









































Figure 1.2: Zinc oxide wurtzite crystal structure.

epitaxy (MBE) [16]. Drastic temperature change is required for thermal bath depo-
sition to precipitate ZnO out of supersaturated solutions [17], and high temperature
is required for thermal oxidation of Zn metallic films [18]. In comparison, electrode-
position can occur at lower temperatures (25 — 90 °C) and ambient pressure [19].
Preparation without high temperature and high vacuum is more convenient and eco-
nomical. Furthermore, electrodeposition is suitable for large area coating [20], which
is especially useful for solar cell applications.

In reports of ZnQO electrodeposition, the parameters influencing ZnQO crystal mor-
phology and opto-electronic properties include substrate [21], deposition time [12],

applied potential [19], temperature [22], concentration of electrolyte [23], and addi-
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Figure 2.1: Pourbaix diagram for Zn ion and phase stabilities.

Thermodynamical calculations show that NO3 ions can be reduced to NOJ at po-
tentials more negative than —0.197 V vs. Ag/AgCl in neutral pH electrolytes [38].

Therefore, in Zn(NO3), electrolytes, the global chemical reaction is
In*t + NO7 + 2~ = ZnO + NO; E° = 40.280 V vws. Ag/AgCl. (2.4)

The potential E° is calculated from the standard Gibbs free energies derived from

each chemical species formation Gibbs free energy in the aqueous phase [39].

2.1.2 Oxygen Reduction

Oxygen reduction is another common way of producing basic pH conditions in
electrolytes [36]:

O + 2H0 +4e™ = 40H". (2.5)
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tion. Complementary reactions such as oxygen evolution can happen at the counter
electrode and interfere with the electrodeposition at the working electrode. However,
these problems can be avoided by using electrochemically stable substrates, such as
stainless steel which is used in this thesis work, and by placing the working electrode

and counter electrode far away from each other.

2.2 Bandgap Energy

A material’s bandgap is defined as the energy gap between its valence band and
its conduction band. Materials can be categorized into three classes by the magni-
tude of their bandgap energies: insulators (large bandgap), semiconductors (smaller
bandgap), and conductors (no bandgap). Schematic illustrations of these three types

of materials are shown in Figure 2.3.
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Figure 2.3: Schematic illustrations of bandgaps in insulators, semiconductors, and
conductors.

The magnitude of a semiconductor’s bandgap can be changed by dopants. A

donor donates electrons to the conduction band and an acceptor accepts electrons
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Figure 2.4: Schematic illustration of bandgap energy changes in n-type and p-type
semiconductors.

small effective mass), and a small effective density of states and small degeneracy
concentration (1.2x10'" /em® at 300 K for InSb). When heavily doped, a degenerate
semiconductor’s dopant band is very close to the bottom of the conduction band, and
spreads into the conduction band as shown in Figure 2.5. Therefore, when electrons
from the dopant band fill the conduction band, due to the low effective density of
states at the bottom of the conduction band, the Fermi level increases drastically.
The bandgap energy, from the top of the valence band to the lowest of unfilled level
in the conduction band, is thus increased.

At present, it is still not possible to predicte in which semiconductors the Moss-
Burstein effect will happen. However, the Moss-Burstein effect has been reported in
semiconductors such as InSb [41], InN [42], and ZnO [43, 44], all of which are degen-
erate semiconductors and have sharp conduction band. In ZnO, the Moss-Burstein

effect has been observed for dopants such as hydrogen (33, 45], aluminum [43], gallium
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Figure 3.4: Standard XRD pattern for wurtzite zinc oxide (JCPDS #36-1451).

tern. Next, quantitative identification required the sample’s lattice constants to be
compared with the standard wurtzite ZnO lattice constants. The lattice constants
are associated with the interplanar spacing (dny,;). Equation 3.2 defines the interplane
spacing for hexagonal crystal structures:

1 4 h®+ hk + k> {2
23— )te

(3.2)
where dpy, is associated with the Bragg peak positions (28) as shown in Equation 3.1.
Given the observed Bragg peak positions, their h&l indexes, and the crystal class, a
material’s lattice constants can be obtained. However, due to systematic errors in
XRD measurements, such as sample displacement and curvature of the sample plane,
which both create errors in the angle between X-ray and the sample plane, a 28
angle correction is needed for the Bragg peak positions before determining the lattice

constants. LATCON [53], a sub-program of PROSZKI designed by D. Schwarzenbach

et al. [54], uses a least square method to refine the best value for 26 zero shift correction
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Figure 3.12: Representative UV-Vis diffuse reflectance spectrum (DRS) and first
derivative of DRS for an electrodeposited ZnO thin film.
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for lattice constant calculations at potentials between —1.30 V to —1.50 V, each data
point represents one sample. The lattice constants for most samples are within two

estimated standard deviations of the unstrained wurtzite ZnO values.
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Figure 4.1: XRD data for thin films electrodeposited at different applied potentials
(charge passed during the deposition given in parentheses): —1.00 V (0.25 C), —1.20
V (0.42 C), and -1.40 V {0.53 C). Peaks belonging to the stainless steel substrate and
the aluminum sample holder are marked with asterisks (*).

