CuyO gave correlated results
for the majority of these applications|71|. thanks to its large range of conductivity (1073
to 1073Q " tem ™) |16, 17] and the high absorption coefficient in the visible range[72-74].
C'us0 semiconductor has been chosen, as it is nontoxic and low-cost[14, 15]. It is gen-
erally exhibits p-type conductivity [16-18, 75|, with direct band gap (Eg = 1.9-2.2¢V)
[72, 73, 76-78]. The Cus0 has cubic structure (Fig. (1.16)) with a lattice constant of
4.2696 A [79]. It is easily reduced by hydrogen when heated it undergoes disproportion-
ately in acid solutions producing copper(II) ions and copper. The copper atoms arrange
in a FCC sublattice, the oxygen atoms in a BCC sublattice. One sublattice is shifted by

a quarter of the body diagonal.

@Cu

@0

Figure 1.16: C'u3O cubic structure model with various crystal planes.

1.3.3 p— CuyO/n — ZnO heterojunction

An example of a heterojunction solar cell is a CusO/Zn0O cell, where the CusO is spon-
taneously p—type and ZnO is n—type. The junction is supposed to work reasonably well
because the conduction band edges of Cu,O and ZnO align well, making the discontinu-

ity spike seen in Fig. (1.13) small. Cuy0O is a good absorption layer material, and ZnO
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nanowires allow for good charge transport as well as high band gap and large interface,
the latter allowing for thicker films and thus higher absorption [80]. Crystallographic ori-
entation is important for achieving a good photoresponse from a p — CusO/n — ZnO cell
[72]. A ZnO/Cus0 heterojunction cell deposited by electrodeposition has open circuit
voltage 0.19V, short circuit current 2mA.cm=2, fill factor 0.295, and conversion efficiency
0.117% [81]. The conversion efficiency for a cell with CusO deposited at optimum condi-
tions (50%C with high pH) was 0.41% [82]. By rf-magnetron sputtering the above values
were 0.26V, 2.8mA.cm™2, 0.55, and 0.4% respectively [72]. The efficiency is still very low.
The introduction of an interface layer might improve the efficiency, but [80] report no
success from using an interface layer of T9O,. With ZnO being a good window layer, due
to its high band gap and ease to form nanowires, combined with the C'usO being a good
absorber and the good lattice match, the poor performance of these cells is disappointing.
An example of a heterojunction solar cell is a CusO/Zn0O cell, where the CusO is spon-
taneously p-type and ZnO is n—type. The junction is supposed to work reasonably well
because the conduction band edges of CusO and ZnO align well, making the discontinu-
ity spike seen in Fig. (1.13) small. Cuy0 is a good absorption layer material, and ZnO
nanowires allow for good charge transport as well as high band gap and large interface,
the latter allowing for thicker films and thus higher absorption [80]. Crystallographic ori-
entation is important for achieving a good photoresponse from a p — CusO/n — ZnO cell
[72]. A ZnO/Cus0 heterojunction cell deposited by electrodeposition has open circuit
voltage 0.19V, short circuit current 2mA.cm™2, fill factor 0.295, and conversion efficiency
0.117% [81]. The conversion efficiency for a cell with CusO deposited at optimum condi-
tions (50%C with high pH) was 0.41% [82]. By rf-magnetron sputtering the above values
were 0.26V, 2.8mA.cm™2, 0.55, and 0.4% respectively [72]. The efficiency is still very low.
The introduction of an interface layer might improve the efficiency, but [80] report no
success from using an interface layer of Ti05. With ZnO being a good window layer, due
to its high band gap and ease to form nanowires, combined with the C'u,O being a good

absorber and the good lattice match, the poor performance of these cells is disappointing.
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CHAPTER 2

MATERIALS AND METHODS

N the first part of this chapter, we will present the principle and the conditions of
Ithe electrochemical deposition method used in the PhD project. The experimental
condition used for the deposited of ZnO and CusO nanostructures with different mor-
phologies and features we will be illustrate as well. In the second part, we will cite the

characterization techniques used for studding the different properties of the synthesized

Zn0 and CusO thin films.

2.1 Principle and conditions of electrochemical deposi-
tion method

2.1.1 Electrodeposition

The electrochemical deposition of crystalline metallic oxides from aqueous precursor so-
lutions has several advantages over the other deposition techniques|[13, 65, 83|, such as
chemical vapor deposition [84], or radiofrequency magnetron sputtering [85, 86|. This
efficient procedure just needs low temperatures < 100 °C to prevent the damages of the
sensitive substrates and the active materials. This technique is based on a solution close
to chemical equilibrium without requiring subsequent annealing, and regardless of the
substrate shape and size. The Experimental setup using three electrodes cell is shown in

Fig. (2.1)
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Figure 2.1: Electrodeposition experimental setup; (1) Three electrodes cell, (2) Poten-
stiostat /galvanostatt (Autolab), (3) Computer, (4) Thermostatic bath

The electrochemical cell is composed generaly of three electrodes (see Fig. (2.2)):

‘Working electrode
Counter electrode

Reference electrode—ﬁ Substrate

Electrolyte

Figure 2.2: Three electrodes cell

e Reference electrode: depending on the material to be deposited, different reference
electrodes can be used.In our work, saturated calomel electrode was used (SCE, +0.241V
vs. SHE) for deposition of zinc oxide (ZnO) and cuprous oxide (C'uz0).

e Counter electrode: platinum or silver metal can be used as auxiliary electrode (counter

electrode) depending on the electrolyte used and the substrate nature. In our work,
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platinum foil was used during the deposition of ZnO and CuyO nanostructures.

e Working electrode: It is well known that the electrochemical deposition technique needs
a conductive substrate. In our work, oxydes transparent conducteurs is nessacery, where
polycrystalline fluorine-doped tin oxide (F7T'O)-coated glass substrate was used with an

exposed area of 1 x 1 em? and sheet resistance 10 — 20 Q.cm™2.

2.1.2 Electrochemical approaches of elaboration

The electrodeposition method can be carried out either using the potentiostatic approach,

or using the galvanostatic approach.

2.1.2.1 Potentiostatic approach

The potentiostatic approach carried out by applying a constant potential, where the
current density varying with time during the film growth. Theoretically, it is considered
that the potential decides the deposition reaction, [87], for that the scientific community
still prefers the electrochemical deposition through potentiostatic mode, and most of the
reports on the electrochemically induced growth using potentiostatic control [88-90]. The

potentiostatic mode is performed in three electrode cell as shown in Fig. (2.3)

Current density (m/\.clm-z)

0 20 40 60 8 100 120 140 160
Time (s)

Figure 2.3: Experimental setup under potentiostatic mode
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2.1.2.2 Galvanostatic approach

The galvanostatic approach carried out by applying a constant current density, where the
potential varying with time during the film growth. This makes the electrodeposition
more simple and effective, thanks to the elimination of the reference electrode. some-
times, it is so difficult to link directly the potential to the reaction for such insulating
nanostructures[91]. On the other hand, using galvanostatic deposition can provide a con-
stant growth rate of the crystals, where the morphology and the optical properties can
be easily adjusted[24, 92|. Although, during the galvanostatic control, the measured po-
tential at the working electrode requires attention, as different redox reactions can take
place [93]. To date, such analysis has not yet been provided in detail for the galvanostatic

deposition process. Which is performed in two electrode cell as shown in Fig. (2.4)

A5 -
0 20 40 60 80 100 120 140 160

Time (s)

Figure 2.4: Experimental setup under galvanostatic mode

2.1.3 Conditions of elaboration

2.1.3.1 Substrate preparation

Polycrystalline fluorine-doped tin oxide (F'T'O)-coated glass substrates are used in work
for the deposition of different metallic oxides. The FT'O-coated glass slide was cut into
pieces 1 x 2 em? . The condition of the surface and the cleanliness of the substrate are
essential parameters. Indeed, the presence of impurities on the substrate can considerably

influence the nucleation and growth of germs during the electrodeposition of films, which
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leads to the modification of the properties of the deposits thus obtained [94]. An ultrasonic
cleaning procedure has been established during the preparation of the substrates in order
to eliminate these impurities and initiate the nucleation of germs. Prior to each deposition
the substrate was cleaned ultrasonically at 50 °C in ethanol, acetone, and then rinsed in

distilled water for 15min in each step.

2.1.3.2 Electrolyte preparation for the deposition of ZnO nanostructures

The objective behind this part is to elaborate ZnO nanowires with high stability and well
orientation. Abbasi et al.[95] have studied the precursor nature effect on the ZnO growth.
They have observed that it affects the morphology and the size of the different nanostruc-
tures, where zinc nitrate (Zn(INOs)y) anions yield the nanorods and zinc sulfate anions
yield the nano-flakes. On the other hand, ZnO nanosheets can be elaborated successfully
from different mediums. However, Barreto et al. [96] have recommended using Zn(NOj;)q
as a precursor to obtain a very pure phase of ZnO of high density.

In the present work, ZnO nanowires (1D growth) and ZnO nanosheets (2D growth) were
successfully elaborated by obeying some conditions. It is reported before by Pradhan,D
[97] that the concentration of the precursor ([Zn?']) in the electrolyte is important to
control the dimensionality and the morphology of nanostructures. The precursor concen-
tration should be less than 0.01M for the formation of nanospikes and one-dimensional
(1D) nanowires. Whereas, it should be more than 0.05M for the two-dimensional (2D)
nanosheets and nanodisks. We have d two different baths: chloride medium and nitrate
medium with different precursor (Zn(/NOs)s) concentrations. In the nitrate medium, we
use 0.08M (> 0.05M) of Zn(NOs)s to elaborate 2D ZnO nanosheets, while in the chlo-
ride bath, we use 0.001M (< 0.01M)of Zn(NOj3)s to grow 1D ZnO nanowires. In the
other hand, the supporting electrlyte has an important effect on the final morphology, the
structural and optoelectronical properties. That’s why, using the KCl as a supporting
electrolyte to grow ZnO nanowires is to ensure a good conductivity of the aqueous solu-
tion. Besides, Tena-Zaera et al.[98] have reported that the chloride concentration plays
an important role on the ZnO morphology, where high chloride concentrations (higher

than 1M) induce a decrease in the rate of Oy reduction, leading to favor lateral growth of
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Zn0 on 2D dimension and formation of ZnO nanowires with a large diameter of 300nm.
However, the impediment of the lateral growth, to improve the growth in 1D dimension,
can be achieved by decreasing the K C' concentration to 0.1M, which increases the rate
of the Oy reduction. furthermore, to obtain high aspect ratio ZnO nanowires, very low
precursor concentration is necessary[97] ([Zn*T| « [CI7] [99]). The different chemical

species which have been used are summarized in Tab. (2.1)

Table 2.1: Different chemical species used within the electrolytes to grow ZnO nonosheets

and ZnO nanowires.

Chemical specie Chemical formula Molar mass (g/mol)
Zinc nitrate tetrahydrate Zn(NO3),.4H50 261.45
Potassium nitrate KNO; 101.1
Potassium chloride KCl 74.5513

2.1.3.3 Electrolyte preparation for the deposition of Cuy,O nanostructures

Different C'usO nanostructures morphologies were successfully elaborated in this thesis.
Thus different solution and media were prepared. Firstly, CusO nanostructures in Chap-
ter 4 were grown in bath containing a 0.05M copper sulfate (CuSO,), 0.06M citric acid,
and a NaOH adjusting the pH at 11 and 12. However for C'usO nanostructures in Chap-
ter 5, KC1l has been added to the electrolyte with two different concentrations (0.001M
and 0.1M) to study its effect on the final properties. Secondly, CuO nanoparticles in
Chapter 5 were prepared from a 0.003M of copper nitrate (Cu(NOj3),) with a 0.1M of
potassium chloride (KCl). To study the additive effect on the features of the CuyO
nanoparticles, a 0.0015M of ammonium chloride (N H4C1) was added to the electrolyte.

The different chemical species which have been used are summarized in Tab. (2.2)
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Table 2.2: Different chemical species used within the electrolytes to grow Cu,O nanos-

tructures and C'uyO nanoparticles.

Chemical specie Chemical formula Molar mass (g/mol)
Copper sulfate pentahydrate CuS04.5H,0 249,6
Citric acid Anhydrous CeHgOr 192,12
Potassium chloride KCl 74.5513
Sodium hydroxyde NaOH 39,997
copper nitrate Cu(NOs), 187.56
Ammonium chloride NHCl 53.491

2.2 Electrochemical methods
2.2.1 Cyeclic voltammetry

Cyclic voltammetry was used to determine promising voltages for deposition.
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Figure 2.5: Cyclic voltammograms recorded in 0.05M of CuSO, at 70 °C, in pH of 11.
Potential scan rate is 100mV /s. (1) and (2) are the oxidation peaks. (3) and (4) are the

reduction peaks. (3) corresponds to the formation of C'uyO
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The plots may also show voltages where stripping of an existing film takes place, as
large current peaks with abrupt endings indicate there being no more material to strip.
Different peaks sometimes correspond to depositions of different compounds, such as Cuy,O
or metallic Cu or ZnO. A peak shows the highest deposition rate for each material. A
good deposition voltage should be in the voltage range of the desired deposition, without
any other compound being deposited, and with a measurable current. Fig. (2.5) shows
the cyclic voltammetry plots in order to check the peak corresponding to C'usO deposition

potential.

2.2.2 Chronoamperometry

Chronoamperometry is the electrochemical technique used under ptentiostatic approach,
which consists to apply a constant potential chosen from cyclic voltammetry between the
working electrode and the reference electrode, and plotting the variation in the current
density flowing between the working electrode and the counter electrode as a function of
time. The chronoamperometric curve as well as the different electrodeposition steps are

shown in Fig. (2.6)
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Figure 2.6: Chronoamperometric curve obtained during the electrodeposition under po-

tentiostatic mode with the different formation steps
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- 1% Stage (nucleation): Corresponds to the formation of the first germs on the surface of
the working electrode (FT'O in our case).

- 2™ Stage (Growth): Corresponds to the growth of germs.

- 3" Stage (Diffusion): Corresponds to the diffusion of ions, which becomes the limiting

step for the growth of the deposited film.

2.2.3 Chronopotentiometry

Chronoamperometry is the electrochemical technique used under galvanostatic approach,
which consists to apply a constant current density at the working electrode, and plotting
the variation in the over potential flowing between the working electrode and the counter
electrode as a function of time. The chronopotentiometric curve as well as the different

electrodeposition steps are shown in Fig. (2.7)
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Figure 2.7: Chronopotentiometric curve obtained during the electrodeposition under gal-

vanostatic mode with the different formation steps

2.2.4 Mott-Schottky measurements

The Mott-Schottky (M —S) measurement is used to investigate the electronic properties of
semiconductor materials based on examining the semiconductor /electrolyte contacts and

measuring the apparent capacitance as a function of the applied biases under depletion
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conditions [100]. A defect is classified as a donor if it donates electrons to the conduction
band and as an acceptor if it accepts an electron from the valence band and leaves behind
a positively charged hole. C~2 = f(F) [101] plots are presented in Fig. (2.8)(a) for
n—type semiconductor (Zn0O) and Fig. (2.8)(b) for p—type semiconductor (Cuy0). Where
the positive slope of the linear part confirms that the sample is n—type semiconductor
(Fig. (2.8)(a)). However, the negative slope of the linear part confirms that the sample is
p—type semiconductor (Fig. (2.8)(b)).
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Figure 2.8: Mott—Schottky plots. a) for ZnO thin films (n—type semiconductor) , b) for

Cuz0 thin films (p—type semiconductor).

The conduction type, the flat band (Ey;), and the acceptor densities of the deposited
nanostructures can be determined by studying the semiconductor electrolyte interface
using the Mott—Schottky (M —S) measurements. In which, the depletion layer capacitance
C—2 = f(E), at a fixed frequency, can be measured and presented as an M — S plot
following the equation Eq. (2.1)[102] and Eq. (2.2)[103] below. The Eq. (2.1) shows the

relationship between the space charge capacitance and the defect density for n—type
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semiconductor (ZnQO)

1 2 kT
E - €& ND (& |:<E B Efb) B ?] <21)

Where C' is the space charge capacitance in the interface of ZnO semiconductor, e is the
electron charge, Np is the donor concentration of ZnO n—type semiconductor, g is the
vacuum permittivity, ¢ is the ZnO dielectric constant, k is the Boltzmann constant, T is
the absolute temperature, and E' is the applied potential. From the slope of M — S plots
which the line interpolates until C~2 = 0 gives the flat-band potential (Ey,). While the
Np of the different samples have been calculated thanks to this slope.

Eq. (2.2)showed the relationship between the space charge capacitance and the defect
density for p—type semiconductor (Cuy0) ,

1 2 kT
e Naie [(E — Ep) — ?] (2.2)

Where C' is the space charge capacitance in the interface of C'uyO semiconductor, e is the
electron charge, N, and is the acceptor concentration of a p—type semiconductor, €, is
the vacuum permittivity, € is the dielectric constant Cu,O, k is Boltzmann constant, T is

the absolute temperature, E is the applied potential.

