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Abstract

This thesis describes the synthesis, structural properties, optical properties, and
electronic properties of semiconductor junctions based on electrochemically deposited
ZnO and Cu2 0 thin films.

The first focus is characterizing the effect of deposi-

tion conditions (including applied potential and electrolyte composition) on the fundamental properties of these materials (including carrier concentration, band gap,
and microstructure). Subsequent discussion addresses electrical conduction to and
through ZnOjsubstrate junctions as a function of these deposition conditions. Finally, three device applications for these ZnO-based junction are explored: Schottky
rectifiers, humidity sensors, and photovoltaic cells. Since electrical conduction to and
through heterojunction interfaces is very important for maximizing the functionality
of semiconductor devices, this thesis work is an essential step towards increasing the
functionality of multi-layer ZnO-based heterojunction devices prepared by electrodeposition.
Capacitive Matt-Schottky analyses showed that the carrier concentrations of our
ZnO electrodeposits are dependent upon deposition potential, with higher net carrier concentration at more positive potentials. UV /Visible diffuse reflectance data
indicates that band gap increases with more positive deposition potentials. Together,
these results suggest that hydrogen is the dominant, yet unintentional, Moss-Burstein
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like dopant in our n-type ZnO. Furthermore, the range of carrier concentrations we
can achieve (10 18

-

1021 cm- 3 ) is comparable to that obtained with intentional dop-

ing. This is significant because using deposition potential to change growth rate or
morphology will simultaneously change electronic properties.
The deposition potential studies evolved into a procedure for selective, one-step
production of either ohmic or rectifying (Schottky) ZnO/metal junctions (Chatman

et al., Appl.Phys.Lett., 2008, 92, 012103/1-3). Rectifying ratio and soft-breakdown
characteristics can be influenced by tuning either deposition potential and pH (Chatman et al., ACS Appl. Mater.

Interfaces, 2009 , 1, 552-558).

(In contrast, our

Cu 2 0 /metal junctions were always ohmic.) Rectifying ZnO / metal junctions are very
susceptible to relative humidity compared with ohmic samples because of protonic
conduction at the ZnO/air interface. Hydrophobic coatings applied to ZnO deposits
greatly reduce the erratic sensitivity of ZnO at high humidities while retaining humidity sensitivity (Chatman et al., ACS Appl. Mater. Interfaces, 2009 , 1, 552-558).
Zn0/Cu 2 0 pn junctions were prepared with different permutations of a two-step
electrodeposition process. Zn0/Cu2 0/metal junctions were determined to be light
sensitive when the Cu 2 0 layer was deposited using lactate-based electrolytes. Unfortunately, solar conversion efficiencies was too low to determine device efficiencies.
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Chapter 1
Introduction
The construction of practical semiconducting devices, such as photovoltaic solar
cells and miniaturized semiconducting transistors, has been considered one of the most
important avenues leading to the advancement of technology[l, 2, 3, 4] . Therefore, it
is useful to identify factors that can improve semiconductor device functionality. In
broad strokes, the four most important elements that must be considered when designing semiconductor devices are functionality, efficiency/quality, cost, and toxicity[5].
By using electrochemical synthesis techniques, we can effectively reduce the cost of
synthesizing low-toxicity semiconducting materials. This thesis describes the study
of electrodeposited metal oxides that are prime candidates for use in next-generation
electronic and optical devices[6, 7, 8]. In particular, I have explored conduction to
and through single layers of ZnO, and how these ZnO single layers can be utilized in
pn junctions with Cu 2 0.

r-~-----------------------------------------------------

--

2
ZnO is a transparent wide band direct gap semiconductor with a band gap (Eg) of
3.1- 3.5 eV at room temperature[9, 10]. It has a hexagonal wurtzite crystal structure
(space group P6 3 mc) with lattice constants a= 3.255

A and c = 5.217 A, and a four

atom basis (Figure 1.1) [11]. Though there has been some recent debate on the source
of n-type conduction in native zinc oxide, it is generally attributed to interstitial
hydrogen doping[12, 13, 14]. ZnO is non-toxic, especially compared to heavy metal
(Cd, Ga, As) containing semiconductors, making it an excellent candidate for technological use. Indeed, ZnO has recently enjoyed a large amount of attention in the
literature due to its electrical and optical properties[15, 16, 17]. It has been utilized
as a transparent window material and to create pn heterojunctions in photovoltaic
cells[18], and also to form other current limiting devices[19, 20]. Even though ZnO
has been studied previously for use in electrical devices, there is still much that is not
understood about the surface and interface conduction properties of ZnO, especially
with respect to native doping[21, 22].
Traditionally, semiconducting devices have been manufactured using techniques
such as laser ablation (for nanowire arrays)[23], chemical vapor deposition (for UV
detectors)[24], and electron beam evaporation (for Schottky diodes) [25]. These techniques typically involve high temperature or high energy deposition conditions, as well
as post-deposition annealing. This can necessitate substantial start-up and operation
costs, including procuring high-purity solid metal or semiconductor starting ingots,
contributing greatly to the price of synthesis. Alternative synthesis methods include

3

0

c=5 .217 A

Zn

Figure 1.1: Schematic representation of two unit cells of Zn 0 's wurtzi te crystal structure. The light grey spheres represent Zn while the dark grey spheres represent 0.
ZnO has a four atoms basis consisting of two Zn atoms and two 0 atoms. One possible
basis scheme is labeled 1 through 4.

4

solution-based electrodeposition or chemical precipitation synthesis. Their economical source materials (commercially available metal salts for aqueous electrolytes) and
synthesis equipment (stable voltage sources and hotplates), leads to greatly reduced
start-up and operation costs while retaining the ability for controlled growth of highquality thin films.
While the cost advantage of using electrodeposition is a great impetus in itself,
the flexibility of electrodeposit ion techniques allow us to influence the electrical and
optical characteristics of materials, making this technique very useful. For example,
this method has been used to synthesize and tailor thin films for technologies such as
giant magnetoresistant materials[26, 27], solar cells[28, 29], and magnetic spin-valves
devices[30, 31, 32]. Like all synthesis techniques, electrodeposition has drawbacks as
well. Electrodeposits typically have very rough surfaces[33] (compared to techniques
such as molecular beam epitaxy), which can be detrimental for electronic devices[34,
35]. It can also be difficult to deposit some phases due to complicated aqueous
stability relations (see Chapter 2).
Of particular interest in recent literature is the formation of semiconductor /metal
interfaces utilizing electrodeposition to synthesize at least one of the layers. For
example, Vaidya.nathan et al.[36] have demonstrated the ability to grow alternating selenide/telluride superlattices on titanium by atomic layer deposition , the electrochemical equivalent of atomic layer epitaxy.

This technique offers the ability

to create very fiat interfaces between layers that are on the order of a few atoms
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thick for thermoelectric and infrared devices. The magnetic properties of electrodeposited metal/semiconductor junctions for spintronic devices has also been recently
explored. For example, Bao et al. have electrodeposited FexNi 1 _x thin films on commercially available GaAs wafers[37]. Others have worked on spin-polarized permalloy
on Si[27], CoNiCu/Cu multi-layers on Au/ Si substrates[26], and Ni 80 Fe2 0/Cu/Co/Cu
spin-valve multi-layers on NiFe[30] for giant magnetoresistant devices. As a whole,
electrodeposition of semiconductor/metal junctions is enjoying a large amount of research attention. Often these studies focus on very thin (four atoms thick) [36] or
epitaxial growth layers on single crystals[38, 39]. Our work explores thicker layers
with near-bulk electronic properties, but with complicated grain structures (unlike
commercially-produced single crystal wafers).
In this thesis, I have compiled my publications[40, 41] exploring the electronic
characteristics of electrodeposited ZnO. Background information and experimental
details relevant for all work is provided in Chapter 2 and Chapter 3, respectively.
Chapter 4 describes our discovery of the ability to selectively create ohmic or rectifying (Schottky) ZnO/metal junctions by changing the deposition potential[40]. In
order to more fully explore conduction to and through ZnO , we studied the carrier
concentration and band gap of electrodeposited ZnO, linking these traits to their
current-voltage behaviour (Chapter 5)[42]. This work is described in Chapter 5, and
is currently under peer review for publication. In Chapter 6 we studied the effect of
relative humidity on ZnO/metal junctions, and how conformal hydrophobic coatings

r--- : -- - -- - - - - - - - - - - - - - - -- - - - - - - - - · - - - - - - - - -
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can improve the functionality of these junctions under high-humidity conditions[41].
Chapter 7 reports on multi-layer semiconductor studies that we have undertaken.
One of the main goals of recent semiconductor research has been the production of
higher efficiency solar cells[l8, 43, 44]. We used the knowledge gained from our ZnO
studies to create Zn0/Cu2 0 pn junctions. Cu2 0 a is non-toxic direct energy gap
material (E9

=

2.0 - 2.2 eV) with p-type conductivity in its native form due to

copper vacancies[45, 46] . Like ZnO, its constituent salts are readily available and of
low-toxicity[46]. Cu 2 0 has been used for semiconducting devices in the past, such as
solar cells[46], rectifiers[47], and electroluminescent diodes[48] . Our studies focused
on the light sensitivity of ZnO /Cu 2 0 junctions for potential photovoltaic applications.
Chapter 8 puts our synthesis and device prototype studies into context. I show
how this thesis work can be applied to other areas of semiconductor physics, and
suggest some avenues of research that can now be explored because of our advances.

7

Chapter 2
Background
To explore and understand how electrodeposited semiconductor heterojunctions
behave when a voltage is applied across them, it is important to understand how the
junctions are produced and the measurement technologies available to assess their
electrical responses.

2.1
2.1.1

Electrodeposition
Ele ctrochemical Synt hesis

In order to determine the conditions required for the electrosynthesis of any material, we can begin by considering the stability of the target material in aqueous solution. A Pourbaix diagram indicates the pH and potential values at which chemical
species are stable in aqueous solution. These pH/potential phase plots are thermody-
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Figure 2.1: Diagram indicating the potentials and pH regions at which Zn 2 +, Zn,
and Zn(OH)2 are stable. These schematic diagrams are based on thermodynamic
calculations of phase stabilities at STP (25°C and 1 atm). They are used as general
guidelines when determining synthesis conditions, as they do not include the effect
of supporting electrolytes, temperatures and pressures other than STP, electrode
stability, etc. The dashed lines indicate the lower limits of stability for water; below
the dashed line, hydrogen gas will be evolved.
namic calculations of t he stability of the metal oxides, metal hydroxides, and metal
ions in water[49]. A simplified version of the Pourbaix diagram for Zn 2+ , Zn, and
Zn(OH)2 at 1 atm and 25°C can be seen in Figure 2.1.
The standard potentials for electrochemical reactions shown on the ordinate axis
in a pH-potential phase diagram (Pourbaix diagram) are measured relative to the
potential difference between the working electrode, at which the reaction occurs, and
a reference electrode. This thesis will report against the Ag/ AgClsat'd potential unless
otherwise noted. Potential is applied with an external power supply (Described in
Chapter 3), and the pH is varied with the addition of acids (i.e. HCl) or bases (i.e.
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NaOH) as noted. Care must be taken when choosing pH modifiers, as unintentional
effects such as extrinsic doping with Cl- can occur in ZnO[lO].
The phase boundaries in a Pourbaix diagram indicate reduction/oxidation (redox)
reactions that can occur during an electrochemical experiment. Such reactions can
be written as a redox couple,

O+ne-

~

R,

(2.1)

where 0 is the oxidized species, R is the reduced species, and n is the number of
electrons transferred per reaction[50]. At potentials more negative than the standard
reaction potential (Eo), the reductive formation of 0 is more favoured, while at
potentials more positive than Eo the oxidative formation of R is favoured[50, 51].
A straightforward example is the reduction-oxidation of zinc metal (Zn°) and the
zinc ion (Zn 2+), for which the standard potential is -0.962 V vs. Ag/AgClsat'd-[52]

(2.2)
At potentials more negative t han -0.962 V vs. Ag/ AgClsat'd, the formation of the
reduced species (Zn°) is more favourable, while above this potential zn2+ is more
favourable. If a redox reaction occurs at a high enough rate that it can be considered
to be in thermodynamic equilibrium as the potential is swept, it is considered a reversible reaction. Such a system can, in principle, be reduced and oxidized an infinite
number of times without adverse affect (no loss of 0 or R). Zinc metal deposition is
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Figure 2.2: This cyclic voltammogram illustrates a reversible reaction. The peak at
more negative potentials is due to both Zn metal deposition and hydrogen evolution.
The peak at more positive potentials corresponds to stripping of electrodeposited Zn
metal. This CV was performed on a gold working electrode in 0.02 M Zn(N03)2.
an example of a reversible reaction. A cyclic voltammogram (CV) of the reversible
zinc metal deposition can be seen in Figure 2.2. A CV is collected by sweeping an
applied potential across the working electrode and reference electrode and recording
the current response. Current peaks in a CV indicate movement of charge at or near
the working electrode surface.

2.1.2

Zinc Oxide Electrodeposition

In contrast to simple redox reactions, there are electrodeposition reactions that
are not reversible. For example, metal oxide deposition can involve the formation
of intermediate species such as metal hydroxides. The electrochemical synthesis of
metal oxides can be achieved by several different techniques, such as electromigration

11

of reactant species, electrolysis of fused salts, anodic oxidation, alternating current
synthesis, or cathodic reduction[53]. For our ZnO electrodeposition experiments, we
used cathodic reduction exclusively.
Cathodic reduction often utilizes the production of an alkaline species at the
surface of an electrode to hydrolyze metal ions and metal complexes. This hydrolysis
forms metal oxides and hydroxides either in solution or at the surface of the working
electrode. Therese et al. [53] reviewed this technique and report many of the metal
oxides that can be synthesized in this way, including Ti0 2 , Zr02 , Cr2 0 3, and LaMn03.
Direct cathodic reduction of metal ions and metal complexes to metal oxides, such as
Cu2 0[45, 54, 55, 56, 57], Ce0 2 [58], and Th0 ,[58] has also been reported.
We electrodeposit zinc oxide samples using a multi-step process facilitated by a
nitrate reduction reaction first reported by Izaki et al. [59].

(2.3)

(2.4)

(2.5)

(2.6)
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This reaction includes the reduction of N03 to NO;- at the working electrode surface, creating an alkaline environment in the immediate vicinity that promotes the
formation of Zn(OH)2 . ZnO then forms on the surface of the working electrode as
the precipitated Zn(OH)2 decomposes. It is thought that this reduction reaction is
catalyzed by Zn2+ ions adsorbed on the surface of the working electrode[60], similar
to the catalytic effect of zr4+ and La3+ on nitrate reduction reported by Cox et al.[61].
The effect of the nitrate reduction reaction at the surface of the working electrode
can be seen in the annotated Pourbaix diagram in Figure 2.3, which shows the need
for a high pH to form Zn(OH)2[49].
The choices of potential and pH ranges for ZnO electrodeposition in this thesis
were guided by the Pourbaix diagram seen in Figure 2.1. Deposition temperature was
set at 70 ± 4°C , in order to be safely above the temperature needed to decompose
Zn(OH)2 into Zn0[62], while reducing the effect of electrolyte evaporation. The Pourbaix diagram for this system was not significantly affected by the higher deposition
temperatures and complexing agents[63].
Only a portion of the current through our electrochemical cell is due to the primary cathodic reduction reaction, and its magnitude is heavily dependent upon the
concentration of Zn2+ and No~- within solution [SO]. Other reactions contribute to a
background current, including the evolution of hydrogen at the electrode surface. At
potentials more negative than -0.630 V vs. Ag/ AgClsat'd, at pH =5, water will be
electrolyzed[49, 16]:
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(2.7)
This reaction occurs in parallel with ZnO formation.

Below, we discuss how the

evolution of hydrogen during the formation of ZnO can affect its electrical properties. Contamination of the electrodeposited samples by other in situ species must
be considered carefully. While there is no evidence of either the nitrate or nitrite
supporting ions incorporating in ZnO (both molecules are too large), CI- present
in acidic electrolytes can incorporate into ZnO[lO]. The majority of our electrodeposits were made in chloride free electrolytes (unless otherwise noted), eliminating
this concern. Sodium ions from the NaOH have never been found to incorporate into
ZnO.

2.2
2.2.1

Conduction in Semiconductors
S emiconductor Doping

The novel electrical conduction characteristics of semiconducting materials have
garnered much attention since their discovery. A common way to distinguish semiconductors from metals and insulators is by comparing their electrical resistivities
at room temperature. Semiconducting materials typically have resistivities between

10- 1 and 10-2

n.m, which are higher than the 10-8 n. m for copper metal but lower

than the 1017 D · m for fused quartz (a good insulator)[64] . The energy required to
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Figure 2.4: This schematic diagram illustrates the relative magnitudes of the band
gaps of some common semiconductors compared to metals and insulators (such as
quartz).
move an electron from the valence band to the conduction band (E9 ), lie in the range
of 0.5 eV to 3.5 eV for semiconductors[65, 66, 67]. Some typical semiconductors used .
in electrical devices are silicon (E9 =1.12 eV), germanium (E9 =0.66 eV), and gallium
arsenide (E9 =1.42 eV)[65]. Figure 2.4 illustrates the range of band gaps for these
semiconductors.
An important way to control the band gap of (and conduction through) a semiconductor is by dictating the concentration and type of dopants within the crystal
structure. Adding impurity atoms to create n-type (majority electron carriers) or ptype (majority hole carriers) semiconductors allows tailoring of a material's electrical
response. Ideally, atomic substitution can increase the electron or hole density, but in
real systems the doping can be much more complicated due to compensating defects,
vacancies, interstitials, and phase segregation[65] .

