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ABSTRACT

Recently, ZnO has garnered widespread attention in the semiconductor com-
munity for its large set of useful properties, which include a wide bandgap and its
resulting optical transparency, a large exciton binding energy, a significant piezo-
electric response, and good electrical conductivity. In many ways, it shares many
properties with a widely used and technologically important semiconductor GaN,
which is widely used for blue LEDs and lasers. However, ZnO cannot substitute
for GaN in most optoelectronic applications, because it cannot be doped p-type.
On the other hand, unlike many traditional, covalently bonded semiconductors
like GaN, ZnO can be easily formed aqueous solutions at close to room tempera-
ture and pressure in the form oflarge crystals or a variety of nanostructures, making
possible applications that are normally very difficult with traditional semiconduc-
tors.

In thislight, we aimed to take advantage of aqueous solution-based, ZnO growth
techniques and incorporated ZnO structures novel optoelectronic and photonic
structures. By controlling the morphology of ZnO, we studied the effects of nanowire-
based ZnO/Cu,O solar cells. Carrier collection was increased using a nanowire-
based device architecture. The main result, however, was the time evolution of the
performance of these devices due to the movement of ionized defects in the ma-

terial. The effects of geometry on the ageing characteristics were studied, which

iii



Thesis advisor: Evelyn L. Hu John Hwajong Joo

showed that the carrier collection could be increased further with ageing in a nanowire
Cu, O solar cell. The aging behavior was substantially different between nanowire
and planar solar cells, which implies that future design of nanostructured solar
cells must long term aging effects. In addition to solar cells, we explored the possi-
bilities of using aqueous solution growth of ZnO to fabricated whispering gallery
mode optical cavities and waveguides for enhancing extraction from a single pho-
ton source. In both applications, we used templated growth of ZnO to fabricate
geometrically (near) perfect rods and disks for these photonics applications. Fi-
nally, since epitaxy is important in the process of optimizing device performance
and fabrication, we showed the ability to grow ZnO epitaxially on single crystalline

plates of Au, expanding the options of epitaxial substrates to include a metal.
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Introduction

When Jack Kilby[ 1] and Robert Noyce[2] separately invented the integrated cir-
cuit, it ushered in an age where millions of transistors could be made not one at a
time but millions at a time, paving the way for the basis for all modern computa-
tion. Standard photolithography became the crucial element of the manufacturing

process to make modern computer microchips, enabling us to produce computer



chips in a very similar way to the way we make books. However, for the last half
century, in the same way that books must be printed on two-dimensional sheets
of paper, the manufacturing process for computer chips often limited the design
of computer chips to two-dimensional layers. As new forms of materials synthesis
and fabrication now extend the control of structure in relevant materials to three
dimensions, the architecture of devices must still be somewhat two-dimensionally
based in order to be compatible with existing technologies and designs. Therefore,
the ability to form controlled semiconducting or conducting nanostructures, in
ways differenct from those used in the integrated circuits industry, has been criti-
cal for many new emerging technologies.

In the recent decades, the number of publications on ZnO have exploded[3].
At the same time the promises of “nanotechnology” garnered widespread atten-
tion and GaN was discovered as material for blue LEDs[ 4] and lasers[s], ZnO
nanoparticles and thin films also started to become heavily investigated as a mate-
rial to be used in optoelectronics. Better understanding of the properties of ZnO
and the increased control of ZnO structure has fueled the dramatic increase in pub-
lications related to ZnO since the 1990s. ZnO, sharing many of the desirable prop-
erties as GaN, has been investigated as a low-cost replacement to GaN[6]. ZnO,
like GaN[7], is a high bandgap material making it attractive for blue LEDs and
lasers[8]. An exciton binding energy (60 meV[8]) that is greater than the room
temperature thermal energy ( 26 meV[7]) is a major advantage of ZnO over other
materials, making it possible to create alow threshold laser. It has an internal piezo-

electric field, suitable for surface acoustic wave applications[ 9 ]. Highly conductive



ZnO can be achieved with proper doping, which has been used for creating trans-

parent electronics[ 10, 11].
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Figure 1.0.1: Number of ZnO publications by year, resulting from a search of
“Zn0O" in ISI Web of Science.[3]

Despite these attractive properties of ZnO for optoelectronic applications, ZnO
remains a low-cost alternative to the more commonly employed material, GaN.

However, ZnO cannot substitute for GaN in most applications, because it can-



not be doped p-type and remain stable[ 12 ]. Experimental reports of p-type dop-
ing usually come with the caveat that eventually the p-type doping degrades over
time[13]. Although most optoelectronic devices rely on the presence of a p-n
junction, n-type ZnO can be used creatively to form structures and devices with-
out the need for p-type ZnO, such as some of the examples previously mentioned.
While ZnO as a powder has been long used in metallurgy, medicine, and as a
pigment|[ 14], newer applications that take advantage of these newly discovered or
re-discovered properties have required ZnO to be used as a thin film. The abil-
ity to make fantastic new structures— ranging from nanowire arrays to stars and
structures resembling UFOs[15-19]~ also potentially enables even more exotic
applications. Bottom up control of thin films and these ever more complicated
nanostructures can be well-controlled, but making arbitrary structures in a well-
controlled manner while integrating them into a thin film remains a challenge.
Already, the ability to control the morphology and grain size of ZnO in thin film
form has proven to be critical to material properties and subsequent device perfor-
mance. Conduction in a thin film of ZnO is partially dependent on the grain size
of the crystals making up the thin film[20, 21]. Conduction electrons scatter off
of or get trapped at grain boundaries[21, 22], impeding current flow and acting
detrimentally on devices that depend on maximizing conduction in thin films of
ZnO. Therefore, minimizing the grain boundaries in ZnO when used as transpar-
ent conducting oxide (TCO) in solar cell, light emitting diode (LED), and display
applications is important. Control over the crystal direction in ZnO has enabled

the utilization of the piezoelectric properties of ZnO in surface acoustic wave de-



vices (SAW)[9]. Without the ability to align ZnO crystals within a thin film, de-
vices that rely on the piezoelectric response of ZnO would not be able to take full
advantage of the additive effects of multiple ZnO crystals in a thin film.

The integration of three-dimensional structures with a two-dimensional film
has been applied to varied field for improved device performance. ZnO “nan-
otips” have been used as excellent field emitters that avoid the problems of oxi-
dation and radiation damage upon continued use[23]. Nanopiezoelectric gener-
ators can convert small amounts of mechanical energy into small amounts of elec-
trical energy, making them ideal for implanted biomedical devices[24, 25]. ZnO
nanostructures have been used as sensors for gas[26], liquid chemicals[27], and
biomolecules[28-31], taking advantage of high surface area and changes in con-
ductivity or mechanical resonance when specific molecules are adsorbed on the
surface of ZnO. Furthermore, surface functionalization can tune the wettability of
ZnO nanostructures from superhydrophillic to superhydrophobic. [32]

Nanowires have also been incorporated into ZnO films for optoelectronics pur-
poses. Highly branched ZnO nanowires are used as an electrode in dye-sensitized
solar cells (DSSCs), because they provide a large surface area for dye adsorption
and direct pathways for charge transport. Still, power efficiencies of state-of-the-
art DSSCs made from ZnO nanowire arrays still lag far behind those made with
sintered TiO, nanoparticles[33 ]. Typical DSSCs use liquid electrolytes in order to
achieve these high efficiencies. The drawback is that liquid electrolytes have lower
thermal and chemical stability[23 ]. Attempts to use gel electrolytes to ameliorate

the problems of liquid electrolytes have failed due to the difficulties of effectively



impregnating a sintered nanoparticle film with viscous gels[23]. ZnO nanowire
arrays have performed better in DSSCs based on gel electrolytes, because the gel
electrolyte can more easily penetrate the straight gaps between nanowires com-
pared to the tortuous pathways found in the nanoparticle films. Thus, the spac-
ing and morphology of the ZnO nanowire film become important to the ability
to load the film with electrolyte and still maximize surface area for dye adsorption
and, therefore, solar cell performance.

ZnO nanowires have also been incorporated in GaN LEDs to increase light ex-
traction efficiency. In planar GaN LED structures, much of the light generated
is trapped within the device. Only 3.3% of the internally generated in a planar
GaN LED is extracted[34]. ZnO nanowire arrays grown on the top layer of the
LED structure can improve the extraction efficiency by increasing the roughness
on the surface of the LED, which allows much more of the light to approach the
air/LED interface with an angle that is less than the critical angle for total inter-
nal reflection[23, 34]. The thin film of ZnO that supports the nanowire array can
also be used as a current spreading layer in GaN LEDs, increasing the electrical
performance of LEDs[35].

Despite these advances in incorporating 3D ZnO structures in 2D devices to in-
crease the performance of optoelectronic devices, much more is possible. Most of
the methods to create these ZnO films and nanowire arrays have been completely
bottom-up. That is, the ZnO structure was made by atoms and molecules being
assembled to create the resulting structure. Conversely, top-down approaches re-

move material until the desired structure is obtained. The bottom-up strategy re-



duces material waste and forms structures with often atomic precision but is lim-
ited to making simple structures. Top-down processing can make complicated, ar-
bitrary structures with high precision and accuracy but can be very costly for large
area applications and can damage important parts of the material during process-
ing. By combining the bottom-up ability to alter ZnO growth and taking advantage
of the top-down capabilities that have been the foundation of silicon microelec-

tronics, new opportunities in ZnO optoelectronics can be uncovered.

1.1 STRUCTURE OF THIS WORK

This work aims to expand the capabilities of ZnO in the realm of optoelectron-
ics. Specifically, I will show how ZnO growth can be tailored by both bottom-up
and top-down techniques to achieve desired structures for some optoelectronics
applications.

In Chapter 2, I will highlight some of the important optical and electrical prop-
erties and the crystalline structure of ZnO. The basic concepts and techniques for
the synthesis of ZnO nanostructures by aqueous synthesis methods will also be
reviewed. In addition, past works on the control of ZnO growth will be reviewed.

We have already briefly reviewed how ZnO nanowire arrays have been used in
DSSCs. In Chapter 3, we will discuss how we used ZnO nanowire arrays to in-
crease the efficiency of fully solid-state solar cells, specifically for ZnO/Cu, O solar
cells. We will discuss how carrier collection increased with the incorporation of a
nanostructured interface and the problems associated with ageing that were not

as apparent in the planar version of these solar cells. The morphology and control



of morphology of the ZnO became important in being able to tune the efficiency
parameters.

In order to more fully control the morphology of ZnO growth on substrates, we
employed a combination of top-down lithographic process to template bottom-up
growth of ZnO. Chapter 4 describes effort to grow ZnO patterned polymers and
metals in order to build optical resonator structures and waveguides to enhance
single photon collection. The growth of ZnO on patterned templates was found to
depend on the type of material from which the template was made.

In Chapter 5, we describe a method to achieve epitaxial growth of ZnO on sin-
gle crystalline Au microplates and methods to change the morphology of the ZnO
film. Epitaxial films of ZnO on metal enabled the possibility of making better
electrical contacts for devices and having precise control of crystal orientation of
the grown ZnO. The quality of the interface was investigated through transmis-
sion electron microscopy (TEM) and atomic force microscopy (AFM), showing
a rough but continuous epitaxial interface with periodic line defects.

Finally, Chapter 6 offers a summary of conclusions of the accomplished work in

this thesis.



Review of ZnO properties and solution

growth

This chapter is a review of ZnO optical and electrical properties and the solution
growth of ZnO films and nanowires. We will focus on the role of surfaces on the

optical and electrical properties of ZnO. Discussion on the solution growth of ZnO



will review the chemistry of the growth process and previous epitaxial thin films
formed with ZnO grown in aqueous solutions. Finally, we end the chapter with a

review of previous works of templated ZnO growth.

2.1 CRYSTALLINE STRUCTURE

ZnO can crystallizes into two forms: the hexagonal wurtzite crystal structure and
the cubic rocksalt crystal structure. The cubic rocksalt structure is a metastable
phase andis seldom seen without high pressure synthesis orin ZnO nanocrystals| 36,
37]. The hexagonal wurtzite crystal structure belongs to the C¢, Schoenflies space
group or the P6,mc in short standard notation[6]. The hexagonal unit cell of ZnO
has lattice constants a = 0.325 nm and ¢ = 0.52 nm and consists of two interpen-
etrating close-packed hexagonal lattices. The Zn sublattice is shifted along the c-
axis from the O sublattice. Each Zn atom is surrounded by 4 O atoms in a slightly
distorted tetrahedral configuration. The Zn-O distance along the c-axis direction
(0.190nm) is slightly smaller than the other three Zn-O distances (0.198 nm)[38].
The most referenced and important surfaces of the ZnO crystal are the basal
planes (0001) and (0o01), the prism planes (10i0) and (1120), and the pyramidal
planes (1102). The basal plane is often refered to as the c-plane. The ¢ -plane refers
to the (00o01) plane, and the ¢~ -plane refers to the (0oo1). The low-index prism
planes are known as the a-plane and m-plane, and the low-index pyramidal planes
are known as the r-plane. Figure 2.1.1 shows where these low-index planes lie in

the hexagonal crystal structure.
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In the model picture of a ZnO crystal, the (0oo1) plane is composed of Zn
atoms only, while the (0oo1) plane is only composed of O atoms. The non-zero
dipole moment in the unit cell along the c-axis direction produces a diverging elec-
trostatic surface energy with increasing crystal size, creating an unstable surface[39].
Compensation of the diverging electrostatic potential is possible through the rear-
rangement of charges at the surface through a variety of mechanisms: (1) creation
of a metallic surface through surface states or excessive potential to create free car-
riers, (2) removal of surface atoms, and (3) adsorption of charge impurities at the
surface [39, 40]. All of these mechanisms have been invoked for compensating
charge on the polar surfaces of ZnO[ 40]. Regardless, the polar surface of ZnO is a
feature in the ZnO crystal structure that strongly influences electronic and piezo-

electric properties and growth behavior in ZnO.