2.2.5 Photocurrent analysis

Photocurrent (PC) analysis is another valuable measurement technique, typically em-
ployed in the physics of semiconductor materials and provides information about charges
collection /separation and chemical reactions happening across the semiconductor/elec-
trolyte contacts under dark and illuminated conditions. It rests on determining the
quantity of charge on the basis of the time dependence of current flowing through the
semiconductors. As a semiconductor photoelectrode is in contact with an electrolyte so-
lution, a depletion layer is formed at the surface of the photoelectrode [104]. Since there
are few free carriers available, the current (dark current) is very small. When light is
shed on the surface of the semiconductor photoelectrode, electron-hole (e~ /h*) pairs are
generated and separated in the depletion region, and consequently, a photocurrent re-

sponse is produced. The photocurrent generated increases if the density of free carriers
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increased when illuminated by the light. The photocurrent reading will decay to the
original value (dark current) when the light is blocked (see Fig. (2.9)). The magnitude
of the photoresponse depends mostly on the semiconductor properties, applied potential,
and electrolyte solution composition [104, 105]. For an n—type semiconductor electrode
at an open circuit, the Fermi level energy of the semiconductor is typically higher than
the redox potential of the electrolyte and the electrons as major carriers move towards
the semiconductor/electrolyte interface to attain equilibrium (Fig. (2.9)). Therefore, a
depletion layer is formed at the semiconductor surface, resulting in the upward bending of
the band edges at the interface. Under light of energy greater than the band-gap, photons
are absorbed and e~ /h* pairs are created. The holes move into the electrolyte and the

electrons move into the semiconductor.

n-type ZnO p-type Cu,0
ECB @ 2H+ ECBﬂ H2
H,0 H,0
EF________________ _____2 EF _____________________ 2
. <H20 Evp H,0
‘ @._. 0, In dar OH
£ s
3 E
S =
- =)
In dark

Figure 2.9: Photocurrent interaction principle in semiconductor/electrolyte interface

Therefore, the irradiation of n—type semiconductors will promote the anodic currents,
i.e., positive currents than that in the dark conditions [106]. The behavior of p—type semi-
conductors is different from that of n—type semiconductors. In p—type semiconductors,
the depletion layer is negatively charged as the holes are major carriers and move from
the electrode to the electrolyte, causing a downward bending in the band edges. Under
irradiation, the holes move into the electrode and the electrons move into the electrolyte,

giving rise to generate cathodic currents, i.e., negative currents than that in the dark
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conditions, as illustrated in Fig. (2.9).

2.3  Physical characterization instruments

2.3.1 Autolab: Potentiostat/Galvanostat

A potentiostat is an instrument that supplies a chosen voltage or current to a 3-electrode
cell, and monitors the output current or voltage. In cyclic voltammetry, the supplied
voltage oscillates between two different voltages at a constant scan rate. The current vs.
voltage function is then plotted, showing rates of chemical deposition and stripping for
the supplied voltages. Typical scan rates are 10 — 100 mV'/s. The potentiostat may also
supply a constant voltage, constant current, and voltage or current step functions. For
supplied voltage the current is plotted, and for supplied current the voltage is plotted.
It is important that both of the other electrodes have electric contact with the working
electrode. If there is no contact with the counter electrode, no current can be passed
through, and if there is no contact with the reference electrode, the amplification circuit
inside the potentiostat acts as an oscillator, causing wildly oscillating voltage supply. A

diagram of a typical potentiostat circuit is given in Fig. (2.10)

Current Meter

Figure 2.10: Circuit diagram of a typical three-electrode potentiostat circuit[107].
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2.3.2 Scanning electron microscope (SEM)

A scanning electron microscope (SEM) is an instrument that directs an electron beam at
the sample and collects the emitted secondary electrons to form an image. The secondary
electrons are electrons that are re-emitted from the specimen, they form an image shows
the morphology of the sample surface in great detail(high resolution). Back scattered
(reflected) electrons can also be collected. The back scattered electron image shows the
morphology and also composition. Back scattered electron intensity is dependent on the
atomic number of the sample. The microscope consists of an electron gun, a condenser
lens, scan coils, objective lens, the sample and an electron collector. The electron gun
works by heating a filament slowly (to avoid fracturing) and accelerating the electrons
using a voltage of 5 —25kV . Electrons are collected and the intensity data is coupled with
the scanning coils to create an image of the surface. The instrument works in a vacuum
to increase the mean free path of the electrons in order for as many as possible to reach
the appropriate detector [108]. A typical SEM is shown in Fig. (2.11). In this thesis a
SEM-FEG (JEOL LSM-6701F) technique from secondary electrons (SE) images at 20kV

was used.

Electron Gun

Incident Beam

ToTv
Seannier X-rays Backscattered
Electrons
Secondary
Auger Electrons
Electrons

Secondary
Electron
Detector

Specimen

Figure 2.11: Illustration of a schematic principle of the Scanning Electron Microscope.
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2.3.3 Atomic Force Microscope (AFM)

Characterization by AFM constituted a non-destructive method of analyzing the topog-
raphy of a given sample. So, we can have additional information on the film topography
of the surface by 2D or 3D views and also the roughness of the analyzed surface. The
mode of operation of the surface of the sample by a lever-tip can be moved along theX,
Y and Z directions. Under the action of Van der Waals forces, electrostatic, magnetic,
chemical, etc., the lever can be deflected. In order to measure the deflection of the lever,
a laser diode is used. The laser beam emerging from the diode is focused on the end of
the lever and then it is reflected towards the photodetector. As a result, deflection of the
lever causes the reflected beam movement [109]. The operation of an AFM can be done
either, through contact mode, or non-contact mode. Fig. (Fig. (2.12) shows a schematic
principle for the AFM. The images of the surface are thus obtained by horizontal and ver-
tical displacements of the tip relative to the sample. In non-contact mode, AFM images
are obtained by detecting the deflection of the fixed stiffness lever at any point during the

surface scan. PicoScan 5.3 from molecular imaging has been used in this thesis.

»

tip height

Figure 2.12: Illustration of the AFM schematic principle
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2.3.4 X-ray diffractometer (DRX)

X-ray diffraction is a technique used to determine the lattice parameter of a mono or
polycrystalline structure by reflecting x-rays off the surface and analyzing the diffraction
pattern. In order to create the diffraction pattern, the emitted x-rays must be of the same
energy. This is achieved by bombarding a certain material (Cu and Mo are common
materials) resulting in K« radiation. These rays are further monochromatized by passing
them through a filter or a single crystal. This monochromatic beam of x-rays then hits the
sample, which reflects the radiation. The lattice structure of the sample, if there is one,
then causes constructive interference in some directions [34]. This means the diffraction
pattern will be mostly noise for amorphous structures, but for crystalline samples there
will be a characteristic set of intensity peaks for the crystal orientations for each substance.
The diffraction pattern is found by moving the detector around the sample while mapping
the x-ray intensities, see (Fig. (2.13)). Typically, the x-ray source angle is called 6, and
the detector angle is called 20. In this thesis we have used a Siemens D5000 X-ray
diffractometer with a CuK« radiation, the 26 range of (20 °C-75 °C) was recorded at a
rate of 0.02° 260 per 0.5s

X-ray E Detector

source ;
Incident .
optics C-:) chemng
optics

| 26 Sample

(goniometer)

Figure 2.13: Illustration of the principles behind an XRD. The detector moves and regis-
ters the reflected intensity at different angles (26).

The average crystallite size (D) can be calculated using Scherrer’s Formula Eq. (2.3).

A
D =109

e (2.3)
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Where D is the average crystallite size (nm), A is the X-rays wavelength (\., = 1.54061401),
0 is Bragg’s angle, and [ is the FWHM (Full width at half maximum) in radians.

2.3.5 UV-Vis spectrophotometer

Because the substrates were transparent, the optical properties of the films were found by
measuring the transmitting light when the film was exposed to light of a certain energy
spectrum. UV-Vis spectrophotometry analysis refers to the study of optical properties of
sample materials over a wavelength range corresponding to the visible and the adjacent
ultraviolet and near-infrared ranges. This technique is based on the quantification of the
light absorbed or transmitted by a sample. In its simplest form, a sample is placed between
a light source and a photodetector, and the intensity of a beam of UV-Vis light is measured
before and after passing through the sample as depicted in Fig. (2.14). These measure-
ments are compared at each wavelength to quantify the sample’s wavelength-dependent
absorbance or transmittance spectrum and each spectrum is background corrected using
a buffer blank to guarantee that spectral features from the buffer blank are not included
in the spectrum of the sample material. In this thesis spectrophotometer 2401 PC type
SHIMADZU was used.

Mirror

2N\

D, lamp § Tungstenlamp Reference

Mirror @ Photo diode

Data readout

S Filter g
Data S |
Processing §
<M N\
| |Tﬂ Wavelength (nm)
w Photo diode
| Beam @
litter Sample
Monochromator Sp

Figure 2.14: Illustration of UV-Vis spectrophotometry schematic principle
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The absorption coefficient was calculated from Beer-Lambert’s low as follows:

—In %
—<L( R)> (2.4)

o =

Where « is the absorption coefficient, L is the optical path (in our case is the film thick-
ness), T' is the transmittance, R is the reflectance, and A is the absorbance (A = aL).
During the measurement, the incident field was perpendicular to the film surface means
the reflectance was null. The (ahv)? versus the photon energy (hr) plotted using Tauc
relation Eq. (2.5) [110], in order to determin the optical band gap for the deposits. Theo-
retically, the optical band gap can be obtained by extrapolating downwards to the photon

energy axis for the corresponding straight lines [110].
(ahv) = A(hv — Eg)" (2.5)

Where o and A are the absorption coefficient and the absorption factor (the absorbance),
respectively. hv is the photon energy as a function of the light frequency, E, is the band
gap energy of the material, and n depends on the nature of the transition. In direct band

gap absorption without phonon mediation n = 1/2.

2.3.6 Stylus profilometer

The stylus instrument is most commonly used, through half a century of development, is
one of the most widely used techniques for surface morphology measurements [111, 112].
The stylus profilometer can be used to measure surface morphology with a diamond stylus
probe that touches the surface. Height variations are measured as either the stylus or the
sample is being moved. The mechanical movements of the stylus are converted to electrical
signals, which are then amplified to give DC output signals. Most modern stylus systems
use digital data recording methods. All of the stylus profilometry techniques have many
components and a data acquisition system, as shown in Fig. (Fig. (2.15). The pickup
comprises the stylus, stylus holder mechanism, transducer, and any signal conditioning
associated with the transducer. The pickup is driven by a gear box, which draws the

stylus over a surface at a constant speed. As the system is scanned across a sample, the
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z-axis displacements of the stylus are sensed by the transducer (usually a linear variable
differential transformer), which converts linearly the mechanical motion to the electrical
signal. The signal, after being magnified by an electronic amplifier, is collected by a data

acquisition system to generate the surface profile.

Position Sensitive
Photodetector Laser

Sensor
Signal
Magnetic

/ ? Force Solenoid
Stylus Tip . \’\ !

Mirror on top of
Rotation Pivot

Translation Stage

Figure 2.15: The schematic principle of a stylus profilometer.

2.3.7 Current-Voltage characterization in the dark (I-V measure-

ment)

I —V measurements in the dark are very useful for examining the properties of the p —n
junction, the diode is a p — n junction connected to two contacts, the variation of the
applied voltage across the hetero-junction creates a current varied exponentially with
the voltage as shown in Fig. (Fig. (2.16). The current across the hetero-junction varies
exponentially with the applied voltage and its variation can be described by the standard

Schottky diode equation Eq. (2.6)[113].

I[(V)=1s (exp (%) - 1) (2.6)

Where: [s: saturation current, n is the ideality factor and V applied voltage, k is the

Boltzmann constant, 7' is the absolute temperature, ¢ is the elementary electronic charge.
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Kms

Figure 2.16: I-V characterization of CZTS/ZnS hetero-junction and the equivalent circuit

of an ideal diode.

The (I — V') characterization is an important tool to study and analyze the electrical
properties of the diode by the determination of the diode parameters such as the ideality
factor (n), and saturation current (/s). The ideality factor n is an important parameter
of the diode which shows how close the realized diode to the ideal diode of Schottky. It
is used to determine the dominate transport mechanism of the current across the hetero-
junction. The ideality factor (n) can be calculated from the variation of the slope of the
linear portion of In(I) — V" as shown in Fig. (2.16) and it can be expressed as the following

formula Eq. (2.7):

"= (anm) 27

The saturation current (Is) is activated by the activation energy FA and represent the
diode leakage current in the absence of light, as seen in Fig. (2.17). Is is due to the
diffusion of minority carriers in quasi neutral region (electron in the n region and holes
in p region) and refer also to the generation of free carriers in the space charge region.
Saturation current and ideality factor can be determined from the semi logarithmic plot

of the current as function of the applied voltage.
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Figure 2.17: Semi logarithmic scale of the current as function of applied voltage of a diode.
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CHAPTER 3

ELECTROCHEMICAL PARAMETERS EFFECT
ON THE Zn(O NANOSTRUCTURES

PROPERTIES

3.1 Introduction

Y modifying the electrodeposition parameters; such as the concentration of the
B Zn** precursor in the electrolyte, the potential applied during processing, the tem-
perature of the bath, and the nature of the additives used. Various ZnO morphologies
have been produced, including nanowires|114], nanopiles [115], nanoplastic [116], nanopar-
ticles pradhan2008controlled [97], nanowalls, nanodisks, nanospikes, nanopillars [97] and
epitaxial films [117]. Most of them were deposited in aqueous solutions, under ambient
atmosphere (60 °C- 90 °C). Among them are nanowires, which drew the attention of scien-
tists because of their capacity to serve as a fundamental 1D architecture for applications in
solar cells [118], light-emitting diodes|[119], and chemical sensors [120]. The electrochemi-
cal deposition of crystalline ZnO from aqueous precursor solutions has several advantages
over the other deposition techniques|[13, 65, 83]; such as chemical vapor deposition [84],
or radiofrequency magnetron sputtering [85, 86]. This efficient procedure just needs low
temperatures <100 °C to prevents the damages of the sensitive substrates and the active
materials. This technique is based on a solution close to chemical equilibrium without
requiring subsequent annealing; and regardless of the substrate shape, it will guide us

to a variety of optional feature geometries. Among the different morphologies of ZnO
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nanostructure; Zn(O nanosheet, which is characterized by its unique structure used in
many devices; such as the dye sensitized solar cell [87, 121|, the gas sensor [122], the
photodetector [123, 124], and the piezoelectric nanogenerator [125]. The control of the
morphology of the ZnO nanosheets in terms of density, height, and porous structure, etc,
is therefore important to improve the device’s performance. To make nanosheets grow on
a conductive substrate by an electrochemical method provides a simple means of obtaining
an excellent material-substrate bond which ensures good electronic transport required by
the electronic devices.

In order to investigate the effect of the elaboration key parameters; the applied current
density and the approach, on the electrochemical, structural, optical, and morphologi-
cal proprieties, this chapter is taking place, in which we elaborate ZnO nanostructures
with varied morphology directly on FT'O-coated glass substrates at 70 °C, using a simple
electrochemical deposition technique. It is reported before by Pradhan,D [97] that the
concentration of the precursor Zn(NOj3), in the electrolyte is important to control the di-
mensionality and the morphology of nanostructures, where for the formation of nanospikes
and one-dimensional (1D) nanopillons, the precursor is less than 0.010/ while for the two-
dimensional (2D) nanodiffes and nanodisks are more than 0.05M. In this work, we trace
back two different baths: chloride medium and nitrate medium with different concentra-
tions. In the nitrate medium, we use 0.08M as a precursor concentration to elaborate the
Zn0 nanosheets while in the chloride bath, we use 0.001M to grow the ZnO nanowires.
In the first part, we study the current density effect for the ZnO nanosheets through gal-
vanostatic mode with two electrodes system of unique characteristics; where the current
provided in a constant way, leads to a constant crystal growth rate, which gives better
control. In the second part, we compare the optimal current density for ZnO nanosheet,
obtained in the previous part by the galvanostatic mode, with another obtained by po-
tentiostatic mode, keeping the same experimental conditions. Furthermore, in chloride

electrolyte, two samples of ZnO nanowires are prepared using different approaches.
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3.2 Galvanostatic electrodeposition of ZnO nanostruc-

tures: Current density effect

In order to investigate the current density effect on the properties of ZnO nanosheets,
Different current densities were applied, —0.5, —1, -2 and —3 mA.cm~2 for 2 min. The
deposition process was performed in electrolyte contains 0.08 M Zinc nitrate
(Zn(NOj3)s2), and 1 M potatium nitrate (K NOs). When, the deposition temperature
held constant at 70 °C.

3.2.1 Electrochemical analyses

3.2.1.1 Deposition mechanism of Zn0O nanostructures

Fig. (3.1) shows the potential as function of time. The curves recorded during electrode-
position of ZnO nanosheets at different current densities on F'T'O substrate at 70 °C for
150 sec. Starting by the development of OH~ resulting from the reduction of nitrate
anions (NOj3 )to nitrite (NOy ),the ZnO layer was formed by a multi-step process

NO; + H,O +2¢~ — NO; +20H™ (3.1)
Zn*t +20H™ — Zn(OH), (3.2)
Zn(OH )y e H>O + ZnO | (3.3)

According to this mechanism above Eq. (3.1)-Eq. (3.3), the precipitation of Zn(OH ), on
the working electrode (FT'O in our study), caused by the generation of OH ions, which
spontaneously transforms into ZnO under tempreture higher than 50 °C [126]. In our
case, the bath temperature was set at 70 °C to favor the third step. Regarding to the
different electrocoating current densities (—0.5, —1, =2, —3 mA.cm™2), the general look
for the Chronopotentiograms is typical of a 3D electrocrystallization growth [127]. It can
be seen that all the curves reveal three regions; (0 — 5 sec) the potential decrease sharply

when the current was applied.
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Figure 3.1: Chronopotentiograms obtained during deposition of ZnO nanosheets at dif-
ferent current densities: —0.5, —1, —2, —3 mA.cm~2 from an electrolyte containing 80

mM Zn(NOs), and 100 mM (KNOs) at 70 °C forl150 sec.

At 5 sec, the potential get to minimum value, which indicate the initial growth stage
(nucleation), which is clear that the minimum value of this inverted peak becomes less
negative, when the current density decrease, that could be attributed to the generation of
OH ™ ions. Moreover, it is most probably due to the passivation effect in the first stage of
ZnO formation, which causes a rise in the surface resistivity|24]. Second region (5—85 sec)
for the films deposited for —0.5 and —1 mA.cm™2, and (5 — 23 sec) for the films deposited

for —2 and —3 mA.cm™2

, suggesting that the substrate becomes less conductive over time.
The potential values start to increase, it can be interpreted by an initial growth stage and
a completed nucleation process. Last state, a stabilization of the reaction following the

constant growth of ZnO represented by a plateau favoring the deposition of ZnO films
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of very good quality. The potential of deposition in the steady state decrease towards
more negative values from —1 to 1.5 V when the current densitie goes from —0.5 to
—3 mA.cm~2. The best curves in terms of homogeneity of the ZnO nanostructures were

obtained with —2 mA.cm™2 and —3 mA.cm™2.