Figure 4.2(b) shows the refined lattice constants for thin films electrodeposited at
the same potential (-1.20 V) with different thicknesses. Every data point represents

one sample. The trend of lattice constant change with film thickness is not clear in this

graph, but variation is 0.006 A. However, other studies have shown changes in lattice
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constants with deposition conditions. For example, Marotti et al. [12] reported, for

electrodeposited ZnO with different thickness (< 5 um), lattice constants can change

up to 0.02 A which they attribute to the presence of native defects. Pauporte et

al. [29] reported similar lattice constant changes, which they explained by dopant

incorporation in ZnQO electrodeposits.
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Figure 4.2: Lattice constants for ZnO thin films electrodeposited (a) at different
deposition potentials and (b) at the same deposition potential (-1.20 V) with different
film thicknesses. The unstrained ZnO crystal lattice constants are ¢=3.250 A and
¢=5.207 A as indicated by the horizontal lines.
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4.2 Morphology and Size Tuning of ZnO Crystallites

Figure 4.3 shows how the total charge passed through the WE during ZnO elec-
trodeposition varies as a function of deposition time. Each data point is an average
value from one to three samples. The charge passed increases with increasing de-

position time, showing a constant electrochemical reaction rate at each deposition

potential.
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Figure 4.3: Charge passed during ZnO electrodeposition, as a function of deposition
time, at different deposition potentials.

Figure 4.4 shows the trend in the ZnO film thickness as a function of charge
passed during the course of electrodeposition. The film thicknesses were measured
using AFM height measurements as described in Chapter 3. Each data point is an

average of three to five thickness measurements on different spots of the sample.
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Our electrodeposited ZnO film thickness is proportional to the charge passed during
deposition for all applied potentials. Moreover, for a fixed amount of charge passed,
the ZnO film thickness tends to increase with more negative potentials, indicating

higher deposition rates at more negative potentials.
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Figure 4.4: ZnO film thickness as a function of charge passed during electrodeposition
for four different applied potentials.

The slopes of thickness vs. charge curves are different with potentials. One possible
explanation for the differences is the difference in crystal compactness (film density).
In order to measure crystal compactness, surface coverage analysis were attempted
using an automated image processing routine developed by Muhammad Jehangir

(M.Sc. student with Dr. Erika Merschrod, MUN Chemistry). The brighter objects

in SEM images, corresponding to ZnO crystallites, were selected and their areas were
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Figure 5.1: UV-Vis DRS spectra and first derivatives of DRS for ZnO thin films with

different thicknesses electrodeposited at (a) -0.90 V, (b) -1.00 V, and (c¢) -1.20 V.
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Figure 5.2: Optical bandgap energy as a function of film thickness for electrodeposited
Zn0O thin films. The dotted line indicates the bandgap energy for bulk wurtzite ZnO.
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Figure 5.3: DRS spectra and first derivatives of DRS for ZnO thin films prepared at
different potentials.
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Figure 5.4: (a) UV-Vis DRS of a ZnO thin film in the process of aging and (b) the
optical bandgap energy as a function of aging time for ZnO deposits prepared at

different potentials.

5.3 Fundamental Reasons for Bandgap Energy Changes

Possible reasons for the bandgap energy dependences on film thickness, applied
potential, and aging time could include quantum confinement effects [67, 32|, me-

chanical stress [12], doping, or defects [47].

5.3.1 Quantum Confinement Effects

Optical quantum confinement of ZnO excitons, which have a Bohr radius ~ 2 nm
[48], has been reported for ZnO particles from 1 nm to 60 nin [48, 32, 67]. The reported
bandgap energies vary inversely with ZnO crystal sizes. For example, Wong et al.

[67] achieved a bandgap energy range of 3.38 eV — 3.53 eV using electrophoretically
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Figure 5.5: ZnO bandgap energy as a function of crystal size along the (100) direction.

different potentials, or for ZnO films prepared at the same potential with different

thicknesses. All of the calculated lattice constants agree well with the standard lattice

constant values of wurtzite ZnO. Raman spectra (discussed in Section 5.3.3) also

show no evidence of stress, as the phonon mode peak position remain constant with

changes in deposition potential and deposit thickness [57]. This evidence suggests

that no substantial mechanical stress exists in our electrodeposited ZnO films.