2.2 OPTICAL PROPERTIES

ZnO has become an alternative material to GaN, because their fundamental band
gap energies are very close to each other — ZnO has a fundamental direct band
gap energy of 3.37 €V[8]; GaN’s fundmental direct band gap is 3.4 eV[7] — mak-
ing both materials suitable for UV optoelectronics devices. An advantage of ZnO
over GaN is that it has a exciton binding energy that is substantially larger than
thermal energy at room temperature. ZnO’s exciton binding energy is 60 meV[8],
while GaN’s exciton binding energy is only 18-28 meV[6]. Since thermal energy at
room temperature is 26 meV, excitons in GaN are easily dissociated by thermal en-

ergy, while excitons in ZnO can stay bound. Conseqeuently, stimulated excitonic
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emission in ZnO devices is possible at room temperature, but may be impossible
in pure GaN devices[41].

Many ZnO defects also emit in the visible wavelength range and, therefore, can
greatly influence overall emission characteristics of any forthcoming optical de-
vice. The deep level emission from these defects can be divided into emission from
extrinsic and intrinic defects. Native defects in ZnO include oxygen vacancies
(Vo), zinc vacancies (Vz,), oxygen interstitials (O;), zinc interstitials (Zn;), oxy-
gen anti-sites (O, ), and zinc anti-sites (Zno)[42, 43]. Defect complexes or clus-
ters can also form when two or more defects bind to each otherlike VoZn;[ 42, 43].
Extrinsic defects refer to defects in the crystal lattice that are the result of incorpo-
ration of an atom that is neither zinc or oxygen. Common impurities that originate
deep level emission are Li, Cu, Fe, Mn, and OH[ 42, 44, 45 .

The most common bands due to deep level emission are the green, yellow, and
red luminescence bands[42]. The green band is the most common and emits at
energies of 2.4-2.5 €V[42]. It is the most studied band and, in regards to under-
standing the origin, the most controversial. Many authors have suggested that zinc
vacancies are the single source responsible for the green band luminescence[ 46—
48]. Among the intrinsic defects in ZnO, V, has the lowest formation energy in
n-type ZnO[43]. In thermodynamic equilibrium, the concentration of point de-

fects is related to the formation energy by [43]

f
¢ = Njecex £ , (2.1)
P\ T

where c is the defect concentration, F/ is the formation energy, Ny, is the number
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of available sites where the defect can form, kg is Boltzmann’s constant, and T is
the temperature. Therefore, the concentration of Vz, should be the highest among
the intrinsic defects. Zinc vacancies occupy an energy level 0.9 eV above the va-
lence band minima, yielding emission of 2.4 eV when transitions occur between
the conduction band and the defect[43]. In positron annihiliation spectroscopy
studies, it was confirmed that zinc vacancies were the dominant defect in electron-
irradiated n-ZnO samples[ 49, 50]. Other defects including oxygen vacancies, zinc
interstitials, and extrinsic defects that include copper have also been suggested as
the source of the green luminescence band in ZnO[44, 45, 51]. There is also in-
creasing evidence that the green luminescence is located at the surface[52, 53].
The yellowluminescence band appearsat 2.2 eV. At first, it was entirely attributed
to Li dopants and impurities, which appear 0.8 eV above the valence band and are
considered deep acceptors in ZnO[ 54, 55]. However, experiments in which the
green luminescence was bleached revealed a yellow luminescence band, suggest-
ing that the yellow emission band is always present at alow density[ 45 ]. The yellow
emission observed in aqueously grown ZnO nanorods have been attributed to O;
or Li impurities[ 56]. Residual Zn(OH), groups on the surface of ZnO nanorods
have also been proposed as the source of the yellow luminescence in solution grown
ZnO nanorods| 57]. Post-annealing of the solution grown ZnO can eliminate the
yellow emission band by desorbing the OH groups on the surface of ZnO[57], al-
though eventually it canbe replaced by orange, orange-red, and red luminescence[ 57].
Orange luminescence, rarely seen in ZnO, is attributed to oxgyen interstitials[ 58].

Orange-red luminescence is attributed to zinc vacancy complexes[ 59]. Zinc inter-
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stitials are proposed to the be the origin of red luminescence[53].

2.2.1 THE SURFACE

Photoluminescence (PL) from various ZnO nanostructures results in variations
in the position and intensity of the peak. The room temperature near band-edge
PL for ZnO nanostructures has been reported at 373, 378, 380, 381, 383, 384-391,
387.5, 389, and 390 nm[60]. Time-resolved PL has shown that defect densities on
ZnO nanostructures with high surface-to-volume ratios can also be very different
from the bulk. Even when the sizes of ZnO nanostructures are larger than the Bohr
radius of ZnO[61], the critical size for the manifestation of quantum confinement
effects, a blue shift in the near band-edge luminescence can be observed in several
systems[ 19, 62, 63]. It has been proposed that the blue-shift in these systems are
the result of surface effects[60].

As mentioned earlier, the often observed green band luminescence is often at-
tributed to surface effects. In experiments with aligned ZnO nanorods, polarization-
dependent PL showed that the near band-edge emission in the UV and the green
band emission were both highly polarized[64]. The intensity of the UV emission
was maximum in the c-axis direction of the ZnO nanorod, while the green emis-
sion was minimum in the same direction. The polarization-dependent emission
provided information to identify that the green emission mostly occurs at sur-
face defects on the nanorods. Additionally, the green band could be suppressed
by coating the surface of nanostructures with a surfactant[ 65 ]. Analysis on the ra-

dius of nanowires also showed that once a nanowire becomes thin enough, the near
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band-edge emission can be completely quenched by the surface recombination[66].
Furthermore, because of the high absorption coefficient for photons in ZnO, most
excitons are generated near the surface of the material, increasing the probability
of interaction with surface defects. Consequently, surface defects are incredibly

important to the emission properties of ZnO nanostructures.

2.3 ELECTRICAL PROPERTIES

ZnO is often used as a transparent conducting oxide and in thin film transistors
because of its superior electrical properties. The mobility for single crystal ZnO
needles was first characterized by Hutson from Bell Labs in 1957 [67]. The room
temperature mobilities for his crystals with carrier concentrations lower than 10"
cm 3 were 180 cm*V ™ 's™ . Itis a testament to the high quality of crystal growth
achieved by Hutson in 1957 that the room temperature mobility of single crystal
ZnO has not improved much since then.

As doping levels in ZnO increase, scattering due to ionized impurity atoms in-
creases causes mobility to decrease. Mobility meta-data from single crystal ZnO
were collected by Ellmer as a function of carrier concentrations aslowas 10" cm ™3
in undoped ZnO to as high as 7x 10" cm ? in indium-doped ZnO (See Figure 2.6
in [21]). Scatter in the data is high between carrier concentrations between 10"
to 5 x 10" cm 3, but they range from 70-150 cm*V~'s™". The highest reported
mobilities are in the 220-225 cm*V™*s™* range. The low mobility value compared
to Si (1415 cm>V's™") or GaAs (8500 cm*V*s*)[21] is due to the strong polar

optical scattering in ZnO. The functional relationship between mobility and car-
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rier concentration can be described by the empirical equation originally derived

for silicon[68]:

PR <. <. S - S— (2.2)
m 1 + (ﬂ/”reﬁ)al 1 + (rl/;,lr'efz)a2

where ¢ is the mobility of electrons; y, is the lattice mobility at low carrier con-
centrations; y . is the ionized impurity mobility at high carrier concentrations;
(... — W, is the clustering mobility at very high carrier concentrations, n is the
carrier concentration; and a,, a,, Nrefi and Myep, Are ﬁtting parameters.

In comparison to single crystal ZnO, polycrystalline ZnO thin films have much
lower mobilities of 10 cm*V~'s™*[69]. Epitaxially grown ZnO on c-plane GaN
through aqueous solution deposition has a mobility of 70 cm*V™'s™* with a carrier
concentration of 2.3 x 10" cm?[ 3 5], which corresponds to other single crystalline
ZnO at similar carrier concentration levels. Polycrystalline ZnO grown by aque-
ous solution methods exhibits lower mobilities of 7 cm*V s ™[ 70]. The grain size
of these films plays an important role in the mobility and electrical properties of
these films, since the grain boundaries are the site of electron traps and scatter-
ing events[22]. Some authors however have reported unusually high mobilities
and low resistivities for polycrystalline films[71, 72], although the reason for these
electrical characteristics remains unclear.

The other major contributor to the conductivity of a film is the carrier con-
centration, which is determined by the effectiveness of doping of the material.
ZnO is typically unintentionally doped n-type[73, 74] and very difficult to dope

p-type[12]. Extrinsic n-type doping of ZnO by group-III elements B, Al, In, and
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Ga have been used to make degenerately doped ZnO, increasing conductivity by
orders of magnitude[60]. Currently, Al-doped ZnO is often used as a low cost
alternative to tin-doped indium oxide (ITO) for use in thin film solar cells[75].
Yet, the most important dopant in ZnO is hydrogen. Hydrogen is present in
nearly all growth processes; and due to its small size, it is incredibly difficult to iso-
late it from ZnO. While the role of hydrogen as a shallow donor was discovered
in the 1950s[76-78], the knowledge was forgotten for several decades. Instead,
intrinsic defects like oxygen vacancies and zinc interstitials[79] (and references
therein) were thought to be source of the n-type conductivity in ZnO. In 2000, van
de Walle[ 80] showed that hydrogen always acts as a shallow donor in ZnO through
a density functional theory study. In 2002, Hofmann et al.[81] confirmed exper-
imentally that hydrogen was a shallow donor in nominally undoped ZnO single
crystals using electron paramagnetic resonance and Hall measurements. In aque-
ously grown ZnO, hydrogen is readily incorporated into the lattice during growth
as residual water or Zn(OH), [57, 82]. Upon annealing at 200-250°C, trapped hy-
drogen s activated and serves as a dopant, thereby dramatically increasing the con-
ductivity of ZnO[ 83 ] in some cases so much that the conductivity rivals ITO with-
out the need for intentional extrinsic doping[35]. In some cases of doping ZnO
with hydrogen, the conductivity was observed to increase over time, although it
was attributed to chemisorption of oxygen and water at grain boundaries and sur-

faces rather than diffusion of excess hydrogen[84].
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2.3.1 THE SURFACE

The state of the surface of ZnO affects the electical transport behavior, especially
in nanostructured ZnO. The switching of the transport behavior is strongly corre-
lated to the presence of adsorbed oxygen at the surface of ZnO. A common theory
is that when oxygen molecules chemisorb onto the surface of ZnO, they capture
electrons from the lattice, depleting the surface of free electrons [0,(g) + e~ —
O; (ad)] and forming an electronic depletion layer at the surface[60]. The sur-
face depletion of free electrons decreases the surface conductivity and can dramat-
ically affect the carrier concentration in nanowires if they become fully depleted.
Furthermore, the mobility of carriers is affected by scattering and trapping by the
newly formed surface states. The surface can be restored with heating in a vac-
uum or inert gas[85], UV light exposure[86], or exposure to reductive gases, like
ethanol, H,, CO, or H,S[60, 87]. These surface treatments cause the adsorbed
oxygen molecule to desorb from the surface of the ZnO, restoring the original con-
ductivity of the surface.

However, a significant drop in conductivity due to oxygen exposure can be mea-
sured even when the thickness of the sample is much larger than the thickness of
the depletion layer. Instead, it has been proposed that a highly conducting sur-
face layer, which has a higher conductivity than the bulk, is eliminated or masked
by the presence of the adsorbed oxygen molecules[88]. The origin of the highly
conducting surface layer is not well known. It has been hypothesized that a high
density of oxygen vacancies, generated by ambient light, could create the con-

ducting layer[87]. Other pre-existing positively charged donors could be drawn
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to the surface, forming the conducting layer, by the adsorbed negatively charged
oxygen[87]. Mobile donors could be hydrogen or other group III dopants. Evi-
dence of the accumulation of group III dopants at the surface was found through
secondary ion mass spectroscopy (SIMS) [89]. X-ray photoelectron spectroscopy
and electron irradiation experiments have also demonstrated accumulation of hy-

drogen donors near the surface[90].