However, in the potentiostatic mode;
—1.3 V/ECS was the optimum potential in the same conditions [128]. For that, the
intermediate current density of —2 mA.cm =2 could be the best result, from a compatibility
point of view with galvanostatic mode compared with electrodeposited thin films at lower

or higher current densities. In next parts of our study, this initial result will be confirmed.

3.2.1.2 Mott-scottky Measurements

Through Mott—Schottky (M — S) measurements; the conduction type, the flat band po-
tential (Eyp), and the estimated of major charge carrier densities of ZnO semiconductor
can be studied. This method is based on the Schottky barrier formation at the interface
semiconductor/electrolyte. These electronic properties were determined by studying the
semiconductor electrolyte interface. Fig. (3.2) shows the Mott-Schottky plots of ZnO
nanostructures, obtained at different current densities (—0.5, —1,—2, -3 mA.cm™?), in
0.5 M K NQOs solution and fixed frequency of 20 KHz. Briefly, it is clear that the slope
of the linear part of the curves of the capacitance as a function of the applied potential
in the depletion zone shows positive slope. This confirms that the samples prepared for
different current densities are n — type semiconductors which is known from earlier for
Zn0O. The depletion layer capacitance C~2 = f(F) , at fixed frequency, was measured
and presented as an M — S plot following the Eq. (2.1) [102]. From the slope of M — S
plots which the line interpolate until C' = 0 gives the flatband potential (Ef,). While the
donor concentration (Np) of the different samples have been calculated thanks to this
slope. Since the donor density Np is determinate, the diffence between Fermi level and
the conduction band edge can be also calculated from Eq. (3.4):

KT N¢
d=FEcp—Ep=—In|— 4
CB F o N(ND> (3)
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Where N¢ is the effective density of states in the conduction band. It is assumed that all
states below Fermi level (EFr) are completely filled and those above are vacant. Indeed,

N¢ can be calculated as follows

2mm* KT 3/2
No = 2<T) (3.5)

Where m* is the electron effective mass, determinate by Enright and Fitzmaurice|[129].

In the case of ZnO, m* = 0.27me.
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Figure 3.2: Mott-Schottky plots of ZnO nanosheets at different current densities: —0.5,
—1, =2, =3 mA.cm~2. The corresponding flat band potential values are indicated for the

different plots.

The E,, Np and d calculated from M — S analysis are summarizes in Tab. (3.1). It is

clear that Fy, is cathodic for different samples. From I = —0.5mA.cm™2 to —2mA.cm™>
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the donor densities increase from 1.53 x 10%° to 5.82x 10?2 ¢m—3 when the cathodic current
density applied decreases to more negative values. However, it decreases to 4.41 x 10%°
cm—3 for I = —3 mA. The resource of these carrier are the oxygen vacancies. The
difference between Fermi level and the potential of the edge of the conductive band are
in negative values, which means that Fermi level is inside the conduction band in the
different samples. In the edge of the conduction band No = Np, higher the number of
carriers, the level of fermi begins to break into the conduction band (degenerate material).
It’s worthnoting, that these values are proportional with Np in absolute value. The best

sample across the Mott-Schottky analysis is about —2mA.cm 2.

Table 3.1: Current density effect (—0.5, —1, =2, —3mA.cm™2) of ZnO nanostructures on
the donor density charge (Np), the flat band potential(Ey), the depletion zone thickness
(W), and the effective density of states in the conduction band (Eu — Er).

Sample Eg,(mV/ECS) Np(cm™3) W(nm) Ng(em™) Eg, — Ep(eV)

-0.5mA -713.43 1.53 x 10*°  6.663 97
-1mA -562.46 3.36 x 1020 3.994 Eg -117
-2mA -476.28 513 x 102 2.974 g -131
-3mA -480.98 441 x 102 3.224 -124

3.2.1.3 Photocurrent analysis

Photocurrent-Time measurements are performed to determine the conduction type and
photoresponse of the deposited ZnO nanostructures. Fig. (3.3) shows the photocurrent
of ZnO samples successfully elaborated with different current densities (—0.5, —1, —2,
—3 mA.cm™?). In order to evidence photoeffects, the illumination was alternating light
and dark using chopped mode. The measurement have been taken in 0.5M NaySO, and
without bias potential. The photocurrent in all the samples remains constant and very

close to 0.0mA in the dark.
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Figure 3.3: Photocurrent measured from ZnO nanosheets at different current densities:
—0.5, —1, =2, —3 mA.cm~2. Inset: the variation of the average photoresponse as function

of the deposition current density.

Rectangular responses have been observed under illumination with reproducible pho-
tocurrent with time, in which, increase in the current was noted (anothodic photocurrent),
indicating that the deposited ZnO films behave as n-type semiconductor in different ap-
plied current density, this result confirms which that of reached through Mott-Schottky
analyses. The average value of the photoresponse was calculated for each sample, which
are: 6, 7.85, 29.25 and 24.42 pA, when the current density goes towards more negative
values, as shown in the inset of Fig. (3.3). The highest photocurrent was obtained for
I = —2.0 mA due to the high carrier concentration of this sample reported in Mott-

Schottky results.
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3.2.2 Structural characterization

The ZnO nanostructures electrodeposited over a current range from —0.5 to —3 mA.cm?
were studied by XRD measurements to investigate their structural proprieties. Fig. (3.4)
shows XRD spectra of ZnO films obtained on FTO substrate, where only peaks corre-

sponding to the diffraction of ZnO thin layers were observed.
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Figure 3.4: X RD patterns of ZnO nanosheets at different current densities: —0.5, —1,
-2, =3 mA.cm™2 on FTO. (*) Indicate diffraction peaks corresponding to the FTO

substrate.

All these diffraction peaks can be assigned to those of wurtzite ZnO phase, while no
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additional peak or impurities were seen according to (JCPDS no. 36 — 1451). The aster-
isks are attributed to FTO substrates peaks. All the samples show (100) as preferential
orientation, where the intensity of the peak is increased with increasing deposition current
density from —0.5 to —2 mA.cm™2. However it decreased when the current density goes
to more negative value. For the case of I = —2 mA, the intensity of the peak is equal to
that of (002) orientation along the c-axis which is normal to the FT'O substrate surface.
This is attributed to the ZnO deposition reaction, in which a competition between (002)
and (101) orientations. It can be seen, from Fig. (3.4), that the texturation is closely

related to the applied current density, and this goes well with M.Izaki results [130].

3.2.3 Topographical characterization

Through Atomic Force Microscopy (AFM), the topographies of the obtained ZnO films
were characterized. Fig. (3.5) shows 2D AFM plots of ZnO samples deposited under dif-
ferent current density. It can be seen that the surface area becomes more field when the
applied current goes to more negative values, which can be explained by the proportional-
ity between the initial growth stage and the completed nucleation process of the ZnO films
and the covered surface, this is in good agreement with the chronopototiometric plots. On
the other hand, the root mean square (RMS) takes values of 61.960, 73.162, 88.586, and
78.800nm for —0.5, —1, —2, —3 mA.cm 2, respectively, where it is clear that the roughness
increases with decreasing the current density from —0.5 to —2. mA.cm =2, then decreases
for higher applied current. This can be related to the texturation evaluation, in which the

rougher surface corresponds to —2 mA.cm™2, when I(101) = I(002).
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Figure 3.5: Tapping mode 2D AFM images (10 x 10um?) of ZnO nanosheets electrode-
posited at different current densities: a) —0.5b) —1, ¢) —2 and d) —3 mA.cm~2. The

roughness for each sample was also indicated.

3.2.4 Optical characterization

Optical measurements, using UV-visible spectrophotometer, of ZnO films elaborated un-
der different current densities were carried out at ambient temperature. The spectral of
which extends over is from 200 to 1200 nm. Fig. (3.6)(a) shows the optical transmittance
spectra of different samples. It can be clearly seen that the shape of the set of transmission
spectra is identical whatever the applied current density. It seems that the light is totally

absorbed in the range < 300 nm for the different spectra. Practically, the transmittance
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increases rapidly from 300 nm, towards a maximum value (at 400 nm) due to wide band
gap of ZnQO, as the wavelength increases for all the samples, in which a minimal optical
absorption can be occurred, because it is clear that the incoming photon energies are less
than the band gap energy of ZnO thin films. In visible spectrum (400 nm — 800 nm)
the transmittance is strongly depended on the applied current density during the films
elaboration. The average values were recorded to 55, 45, 18, and 38% for —0.5, —1, —2, —3

2

mA.cm™* respectively, as shown in Tab. (3.2).
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Figure 3.6: a) Transmittance spectra ZnO nanosheets at the different current densities.
b) Dependence of (ahv)? versus photon energy (eV) for ZnO nanosheets. Inset: the

variation of the optical gap values as a function of the deposition current density

On the other hand, the transmittance can reach values around 72% in the near infrared
range for —0.5, —1, and —3 mA.cm 2. However, it does not exceed 58% in the case of —2
mA.cm~2. This can be explain by the loss of energy at the entrance under the scattering
phenomenon. Yamamoto et al.[131] stated that the optical transparency of ZnO films
is rather strongly related to the roughness of the surface and to the existence of voids

and pits as surface defects. This may be the reason for the lowest transmission factor
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2 which has a rough surface. Thus, higher is the

of the film prepared at —2 mA.cm™
roughness, higher is the scattering, lower is the transmittance. It can be seen that, this
result is in good agreement with AFM topography. The optimum film will be used just as
a before layer for ZnO nanowires. So, roughness or weak transmittance it has nothing to
do with the quality of film when it will not be used as a window layer (the superficial one).
Fig. (3.6)(b) shows the (ahv)? vs. the photon energy (hv) to determinate the optical band
gap for the different ZnO films. In order to investigate the effect of the applied current
density to ZnO optical band gap energy, the Tauc relation (Eq. (2.5))[110] is used. The
optical band gap can be also obtained by extrapolating downwards to the photon energy
axis for the corresponding straight lines [110]|. From the inset of Fig. (3.6)(b), we can see
the variation of the band gap energy, for the different samples. It seems clear that Fg
decreases from 4.01 to 3.73ev when the current density goes from —0.5 mA.cm—2 to —2

mA.cm~2. Moreover, it increases to 3.92 eV, for —3 mA.cm™2.

Table 3.2: Current density effect (—0.5,—1, =2, —3 mA.cm™2) of ZnO nanostructures on

the transmittance in different optical domains.

Optical domain

0
% UV region Visible region Near infrared region
“ (300-400 nm)  (400-800 nm) (800-1200 nm)

-0.5 mA 46.91% 55% 71.78%

-1 mA 30.59% 45% 69.78%

-2 mA 2% 18% 53%

-3 mA 8.86% 38% 66.93%

In summary, the different proprieties of ZnO nanostructures as function of the applied
current density have been studied. The results were varying bikes focusing on the most
important points including the deposit quality, the density of load carrier, the most intense

orientation following the plan (002), and so on. We can note that the film developed under
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the current —2 mA.cm™2 is the optimal film in this study based on the results of Tab. (3.3).
In the second part of this work, this film will be compared with the another one developed

under the same conditions by the potenstiostatic mode.

Table 3.3: Current density effect (—0.5, —1, =2, —3 mA.cm™2) of ZnO nanostructures on

the physical and electrochemical properties.

Sample -0.5 mA -1 mA -2 mA -3 mA
Film thickness [nml] 389.3 470.8 803.3 366.9
Optical transmittance [%] 71.78% 69.78% 53% 66.93%
RMS [nm] 61.960 73.162 88.586 78.800
Band gap [eV] 4.01 3.97 3.73 3.92

Carrier charge density [cm ™3] 1.53 x 10% 3.36 x 102° 5.13 x 10*° 4.41 x 10%

Photo-response [uA] 6 7.85 29.25 24.42

3.3 Galvanostatic, and potentiostatic electrodeposition
of ZnO nanostructures: comparative study for two

different morphologies

The optimum current density in the previous study (galvanostatic mode) will be compared
with and another sample using potentiostatic mode where the applied potential is —1.3
V in the same conditions. ZnO nanowires were prepared using electrodeposition way on
FTO substrate in bath contains 0.001 M Zinc nitrate (Zn(NOs;)s), and 0.1 M potatium
chloride (KCl). In order to investigate the elaboration mode effect on the structural,
morphological and optical properties of ZnO nanostructures we apply a constant current
density (galvanostatic mode) of about —0.125 mA for the first sample and constant poten-
tial (potentiostatic mode) of about —1 V for the second one, using computer-controlled

potentiostat /galvanostat (Autolab) for 15 min. And the deposition temperature held
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constant at 70 °C. For each ZnO morphology; Zn(O nanosheets and ZnO nanowires,
two films were elaborated. ZnO nanosheets by galvanostatic mode, ZnO nanosheets by
potentiostatic mode, ZnO nanowires by galvanostatic mode, and ZnO nanowires by po-
tentiostatic mode will be noted in the rest of this paper; ZnOE?\;S),ZnOE?S),ZnOgV)W) and
ZnOgGW) respectively.

3.3.1 Electrochemical analyses

3.3.1.1 Deposition mechanism of Zn0O nanostructures

Fig. (3.7)(a) show the current density and the potential variation, for ZnOg'GS) and
ZnOé‘Jq\;S) as a function of time. The two curves are recorded during the electrodepo-
sition of ZnO nanosheets at 70 °C for 150 sec, where the elaboration mechanism of ZnQO
is well detailed in the first part of this chapter, expressed by Egs. (3.5)- (?7). It can be
seen from Fig. (3.7)(a) that the chronoamperogram is typical of a 3D electrocrystallization
growth|128, 132]. Three region are clearly observed ((0—5 sec), (5—40 sec), and (40— 150
sec)), that can be corresponding to the sudden current increase when the potential of —1.3
V' was applied, which are the initial growth stage, the completed nucleation process, and
the reaction stabilization following the constant growth of the ZnO film, respectively. It
is worthnoting that the current minimum, which could indicate the nucleation stage, is
shown exactly at 5s. It is clear that the elaborated films by potentiostatic or galvanos-
tatic Fig. (3.7)(a) mode had the same steps and practically the same duration for the itch
stage. In elaboration terms, the two samples followed an identical path of formation. On
the other hand, the electrochemical deposition of ZnO nanowires can be obtained at low
temprature (< 100 °C') by reducing the Oy [65] in the electrolyte that occurs either by a
two electron process Eq. (3.6) or by a four electron process Eq. (3.7), depending on the
electrolyte nature and the F'T'O substrate properties [133, 134].

02 + 2H20 + 2e — HQOQ + 2OH_ (36)

Oy + 2H50 + 4e~ — 40H™ (3.7)
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Literally, the generated OH~ ions, due to the electrochemical reduction of O, increase
the local pH beside the substrate leads to the precipitation of ZnO nanowires on the F'TO
substrate resulting from the reaction between Zn?* and OH ™~ ions Eq. (3.8)[135]

Zn** +20H~ — ZnO + H,0 (3.8)

The growth of ZnO nanowires needs a relatively slow diffusion of Zn?** to the FTO
substrate, in comparison to the reduction of Oy to OH~ in the electrolyte. Fig. (3.7)(b)

shows, the chronoamperogram and the chronopotentiogram for ZnO nanowires.
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Figure 3.7: a) Chronoamperograms and Chronopotentiograms obtained during deposi-
tion of ZnO nanosheets b) Chronopotentiograms and Chronoamperograms obtained dur-
ing deposition of ZnO nanowires from an electrolyte containing 1mM Zn(NOs), and

100mM K Cl at 70 °C for 15min.

Both of curves recorded during electrodeposition of ZnO films on an F'T'O substrate,
and temperature kept at 70 °C for 900 sec. After studying their effect, —1V vs. SCFE
and —0.125 mA.cm™2 are, respectively, the chosen potential and current density for the
Z nOg’\;S),Z nO((]gV)S). These conditions favor the deposited ZnO quality[136]. As known in

ZnQO thin films, the formation multi-step process is starting by the development of OH~
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in the electrolyte resulting from the reduction of nitrate anions (VO3 ) to nitrite (NO3 )
, until the precipitation of ZnO nanowire on FTO substrate (Egs. (3.6) - (3.8)). From
Fig. (3.7)(b), it seems clear that, the two curves are typical of a 3D electrocrystallization
growth [127, 132] and three steps are observed. It can be seen, at (0—5 sec), two identical,
upside down peaks are observed, corresponding nucleation process. After that, a perfect
stabilization of reaction following the constant growth of ZnO nanowires. Both films were
passed by the same path of formation except the mode of excitation. However, will this

influence the electrical, optical and structural properties of the films or not?

3.3.1.2 Mott-scottky Measurements

In order to investigate the mode effect into the electrical properties, Fig. (3.8) shows

Mott-Schottky plots of different ZnO nanostructures.
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Figure 3.8: Mott—Schottky plots for ZnO nanostructures elaborate under potentiostatic,
and gavanistatic modes. a) nanosheets, b) nanowires. The corresponding flat band po-

tential values are indicated for the different samples

The measurements have been done in a 0.5 M NaySO, solution with a fixed frequency
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of 20 KHz. Briefly, it looks clear that the slope of the linear part of the capacitance curves
is exhibited positive for the different samples, which indicates n—type semiconductors
that is early well known for ZnO. The estimated carrier concentration (Np) for Z nO((]gV)S),
ZnOéﬁ?S), ZnOé?\;W) and ZnO&)W) have been calculated through Eq. (2.1). For both
morphologies; ZnO nanosheets and ZnO nanowires, the electron carrier concentrations
increase from 3.32 x 10%° to 5.13 x 10%° em—3, and from 3.16 x 10?° to 5.43 x 10%° e¢m =3,
respectively, when the mode is transformed from potentio to galvano (see Tab. (3.4)).
Moreover, the density order is in good agreement with the literature[137] for the different
samples. It seems clear that the elaborated samples under constant current density had
higher donor concentration and this could be due to the faster deposition rate of ZnO.