2.2.2

Native Doping of Semiconductors

ZnO's natural n-type conductivity is an example of a system where the excess
negative charge carriers are incorporated during synthesis, often unintentionally. The
source of ZnO's native conductivity has recently been debated in literature[13, 14, 15],
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since it had long been thought that then-type doping was due to both interstitial zinc
atoms and oxygen vacancies. Recent studies have shown that hydrogen interstitial
doping plays a much larger role than previously thought. Hydrogen is present during
all ZnO synthesis t echniques, even in ultra high vacuum. Due to its high mobility,
hydrogen can easily diffuse into the material during synthesis and has been detected
in ZnO prepared by many methods[16, 68, 69, 70, 71, 72]. In most semiconducting
materials, incorporated hydrogen is amphoteric, counteracting the dominant source
of conduction[73] . Indeed, hydrogen has been found to passify nitrogen dopants
added to Zn0[74]. It is generally agreed that electronically active interstitial H+
ions routinely exist in Zn0[12, 73, 75] . First principles studies have shown that this
incorporated hydrogen acts as a shallow donor, with an ionization energy of 30 meV
or less[12], a.nd experimental results have confirmed this finding[76]. Hydrogen that
has diffused into ZnO loses its electron to the conduction band of the crystal due to
its low ionization energy[12, 73, 75]. Depending on the amount of hydrogen diffused
into ZnO during synthesis, n-type doping occurs with electron concentrations of ,. . .,
1016

-

1021 cm- 3 [15, 17, 20]. Earlier work from our group has shown that deposition

potential can be used to influence hydrogen evolution rate and subsequently the
doping level in electrodeposited ZnO samples[16] .
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2.3
2.3.1

Direct Current Responses
Ohmic and R ectifying Junct ions

For device applications, it is imperative to control electrical conduction to and
through semiconductor /metal junctions. The materials described in this thesis involve
two basic types of contacts: resistive and rectifying. Resistive contacts are governed
by Ohm's law, wherein the current through a junction is linearly dependent upon the
applied voltage and the DC resistance, as seen in Equation 2.8:

V= I R

(2.8)

In contrast, many semiconducting junctions show non-linear current-voltage (I-V)
behaviour. Rectifying contacts act like one way valves for electrons, conducting well
in one direction and poorly in the opposite direction. In my thesis work, I focus
on rectifying Schottky junctions (a junction between a semiconductor and a metal),
though I do briefly explore rectifying pn junctions (a junction between an n-type
semiconductor and a p-type semiconductor) .
The Matt-Schottky theory describing the conditions leading to rectifying semiconductor/metal junctions was developed by Walter H. Schottky and Neville Francis
Mott in the mid-twentieth century. Rectification often occurs at the interface between
an n-type semiconductor and a metal due to the difference between the Fermi energy
levels in the two isolated materials. Due to the position of the charge carriers in
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Figure 2.5: Energy band diagram of a semiconductor/metal Schottky junction before
coming into contact (a), after achieving equilibrium (b), under forward bias voltage
(c), and under reverse bias voltage (d). Note the formation of the Schottky barrier
(<PBo), built-in plus reverse bias voltage (Vbi + VR), and depletion width (W).
their valence band p-type materials typically do not have the band structure needed
to create a Schottky barrier[65]. When an n-type semiconductor comes into contact
with a metal, the negative charge carriers near the junction move into the metal to
occupy the many available lower energy states. This serves to equilibrate the junetion and to make the Fermi energy continuous across the whole system. The excess
positive charge in t he semiconductor occupies a volume that is relatively depleted of
charge carriers (space charge region or depletion zone) as can be seen in Figure 2.5.
As a result, two barriers are created that impede the flow of electrons: the Schottky
barrier and the built-in potential.
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The Schottky barrier, <I> 80 , is the potential barrier encountered by electrons in the
metal incident upon the metal/semiconductor interface,

(2.9)
where <I>m is the work function of the metal and Xs is the semiconductor's electron
affinity. Values for the work function and electron affinity of materials discussed
in this proposal are "' 5 eV (see Table 2.1) and Schottky barriers are "' 1 eV; for
example, Equation 2.9 gives a Schottky barrier height of 1.4 eV for ZnO/ Au.
Electrons in the semiconductor incident upon the semiconductor/metal interface
encounter a barrier called the built-in potential, Vbi,

kT
vbi = <I>so- -ln

e

(Nc)
Nd

,

(2.10)

where k is Boltzmann's constant, T is the absolute temperature, e is the fundamental charge, Nc is the effective density of states in the conduction band, and Nd is the
density of donor impurity atoms. The built-in voltage is the measurement of the potential height difference between the conduction band at the ZnO/substrate junction
and at the end of the depletion width (Figure 2.5). It can be derived from the change
in potential across the depletion width, and the inherent electric field caused by the
potential difference. The built-in electric field opposes the travel of electrons into the
metal after thermal equilibrium has been achieved.
The depletion width created during the formation of the Schottky junction,

..---.---------------------------~-----~--------
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~M~e_ta_l+-~~m~(~eV~)+-S_e_m_ic=o_n~d_u_ct_o_r~~X~s(~e_V~)~
Au
5.1[65]
ZnO
3.7[77, 78]
Pt
5.7[65]
Cu2 0
1.1[79]
Zn
4.4[65]

Table 2.1: Work function and electron affinity values for selected materials.

(2.11)
extends almost exclusively into the semiconductor due to the relative imbalance in
carrier concentrations (Na

»

Nd, where the number of acceptor carriers, Na, is the

number of unfilled states in the conduction band of the metal). The Schottky junction
depletion width is determined by the dielectric constant of the semiconductor (c 8 ),
the donor carrier concentration (Nd), the applied reverse bias voltage VR, and the
built in potential. As a result of this relation, semiconductors with lower carrier
concentrations have larger depletion widths. The depletion width can also change
dramatically with applied voltage.
When a positive (reverse bias, V = VR) voltage is applied to the semiconductor, the built-in potential height (Vbi) increases by V R, increasing the depletion zone
width (Figure 2.5d), and impeding electron flow across the junction. If a negative
(forward bias) voltage is applied to the semiconductor, the built-in barrier height will
be reduced by the applied voltage and the depletion width will be reduced. Current
flow from the semiconductor into t he metal will occur, and the resulting current will
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follow an exponential function with increasing applied potential

47rem~k
T 2 exp ( -e¢so)
[
(eVa) _ ]
h3
kT
exp kT
1
2

J =

'

(2.12)

wherein J is the current density (cm/s2 ), m~ is the electron's effective mass (2.551 x

10-31 kg for Zn0[80]), his Planck's constant (eV·s), and Va is the applied bias voltage.
In real systems (and where Va > 3kTje and exp(eVa/kT)

»

1), Equation 2.12 is

modified to

T2
( -e<I?ao)
J -_ 47rem~k
h3
exp
kT
exp
2

(e(Va))
nkT '

(2.13)

which includes an ideality factor n that indicates how close the non-linear curve is
to the ideal exponential response. Idealities > 1 can occur when there are multiple
electron conduction pathways, interfacial states, or the presence of deep recombination
centers[81].
Schottky barriers formed between high purity metals (such as Au, Pt, and Cd)
and single crystal ZnO layers have been vigourously studied in recent literature[17, 25,
82, 83, 84]. These studies have shown that the predictable creation of Schottky barriers is non-trivial. A unifying theme of these studies is to improve Schottky barrier
height, ideality, leakage voltages and break-down voltages by using secondary processes such as sulfide treatments[85], H2 0 2 treatments[86], ozone cleaning[19], eximer
laser irradiation[20], and hydrogen plasma doping[87] . The ideal Schottky junction
would have a barrier height on the order of 1 V, with very repeatable I- V char-
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acteristics. Optical devices benefit from very well structured interfaces, which have
idealities

of~

1. Schottky barrier heights reported for ZnO-based junctions are 0.6-

1.0 eV, leakage currents range from 1 nAto 100 rnA, break-down voltages are
and idealities range from 1 to

f'.J

f'.J

5 V,

10. Junctions with these characteristics are consid-

ered usable for some Schottky response based devices. In some device applications the

I- V characteristics need not follow the ideal Schottky diode equation as long as the
I- V characteristics are repeatable and suitably rectifying. ZnO Schottky junctions
have been proposed for devices such as diodes[25], hydrogen sensors[84, 88], ultraviolet
photodetectors[89], photodiodes[25], and ultraviolet light-emitting diodes[90].

2.4

Matt-Schottky Analysis

As mentioned above, carrier concentration can have a strong impact on a junction's electrical conduction properties. To determine carrier concentration, we use an
alternating current technique (Matt-Schottky analysis) that utilizes the capacitance
of a Schottky junction in reverse bias.
Matt-Schottky analysis exploits the charge separation in one-sided junctions, wherein one side has a much higher carrier concentration than the other. This condition
is met in both semiconductor/metal Schottky junctions and p+n junctions[65]. Like
a typical two-sided junction, a one-sided junction in equilibrium has positive and
negative charge separated by a depletion zone (W) created by the Fermi energy
equalization across the junction. In a pn junction with the same carrier concentra-
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Figure 2.6: This diagram illustrates the doped regions of a pn junction (a) and a
one-sided junction (b). The depletion width (W = Xp + Xn) extends equally into
both the p and n sides of the junction when their carrier concentrations are equal
(Na = Nd)· In a one-sided junction, the depletion width is almost completely within
the material with the lower carrier concentration. W ~ Xn in both p+n and Schottky
junctions, where Na » Nd .
tion on both sides, the depletion width in the n-type side (xn) and p-type side (xp)
are equal. However, the depletion zone in a one-sided junction is almost completely
contained within the low carrier concentration side (W

~ Xn) ,

as seen in Figure 2.6.

The charge separation across the depletion width creates an associated capacitance.
When a reverse bias is applied to a Schottky junction (semiconductor positive with
respect to the metal), the depletion width will grow as electrons are removed from the
semiconductor at the connection opposite the Schottky junction. As the depletion
width increases more positive charge is uncovered in the semiconductor (Equation
2.11), which results in a voltage dependent junction capacitance (C).

_ dQ _ d(eNdxn) _
N dxn
C - adVn- a dVn
- ae ddVn

(2.14)
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Here, dQ (C) is the amount of charge uncovered during the application of dVR (V)
reverse bias (R denotes semiconductor is positive (reverse bias)), a (cm2 ) is the area
of the junction, e is the elemental charge (C), Nd is the carrier concentration (cm- 3 ),
and dxn (em) is the change in depletion width in the n-type material. The charge
uncovered in the n-type region of the depletion width is:

Xn

=

2t:s(Vbi + VR) Na
1
e
NdNa+Nd '

(2.15)

wherein Es is the dielectric constant of the semiconductor, and Na and Nd are the
p-type and n-type carrier concentrations, respectively. By differentiating Equation
2.15, with respect to the reverse bias voltage, Equation 2.14 can be expressed as:

C=

(2.16)

In the case of a one-sided Schottky junction with an n-type semiconductor, where

Na

»

Nd, Equation 2.16 reduces to:

C=
By expressing this relationship as

c-2

a2 et:sNd
2(Vbi- VR)
vs

(2.17)

VR we have a function that is linear with

respect to applied bias[91]:

(2.18)
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Here C is the capacitance, Eo is the permittivity of free space, Er is the relative
dielectric constant, a is area of the contact, VR is the applied voltage, Vbi is the
built-in potential, k is the Boltzmann constant, and T is the absolute temperature.
To measure junction capacitance in the lab, an alternating potential

rv

10 m V is

imposed over a DC potential to determine the impedance of a one sided junction. The
capacitance of the junction can be found by using straight-forward impedance/capacitance relationships.

Junction impedance can be determined using the frequency

dependent formulation of Ohm's law:

(2.19)
wherein Et and It are the alternating current equivalents of V and I respectively:

Et = Eosin(wt) = E 0 eiwt

(2.20)

It = Iosin(wt + ¢) = Ioei(wt-¢).

(2.21)

Here E 0 and I 0 are the amplitude of the sinusoidal applied potential and the resulting
current, w is the angular frequency of the applied AC potential, and ¢ is the phase
constant in radians. By substituting into Equation 2.19, and rearranging to find the
impedance, we can see that:
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z=

Et =
It

E 0 sin(wt)
I 0 sin(wt + ¢)

= Zo sin(wt)

sin(wt + ¢)

(2.22)

The impedance can also be expressed in complex form:

E eiwt

Z

= Ioe~(wt-¢) =

.
Z 0 et¢

= Zo(sin(¢)- icos(¢))

(2.23)

The capacitance of a system can be determined from AC impedance at each
applied frequency. During Matt-Schottky analysis we determine the capacitance of a
system by using the equation:

1
Z = jwC'

(2.24)

at different applied DC voltages. The junction capacitance determined from impedance data can be plotted as

c-2

vs. VR. By rearranging Equation 2.18 into the

form:

(2.25)
A linear regression of the

c-2 vs.

applied reverse voltage plot will yield values for Nd

This technique can be undertaken using either dry samples or samples immersed in
liquid. It order for the Matt-Schottky method to elicit useful data, the Schottky junetion must be as close to ideal as possible (n:::::: 1). Any parallel conduction pathways
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Figure 2. 7: This diagram illustrates the ideal Matt-Schottky relation for a one-sided
junction. Linear regression analysis of this plot using Equation 2.25 can elicit Nd and
other characteristics of the one-sided junction.
would perturb the linearity of the Matt-Schottky c- 2 vs. VR theory. While determining the contact materials for making effective dry contact is relatively straightforward,
deciding on an electrolyte for the liquid contact is more difficult. The electrolyte must
not cause extensive damage to the semiconductor (i.e., through dissolution), nor can
it be electrochemically active at the DC potentials applied. It must also conduct well
enough so that the depletion layer forms properly at the semiconductor/electrolyte
interface. These challenges are compounded by the existence of xtra capacitances,
such as the geometric double plate capacitance inherent in the dry method and the
addition of a double layer capacitance in the solution method[92].

28

Chapter 3
Experimental Methods
To understand how junction formation affects the electrical response of semiconductor heterojunctions, we adapted existing electrodeposition techniques to synthesize metal oxide semiconductors. Phase identification techniques were used in conjunction with the electronic and optical properties, morphologies, and roughnesses to
characterize our thin film semiconductors.

3.1
3.1.1

Semiconductor synthesis
Apparatus

The electrodeposition experiments in this thesis were performed in a Pyrex cell
that was designed and modified in our lab (Figure 3.1). A Teflon top secured a
variety of electrodes and probes necessary for a controlled deposition procedure. The
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Figure 3.1: Schematic diagram of the setup used for the electrodeposition of semiconductors during this thesis. This is a practical adaptation of a traditional setup,
as described by Bard and Faulkner[50].
working electrode (WE) was the surface on which the semiconductor films formed.
A potential was applied to the WE, relative to the Ag/ AgClsat'd reference electrode
(RE), with a Hokuto Denko HA501 potentiostat. A gold counter electrode (CE) was
used to allow conduction through the cell.
A potentiostat is the primary device used to control the potential of a three
electrode (WE, CE, andRE) electrochemical cell. It utilizes an amplifier to automatically match the potential between the working electrode and the reference electrode
to an applied input voltage. An amplifier feedback circuit works by determining the
impedance of the electrochemical cell and controlling the current flow between the
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working electrode and the counter electrode. By doing so, the potentiostat controls
the potential between the working electrode and the reference electrode, matching it
to the input voltage.
Using a K-type thermocouple, we maintained a targeted electrolyte temperature
to within ±4°C. To reduce the amount of dissolved oxygen in the solution, one purge
tube was used to cover the electrolyte in an inert gas (argon or nitrogen), while the
second was used to bubble an inert gas through the electrolyte.
A Hokuto Denko coulombmeter (HF 201) counts the charge passed between the
WE and the CE. Analog data from the potentiostat were digitized using a National
Instruments BNC 2090 input connected to a National Instruments NI 6502E analog/ digital converter board in a desktop PC. Data are recorded using a virtual instrument (VI) originally written by Bizzotto et al. for the Lab VIEW 7.0 language[93],
and modified by various members of the Poduska research group.

3.1.2

Substrat e Preparation

All semkonductor films described here were formed on polycrystalline conducting
substrates: corrosion resistant stainless steel (316 series or A-286 series steel alloy),
Au/Cr/glass, In2 0 3 :Sn02/glass (ITO), or platinum. Steel surfaces were polished
using 1500 grit (350,000 grains per cm2 , ~ 1.7 J..Lm diameter grains) alumina sandpaper followed by sonication in ultrapure water (18.2 MD· em, Barnstead Nanopure).
Au/Cr/glass (Erie Scientific; vapour-deposited 1250 A of Au and 400

A of Cr) and Pt

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - -
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sheets (Alfa Aesar) were cleansed in 96% sulphuric acid (H 2 S04 ). ITO/glass (Delta
Technologies) was activated by sonication in acetone immediately prior to deposition.
Structural studies (See Sections 3.2.1-3.2.2) reveal that there is no structural difference between samples deposited on different substrates, and SEM micrographs (See
Section 3.2.3) indicate that the morphology is not substrate dependent.