2.4 GROWTH OF ZNO IN AQUEOUS SOLUTION

ZnO thin films can be made through conventional thin film deposition techniques
that include magnetron sputtering[91], chemical vapor deposition[92], pulsed-
laser deposition[93 ], molecular beam epitaxy[ 94], and atomiclayer deposition[ 95 ].
Other methods not generally available to more traditional, covalently bonded, semi-
conductor materials are methods that rely on chemical reactions and solution de-
positions including spray-pyrolysis[96], electrodeposition[97], and sol-gel depo-
sition [ 98], hydrothermal deposition[99], and chemical bath deposition (CBD)[ 100].
In this section, we will describe some of the details of low temperature aqueous
ZnO synthesis. This technique shares many features with chemical bath deposi-
tion, where the desired material is deposited on a substrate via an in situ chemical
reaction typically in an aqueous solution. Unlike chemical bath deposition, this
technique does not take place in an open bath. Instead, the deposition occurs in
a closed container, in which the pressure can increase to above atmospheric pres-
sure. Under these conditions, growth is expected to proceed in a manner similar

to hydrothermal growth, where solubility of ZnO is greater and growth is typically
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slower[100].

Typically, the synthesis begins with the seeding of the substrate with nanocrys-
talline ZnO. The seed layer can be synthesized through the decomposition of a
solution deposited zinc-organic precursor[101], the solution deposition of pre-
formed ZnO nanoparticles[ 102 ], or vapor deposition. The aqueous growth step
slowly grows ZnO from a supersaturated solution onto any existing ZnO surface,
since growth of ZnO on ZnO requires a smaller driving force than either the growth
of ZnO on a foreign surface or the homogenous nucleation of ZnO in solution[ 103 ].
Growth occurs preferentially in the c-direction of ZnO, in the absence of any ad-
ditives, because the polar faces in ZnO have the highest surface energies[104]. As
a result, arrays of nanowires are formed on the substrate. The orientation of the
nanowires are subject to the orientation of the initially deposited seed layer. It is
also possible to skip the deposition of the seed layer by forcing heterogenous nu-
cleation on the substrate during the aqueous growth step[ 105 ].

The growth process is affected by the specifics of the solution, such as the choice
ofligand, pH, zinc counter-ion, ionic strength, and other parameters, like the tem-
perature, the substrate, and concentration of the zinc salt. Details of how these
can affect ZnO growth can be found in the work by Govender et al.[100] How-
ever, the general solution chemistry can be summarized. Zn*" cations are dis-
solved in an aqueous solution, which are solvated by water, resulting in aqua-ions
[Zn(OH,),]*". The aqua-ion undergoes hydrolysis, because the polarized M-
OH, bond facilitates the deprotonation of the attached water. A range of monomeric

species can exist, depending on how many waters are solvating the cation with the
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general form of [Zn(OH,),—,(OH),] =P+ also written as [M(OH),] by omit-
ting the water. Condensation reactions occur for the polynuclear species which
eventually become ZnO. The first step is called olation, where an “ol” bridge is

formed:

M—OH+ M — OH, - M — OH — M + H,O0. (2.3)

The second step is oxolation, where dehydration of the hydroxo-species results in

an “oxo” bridge:

M, — (OH), - M — 0 — M+ H,O0. (2.4)

Often, in literature, hexamine, also known as hexamethylenetetramine (HMT),
isused as a pH buffer[ 100]. Hexamine slowly decomposes into formaldehyde and
ammonia, which increases the pH of the solution, forcing hydrolysis of the aqua-
ions in solution and eventually leading to the formation of ZnO.

Ammonia also serves as a complexing ligand for Zn ions. Other ligands like
ethylenediamine and triethanolamine[ 100] have been used in ZnO growth. Richard-
son and Lange analyzed the thermodyamics of aqueous ZnO solution growth us-
ing ammonia as the ligand, because it appears to be the fundamental unit for the
other complexing ligands that are also often used[106]. They found that the zinc-
amine complex that is formed in solution causes ZnO to have retrograde solubility.
As the temperature of the solution is raised to 90°C, the solubility of the Zn ions
surprisingly decreases. As the reaction vessel is slowly heated, ZnO becomes su-

persaturated slowly and growth proceeds to alleviate the supersaturation of ZnO
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in solution.

In order to achieve thin coalesced films of ZnO, citrate is used to slow the c-axis
growth. Citrate ions bind to the (0oo1) surface of ZnO and block access to the
surface from zinc ions. As a result, increasing the concentration of citrate ions de-
creases the height-to-width ratio of the ZnO crystals that are formed[ 107]. Atvery
high citrate concentrations, layered structures form instead of monolithic ZnO pil-
lars or plates[107]. A consequence of using citrate ions at low concentration is the
ability to shape the tips of ZnO needles. Normally without the use of citrate, ZnO
needles have pointed tips. Those tips become flat with the inclusion of citrate,
which may be useful when using similar synthesis technique to make field emit-
ters, where a sharp tip is desired[108], or piezoelectric nanogenerators, where a
flat top is desired for making electrical contact[25, 109].

The ability to coalesce ZnO crystals on a substrate to make thin films has allowed
exploration into finding epitaxial relationships with some substrates. Substrates
with similar crystal structures, like c-plane GaN and (111) MgAl, O, have been
used to form epitaxial thin films of ZnO[ 35, 110-112]. Epitaxial thin films of ZnO
on c-plane GaN have been used as a current spreading layer in GaN-based LEDs,
with performance equivalent to the more expensive alternative of ITO[35, 112].
More applications for epitaxial ZnO in electronics and optoelectronics is expected
to be forthcoming.

Photolithography was also used to mask the surface of the substrate to create
lateral epitaxial overgrowth (LEO) films[113]. Similar to LEO films in GaN, the

overgrown regions had fewer dislocations than the regions grown directly from the
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substrate. Patterned growth was also possible on epitaxial films to form microrods
and microtunnels, because, unlike films seeded by randomly oriented nanocrys-
talline ZnO, the direction of vertical growth was defined by the epitaxial relation

to the substrate[114].
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Eftects of nanowire morphology on the

aging of ZnO/Cu, O solar cells

3.1 INTRODUCTION

Although invented almost 200 years ago[ 115 ], solar cells remain an attractive method

of converting solar energy into electrical energy. The problem remains that photo-
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voltaics, in their current form, are still too expensive to overthrow fossil fuels like
coal and natural gas from the dominant position that they have established them-
selves in over the last 100 years. For practical economic reasons, the figure of merit
has become Watts per dollar, in efforts to truly reflect the costs of electricity from
solar cells. The costs for solar cells have dropped in the recent years, obtaining a
cost curve similar to Moore’s Law[ 116, 117]. Still, concerns over the toxicity of
Cd[118, 119] and the material scarcity of Te[ 120] in CdTe solar cells and the high
capital costs for Si solar cells[ 121] have pushed researchers to look for alternative
materials for solar cells.

Among the materials with the highest potential for making efficient but extremely
cheap solar cells is Cu,O [122, 123]. If solar cells are to supply the energy with a
significant fraction of its energy demand, the solar cell must consist of materials
that are abundant and easy to process. A survey done by Anderson[123] (Fig-
ure 3.1.1) shows that the copper is an element that is both widely available in the
Earth’s crust and that has the established infrastructure to extract large quantities.

Cuprous oxide’s (Cu,O) non-toxic nature, its abundance, and simple process-
ing made it extremely attractive as a potential solar cell material in the 1970s and
1980s[124-128]. The theoretical maximum efficiency has been estimated to be
as high as 20%[128]. It has a direct band gap of 2.0 eV'[129, 130], making it a

good candidate for the top cell in a multijunction solar cell. However, Cu,O could

'Cu, O actually has a direct forbidden bandgap, which means that electric dipole transitions
are forbidden at the absorption edge due to parity selection rules even though the bottom of
the conduction band and top of the valence band occur at the zone center. The transition is
only disallowed at the critical k=0 point. As a result, absorption is better than indirect bandgap
semiconductor but worse than normal direct bandgap semiconductors.
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Figure 3.1.1: Metal abundance in the Earth's crust and metal use in
society.[122]

not be doped n-type, making homojunction impossible. It became clear that a
heterojunction device was necessary to maximize the potential efficiency. ZnO
became the material of choice as the n-type complement to the inherently p-type
Cu,0O[125,131-133].

The method of deposition for Cu,O has been an important factor in determin-
ing the final efficiency of the device. Cu, O can be grown using inexpensive meth-
odssuch as electrochemical deposition[ 134, 13 5], hydrothermal growth[136, 137],
chemical solution deposition[ 138], or high temperature oxidation of copper[139].
However, substantial increases in efficiency have been observed only for ZnO/Cu,O
solar cells made through the furnace oxidation of Cu. The efficiency of solar cells

made through the electrochemical deposition of Cu,O have remained low[ 140-
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144]. Smaller grain sizes, the inability to increase carrier concentration through
extrinsic dopants, and more defective interface states are all barriers for creating
high efficiency devices through electrodeposition.

Due to the lower crystalline quality and smaller diffusion length in solution de-
posited Cu, O, an effort to increase the efficiency of ZnO/Cu,O solar cells has led
to the incorporation of nanowires into the solar cell structure. Planar solar cells
must have a minority carrier diffusion length on the order of the optical absorp-
tion length if one hopes to efficiently collect most of the photoexcited carriers.
On the other hand, nanowire solar cells have shown potential in improving so-
lar cell efficiencies by enabling increased light absorption while retaining efficient
carrier collection. Using a nanowire structure, the thickness of the absorber layer
is no longer limited to the minority carrier diffusion length. The photogenerated
carriers no longer travel the same path as the incident photon. Instead, the carri-
ers have a much shorter distance to travel to reach a nanowire junction. Despite
observing increased carrier collection compared to planar structures[145-154],
efficiencies of nanowire ZnO/Cu, O solar cells are still well below the record 4%
efficient ZnO/Cu, O solar cells[155].

Many studies have drawn attention to the additional design considerations needed
for nanowire solar cells[ 146, 156-161]. Light manangement schemes may be de-
veloped by engineering the nanowire dimensions and placement within the Cu,O
matrix to increase photon absorption[ 162 ]. Musselman et al. have done consider-
able work in developing design rules for the charge transport within ZnO/Cu,O

solar cells[ 146, 161]. They found that, although the nanowires do increase charge

28



collection, the high density of nanowires inhibits the formation of the full built-in
potential, effectively restricting the open circuit voltage. The diffusion length for
Cu,O is less than 1 ym, but more than 2 ym of Cu,O are required to sustain the
full built-in potential. Additionally, the increase junction area leads to a larger leak-
age current, which can have further deleterious effects on the built-in potential. A
more detailed explanation is save for the following section.

In order to be viable as a useful solar cell, ZnO/Cu, O solar cells must also be
stable for long periods of time. While it may seem that oxides are inherently stable
in atmospheric conditions because the materials are already oxidized, oxides are fa-
mously known to have ionic conductivity and to be very sensitive to defects[163 ].
Some exploration has been done regarding the aging of ZnO/Cu,O solar cells,
however we are not aware of any studies regarding the aging of nanowire-based so-
lar cells. In the work on planar ZnO/Cu, O solar cells, persistent photoconductiv-
ity and the movement of copper vacancies in Cu, O have been investigated through
capacitance transients[164].

In this work, we created both nanowire and planar ZnO/ Cu, O solar cells through
aqueous deposition methods. ZnO deposition was controlled through solution
chemistry to yield either nanowire arrays or coalesced, polycrystalline thin films.
The relative ease of forming and controlling both structures of ZnO allowed us to
fairly compare the performance of the resulting solar cells. Furthermore, we inves-
tigated how the nanowire architecture of ZnO/Cu, O solar cells affected aging and
their performance over time. We show that the movement of copper vacancies by

the internal electric field affects the performance of nanowire solar cells very difter-
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ently from planar solar cells. We believe that the results from this relatively simple
material system helps broaden our understanding in ionic photoconductive ma-
terials, where ionized dopant atoms are not necessarily fixed in the lattice. The
results also have implications on the future design of nanowire solar cells made

from non-traditional semiconductor materials.

3.2 THEIDEAL SOLAR CELL

A solar cell is a device that creates an electrical current due to the absorption of
photons in a material. Semiconductor p-n junctions are often used to create the
driving force necessary to separate photoexcited holes and electrons. The p-njunc-
tion creates an internal electric field at the junction that drives the separation of
electrons and holes. The equilibrium band diagram is defined by the Poisson equa-
tion:

VZ(P = (3'1)

where ¢ is the electric potential, p is the charge density, and € is the permittivity of
the medium. In the depletion approximation, we assume that there are no free car-
riers within the charged regions surrounding the junction. This region, “depleted”
of majority carriers, is called the depletion region (Figure 3.2.1). As aresult of the
approximation, the potential drop is confined within the depletion region near the
junction, and the electric field vanishes to zero beyond the boundaries of the de-
pletion region, leaving the remainder of the p- and n-type regions neutral. Since

the internal electric field is confined to the depletion region, minority carriers can

30



only move outside of the depletion region through diffusion.

iregion
: ()

Distance

Figure 3.2.1: Schematic of model p-n junction. The depletion region is marked
in dashed lines. E. is the conduction band, E, is the valence band, and Ep is the
Fermi level. The red abd white circles depict an electron and hole, respectively.