It is well known that the ZnO faster growth can create some zinc interstitials or oxygen

deficits[63].

Table 3.4: Mode effect on the donor density charge and the flat band potential of ZnO

nonosheets and ZnO nanowires.

Sample Eg(mV/ECS) Np(cm 3)

Zno(" -559.04 3.32 x 102
Zno" ~476.28 5.13 x 1020
Znog " -1231,25 5.43 x 102
zno" -1430,40 3.16 x 1020

3.3.1.3 Photocurrent analysis

In order to confirm the conduction type and to determine photoresponse of the ZnO
films, photocurrent-time measurements are taking place in this part of study. ZnO((]g\;S)7
ZnOgGS), ZnOgl\;W) and ZnOE]]'GW) samples are recorded under chopped light in 0.5 M
NaySOy4 and 0 V' vs.SCE as an applied potential. Fig. (3.9)(a) shows the photocur-
rents response as a function of time for ZnO nanosheets formed by galvanostatic and

potentiostatic mode. In the dark, the current remains constant, which is very close to 0.
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While, under the light, anodic photocurrents are observed as rectangular responses form
for both. This anodic photoresponse confirms the n-type behavior of semiconductors and
that is in good agreement with Mott-Schottky analyses. The average value during the
180 sec of the generated photocurrent were; 29.425 and 30.627uA.cm =2 for ZnOE?\;W) and
ZnOgGW), respectively. Practically, no mode effect is observed for the photoresponse of
ZnO nanosheets. Fig. (3.9)(b) presents recorded photoresponse as function of time under
chopped light. The two curves confirms that both of ZnO nanowire samples are n-type
semiconduction, when the average responses are2.85 and 2.79 puA.cm—2 for ZnOé?\;W)
and ZnO((iZW), respectively, which are practically similar. However, it looks clear that
the photoelectrochemical stability of Z nOEﬁ?W) that elaborated by a constant potential is
better than that elaborated by applying a constant current. It is worth noting that the
high values of generated current by nanosheets compared to that of nanowires are may
be due to the high absorbance of nanosheets caused by the thickness of films and not by

the performance of the samples.
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Figure 3.9: Photocurrent measured from for ZnO nanostructures elaborated under po-

tentiostatic, and gavanistatic modes. a) nanosheets, b) nanowires.

3.3.2 Structural characterization

X-ray diffraction has been performed on the different layers, where the corresponding
diffractograms are shown in Fig. (3.10). The microstructural evolution of ZnO nanosheets

and ZnO nanowires were studied through this XRD spectra. To further ensure the cor-
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rect identification for the different peaks, JCPDS cart had been used. The asterisks are
attributed to FT'O substrates peaks. In Fig. (3.10)(a), the two patterns of ZnOg\;S) and
ZnOggs) shows clearly polycrystalline materials. Moreover, all orientations are in good
accord with those of the wurtzite (hexagonal) pure ZnO structure (JCPDS no.36 —1451).
The intensest diffraction peak corresponds to (101) orientation plane, accompanied by
the presence of (100), (002), (102), and (110) varying degrees. A similar disparity in peaks
intensity has been reported elsewhere|97| for ZnO nanospikes. In order to quantify ex-
actly the mode effect into the structural properties, average grain size and texturation
coefficient have been calculated using Scherrer’s Formula. The results were summarized
in Tab. (3.5). Also, the XRD patterns of ZnO((]gV)W) and ZnOg'GW), that obtained di-
rectly on FTO substrates after 15 min of electrodeposition, are shown in Fig. (3.10)(b).
Briefly, only the peaks corresponding to the ZnQO diffraction have been observed without
impurities according to (JCPDS no. 36 — 1451). Furthermore, (002) is the most intense
peak for both, which could cover the rest. That may illustrate that there is a growth of
nanostructure perpendicular to the substrate surface. However, the ZnOéﬁ;W) substrate
is well covered in comparison of that of Z nOEf\;W), because the peaks corresponding to the
FTO are little observable. This could be explained that the elaboration rate was higher,
in which the film is thicker. Here, it can be seen, that the texturation is not significantly
related to the mode of elaboration in comparison to what it had been with the current
density effect. In order to quantify the mode effect into the structural properties of the
synthesized ZnO nanosheets and ZnO nanowires, the texture coeflicient and the average
crystallite size (D) were calculated and summarized in Tab. (3.5). Where D was achieved
using Scherrer’s Formula Eq. (2.3). It can be seen from Tab. (3.5) that the average crys-
tallite size decreases a little bit by changing the mode from potentiostatic to galvanostatic.
The results are inversely proportional to Mott-Schottky measurements. As well as The
texture factor (f) as function of the ratio between the (002) and (101) peaks intensity was
calculated through the following equation Eq. (3.9) [138]
([(002)/[(101)) _ (Iéooz)/lélm))

_ 3.9
f (1(002)/1(101)) + (18002)/18101)> (3.9)
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Where the results are in Tab. (3.5). It can be seen that for ZnOé?\;W) and ZnOgeW) , the
texture factor is 90.36% and 86.53% respectively. Which shows a significant improvement

on the nanowire crystallization.
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Figure 3.10: X RD patterns of ZnO nanostructures elaborate under potentiostatic, and
gavanistatic modes (a nanosheets, b) nanowires. (*) Indicates diffraction peaks corre-

sponding to the FTO substrates.

Table 3.5: Mode effect on the film thickness, and structural properties of ZnO nonosheets

and ZnO nanowires.

Sample ZnO(* ZnO® ZnO(™ znO"
Film  thickness  667.0 803.3 1170.6 860.8
[nm]

Texturation 0.20956  0.34827  0.86538  0.90626
coeflicient

£((002)/(101))

Grain size [nm]| 55.529 47.781 19.219 18.370
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3.3.3 Optical characterization

To investigate the presence of the mode effect into the optical proprieties, the transmit-
tance (%) of the different samples, in the range (200 — 1200 nm), have been measured.
Fig. (3.11)(a) shows the optical transmittance spectra of ZnO nanosheets according to
wavelength (nm). It looks clear, that both, ZnOE]g\;S) and ZnOgGS), followed the same
pace. At < 300 nm, there is no passing light. While, at the incidence of the visible spec-
trum (400 nm), for ZnOg;S), a 15% of light is transmitted. Against, it did not exceed
4% for the other one. Then, the transmittance takes to increase for the two films, with a
difference of 25% as an average between them, until they reached in the near Infra-Red
(58.39 and 73.68% respectively). This difference may be due to the high scattering phe-
nomenon from the Z nO((Jg\gs) surface. The optical transmittance versus wavelength for the

ZnO nanowires was also measured, and plotted in Fig. (3.11)(b).

100 120
—ZnOR, (a)| | —ZnORy, (b)
L —Znogﬁ)g) 1 100 _—Znogﬁ)w)
80k i ——FTO Substrate
X 80
3
o 60 | >
,‘E 60 |
Z 40
= 401
S
=
20l 1 20}
0OF
0 L s 1 L 1 - - = L N 1 " 1 " 1 " 1 "
200 400 600 800 1000 200 400 600 800 1000 1200
wavelength (nm) wavelength (nm)

Figure 3.11: Transmittance spectra of the electrodeposited ZnO nanostructures elabo-

rated under potentiostatic, and gavanistatic modes a) nanosheets, b) nanowires.

In the visible and near infra-red range, high values of transmittance (> 80%) were

obtained for both Z nOE?\; ) and Z nO((f\Z sy where, 7 ”082 g) curve was preceded by the other
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one in the edge of the visible range showing a difference of 20% between them. After that,
they became so closer. It can be seen that the transmittance remains almost constant for
ZnOg]g\;W) and ZnOE’]'eW) about 80%, which corresponds to the stabilization of the FTO
substrate. Practically, the samples became totally transparent, where, the corresponding
energy is lower than the band gap energy of the thin films, in the range 200 — 1200 nm,

which indicates that roughness is negligible, thus the surface is not scattered.

3.3.4 Morphological characterization

Fig. (3.12)(ay) and Fig. (3.12)(ay) show the SEM images of ZnOgeW) and ZnOEf\;W), re-
spectively. Typical ZnO nanowires were obtained under both modes of elaboration with
orientations not perfectly aligned. It is well known that when the nucleation stage is
finished, the nanowires start to occupy the considered volume by the total electric charge.
This growth in volume determines, subsequently, the length of the nanowires. After 15
min of electrodeposition, the nanowiress are found to have an average diameter of 245
nm and 185 nm, with an average length of about 350 nm and 225 nm, for ZnOg’\;W) and
A nOg\;W), respectively. According to this result, it seems clear that the growth rate under
potentiostatic mode is considerably faster. The nanowires in this study have been elabo-
rated directly on F'T'O substrate without seed layer, which can introduce ameliorations.
Wu and al.(2010) [139] reported that when seed layer is used, significant modifications
take place; in which the density increases and the diameter reduces. In the other hand
Fig. (3.12)(by) and Fig. (3.12)(b) show the SEM images of ZnO((JgV)S) and ZnOg’\;S) respec-

tively.
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Figure 3.12: SEM images of ZnO nanostructures elaborated under potentiostatic, and ga-

vanistatic modes for nanosheets and nanowires; a;) Z nOg'eW), as) ZnOE}q\;W), b)) Z nOE]g\;S),

b) ZnOR,.
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(9)

By focusing on the obtained results, it can be seen that the Z nO( N

) offred a distinctive
performance that it candidates to be a seed layer for the elaborated nanowires. Finally,
to better understand the mode effect into the efficiency of ZnO nanowires as well as the
effect of the electrodeposition approach on the heterojunction performance, we propose to

study the mode effect on the p — CusO/n — ZnO heterojunction for solar cell application.
Where, n — ZnOnw) / ZnOEJg\;S) is the conduction layer.

3.4 Conclusion

In summary, ZnO nanosheets are very sensitive to the variation of the applied current
density. However, a weak effect is observed comparing the elaboration approaches in the
case of ZnO nanosheets, whereas, the ZnO((?V)S) are the preferred one in terms of ease.
Evidently, the synthesized Z nO((}q\;S), under —2 mA.cm ™2, has the optimum features to be
a seed layer for ZnO nanowires. On the other hand, for ZnO nanowires, when the mode
is transformed from galvanostatic to potentiostatic, the diameter and the length of the
nanowires have been extended. However, the crystallization (f = 90%), optical transmit-
tance, and electrochemical stability were ameliorated under the galvanostatic approach,
as well as, the donor carrier density reached 5.36 x 10%° em =2 for Z nOEf\zw), which is the
highest one. It is worth noting that the donor carrier density was significantly improved
under galvanostatic mode regardless of the film morphology. So, it’s a compromise to
understand why we can not make a scientific decision about what is the best way to form
nanowires without studying it in a clear application. Thus, the two films preceded by a
seed layer will serve as a conductive layer in p — CusO / n — ZnOnw) / Z nOE]g\;S) junction

for photovoltaic application.

67



CHAPTER 4

ELECTROCHEMICAL PARAMETERS EFFECT
ON THE CusO NANOSTRUCTURES

PROPERTIES

4.1 Introduction

O date, there is consequently very little information regarding the influence of the
T current density on the structural and the morphological properties of deposits. In
which, our work was reserved to the study of the current density effect on the cuprous
oxide (Cu20) properties. CusO semiconductor has been chosen, as it is nontoxic and
low-cost[14, 15]. Recently, CusO remains an interesting alternative to various metal ox-
ide semiconductors thanks to the high theoretical efficiency of C'usO based solar cell.
Thus, CusO has been studied as a photocathode for the fractionation of water|68| and
as absorber layer in heterojunctions for photovoltaic device[69, 70]. P-type CusO gave
correlated results for the majority of these applications|71]. thanks to its large range of
conductivity (1071 to 1073Q~'em™") [16, 17] and the high absorption coefficient in the
visible range|72-74] In this chapter, the current density effect on the structural, optical,
and electrochemical properties is investigated. Notably, the direct effect of the applied
current density on the structural properties was indicated previously by Paracchino for

2

Cuy0 [140]. However, the constant current density of —1mA.cm™ was chosen by the
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majority of papers, to grow the CuyO films under a Galvanostatic mode [116, 141-144],
which can not be the optimum value for the different applications. Additionally, detailed
information is attributed to the current effect on the electrochemical and physical prop-
erties through this chapter. To the best of our knowledge, the current density effect
on the optical and the electrochemical features of C'usO films had never been reported.
Furthermore, we illustrate the applied current density effect on the importance of the
synthesized C'usO nanostructures for photoelectrochemical stability. In the second part
of this chapter, the mode effect will take place in two different pH media. M.Abdelfatah
et al.[143] reported a comparitive study between galvanostatic and potentiostatic effect
on the CusO nanostructurs, in order to investigate its influence to p — CusO/n — ZnO
heterojunction efficiency. However, this single work was not enough for the scientific com-
munity to understand deeply which changes on the structural, optical and electrochemical
properties could be introduced when the mode was changed. For that, the second part
work will give many additional informations on approach effect into the elaborated C'u,O
thin films properties . While, the conductivity of CusO also can be tuned by controlling
the pH value of plating solutions during electrodeposition. It looks important, to express
in the present study how much the film performance can be ameliorated when the pH

value little bit varied.

4.2 Galvanostatic of Cu,O nanostructures: Current den-

sity effect

In order to investigate the current density effect on the properties of C'usO nanostruc-
tures, Different current densities were applied, —0.2, —0.3, —0.4, and —0.5mA.cm~2 for
15minutes, in a bath containing a 0.05M copper sulfate (CuS0Oy), 0.06 M citric acid, and
a NaOH adjusting the pH at 12. When, the deposition temperature held constant at
70 °C.
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4.2.1 Electrochemical analyses

4.2.1.1 Deposition mechanism of Cu,O nanostructures

To investigate the applied current density effect on the C'usO nanostructures on a F7'0O
substrate, different curent densities were applied at 70 °C. The electrodeposition mech-
anisme will take place as follows. Firstly, the development of OH ™ resulting since the
NaOH was added to the solution to achieve pH of 12. Secondly the reduction of Cu™?
to Cu™. The Cu,O layers were formed by a multi-step process according to the following

mechanism Eq. (4.1)-Eq. (4.3)

Cut* +e — Cu' (4.1)
NaOH — Na* + OH™ (4.2)
2C’u+ + 20H~ _—)OCHQO + CUQO i, (43)
030 —-l].ZmLA.cm_2
—-0.3mA.cm
— 04mA.cm”
0,35} —0.5mA.cm”

-0,50

Potential(V)

80 100 120

(=

20 40 . 60
Time(s)

Figure 4.1: Chronopotentiograms obtained during deposition of Cu,O thin films at differ-
ent current densities: —0.2, —0.3, —0.4 and —0.5mA.cm~2 from an electrolyte containing

0.05M CuSO4 and 0.06 M citric acid, at 70°C during 15main.

The potential transients for the deposited C'u,O thin films at different applied cur-

rent densities ( —0.2, —0.3, —0.4 and —0.5mA.cm™~?), as a function of time, are shown in
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Fig. (4.1). As a general look, the chronopotentiograms are typical of a 3D electrocrystal-
lization growth [127]|. From the recorded graphs (V' = f(t)), the potential attains, rapidly,
a minimum value, which indicates the initial growth stages (nucleation). From Tab. (6.1),
the coordinate of the nucleation step are (2s;—0.39V), (3s; —0.46V"), (0.96s; —0.49V"),
(2s; —0.47V) corresponding to —0.2, —0.3, —0.4 and —0.5mA.cm™2 respectively.

Table 4.1: Current density effect (—0.2, —0.3, —0.4 and —0.5mA.cm™?) on the growth

parameters of C'usO nanostructures.

Applied current Nucleation stage Average potential

density (mA) of growth stage (V)

Time (S) potential (V)

-0.2 2 —0.39 —0.35
-0.3 3 —0.46 —0.37
-0.4 0.96 —0.49 —0.46
-0.5 1.5 —0.47 —0.43

It is clear that the minimum value of this inverted peak becomes less negative de-

creasing the current density from —0.2 to —0.4mA.cm™2.

However, it re-increases for
—0.5mA.cm™2. Tt is well known that the plateau for the different graphs returns to the
stabilization of the reaction following the constant growth of C'uyO of very good quality.
The Average potential of the growth stage in the steady state decreases towards more neg-
ative values from —0.35 to —0.46V when the current density goes from —0.2 to —0.4mA.
However, it increases to—0.43V for I = —0.5mA.cm™2 (see Tab. (6.1). Theoretically, the

reaction rate and the applied current density are proportional and related by Faraday’s

low, given by:
M
G = ¢
nAFp

Where, M; is the molar mass, (); is the total charge, F'; is the Faraday constant, p; the

(4.4)

bulk density of the deposit, and n; is the electron transfer per mol, A; is the working
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electrode area. Therfore, Higher is the current density in absolute value, faster is the
reaction, thicker is the film.

In order to research an optimum current density, all the different parameters must be
taken into consideration. It is very important, in our study, to choose the current density

which is able to develop the thicker film with a suitable performance.

4.2.1.2 Mott-scottky Measurements

Fig. (4.2) shows the Mott-Schottky plots of CusO nanostructures obtained at different
current densities ( —0.2,—0.3, —0.4 and —0.5mA.cm™?), in 0.5M NaySO, solution and
fixed frequency at 20K Hz. Mott—Schottky (M-S) measurements are the best way to
determine the conduction type, the flat band potential (Ey,), and the estimated major
charge carrier densities of the C'usO semiconductor. The different curves of the capaci-
tance as a function of the applied potential in the depletion zone show a negative slope for
their linear parts. This confirms that the prepared samples for different current densities
are p—type semiconductors, which is known from earlier for the developed C'usO in alka-
line solution. Using Voltalab (potentiostat/galvanostat), the depletion layer capacitance
C~2 = f(E), at fixed frequency, was measured following the Eq. (2.2)[102]. The thickness
of the space charge region (W) formed at the CusO/electrolyte interface (depletion layer
width) can be calculated as well from the equation Eq. (4.5)[145], which is directly related

to the charge carrier density present in the semiconductor.