3 .1.3

ZnO Deposition

Our ZnO thin films were synthesized using a modified version of the procedure
outlined by Izaki et al. [59], and used by our group previously[16]. An aqueous electrolyte of 0.01 M Zn(N0 3 ) 2 (ACS grade, SCP Science) with an initial pH of 5 was
used for all ZnO syntheses. The pH of the electrolyte was adjusted to between 4.0 (by
adding HCl) and 7.0 (by adding NaOH), (ACS grade, Sigma-Aldrich or SCP Science).
Argon (Ultra High Purity Plus grade, Air Liquide) or nitrogen (High Purity grade,
Air Liquide) was bubbled through the electrolyte to reduce the amount of dissolved
oxygen. All electrolytes were prepared with ultrapure water (18.2 D·cm, Barnstead
Nanopure) .
The procedure for deposition was as follows. The substrate, counter electrode,
reference electrode, and argon purge tubes were inserted into the electrolyte during
heating. The electrolyte was heated to a temperature of 70°C to promote ZnO formation over Zn(OH)2[62, 59, 94]. The working electrodes, including the thin stainless
chromium oxide (Cr2 0 3 ) surface of the steel substrates, are stable in our pH-potential
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regions, ensuring a consistent electrode surface[49]. The desired deposition potential,
between -0.7 V and -1.5 V vs. Ag/ AgClsat'd, was applied between the counter electrode and the reference electrode when the electrolyte reached the target temperature.
Only then was the working electrode connected, in order to maintain control of the
working electrode potential throughout the experiment.
During deposition, bubbles of the inert gas, hydrogen gas, or water vapour sometimes blocked the working electrode. Bubbles that did form were removed by agitating
the electrolyte with a pipette. After a predetermined time (5-25 min) or a predetermined amount of charge (100-400 mC) had passed, the sample was removed, rinsed
in ultrapure water, and dried under flowing argon gas to reduce post-deposition zinc
hydroxide formation or the dissolution of the slightly soluble zinc oxide.

3.2
3.2.1

Characterization t echniques
X -Ray Diffraction

One of the main analytical techniques used in crystallographic characterization
is X-Ray Diffraction (XRD), which can enable phase identification, lattice constant
determination, and particle size estimations. The principles of XRD analysis can be
explained using the Von Laue formulation of scattering [66, 67], which assumes a
crystal to be composed of a set of basis atoms placed on the sites R of a Bravais
lattice. Each of these atoms reradiates in all directions the radiation incident upon

33
them. From this system, sharp diffraction peaks will only be seen at angles and
wavelengths where constructive interference between scattered waves of neighbouring
atoms occurs.
In order to analyze XRD data for the purpose of phase identification, we need to
collect the peak heights and positions from a range of crystal lattice planes. Fortunately, we can analyze a large number of crystal orientations during a single diffraction
experiment because the electrodeposited thin films reported here are polycrystalline
and exhibit a large number of crystallographic orientations. In contrast, one diffraction scan of a single crystal film would show diffraction peaks from only a single set
of diffraction planes (001, 002, 003, etc.).
By comparing the relative peak heights of our electrodeposits to those of a truly
randomly oriented sample, it it possible to determine if there is a preferred orientation
among the crystallites in the film. Quantitative analysis of preferred orientation is
called texture analysis, which quantifies how much of a film exhibits the preferred
orientation. Qualitative texture analysis was used in this research.
XRD data were collected on a Rigaku D /MAX 2200PC fJ - fJ Powder Diffractometer (MUN Earth Sciences). Scan parameters are typically 15- 85° 2fJ, at a rate of
0.5° /minute with a step size 0.05° 2fJ. In its simplest form , an X-ray diffractometer
is composed of two components: an X-ray source, and a detector, as shown schematically in Figure 3.2. The X-ray source emits Cu-Ka (20 kV, 40 rnA max) radiation
at 1.5418

A with a graphite monochromator. These X-ray photons diffract from a
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Figure 3.2: Schematic diagram showing a typical 8- 8 X-ray diffractometer.

specimen and are collected by a detector. The detector includes a beryllium window (to block superfluous radiation) , a high linearity scintillation counter (such as
a sodium iodide crystal), and a phototube. An X-ray photon that strikes the scintillation counter will excite an electron to a higher energy state, which then emits a
photon as it returns to its ground state. The photon that is emitted is detected by a
phototube, and the computer interface records the intensity and the detector angle.
In a 8 - 8 diffractometer, both the detector and emitter move, while the specimen is
stationary. Consequently, the angle between the emitter and collector beam is 18028. Bragg reflection from different families of lattice planes yields a plot of scattered
X-ray intensity versus 28.
The diffraction patterns obtained in this thesis work were compared with the
intensity and peak data from the Joint Committee for Powder Diffraction Studies
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Table 3.1: Standard XRD pattern of ZnO, JCPDS #34- 1451, for Cu Ka incident
radiation (1.54 A). Intensity is given as a relative percentage compared to the most
intense (101) reflection [11].
20
31.770
34.422
36.253
47.539
56.603
62.864

Intensity (%)
57
44
100
23
32
29

(hkl)
(1 0 0)
(0 0 2)
(1 0 1)
(1 0 2)
(1 1 0)
(1 0 3)

20
66.380
67.963
69.100
72.562
76.955
81.370

Intensity (%)
4
23
11
2
4
1

(hkl)
(2 0 0)
(1 1 2)
(2 0 1)
(0 0 4)
(2 0 2)
(1 0 4)

(JCPDS) , a database of experimentally determined X-ray diffraction patterns of over
160, 000 crystalline materials [11] . The peak positions and intensities, such as those
shown in Table 3.1 for ZnO, are used to confirm the material identity and possible
preferred orientation. For example, a zinc oxide film that is made up of crystallites with a predominant (002) orientation would have a relative (002) peak intensity
greater than 44%. Generally, a preferred orientation in a sample could be due to
epitaxial growth, or other influences in deposit formation or preparation. This is not
the case in our samples, as we exclusively use polycrystalline substrates. A (002) preferred orientation is often seen in samples deposited electrochemically[16, 39, 60, 95] .
The level of crystallinity of our electrodeposits was determined by comparing the
ZnO/substrate/holder XRD pattern to the substrate/holder patterns. No increase
in broad low angle peaks from our samples was observed , indicating high levels of
crystallinity.
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3.2.2

Lattice Constant Refinement

One of the critical tasks faced during this thesis work was the proper phase identification of deposited films. By determining and comparing the lattice constants of
electrodeposited samples, it is also possible to detect deviations from phase purity.
The diffraction patterns of metal oxides often have diffraction peaks that overlap
slightly with those of the constituent metal, such as zinc metal diffraction peaks overlapping those of zinc oxide. This overlap can shift the peak positions of the combined
peak slightly, but it can be significant enough to stand out in a refinement of peak
positions relative to the expected unit cell lattice constants.
Lattice parameter-refinement was performed using a freely-available DOS-based
program, Prozski [96] . LATCON [97], a sub-program of Prozski, calculates the lattice
parameters from user supplied peak positions using a simple non-iterative linear least
squares fit of the data[98, 99]. Lattice constant refinements were performed on 5-6
difl'raction peaks for each sample. No peaks were discerned from any materials other
than ZnO and the substrate. Our XRD data is consistent with phase pure ZnO.
However, it would be difficult to detect crystalline impurities of< 5% or amorphous
phases with XRD analyses.

3.2.3

Scanning Electron Microscopy

The main technique used to analyze the morphology of deposited samples was
scanning electron microscopy (SEM). While atomic force microscopy (AFM, men-
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tioned below) can provide true topographic data, our samples have complex morphologies that can be difficult to assess due to tip-sample convolution effects. SEM
is a common imaging tool that employs the emission of secondary electrons from the
primary beam of focused electrons on the surface of a sample [100]. A thermionic or
field-emission cathode is typically used as the electron source for such a microscope.
The beam of electrons are accelerated by a potential difference between the cathode
and the sample/anode. Secondary electrons ejected from the surface of the sample
are collected, and correlated with the position of the raster scan, creating a scanning
electron micrograph. The beam diameter ("" 10 nm) limits the spatial resolution.
Excess charge buildup created by the electron beam can also limit spatial resolution,
though our ZnO samples conducted reasonably well and did not require a gold coating
to obtain good images.
A Hitachi S570 (MUN Biology/CREAIT) and a FEI Quanta 400 (Inco Innovation
Centre/CREAIT) scanning electron microscopes were used to produce micrographs
for this thesis. Magnification of up to 12000 x , corresponding to scans of 2 J..Lm, were
typically used for these analyses. The images are displayed on a video display in a
raster scan that is synchronous with a scan across a sample, and captured digitally.
These images, while reminiscent of an aerial photo, do not necessarily provide an
accurate topographical representation. The gradient of the grayscale is based on two
main characteristics: atomic number and conduction. Materials that conduct better
or have higher atomic numbers appear lighter, while less conducting or lower atomic
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number materials appear darker. Even though the conductivity of the films play
an important role, atomic mass plays a greater role. The SEM micrographs were
analyzed for crystallite homogeneity, crystallite size and habit.

3.2.4

Energy Dispersive X-Ray Analysis

Complementary to XRD data, energy-dispersive X-ray (EDX) analysis was used to
determine the elemental composition of electrodeposits. In particular, this technique
was used to confirm the presence of zinc and/or copper in electrodeposited samples
and to confirm the absence of contaminant elements. EDX systems are commonly
incorporated into SEM instruments [100, 101]. An electron beam, the beam utilized
by the SEM, is focused on a sample, and facilitates the release of an X-ray photon
from a sample. The energy of the X-ray ejected is dependent upon the type of
atoms in the sample. In a typical EDX spectrometer, this photon will then pass
t hrough a beryllium window onto a lithium-drifted silicon detector. The beryllium
window blocks electrons and longer wavelength photons (ultraviolet, visible, etc.)
from entering the detector chamber. This silicon detector is a fast response [p-i-n
(p-type, intrinsic, n-type)] semiconductor, reverse biased, and must be cooled with
liquid nitrogen. A pin semiconductor junction is used to increase the sensitivity of the
detector. By adding an intrinsically doped (i, where Na

= Nd) layer, the depletion

width will be increased by the width of the i layer. This increased depletion width
allows greater numbers of photons to be captured, thereby increasing sensitivity.
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The electron beam focused on the sample causes the ejection of an electron, and
the creation of an electron-hole pair in the sample. The vacancy left by the ejected
electron will be filled by a electron from a higher energy level. To balance the energy
loss of this electron, an X-ray will be emitted.

The detector can determine the

energy of the X-ray and the quanta of X-rays emitted from a sample. The data are
then recorded and displayed, and are compared against known X-ray energies for all
elements. Data acquisition is very fast, usually requiring less than two minutes to
collect enough data to clearly distinguish constituent elements. A Tracor

orthern

EDX (MUN Biology/CREAIT) and a Roentec Quantax EDX system employing the
Xfiash SDD detector (Inco Innovation Centre/CREAIT) were used in this thesis work.
An example of EDX data of an iron oxide sample collected by the Northern Tracor
system can be seen in Figure 3.3. Due to the age of the instrument, hard copies of
EDX analysis on ZnO could not be printed from the Northern Tracor system. It was
not possible to identify atoms with atomic weights below that of sodium with the
Northern Tracor system or nitrogen with the Roentec Quantax system.
There are two main limitations of EDX that are of concern in the characterization
of zinc oxide. The first is that it cannot distinguish the ionic state of atoms, therefore
it cannot distinguish between metal, metal oxide, and metal hydroxide phases. Secondly, the data peaks are not weight-normalized and so do not directly show relative
amounts of atoms in a sample. It is possible to do a semi-quantitative analysis of
these peak area, but this is a process that requires a standard sample with a pre-
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Figure 3.3: Typical EDX plot of an iron oxide sample deposited on brass collected
with the Northern Tracor system. Peaks can be seen from the iron in the iron oxide,
the copper and zinc in the brass substrate, and the gold that coats the sample to
ensure proper conduction.
cisely known composition. Therefore, EDX was used only to qualitatively determine
the elemental composition of samples, in order to detect any contamination of the
electrodeposited thin films.

3.2.5

Diffuse Reflectance Spectroscopy

The optical response of electrodeposited samples are also used for phase confirmation. Collected spectra show a shift in the amount of reflected light with respect to
the incident photon energy. At photon energies lower than the band gap, no electrons
can be excited into the conduction band, resulting in reflection back to the collector. At photon energies greater than the band gap, most photons are absorbed. In
a real system, the transition between absorption and reflection is not sharp, often
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Figure 3.4: Representative UV /Visible diffuse reflectance spectra of a ZnO sample.
Included is the differentiation of the raw spectra (dashed line). A Gaussian fit of the
differentiated spectrum indicates the band gap energy.
due to local defects in the crystal lattice and variations in crystallite sizes[102]. Consequently, collected spectra are analyzed using a simple differentiation function (in
reflection with respect to wavelength) to determine E 9 [102]. The peak position of the
differential spectra is taken as the band gap, (Figure 3.4).
UV /Visible reflectance data were collected using an Ocean Optics SD2000 spectrometer. An Analytical Instrument Systems Model DT 1000 CE UV /Visible light
source is used to provide incident radiation from 275 nm to 700 nm (4. 75 eV to 1. 75 eV
respectively) . A 45° incident angle is used to illuminate the sample, with a co-linear
reflectance collector. This setup was preferred over a transmittance setup because of
the opaque substrates used during these experiments.
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Figure 3.5: Representative I- V scans of an ohmic ZnO/metal junction (a) and a
rectifying Schottky ZnO/metal junction (b) deposited with 0.01 M Zn( 0 3 )2 at -0.9
V and -1.1 V, respectively.

3.2.6

Curre nt-Voltage Characteristics

The current flow as a function of applied voltage (I- V scans) of our electrodeposits
were collected with one of tree instruments, a Hokuto Denko HA 501 potentiostat,
a Princeton Applied Research EG&G potentiostat, or a Keithley 2400 source meter.
The resulting data were recorded with customized LabVIEW interfaces (National
Instruments) . Connections were made to both the substrate and the electrodeposited
layers using stainless steel compression contacts with a surface area of 0.18 cm2 . The
data collected in the I- V scans were fitted to mathematical models, such as Equations
2.8 and 2.13, to assess film resistance and rectification properties. Examples of linear
and rectifying I- V scans can be seen in Figure 3.5.

3.2. 7

Mott-Schottky Analysis

Matt-Schottky (capacitance-voltage) analysis experiments were performed with
a EG&G Princeton Applied Research 273A potentiostat in conjunction with a Sig-
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Figure 3.6: Representative Matt-Schottky data collected from a ZnO sample, performed in a pH 7 buffered electrolyte. The slope of the plot is inversely proportional
to carrier concentration (Nd)· VR is measured vs. Ag/ AgClsat'd·
nal Recovery 5210 lock-in amplifier. Alternating current voltages of 20 m V amplitude were superimposed over a direct current voltage ranging from -1.3 V to 1.3 V
vs. Ag/ AgClsat'd at frequencies of 10-15kHz. Data collection and potentiostat control

were performed with PowerSUITE software (Princeton Applied Research). Further
details of the analysis are given in Section 2.4. A representative Matt-Schottky plot
can be seen in Figure 3.6. Linear regression analysis is only performed on the linear
section of the graph. Outside the linear section, there is no charge separation movement due to the junction not being in reverse bias (applied voltage too negative) or
the depletion width extending the entire width of the material (applied voltage too
positive).
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3.2.8

Atomic Force Microscopy

Atomic force microscopy (AFM, Asylum Research) was utilized to determine sample thickness and roughness. Height profiles can be collected by scanning a cantilevered Si tip (diameter

f'o.J

10 nm, CSC37/Cr-Au/50, p,Masch), across the surface

of a sample. As the tip is scanned along the surface of the sample, vertical features
will change the deflection angle of the tip. This deflection changes the angle of a laser
reflected from the back of the cantilever. The AFM uses the position of the reflected
beam within a feedback loop to adjust the height of the cantilever base to maintain
a constant force (the forced required to push the cantilever base towards the surface)
on the cantilever. The adjustments of the base height translates into the topography
of the samples. A simplified diagram of the AFM setup can be seen in Figure 3.7.
Sample thicknesses were determined by scoring the sample with a razor and finding the height difference between the substrate and the top surface of the deposit.
Thicknesses were determined at sections along the score where ZnO has chipped off
the substrate, ensuring that the height difference did not include any gouge caused by
the razor (Figure 3.7 (c) and (d)) . Most deposits showed thickness variations across
the samples between 1 and 3 microns. This thickness range was confirmed in several
cases with cross-sectional SEM.
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Recorded _ _ _ _l~h~
Morphology
Figure 3.7: Schematic representation of an AFM tip in contact mode for (a) a single
feature on a substrate and (b) a scored thin film. The height of the feature/film (h)
is the amount that the cantilever base moves. Tip-sample convolution (a) reduces
the accuracy of lateral height variation for a very rough surface. By taking the layer
height at the site of a sample "chip", we avoid t he gouge in the substrate from the
razor score.
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Chapter 4
Selective formation of ohmic
junctions and Schottky barriers
with electrodeposited ZnO
Reprinted with permission from Chatman, S.; Ryan , B. J.; Poduska, K. M., Appl.
Phys. Lett. 2008 , 92, 012103/ 1-3, doi:10.1063/1.2828702, Copyright 2008, American

Institute of Physics. (Some sections have been modified to fit this format.)

4.1

Abstract

Constant-potent ial electrochemical synthesis of ZnO on metal subst rates enables
selective formation of either ohmic or Schottky-barrier contacts. Using a mildly acidic
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nitrate-based aqueous electrolyte, there is a substrate-dependent deposition potential
below which electrodeposited ZnO heterojunctions display Schottky response with
high contact resistances (rv 105 D), and above which ohmic behavior and low contact
resistances (rv 1 D) occur. Voltametric evidence for Zn metal deposition, in conjunction with Schottky barrier heights that are consistent with values expected for a
ZnO-Zn junction, suggests that more negative deposition potentials create a Zn-based
interface between the substrate and ZnO that leads to rectifying behavior.