In anideal solar cell, light is incident on a p-n junction. The amount of electron-

hole pairs that are created at a specific depth is described by the Beer’s Law:

I(x) = I(o)exp(—a(A)x), (3:2)

where I(x) is the intensity of light that has penetrated a distance x into the ma-
terial, I(0) is the intensity of the light incident on the material, and a(2) is the
wavelength-dependent absorption coefficient of the material. Carriers that are
generated within the depletion region are considered to be collected with 100%
efficiency. The limiting factor in the collection of all carriers is considered to be the

diffusion length of the minority carriers. If carriers cannot diffuse to the junctions
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and instead recombine, the energy from those excited carriers is lost and cannot
contribute to the energy output of the device.

A common method to evaluate the ability for the device to collect the photogen-
erated carriers is through a measurement of external quantum efficiency (EQE).
EQE is the probability that an incident photon of a certain wavelength will deliver
an electron to the external circuit. Itis determined by measuring the current gener-
ated by monochromatic light of a known intensity. EQE is a product of the photon
absorption probability and carrier collection probability.

Solar cells are often designed with a thin, heavily doped, n-type layer closer to
the surface followed by a thick, lightly doped, p-type layer. Since short wavelength
photons have high absorption coefficients in most crystalline materials, they are
absorbed near the surface of the solar cell; and since the junction is close to the
surface, carriers generated by these short wavelength photons are easily collected.
Therefore, the EQE is nearly 100% for highly efficient solar cells in the spectral
range that is above the bandgap of the material. As the absorption coefficient de-
creases for longer wavelength photons, the depth at which most of the photons are
absorbed increases. Eventually, the wavelength of light is long enough such that
most of the photons are generated beyond the depletion region and beyond the
minority carrier diffusion length. As the electron-hole pairs are generated deeper
within the device, the collection probability of the minority carriers decreases,
which causes EQE to decrease. The rate that the EQE decreases with increasing
wavelength often follows the absorption curve for the material.

The short circuit current density (J.) is the current density measured when the
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solar cell is measured in AM 1.5 light under 1 Sun illumination without an ap-
plied bias. AM 1.5 described the spectrum of light incident on the Earth’s surface
if the sun was at an angle of elevation of 42°; it is the standard for solar cell mea-
surements. 1 Sun illumination corresponds to an integrated irradiance of 1000
W/m?. ], can also be obtained by the EQE and incident spectral photon flux den-
sity, bs(E):

Je =1 [ bBIEQE(E)dE (3)

where E is the photon energy and q is the charge of an electron.

While a solar cell can be considered a current generator, we often apply a volt-
age to simulate the presence of a load. The current density vs. voltage curve then
provides information about the power efliciency of the device. The ideal p-n junc-
tion solar cell is described as an ideal p-n junction with an added photogenerated

current:

] = _]SC +]0(qu/kBT - 1)7 (34‘)

where J is the current density, ], is the saturation current density, V is the applied
voltage, kg is Boltzmann’s constant, and T is temperature.

V., along with J, is another figure of merit for solar cells, and is marked by the
voltage when zero current flows. By solving for the case of zero current, one can

find the formula for V, from the diode equation:

kgT sc
Voe = BTln (]_ + 1) ) (3-5)

where V,, is the open circuit voltage. The current densities, J. and J,, are normal-
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ized by device area projected on a 2D plane. An extra consideration for nanowire
solar cells is that the actual junction area of the device is much larger so J, is much
larger for nanowire devices, which according to the above equation, decreases V.
Fortunately, V,. only depends logarithmically on the junction area.

Power density is defined by

P=]V. (3.6)

The region of highest power density in a solar cell is marked in Figure 3.2.2 with
a star. From the diagram, one can see that the rectangle defined by the point of
maximum power (and the associated current J,,, and voltage V,, points) is smaller
than the rectangle defined by the J,. and V,.. The correction is accomodated by

another figure of merit called the fill factor,

A

FF = ,
JscVoc

(3.7)

which describes “squareness” of the curve. The overall power efficiency # of the
solar cell is described by the maximum power generated divided by the power in-

cident on the solar cell P;:

(3.8)

In terms of the solar cell’s figures of merit, the efficiency can be described as

JscVocFF
n= : (3.9)

Py
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Figure 3.2.2: Model JV curve for ideal p-n junction solar cell. The star marks
the point of maximum power.

3.3 DorinGgIN Cu,O

In this work, we control the structure of ZnO in the ZnO/Cu, O solar cell, but the
solar cell would not be possibe without the unique doping characteristics of Cu,O.
Most wide bandgap oxides are electrically insulating, but a few exhibit semicon-
ducting properties, like ZnO. An even smaller group of wide bandgap oxides are
naturally p-type semiconductors. Cu,O is the model of a p-type wide bandgap
semiconductor and, therefore, has been investigated thoroughly[165-170].
Cu, O often exists in a non-stoichiometic state. The fact that the cation, Cu™, is
futher oxidizable to Cu*" naturally leads to a cation-deficient state for the oxide.

Copper vacancies, therefore, are abundant in this material in order to compensate
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for the cation deficiency.

Raebiger et al. have studied the origins of the p-type nature and cation defi-
ciencyin Cu,O through first principles calculations[ 165 ]. They showed that Cu,O
satisfies all of the conditions for making a p-type conductor: (i) a low formation
energy for hole-producing defects, (ii) a small ionization energy for those defects
to release the holes, and (iii) a high formation energy for compensating defects.
They calculated an ionization energy of 0.28 eV above the valence band, which is
in agreement with the hole trap experimentally found at 0.28 eV above the valence
band. The potential compensating defects were oxygen vacancies and copper in-
terstitials. Oxygen vacancies have a low formation energy but are not sufficiently
stable as charged defects to fully compensate holes. Copper interstitials have a
high formation energy and, therefore, do not exist in sufficient concentrations to
compensate the copper vacancies. Thus, the copper vacancies lead to the p-type

doping in Cu,O.

3.4 PERSISTENT PHOTOCONDUCTIVITY IN CU,O

Cu,O also exhibits persistent photoconductivity (PPC). In typical semiconduc-
tors, the conductivity of the semiconductor switches to a state of increased con-
ductivity when illuminated and returns to its more insulating state when the light is
removed. Photoconductivity can be explained by the generation of excess carrier
by the incident light. Since conductivity is proportional to the concentration of
carriers, conductivity of the semiconductor increases. When the light is removed,

the carriers recombine quickly and the conductivity returns to its dark state con-
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ductivity.

When a semiconductor exhibits PPC, the switching response is much slower.
When the semiconductor is illuminated, conductivity increases for some time be-
fore it plateaus. Similarly, when the light is removed, conductivity very slowly de-
cays over a long period of time.

For many decades, the PPC in Cu, O was explained by a simple electronic model
where deep donors slowly trapped and re-emitted electrons but had a very small
capture cross section for holes[ 171-173]. As the donor states were filled by photo-
generated electrons, the conductivity slowly increased since they no longer com-
pensated the copper vacancies. When light was removed and electrons were no
longer photogenerated, the conductivity slowly decreased as trapped electrons were
emitted and again began to compensate the copper vacancies.

Recently, it was shown through a disagreement between the time constants ob-
tained through transient capacitance measurements and those calculated through
PPC decay curves (resistivity vs time) that this simple model could not be correct
[164]). A new model based on vacancy complexes was proposed[164].

In this model, the compensating donors are charged oxygen vacancies V¢, or
V. The highly mobile copper vacancies V,[174] associate with the charged
oxygen vacancies through electrostatic interactions, forming a complex W or W°
(Figure 3.4.1). W is the stable complex; W° simply dissociates again at room
temperature. When the sample is illuminated, the W captures a photogenerated
electron, becoming W°. The W° complex dissociates, increasing the acceptor den-

sity. Since V,, is extremely mobile, it diffuses in the lattice after some time and
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is redistributed away from the V that had originally captured it. When the light
is removed, V;; cannot be restored to its original oxidation state by hole capture,
because we assume that the V; energy level is below the Fermi level. This assump-
tion is supported by the calculations by Raebier et al.[ 165 ] Instead, the V, must
diffuse back to a V{; to make the W°, which can be stabilized to W with hole cap-
ture. The PPC in Cu,O can therefore be seen to be intimately connected to the

highly mobile nature of the copper vacancies.

Before illumination After illumination

Figure 3.4.1: V_, and VJOH' bind to form a complex W to prevent V, from
donating a hole to the valence band. lllumination breaks this complex apart and
the V, can migrate to contribute a hole to the valence band.

3.5 EXPERIMENTAL METHODS

3.5.1 FABRICATION OF PLANAR AND NANOWIRE SOLAR CELLS

FTO-coated glass (TEC 8 grade), purchased from Hartford Glass Co. Inc. (Hart-
ford City, IN), acted as the substrate for the solar cell. Prior to any deposition, it

was cleaned thoroughly with Alconox soap and water, rinsed with deionized water,
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and ultrasonically cleaned with deionized water, acetone, and finally isopropanol.
Cleaning the substrate was important in ensuring uniform growth of both ZnO
and Cu, O in subsequent steps. Organic material, such as fingerprints, could block
the growth and cause dewetting of solution.

A seed layer was spin-coated onto the substrate with a solution of 0.7 M zinc ac-
etate dihydrate and 0.7 M monoethanolamine in isopropanol at 3000 rpm for 45
seconds. Monoethanolamine was used to complex the zincions, increasing the sol-
ubility of zinc acetate in isopropanol, and to increase the viscosity of the solution.
The coated substrate was immediately heated to 350°C on a hotplate for 1 hour.
This annealing step ensures the oxidation of the existing zinc-organic coating into
ZnO: the organic material in the film is burned off leaving behind nanocrystalline
film of ZnO about 60 nm thick.

ZnO nanowires or ZnO thin films were then grown from the seeded substrate.
For ZnO nanowires, the growth solution consisted of 0.2 g of zinc nitrate hexahy-
drate and 1.25 mL of 15 M ammonium hydroxide in 24 mL of deionized water,
which was equivalent to 0.028 M Zn(NO, ),-6H,O and 0.75s M NH, OH. The sub-
strate was suspended with the growth-side down in a Teflon vessel to prevent un-
wanted ZnO particle from settling onto the growth face. The vessel with the so-
lution and substrate was heated to 9o°C in an oven for typically 2 hours, resulting
in nanowires that were about 2 ym tall. Longer growth times greatly increased the
length of the nanowires. Shorter wires were much more difficult to obtain, be-
cause the growth rate at the beginning of growth is very high. For example, at 1.5

hours, no growth of ZnO nanowires was observed. After the designated growth
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period, the sample was removed from the vessel and the rinsed throroughly with
deionized water.

Continuous ZnO thin films were made with procedure that is almost identical
to the procedure described for synthesizing ZnO nanowires. The growth solution
for ZnO thin films consisted of 0.2 g zinc nitrate hexahydrate, 1.25 mL of 15 M
ammonium hydroxide, and o.05 g of sodium citrate tribasic dihydrate in 24 mL of
deionized water, equivalent to 0.028 M Zn(NO,),-6H,0, 0.7s M NH,OH, and
0.008 M HOC(COONa)(CH,COONa), - 2H,O. The addition of sodium citrate
inhibited the normal c-axis growth rate of ZnO. As growth proceeded, neighboring
ZnO crystals merged together, forming a coalesced thin film. These films were
grown similarly at 9o°C, but the growth times were 4 hours or more. The typical
thicknesses of these ZnO thin films were 3-4 ym.

To increase the conductivity, ZnO was annealed and exposed to UV light, which
improved the quality and uniformity of the electrodeposited Cu, O. ZnO nanowires
or thin films were annealed at 250°C for 30 minutes. The annealing step improved
the conductivity of ZnO due to liberation of hydrogen in the remaining Zn(OH),
[83], which remains to some extent in all aqueously derived ZnO due to incom-
plete conversion to ZnO[57, 82]. Hydrogen is known to be an n-type dopant in
ZnO, and the annealing step has been observed to push the carrier concentration
to 10" cm?[83]. The UV light exposure further increased the conductivity of the
ZnO by surface modification[86] as described in Chapter 2.

Immediately following the UV light treatment, a Cu, O film was electrodeposited

onto the ZnO[135, 175-179]. The aqueous solution for Cu, O electrodeposition
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was made using 0.4 M CuSO,-sH,O and 3 M lactic acid, where pH was adjusted
to 12 using 4 M NaOH solution. The sample was suspended in this solution where
deposition occurred cathodically at 0.45 V with respect to a standard calomel elec-
trode at 60°C[175]. The sample was thoroughly washed with deionized water and
blown dry with nitrogen. Gold contact pads were deposited using an electron

beam evaporator through a shadow mask with areas of 0.2 cm* each.