2650Ebp
W =, | ——— 4.5
qNa ( )

From the slope of M — S plots where the line interpolates until C' = 0 gives the flat band
potential (Ey,). Thanks to this slope, the acceptors concentration (N4) of the different
samples have been calculated (see Tab. (4.2)). It is clear that Ey, is anodic for different
samples. When the applied cathodic current density decreases from —0.3mA to —0.5mA,

the acceptor density became three times higher; from 0.61 x 10 to 1.84 x 10 ecm 3.
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Figure 4.2: Mott—Schottky plots of CusO thin films at different current densities: —0.2,
—0.3, —0.4 and —0.5mA.cm~2. The corresponding flat band potential values are indicated

for the different plots.

4.2.1.3 Photocurrent analysis

Fig. (4.3) shows the photocurrent measurements, as a function of time, of the synthe-
sized C'usO nanostructures successfully elaborated under the different current densities
(—0.2,-0.3,—0.4,and — 0.5mA.cm™2). Photocurrent-Time measurements are performed
to determine the conduction type and the photo-response of the CusO. In order to evi-

dence photo effects, the illumination was alternating light and dark using chopped mode
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by step of 20sec. The measurements have been taken in a 0.5M NaySO, without bias
potential. The photocurrent for the different samples remains constant and very close
to 0.0mA in the dark. However, rectangular responses have been observed under illu-
mination for all of the C'u,O films. It seems clear, that the current density decreases
suddenly since the sample is exposed to white light. Briefly, cathodic photocurrent was
noted, to confirm the p-type semiconductor reached by Mott-Schottky analyses for the
different samples regardless of the applied current density. The generated photocurrent
was —210, —160, —242 and —606 pA.cm™2, corresponding to —0.2, —0,3,—0.4 and 0.5

2

mA.cm™*, respectively. It can be note that the photo response values are proportional to

the estimate acceptor density.
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Figure 4.3: Photocurrent measured from of C'usO thin films at different current densities:

—0.2,—0.3,-0.4 and —0.5mA.cm™2.

4.2.1.4 Electrochemical impedance spectroscopy (EIS) analysis

Electrochemical impedance spectroscopy (EIS) for the CusO nanostructures at different

current densities: —0.2, —0.3, —0.4 and —0.5mA.cm~2 was carried out in three electrode
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cells in 0.5M of NaySOy, at an open-circuit potential of 10mVvsSCE, within the fre-
quency range of 10° to 0.5 x 10 'Hz. Fig. (4.3) shows Nyquist diagrams (Z imaginary
versus Z real) that analyze the charge transfer process in the interface electrolyte/electrode

for the synthesized C'usO nanostructures.
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Figure 4.4: Nyquist plots (Z imaginary versus Z real) measured in 0.5M of NaySO, of
C'u,0O thin films at different current densities: —0.2, —0.3, —0.4 and —0.5 mA.cm™2.

As a first look, the plots flow an identical shape, which is a large semi-circle, in a
high frequency region accompanied by a straight line with approximately 45° in the low-
frequency region. The semi-circle diameter in the high frequencies indicates the charge
transfer resistance (R, ), which can be obtained by fitting the Nyquist plots. The cor-
responding values are mentioned in the diagrams. It seems clear that the lowest charge
transfer resistance (R) is 1.125 K for the elaborated CusO under —0.4mA.cm™2 corre-
spond to the shortest semicircle diameter, which means that the CusO in this condition
possesses the highest charge transfer mobility [146, 147]. It is worth noting that the charge
transfer efficiency is proportional to the photoresponse and the acceptor charge density

for the grew CuyO films from —0.2 to —0.4mA.cm~2. However, a high charge transfer
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resistance (R) is observed under —0.5mA.cm ™2 that may be due to the instability of the
sample. Furthermore, the linear part of the different diagrams indicates a mass transfer

limited process in the low-frequency region|148].

Table 4.2: Current density effect (—0.2,—0.3, —0.4 and —0.5 mA.cm™2) on the electrical

properties of C'usO nanostructures.

Max
photoresponse

Sample Eg,(mV/ECS) Nj(cm™2) W(nm) (uA.cm™2) R (KQ)

-0.2mA 286 1.12 x 10 6.663 -210 1.305
-0.3mA -963 0.61 x 10*  3.994 -160 2.070
-0.4mA -563 1.34 x 101 2.974 -242 1.125
-0.5mA -963 1.84 x 10 3.224 -606 4.240

4.2.2 Structural characterization

Fig. (4.5)(a) shows X RD patterns that investigate the structural properties of the ob-
tained CusO films on FTO substrates. The different CusO nanostructures were elec-

trodeposited over a current density range from —0.2 to —0.5mA.cm™2,

Fortunately, no
additional peaks or impurities were seen, only corresponding peaks to the Cu,O were
observed, according to (JCPDS no. 00-005-0667). It seems clear that the applied current
density has a strong effect on the crystallographic orientation. This is in agreement with
the other works [130, 140|, which mentioned that the texturation is closely related to the
current density. For I = —0.2mA, (200) was observed as preferential orientation. How-
ever, it transforms to (111) when the current density a little bit decreases. Theoretically,
in the growth principle, the fastest kinetics is responsible for growing grains parallel to the

surface, whereas the slow kinetics is responsible for the growth of the exposed faces [149].

Therefore, the relative growth rate determines the final shape of the crystal and controls
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its structural properties. The crystallographic orientation is important for the transport
and mobility of the charge carrier density. On the other hand, the photocatalytic activity
is determined by the exposed film facets [140], As well it is responsible for controlling
the final morphology. According to Fig. (4.5)(a), the (200) peak is proportional to the
estimated acceptor density. The texture factor of the films was calculated through the

following equation [138|, summarized in Tab. (4.3).
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Figure 4.5: a) XRD patterns of CusO thin films at different current densities: —0.2, —0.3,
—0.4 and —0.5mA.cm™2 on FTO. b) Texture coefficients (Ia1ny/1200)) and La11y/ (a1 +
I1200))) as a function of the applied current density. (111) and (200) are the main diffraction
peaks from the deposited CusO nanostructures. c¢) The roughness as function on the

applied current density.
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Fig. (4.5)(b) shows the f factor values and the ratio between the (111) intensity and
the sum of the (111) and (200) intensities, as a function of the applied current density.
The black lines show the corresponding factors obtained from (JCPDS no. 00-005-0667)
for a polycrystalline C'usO. So, the goal is to find preferential orientation along the 111

Table 4.3: Current density effect (—0.2,—0.3,—0.4 and —0.5mA.cm™?2) on the structural

properties of C'usO nanostructures.

Sample Surface Texturation coefficient
roughness(nm) £[(111)/(200)] 1(111121:11()200) iE:(l)(l);
-0.2mA 203.485 -0.59 0.40 0.6811
-0.3mA 155.22 -0.4 0.5381 1.1652
-0.4mA 81.067 -0.16 0.6667 2.0005
-0.5mA 125.10 -0.34 0.5728 1.3410

is the highest possible when the grains are cubes with {100} exposed faces. (111) was
the preferential found orientation for all the deposited CusO films under current density
from —0.3 mA.cm™2 to —0.5 mA.cm™2. It can be seen that, under —0.4mA.cm™2, the
film gives the desired crystallographic orientation. However, it does not exceed the black
line. This texturation variation is attributed to the competition between (200) and (111)
orientations during the deposition reaction of Cu,O, as a function of the applied current
density. This result could explain the variation in the carrier charge density analyzed
by the Mott-Schottcky measurements, and the photoresponse obtained by the photocur-
rent measurements. Besides, the films roughness has been measured and presented in
Fig. (4.5)(c). It can be seen that it is inversely proportional to the texturation factors
in Fig. (4.5)(b). The higher is the (111) orientation, the lower is the film roughness. As
long as, the structural properties control the final morphology, it can control also the film

surface roughness.
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4.2.3 Optical characterization

Using a UV-visible spectrophotometer, the optical measurements of the elaborated C'u,O
films under different current densities were carried out at ambient temperature. The
spectral of which extends over is from 200 to 1100 nm. Fig. (4.6)(a) shows the different
spectra of the optical transmittance of the samples. As a general look, whatever the

applied current density, the different samples follow an identical shape.
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Figure 4.6: a) Transmittance spectra of CusO nanostructures at different current densi-
ties: —0.2,—0.3, —0.4 and —0.5mA.cm™2. b) Absorbance spectra of the different Cu,O
nanostructures. ¢) Dependence of (ahv)? versus photon energy (E,;) (eV) for CusO thin

films. d) The corresponding absorption coefficient.

It can be seen that the light is totally absorbed ( 0% transmittance) in the UV
range likewise in the left side of the visible spectrum, as a function of the wavelength,
regardless of the applied current density. It seems clear that the transmittance begins to
increase softly, from the cyan-green range due to the direct and narrow band-gap of C'u,O

films[150]. It is worthnoting that the light starts to be transmitted when its energy is less
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or equal to the band gap energy (by increasing the wavelength). On the other hand, when
the incident energy becomes less than the band gap energy of CusO semi-conductors,
the absorbance becomes weak, driving to an increasing transmittance proportional to the
wavelength (see Fig. (4.6)(b)). From Fig. (4.6)(a), the transmittance still increasing over
the visible range and continues steady with a weak increase until the near infrared towards
a maximum percentage; 40.5, 37.67, 28.38 and 23.2% respectively for —0.2, —0.3, —0.4 and
0.5 mA.cm™2. Tt can be seen that the current density has a big effect on the optical param-
eters of the film. In addition, when the current varies from —0.2 to —0.5mA.cm~? the film
thickness increases according to Tab. (4.4), which is in agreement with Eq. (4.4). However,
the transmittance decreases while the current density decreases to more negative values
regardless of the incident photon energy. From Fig. (4.6)(b), the absorbance achieves its
maximal value when the photon energy is higher than the gap energy (A < Ay). At A = A,
the absorbance achieves its limited value after a plateau, and it is preparing to decrease.
Finally, when photon energy becomes less than the gap energy (A > \,), sudden decay is
observed stilling decreases until the Infrared spectrum, where the curves for the different
samples become closer. It is worthnoting that the absorbance increases when the current
density increases (in absolute value) over the entire measuring range. The absorption
coefficient was calculated from Beer-Lambert’s low (Eq. (2.4)). During the measurement,
the incident field was perpendicular to the film surface means the reflectance was null.
The absorption coefficient is shown in Fig. (4.6)(d). It’s evident that the transmittance of
the different Cup0 films does not exceed 40%, for the most transparent sample elaborated

2 which is back to the best absorbance of the samples confirmed by

under —0.2mA.cm™
the high absorption coefficient. Tab. (4.4) summarize all the obtained optical parame-
ters, through UV.Vis spectrophotometery measurements, investigating the effect of the
current density on the optical band gap energy. The (ahv)? versus the photon energy
(hv) were plotted for the different current densities in Fig. (4.4)(c) using Tauc relation
Eq. (2.5) [110], determining the optical band gap for the deposits. From Tab. (4.4), the
band gap energies are: 2.46,2.4,2.38 and 2.34 for —0.2, —0.3, —0.4 and—0.5mA.cm™2, re-

spectively. It can be seen that the band gap energy decreases when the applied current

density decreases to more negative values. This result notes that the band gap energy
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can be narrowed by increasing the rate of growth. The light penetration depth, which
is defined by the inverse absorption coefficient, is calculated for A = A;. It can be seen
that the values are proportional to the photoresponse, which explains the variation in the
photocurrent measurements as a function of the applied current density. The higher is
the light penetration, the better is the excitation, more effective is the interaction with

light.

Table 4.4: Current density effect (—0.2,—0.3,—0.4 and —0.5mA.cm™2) on the optical

properties of of C'usO nanostructures.

Band Band Transmi- Film Absorption parameters at \g
Sample
gap gap ttance  thick- o
! o
En- Wave- at A, ness g o .
= Fg light
V) length d 2
ergy(eV) leng (nm) = § penetration
A X <
g(nm) s < depth (nm)
-0.2mA 2.46 504.06 2.33% 24765 1.52 3.75 65.7
-0.3mA 2.40 516.66 1.19% 249.69 1.77 4.43 56.4
-0.4mA 2.38 521 0.46% 342.24  1.56 5.37 66.1
-0.5mA 2.34 529.91 0.33% 549.48 1.03 5.7 97

4.2.4 Photoelectrochemical (PEC) stability of CuyO nanostuc-

tures for water splitting

The photoelectrochemical (PEC) stability of the CusO thin films at different current
densities; —0.2, —0.3, —0.4 and —0.5mA.cm ™2, were evaluated for 20 minute in a distilled
water at a constant potential of a —0.5V under a chopped light for 20 sec on and 20
sec off. The PEC performance curves are shown in Fig. (4.7). It can be seen that the

cathodic photocurrent is constant as time increases for the elaborated samples under —0.2
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Figure 4.7: Photoelectrochemical (PEC') water splitting measurements of CusO nanos-
tructures at different current densities (—0.2, —0.3, —0.4 and —0.5 mA.cm™?), in distilled
water, applied potential is —0,5 V' /SCE for 20 minutes.

to —0.4mA.cm~2. This indicates that the CusO nanostructures are stable. However, for
—0.5mA.cm™2, the generated photocurrent decreases as a function of time. As well as,
the PEC stability of the Cu,O nanostructures can be evaluated quantitatively using the
following relation|[151]:

final

Rph = “ph J;zitial (4.7)

Where J/7/ and Jg,f"al are the average photocurrent at the initial stage (100 sec) of
the illumination and the average photocurrent densities at the final stage (100 sec) of the
illumination, respectively, where the results were collected in Tab. (4.5). It seems clear
that the stability of the samples is in good agreement with the electrochemical impedance

spectroscopy.  The higher is the charge transfer mobility, the higher is the photoelec-
trochemical stability. It is worth noting that a high PEC performance is achieved, for
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Table 4.5: Current density effect (—0.2, —0.3, —0.4 and —0.5mA.cm™2) on the Photoelec-

trochemical (PEC) stability of CusO nanostructures for water splitting application.

Sample -0.2mA -0.3mA -0.4mA -0.5mA

Jiptial 575 713 347 -17.46
Jhnet -4.53 485 311 -9.67
Ry, 78.78% 68.02% 89.62% 55.38%

the different samples, and it does not drop below 55.38% in the worst conditions (at
—0.5mA.cm™2). On the other hand, it exceed 89.62% at —0.4mA.cm™2. These results are

very significant either for photocatalytic or photovoltaic applications.

4.3 Galvanostatic, and potentiostatic electrodeposition

of C'usO nanostructures: comparative study in two

different pH

In order to investigate the mode effect, in different pH media, on the properties of CusO
nanostructures, two baths containing a 0.05M copper sulfate (CuSOy), 0.06M citric
acid, and a NaOH adjusting the pH atll and 12. When, the deposition temperature
held constant at 70 °C for 15minute. Under potentiostatic mode, constant potential of
—0.6V /ESC will be applied, and constant current density of —0.4mA.cm™2 will be applied

through galvanostatic mode

4.3.1 Electrochemical study

4.3.1.1 Cyeclic voltammetry

Fig. (4.8) shows cyclic voltammetry recorded in two different pH, 11 and 12. The volta-

mograms show the same appearance.
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Figure 4.8: Cyclic voltammograms recorded in 0.05M of CuSO, at 70 °C, in pH of 11 and
12.

In the cathodic sweep from 0.5 V to —1.0 V, two reduction peas have been observed.
The first peak observed at —0.25 V' for both curves. Which is correspond to the reduction
of Cu?* ions present in the solution to Cu™ ionsCu*? to Cu™[149] , followed by possibility
of formation of C'usO[152] between —0.18 V and —0.57 V' in pH of 11. However, the peak
is larger for pH=12 followed by the formation of C'usO between —0.18V and —0.7 V. The
second peak, at 0.6 V in pH 11 and 0.8V in pH 12, is associated with the reduction of
Cut ions to metallic copper (Cu). Evenly, two peaks were noted in the anodic sweep, the
first one indicate the oxidation of copper previously formed to Cu™ ions at 0.5 V and 0.82
V for pH of 11 and 12 respectively. the second indicate Cut to Cu?* oxidation at 0.25 V

corresponding to pH 11 and at 0.18 V in pH 12. Comparing the two voltamograms, it can
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be seen that when the electrolyte became more basic, this can induce significant shift in
the peaks position and diameter. Furthermore, the current density recorded on the FTO
surface shows decrease in more basic electrolyte (pH=12). To better understand, when
—0.4V was applied the current density decreases from —0.35 mA.cm™2 to —0.5 mA.cm™2.
Which can be explain by the easier and faster formation of CusO in pH 12. Besides,
faster is the formation, thicker is the film, better is optical absorption of Cu,O. However,

electrochemical, structural, optical and morphological study is necessary to evaluate the

pH effect in C'us0O features.

In each electrolyte two samples were developed successively, in galavanostatic mode
and potentiostatic mode. They will be spelled out in the rest of the thesis: CUQOE;)l ),

CugOE;)l ), C/U/QO((;)Q ), and CugOE;)Q ), respectively for C'u,O nanostructures elaborated; in
pH=11 under potentiostatic mode, in pH=11 under galvanostatic mode, in pH=12 under

potentiostatic mode, and film formed in pH=12 under galvanostatic mode.