4.2

Introduction

ZnO's ability to form rectifying (Schottky) junctions with metals is one characteristic that promotes its use in diodes, varistors, UV detectors, gas sensors, and
piezoelectric transducers[15]. There is also a demonstrated need for low-resistance
ohmic contacts to ZnO for optical and piezoelectric applications[103]. While many
performance improvements have been realized, it remains a challenge to apply predictive power to determine what conditions will yield optimal Schottky or ohmic
responses in ZnO/metal heterojunctions[15, 81]. Here, we show that electrochemical deposition methods can be used to selectively form either ohmic or Schottky
contacts between polycrystalline ZnO and metals - without compromising the optical response of the ZnO - simply by tuning the applied potential during deposition.
We show that this potential-selectivity is intimately related to a Zn-based interfacial
layer that forms at more negative deposition potentials. Because the resulting barrier
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heights of these one-step, electrochemically synthesized Schottky junctions are competitive with those prepared by more expensive and resource-intensive methods, our
method offers promise for greater economy and control over ZnO heterojunctions for
device applications.
Recent reviews highlight substantial efforts to improve the quality of Schottky
contacts between ZnO, single crystalline or polycrystalline, and high purity precious
metals with high work functions (Au, Pd, Pt)[15, 81]. Conversely, lower work function
metals and alloys (often based on Al and Ag) have been targeted for ohmic contacts
on Zn0[15, 81, 89, 103]. Many approaches for controlled current-voltage response
of surface contacts focus on modification of the ZnO /metal interface through acid,
plasma, laser, or thermal treatments[19, 20, 81, 85]. The mechanisms behind such
improvements are not always investigated, in part because the surface chemistry of
ZnO is extremely complex due to the existence of polar and non-polar faces[15].

4.3

Experimental Methods

Electrochemical methods have been widely applied to metal deposition, but their
use for preparation of functional oxide materials is still a growing area of research
[104, 105, 106]. Our thin films were prepared using a method described in Chapter
2, based on a nitrate-reduction reaction using 0.01 M Zn(N03 )2 in ultrapure water
(pH

= 5). Substrates were polycrystalline Pt, Au/ Cr/glass, or stainless steel (316

series), and were cleaned in HCl and H2 S04 prior to use. Cyclic voltammetry data for
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these different substrates in contact with the working electrolyte were collected with a
Hokuto Denko HA 501 potentiostat. Constant applied potentials between - 0.70 V and
- 1.50 V (vs. Ag/ AgCl reference) at 70°C yielded ZnO films with thicknesses "'1 J.Lm , as
determined with contact-mode atomic force microscopy (Asylum Research MFP-3D).
Structural confirmation was enabled by X-ray diffraction (XRD) data obtained with a
Rigaku D/MAX 2200PC (Cu Ka radiation) and analyzed with the LATCON software
package[97]. Optical absorption edges were calculated from diffuse reflectance data
(Ocean Optics SD2000, 45° incident angle, collinear reflectance collector). Currentvoltage (I-V) characteristics of deposited samples were assessed with a Keithley 2400
source meter, employing stainless steel compression contacts (0.06 cm2 ).

4.4

Analysis

Electrochemical ZnO deposition produces either ohmic or rectifying contacts, as
shown in Figure 4.1. The electrical response of these ZnO heterojunctions are strongly
correlated with the potential applied during deposition. For example, ZnO deposits on
stainless steel prepared at - 0.9 V exhibit ohmic behavior (Figure 4.1a) with throughlayer resistances of 1- 10

n. However, more negative deposition potentials

(~-1.1

V)

show much higher perpendicular- to- layer resistances (103 - 106 D) even though the
ZnO films have similar thicknesses.
In addition, asymmetric rectifying behavior was observed for deposits prepared at
these more negative deposition potentials (Figure 4.1 b), indicative of a Schottky bar-
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Figure 4.1 : Electrodeposited ZnO exhibits an ohmic current-voltage response when
prepared at more positive deposition potentials (a), in contrast with asymmetric
rectifying behavior for more negative deposition potentials (b). Current values in (b)
are scaled relative to reverse-bias leakage currents (rvlO nA for Au, P t and rvlOO nA
for stainless steel). Positive voltage indicates forward bias.
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rier at the ZnO/substrate junction. This ohmic-Schottky deposition potential threshold is also evident on Au (- 0.8 V vs. Ag/ AgClsat'd) and Pt (- 1.2 V vs. Ag/ AgClsat'd ).
In contrast, semiconducting substrates with band gaps similar to that of ZnO, such
as polycrystalline indium tin oxide (E9

~

3. 7 eV) , always yielded ohmic contacts

with electrodeposited ZnO, regardless of deposition potential. It is not uncommon
to see substrate dependent effects on electrochemical reactions due to surface energy,
substrate stability, and contact resistance.
A broad range of complementary experiments confirm that our results are consistent with interfacial effects, rather than deposition-potential-related changes in the
ZnO film itself. XRD analyses for samples deposited at a potential between - 0.9 V
to - 1.5 V showed diffraction peaks consistent with those hexagonal wurzite ZnO's
space group (P63 mc) and lattice constants a

= 3.255±0.001 A and c = 5.217±0.002

A, which are in good agreement with accepted values (3.250 A and 5.207 A, JCPDS
#36-1451)[11]. Relative peak intensity data show that our films are truly polycrystalline, but with a preference for (002) orientation, as is typical for electrodeposited
Zn0[16, 106, 62] . Optical absorption edge values for these same ZnO films , calculated from diffuse reflectance measurements, lie in the accepted range for native ZnO
(3.3±0.1 eV) [19, 20].
The rectifying behavior of our electrodeposited junctions compare favorably with
ZnO-based Schottky junctions prepared by other methods, with forward-current to
leakage-current ratios of rv50:1 and no breakdown at reverse bias voltages up to 2 V.

. - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - -
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It is customary to compare the rectifying behavior with an ideal Schottky response

as outlined in Equation 4. 1:
8
J =A*T2 exp ( -q<P
kT

)

exp

(q (V-IR))
nkT
'

where J is current density, A* is Richardson's constant (A*

(4.1)

= 32 A/cm 2 K2 ), T is

temperature, q is the fundamental unit of charge, <P 8 is the Schottky barrier height,

k is Boltzmann's constant, V is the applied voltage, I is the resulting current, R is
the series resistance, and n is the ideality factor. Schottky barrier heights for our
electrodeposited junctions, calculated by fitting 1- V data (Figure 4.1 b) to Equation
4.1 , showed slight variations with substrate: 0.73 ± 0.05 eV for steel, 0.85 ± 0.05 eV
for Au, and 0.90±0.05 eV for Pt. All values fall comfortably within the range of ZnO
Schottky barrier heights reported by others (0.6- 1.0 eV)[17, 19, 20 , 81, 85, 89, 107] .
Another measure of the rectifying quality is the ideality factor (n), with a value of
1 corresponding to a perfect exponential transition from leakage current to forward
current flow. High values of the ideality factor (> 2) are attributed to the existence
of multiple current pathways[81], such as a mixture of spatially distinct rectifying
(and ohmic) connections[108]. Our electrodeposited ZnO junctions have high ideality
factors (n

rv

10, determined over 0.5 V) , commensurate with ZnO Schottky diodes

formed using chemical-vapor deposition[82], while more ideal Schottky junctions have
been prepared by other methods (n = 1.0- 2.0, determined over rv 0.1 V)[19, 81, 85,
107]. We chose not to determine n over smaller voltage ranges in order to eliminate
artificially small idealities.
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To a first approximation, the best Schottky barriers occur when the metal's work
function ( <Pm) is very different from the electron affinity (Xsc ) of the semiconductor.
(4.2)
For electrodeposited junctions, evidence suggests that a composition-rela.ted change
in the interfacial electronic states also affects Schottky barrier formation, height, and
ideality. Applied deposition potentials more negative than - 1.5 V generally favour Zn
metal formation over Zn0[62] due to a complicated relationship between Zn metal
stability, the local pH increase, and the formation of Zn(OH)2 as can be seen in the
simplified Pourbaix diagram in Figure 2.1. At more negative deposition potentials,
electrochemical ZnO formation can be preceded by a Zn metal pre-layer, as reported
by others[106]. Cyclic voltammograms performed on bare substrates (Figure 4.2)
show that reversible deposition and stripping of Zn metal is possible using our electrolyte. Cyclic voltammograms collected from ZnO surfaces do not show stripping
peaks do to the complicated nature of the irreversible ZnO formation process. In
contrast, ZnO formation is not reversible and has no current associated with it due
to the fact that Zn does not change its oxidation state[62]. Substrates such as Pt can
support an electrochemically produced Zn surface alloy, although the details of its
composition and structure remain elusive[109].
To confirm that the earliest stages of deposition are critical for controlling the
ohmic/rectifying responses of our ZnO electrodeposits, we compared constant-potential deposition to a pulsed deposition sequence. Rectifying responses were observed

54
........

N

E

(.)

~

::::1..
.._...
>.
.......

-1

·u;
c
Q)
0 -2
.......
cQ)

,_
,_
:::J

u

-3

-

.,"'

___ .,
.. . ..-. · ···;...··

..-

~:-:

...;,;-''"'

<II!~·--;":. 7.'.

./;.r
.. · ·~.';.'"

.·

~·/

.. :: .. · ~/
/

/I

-1.8

..-::-: :-:·-':·~--·

------

.. ·..:.·- _-.,..

-

316 Stainless Steel
Platinum
- - Gold

~

-1.6

-1.4

-1.2

-1.0 -0.8 -0.6
R:Jtential (V)

-0.4

-0.2

0.0

Figure 4.2: Cyclic voltammograms for Au (dashed curve) in 0.1 M Zn(N0 3 )2 show an
anodic peak near - 0.5 V that is characteristic of Zn metal stripping. The suppression
of stripping peaks on stainless steel and Pt substrates (solid and dotted curves) during
cyclic voltammetry studies in the same electrolyte is consistent with the formation of
an electrochemically irreversible Zn alloy, as described in Ref. [109].
for pulse-prepared junctions (- 1.5 V for 10 seconds to deposit Zn metal, followed
by subsequent deposition at -0.9 V to deposit ZnO), whereas a constant deposition
potential of - 0.9 V yielded ohmic contacts. We also note that, despite the large
difference in work functions of our substrates (<I>Au = 5. 1 eV,

<l>pt

= 5.7 eV)[65],

barrier heights of the electrodeposited junctions on these different substrates show
a much smaller spread (0.8±0. 1eV) . Furthermore, using Equation 4.2 to estimate
an effective substrate work function, we find a value of 4.5±0.1 eV which is on par
with the work function reported for Zn (4.4 eV)[65]. Thus, the rectifying response
in electrodeposited ZnO heterojunctions is consistent with contacts at a Zn metal
interface. Carrier concentration measurements on electrodeposits indicate that this is
not a simple matter of creating a Zn-rich layer. Failure to create Schottky junctions
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on other, higher work function metals without the Zn layer is intimately related to
the carrier concentration of the ZnO layers, which will be described in more detail
in Chapter 5. Unfortunately, our method for producing ZnO electrodeposits did not
work on Zn metal substrates, perhaps due to competing oxidation processes in the
electrochemical environment. It is unclear why ZnO could not be deposited on Zn
substrates, but the complicated nature of the catalyzed nitrate reduction reaction
may play a part in the failure to grow ZnO.
We established a more definite link between Schottky behavior and the presence
of a Zn-based pre-layer at the buried interface using scanning electron microscopy
(SEM , FEI Quanta 400) with energy dispersive X-ray (EDX) analysis. ZnO/substrate
interfaces were exposed by mechanically detaching film from their substrates by cooling epoxy-coated films in liquid nitrogen. EDX data show higher Zn content at the
ZnO/substrate interface relative to the ZnO film's air interface. Using the Zn/0 peak
height ratio collected from the top of ZnO samples deposited at all conditions, and
comparing this with the Zn/0 peak height ratio collected from the ZnO/substrate
interface, we saw an increase in the relative height of the Zn peak only on samples that also exhibited rectifying behaviour. EDX investigations on the stainless
steel substrates after ZnO film removal show no evidence of Zn content, suggesting
that the Zn-based pre-layer contributing to the Schottky response is strongly adhered to the ZnO film . Contrast variations in the backscattered electron images from
the ZnO/substrate interface suggest that the Zn-based pre-layer may have thickness

----~-----------~--~-------------
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inhomogeneities, which would be consistent with multiple conduction pathways[81]
implied by our films' high ideality factors.

4. 5

Conclusion

In summary, potentiostatic electrochemical deposition of ZnO on metal substrates
provides selectivity between ohmic contacts and Schottky junctions, with no need for
annealing. This selectivity can be attributed to potential-dependent formation of
a Zn-based interface between the substrate and ZnO electrodeposit, thereby yielding barrier heights consistent with ZnO-Zn contacts. The electrodeposited junctions
compare well with ZnO Schottky diodes synthesized using more resource-intensive
synthesis methods, offering an opportunity for greater economy and control over ZnO
heterojunctions for device applications.
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Chapter 5
Significant Carrier Concentration
Changes in Native
Electrodeposited ZnO

5.1

Abstract

We show that unintentional hydrogen doping of ZnO during the electrodeposition
process can impact the material's carrier concentration as significantly as others have
reported for intentional extrinsic doping. Matt-Schottky analyses on the natively ntype electrodeposits show a decrease in carrier concentrations from 1021 to 1018 cm- 3
with increasing overpotential. A strong link exists between larger optical band gaps
(determined from diffuse reflectance spectroscopy) and higher carrier concentrations,
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which suggests that hydrogen-based doping underlies then-type conductivity (MossBurstein effect). We propose that kinetic defects introduced during growth at larger
overpotentials compete with hydrogen doping, thereby leading to lower net carrier
concentrations. This has important implications for using deposition potential to
tune other electrodeposit properties such as growth rate and morphology.

5.2

Introduction

Transparent semiconducting materials are the cornerstone of many optoelectronic
devices, including those used in the photovoltaic industry[l5, 44] . In these applications, reliable control of carrier concentration is essential to optimize both optical
transparency and electrical conductivity. Electrochemical deposition of transparent
semiconductors is gaining acceptance as a viable means of producing films of transparent semiconducting metal oxides such as ZnO and Ti0 2 [95]. However, there is
still much to be understood about how to control carrier concentrations in these
electrodeposited materials. Here, we show that the carrier concentration of native
electrodeposited ZnO can be modified over several orders of magnitude simply by
changing the potential applied during deposition. Our results show an approach to
n-doping that yields a similar range of carrier concentrations without introducing intentional dopants. The implications are that using potential to control other features
of the electrodeposit, such as growth rate or morphology, may simultaneously affect
the deposit's electronic properties.
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0

k

Figure 5.1: Schematic diagram of the band structure of a semiconductor doped with
a Moss-Burstein dopant. The energy level of a Moss-Burstein dopant EMB can reside
in the conduction band for high doping levels, increasing the band gap from E9 to
Eg-MB·

ZnO is a. well-studied wide band gap material that is n-type in its native form[15,
19, 20, 80, 110]. Considerable scientific effort has been devoted to understanding
how and why hydrogen is the cause of this n-type doping[12, 14, 111]. Hydrogen is
expected to be an amphoteric dopant in most materials by compensating existing
defects. In ZnO, however, electronically active interstitial H+ serves as a donor[12,
73, 75] and increases the band gap energy when doping levels are high enough to lead
to degenerate semiconducting behavior (Figure 5.1). This Moss-Burstein effect of
larger band gaps with higher doping levels is a trend that opposes the usual response
of decreasing band gap with an increase in extrinsic dopants (as has been observed
in boron-doped Zn0[10 , 112]).
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This work, based on Matt-Schottky analyses, shows that significant changes in
carrier concentration can be induced in native ZnO electrodeposits without introducing intentional dopants. Since the hydrogen evolution reaction (HER) proceeds
concurrently wit h ZnO electrosynthesis, there is an obvious presence of hydrogen.
However, there are no existing studies that address its effect on carrier concentration
in electrodeposits.

5.3
5.3.1

Experimental Methods
ZnO Electrosynthesis

ZnO thin films were deposited using the method described in Chapter 2. ZnO
samples were synthesized from 0.01 M Zn(N0 3 )2 (ACS reagent grade, SCP Science
in 18.2 MD ·cm water, Barnstead Nanopure). Electrolyte pH was controlled by the
addition of HCl (pH = 4.0-5.5) or NaOH (pH = 6.0-7.5) . Deposition potentials,
ranging from - 1.3 V to - 0.85 V, are all reported relative to a Ag/ AgCl reference.
Substrates consisted of mechanically polished stainless steel (316 stainless steel or
A286 steel alloy) that were ultrasonically cleaned prior to use.