3.5.2 CHARACTERIZATION OF SOLAR CELLS

Current density-voltage (J-V) measurements were taken with a Keithley 2636A
by sweeping voltage from -1V to 1V. Current-time measurements were also taken
with the Keithley 2636A by applying a 1V bias and measuring current over time
under different illumination conditions. For measurements under illumination, a
300 W mercury xenon arc lamp with a AM 1.5 global filter was used at an illumina-
tion intensity of 100 mW/cm?*. EQE measurements were completed using a New-
port Merlin digital lock-in radiometry system with the 300 W mercury xenon arc
lamp focused on a Newport Cornerstone 260 monochromator with appropriate
bandpass filters and chopper. A calibrated UV Si photodetector (Newport) was
used to measure the intensity of the incident light for EQE measurements. The

EQE scan rate was 1 nm/sec.
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3.6 CROSS-SECTIONAL STRUCTURE OF NANOWIRE AND PLANAR SO-

LAR CELLS

Cross-sectional scanning electron microscopy confirmed the architectures of the
planar and nanowire ZnO/Cu, O solar cells (Figure 3.6.1). The interface of the pla-
nar solar cell was slightly rough since the ZnO was polycrystalline and each colum-
nar crystal was oriented slightly differently with respect to the substrate (Figure
3.6.1a). In the nanowire solar cell, nanowires grew initially in random directions,
but the fast c-axis growth eliminated nanowires that did not grow vertically (Figure
3.6.1b). Therefore, the aggregate structure was much more chaotic near the sub-
trate compared to the tops of the nanowires, where they were nearly completely
vertically oriented. The cross-sectional view also showed that the ZnO nanowires
were completely encased in the Cu,O matrix (Figure 3.6.2). Due to the violent
nature of the cleaving process, which was necessary to create the cross-section
of the sample, some ZnO nanowires were pulled out. Impressions of the ZnO
nanowires indicated intimate contact with the Cu,O and complete filling of the

space between nanowires with the electrodeposited Cu,O.

3.7 NANOWIRE GEOMETRY INCREASES CARRIER COLLECTION

We confirmed through J-V measurements and EQE measurements that carrier col-
lection was improved through the incorporation of ZnO nanowires. In the com-

parison of the J-V plots between solar cells made with planar and nanowire mor-
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Figure 3.6.1: Cross-sectional SEM micrographs compare the microstructure of
(a) the planar ZnO/Cu,O solar cell and (b) the nanowire ZnO/Cu,O solar cell.
Scale bars = 3 ym and 1 ym, respectively.

Figure 3.6.2: High magnification, cross-sectional, SEM micrograph of a
nanowire ZnO/Cu,O solar cell, showing the impression of ZnO nanowires in
the Cu,O matrix after pull out. Several of the many nanowire impressions have
been highlighted. Scale bar = 300 nm.
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phology (Figure 3.7.1), short circuit current J;. was markedly increased in solar
cells with nanowire architecture. However, the open circuit voltage V,. roughly
stayed the same or even decreased with the incorporation of nanowires. The mech-
anism for the decrease in V. for nanowire solar cells was explained in the "Ideal
Solar Cell” section.

EQE measurements confirmed that the increased J,. was due to the increased
collection efficiency for carrier generated deep in the material by long wavelength
photons. A comparison of EQE between the planar and the nanowire solar cells
(Figure 3.7.2d) showed the difference in carrier collection for longer wavelength
photons. Figure 3.7.2a,b show how the planar and the nanowire structure col-
lect carriers differently, which affects the resulting EQE. For the planar solar cell,
the drift-diffusion length (L4y) must be greater than the absorption length (a;) in
Cu, O for eflicient collection. EQE measurements of the planar solar cells followed
this general explanation. Short wavelength photons with energies greater than the
bandgap of ZnO were all fully absorbed in the ZnO and did not contribute to pho-
tocurrent in the Cu,O. These carriers were not generated close enough to the in-
terface of ZnO and Cu, O to be separated by the internal electric field. For photons
in the 375 - 500 nm range, the absorption length[ 130] isless than the minority car-
rier drift-diffusion length in Cu, O, which has been measured to be 200 nm[161].
Figure 3.7.2¢,d shows how the carriers generated by these photons have a high
EQE and how the EQE saturates in this wavelength range. For longer wavelength
photons, the absorption length is longer than the minority carrier drift-diffusion

length, and so the EQE decreased to nearly zero in these wavelength ranges, even
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for photons with energies above the bandgap of Cu, O. In contrast, the EQE mea-
surements for the nanowire solar cell did not show the same limitations of carrier
collection as a function of absorption length (Figure 3.7.2d). EQE was increased
for long wavelength photons in nanowire solar cells. Even though the absorption
length was much larger in the 500 - 650 nm range, EQE remained high in this re-
gion. Thus, we showed that the incorporation of nanowires in the solar cell in-
creased the collection of carriers generated by photons with an absorption length

longer than the L.
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Figure 3.7.1: Current density - voltage comparison between nanowire and pla-
nar ZnO/Cu,O solar cell geometries.
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Figure 3.7.2: The conflict between minority carrier drift-diffusion length (L4g4)

and photon absorption length (az) in comparing EQE

for planar and nanowire

solar cells. a) In a planar solar cell, carriers are not collected, where ar, > L4,
since path of the photon and the minority carrier are in the same direction. b)
In a nanowire solar cell, carriers can be collected, where ap > Lg4, since path of
the photon and the minority carrier are in orthogonal directions. c) Absorption
length[130] in Cu,O and AM 1.5 solar irradiance. Critical wavelength ranges are

delineated. d) EQE of planar vs. nanowire solar cell.
cell is increased for wavelengths where a; > Lyg.
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3.8 EFFECTS OF PERSISTENT PHOTOCONDUCTIVITY

During J-V and EQE testing of many devices, it was noted that the performance of
the devices depended on the history of the device. For example, the typical order
of testing the J-V characteristics of these devices after being made was to test all of
the devicesin the dark, thenilluminate and testin AM 1.5, 1 Sun illumination, then
test again in the dark. The two J-V plots in the dark were always markedly different
(Figure 3.8.1). Prior to illumination, rectification was extremely poor, if there was
rectification at all. After illumination, the devices that generated photocurrent all

displayed much better rectification.
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Figure 3.8.1: J-V plot of nanowire ZnO/Cu,O solar cell. Prior light exposure to
the solar cell made the diode more rectifying in the dark. Inset shows a semilog
plot of the J-V plot, showing the different degrees of rectification.

The cause of this history-dependent behavior was traced back to the persistent
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photoconductivity in Cu,O. While ZnO has also been reported to display per-
sistent photoconductivity (PPC), the mechanism has always been traced back to
surface-related phenomena[ 60, 87]. In the case of ZnO/Cu, O solar cells, the ZnO
interfaces were buried. With buried interfaces, the PPC effects have been shown to
decrease dramatically in ZnO[180]. On the other hand, PPC effect in Cu,O were
due to long-lived trap states that reside throughout the volume of the material as
discussed earlier in this chapter[164, 171-173].

To further study the persistent photoconductivity, we monitored the EQE over
time. The solar cells were initially illuminated with AM 1.5 light for § minutes to set
the solar cell in the photoconductive state. Unlike other semiconductors that do
not display PPC, Cu, O remained in the photoconductive state after illumination
ceased. EQE measurements were then taken periodically in the dark. During the
EQE measurement, a spectrum of monochromatic light must shine on the sam-
ple. However, the intensity of the monochromatic light, that is a part of the EQE
measurement, is low compared to the AM 1.5 illumination. Slowly, the photocon-
ductive Cu,O reverted to its more insulating state. As carrier density decreased,
the series resistance in the solar cell decreased, accompanied by a general decrease
in EQE (Figure 3.8.2). Since the decay in EQE was related to PPC, a bulk prop-
erty, the decay in EQE was not selective to any particular wavelength, i.e,, EQE
decayed for all wavelengths.

Another method by which PPC was observed was through current-time mea-
surements. Here, the solar cell was pre-illuminated for 5 minutes under 1V bias.

The current decay was monitored after the illumination ceased (Figure 3.8.3). The
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Figure 3.8.2: EQE decay over time of ZnO/Cu,O nanowire solar cell. (b) shows
the magnified version of the highlighted box in (a). EQE intensity in units of
percent.

decayin the current was faster than the EQE decay, because the device remained in
the dark during the measurement period for current. However, even after 5 hours,
the current was still decaying to the insulating state, the state of the device before
any illumination. The EQE measurement, on the other hand, required low inten-
sity, monochromatic light to be incident on the device to measure photocurrent,
which decreased the rate of decay. Both measurement techniques showed that the
devices displayed characteristics of PPC.

An important caveat to PPC decay is that charging the device to be in the fully
photoconductive state also takes time[172, 173]. Measurements of current vs.
time under a 2V bias and illumination showed that the device took more than 1
hour to become fully charged (Figure 3.8.4).

There are better methods of measuring PPC, such as Hall measurements[164]

and resistivity of a thin film of Cu, O with semi-transparent Ohmic contacts[172].
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Figure 3.8.3: The decay of measured current on ZnO/Cu,O with the applica-
tion of 1V bias. The slow decay of current is observed after the initial illumination
was turned off.
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Figure 3.8.4: The measured current with the application of 2V bias slowly
increased in the ZnO/Cu,O solar cell under illumination.
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However, these methods were not possible with these electrodeposited samples.
Hall measurements required the Cu,O to be separated from the conducting sub-
strate. Although there were reports of separating the thin film from the conducting
substrate though thermal or mechanical shock[ 181, 182], we were unable to sepa-
rate the substrate and thin film and process it without inducing a network of cracks
in the Cu, O thin film (Figure 3.8.5). The cracking rendered the thin film too insu-
lating to measure through Hall measurements. Measuring resistivity of thin films
of Cu, O was also difficult due to the insulating nature of electrodeposited Cu,O.
Prior reports measuring resistivity through semi-transparent Ohmic contacts used
single crystal Cu,O[172]. Electrodeposited Cu,O was polycrystalline and much

more insulating[182].

Figure 3.8.5: Picture of the cracks that formed after processing in electrode-
posited Cu,O films that had been separated from the substrate. Scale bar =
Imm.
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3.9 EQE SHIFTS DUE TO DOPANT MIGRATION

Given these short-term changes in the electrical characteristics of the solar cell due
to PPC, alonger time frame was studied with EQE measurements. These measure-
ments started with the solar cell illuminated for 30 minutes before the first EQE
measurement took place. During the actual EQE measurement, the device was
only exposed to the monochromatic light that was used to measure EQE. Each scan
took about 8 minutes. For the 30 minutes between each scan, the devices were il-
luminated with light. Both planar and nanowire solar cells were measured. The
results show that over long periods of time, the EQE decreases as the devices age
(Figure 3.9.1). Another striking feature was the leftward shift in the color bands
during the first 5 hours of the measurement. EQE plots are typically characterized
by a plateau, where the EQE is highest due to the wavelength of light being long
enough to pass through the window layer (ZnO in our case) but short enough to
be absorbed by the absorber layer (Cu,O). The shift in the color bands indicated
that this plateau was shifting toward higher energy regions. The shift was more
markedly seen in the EQE for flat solar cells. The major difference between the
two types of devices was that, for the nanowire solar cells, the shift was accompa-
nied by a rightward shift at longer wavelength. This shift continued well past the
first 5 hours. The end result of these two effects is that for nanowire solar cells the
total plateau becomes wider as the solar cell ages.

In Figure 3.9.2, we plotted each EQE spectrum as a change from the first EQE

spectrum. The changes in the EQE spectrum are easier to see. For the planar
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Figure 3.9.1: EQE shifts over time while under illumination for a) planar
Zn0/Cu,0 solar cell and b) nanowire ZnO/Cu,O solar cell. Colormap is in
units of percent EQE. Dashed rectangles (1 in a and 2 in b) highlight the areas
of changing EQE.

solar cell (Figure 3.9.2a), EQE increases just beyond the bandgap of ZnO. For
wavelengths beyond this narrow wavelength range of increasing EQE, the EQE
decreases substantially over time. Figure 3.9.2b shows the changes in EQE for the
nanowire solar cell. Similar to the planar solar cell, the EQE increases in the region
just below the ZnO bandgap and decreases in the region up to soo nm. Unlike the
planar solar cell, the EQE increases for much longer wavelengths in the region of
500 - 600 nm. The reasons for these changes will be explained in the following
sections.

As previously discussed in the PPC section, the EQE evolution over time in
the dark was different from the EQE evolution in the light. Figure 3.8.2 showed
the EQE evolution over time in the dark after the initial illumination to light was
turned off. As these solar cells aged in the dark, the EQE measurements did not

indicate any shifting of the color bands. The boundaries of the plateau remained at
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Figure 3.9.2: Change in EQE under illumination for a) planar ZnO/Cu,O solar
cell and b) nanowire ZnO/Cu,O solar cell.

the same wavelengths as in the beginning of the aging process (Figure 3.9.3).