4.3.1.2 Mott-Schottky measurements

Fig. (4.9) shows Mott-Schottky plots of different CusO films, in order to have an idea
about the mode effect and the pH value on the electrical properties. It seems clear
that the slope of the linear part of the capacitance curves is negative for the different
samples confirming the p-type semiconductors known from earlier for Cu,O. From the
slope of the line, the accepter carrier density N4 can be estimate thanks to Eq. (2.2)[102].
See Tab (4.5), for C’uQOE;)l ) the carrier density is 4.32 x 10*cm ™3, which decreases to
0.89 x 10'%cm ™2 since the mode transformed to galvanostatic (CUQOE;; )). In addition, it
decreases to 1.62 x 10'%cm =3 when the pH increases saving the same mode. Furthermore,
the calculated carrier density, for the Cu,O nanostructures, are about 10'®em =2, which are
in agreement with the values for electrodeposited CusO films (10 —10' cm™3) [153-156].
However, in C’uzO((;)m case, the estimated acceptor density is very high compared to other
results, but it is in good accord with values published by Nakaoka [157]. Theoretically,
the carrier density is proportional to the number of defects in the crystal grating of the

oxide, such as copper vacancies (C'uy ) and/ or interstitial oxygen (O;) [158, 159]. It seems
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Figure 4.9: Mott—Schottky plots for CusO thin films elaborated under potentiostatic,
and gavanistatic modes a) bath pH=11, b) bath pH=12. The corresponding flat band

potential values are indicated for the different samples.

clear that, all samples elaborated under constant current density in the previous study of
this work in electrodeposition bath pH of 12 had higher donor concentration. This could
be due to the faster deposition rate of C'uyO or it can be due to the orientation of cristals,
because the number of acceptors is estimated just in the depletion zone and not in all the

crystallographic network of the semiconductor.

4.3.1.3 Photocurrent analysis

Photocurrent-Time measurements were measured for different conditions in order to de-
termine the photoresponse, and to confirm Mott-shottcky analyses. Fig. (4.10) shows
Photoresponse=f(t) for CupO films recorded under chopped light in 0.5M NaySO4 and
0Vwvs.SCE as an applied potential.
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Figure 4.10: Photocurrent measurements of C'u,O thin films grow under potentiostatic,

and gavanistatic modes. a) bath pH=11, b) bath pH=12.

It seems clear, for both medium regardless is the mode of elaboration, constant current
very close to 0A was observed in dark. However, cathodic photocurrent have been noted
under white light as rectangular responses for all samples. As Known, the cathodic pho-
torespense determine the p-type behavior semiconductors. That confirms Mott-Schottky
results. When the pH medium is about 11 (see Fig. (4.10)(a)), the maximal photocur-
rent generated since the film received light was —215 pA.cm™2 and —371.2 pA.cm=2 for
CUQOE;; ) , and CUQOE;; ) respectively. Through Mott-schottky measurement, the esti-
mated acceptor density was higher using potentiostatic mode, that is note in accord with
the photoresponse. Which, maybe due to more roughness at the potentiostatic film sur-
face caused scattering phenomena affected the photons-electron interaction. In the other
hand, in more basic electrolyte (Fig. (4.10)(a)), both curves are relatively superposed. Un-
der illumination, the maximal photocurrent generated was —153.3uA.cm=2 and —159.11
pA.cm~2 corresponding to OUQO((II))Q) , and CUQOE;)Q ) respectively. Practically, no mode
effect is observed in this case. A. Paracchino et al.[140] reported that the crystallographic

orientation is relevant to influence the transport of currier density and the photon-material
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interaction. Direct relation is between the exposed facets and the photo-catalytic activity

of the films. To better understand, structural study is necessary.

4.3.2 Structural characterization

The crystallographic orientation is the mean important feature to control the film mor-
phology and optical properties. Film performance is determined by the films exposed
facets[140]. XRD pattern are shown in Fig. (4.11)(a) for CusO films developed under
galvonostatic approach and potontiostatic approach in pH path of 11land 12. Back to
(JCPDS no. 00-005-0667), only peaks corresponding to C'usO were observed for different
conditions. Fortunately, (111) orientation when the oriented grains are cubes with the 100
faces is preferential one for all of samples. However, effect on the crystallographic orienta-
tion is remarkable, which is controlled by the relative growth rate. Further, it is important
for the transport and mobility and the final performance of film. Fig. (4.11)(b) shows the
ratio between (111) and (200) intensities, and Fig. (4.11)(c) shows the ratio between (111)
intensity and the sum of (111) and (200) intensities. The horizontal bleu lines show the
theoretical values obtained from (JCPDS no. 00-005-0667) for a polycrystalline C'usO.
It seems clear, that the film orientation on (111) is better using potentiostatic mode, i.e;
from Tab (4.6) ﬁ is: 0.8291 and 0.7869 for C’ugO((;)l) , and CU/QOE;)I). And it is
0.8086 and 0.6667 for C’uQO((;)2 ) , and C’uzOg)z ) respectively. For both texturation factors
(see Fig. (4.11)(b) and Fig. (4.11)(c) ), all values are above the theoretical bar except for
CUQOE;)Q), which show the enhancement of the crystallographic grating of C'usO films. It

is important as well to noted that the texturation coefficient following (111) orientation

Iy
7 I(200)

4.8521 and 4.2259 for Cu,0,)), and Cu,Of}”, and it is 3.6943 and 2.0005 for Cu,0{,)

, and C’ugOE;)Q ) respectively, According to Tab. (4.6).

is higher from samples elaborate in less basic electrolyte under the same mode
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gavanistatic modes (a pH 11, b) pH 12.

XRD patterns of CusO thin films elaborate under potentiostatic, and

(*) Indicate diffraction peaks corresponding

to the F'TO substrates. The corresponding texture coefficients: c¢) (I111)/Z(200)). d)

I/ (L) + Li200)). (111) and (200) are the main diffraction peaks from the CuyO films.

The line in the graph shows the intensities ratio according to the (JCPDS no. 00-005-

0667).

Table 4.6: Mode effect on the structural properties of C'usO nonostructures.

Sample  Cu;01) Cuw;00Y Cu;00) Cuy007
T LERED 0.8291 0.7869 0.8086 0.6667
(111)+1(200)

;E;—(l)(l); 4.8521 3.6943 4.2259 2.0005

It seems clear that, the crystallographic orientation is followed the 100 plan for different
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samples, but, for C’uQOE;)Q ) the ratio is below the JCPDS value. This may explains the
deviated value of the acceptor density, which is directly related to the orientation of the

crystals that makes up the semiconductor network.

4.3.3 Optical characterization

Absorption coefficients for different conditions were shown in Fig. (4.12), which extends

over is from 200 to 1100nm spectral.
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Figure 4.12: Absorption coefficient spectra of Cu,O thin films elaborate under potentio-
static, and gavanistatic modes. a) bath pH=11. Inset. The corresponding dependence of
(ahv)? versus photon energy (eV). b) bath pH = 12. Inset. The corresponding depen-

dence of (ahr)? versus photon energy (eV).

It seems clear that in both baths, absorption coefficients for films elaborated under
constant applied potential (CUQOE;; ) , and CUQOE;)Q )) is lower compared to the galvano-
static one (C’ugOE;)l ) and CugOE;)z )) in the visible and near IR. It is important to note
that the absorption coefficient started to decrease softly when the energy of the incident

photo became lower than the band gap energy (with wavelength increasing). Briefly, in
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Table 4.7: Mode effect on the optical properties of C'u,O nonostructures

Band Band Film Absorption parameters at \g
Sample
gap gap thick- o
' o
En- Wave- ness g 8 .
2 g light
V) length d 2
ergy(eV) leng (nm) = § penetration
A x 2
g(nm) s < depth (nm)
Cu20§;§) 2.49 498 3488  0.59 2.06 169.49
CuzOE;)l) 2.45 506.12  583.9  0.77 4.6 129.87
cuzogj) 2.93 556.05  551.10 0.68 3.72 147.05
CuzOEé)z) 2.19 566.21  354.42 1.05 3.72 95.29

Tab. (4.7) the absorbance and the light penetration depth were calculated through Beer-
Lambert low Eq. (2.4) for 550nm as the medal of the CuyO optical band gap which is as
well the medal of the visible range. It can be seen, that the light penetration depth de-
creases from 169.49 to 129.87nm for Cu;0f,”, and Cu,0f,) and from 147.05 to 95.29nm
for CUQOE;)Q)7 and CUQOE;)Q). Which can be back to the texturation ratio between (111)
and (200) orientations, which can be introduce scattering phenomenon at the surface.

Insert Fig. (4.12) shows the (ahv)?versus the photon energy (hv) were plots for the differ-
ent samples, using Tauc relation Eq. (2.5) [110], determining the optical band gap for the
deposits. The band gap energy and the corresponding band gap wavelengths are summa-
rized in Tab. (4.7) as well. The band gap energy decreases when the mode transformed

from potentio to glavano. The band gap energy decreases with the bath pH increases

regardless is the mode used during the C'uyO film formation.
4.3.4 Morphological characterization

Fig. (4.13) shows the topography from the 2D AFM images insert roughness values. It

can be seen that the film surface looks homogeneous with relatively small size for films
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elaborate in path pH of 11. However, the grains became bigger in pH=12. Further, it
can be noted that films have grown under potentiostatic mode; C'LLQOE;)I ), and CuQOgj )
are more uniform. The surface roughness decreases from 30.85 to 24.40nm, however,
it increases twice from 45.48 to 81.06nm when the elaboration mode transform from

potentiostatic mode to glvanostatic mode in pH 11 and 12 respectively.

RMS=30.855 nm RMS=24.403 nm

um

Figure 4.13: Tapping mode 2D AFM images (10 x 10um?) of Cu,O thin films. a) C’uzOg)l)
b) Cuz0(}) ¢) Cuy 04 d)Cu0f,7.

9)

In the other hand, look at Tab. (4.7), in pH 11 OUZOE;;) is thicker than CUQOE;;),
and C’ugOE;)Q), is thicker than CUQOE;)Q), in pH 12. It can be seen that the thickness is
invers proportional to the surface roughness. When, the thickness increases, it gives the
holes a chance to fill up, which is in accord with another study [114], where the roughness
increases when the diameter of the C'usO nanocube decreases. However, this hypothesis

can be valid only to CusO, because, for rGO the roughness increases with thickness

increasing [63]. Fig. (4.14) shows the SEM images of OUQOE;)I), CUQOE;;), CUQO((IQ) and

p) ’
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Figure 4.14: SEM images of of C'uyO thin films. a) CUQOE;;) b) CuzOE;)l) c) OUQOE;?)

d)Cux 0

As a general look, typical cubic C'usO is obtained under the different conditions of
elaboration. However, they are not oriented in the same way. In pH bath of 11, homoge-

neous pyramidal morphology is observed using potentiostatic approach, means cubs were
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growing following the {100} plan, which confirms the high crystallographic orientation fol-
lowing (111). Saving the mode of elaboration in more alkaline solution, practically same
cub orientation was obtained. In both baths, under galvanostatic approach the grains
quantity is lower, which is can be explain by the lower rate of growth compared to the
potentiostatic one. Besides, the cubs are exposed into {100}, and {111} plans, which can
be explain by the competition in reaction between the (111) and (200) crystallographic
orientation. In the other hand, homogeneous grain in size are achieved under galvanostatic
mode compered to whose obtained using the potentiostatic one. Furthermore, increasing
the bath pH from 11 to 12 the grain size increased, when constant potential, and constant

current density where applied respectively.

4.4 Conclusion

In summary, in the previous chapter, we have shown that the performance of CusO
nanostructures can be optimized by controlling the electrodeposition parameters. The
applied current density can control directly the structural orientation, which influence the
film morphology and the charge carrier mobility. In our conditions, —0.4puA.cm™2 was
the optimal current density. In the other hand, the mode of elaboration can introduce
a remarkable effect on the film features. Crystallographic orientation is better using the
potenstiostatic mode. However, the absorption coefficient is higher under galvanostatic
mode. With increasing bath pH, the roughness, and the absorption coefficient increase.
Despite the band gap energy and the orientation perpendicular to {100} decrease. It
is very important to note, there is a compromise when you study, the electrodeposition
parameter effect on final film features. Because, it is related to the application. e.i when
the C'upO film is prepared for photovoltaic application, the orientation fllowing (111) is
important and the optical properties (high absorption coefficient) are important as well.

However, when the film is oriented to phocatalytic, the structural properties have not

significant influence as long as the optical performance are very high.
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CHAPTER D

ADDITIVES EFFECT ON THE CuoO

NANOSTRUCTURES PROPERTIES

5.1 Introduction

AILORING the interfacial arrangement of atoms plays an important role in enhanc-
T ing the desired reactivity or stability of a material [160]. For which, morphological
control of crystals became an opportunity for scientists these days. It is well known that
the performances of C'usO semiconductor nanostructures depend on a set of parameters
such as the composition, crystallization, size, and morphology [161-163]. In particu-
lar, the surface morphology determines the physical, structural, and chemical properties
of nanoparticles[164] and the performance of C'usO nanostructures as well[140]. Thus,
a great number of efforts was focusing on synthesis shape-controlled C'usO nanocrys-
tals such as nano-cubes [165], hollow spheres [166], nanocage , nanoframes [167], and
polyhedrals|[168|. Up to date, the cause of the CusO conduction type is not completely
clear and still the subject of intense debate. Theoretical calculation predicting the pres-
ence of anti-site defects of Cu and O at well-defined pH. Where, under strong acidic
solutions the C'u atom substitutes an O atom, causingn—type CuyO semiconductor[169].
W. Wang et al (2010)[158] demonstrated experimentally that n—type CusO can be in-
trinsically deposited (without doping) in acidic solution. Which is in agreement with the
theoretical results. On the other hand, ab-initio calculations suggest that the presence
of copper vacancies introduces an acceptor level at 0.3V above valence band (Ev) which

causes the formation of p—type CupO [159]|. Experimentally, p—type conduction was ob-
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tained at alkaline solutions; from cupric sulfate solution at pH7 — 12 [156, 170]. Besides
the pH adjustment, Cu,O conductivity type can be tuned by adding chlorine ions in
the electrodeposition bath. Thus, enormous work has studied the chlorine effect on the
conduction type[l171, 172|. At acidic pH values, the Cl~ ions present in the electrolyte
occupy an O atom position to introduce a donor level acting as an n-type dopant to C'usO
film[173]. However, the presence of Cl~ ions has no effect on the CusO carrier density at
high pH values. This view is supported by Lincot et al (2012) who reported that regard-
less of the C'l™ ions concentration in the solution, the conduction type of CusO remains
p—type, as long as the pH is in its highest values [171]. Therefore, the effect of C'l— ions
on CupO structural, morphological, optical, and electrical properties requires a series of
investigations. On the other hand, changing the direction and growth rate of the crystals
lead to different final morphologies[174|, which can be obtained by synthesizing CuyO
in a growth medium containing additives that have the power to adsorb preferentially
on specific crystallographic planes|175, 176]. M.J. Siegfried and K.S.Choi[177]| were used
many additives to control the stability and the morphology of C'usO nanocrystals such as
NH;NO; , or (NHy),SO;,. In this work, two additives have been chosen to controlC'u,O
properties, and to study their effect on the morphological, structural, and electrochemical
properties ofCusO nanostructure. Ammonium chloride (N H,C1) will be used as addi-
tive to control C'usO nanoparticles. Besides, potassium chloride (KC1) will be used to
control C'usO nanostructures. For both studies, galvanostatic electrochemical deposition
had been chosen to elaborate a nanostructured CusQO, as the rate of the deposition can
be precisely controlled using this method|23|. To our knowledge, the effect of NH,CI
on the structure and shape of Cu,O nanoparticles had never been reported. As well as,
we investigate the effect of chlorine on structural, morphological, and optical properties
of C'usO nanostructures, using different concentrations of K'Cl under galvanostatic ap-
proach. Furthermore, we will illustrate the importance of synthesized Cu,O nanoparticles

for photoelectrochemical applications.
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5.2 Ammonium chloride effect on CusO nanoparticles

properties, galvanostaticlly electrodeposited

The Cuy0 nanoparticles were prepared from a 0.003M of copper nitrate (Cu(NO3)2)
with a 0.1M of potassium chloride (KC1). To study the additive effect on the features
of the C'usO nanoparticles, a 0.0015M of ammonium chloride (N H4C1) was added to the
electrolyte. After a current effect study, the current density was kept at —0.3mA.cm™2 as

an optimum value for 2 hours.
5.2.1 Cyeclic voltammetry

In this study, the CusO nanoparticles were electrodeposited in a chlorine medium. We
investigate the effect of the additive (N H4Cl) on the electrochemical process of the CuyO
formation using a Cyclic Voltammetry. Fig. (5.1) shows a voltammogram FT'O substrate
immersed in a CusO deposition bath without the additive and in the presence of the
NH,CI. The two voltammograms show the same appearance; In the cathodic sweep from
1.0V to —1.0V, the reduction peak observed at “0.05V corresponds to the reduction of
the Cu?* ions present in the solution to Cu't ions, followed by the formation of CusO
between —0.03V and —0.23V. The second peak at —0.42V is associated with the reduction
of the C'u™ ions to metallic copper (Cu). In the anodic sweep, two peaks were noted, the
first indicates the oxidation of the copper that previously formed to the Cu't ions at
0.055V while the second indicates Cut to Cu** oxidation at 0.3V. Comparing the two
curves, it can be seen that the presence of the NH,4Cl induces a significant shift in the
peaks position. The reduction of Cu?* to Cut shifted from “0.03V in the absence of the
NH,Cl to —0.14V in the presence of the N H4C'l. Furthermore, the current density on
the F'T'O surface show decrease in the presence of the N H4C'l. For example at an applied
potential of —0.18V the current density on the voltammogram slightly decreases from
0.152mA.cm™2 (which corresponds to the absence of the NH,Cl) to 0.775mA.cm™2 in
the presence of N H,Cl, which mean that the formation of the C'usO is easier and faster
in the absence of the additive. This was confirmed from SEM images where the CusO

nanoparticles were covering F'T'O surface in the absence of the additive Fig. (5.2)-(a) and
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poorly formed in the presence of the NH,C1 Fig. (5.2)-(e).
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Figure 5.1: Cyclic voltammogram recorded in 0.003M of Cu(NO3), and 0.1M of KCI at
70 °C, and in the same conditions with addition of 0.0015M Of N H,Cl. Potential scan
rate is 100mV /s.