5.3.3 Doping Effects

Dopants can also change ZnO’s bandgap energy. Dopants such as Mg and Cd

[27, 28] reduce the ZnO bandgap energy, while other dopants such as Al [43], In [47],

Ga [46], H [33, 45] increase the ZnO bandgap energy due to the Moss-Burstein effect,
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Figure 5.6: The charge passed during 10 minute of electrodeposition in 0.01 M
Zn(NO3), and 0.02 M KCl.

Raman spectroscopy was performed on our electrodeposited ZnO films in search
of hydrogen local vibrational modes (2800 — 3200 cm™'). Figure 5.7 shows the Raman
spectra comparison for ZnO deposits prepared at —0.90 V and —-1.20 V, along with a
spectrum of the substrate material (stainless steel). Due to the low signal to noise
ratio, hydrogen local modes in our electrodeposited ZnO thin films were not readily
detectable in all samples. There was no clear trend with deposition potential, film
thickness, or aging time.

Intensities of Raman peaks in the 2800 — 3200 cm™! region were increased dramat-
ically after rinsing with ethanol and drying in air. Raman spectra of a ZnO film with
1

and without ethanol rinsing are also shown in Figure 5.7, and the 2800 - 3000 cm™

region shows significant increase after ethanol rinsing but with no substantial change
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in peak positions. Since ethanol can change the surface termination of Zn0O, it is
not necessarily surprising that these light-mass modes are enhanced after an ethanol
rinse. The peak fitting gives slightly different peak positions from the reported hy-
drogen local modes (C-H, C-H,, and C-H;g) in bulk ZnO [70]. It is possible that this
difference is due to different bonding environments for the hydrogen, especially at
the crystallite surfaces. Quantumn confinement effects for optical phonons [62] are less
likely, since the shifts between our fitted peaks and the hydrogen local vibrational
modes (~ 20 cm™!) are an order of magnitude larger than the reported quantum

confinement induced wavenumber shift (~ 2 cm™).
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Figure 5.7: Raman spectra for ZnO thin films and the stainless steel substrate in the
hydrogen local vibration mode region.
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Figure 5.8: Raman spectra for fresh and aged ZnO thin film prepared at -1.10 V.

in the first 200 hours, and by doping ZnO with In, deposits’ electronic properties can
be stabilized. Jokela et al. [68] observed decreased intensity in hydrogen modes from
infrared data, associated with a decrease in carrier density after aging several weeks.

Figure 5.9(a) shows representative Raman spectra for electrodeposited ZnO thin
films of similar thickness (1 gm £ 200 nm) with different deposition potentials. This
shows that defect levels, inferred from the intensity changes in the defect mode,
are higher for deposits prepared at more negative potentials, which also have higher
bandgap energies. Figure 5.9(b) shows representative Raman spectra for ZnO thin
films electrodeposited at the same potential (-1.00 V) with different thicknesses.
Again, the changes in the intensity of the defect mode suggests higher defect lev-

els in thinner films, which also have higher bandgap energies. Thus, optical bandgap






68

—~~
Q
S
multiphonon
)

defect mode

[
l

\

AN
k3

E2 (high)

Intensity (arb. units)
7
(

200 300 400 500 600
Wavenumber (cm™)

c
z | (b) :
Z 8 g
5 £ 2
. 35 E
= : g
A \\ £ S
> 5
5 ~N "\k 0.60 um
— S —— ——
C 75 um
- | 0.90 pm
| I | | |
200 300 400 500 600

Wavenumber (cm™)

Figure 5.9: Raman spectra of ZnO electrodeposits prepared (a) at different applied
potentials with similar thicknesses and (b) at —1.00 V with different thicknesses.
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The morphological change in the presence of sulfate is likely related to the for-
mation of a secondary Zn-containing sulfate phase which affects ZnO nucleation and
growth. Characterization methods such as UV-Vis, Raman spectroscopy, IR, Energy
dispersive X-ray analysis (EDX) have been used in an attempt to find out what the
second phase from the sulfate electrolytes is and how it is incorporated with the
Zn0O phase. However, our measurements did not give conclusive results. High reso-
lution transmission electron microscopy studies would likely provide more definitive

information on the short range crystalline order in this secondary phase.
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Figure 6.5: XRD data for electrodeposits prepared from electrolytes without (solid)
and with (dotted) a small amount of sulfate ions (R= 0.02), at —0.70 V. In the
XRD patterns, peaks due to the wurtzite-type ZnO phase are labeled with their
hk! indices. Peaks from a secondary phase in deposits prepared from the sulfate-
containing electrolyte are marked with asterisks (*). Substrate (steel) and sample
holder (aluminum) peaks are marked (#).





































