3.9.1 THEIDEA

A typical assumption in semiconductor p-n junctions is that the ionized donors
and acceptors, residing in the depletion region, are immobile even though the elec-
trons or holes that they donate to the lattice are mobile. The mobile holes in the
p-type region near the interface diffuse across the junction to the n-type region,
and similarly, the mobile electrons from the n-type region near the interface dif-
fuse across the junction to the p-type region. As the diffusion is occurring, the
ionized acceptors and donors are assumed to not move and therefore constitute
an electric field, establishing a potential difference to prevent more mobile holes
and electrons from diffusing across the electric field.

The immovable nature of these ionized acceptors and donors appears not to
hold true for the ZnO/Cu, O solar cells studied here. Since the typical p-n junc-

tion in often modelled in silicon, this assumption is usually a very good approx-
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Figure 3.9.3: Selected EQE plots of ZnO/Cu,O nanowire solar cell after ceasing
initial illumination. EQE was measured after the specified time. EQE decayed
very slowly over time after initial illumination was turned off.

imation of reality. The diffusion coefficients for typical silicon dopants residing
in the silicon lattice are exceedingly small at room temperature[183]. However,
the same is not true for other materials like Cu, O and ZnO. The diffusion of free
electrons and holes is still much faster than the diffusion of ionized donors and ac-
ceptors. Therefore, an electric field still forms due to the equilibration of holes and
electrons. The electric field that is set up by these ionized donors and acceptors,
though, now begins to act on the slightly mobile ionized donors and acceptors.
In Cu,O, the ionized acceptors are copper vacancies. In ZnO, the ionized donors
are hydrogen atoms. The motion of these ionized acceptors and donors can cause
changes to the electric potential profile of the device.

The movement of native point defects by an internal electric field has some

precedence. Aluminum and gallium vacancies in AlIGaN high electron mobility
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transistors have been shown to move in regions of very high electric fields ( 10
MV/cm)[184]. Inaddition, native defects in ZnO have also previously been shown
to massively redistribute near the surface, resulting in unexpected Schottky barrier
heights[ 185, 186].

In solar cells, changes in the width of the depletion region and the electric field
will cause changes in how effectively the charges generated at different positions in
the device will be collected. Carriers are collected through a combination of drift
and diffusion. Diftusion lengths are only a function of concentration gradient and
quality of the material. We normally assume for Si p-n junction solar cells that the
diffusion length limits carrier collection. Once the minority carrier crosses into the
depletion region, we assume that the electric field is sufficient to sweep all carriers
away. So, a larger depletion region will increase the collection efficiency of charge
carriers generated deeper in the solar cell. However, in a case for very lightly doped
materials, the electric field in the depletion region can be insufficient to sweep away

minority carriers before recombination. A drift length can be defined:

L = yﬁf, (3.10)

where y is the mobility of the carrier, E is the electric field, and 7 is the lifetime of
the carrier. Therefore, a combination of drift and diffusion lengths L, is the more
realistic limit to the length that minority carriers can travel before recombination.
The Lyy and therefore the probability of carrier collection also a function of the
electric field.

Like the drift-diffusion equations that govern the transport behavior of free elec-
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trons and holes, drift-diffusion equations can be applied to the mobile, ionized ac-

ceptors and donors:

g—; =V- (DVc)—V-(cyE)-i—R, (3.11)

where cis the concentration of the ionized acceptor or donor, tis time, D is the dif-
fusion coefficient of the ionized species, y is the mobility of the ionized species, E
is the electric field and R is the rate of defect compensation. The drift component
is found to dominate the motion of these ionized species initially. The diffusion
component remains negligible until the driving force for diffusion, the concentra-
tion gradient, becomes appreciable due to the redistribution of the ionized species
by the electric field.

The distance that anionized defect, such as anionized copper vacancy, can move

in the depletion region in a specified period of time can be calculated. The velocity

of theionized defects is dependent on the mobility of the defects, y and the electric

field, E:

v = ukE, (3.12)

where y can be found from the diffusion coefficient from the Einstein relation:

U= kB_T’ (3.13)

where kg is Boltzmann’s constant. The electric field profile can be calculated from

the Poisson equation if the charge profile is known. Assuming an initially constant
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charge profile within the depletion region,

- X
V:#EZHP , (3.14)

&g

where p is the charge density, x is position with x=0 at the edge of the depletion
region, and ¢, is the relative dielectric constant of the material and ¢, is the permit-
tivity of free space. By making the naive assumption that the electric field does not
change as the defects move, an assumption that is later removed, we can find how

far a defect moves within a period of time:

_dx _ p
T £,sox (3-15)

“dx " up
== dt (3.16)

x X t, Erfo
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Since only the ionized defects move under the influence of the electric field, a re-
gion consisting of fewer defects is created near the edge of the depletion region.
This region is called the highly compensated region by Mittiga et al.[ 164]

In the Cu,0/ZnO system, the copper vacancies and hydrogen interstitials drift
towards each other to the interface. Two types of boundary conditions are possi-
ble at the interface of ZnO and Cu, O. In the first case, the hydrogen from the ZnO

and copper vacancies from the Cu, O are allowed to interact with each other. With
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the confluence of the two ionized species, the mobile donor and acceptors com-
pensate each other at the interface and the concentrations of both species are zero
at the boundary. As donors and acceptors are removed from the system near the
interface, the depletion region increases but the electric field decreases. In the sec-
ond case, the flux of hydrogen and copper vacancies across the boundary is zero.
Copper vacancies in the depletion region accumulate in a thin layer near the in-
terface, draining the rest of the depletion region of copper vacancies. In the thin
layer of copper vacancy accumulation near the interface, the electric field can be
greatly increased. In the region of the depletion region that has been drained of
copper vacancies, the electric field becomes much smaller. Overall, the depletion
region is also increased. Regardless of which boundary condition is present, the
PPC eftects of Cu, O also result in more ionized acceptors with some exposure to
light. Therefore, the effects of mobile, ionized, copper vacancies in Cu, O are much

more evident under the exposure of light.

3.9.2 MUTUAL COMPENSATION OF MIGRATING, CHARGED DEFECTS

Based on literature values of ZnO and Cu,O prepared by similar methods, car-
rier densities of 10" cm ™ and 10'* were used, respectively[35, 182]. Figure 3.9.4
shows the doping density and the calculated charge profile, electric field profile,
and band diagram for a device where the doping density is constant in each ma-
terial. Because the ZnO is so heavily doped compared to the Cu,O, the depletion
region in the ZnO is extremely thin and confined very close to the interface. The

ionized hydrogen donors in the ZnO can therefore easily diffuse or drift across
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the interface into the Cu,O and compensate the acceptors that also cluster at the
interface[ 187]. In fact, hydrogen has been used by others to passivate the surface
and grain boundaries of Cu,O[188, 189]. The compensation of the copper vacan-
cies at the interface by hydrogen would imply that a build-up of copper vacancies
would not occur at the interface. Rather, the concentration of copper vacancies
would be fixed at zero at the interface.

As explained in the previous section, ionized copper vacancies move under the
influence of the internal electric field. If the copper vacancies are compensated by
the hydrogen in the ZnO at the interface, then accumulation of the copper vacan-
cies will not occur. A cartoon version of this process can be seen in Figure 3.9.5. In
this cartoon version, the depletion approximation is used, making the distribution
of charged vacancies uniform within the depletion width. We also assumed that
the electric field that was applied to the ionized copper vacancies was uniform, re-
sulting in a simple translation in the ionized copper vacancy distribution. As seen
in the middle panel of Figure 3.9.5, the movement of the charged vacancies results
in a region without any copper vacancies near the edge of the depletion region.
In order to drop the same built-in voltage, defined by the difference in work func-
tion of the Cu, O and the ZnO and proportional to the area under the electric field
profile, the electric field must be extended beyond the original depletion region.
Thus, within these approximations and assumptions, the depletion region is ex-
tended when ionized copper vacancies move toward the ZnO/Cu, O interface.

Similarly, when the depletion approximation is not used and diffusion is allowed
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Figure 3.9.4: Initial condition of the simulated ZnO/Cu,O solar cell. The
interface between ZnO and Cu,O is at 2 ym. The ZnO is on the left side of
the interface and the Cu,O is on the right. a)Doping density of the Cu,O. b)
Charge density. c) Electric field. d) Energy band diagram. Note: The solution
to the electric field profile is numerically unstable very close the interface. The
dashed line depicts the expected electric field profile near the interface in the
Cu,0. The charge density and the electric field of the ZnO has been cropped
and is not fully depicted.

61



--- @t=0
— @ t>0

ionized dopant density

doping density

Electric field

Figure 3.9.5: Schematic of how ionized copper vacancies move under the
electric field. The ZnO/Cu,O interface resides at x = 2um. Top panel: plot
showing the movement of the ionized copper vacancies assuming a uniform
electric field and the depletion approximation. The ionized copper vacancies
have moved uniformly to the left. Middle panel: plot showing the change in
the distribution of the ionized copper vacancies within the Cu,O. Bottom panel:
plot showing the change in the electric field and the depletion width due to the
changing distribution of the copper vacancies.
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the depletion, a region forms near the edge of the depletion region with fewer cop-
per vacancies, increasing the extent of the depletion region. Eventually, this region
with fewer copper vacancies expands to encompass the entire depletion region.
The depletion region as seen in Figure 3.9.6 expands well beyond the original de-
pletion region after long time periods. The longer depletion region can increase
the collection efficiency for carriers generated farther away from the ZnO/Cu,O

interface.

3.9.3 ACCUMULATION OF CHARGE AT THE INTERFACE

The opposite case is where there is no compensation of the defects at the interface,
and the copper vacancies are allowed to accumulate at the interface. Similar to the
previous case, a region that is depleted of ionized copper vacancies is created at the
edge of the original depletion region. The ionized copper defects at the edge of the
original depletion region encounter sufficient electric field to move them toward
the interface. The diffusion of the nearby copper vacancies is still too slow to fill in
the region. However, unlike the previous case, a region with a high concentration
of copper vacancies forms near the interface. Because there is back diffusion, the
high concentration region will have a finite thickness. (Unfortunately, the motion
and accumulation of ionized copper vacancies could not be simulated due to insta-
bilities brought by the abruptness of the interface and the highly non-linear nature
of the governing equations[190].)

We simulated a cartoon depiction of distribution of ionized copper vacancies

after some period of time (Figure 3.9.7). Similar to the previous case, we assumed
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Figure 3.9.6: Simulation shows the resulting (a) copper vacancy density, (b)
ionized copper density, (c) electric field, and (d) potential profiles with the
assumption that all copper vacancies at the ZnO/Cu,O interface will be com-
pensated. Each line represents the state of the device progressing in time with
an interval of 4.3 hours. The arrows show the trends as time proceeds.
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that the electric field that drove the ionized copper vacancies was constant in the
depletion region and that diffusion of the copper vacancies was negligible in the
driving of the copper vacancies. The number of ionized copper vacancies is con-
served and the flux of copper vacancies across the ZnO/Cu,O interface is zero.
The depletion region in the Cu, O is slightly more than 2 ym wide, so the ionized
copper vacancies residing in the final 1.5 ym of the depletion region were moved
to a region soo nm wide adjacent to the interface. Since the number of ionized
copper vacancies was conserved, the concentration added to the 500 nm region
was 1X10°°m 3 .1.5x10 °m/500x10 °m = 3x10*°m 3.

While the band diagram was not affected very much by the dramatic redistri-
bution of the ionized copper vacancies, the electric field profile changed dramati-
cally. The maximum of the electric field within the Cu, O region increased in order
to satisfy the V;; requirement set by the difference in ZnO and Cu,O work func-
tions. The accumulation of charge at the interface makes the electric field decrease
much faster near the interface. Therefore, to conserve the area under the electric
field profile (which equals Vy;), the maximum electric field at the interface must
increase and the depletion region must also increase. With passing time, (1) the
accumulation of the ionized copper vacancies increases, (2) the electric field near
the interface increases, (3) the band bending near the interface increases, (4) the
depletion width increases, and (5) the field within the depletion width that is not
in the accumulation layer decreases. Eventually, the voltage on the Cu, O side will
effectively all be dropped in the thin accumulation layer, and the field outside of

the accumulation layer will be zero.
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Figure 3.9.7: Effect of the accumulation of ionized copper vacancies near the
interface due to drift. (a) Copper vacancy density, (b) ionized copper density,
(c) electric field, and (d) energy band diagram with the assumption that all
copper vacancies at the ZnO/Cu,O interface will accumulate.
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While we have presented two extreme cases for movement of ionized copper
vacancies near the ZnO/Cu,O junction, the most likely case is a combination of
both. In the following sections, we will discuss how the experimental data show
evidence of both accumulation and compensation of ionized copper vacancies at

the interface.