5.2.2 Morphological characterization

Detailed analysis for the CusO nanoparticles morphology was performed by the field
emission scanning electron microscopy (SEM). Fig. (5.2) shows SEM images of CusO

deposited in the presence and in the absence of the ammonium chloride.
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Figure 5.2: SEM images of the CusO particles. a, b, ¢, d) without NH,CI. e, f, g, h)
with 0.0015M NH,CI.
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It is clear that the amount and the morphology of CusO were greatly affected by the
presence of the N H,C'l. Small particles of C'usO were deposited all over the FTO surface
in the absence of the additive Fig. (5.2)-(a,b), whereas in the presence of the N H,Cl, few
particles of C'usO were scattered over the surface of F'TO Fig. (5.2)-(e,f). It can be seen
from SEM images of Cup0 individual grain Fig. (5.2)-(c,g) that the C'usO nanoparticles
have uniform morphology with two different types of polyhedral. 26-facet polyhedral,
with a particle size of 1.73m, was observed in the absence of the NH,Cl Fig. (5.2)-(c).
While, 18-facet polyhedral, with three times larger particle size (4.85m), was formed in the
presence of the additive Fig. (5.2)-(g). For a clear illustration of crystallographic plans,
simulated 3D structures of C'usO crystals are shown in Fig. (5.2)-(d,h). The 26-facet
polyhedral formed in the absence of the additive has, 12 rectangular faces, 8 triangular
faces, and 6 square faces, correspond on {110}, {111} and {100} crystallographic plans
respectively. On the other hand, 18-polyhedral formed in the presence of the N H,Cl, 12

hexagular {100} faces, and 6 square {110} faces.

5.2.3 Structural characterization

The X RD analyses of the CusO nanoparticles are shown in Fig. (5.3)(a). The deposited
Cus0 in the absence of the NH,Cl is orientated following (200), (220) and (111) of
polycrystalline cubic phase were indexed (JCPDS no. 00-005-0667). It’s worthnoting
that the peaks at 43.31° and the one at 50.53° were indexed to metallic copper (111)
orientation (JCPDS card, No°. 85 — 1326). This is in agreement with the SEM images,
the CuyO particles grew in polyhedral shape with different facets corresponding to {110},
{100} and {111} crystallographic plans on which are perpendicular on the X RD (220),
(111) and (200) orientations, respectively. On the other hand, the presence of the N H,Cl,
in the C'usO deposition bath, changes totally the composition and the orientation of the
C'uy0 nanoparticles. It shows a single peak indexed as (110) orientation (monocrystal)
following the cubic phase of cuprous oxide (JCPDS no. 00-005-0667). No other peaks of
impurities, like cupric oxide (CuO) or metallic copper (Cu), are detected, which indicates

the high purity of these particles.
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Figure 5.3: a) XRD pattern of CusO nanoparticles electrodeposited on FT'O substrate
with and without NH,CIl. (*) Indicate diffraction peaks corresponding to the FTO

substrate.b) Zoom of X RD spectra of obtained films at different diffraction peak regions

Inset Fig. (5.3)(a) shows the real samples, it seems clear that the film formed in a
bath free of N H,C'l is darker, which is in agreement with SEM images. That shows that
the crystals are more compact.Fig. (5.3)(b) presents a zoom of X RD spectra at different
diffraction peak regions, that confirm the radical change of the structural orientation by

adding a small amount of NH,CI.

5.2.4 Photocurrent analysis

Photoelectrochemical characterization allowed us to have information about the Cu,O
nanoparticles conduction type and evaluate the electrochemical behavior of the Cu,0O in

the dark and its photo-activity under the illumination. Fig. (5.4) shows the photo-response

101



Chapter 5 : Additives effect on the CusO nanostructures properties

curves of the CuyO particles recorded in a 0.5 M of NaySO, solution under a chopped
illumination for 20sec on and 20sec off. As can be seen, under the irradiation, the two
samples Fig. (5.4)(a,b) present an abrupt decrease in the current density. This cathodic
current (current negative relative to the dark current) confirms a p-type conductivity to
Cu0. The CusO particles formed in the absence of the additive reveal higher photocur-
rent response (16.25 pA.cm™2) than the CuyO particles deposited in the presence of the
NH,CI (3.2 pA.cm™2). This can be explained by the presence of the metallic copper in
the formed CusO in the absence of the additive[151]. As the p—type CusO under the
illumination generate electrons as a minor carrier, the photogenerated electrons move to
the C'usO/ electrolyte interface to reduce H™ ions present in the solution. The presence
of the metallic copper atoms facilitated the transport of the photogenerated electrons to

the interface, which improves the photoresponse.
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Figure 5.4: a) Photocurrent measured from CuyO nanoparticules. For the measurement,
the applied potential is 0V /SCE. The solution contains 0.5 M NaySO,. The sample was
illuminated with a 500 W white-light source. b) with 0.0015M N H,C!.

102



Chapter 5 : Additives effect on the CusO nanostructures properties

5.2.5 The photoelectrochemical (PEC) stability of Cu,O 26—facet

polyhedral particles

The photoelectrochemical (PEC) stability of Cu,O 26—facet polyhedral particles, formed
in the absence of the additive, was evaluated for 20 minute at a constant potential of
—0.5V under chopped light with 20 sec on and 20 sec off. The PEC' performance curve
is presented in Fig. (5.5).

——PEC for Cu20 without NH4C1

Current density [pA/em?]
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Figure 5.5: Photoelectrochemical (PEC) water splitting measurements, applied potential

is —0,5V /SCEFE in distillate water.

The cathodic photocurrent didn’t change as the time was increased. This indicates
that the C'usO particles are stable. The PEC stability of Cu,O particles can be evaluated
by Eq. (5.1) relation|[151]:

innal o
Rph = “ph J;zztml (5]_)
Where J/3* is the average photocurrent at the initial stage (100 sec) of illumination
and Jg,inal is the average photocurrent densities at the final stage (100 sec) of illumina-

tion. As the photocurrent densities at the end of the PEC measurements (—3.00) slightly
smaller than the initial photocurrent densities (—4.08), high PEC performance of 73.5%
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was achieved. These results were very significant for photovoltaic and photocatalytic

applications.

5.3 Potassium chloride effect on C'u,O nanoparticles prop-

erties, galvanostaticlly electrodeposited

The Cus0 nanostructures were grown in a deposition bath contains a 0.05M of copper
sulfate (CuSQOy), a 0.056M of citric acid, and a NaOH to adjust the pH at 11. In order
to investigate the chloride effect on the structural, morphological, and optical properties
of the C'usO nanostructures, two concentrations of potassium chloride KC7 (0.001M and
0.1M) were added, where one of them was 100 times concentrated. The elaboration was

for 30 minutes.
5.3.1 Morphological characterization

The SEM images of the deposited C'uyO films in the absence and the presence of different
concentrations of C1~ ions are shown in Fig. (5.6). It seems clear that the morphology
of the CuyO nanostructures is strongly dependent on the presence of the C1™ ions. The
surface of the deposited CuyO sample in a bath free of chloride ions Fig. (5.6)(a) is
entirely covered by very compact grains of cubic shapes, where the average grain size was
around 700nm. Small flakes of 20nm were evenly distributed over the surface CusO
cube faces. FDX analysis (not shown) confirms the purity of the CuyO. Fig. (5.6)(b)
shows the surface of the deposited C'u,O film in the presence of a 0.001M of chlorine ions.
It is clear that the substrate surface was partially covered by smaller C'usO cubic grain
( 550nm) of sharper edges, and cubic CusO faces free of flakes. However, by increasing
the chloride concentration to 0.1M Fig. (5.6)(c), the morphology is completely changed.
The substrate surface was entirely covered by an inhomogeneous film of CusO. Along the
deposit, crystals of polyhedral shape and relatively small size were growing. Around each
group of crystals (contained two or three crystals) leaves are formed, where it is clear that

from one part of an already existing group another one was developed.
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Figure 5.6: SEM images of the CusO nanostructures (a) without KCI (b) 0.001M KCl
(¢) 0.1M KCL In the corner of each image, a higher magnification of the respective

nanostructures is shown.
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Also, steams are formed in the region that divides two groups, this is exactly what we
call ”dendritic branching growth”. Whereby, the branches on the substrate grow faster
than those emerging from the substrate due to the fact that the F'T'O substrate is much
more conductive than the CusO crystals. From these observations; we can say that the
chlorine ions follow an additive behavior in controlling C'usO morphology. They have made
C'us0 grows as dendrites, where the lateral growth is much faster than the vertical growth.
K.Choi[178| has identified that the growth along the (100) direction can be hindered in
the presence of the chlorine ions. Dendritic branching growth can achieve high surface
areas with excellent charge transport properties due to good electrical continuity. To
better understand these properties, a structural analysis and photocurrent measurements

are necessary.

5.3.2 Structural characterization

To identify the structural properties of the CusO nanostructures deposited in differ-
ent chloride concentrations, the X-ray diffraction (XRD) were carried out as shown in
Fig. (5.7) (a). The identification of the X RD spectra peaks confirms the formation of the
polycrystalline C'usO nanostructures, crystallized following the cubic phase according to
(JCPDS no. 00-005-0667) with (111) orientation as the most intense peak. The noted
peaks at 29.46°, 42.27°, 61.33°, and 73.59° were indexed to (110), (200), (220) and (311),
respectively. No additional peak, corresponding to any impurities such as Cu, Cu(OH),
or CuQO, has been observed. Comparing the X RD spectra, all the samples show a (111)
preferential orientation. An increase in the (111) orientation intensity with increasing
Cl~ concentration was also observed, which may be due to the increase of the deposited
Cus0O amount. It is important to note that the peaks position shift to higher values with
increasing Cl~ concentration from 0.001M/ to 0.1M indicating the incorporation of the
Cl™ ions in the C'uyO lattice. The texturation factor of films was calculated through the
following equation Eq. (5.2) [138], and summarized in Tab. (5.1).
([(111)/[(200)) _ <[(§111)/Ié200)>

= 5.2
/ (1011)/7200)) 4 (18111)/1(()200)> (5.2)
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Fig. (5.7)(b) shows the f factor values and the ratio between (111) and (200) intensities,

as a function of the chloride concentrations.
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Figure 5.7: a) X RD patterns of CuyO nanostructures electrodeposited on FTO without
and with different concentrations of KCIl. b) Texture coefficients: b;) f parameter of
X-ray diffraction peaks as a function of the concentrations of KCIl. 02) I111)/I(200)) as
a function of the concentrations of KCI. (111) and (200) are the main diffraction peaks
from the Cu,O films.

The black lines show the corresponding factors obtained from (JCPDS card, No°.
05 — 0667) for the polycrystalline CusO. It seems clear that the texturation factors is
situated above the reference line for all the deposited Cu,O films, regardless is the chloride
concentration in the electrolyte, which confirms that the films are of best quality. The
highest factor value is corresponding to CusO free of Cl~. The grain size is shown in
Fig. (5.7)(c), where it seems clear that is proportional to the texturation following (111),
which is confirmed by the SEM images. where The crystals in the dendritic branching
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growth have the biggest size. Tab. (5.1) summarizes the effect of the concentration of the

Cl~ ions on the crystallographic parameters

Table 5.1: KCI’s concentration effect on the structural properties of C'usO nanostructures.

Sample f (nm) D (nm) 11/ 200 f

Free of CI~ 0.20381  82.051 8.4795 0.516

0.001 CI~ 0.22897  73.002 3.6888 0.1545

0.1 Cl~ 0.175 95.545 3.8404 0.1740

5.3.3 Electrochemical measurements

5.3.3.1 Photocurrent analysis

Fig. (5.8) presents the photocurrent of the CusO samples recorded under a chopped
light in a 0.5M NaySO, and an applied potential of 0V /SCE. All the samples show
reproducible photocurrent with time. Under the illumination, a decrease in the current
was noted (cathodic photocurrent) indicating that the deposited Cu,O films behave as a
p-type semiconductor in the absence or the presence of the Cl~ ions, which confirms the
M — S results. The photocurrent generated was 28.0uA for the CuyO film free of Cl™.
The C'uO film deposited in the presence of the C1~ (0.001M) shows a lower photocurrent
of 11.0uA. This decrease may be due to the small quantity of the deposited CusO in this
concentration compared to that deposited in the absence of the CI~ confirmed in the
SEM images. However, the deposited CusO film in a higher C1~ concentration (0.1M)
reveals the highest response of 36.4puA. This improvement can be explained by the surface
continuity in the dendritic branching morphology compared to the cubic morphology [178],

which facilitates the carrier transport in the C'usO electrolyte interface.
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Figure 5.8: Photocurrent measured from CusO nanostructures deposited , without KCl,

with 0.00lM KCl and 0.1M KCI.

5.3.3.2 Mott—Schottky (M—-S) measurements

The conduction type, the flat band (Ey;), and the acceptor densities of the deposited CusO
nanostructures were determined by studying the semiconductor electrolyte interface us-
ing the Mott—Schottky (M-S) measurements. In which, the depletion layer capacitance
C~%vs.E, at a fixed frequency, was measured and presented as an M — .S plot following the
equation Eq. (2.2) [103]: Fig. (5.9) shows the Mott-Schottky plots of the CusO nanostruc-
tures, obtained at different C'1™ concentrations, in a 0.5M NaySO,4 and a fixed frequency
of 20K Hz. It is clear that the slope of the linear part of the capacitance curves, as a
function of the applied potential in the depletion zone, is negative, which indicates that all
the samples are p-type semiconductors. The use of Cl~ as a doping agent (Fig. (5.9)(b)
and Fig. (5.9)(c)) makes it possible to improve the electrical properties of the Cus0,
it increases the concentration of the charge carriers of this oxide by the occupation of

the Cu/O substitutional sites. Indeed, the determination of the flat band potential Ey,
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is done by extrapolating the linear part of the Schottky curves. From the slope of the
line, we can estimate the density of the donor carriers Ny. The values of Ey, and Ny
that calculated without and with different concentrations of C'l™ ions are summarized in
the Tab. (5.2). The values of the obtained N4 are 1.29 x 107em ™2, 2.89 x 107em ™3,
and 3.31 x 108em ™3, respectively, for Cu,O thin films free of C1~, with 0.001M CI~
and 0.1MC1~. We observed that the concentration of the charge carriers increases from
1.29 x 10'7em ™3 to 3.31 x 10"®em ™ ( 30 times largest) with increasing the concentration
of Cl to 0.1M. 1t is very important to note that these values of N4 are proportional to
the KCl concentration. The Mott-Schottky measurements confirmed that the KCl in
our study behave as a doping agent without any effect on the conduction type besides its

additive behavior observed by the SEM.
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Figure 5.9: Mott—Schottky plots for C'usO nanostructures deposited (a) without KC1,
(b) with 0.001M K, (c) with 0.1M KCI. The corresponding flat band potential values
are indicated for the different plots.
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Table 5.2: KC'l concentration effect on the charge density of CusO nanostructures.

Sample Ep (mV/ECS) Ny (em™3)
Free of Cl~ 174,88 1.29 x 10'7
0.001 Cl~ 181,34 2.89 x 107
0.1 Cl~ 39,20 3.31 x 108

5.3.4 Optical characterization

Optical measurements of the CusO films without and with different concentrations of C'1~
ions were carried out at an ambient temperature using a UV-visible spectrophotometer.
The spectral of which extends over is from 200 to 1100nm. The different spectra of the
optical response of samples with varying concentrations of Cl~ are shown in Fig. (5.10)(a).
The shape of the set of transmission spectra fig9.a is identical whatever the concentration
of Cl— used. It seems clear that the samples have a low transmission < 40% in visible
spectrum (400nm — 800nm) and < 60% in near infra-red (800nm — 1100) depending
on the concentration of chloride. Practically, the light is totally absorbed in the range
< 500nm for the different spectra. The comparison of the optical absorption curves of the
first sample without chloride (reference surface) with the two others shows clearly that
the absorption decrease for0.001M KCI, while it increase for 0.1M of KC! in the visible
range. This result confirms that the chloride induces a modification of the structure
and the surface of the CusO deposits, which are presented by SEM and XRD. The
decrease of absorption is due to the surface parctically covered by very clean grains of
cubic shapes compared to the reference surface, which is totally covered confirmed SEM
images. However, the decrease of transmission when the film grows in chlorine medium
(0.1MKC1), is due to the high surface area entirely covered by the dendritic branching
growth. Fig. (5.10)(b) shows the (ahr)? versus the photon energy (hv) to determinate the
optical band gap for the different C'u»O films. The Tauc relation is used, given by Eq. (2.5)
[110]. the optical band gap can be acheived by extrapolating downwards to the photon
energy axis for the corresponding straight lines [110]. From the inset of Fig. (5.10)(b), we
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can see the variation of the band gap energy, for the different K Cl concentrations. It is
worth-noting that the C'I™ ions have direct effect on the Eg, that is increases from 2.43
to 2.49 in film elaborated with low Cl~ concentration. However, it decreases to 2.13 in

the chloride medium.
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Figure 5.10: a) Absorbance spectra of the electrodeposited C'usO nanostructures without
and with different concentrations of K Cl. b) The Tauc plots as function of the the KCl

concentration.