5.3.2

Carrier Concentration Measurements

Matt-Schottky (MS) analysis, based on the concept of impedance spectroscopy,
utilizes the relationship between capacitance and applied potential to extract infor-

61
mation about a material's carrier concentration. This technique has been applied to
nano-structured[91, 113] as well as Cl-doped[10] ZnO.
MS analysis assesses carrier concentrations near a rectifying (non-ohmic, Schottky)
junction at the surface of the semiconductor ; in our experiments, this was achieved at
the semiconductor/electrolyte interface. For Schottky junctions, theory dictates that
t he junction capacitance squared will vary linearly with the inverse of the applied
reverse bias, as shown here:

(5.1)
Here, C is t he junction capacitance, VR is the applied reverse bias voltage, Vbi is the
built-in potential, a is the surface area of the junction, e is the elemental charge, Nd
is the carrier concentration, and

f.s

is the semiconductor's dielectric constant, which

we take to be 8.0 for bulk Zn0[91]. In reality, extra terms must be added to account
for additional capacitive effects due to classic dielectric capacitance, Cd, as well as
the "double-layer" capacitance,

Cdl

(due to an accumulation of ions at the surface of

the working electrode), and capacitance due to fractional coverage or a conducting
substrate (f) and increased surface area fraction due to roughness (g, where g = 1.5
would indicate a 50% increase in surface area due to roughness) [92]:

(5.2)
Since these additional capacitance terms change the intercept - but not the slope -

,---,- - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

__ _ __
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of Equation 5.1, it is not necessary to quantify all auxiliary capacitances in order to
determine the carrier concentration.
Accounting for the true surface area, a, of the ZnO in contact with the electrolyte
requires prudent approximations. Since one of the classical methods for analytical
electrochemical surface measurements (hydrogen adsorption)[114, 115, 116] does not
work well for oxide surfaces, we used RMS roughness analyses of atomic force microscopy (AFM) images. This procedure determines the surfaces area of a sample
from an AFM micrograph and computes roughness by determining the increase in
surface area over the planar area of the scan. Our data show a surface area increase
of 50±25% over the planar area. We expect that this is an underestimation of the
true surface area, suggesting the carrier concentrations determined from our MS data
are upper limits, with uncertainties on the order of a factor of two. Therefore, we
focus on trends and order of magnitude variations in carrier concentrations, rather
than on specific values.
MS analyses were performed in electrolyte by superimposing an alternating current
at 10-15 kHz with a peak-to-peak voltage of 20 mV over a stepped potential ranging
from -1 V to 1.3 V vs. Ag/ AgCl and measuring the resulting impedance. Capacitance
values were extracted from impedance data using the relation:

1

C = jwz·

(5.3)

MS experiments were controlled by, and data were collected with, the PowerSUITE
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(EG&G Princeton Applied Research (PAR)) impedance spectroscopy software package interfaced with a PAR 273A potentiostat and Signal Recovery 5210 lock-in amplifier. Several supporting electrolytes were tested for their suitability for these MS
experiments. The native electrolyte (pH adjusted 0.01 M Zn(N03 )2), as used by
Windisch et al.[91], contributes capacitance fluctuations due to both the nitrate reduction reaction and zn2+ adsorbtion, as discussed by Pajkossy[117]. A better alternative was a modified phosphate buffer, similar to one reported recently[10], consisting
of 0.063 M K 2 P04

+ .036

M NaOH, which has a pH of 7. All MS data shown here

were collected using this buffered phosphate electrolyte.

5.4

R esults

The electrodeposition process yields ZnO thin films whose lattice constants were
refined to 3.246±0.001

A and c

= 5.205±0.002

A, which is in excellent agreement

with JCPDS #36-1451 for ZnO (3.250 A and 5.207 A)[ll]. The refined lattice constants showed no pH dependence for samples deposited over a range of pH values
(5.5-7.5) and deposition potentials (- 1.3 V to - 0.85 V), as was seen with previous results from our group over a more acidic pH range (4-5.5)[41]. Qualitative comparisons
of relative peak heights also confirmed that, while our samples are polycrystalline,
there is a preferred (002) orientation in the deposit, which is typical for electrodeposited Zn0[16, 106, 62]. This (002) texture is moderately accentuated for samples
deposited at -1.1 V (pH 6.5), coinciding with a morphological change from hexagonal
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Figure 5.2: Representative indexed XRD patterns from electrodeposited ZnO prepared at pH 6.5 with deposition potentials ranging from -1.3 V to -0.9 V vs. Ag/ AgCl.
Refined lattice constants for electrodeposits deposited over the complete range of deposition conditions compared well with the accepted values (a=3.250 A and c=5.207
A, JCPDS #36-1451). Plots are offset along the intensity axis for clarity.
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Figure 5.3: Representative SEM micrographs of ZnO samples deposited at -0.9 V in
pH 6.5 electrolyte (a) and -1.3 V in pH 5 electrolyte (b). The hexagonal columns in
(a) are typical of deposits from neutral pH electrolytes and more positive deposition
potentials, while the rice-like morphologies are observed at more negative potentials
and more acidic pH values. Despite these morphological differences, AFM roughness
analyses indicate that both morphologies have similar roughness ratios (1.50 ± 0.25) .
crystallites to rice-like structures, as shown in Figure 5.3, and reported previously for
electrodeposited zinc oxide[16, 118].
Solution based Matt-Schottky analyses were performed on electrodeposited ZnO/metal junctions, both ohmic and rectifying. While this technique is well known for
nominally ohmic ZnO/substrate junctions[lO, 91, 113], it has not previously been
performed on samples that already contain a Schottky barrier.

A review of the

applied bias directions and energy band diagrams, as shown in Figure 5.4, shows
that a Schottky barrier at the ZnO/substrate does not adversely impact t hese capacitance measurements. When a positive potential is applied to the substrate, the
ZnO/solution junction is reverse biased, as required for the Matt-Schottky analysis ,
while ZnO/substrate Schottky junction is forward biased (allowing current flow).
Matt-Schottky plots of ZnO performed in the phosphate buffer typically exhibited
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n-type ZnO

rwd-s
forward biased

VY:l
reverse biased

Figure 5.4: Energy band diagram of the substrate/ZnO/electrolyte system during
Matt-Schottky analysis for a sample with a pre-existing ZnO/substrate Schottky junction. (A positive potential is applied to the substrate.) Note the large ZnO/electrolyte
depletion width (Wd-e), compared to the ZnO/substrate depletion width (Wd- s), indicating that the ZnO/electrolyte junction is reverse biased while the ZnO/ substrate
junction is forward biased.
linear responses at potentials between -0.4 V and 0.4 V vs. Ag/ AgCl (as seen in Figure
5.5), confirming that the effect of the ZnO/substrate Schottky junction is negligible
with respect to Matt-Schottky behaviour. For purely ohmic ZnO samples, conduction
across the ZnO/substrate is equivalent to a standard contact resistance, and thus does
not need special consideration.
Despite the fact that XRD shows no obvious structural differences among samples
prepared over this potential and pH range, we find drastically different carrier concentrations based on MS analyses. Representative MS plots for samples deposited at
low (-1.1 V) and high (-0.9 V) applied potentials (from pH 6.5 electrolyte) are shown
in Figure 5.5. Linear regression of the slope of these curves corresponds to carrier
concentrations of 9 ± 2 x 1020 cm- 3 and 2 ± 1 x 1019 cm- 3 , respectively. Over a range

--------------------------------
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Figure 5.5: Representative c-2 vs. potential plots obtained from solution MattSchottky analyses performed on electrodeposited ZnO samples in pH 7 phosphate
buffer exhibited linear behaviour over potentials ranging from -0.4 V to 0.4 V vs.
Ag/ AgCl. T he upper curve was collected from a samples deposited at -0.9 V, while
the lower curve was collected from a sample deposited at -1. 1 V. Uncertainty values
are determined by the linear regression analysis of the data.
of applied deposition potentials (all in pH 6.5 electrolyte), there is a clear trend of
decreasing carrier concentration with more negative deposition potentials, as shown
in F igure 5.6a. Comparing data from electrodeposits prepared at different pH values,
Figure 5.6b shows carrier concentration versus the standard potential of the hydrogen
evolution reaction (HER). Since the potential at which hydrogen evolves in solution is
dependent upon pH, this effectively couples potential and pH, allowing a more direct
comparison of carrier concentration change with deposition conditions. Both Figures
5.6a and 5.6b show that carrier concentration decreases with increasing overpotential
(with respect to HER). This relationship was established based on measurements of
dozens of different samples. Error bars in Figures 5.6a and 5.6b were determined
from the standard deviation of multiple measurements, and the uncertainty in Mott-
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indicate a linear relationship between deposition potential and the log of carrier concentration. Graph (a) is plotted for samples deposited at pH 6.5 and shows the trend
very clearly, while graph (b) is plotted against overpotential ( vs. the water electrolysis standard potential) and indicates that the trend is present in samples deposited
over the whole range of deposition potentials.
Schottky plot slopes.
Since carrier concentration changes can influence optical as well as electronic properties, we also compared trends in optical absorption edges, obtained from diffuse
reflectance spectra, with electrodeposition conditions. Samples deposited at more
positive potentials exhibited larger band gaps than samples deposited at more negative deposition potentials , as can be seen in Figure 5.7a (samples synthesized at
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Figure 5.7: UV /Visible diffuse reflectance analysis was used to collect sample band
gap values. Our data indicates a linear relationship between band gap and deposition
potential. Graph (a) exhibits this linear trend for samples deposited at pH 6.5 and is
plotted against a Ag/ AgCl reference electrode. Graph (b) indicates that this linear
trend occurs in samples deposited over all deposition conditions, here it is plotted
against the water electrolysis standard potential.

pH 6.5) and Figure 5.7b (all samples). Optical band gaps ranged between 3.1 eV
and 3.4 eV, which is in agreement with the accepted value for the band gap of
Zn0[15, 19, 20, 80, 110].
We note that built-in potentials could not be extracted from our MS data due
to an additional sample-dependent capacitance. This may be due to variations in
the electrodeposit coverage (parameter

f

in Equation 5.2) , since earlier studies[41]
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have shown that small pinholes can occur in our electrodeposits. Fabregat-Santiago
et al. have also shown that sample-dependent capacitances can occur when there are

sampleI electrolyte interactions [92J.

5.5

Discussion

Over the entire range of deposition potentials (-1.3 to -0.85 V) and pH values (4.0
to 7.5) studied, ZnO carrier concentrations ranged between 10 17 cm- 3 a.nd 1020 cm- 3 .
This range is in agreement with reported carrier concentrations for Zn0[91 , 113],
including ZnO electrodeposited from nitrate-based electrolytes[10, 112] .
Our results indicate a higher n-type carrier concentration in ZnO that is electrodeposited at more positive deposition potentials. While some electrolytes, such a.s
those containing CI-[10] or borane[112], offer a. clear opportunity for extrinsic doping,
the same cannot be said for our nitrate-based electrolyte. Instead, it is much more
likely that hydrogen is incorporated a.s an n-type dopant. We support this claim by
correlating the trends in carrier concentration a.nd optical band ga.p with respect to
deposition potential.
Figure 5.8 shows that the band ga.p of our ZnO electrodeposits increase with carrier
concentration. In the context of traditional donor I acceptor band theory, a decreased
band gap would indicate an increased carrier concentration. However, hydrogen doping in ZnO ha.s been observed to go against this trend[l2, 68, 71]. Hydrogen-donated
electrons can fill empty states in the conduction band of ZnO when doping levels
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are high enough to create a degenerate semiconductor, thereby leading to increased
band gaps with higher doping levels (Moss-Burstein effect)[16, 119] . Our data are
consistent with this Moss-Burstein doping, whether for a single pH (Figure 5.8a for
samples deposited at pH 6.5 from a Cl-- free electrolyte) or over our whole range of
deposition conditions (Figure 5.8b).
If we use the band gap vs. potential trend to attribute the increasing carrier

concentration to higher H+ doping levels, we arrive at an interesting - and rather
counterintuitive - finding. Intuitively, one could reasonably expect that an increase
in hydrogen generation would translate into more incorporated hydrogen and consequently a higher carrier concentration[16]. However, we observe higher carrier concentrations at more positive deposition potentials, where there should be a lower rate
of hydrogen generation[50]. Thus, our findings suggest that the relationship between
carrier concentration and the presence of hydrogen during the electrosynthesis process
is more complicated.
One likely complicating factor is the presence of multiple types of defects. While
recent studies indicate that hydrogen donors are an energetically favourable dopant,
and thus the most dominant factor in then-type doping in ZnO, there is experimental
evidence that supports the prevalence of oxygen and zinc vacancy, interstitial, and
anti-site defect contributions[86, 115, 120, 121]. Of these intrinsic point defects, it
is known that zinc vacancies, oxygen interstitials, and oxygen anti-sites act as deep
acceptors within ZnO while oxygen vacancies, zinc interstitials, and zinc anti-sites act
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Figure 5.8: We also compared carrier concentration to band gap from samples specifically deposited in pH 6.5 (a) and for samples deposited over the whole range of
deposition conditions. Our data indicate that there is a reduction in carrier concentration with band gap, as expected from a Moss-Burstein dopant such as hydrogen
acts in ZnO. Plots (a) and (b) also exhibit a limiting of the carrier concentration for
wider band gaps, perhaps indicating the maximum amount of hydrogen that can be
electrically active within the ZnO crystal lattice.
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as donors. In fact, it has been found that in ZnO the formation of acceptor defects
is energetically preferable to the formation of native donor defects[14, 122, 123]. In
particular, zinc vacancy acceptors require the lowest formation energies of the three
acceptor defects[14], and they are also stable to temperatures of 300°C, which is far
above our electrodeposition temperatures. Consequently, zinc vacancies would be
the most likely kind of acceptor defect, according to thermodynamic arguments, and
these acceptors could compensate for, and thus diminish t he overall effect of, increased
hydrogen incorporation. Previous studies have confirmed that the presence of deep
acceptors in ZnO crystals will be active toward hydrogen passivation in Zn0[12, 124].
If we adopt the working hypothesis that compensating defects could reduce the

net n-type carrier concentration, it is reasonable to expect that these defects would be
more prevalent at more negative deposition potentials. Reaction kinetics will be faster
at greater overpotentials, and this increase in synthesis rate would likely contribute
to an increase in defect densities. This is indeed consistent with the results shown
in Figure 5.8. The only other possible contributor is the unintentional doping with a
similar Moss-Burstein doping. Fortunately, careful attention to the purity and choice
of our in situ chemical species excludes unintentional doping.
We have considered techniques such as Rutherford backscattering and neutron
reflectometry to directly measure the amount of hydrogen within our samples as
well.

Unfortunately, our preliminary experiments with Rutherford backscattering

has indicated that the samples are too rough to obtain meaningful hydrogen con-
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tent data. Similarly, neutron refiectometry would not have been able to quantitatively assess hydrogen content, even at very high hydrogen concentrations (""' 1021
cm- 3 ) . Other studies have combined annealing and conductivity measurements with
mass spectrometry[125, 126] or IR/Raman spectroscopy[71, 70, 124] to experimentally
prove the existence of electronically active hydrogen within ZnO.

5.6

Conclusions

The large change in carrier concentrations of native (unintentionally doped) electrodeposited ZnO is comparable in magnitude to the effect of intentional extrinsic
dopants like Cl- or borates. We observe that higher n-type carrier concentrations
coincide with larger optical band gaps, which is consistent with the Moss-Burstein
dopant hydrogen. Our data also indicate that both net carrier concentration and
band gap are lower in samples deposited at more negative deposition potentials, contrary to the increase in hydrogen generation at more negative deposition potentials.
We attribute this t rend to acceptor defects that are more prevalent in deposits with
faster growth rates .
There are inherent difficulties in quantitative assessments of hydrogen incorporation in semiconductors, particularly in assessing the hydrogen coordination environment, mobility, and complexation. For this reason, the study of donor and acceptor
defects is receiving considerable attention from the scientific community[21], both
theoretically and experimentally. The results of the present study show that while
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hydrogen doping is most likely the dominant source of net carrier concentration in
n-type ZnO, the concentration of compensating defects (deep acceptors in ZnO) likely
play a large role in the overall carrier concentration.
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Chapter 6
The Effect of Synthesis Conditions
and Humidity on Current-Voltage
Relations in Electrodeposited
ZnO-based Schottky Junctions
Reproduced in part with permission from Chatman, S.; Poduska, K M., ACS

Appl. Mater. Interfaces, 2009 , 1, 552-558. Copyright 2008 American Chemical
Society.
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6.1

Abstract

Electrochemically produced ZnO/metal rectifying (Schottky) junctions can exhibit consistent barrier heights and high rectifying ratios when prepared using optimized electrolyte pH (6.5) and applied voltage (~-1.1 V vs. Ag/ AgCl) conditions. An
increase in soft breakdown for more acidic deposition electrolytes (pH 4) correlates
with a diminished preferred orientation in the resulting ZnO electrodeposit. Forwardbiased junctions exposed to increased relative humidities show increased current as a
result of protonic conduction from water hydrolysis at the ZnO /air interface. At moderate to high relative humidities (50- 85% RH), hydrophobic coatings improve the
quality of the rectifying response by changing the wetting properties of the ZnO surface. Our findings suggest that electrodeposition, in conjunction with post-deposition
surface coatings, can offer improved functionality for electron transport materials in
wet or humid environments.