3.9.4 BLUE sHIFT IN THE EQE AT SHORT TIMES

In typical silicon pn junction solar cells, it is assumed that all minority carriers gen-
erated within the depletion width of the junction and the a minority carrier diffu-
sion length away form the junction for both p- and n-type regions are collected.
The electric field within the depletion region is assumed to be strong enough that
all minority carriers that reach this region are instantaneously swept away. The
limiting factor for carrier collection is considered the diffusion of the minority car-
riers. Carriers within a minority carrier diffusion length of the depletion region are
considered to be collected, because they are considered to have enough mobility
and time to meander to the junction before they recombine.

Recently, it was shown by Musselman et al.[ 146, 161] that in the ZnO/Cu,O
system, we have to consider both the drift and diffusion length of minority carriers
in the Cu,O. They calculated using the drift diffusion model that the drift length
Lgrire was 110 nm and the diffusion length Ly was 100 nm in electrodeposited
Cu,O[161]. Although these values are only estimates, the fact that the drift length
is smaller than the depletion width (2.7um in their case) implies that recombina-

tion within the depletion width is an important issue[161].
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The drift length is proportional to the electric field and the minority carrier life-

time. The drift length can be calculated by the following equation:

Ldriﬂ = yET, (3.18)

where y is the minority carrier mobility, E is the electric field, 7 is the minority car-
rier lifetime. Higher electric field values can increase the drift length and thereby
increase the probability of carrier collection from the region with the higher mag-
nitude of the electric field. We believe that the blue shift of the EQE in the first
s hours of light exposure (Figure 3.9.1 and 3.9.2) appearing for both planar and
nanowire geometry solar cells is a result of higher electric field near the interface
due to the accumulation of ionized copper vacancies. The creation of this accu-
mulation layer close to the interface increases the probability of carrier collection
within this layer. Since the layer is very close to the interface, short wavelength
photons, photons with energies just below the absorption edge of ZnO, will be
absorbed in this layer. From the toy model in the previous section, we can see that
the result of copper vacancy accumulation was also a decrease in electric field in
the region beyond the accumulation layer. Minority carriers that were generated
by longer wavelength photon, that were previously collected by the electric field,
no longer are able to drift to the interface for carrier collection. As aresult, the EQE
decreases for low energy photons and increases for high energy photons (Figure
3.9.2), manifesting in a blue-shift of the EQE curve (Figure 3.9.1).

As seen in Figure 3.7.2, the absorption length is directly correlated to the wave-

length of incident light, so an EQE measurement can be used to measure the car-
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rier collection efficiency as a function of depth in the Cu,O. For depths with an
increased copper vacancy concentration, the electric field and carrier collection
efficiency are increased. For depths with a decreased copper vacancy concentra-
tion, the electric field and carrier collection efficiency are decreased. Therefore, the
change in EQE can be seen a depth profile for the change in the copper vacancy
distribution, which is evidenced by the similarity in Figure 3.9.2a and the copper
vacancy density profile after accumulation in Figure 3.9.7.

For the planar solar cell, the changes in copper vacancy distribution occur evenly
everywhere along the interface. In contrast, we believe that this initial change in
copper vacancy redistribution is due to only an accumulation at the tips of the
nanowires. Between nanowires, the Cu,O is completely depleted and lacks the
strong electric field needed to cause the drift of ionized copper vacancies (Figure
3.9.8). At the tips of the nanowire, the Cu, O extends enough to sustain the full Vy,
with a full depletion layer. The electric field in this depletion layer can move the
ionized copper vacancies to accumulate at the tips of the ZnO nanowires.

After s hours, the shifting ceases in both planar and nanowire solar cells. From
our model, both drift and diffusion of ionized copper vacancies take place. After
sufficient accumulation of copper vacancies at the interface, the concentration gra-
dient becomes large and begins to drive back diffusion at a similar rate to the drift
of ionized copper vacancies. Another possibility is that some compensation from
the hydrogen defects in ZnO could be slowly eliminating the accumulated copper
vacancies. Either case or a combination of both effects could result in a steady state

of accumulated ionized copper vacancies at the interface.
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Figure 3.9.8: 2D simulation of the conduction band for a nanowire ZnO/Cu,O
junction. The lines represent the moving front of the high electric field region
as copper vacancies move to the region between nanowires.
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3.9.5 RED SHIFT OF THE EQE AT LONG TIMES IN NANOWIRE SOLAR CELLS

In the previous section, we considered the accumulation of ionized copper vacan-
ciesin the short time regime (< 6 hours). For planar solar cells, a quasi-steady state
is reached. Figure 3.9.1 showed that EQE did not change much for the planar so-
lar cell after 5 hours. On the other hand, the EQE in the long wavelength regime
continues to evolve in the nanowire solar cell.

As previously mentioned, the region between the nanowires is completely de-
pleted initially. From Figure 3.9.8, it appears that the effect of the nanowires on
the energy band profile is merely smeared out over the nanowires. In other words,
a minority carrier, generated in a region above the nanowires, would not feel any
effect of the nanowires. Still, diffusion of minority carriers leads to the charge sepa-
ration between nanowires at the type IT heterojunction interface of ZnO and Cu, O
despite the lack of electric field in the region between nanowires.

However, after the drift of ionized copper vacancies causes accumulation near
the tip of the nanowires, the redistributed electric field is closer to the nanowires.
The electric field is no longer smeared out over the nanowires but instead begins
to conform to the outline of the nanowires and causes drift of ionized copper va-
cancies into the region between nanowires. As a result, the region of Cu,O be-
tween ZnO nanowires slowly becomes rich with ionized copper vacancies. The
electric field increases along the full length of the nanowire. Thus, minority car-
riers generated by lower energy photons in this region of enhanced electric field
between the nanowires have a greater probability of being collected. The higher

collection probability is manifested by the slowly increasing EQE in the high wave-
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length regime (Figure 3.9.2b), which appears as a red shift in the EQE for nanowire

solar cells (Figure 3.9.1b).

3.9.6 LAcCk OF SHIFTING EQE WHEN LIGHT IS OFF

The shifts in EQE described in the previous sections require light. Between each
EQE measurement, the device was illuminated with white light. The illumination
ensured that the device was constantly in its photoconductive state. Alternatively,
when a similar test was done but without the white light illumination between
EQE measurements, no shift was observed (Figure 3.8.2). In agreement with the
observed persistent photoconductivity in Cu,O in literature and in our devices,
the decay of photoconductivity is an exponential decay[ 164, 171-173]. Effects of
the initial exposure to light may persist for very long times, but the proportion of
ionized copper vacancies decreases rapidly after illumination ceases. When most
of the copper vacancies become compensated by donor defects within the Cu,O
(the origin of PPC in Cu,O), they lose their charge and are not affected by the
electric field. Therefore, the drift of ionized copper defects is minimized by the

limited availability of ionized copper defects, and the EQE does not shift.

3.10 DARKENING OF CU,O WITH LIGHT EXPOSURE

Both accumulation of ionized copper vacancies and the compensation of these
ionized copper vacancies at the interface by hydrogen in the ZnO or another com-
pensating defect are possible and likely. The compensation of the ionized copper

vacancies resultin a defect complex that is neutral. There are likely to be both an ex-
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tremely high concentration of ionized copper vacancies and a high concentration
ofionized hydrogen interstitials at the interface that are available for compensation
process. Other possible compensating defect complexes that may form include
copper divacancies[ 170] or copper vacancy-oxygen vacancy complexes[164]. As
a result of many charged defects being compensated, complexing, and becoming
neutral, voids may form at the interface. These voids can increase the scattering
of light and make it seem like the film is becoming darker. Another compensating
mechanism is the oxidation of copper(I) to copper(II). With a very high number
of copper vacancies, it is possible pockets of CuO to form at the interface[165].

After these long exposures to bright light, the nanowire solar cells appeared
darker than the flat solar cells. Pictures were taken to show the effects of long light
exposure on the visual appearance of the solar cells, especially the nanowire solar
cells. Since the entire solar cell was not illuminated during the test, the shadowed
regions act as a control for the effect of light exposure on the visual appearance of
these solar cells. Absorption measurements were done to monitor the change in
the absorption after long exposures of light. Absorption still increased dramati-
cally at the wavelength corresponding to the Cu,O bandgap. At photon energies
lower than the bandgap, background absorption increased slightly for areas that
had been exposed to light for long periods of time. However, no other distinct
changes were observed for the darker regions.

Figure 3.10.1 shows the resulting absorption spectra for solar cells that have
been exposed to white light for long periods of time. Figure 3.10.1c shows the

change in absorption for each type of solar cell. The gradual increase in absorption
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Figure 3.10.1: Comparison of darkening in ZnO/Cu,O solar cells after long
light exposure. (a) Nanowire ZnO/Cu,O solar cell darkened after long light
exposures. (b) Flat ZnO/Cu,O solar cell remained the same even after long
light exposures. c) Difference in absorbance before and after long light exposure
for flat and nanowire solar cells.
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until 640 nm may be indicative of the formation of CuO, an indirect bandgap mate-
rial with reported bandgaps between 1.4-1.7 éV[191]. The wavelength-dependent
change in absorption in the nanowire solar cell is consistent with the transforma-
tion of some Cu,O to CuO. An alternative explanation is the formation of voids
due to the vacancy accumulation at the interface[ 83 ]. The formation of small voids
on the order of the wavelength of light could scatter light and increase the absorp-
tion. When the darkened area of a nanowire solar cell was cross-sectioned and
inspected under the SEM, no large voids could be identified. Although the disor-
der of the nanowire array could make possible voids hard to see, nanowires still
maintained intimate contact with the Cu, O matrix. For these reasons, we believe
that the formation of voids is not responsible for the darkening of these solar cells.

The darkening effect was only seen in nanowire solar cells after long exposures to
white light. This effectis due to the geometry. The CuO forms alongthe ZnO/Cu,O
interface. In the planar solar cell, the path length through the CuO region is small.
The absorption is therefore minimized. However, the geometry of the nanowires
allows the path length of a photon through region of CuO that can be as long as
the nanowire itself. Therefore, the absorption in the nanowire geometry is much
larger.

The formation of CuO, while increasing absorption in the solar cell, did not
increase the efficiency of the solar cell. These defects that form in the most criti-
cal point in the device, the interface, likely were sites of recombination. Since the
EQE is a product of the probabilities of photon absorption and carrier collection,

the increase in absorption likely was dominated by the large decrease in carrier
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collection.

3.11 IMPLICATIONS

We have shown the ability to control the nanostructure of ZnO with the chem-
istry in aqueous solution synthesis to create ZnO/Cu, O solar cells with planar and
nanowire architecture. By easily creating both types of solar cells through aque-
ous methods, we were able to compare the performance of these solar cells as a
function of internal architecture. The incorporation of nanowires into the device
architecture of ZnO/Cu, O solar cells proved to increase the carrier collection of
minority carriers that were generated by long wavelength photons. As a result, J.
of the solar cell increased by more than 100% and EQE increased substantially in
the 500-600 nm range. These result demonstrated that the nanowires can remove
the constraint of only being able to efficiently collect carriers generated within a
minority carrier diffusion length from the p-n junction.

However, long-term testing remains critical for new solar cell structures and
materials. In this case, we studied both a new structure with the nanowire archi-
tecture and an unusual material in Cu,O. We evaluated the aging characteristics
in ZnO/Cu,O solar cells and determined how they depend on the geometry of
the device. The difference in aging behavior was stark in comparing planar and
nanowire structures. The motion of dopants created a region of enhanced electric
field near the interface and a region of lower electric field in the depletion region. In
the planar solar cell, the EQE curves simply became blue-shifted. In the nanowire

solar cell, the the region of high EQE in the EQE curve expanded due to where
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the enhanced electric fields resided in the overall structure of the solar cell. This
result was unexpected and was due to the geometry of the solar cell. These results
also imply that the dopant distribution in ionic semiconductors like Cu,O can be
creatively engineered to enhance device performance. One method to control the
dopant distribution, as demonstrated in this study, is the geometry of the solar cell.

This method of controlling dopant distribution in ZnO/Cu, O solar cells may
be a way to address a fundamental problem in these solar cells. In ZnO/Cu,O
nanowire solar cells, the minority carrier collection length and the depletion width
are incompatible lengths[146]. Because the minority carrier collection length is
smaller than the depletion width, the choice is either to collect all of the gener-
ated carrier, which maximizes current, or design the solar cell to use the entire
built-in bias, which maximizes voltage. By effectively doping the regions between
nanowires at a higher concentration through dopant diffusion, it may be possible
to not sacrifice current for voltage. Full control over the spacing between ZnO
nanowires could help in designing better performing solar cells with predictable

aging characteristics.
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Templated growth of ZnO

4.1 INTRODUCTION AND MOTIVATION

In the design of ZnO/Cu, O solar cells, we showed in the previous section the im-
portance of of controlling ZnO morphology in the device. Using purely bottom-up
methods, we switched the morphology of the ZnO from a planar film to nanowires.

However, the nanowires themselves were randomly arranged and poorly aligned.

78



Although the nanowire solar cells proved to be more efficient than the planar solar
cells, more control over the geometry of the nanowires could allow better design
and higher efficiency solar cells.