5.4 Conclusion

In summary, two different types of Cus0O polyhedrons microcrystals have been successfully
prepared and evaluated for photoelectrochemical (PEC) stability. On the other hand,
different morphologies of C'usO nanostructures have been prepared and characterized.
We have demonstrated experimentally that the Ammonium Chloride (N H4Cl) and the
potassium Chloride (K C1) have a big effects on the structure, the composition, the size,
and especially on the morphology of both C'usO microcrystals and nanostructures. CusO

26-facet polyhedral microcrystals can be changed to 18-polyhedral C'usO microcrystals
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in the presence of NH,Cl. In addition to the total change of structure orientation and
chemical composition, the presence of Kl with the high concentration change totally the
morphology from cubic nanostructures to dendrites of polyhedral shape and ameliorate
the absorbance, due to high surface area. Through photocurrent measurement, we have
confirmed good stability for the CusO nanostructures prepared in chlorine medium and
desirable electrical proprieties for charge transport by Mott-Schottky measurement. While
it ameliorated the surface of nanocubes in low concentration. High photoelectrochemical
(PEC) stability of 73.5% was achieved from CuyO 26-facet polyhedral. This result gives
an opportunity for future utilization of C'usO polyhedral in a large range of applications
such as photovoltaic, water splitting, and photochemical decomposition of pollutants.
Taken together, this study may provide a new and facile way to control the morphology
of other semiconductor materials using this additive. We also confirmed that the presence
of KC1 in the solution could not change the conduction type of C'usO regardless of its

concentration in the solution.
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CHAPTER O

POTENTIOSTATIC AND GALVANOSTATIC
ELECTRODEPOSITION OF

p— CusO/n — ZnO(NW)/ZnOE]g\ZS)

HETEROJUNCTION

6.1 Introduction

ETAL oxide semiconductors are promising alternatives for large-scale applications
M due to their abundance in nature, non-toxicity, and low-cost|[179, 180]. The the-
oretical power conversion efficiency limit of a CusO-based solar cell is approaching the
18-20%|20] according to Shockley-Queisser (SQ) limit. ZnO thin film is an alternative
window material for CusO based optoelectronic applications owing to its stable structure
and high optical transmittance in the visible region. Optimum crystallinity and optical
properties of ZnO thin films and good band alignment with the Cu,O layer are two im-
portant steps for an efficient heterojunction. On the other hand, natural vacancy and
interstitial defects in the ZnO crystal play a crucial role in the electronic properties of the
structure; reveal additional energy levels within the band gap, and change the junction
efficiency [181, 182|. In order to reduce these defects, various studies were carried out to
improve the crystallinity[183, 184|. Furthermore, many strategies have been proposed by
studying the effect of electrochemical parameters on the p — CusO/n — ZnO efficiency.

In this chapter, we propose different architectures in order to study the mode effect on
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(9)

(Ns) heterojunction

the final performance of p — CuyO/n — ZnOnw)/Z nOE?\;S) heterostructure. The different

samples in the present work were prepaped following Fig. (6.1) steps
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Figure 6.1: Processing steps for the fabrication of p — C’uQO/n — ZnOgeW)/ZnOg\;S)

and p — CusO / n—J2z nOEj’\?W) / A nO((?V)S) heterojunctions for solar cell application.

Table 6.1: Different designs of the elaborated heterojunctions based on ZnO and Cu,O

nanostructures.
Heterojunctions

based on
Heterojunctions based on ZnOE:)W) ZnOEgN)W)

Junction Jocl Joc2 Joc3 Joc4 Joch
(NS) (NS) (NS) (NS) (NS)

Seed layer ZnO(g) ZnO(g) ZnO(g) ZnO(g) ZnO(g)
. NW NW NW NW NW
Conductive layer ZnOEp) ) ZnOEp) ) ZnOEp) ) ZnOEp) ) ZnOEg) )
Absorber layer Cu20gj) Cu20g)1 ) Cu20gj) Cu20g)2) Cuzogj)
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6.2 pH effect as function of the elaboration mode on

p— CusO/n — ZnOZ’@W)/ZnOE‘]q\;S) heterojunction

In this part, the C'usO, as absorber layer, will be elaborated in different pH media and elab-
oration approaches in order to investigate their effect on p—CuoO/n—ZnOyw)/Z nOg’\; s)

performance. Where n — ZnOww)/Z nOgjg\; s) is the conductive layer.
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Figure 6.2: a) Schematic design of the sythesized p — CuyO/n — ZnO(NW)/ZnOE]g\;S) het-

erojunction. b) Energitic diagram before and after contact

6.2.1 Deposition mechanism of C'uyO nanostructures on

n— ZnOgV).W)/ ZnOE?V).S) films

Fig. (6.3)(a) shows the current density-time curves (potentiostatic mode) during the elec-
trodeposition of the C'usO nanostructures on the n — ZnOg’\;W) / ZnOE?\;S) /FTO substrate
in different pH media. It can be seen that the nucleation and growth steps are more
observable in pH 12 (joc3). Which reached the plateau region after 450sec. However, in
pH 11(jocl), only the diffusion step is observed. Which may be due to the resistivity of

substrate.
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Figure 6.3: a) Chronoamperograms obtained during deposition of CusO thin films on
n — ZnO% (NW /ZnO(NS at 70 °C and different pH media during 15min, from an elec-
trolyte containing 0.05M CuSOy, 0.06M citric acid,and NaOH to adjust the pH b) The

correponding Chronopotentiograms in identical conditions.

Fig. (6.3)(b) shows the potential-time curves (galvanostatic mode) during the elec-
trodeposition of the C'usO nanostructures on the n — ZnOg\;W) / ZnOE]g\;S) /FTO substrate
in different pH media. It can be seen that the plateau (diffusion stage) is reached at
—0.25V in pH 12 (joc4). However, in pH 11 (joc2), it has been observed at —0.22V. Which
confirms that the the growth of C'usO nanostructures on the n—2 nOE?Q)m /Z nO((]gV)S) JFTO
substrate, is faster by increasing the pH of the electrolyte.

6.2.2 Structural characterization

Fig. (6.4)(a) shows the X RD patterns of ZnOEﬁ;W) with prefertial orientation along (002),
corresponding to the c-axis, is the most intense peak, which could cover the rest. Which
favors the transverse growth of nanostructure perpendicular to the substrate surface (1D

ZnO nanostrures).
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Figure 6.4: a) XRD pattern of ZnO nanowires electrodeposited potentiostatically. b)
X RD pattern of the obtained p — CusO/n — ZnOE’]’\;W)/ZnOE?@S) heterojunctions

Fig. (6.4)(b) shows the texture coefficient of the absorber substrates (CugOé;)l ), CUQOE;)l ),
C’u20g;)2 ), and Cu2OE;)2)). X-ray diffraction has been performed on the different hetero-
junctions (Jocl, Joc2, Joc3, and Joc4), where the XRD patterns are shown in Fig. (6.4)(c).
No additional peaks or impurities were seen, only corresponding peaks to the CusO and
ZnO were observed, according to (JCPDS no. 00-005-0667) and (JCPDS no. 36-1451)
respectively. show clearly polycrystalline materials. Moreover, only one peak corresponds

to (111) orientation plane for CusO, accompanied by the presence of (002) of ZnO. High

crystallization is observed in the different hetejunctions.

6.2.3 Optical characterization

The optical absorbance spectrum of CusO are shown in Fig. (6.5)(a), the absorption
edge is observed at 500nm. Which has been impouved and shifted to 500nm for all
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the p — CuyO/n — ZnO((%)W) /ZnOé?\;S) films. The band gap energies were calculated in

Chapter 4 for OUQOé;;), CUQOEll) CU20(12) and CUQOE;)2)). Where, all the values are

g) "’ (»)

summerized in Tab. (4.7)
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Figure 6.5: a) Absorbance spectra of the electrodeposited C'usO nanostructures within
different pH media and under different deposition approches. b) Absorbance spectra of

the corresponding p — CusO/n — ZnOg'GW) / ZnO((?\;S) heterojunctions .

6.2.4 Morphological characterization

Fig. (6.6) shows the SEM images of Jocl, Joc2, Joc3, and Joc4. In general look, typical
cubic Cus0, as a superficial layer, were observed for the different junctions. However, they
are not oriented in the same way which in agreement with the corresponding C'u,O layers
Fig. (4.14). Homogeneous pyramidal morphology is shown using potentiostatic approach,
means cubs were growing following the {100} plan, which confirms the high crystallo-
graphic orientation following (111) regardless of the pH. However, the cubs are exposed
into {100}, and {111} plans, which can be explain by the competition in reaction between

the (111) and (200) crystallographic orientation, which has been confirmed Chapter 4 in
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order to stuy the mode effect. Under galvanostatic approach the grains quantity is lower,

which can be explained by the lower rate of growth, compared to the potentiostatic one.
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Figure 6.6: SEM images of a)Jocl, b)Joc2, ¢)Joc3, and d) Joc4.

6.2.5 I-V characterization

The electrical characteristic of the electrodeposited p — CusO/n — ZnOg@W) /ZnOézg\;S)
heterojunction devices was investigated under dark conditions through the current vs
voltage (I-V) electrical characterization. Fig. (6.7) illustrated typical I-V characteristics
recorded for Au/p—CusO/n—2 nOg’\zw) /Z nOg’\; )/ FTO heterojunction devices in different

elaboration conditions.
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Figure 6.7: Current density—voltage characteristics of p — CusO/n — 7 nOEﬁ}W) /Z nOg\; 9)
heterojunctions in the dark. Inset of the figure illustrates the corresponding heterojunction

design.

The obtained results revealed the successful formation of p—n junctions at the interface
between the Z nOE’;@W) and Cus0. It is worth noting that the I-V characteristic curves of
Cuy0O/FTO show Ohmic behavior over the entire voltage region ranging from —1 to +1V.
As a comparison of the two I-V curves corresponding to Jocl and Joc3 (Fig. (6.7)(a))
reveals that p — CuyO/n — ZnOg;W)/ZnOg\;S) based on CUQO((;?) (Joc3) shows better
performance, which presents significant rectification behavior. On the other hand, under
galvanostatic mode (Fig. (6.7)(b)) p — CuO/n — ZnOg’\?W)/ZnO((Jg\;S) based on CuQOE;?)
(Jocd) shows better performance. As a result, we can say that the performance of the
p—CusO/n— ZnO((f\ZW)/ZnOg\;S) can be improved by increasing the pH of the electrolyte
during the growth of Cu,O absorber layer. It has been achieved from Chapter 4 that
the pH increasing reduce the band gap, maybe this is the reason which affects the the
alignment of the energy bands in p — CusO/n — Z nOéﬁ;W) /Z nOg\; s) heterojunction.
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6.3 Elaboration mode effect on
p— CusO/n — ZnOgjg\;W)/ZnOE}q\;S) heterojunction
6.3.1 Structural characterization

Fig. (6.8)(a) shows the X RD patterns of ZnOé?\;W) with prefertial orientation along (002),

corresponding to the c-axis.
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Figure 6.8: a) XRD pattern of ZnO nanowires electrodeposited galvanostatically. b)
X RD pattern of the obtained p — CusO/n — ZnOE?\?W)/ZnOE]g\;S) heterojunctions

Fig. (6.8)(b) shows the XRD patterns for jocl and joc5. No additional peaks or
impurities were seen, only corresponding peaks to the CusO and ZnO were observed, ac-
cording to (JCPDS no. 00-005-0667) and (JCPDS no. 36-1451) respectively. show clearly
polycrystalline materials. Moreover, only one peak corresponds to (111) orientation plane
for CuyO, accompanied by the presence of (002) of ZnO. It can be seen that texturiza-
tion changed when the ratio between peaks inverted by changed the elaboration mode of

Z nOé]g\;W) (condctive layer).
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6.3.2 1I-V characterization

Fig. (6.9) illustrated typical I-V characteristics recorded for Au/p — CusO/n — ZnOg)\;W) /

ZnOEf\;S) /FTO heterojunction devices in as function of the elaboration mode on the

Current (mA)

-10 -5 0 5 10
Voltage (V)

Figure 6.9: Current density—voltage characteristics of p — CusO/n — Z nOE‘;’\;W) /Z nOS’\; s)
heterojunctions in the dark.

The obtained results revealed the successful formation of p—n junctions at the interface
between the ZnOvw) and Cus0,). As a qualitative comparison of the two I-V curves

of Jocl and Joch. Joch shows better performance, which presents significant rectification
behavior.
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6.4 Conclusion

In the previous chapter, p — CusO/n — ZnOnw)/Z nOE]g\;S) heterojunctions were success-
fully realized using simple method of elaboration. By increasing the pH a little bit the
performance of the heterojunction significantly improved. As well as when the elabo-
ration mode of the conductive layer transforms from potentiostatic to galvanostatic the

rectification behavior significantly enhanced.
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CONCLUSIONS

In summery, ZnO and C'usO nanostructures were successfully elaborated using electrode-
position way. The work presented, throughout this thesis, is dedicated to study the
electrochemical deposition key parameters (applied current density, mode of elaboration,
pH of medium, additives) on the electrochemical, optical, structural, and morphological
properties of metal oxides (ZnO and CuyO) grown using electrodeposition method. So,
the manuscript is composed of; an introduction, six chapters, and a conclusion.

Chapter 1 illustrates basics on semiconductors, p — njunctions, metal oxides used, and
background on thin films for photovoltaic application

Chapter 2 shows the experimental setup, elaboration conditions including the solution
preparation details and the characterization techniques.

In Chapter 3, significant effects on the electrochemical, structural, optical, and topograph-
ical proprieties had been exhibited on ZnO nanostructures through this chapter, when the
current density was varied. In this chapter, it has been demonstrated experimentally that,
Zn0O nanosheets are very sensitive to the variation of the applied current density, where
the crystallization, the optical transmittance, and the electrochemical performance were
strongly influenced. However, a weak effect is observed comparing the elaboration ap-
proaches in the case of ZnO nanosheets, whereas, the ZnOE]g\;S) are the preferred one in

9)

terms of ease. Evidently, the synthesized ZnOgNS), by applying —2mA.cm™2

, achieves
the optimum features to be a seed layer for ZnO nanowires. On the other hand, for
Zn0O nanowires, when the mode is transformed from galvano to potentio, the diameter

and the length of the nanowires have been extended. However, the crystallization, opti-
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cal transmittance, and electrochemical stability were ameliorated under the galvanostatic
approach. It is worth noting that the donor carrier density was significantly improved
under galvanostatic mode regardless of the film morphology. Each mode has its strengths
for a specific application. So, it’s a compromise to understand why we can not make a
scientific decision about what is the best way to form nanowires without studying it in a
clear application.

In Chapter 4, we have shown that the performance of CusO nanostructures can be op-
timized by controlling the key parameters. CusO nanostructures are very sensitive to
the variation of the applied current density to control directly the structural orientation,
which influence the film morphology and the charge carrier mobility. In our conditions,
—0.4pA.cm™2 was the optimal current density. In the other hand, the mode of elabora-
tion can introduce a remarkable effect on the film properties. Using the potenstiostatic
mode, the crystallization is significantly improved. However, the absorption coefficient
can be improved under galvanostatic mode. By increasing bath pH, the roughness and
the absorption coefficient increase. It is very important to note, there is a compromise
when you study, the electrodeposition parameter effect on final film features. Because, it
is related to the application.

In Chapter 5, CusO polyhedrons with two different shapes were successfully elaborated by
galvanostatic electrochemical depositiond in selected growth mediums. CusO show highly
symmetric 26-facet polyhedral microcrystals with well-defined {100}, {110}, {111} crystal-
lographic faces. In the presence of additive (N H,C1), CusO show 18-polyhedral with well-
developed {100} and {110} faces. The two morphologies revealed p—type semiconducting
behavior. The effect of potassium chloride (KCl) on CuyO nanostructures electrode-
posited were also studied in this chapter, in order to investigate itseffect on their struc-
ture, morphology, conduction type, and their optical properties. CusO 26-facet polyhedral
show a high photoelectrochemical (PEC) stability of 73.5%. Which is of great importance
for future water splitting application. The conduction type of CusO nanostructures does
not change regardless, the concentration of KCl in the electrolyte, and that chlorine ions
can ameliorate the density of the donor carriers (30 times largest) and the morphologie

can be totally changed when the concentration of C'1™ ions attends 0.1M from nanocubes
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to dendrites of polyhedral shape. In Chapter 6, p — CusO/n — ZnO(NW)/ZnOE?\;S) hetero-
junctions were successfully realized using the optimum conditions achieved from Chapter 3
and Chapter 4. The performance of the heterojunction significantly improved, by increas-
ing the pH a little bit. As well as when the elaboration mode of the conductive layer

transforms from potentiostatic to galvanostatic.

Future work

In the previous thesis the mean electrodepostion parameters well succceffuly studied for
both ZnO and Cu;O nanostructures with different morphologies. As present work, we
propose to study the thickness effect, of the cunductive layer and the absorber layer,
on p — CusO/n — ZnO(NW)/ZnO((?\;S) performance. As well, we propose to play on the
absorber layer by adding Cu,O nanoparticles (CuO(npy) or CusO dendrites of polyhedral
(CusO(ppy) as a superficial film to be in the direct contact with light.
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Résumeé:

La nanostructuration des cellules solaires est une approche intéressante pour améliorer
le rendement de conversion photovoltaique (ARP) dans laquelle I'objectif principal de
cette these est d'améliorer la performance des nanostructures électrodéposées a base
de Cu,0 et de ZnO pour les dispositifs photovoltaiques. L'effet de nombreux
parametres clés a eté étudié pour les deux oxydes métalliques afin de contrdler leurs
propriétés physiques et electrochimiques. Dans un premier temps, une étude
comparative entre le mode galvanostatique et potentiostatique a été effectuee pour des
nanofeuillets de Zn0 (Zn0Oys,)) et des nanofils de Zn0O (ZnOyy). Deuxiemement,

une stratégie similaire a été appliquée pour les nanostructures et les nanoparticules de
Cu,0 Ou les parameétres structurels, morphologiques, optiques et électrochimiques ont
été étudiés pour les nanostructures synthétisées a base de ZnO et celles de Cu,0
gu'elles ont montré de bonnes performances et une stabilité photoélectrochimique
élevée. Enfin, une architecture d'une hétérojonction
(p — Cup0/n — ZnOwy/Zn0ysy) a été proposée et examinée sous les différentes
approches d’électrodéposition. Dont n —ZnOgyyy /Zn0O(ys) est la couche
conductrice dans I’hétérojonction et Cu, 0 est la couche absorbante.

Mots clés: Electrodeposition, nanostructures, heterojunction, optoelectronique.
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