6.2

Introduction

ZnO can manifest humidity-related changes in its electronic properties such as
resistivity, rectification, and capacitance[127, 128, 129]. Different mechanisms to explain the origin of humidity effects for metal oxide materials have been proposed,
including temperature-dependent or voltage-dependent chemisorption[129, 130, 131 ,
132]. Here we show that electrochemically prepared ZnO rectifying (Schottky) june-
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tions have current-voltage relationships that are influenced by relative humidity changes at ambient temperatures due to a water electrolysis mechanism[133, 134], and that
their responses can be qualitatively changed by varying electrolyte pH during electrodeposition or by adding post-deposition coatings. These findings highlight the
effect that wet or humid environments can have on electron transport materials.
The relationship between humidity and electron transport in ZnO has been investigated in diverse contexts. For example, ZnO has been widely studied as a ceramic
material for humidity sensing applications[127, 128, 129, 131]. When used in rectifying pn heterojunction humidity sensors, it has been proposed that the electrolytic
decomposition of water at the junction continually refreshes the surface to prolong
device operation[134]. In contrast, other studies have shown that electrolysis of condensed water can contribute to undesirable degradation in ZnO-based varistors[135]
that are exposed to water vapor during the course of their normal operation.
ZnO-based Schottky junctions are typically fabricated using high temperature,
high vacuum, or sol-gel processes[128, 129, 130]. Our alternative approach is to use
electrochemical deposition to form the rectifying junction. Electrodeposition is a technique that has been used to make ZnO thin films[16, 39, 59, 60, 95], but reports of its
electrical resistivity have more often been associated with its function in multilayer
systems[94, 136, 137, 138] rather than ZnO alone[40]. Furthermore, none have investigated the impact of humidity changes on electrical responses in electrodeposited
ZnO, despite the fact that this synthesis method offers options for controlled deposit

79
epitaxy and porosity[16, 39, 95].

6.3
6.3.1

Experimental Methods
ZnO Electrosynthesis

Previous work from our group addressed the synthesis conditions required for ZnO
electrodeposits displaying either ohmic or rectifying contacts with the underlying
conducting metal substrates (Chapter 4)[40]. In the present work, we identify an
expanded range of deposit ion conditions that can be used to synthesize rectifying
ZnO contacts - with dramatically improved performance - by adjusting electrolyte
pH. Samples were deposited at potentials ranging from - 2.0 V to - 0.7 V vs. an

Ag/ AgCl reference, from an electrolyte of 0.01 M Zn(N03 )2 (ACS reagent grade,
SCP Science) in ultrapure water (18.2 MO ·cm, Barnstead Nanopure), using HCl or
NaOH to adj ust the pH between 4.0 and 7.0, respectively. Mechanically polished
stainless steel (316 series) substrates were cleaned by ultrasonication prior to use.
Further details on the reaction mechanism are given in Chapter 2.

6.3.2

Electrical Propertie s

The current-voltage (I-V) characteristics of electrodeposits were collected with
either a Hokuto Denko HA 501 potentiostat or a Keithley 2400 Sourcemeter under
varying humidity conditions. Relative humidity was controlled using a sealable plastic

-----~-~~--~~~~~~~~~~~~~~~~~~~~~-
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cell with adjustable vents. Dessicant and water vapor were used to adjust the relative
humidity of the cell between 15 and 85% (±7%). All DC data were collected and
analyzed with LabVIEW (National Instruments, customized in-house) . Electrical
connections to the samples involved low-resistance ( < 1 D) ohmic stainless steel or
aluminum compression contacts. Contact areas ("" 0.18 cm 2 ) were large compared to
individual crystallite sizes (typically 100- 1000 nm in diameter), so we assume that
all electrical measurements involved conduction through and/or across many ZnO
grains.

6.4
6.4 .1

Results and Discussion
Electrodeposit Characte rizat ion

XRD data from electrodeposits (Figure 6.1) were compared with standard diffraction data for hexagonal ZnO (JCPDS 36-1451) and zinc metal (JCPDS 04-0831)[11].
All observed peaks can be indexed to either ZnO or the substrate. However, the
presence or absence of Zn metal is difficult to confirm definitively from XRD data
because two of the strongest Zn Bragg reflections would appear near (and overlap
with) the ZnO (101) and substrate peaks.
Although the electrodeposits appear to be phase-pure based on XRD data, investigations of the ZnO/substrate interface suggest that compositional differences do
exist. To facilitate SEM and EDX investigations, the substrate-supported electrode-
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Figure 6.1: Representative indexed XRD patterns from thin films (1.0±0.2 J.Lm thickness) of ZnO prepared by deposition from electrolytes with different bulk pH values.
Lattice constant refinements of the indexed peaks yield excellent agreement with ZnO
(JCPDS #36-1451)[11]. Bragg peaks due to the stainless steel substrates are marked
with an asterisk (*).
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Figure 6.2: Representative SEM images showing (a) the top (air interface) of a ZnO
electrodeposit, and (b,c) cross-sectional views. This deposit was prepared from an
electrolyte with bulk pH 5.5 at -1.1 V. The arrows in the top view in (a) show
that occasional pinholes can exist in the film exist. The cross-sectional view in (b)
highlights the polycrystalline grains in the electrodeposit, while (c) shows typical
thickness changes across the deposit.
posits were coated with epoxy and then immersed in liquid nitrogen to separate the
ZnO from the steel substrate, allowing for comparative analysis at both the ZnO/air
and the ZnO/substrate interfaces. Differences in the contrast of backscattered electron images from the two ZnO interfaces, in conjunction with elemental composition
information from complementary EDX measurements, suggest that there is a higher
Zn content at the ZnO/substrate interface. We note that high Zn content at this
interface coincides with rectifying current-voltage responses, described in more detail
elsewhere[40].
Cross-sectional SEM images (Figure 6.2b,c) emphasize that electrodeposits are
polycrystalline films whose thicknesses vary across the sample (typically 1-3 J.lm).
These films are generally continuous, but occasional holes are visible, such as those
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Figure 6.3: A schematic energy band diagram for (a) isolated metal and n-type semiconductor, and (b) a Schottky junction. The work function of the metal (¢m) and the
electron affinity of the semiconductor (x) are given relative to vacuum level (Evacuum)·
In then-type semiconductor, the Fermi energy (EF) is closer to the conduction band
energy (Ec) than t he valence band energy (Ev). The intrinsic Fermi energy (E Fi) is
located mid-way between Ec and Ev. (b) Once the metal and semiconductor come
into contact, a Schottky barrier (¢s) forms at the interface and the semiconductor
bands bend by an amount Vbi over the distance XD.
denoted with arrows in Figure 6.2a.

6.4.2

Effects of Synthesis Conditions on Rectifying Behavior

The rectifying function of an ideal Schottky junction is based on the relative Fermi
energy levels between an-type semiconductor and metal[139], as shown schematically
in Figure 6.3. Theoretically if, when isolated, the Fermi energy of the semiconductor

---------

---
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Figure 6.4: At high reverse bias potentials, electrons in a junction can traverse the
Schottky barrier without going over the barrier. When occurring only at spatially
distinct small regions in a junction, this mechanism is called soft breakdown.
is higher than that of the metal (semiconductor electron affinity is lower than the
work function of the metal) , then electrons in the semiconductor will move to the
lower energy states in the metal to equilibrate the Fermi energies, once contact is
established. As a consequence, electrons in the semiconductor encounter a potential
barrier, VBi, that limits flow into the metal. This barrier can be reduced by applying
a positive voltage to the metal to enable thermally excited electrons to flow, creating
a forward bias current. In practice the formation of this barrier height is not trivial,
it is often very dependent on the actual surface involved. Both iron and aluminum,
whose work functions are larger than the electron affinity of ZnO, form ohmic contacts
with ZnO due to complicated energy level interaction.
Conversely, the barrier height can be increased by applying a negative bias voltage
to the metal substrate. Ideally, as the negative bias increases, conduction through
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Figure 6.5: The deposit ion potent ial ranges for forming ohmic or rectifying ZnO/steel
junctions depend on electrolyte pH . In all cases, there is a range of voltages for which
there is poor selectivity between Schottky and ohmic responses.
the junction will approach a limiting saturation current . In practice, however, very
high voltages will cause a reduction in t he barrier height leading to non-negligible
breakdown current in the reverse direction . This current has been at tributed to
heating effects, t un neling, and impact ionization [140], as can be seen in Figure 6.4.
This typically occurs at localized areas first, where the junction may be of lower
quality, allowing breakdown current in a localized region (soft breakdown). T his
can be observed in I- V curves as a non-ohmic, non-exponential increase in reverse
sat uration current.
We analyzed t he rectifying responses of electrodeposited ZnO/ metal junctions

86

that were prepared at different bulk electrolyte pH values and deposition potentials,
summarized in Figure 6.5. Our experiments encompassed the viable pH range for
the ZnO electroprecipitation reaction: for pH values

~

7, spontaneous precipitation

of Zn(OH)2 interferes with ZnO formation[39], while pH values

~

3.5 yield substan-

tial Zn metal deposition that degrades the integrity of the semiconducting pathway
through the sample. Figure 6.5 shows that ohmic ZnO/substrate contacts form at
more positive deposition potentials (with resistances of 1-10 D), while rectification
occurs in samples prepared at more negative deposition potentials (with resistances
of 105-106 D), consistent with earlier findings[40]. There is also an intermediate range
of deposition potentials for which either ohmic response or poor rectification (with
pronounced soft breakdown) can result; in other words, there is poor selectivity between linear and rectifying behaviors for these deposition potentials. Nevertheless,
the current-voltage response of any single sample is repeatable and does not change
over time. A comparison of representative rectifying responses for samples prepared
from electrolytes with different pH values is shown in Figure 6.6.
There are several factors that likely contribute to the inferior quality of the rectifying responses at the intermediate deposition potentials; all are linked to conditions
that can perturb the formation of the Zn-rich ZnO/substrate interface that causes
the rectifying junction behavior. First, a more acidic bulk electrolyte pH will shift
the Nernst potentials of the nitrate reduction (Equation 2.4) and hydrogen evolution reactions to more positive values. Assuming a fixed deposition potential, these
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Figure 6.6: Representative 1- V sweeps on electrodeposited ZnO Schottky junctions
show stronger rectification and less soft breakdown with an increase in deposition
electrolyte pH from 4.0 to 6.5. A representative I- V curve for pH 7.0 would coincide
with the data for pH 6.5 , so it is omitted for clarity.
Nernst potential changes lead to an increased rate of OH- production near the working electrode surface, and these more alkaline conditions would promote ZnO formation. However, acidic electrolytes also promote metal formation , independent of these
Nernst potential changes. The competition between these two factors (localized pH
increase to favor ZnO formation, and acidic bulk pH to favor Zn metal formation)
at t he initial stages of electrodeposit formation could lead to differences in the Zn
content at the ZnO/substrate interface among different samples. SEM and EDX investigations show that these compositional changes appear to be confined to within
50 nm of the ZnO /substrate interface, which corresponds to a very small fraction
of the overall electrodeposit (thicknesses "' 2 J-lm). Thus, XRD measurements that
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probe the entire sample would not be expected to show evidence of significant Zn
content, consistent with Figure 6.1.
For a more quantitative comparison, pH -dependent rectification data (like those
shown in Figure 6.6) were fit to the Schottky relation given in Equation 6.1.

J =A*T2 exp

(-e<I>B)
( e(V-IR))
kT
exp
nkT

(6.1)

This expression describes the idealized exponential increase in forward current with
increasing forward bias voltage[20, 86, 89], where J is current density, e is the electron charge, I is current, k is Boltzmann's constant, V is voltage, R is the series
resistance, Tis temperature, n is t he ideality factor, and A* is Richardson's constant
(32 A/cm 2 K 2 ). Table 6.1 provides a summary of Schottky barrier heights and ideality values determined by fitting collected data to Equation 6.1. Also included are
rectifying ratios, which give the relative magnitudes of the forward bias ( +2 V) and
reverse bias (-2 V) currents.
A linearized form of the Schottky equation has also been used by others to extract
the ideality and Schottky barrier from the linear portion of the I- V curve before
significant forward current flows [141].

ln(J) =

n~T(V- IR)- ~~; + ln(A* T 2 )

(6.2)

For our samples, the linearized Schottky analysis technique provided data consistent
with the ideal Schottky equation but with larger uncertainties, due in part to fitting
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pH
4.0±0.25
5.5±0.25
6.5±0.25
7.0±0.25

n
15 ± 5
13 ± 5
13 ±5
13 ± 5

<f> EO

0.80 ±
0.73 ±
0.85 ±
0.85 ±

0.04
0.05
0.03
0.03

Rectifying ratio
6±4
100 ± 20
1000 ± 200
1000 ± 200

Resistance (w)
rv1
5
10 - 106
105 - 106
105 - 106

Table 6.1: Data obtained from fitting rectifying current-voltage responses in samples
prepared from electrolytes with different pH values to the ideal Schottky equation.
The highest rectifying ratios occur in junctions prepared from electrolytes near neutral pH. Uncertainties were estimated from the standard deviation of the average
experimental value.

fewer data points. Therefore, only data fit to the ideal Schottky equation is included
in Table 6.1.
Rectifying ratios show a dramatic increase for junctions prepared in less acidic
deposition electrolytes (Figure 6.6). Regardless of electrolyte pH, Schottky barrier
heights for our electrodeposited ZnO junctions compare well with values for junetions synthesized by other methods[17, 20, 86, 89]. Ideality (n) values for all electrodeposited Schottky junctions are greater than 2, indicating multiple conduction
pathways[17, 82].
It is not entirely clear why the more acidic electrolytes yield samples with more soft

breakdown and correspondingly lower rectifying ratios. Scrutinizing the XRD data
for pH -dependent differences in preferred orientation (from peak height comparisons)
or particle size (from peak broadening) did not yield an obvious correlation across the
entire range of pH values studied, nor do optical absorption edge data offer additional
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insights. However, we did observe that deposits prepared at the most acidic pH values
(4.0) showed a substantial decrease in the (002) orientation that is widely observed in
ZnO electrodeposits[16, 39, 60, 95]. We also observe that rectifying junctions prepared
from the most acidic electrolytes have the lowest resistances ("' 1 n at pH 4 compared
to rv10 5

n at pH 6.5) .

Based on these investigations of junction performance as a function of electrodeposition conditions, we conclude that deposits prepared from pH 6.5 electrolytes show
the best diode functionality without the risk of spontaneous Zn(OHh precipitation.
Thus, all subsequent data is presented for electrodeposits prepared from electrolytes
with this pH using a deposition potential of - 1.1 V.

6.4.3

Humidity Effects on R ect ification

Previous studies have indicated that ZnO/CuO based rectifying pn junctions,
which are operationally similar to Schottky junctions, are sensitive to changes in relative humidity when forward biased[134]. The humidity-dependent responses of this
and similar systems[129, 132] has been attributed to water electrolysis at the positive
and negative sides of the junction. A schematic diagram of the water electrolysis reaction, given in Figure 6. 7a, depicts the oxidation and reduction reactions that occur
at the anode and cathode, respectively. For comparison, Figure 6.7b shows that water
vapor can adsorb to the ZnO /air interface, and this water can be electrolyzed when
the ohmic compression contact acts as a cathode while the ZnO acts as an anode

-----------------------------------------------------------------
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(forward bias condition).

(6.3)

(6.4)
The protons generated at the anode diffuse and can be reduced to hydrogen by electrons at the cathode surface. Combining current responses due to the ideal Schottky
junction conduction (Equation 6.1) with the electrolysis-generated proton conduction
yields a total current density expression with three components:

where Cis a constant, and k1 and k1' are the forward and reverse reaction rates from
Equations 6.3 and 6.4. The second term in Equation 6.5 is due to the physisorbed
water electrolysis and increases with both humidity and voltage increases. The third
term counteracts the forward bias current and is due to the oxygen partial pressure
of the system[134]. The rectifying behavior of the Schottky contact ensures that
there is little reverse bias current, even in the presence of water electrolysis. We
note that relative magnitudes of the protonic conduction, based on electrolysis and
charge movement through adsorbed water, and the Schottky (thermionic emission)
current are dependent on applied bias voltage. In our samples, the current resulting

..------ - -- - - - -- - - - - - - - - - - -- -- - - - - - - -- - - -- -
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Figure 6. 7: Schematic diagrams illustrate (a) the water electrolysis reaction that can
occur between two metal electrodes, and (b) where the water electrolysis reaction occurs in the electrodeposited Schottky junctions (in the water adsorbed at the ZnO/air
interface) . The corresponding junction energy band diagram (c) emphasizes that the
rectifying junction occurs at the ZnO/substrate, while an ohmic contact exists between the ZnO/air interface and the metal compression contact.
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from the electrolysis-generated proton conduction ('"'"' 10 rnA) greatly outweighs the
contribution of the Schottky current ('"'"' 10 - 100 J.LA) . Due to the polycrystalline
nature of our samples, grain boundary contributions dominate the electrical resistance
of our samples relative to the thickness-dependent resistance of the ZnO itself. This
fact, in conjunction with the surface-based water electrolysis mechanism, implies that
the details of the ZnO/air interface are more important for the magnitude of the
forward current flow (which can vary by an order of magnitude, from 100 to1000 J.LA)
than film thickness (with smaller percentage uncertainties of 1.0 ± 0.2 J.Lm).
Figure 6.8 illustrates the role that humidity plays in the quality of the rectifying
response in electrodeposited ZnO Schottky junctions. For low humidities (::; 50%),
Schottky junctions show I- V sweeps with minimal signs of soft breakdown at reverse
bias and good rectifying ratios (rv1000). However, higher relative humidities lead
to noticeable signs of soft breakdown at reverse bias, as well as increased noise at
forward bias. At the highest humidities (> 70%), the forward current can also show
erratic responses, in both direction and magnitude, to humidity changes. Nevertheless, the ZnO electrodeposits display excellent adherence to the substrate, even with
repeated cycling to high (75-95%) relative humidities. There were no other visible
signs of sample degradation, such as color changes[135], upon repeated exposure to
high relative humidities and bias voltages.
While these electrodeposited junctions do exhibit humidity-sensitive I- V responses under sweeping voltage conditions for constant relative humidities, they do not
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Figure 6.8: I- V sweeps on electrodeposited Schottky junctions show larger forward
bias currents at higher relative humidities.
function effectively as traditional humidity sensors that operate at a fixed bias voltage
in changing relative humidity environments. For example, although abrupt current
changes are observed in junctions forward biased at 1- 2 V when exposed to intervals
of alternating 50% and 80% relative humidities, there is also substantial drift in the
current in between these humidity changes. Thus, it is not possible to calibrate
the junction so that a specific current indicates a specific relative humidity value.
Additional details, including a representative plot of current vs. time for junctions
exposed to different relative humidities, is provided in Section 6.6.
For completeness, we note that ohmic electrodeposited ZnO/substrate junctions
are also affected by humidity, but the effects are much less pronounced. The humiditydependent increase in resistance is

~

1% (1- 5 0) for ohmic samples cycled between

15% and 80% relative humidity. In the context of the water electrolysis mechanism
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described above, proton conduction (rv 10 rnA) is negligible compared to the larger
currents that can flow through the lower-resistance ohmic samples (400- 600 rnA at 2
V), leading to a much weaker humidity-related effects.

6.4.4

Surface Coating Effects on R ect ification

Since erratic current responses in our junctions are more prevalent at high relative
humidities, it is possible that this problem is due to a dynamic contact area between
the ZnO and metal pressure contact as more water vapor adsorbs and begins to
condense at the junction for the highest humidity levels. (This effect could be separate
from the water electrolysis-based degradation that has been observed in other ZnObased devices[135].) To this end, we investigated the effect of thin surface coa·d ngs,
applied post-electrodeposition, at the ZnO/air interface.
Hydrophobic coatings and materials have been widely studied recently, but there
has been little focus on the role that hydrophobicity can play in controlling the electronic response of ceramic rectifying junctions. Some reports have used hydrophobic
coatings to preserve the integrity of humidity sensitive polymers[142, 143]. Our results suggest that this is an avenue worth investigating to control the quality of the
rectifying response in junctions that may be adversely affected by changes in relative
humidity.
We find that adding a hydrophobic coating, to change the way that water adsorbs
and condenses the ZnO/air interface, can lead to improved rectifying responses of our
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junctions. Best results were obtained by applying a thin layer of aliphatic petroleum
distillates (Stoddard solvent, mean molecular weight 144 gjmol, dissolved in a 1:10:10
mixture of xylene, propane and butane, Kiwi Outdoor Camp Spray). These layers
accentuate the natural hydrophobicity of our ZnO electrodeposits. (This hydrophobicity, consistent with other reports[144], is due in part to the surface roughness of
the electrodeposits[16, 40] .) Assessments of coating continuity and thickness using
AFM showed that the hydrophobic layers appear continuous on length scales greater
than'"" 100 nm and typically vary in thickness from 10- 60 nm. Pooling of the coating
mixture does occur in deep features of the deposit, leading to substantially thicker
coatings in some places.
Figure 6.9 shows that electrodeposits with these coatings exhibit less soft breakdown at high relative humidities (50-70%), and rectifying ratios that are comparable
to those observed at lower humidities. At the highest relative humidities

(~

85%),

it is still possible to observe erratic changes in current , but the magnitude of the
changes are much smaller than for uncoated junctions.
The continuity and thickness of the hydrophobic coating can impact how effectively it suppresses soft breakdown in the junctions at higher relative humidities.
For example, thin layers of silicone (applied in a manner similar to the petroleum
distillates) did not coat the junctions as uniformly, leaving some exposed regions.
The corresponding Schottky responses showed somewhat improved rectification over
uncoated samples, but more soft breakdown occurred relative to the data shown
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Figure 6.9: Sprayed hydrophobic coatings reduce soft breakdown, except at t he highest relative humidity values (2 85%). The inset shows the same data with a smaller
current scale to emphasize the rectifying nature of the I- V response at 35% RH.
in Figure 6.9. In other experiments, more complete electrically insulating coatings
were applied by submersing junctions in a solution of 5 mM octadecylt richlorosilane
(OTS) in toluene while confined to a dessicated glove box, following a method reported earlier[144]. This procedure yielded coatings whose continuity and thickness
were comparable to the sprayed coatings, according to AFM investigations. However,
through-sample resistances were prohibitively high (0.5- 50 MD) and unstable, suggesting that the coatings acted as electrical insula tion between the ZnO and metal
compression contacts. For all silicone and OTS coated samples, removal of the coatings with ethanol or acetone restored t he original rectifying behavior. The current vs .
time trends during exposure to different relative humidities for representative coated
and uncoated junctions is provided in Section 6.6.
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For comparison, we also addressed the effect of metallic coatings that still preserve
enough surface roughness to allow the samples to remain hydrophobic. Aluminum
(65 ± 15 nm or 200 ± 30 nm thicknesses) were thermally evaporated at 10-3 torr
onto rectifying ZnO deposits. After coating, sample resistances fell from
to

rv

1

n,

rv

106

n

eliminating the rectifying responses. Although cross-section SEM shows

that our films are largely continuous, th se resistance measurements suggest that aluminum may permeate pinholes in the film (Figure 6.2a) , bypassing the conduction
pathway through the bulk ZnO and effectively short-circuiting the Schottky junction. Aluminum could also be in contact with the ZnO depletion layer, which would
adversely affect the desired Schottky band bending at the ZnO /metal substrate interface.

6.5

Conclusions

The quality of the rectifying responses in electrodeposited ZnO/ metal junctions,
including the magnitude of currents during forward bias and soft breakdown effects
during reverse bias, can be optimized by adjusting the deposition potential and the
bulk electrolyte pH. These two parameters can be used to control the propensity to
form the Zn-rich interface (during the initial stages of film growth) that most likely
causes the rectifying behavior. Additionally, hydrophobic coatings at the ZnO /air
interface can further decrease soft breakdown and improve the rectifying ratios at
moderate relative humidities , if the coatings are both continuous and do not elec-
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trically insulate t he ZnO from the ohmic compression contact. We expect that this
use of post-deposition surface coatings could be relevant for other inorganic materials
and devices whose electronic operation is degraded in humid or wet environments.

6.6
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Figure 6.10: Current-time plots for ZnO /metal junctions during controlled humidity
tests. Relative humidity was cycled between between 80% (labeled "H") and 50% at
5 minute intervals while applying -1 V for as deposited samples (a) , samples coated
in petroleum distillates (b), and samples coated in OTS. All junctions were prepared
from electrolytes with pH 6.5 at -1.1 V vs. AgjAgClsat'd·

Although electrodeposited ZnO-based Schottky junctions exhibit humidity sensitive current-voltage responses under sweeping voltage conditions for constant relative
humidities, they do not function effectively as traditional humidity sensors that operate at a fixed bias voltage in changing relative humidities. Abrupt current jumps

~~-----------------------------------------------------
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(10-20%) occur when relative humidity levels change between 80% (labeled "H") and
50% at 5 minute intervals and 1 V forward bias (Figure 6.10a) . However, substantial
signal drift (most likely due to changing ZnOjwater/probe geometries and sample
degradation) prevents calibrating the junction so that a specific current indicates a
specific relative humidity value. Samples sprayed with a coating of petroleum distillates also showed signal drift, but with slightly less sensitivity to humidity changes
(2-3% current changes) and improved rectification (Figure 6.10b). Samples coated
with an electrically insulating octadecyltrichlorosilane (OTS) layer show virtually no
susceptibility to changing relative humidity conditions, along with noisier data due
to prohibitively large contact resistances (0.5-50 MD) (Figure 6.10c).
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Chapter 7
ZnOjCu20 Heterojunctions
Developing practical and novel electronic devices has been a main goal of semiconducting materials science. One of the promising applications that drives semiconductor research is high efficiency photovoltaic devices to convert solar radiation
into electrical energy. The classic photovoltaic device uses extrinsically doped semiconductor pn homojunctions in order to achieve this feat. As proof-of-concept, we
studied the photovoltaic characteristics of Zn0/Cu2 0 pn heterojunctions.

7.1

Bilayer pn Junction Consideration

A junction between an n-doped and a p-doped semiconductor is the classic example of rectifying non-linear device (Figure 7.1) When an n-doped semiconductor
and a p-doped semiconductor are brought together, there is a movement of charge
carriers as electrons diffuse into the p-doped side, and holes diffuse into the n-doped
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Figure 7.1: This diagram illustrates the doped regions of a pn junction. The space
charge (depletion) region occurs near then- p interface.
side, creating a space charge depletion region and an induced electric field (Figure
7.1).
When a photon is absorbed in the space charge region, or within a diffusion length
of the junction, an electron-hole pair is created. This electron moves to the n-type
side due to the induced electric field, creating a greater charge imbalance between the
n and p-type sides, and a photo-generated current. The resultant photo-current can

do work on a resistive load while trying to equalize the charge imbalance.
Current through pn junctions is governed by an exponential expression relating
current density to the applied voltage, similar to the Schottky barrier expression:

J

= Js [exp ( e(Va))
kT
- 1] .

(7.1)

Here, Js is the saturation current density and is given by:

J _ q Dp Pno
sL
P

+

q Dn np0
L
'
n

(7.2)
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wherein Dp and Dn are the minority-carrier hole and electron diffusion coefficients
(cm/s), Pno and

npa

are the thermal equilibrium minority-carrier hole and electron

densities (cm- 3 ), and Lv and Ln are the minority-carrier diffusion lengths (em). At
applied voltages more negative than a few kT / q V, the current saturates.
Heterogeneous pn junctions (comprised of two different materials) have been studied extensively for use in photovoltaic devices[44]. They offer the ability to increase
the efficiency of solar cells over homo junctions by exploiting a larger range of energies
present in solar light[145]. As with the synthesis of single layer semiconductor devices,
electrodeposition of pn junctions offers the possibility of multi-layer semiconductor
structures at low temperature and atmospheric pressure.
ZnOjCu20 heterojunctions offer multiple advantages over the synthesis of highly
toxic chalcogenide semiconductor h terojunctions[146].

Both ZnO and Cu 20 are

relatively non-toxic materials that can be electrodeposited in an aqueous solution
at low temperatures without annealing. They are also both natively doped. ZnO is
natively n-type due to interstitial hydrogen doping with donor energies just below the
conduction band (see Chapter 5) while Cu20 is universally accepted as natively p-type
due to copper vacancies with acceptor energies 0.4 eV above the valence band.[146].
Here, we study the electrochemical synthesis of heterogeneous ZnO /Cu 20 pn junctions using a "two bath" technique. The ideal electrochemical pn junction synthesis
procedure would use a single aqueous bath to deposit both materials sequentially[95] .
However, utilizing two electrochemical baths to deposit the semiconducting single
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layers still reduces the complexity and cost of the synthesis procedure over UHV
techniques[95, 146].
Zn0/Cu2 0 junctions can be formed in two permutations: Zn0/Cu 20/substrate
(ZCS) and Cu 2 0/Zn0/substrate (CZS), as illustrated in Figure 7.2[46]. Previous
studies have shown that photovoltaic cells created using the CZS structure show
higher efficiencies than the ZCS structure when synthesized using reactive radiofrequency magnetron sputtering[46] due to a reduction in lattice mismatch (7.1%)
between the (001) preferred orientation of ZnO electrodeposits and the cubic (111)
Cu20 [46, 147]. While this lattice mismatch is high with respect to some pn heterojunctions (Ge/Si is 4.1%), this lattice mismatch reduction between certain faces is
still a promising avenue of investigation[46, 147] . We attempted both permutations
using electrodeposition to test the performance of these different layer geometries.
In order to increase the efficiency of solar cells, it is advantageous to create pn
junctions from materials with different band gaps[18, 43, 44, 145, 146]. In our work
ZnO, with the wider band gap (3.3 eV vs. 2.0 eV), was the window material[146]
to absorb higher energy photons and to allow lower energy photons to reach the
Cu20 layer[18, 43, 44]. As a result, it is important for the layers to be deposited in a
way that lets light reach the Cu20 while still ensuring electrical contacts with the ZnO
and Cu20. This can be achieved with transparent conducting substrates like indium
tin oxide or a vapour deposited copper grid, as is often used with silicon photovoltaic
cells[65]. Unfortunately, the copper grid blocks some of the semiconductor surface
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Incident Light

Incident Light

Figure 7.2: These two diagrams indicate two different multi-layer structures that allow
light to reach the pn junctions. (a) shows steel substrate where Cu2 0 is deposited
first, and then a ZnO layer is deposited on top of it. (b) shows ZnO deposited on
indium tin oxide (ITO) , with a layer of Cu2 0 deposited on top. The electrical contacts
to the heterojunctions are indicated for each multi-layer structure.
area, reducing possible efficiency[18].
Indium tin oxide (In 2 0 3 :Sn2 0 , ITO) vapour deposited on glass microscope slides
were chosen as our transparent conducting substrate. ITO is a wide-bandgap, natively
n-type semiconductor, that also offers transparent mechanical support when deposited

on glass. This allows an intimate contact between ZnO and the top (light incident
side) substrate without blocking any of the ZnO surface. The bottom contact can be
made with either a compression or evaporated metal contact.

7.2

Electrodeposition of ZnO and Cu2 0 for
pn Junctions

7.2 .1

ZnO Layer Sy nthesis

While pn junctions exhibit rectifying I- V scans, each individual component layer
should display low-resistance ohmic behaviour. In order to ensure such response from
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ZnO layers, single layers were deposited at -0.9 V vs. Agj AgClsat'd in an electrolyte
consisting of 10 mM Zn(N0 3 )2

+ 0.5

mM NaOH (pH 6.5) as outlined in Chapter

5, on either ITO substrates, stainless steel substrates, or pre-deposited Cu2 0/steel
junctions (see Section 7.3).

7.2.2

Cu 2 0 Layer Synthesis

Unlike the multi-step synthesis of ZnO, the electrodeposition of Cu 2 0 involves a
straight-forward reduction-oxidation reaction. Copper (I) oxide films were deposited
using a net cathodic (reducing) cur'rent[45, 54, 55, 56, 57]:

(7.3)
The cathodic reduction of Cu2+ to Cu+ at the working electrode surface has an
equilibrium potential of -0.163 V vs. AgjAgClsat'd (at pH 7, 25 ac, and 1 atm). This is
illustrated in the Pourbaix diagram seen in Figure 7.3. Note that the potential region
for Cu2 0 stability is much smaller and more pH dependent than for Zn(OH)2 stability
(Figure 2.1) . Consequently, achieving the conditions for phase-pure Cu2 0 formation
is challenging.
Cu 20 films were synthesized using electrolytes containing 5 mM CuS04 · 5H20
(Sigma-Aldrich ACS grade reagent). Supporting electrolytes were used to adjust
the pH and to enable Cu2+ ion complexing. The complexing of the Cu 2 + ions with
acetate, tartrate, or lactate ions is required to increase the stability of Cu2+ within
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Figure 7.3: Diagram indicates the potentials and pH regions in which Cu, Cu 2 +, CuO,
and Cu 2 0 are stable. This schematic diagram, based on thermodynamic calculations
of phase stabilities at STP (25°C and 1 atm) [49]. This is used as a general guideline
when determining synthesis conditions, as they do not include the effect of supporting
electrolytes, temperatures and pressures other than STP, electrode stability, etc. The
dashed lines indicate the lower limits of stability for water; below the dashed line,
hydrogen will be evolved.
solution as pH is adjusted[45 , 148]. If the Cu 2 + is not complexed, it will reduce to
Cu+ in solution at high pH values, thereby blocking the electrodeposition of Cu 2 0 by
Equation 7.3. To create neutral pH electrolytes, 0.25 - 1.0 M potassium acetate
(KCH3 COO) was added as a complexing agent with slight buffering capability[57].
To create more alkaline electrolytes, L+ tartaric acid (0.3 M) [149] and lactic acid
(0.3-3 M) [54, 150, 151] were utilized. These were used in conjunction with NaOH to
adjust the pH level between 9 and 12. All depositions were carried out at 60°C in a
three-electrode cell with no Ar or N2 purging.
X-ray diffraction analysis was used to confirm the identity of electrodeposited
Cu 2 0 (body-centered cubic crystal structure with space group Pn3m), as well as to
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determine any preferred orientation (Figure 7.4). Samples deposited potentiostatically between -0.050 V and -0.400 V with both neutral and alkaline electrolytes contained peak structures consistent with Cu2 0 (JCPDS #05-0667)[11]. Using all peaks
distinct from the stainless steel substrate (5-6 peaks) for the linear least squares
refinement, the average cubic lattice constant was a = 4.272 ± 0.003

A, in agree-

ment with other reports in the literature 4.27 A[ll]. No significant changes in lattice
constants occur in samples deposited at different pH values. Cu2 0 deposited from
neutral pH electrolytes exhibited a light orange colour with a metallic sheen, possibly
indicating copper metal incorporation. Unfortunately, copper metal content cannot
be determined definitively from our XRD data, as the substrate peaks overlap with
expected Cu metal peaks. Samples deposited with the alkaline electrolytes did exhibit
a deep red colour, consistent with Cu2 0 [11].
Diffuse reflectance UV /Visible spectroscopy was also used for phase confirmation
in electrodeposited Cu2 0 samples. The absorption edge of collected spectra indicate
that the band gaps of our electrodeposited Cu2 0 samples were in the range of 2.092.2 eV, which is in agreement with the reported values for p-type Cu 2 0 (2.0-2.2
eV)[46, 152]. Representative diffuse reflectance data of both Cu2 0 and ZnO can be
seen in Figure 7.5. An analysis of diffuse reflectance data indicated that deposition
potential had no discernible influence on the bandgap of the electrodeposited samples.
An analysis of electrical conduction through electrodeposited Cu2 0/metal junctions showed ohmic behaviour (Figure 7.6) for applied voltages between -2.0 V and
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Figure 7.4: Representative indexed XRD patterns from electrodeposited Cu2 0 prepared with either the acetate based electrolyte (pH 7) or the tartaric acid based
electrolyte (pH 9). Lattice constant analysis of these data indicate an experimental
lattice constant of a = 4.272 ± 0.003 A, commensurate with the accepted value of
4.27 A[ll]. The extra substrate peak near 44° (211) in the data collected from samples
deposited in the acetate based electrolytes are indicative of the 316 series steel (as
compared to the A-286 series used with the tartaric acid based electrolytes).
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Figure 7.5: Representative diffuse reflectance spectra of electrodeposited Cu2 0can be
compared with a typical diffuse reflectance spectra obtained from our electrodeposited
ZnO. The dashed lines represent the bandgap calculated from these specific curves
(2.12 eV for Cu 2 0 and 3.40 eV for ZnO) and their position within the reported values
of each material (2.0-2.2 eV for Cu 2 0 and 3.1-3.4 eV for ZnO).
2.0 V. Linear I- V behaviour is expected because Cu 2 0 has an electron affinity (1.235
eV)[153] smaller than the typical work function of steel

(~

5 eV). The resultant

barrier height across a Cu2 0/steel junction would be negative, causing an ohmic
junction. The through-film resistances were 1 - 10

n over a contact area of 0.18 cm2 ,

as determined by 2-probe electrical measurements.

7.3

Multilayer Synthesis

To synthesize multilayer junctions, either ZnO or Cu 2 0 was deposited on the chosen substrate, deposits were rinsed in ultrapure water, and then dried in a flowing
argon stream. Low-resistance ohmic contacts were confirmed before proceeding. The
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Figure 7.6: Typical I- V scan of a Cu2 0 /steel sample. This sample was deposited at
-0.4 V in 5 mM CuS04 • 5H2 0 + 1.0 M KCH 3 COO. Note the ohmic behaviour and
associated resistance "' 1 D.
second layer was then deposited in the same manner as if they were single layers,
but with a slightly smaller deposition area (Figure 7. 7) to prevent a direct electrical
pathway between the second layer and the substrate. After deposition, the multilayer structure was cleaned in ultrapure water and under flowing argon. The general
findings of these experiments are summarized in Table 7.1 .

Alcetate E lectrolyte
Both Cu2 0/Zn0/steel and Cu2 0/Zn0/ITO samples were prepared with the acetate electrolyte for the Cu2 0 synthesis step. Cu 2 0 layers deposited on ZnO using
this electrolyte were uniform and well-adhered, with complete coverage of the ZnO
layer. However, the reverse ordering (Zn0/Cu2 0/substrate) permutations could not
be synthesized repeatably due to inconsistent coverage.
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151 Layer

2"d Layer

Figure 7. 7: Schematic diagram of the Teflon holder used to deposit multilayer samples.
When the second layer is being deposited, the electrolyte is only in contact with the
first layer, not the original substrate.

I

Cu-based Electrolyte
acetate (acidic)
tartaric acid (alkaline)
lactic acid (alkaline)

I Cu 20/Zn0/substrate I
Cu incorporation
ZnO dissolution
ZnO dissolution

Zn0/Cu20 / substrate
could not synthesize
could not synthesize
light sensitive rectifying junction

Table 7. 1: This table summarize the results of our Zn0/Cu20 pn junction synthesis
experiments.

I- V sweeps across Cu20/Zn0/ITO and Cu 20/Zn0/steel samples exhibited nonlinear, poorly rectifying current response, counter-indicative of pn junction formation.
We suspect that this is due to copper metal incorporation within the Cu 20 layer
due to its light orange colour. By considering the Pourbaix diagram (Figure 7.3),
it is clear that copper metal formation is reasonable near the pH/ potentials where
Cu20 is formed . Indeed, previous work has found that electrodeposited Cu 20 can
include copper metal incorporation[138, 154, 155], and that the deposition of ZnO
onto Cu20 can reduce the Cu+ in Cu20 to Cu metal[94] .
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Figure 7.8: I- V sweep of an electrodeposited Zn0/Cu 2 0/steel junction. The
Cu 2 0 layer was deposited from the lactate electrolyte (pH 9) at -0.2 V, while the
ZnO layer was deposited in 0.02 M Zn(N03 )2 + 0.05 mM NaOH (pH 6.5) at -0.9 V.
Tart aric Acid E lectrolyte
Tartaric acid-based electrolytes (pH 9-12) were also used to form Cu20 layers
for Cu20/ZnOjiTO and Zn0/Cu20/steel multi-layer structures. Cu 20 could not be
deposited on ZnO using tartaric acid-based electrolytes due to ZnO dissolution. ZnO
also could not be deposited on Cu 20 synthesized in the tartaric acid electrolytes. It is
possible that the Zn2+ adlayer could not form, or that the nitrate reduction could not
occur due to some aspect of the Cu 20 crystal faces exposed to the solution. There is
also a possibility that incorporated ions from the tartaric solution could also inhibit
ZnO synthesis, although there is no evidence in the literature to support this.
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Lactic Acid Electrolyte
For Zn0/Cu 2 0 /steel multi-layers prepared using t he alkaline lactic acid electrolytes, ZnO deposits showed good coverage (approaching 100%). UV /Visible analysis of t hese structures confirmed the band gap of the ZnO layer (3.3 eV) , and this
layer was was thick enough to prevent any signal from the Cu 2 0 layer. I- V sweeps
across these samples display typical rectifying pn junction behaviour (Figure 7.8) .
Cu2 0/Zn0/steel could not be synthesized with the lactic acid electrolyte due to its
dissolut ion of ZnO. The formation of light-sensitive Zn0/Cu2 0 /substrate junctions
is contrary to the work of Akimoto et al. , who found that the Zn0/Cu2 0/metal
permutation was not reliably rectifying. They concluded that the synthesis of rectifying light-sensitive Cu 2 0/Zn0/substrate junctions was more favourable due to a
diminishing of the lattice mismatch[46].

7.3.1

Photovoltaic Responses

The light sensitivity of synthesized pn junctions were tested with both swept potential and applied bias experiments. Analyzing I- V behaviour during exposure to
light is the traditional way to calculate the efficiency of photovoltaic junctions[65].
The efficiency (77) is determined by finding the largest possible box that can be inscribed inside the "light current" I-V scan (Figure 7.9). The point (Im, Vm) that
maximizes the inscribed box is used to determine the efficiency:
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v~

light current
Figure 7.9: I- V sweeps of an ideal light sensitive pn junction. The shaded box indicates the maximum power output of the photovoltaic cell. I sc (short circuit current)
is the maximum current, and Voc (open circuit voltage) is the maximum voltage drop
that can be produced by the photovoltaic cell.

(7.4)
Here, Pm is the maximum power output

Urn Vm)

and

~n

is the power input from the

light.
Our electrosynthesized pn junctions did not show appreciable light sensitivity
in their I- V curves when exposed to room lights or white/blue LEDs. Due to a
very small short circuit current, the low signal-to-noise ratio made it impossible to
calculate an efficiency. Our efforts were impeded by a time-dependent drift in the
photo-generated current, as well as a very low light conversion efficiency.
In order to test light sensitivity, a second technique was devised to detect any
photo-generated current produced in our samples over time. A forward bias potential

r--------------------------~-- -------

116
b)

a)

~ 95
::-90
c:

L

L

L

L

~ 85
.....

8

80

30
28
26
24
22

L

L

20 ~~-+~~~~~--~

250

L

300

350

L

4oo 1g)o

200

L 1.5

L

400

300

500

1.0
0 .5
0 .0
200

250

300

Time (s)

350 400

~~~~--~~_,~--~

100

200

300

400

Time (s)

500

Figure 7.10: Current-time plot of two Zn0/Cu 2 0/steel pn junctions. At times denoted with an "L", a white/blue LED light was shone upon the sample, leading to
current increases. (c) and (d) indicate the humidity sensitive current changes by
subtracting the background drift (dashed line) from (a) and (b) , respectively.
of 1 V was applied using a stainless steel compression contact with a planar surface
area of 0.18 cm2 . The current through the junction was then recorded as a function
of time, while being periodically exposed to an incident light (a

rv

1 W white/blue

LED) . Figure 7.10 shows a light-dependent current increase (rv nA), with a time-

dep endent current drift (rv minutes) . This current drift had been observed earlier by
our group for ZnO /stainless steel[41], but its origins are unclear.
Although our junction has a low efficiency, it demonstrates a proof-of-concept for
photovoltaic response in electrodeposited Zn0/Cu 2 0 that had not been reported in
the literature prior to the start of our project. Other research groups have since published results from similar photovoltaic junctions[138, 156, 157]. ZnO / Cu2 0 solar cells
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have even been deposited with baths similar to ours with efficiencies of 0.41%[147].
Taking our work in the context of these more recent studies, the solar conversion
efficiency of electrodeposited ZnO /Cu 20 pn junctions is not competitive with other
solar cell devices such as silicon and gallium arsenide based cells[65]. While theoretical predictions of the solar conversion efficiencies of ZnO /Cu 20 photovoltaic cells are
near 18%[146], the highest efficiencies reported are for samples deposited using arc
plasma evaporation (1.52%)[158] and ZnO deposited on Cu 20 (made through high
temperature oxidation of a copper metal sheet) using an ion beam sputtering system
in conjunction with a Mg2F antirefiective coating[159]. Recent studies have linked
this low-efficiency with crystal defects at the ZnO /Cu 20 interface and within the
Cu20[147]. While no work has been performed attempting to quantify and reduce
the defect concentration of Cu20, our research of ZnO single layers (see Chapter 6) has
shown that electrodeposition can have a large effect on carrier/defect concentration.
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Chapter 8
Conclusions and Future Work

8.1

Conclusions

Originally, the goal of this thesis work was to explore the electrochemical synthesis
of Zn0/Cu 2 0 pn heterojunctions for applications in solar cells. Electrodeposition of
pn junctions was in its infancy, with most electrodeposited pn junctions using at

least one other method to synthesize one of the component layers[160]. When we first
explored the Zn0/Cu 2 0 system, we found that the rectifying characteristics of our
electrodeposited multi-layers were unexpectedly inconsistent. Careful examination of
the constituent layers indicated that there were complicated issues with conduction
through the ZnO layer that had not been previously reported in the literature. We
then focused intensely on understanding conduction to and through the ZnO layer.
My research has since made some very interesting advances in the field of electrical
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Figure 8.1: This flow chart indicates how this thesis work can influence different areas
of semiconductor and device physics. Here, we have concepts in ovals and applicable
devices are displayed within rectangular boxes.
conduction to and through ZnO/metal junctions. We were the first to report the
ability to selectively synthesize either ohmic or rectifying ZnO /metal contacts[40, 41].
This discovery has some important consequences for the use of electrodeposited ZnO
in electronic devices. The flow chart in Figure 8.1 illustrates how this discovery can
be pertinent to several areas of materials physics.
The immediate result of being able to predictably create rectifying ZnO/ substrate
junctions is the selective formation of Schottky diodes (Chapter 4, improved in Chapter 6) . ZnO Schottky diodes have recently been linked to novel optoelectronic devices such as UV emitters, UV photodetectors, photodiodes, and transparent thinfilm transistors[19, 82, 86]. This earlier ZnO Schottky diode research has used relatively expensive metals (Pd , Pt, Au, and Ag) and ultra high vacuum synthesis
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techniques[25], whereas our samples were created using multiple types of stainless
steel. The ability to cost-effectively deposit reliable Schottky diodes could have an
impact on UV range optoelectronic applications, where UHV techniques are the norm.
Another attribute of rectifying ZnO/metal junctions that is directly applicable
to device physics is its gas sensitivity[161, 162] . An important complementary concern is the effect of relative humidity sensitivity on such sensing devices. To assess
the feasibility of using ZnO-based sensors in a humid atmosphere, we studied the
humidity sensitivity of rectifying Schottky diodes. Our results indicate that the current response of rectifying ZnO /metal junctions is very dependent upon the level of
relative humidity. In Chapter 6, we cataloged the effect of relative humidity on the
functionality of ZnO/metal junctions, as well as determined a hydrophobic coating
that can be used to increase the stability of these junctions. In a natural extension
of this work, we studied the feasibility of these junctions as relative humidity sensors,
but found erratic responses at high humidities. Our studies also showed that relative
humidity has a much smaller effect on the resistance of ohmic ZnO/metal junctions.
In Chapter 5, we studied t he effect of deposition conditions on the carrier concentration of our electrodeposited ZnO/metal substrates. Our carrier concentration
studies showed that we can effectively change the carrier concentration and bandgap
of our ZnO /metal junction through manipulation of deposition potential and bulk

pH without using external dopants. This has ramifications for both Schottky and
ohmic ZnO/metal junction applications, as carrier concentration is very important to
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depletion width formation in Schottky and pn junctions. Consequently, controlling
carrier concentration can have a large impact on a variety of semiconductor applications.
Another consequence of our ohmic vs. rectifying studies is that we can also
selectively produce low-resistance ohmic ZnO/metal junctions. In particular, lowresistance connections to ZnO are important for use in semiconducting multi-layer devices where relatively high current throughput is important to their functionality[18,
43, 65]. For example, these ohmic junctions can be used when creating window layers
and pn junctions for devices such as photovoltaic cells, transistors, and varistors[22,
163]. As proof-of-concept, we explored multi-junction systems in Chapter 7. By
choosing our ZnO deposition conditions carefully, and experimenting with a range
of Cu2 0 deposition conditions, we were able to achieve light-sensitive Zn0/Cu2 0 pn
junctions.
My thesis work proves that, while controlling electronic properties of ZnO can be
very complicated, systematic synthesis-property studies yield greater control of ZnO
that aids understanding and performance of complex multi-layer systems.
I have discovered methods to control the current-voltage behaviour, carrier concentrations, and band gaps of electrodeposited ZnO/metal junctions. Even though
semiconductor research has been undertaken for well over a century, my work shows
that even well known systems can deliver surprising results if the right questions are
asked.
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8.2

Future Work

This thesis work was originally driven by the goal of creating exclusively electrochemically synthesized pn junctions. Since we started our project, this goal has been
achieved by other groups, but reported that the solar conversion efficiencies of these
junctions are not competitive with the established silicon-based solar cells[46, 147].
This difficulty highlights some of the opportunities for both electrodeposited semiconductor physics research, and device physics research in general.
One of the current drawbacks to electrodeposition can be the comparatively unorganized (rough and non-patterned) surfaces of electrodeposits. While an increase in
interface area can increase the functionality of some multi-layer semiconductor devices
(such as photovoltaic cells), it is often more beneficial to have well-characterized, lowdefect interfaces[46, 146, 147]. Consequently, it would be useful to study the effect
of deposition conditions on the level of organization of the semiconductor surface,
specifically for multi-layer systems. While the electrodeposition of "single crystal"
monolayers on single crystal substrates has been reported previously[38, 39], electrochemically synthesized deposits are often complex. By increasing the organization of
polycrystalline single layer surfaces, it may be possible to improve the performance of
multi-layered devices. For example, it has been reported that window layers with an
inverted pyramidal texture will increase the light-trapping ability of solar cells[18, 43],
and that more efficient Cu 2 0 / ZnO photovoltaic functions form because of a diminished lattice mismatch between some preferred orientat ions[46]. This is an advantage
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that high temperature/high vacuum techniques typically enjoy; the ability to grow
very well organized surface topographies on multiple substrates.
With our electrodeposition technique it is possible to make more organized thin
films. Slowing the kinetic growth rate with deposition temperature or electrolyte
concentration[59, 60] may be one way to explore less rough ZnO surfaces. It is also
possible to reduce growth along certain crystallographic directions. For example, by
adding phosphate ions that preferentially attach to some basal plane faces of ZnO it
is possible to reduce growth along the (001) direction[164]. This allows the growth of
larger (002) orientated fiat plates. Careful study of the effect of deposition deposition
morphology could lead to a better surface for pn or Schottky junctions.
Several research groups have already started interface organization research with
some systems. Recent work by John Stickney's (University of Georgia.) group on electrodeposited selenide/cha.lcogenide multi-layer systems[36] has focused on the construction of very well characterized interfaces using atomic layer electrodeposition.
Their research is a preliminary step towards using electrodeposition to create well
characterized multi-layer devices. Others have been working on the electrodeposition
of multi-layer metal and metal alloy structures synthesized on semiconductors (Si)
for use in spin-valve applications[27, 30]. This work could possibly be expanded to
include electrodeposition of the semiconductor substrate in order to tailor the electromagnetic response from spin-valves.
Similar work by Daniel Lincot's (Ecole Na.tionale Superieure de Chimie de Paris)
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group on GIGS-based (Cu(In,Ga)Se2 ) multi-layer systems, with extra CdS and ZnO
layers, has utilized mostly non-electrochemical techniques[165, 166, 167]. It could be
possible to utilize the work reported here to enhance these systems, as it may be able
to increase the efficiency of t he ZnO layers by influencing its conductance, carrier
concent ration, or band gap.
In general, there are many avenues of exploration open to materials physics researchers. Often, these avenues bridge chemistry, physics, and engineering in the
pursuit of more efficient electronic devices. While the electrodeposition of materials
for electronic devices may not hold all the answers, similar to other synthesis techniques, it is important to explore all areas of materials research in order to get the
best out of our electronic devices.
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