The geometrical requirements for many optoelectronic components and de-
vices is much more rigorous than those needed to fabricate solar cells. In dielectric
optical structures like waveguides, photonic crystals, and microdisks, the exact ge-
ometry of the structure determines the functionality and the relevant wavelength
for the optical component. Larger degrees of confinement require more precise
control over the dimensions of the component. For example, in a photonic crystal
cavity, the displacement of one of the crystalline elements by nanometers be the
difference between a working device and a worthless device[192].

Two optical devices in which ZnO can play a critical role are microdisks and sin-
gle photon emitters. An advantage of the aqueous solution growth of ZnO is the
near atomic control of some features in morphology. ZnO grains develop crystal
habits that are defined by the surface energies of the ZnO crystal planes. Typi-
cally, ZnO grains form in hexagonal cylinders or prisms that are defined by the
low-index planes of ZnO, making each face of the ZnO grain extremely smooth
and the morphology predictable by growth conditions.

However, the ability to arbitrarily place these optical components in a specific
location on a wafer is also extremely important. By templating the growth of these
structures, the location of ZnO growth on the wafer and, to some extent, the shape
of the structure can be controlled. Previous approaches to templated growth of

ZnO have patterned a mask on a substrate by photolithography[113, 114, 193],
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electronbeam (e-beam) lithography[ 194 ], nanoimprintlithography[ 195 ], or laser
interference lithography[ 196, 197] and allowed ZnO to grow through the mask.
Some authors have creatively used polystyrene-based colloidal crystals to define
masks to create ZnO nanowire arrays or ZnO bowls[198]. In order to create op-
tical structures from aqueously grown ZnO, we created undercut ZnO pillar with
flat tops to act as whispering gallery mode (WGM) resonators and tapered ZnO

nanowires as a part of a nanowire single photon source device.

4.2 ZNO WGM RESONATORS

Recently, several groups have investigated ZnO WGM resonator by taking advan-
tage of the hexagonal cylindrical shape that results from the growth of ZnO[199-
208]. The growth techniques used for these works was vapor phase transport,
which requires high temperatures and vacuum systems. From the few reports of
ZnO WGM resonators formed through solution synthesis, none of them made the
ZnO structure directly on a substrate in a controlled manner[206, 209, 210]. In-
stead, ZnO microdisks, nanodisks, and microrods are formed in random location
with random orientations on the substrates. It may be that the ZnO structures
formed in solution and merely adhered to the substrate as the substrate was re-
moved from the solution.

In our synthesis, MgAl, O, was used as a substrate. MgAl, O, is known as a sub-
strate suitable for the epitaxial growth of ZnO[110]. A continuous, epitaxial thin
film of ZnO was first formed on the substrate. The film was patterned with stan-

dard photolithography or e-beam lithography. Finally, ZnO was grown through
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the pattern to obtain undercut hexagonal structures.

In order to achieve ZnO epitaxy, the substrate had to be cleaned extremely well.
The substrate was cleaned in ultrasonically cleaned in acetone and isopropanol.
Residual organic surface contaminants were burned off by annealing at 800°C for
8 hours. A “nucleation” layer of ZnO was epitaxially formed on the substrate by
suspending the substrate into a solution A, which consisted of 0.2 g of zinc nitrate
hexahydrate and 1.25 mL of 15 M ammonium hydroxide in 24 mL of deionized
water, and microwave heating it for 25 seconds. The sudden increase in tempera-
ture to nearly 100°C caused very small pillars ( 100 nm tall) to grow epitaxially and
densely on the surface of the substrate. A second growth step to grow a continuous
thin film of ZnO was performed by by suspending the substrate into a solution B,
which consisted of 0.2 g of zinc nitrate hexahydrate, 0.05 g of sodium citrate trib-
asic dihydrate, and 1.25 mL of 15 M ammonium hydroxide in 24 mL of deionized
water, and heating it to 9o°C for 18 hours. On some samples, standard photolitho-
graphic techniques were used with Shipley 1800 series photoresist to pattern holes
of various sizes. On other samples, e-beam lithography was done using PMMA and
standard e-beam lithography procedures to pattern smaller holes. After lithogra-
phy and development, the samples were again suspended in solution B at 9o°C
for times between 2 hours and 4 hours, creating a hexagonal ZnO structure with
a flat top. The photoresist or e-beam resist was removed with acetone, leaving an
undercut ZnO structure. We will refer to these structures as “microdisks” for the
remainder of this chapter.

Figure 4.2.1 shows a cross section of ZnO growing along the curved shape of
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the photoresist, proving that the ZnO can be molded by using resist as a template.
Figure 4.2.2 shows the microdisks that are formed growing ZnO through circular
patterns in photoresist. The curved stem region indicates that the contrast of the
photoresist was poor. Therefore, the undercut was not as sharp as desired. More
than 2.25 hours of growth through the patterned photoresist were required to ob-
tain a structure that resembled a hexagonal disk. Figure 4.2.2a shows that for times
under 2.25 hours, the the microdisk still lacked the defined crystal facets that are
often seen in single crystal ZnO structures. However, for microdisks that grew
for longer than 2.25 hours, the facets were extremely smooth, the roughness being

much smaller than wavelengths of visible light.

p—

Photoresist

Figure 4.2.1: SEM micrograph of ZnO growth following the shape of photore-
sist. Scale bar = 2 ym.

At these time scales for growth, the vertical growth rate is approximately equal
to the horizontal growth rate as evidenced by the shape of the microdisk. While

the citrate ions in the growth solution slow down c-axis growth of the ZnO, it does
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Figure 4.2.2: Time series of ZnO microdisks grown through photoresist.

not affect the growth of the other planes of ZnO[ 107, 210]. Therefore, microdisks
with an aspect ratio of less than 1 should not be expected with this growth tech-
nique.

After 3 hours of growth, one of the samples was again immersed in solution B
at 90°C for 4 hours so minutes. Surprisingly, the microdisk continued to grow on
the single crystal of ZnO without any obvious defects signalling that growth was

interrupted.

Figure 4.2.3: SEM of microdisk whose growth was interrupted and resumed
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Because of the poor resist contrast with photolithography, e-beam lithography
was used to create a much sharper undercut. Figure 4.2.4 shows a series of mi-
crodisks formed by growing through various size holes in the patterned e-beam
resist. The facets of the microdisk were very smooth, except for the base of the mi-
crodisk. A defective region circumscribed many of the microdisks formed through
e-beam lithography. However, the undercut in these microdisks were are superior

to those defined by photolithography.

NG
&

500nm" 500nm

Figure 4.2.4: Series of ZnO microdisks grown through e-beam resist. The hole
size through the e-beam resist was varied: (a) 2 ym, (b) 1 ym, and (c) 200 nm.

The defective region at the base of the e-beam defined microdisks is peculiar.
The way that the diameter of the microdisk decreases at the center of the defective
region is reminiscent of twinning in ZnO microplates[211-213 ] and microrods[ 100,
206]. Dai et al.[206] explains the growth of the twin-rods by attributing different
growth mechanisms to the (0001 ) plane and the (0001) plane of ZnO. As the ZnO
grows through the patterned hole, it grows both horizontally and vertically, caus-
ing the sides of the microdisk to slant away from the center. Figure 4.2.5 describes

two scenarios. In the first case (Figure 4.2.5a), the horizontal and vertical growth
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rate are constant throughout growth process. The resulting sidewalls would have
a constant slope. In the second case (Figure 4.2.5b), the horizontal growth rate
decreases as growth progresses, as described by He et al., who claim that a criti-
cal concentration of nutrient ions is required for horizontal growth[214]. As the
concentration of nutrients in the closed system decreases during the growth, the
horizontal growth rate also decreases. Since the bottom of the microdisk becomes
exposed to the solution, a different mechanism of growth on the (0oo1) could be
responsible for growth in the downward direction. As the space fills in, the defec-
tive region is formed.

A) B)

substrate substrate

Figure 4.2.5: Schematic of sloping of sidewalls in microdisks. a) Case where
the vertical growth rate and the horizontal growth rate are constant throughout
the growth process. b) Case where the horizontal growth rate decreases as
growth progresses.

We have not been able to detect the presence of whispering gallery modes in
these structures through photoluminescence. Even with these minor defects, whis-
pering gallery modes should be able to be detected through photoluminescence
if one compares the quality of these structures with those structures that report
WGM in literature[206, 209, 210]. Despite the failure of detecting WGMs, we

have shown the ability to manufacture ZnO structures that resemble WGM res-
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onators at precise locations on a substrate through standard lithography techniques.

4.3 TAPERED ZNO NANOWIRES FOR ENHANCING PHOTON EXTRAC-

TION FROM A SINGLE PHOTON SOURCE

The search for a solid-state single photon source is essential in fulfilling the techno-
logical advances promised by quantum computation and information processing
[215]. The potential benefits for using the GaN nitride family of materials to serves
as asingle photon source are numerous. The large built-in electric field found along
the c-axis of GaN could be used to probe large two-qubit interactions[216]. The
wide range of wavelengths available to the nitride family enlarges the potential ap-
plications for a nitride single photon source[217]. Furthermore, nitrides have a
potential for being able to perform at higher temperatures and can be electrically
contacted[217].

Quantum dots in GaN have the potential to be single photon sources[217], but
the extraction of emitted photon is complicated by the high index of refraction
of GaN. Only 3% of emitted light in LEDs are extracted[34]. This low extrac-
tion efficiency poses a serious problem for engineering a reliable single photon
emitter in GaN. To address a similar problem in the GaAs system, Claudon et al.
used a tapered nanowire to guide photons away from the emitter and avoid scat-
tering at the top facet of the nanowire[218]. We propose a similar approach using
ZnO nanowires grown on GaN to extract emitted photons from embedded InGaN
quantum dots. In order to enable this technology, tapered ZnO nanowires must

be epitaxially grown over a single InGaN quantum dot.
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In order to demonstrate the ability to do grow tapered nanowires at pre-determined

locations, we used a thin film, gold mask with apertures having diameters between

100 nm to 2 ym and grew through the apertures where only the GaN surface was

exposed. The gold mask was prepared through metal lift-off that was patterned

with standard e-beam lithography. The gold was deposited in a thermal evapora-

tor with thin layer of chromium ( 2nm) used as an adhesion layer. The sample

was cleaned in oxygen plasma for 5 minutes at 150 W to remove residual organic

contaminants. For ZnO growth, the samples were immersed in solution A (ZnO

growth solution without citrate) at 90°C for 4, 6, and 17 hours without the depo-

sition of a nucleation layer.

Tapered nanowires were grown from the apertures in the gold film. The height

of the nanowires did not vary systematically with the tested times. Likely, most

growth stops after around 4 hours. Figure 4.3.1 shows one of the smallest diameter

nanowires. The diameter of the nanowire was 270 nm and the height was 4.2 ym.

The smallest diameter apertures did not have any nanowires growing from them.

On the other hand, the largest apertures often had multiple microwires of ZnO
growing from the same aperture. Since ZnO grows epitaxially on GaN[3s, 111,
112], all of the ZnO nanowires were vertically aligned from the surface.

Curiously, many nanowires did not occupy the entire space allotted by the aper-

ture as in Figure 4.3.1a. Cole et al. observed that, in Mg-doping GaN, the Mg oxi-

dises at the surface when exposed to oxygen plasma[ 193 ]. The MgO at the surface

then blocks OH™ attachment to the surface, effectively blocking ZnO nucleation

and growth. Although their growth chemistry is slightly different, the same pro-
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Figure 4.3.1: SEM of tapered ZnO nanowires grown on GaN though Au film
apertures. a) Single ZnO nanowire. b) The entire array of aperture sizes from
100 nm to 2 ym.

cess could be occurring here. Some portions of the GaN surface may have MgO
blocking nucleation and growth of ZnO. Therefore in some apertures, only a frac-
tion of the apertures is used by the growing ZnO nanowire.

We have seen how difficult good control over the exact shape and position can
be. In our case those difficulties were manifested in the defects at the base of
the microdisks and off-centered growth of nanowires in apertures. Yet, we have
demonstrated the ability to purposefully grow in place ZnO optical components
and devices and taken a step in the formation of useful bottom-up ZnO optical

devices.
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Aqueous epitaxial growth of ZnO on

single crystalline Au microplates

5.1 INTRODUCTION

The quality of metal/oxide interfaces is an important determinant of the efficiency

of electrical[219], plasmonic[220, 221], and catalytic devices[222]. Typically,
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metal/oxide interfaces are formed by vapor-phase deposition, resulting in poly-
crystalline films with various morphologies, textures, grain sizes, and orientations.
Here we demonstrate a method for growing epitaxial ZnO from an aqueous solu-
tion at 90°C on single crystalline Au microplates. These results could have impor-
tantimplications on the advancement of metal/ZnO-based electronic devices[223 ],
plasmonic devices[224, 225], and heterogeneous catalysts[226, 227]. As seen in
previous work, in which epitaxial ZnO was used as a current spreading layer in GaN
LEDs[35], and in Chapter 4, where the epitaxal growth was critical in the tem-
plated growth of ZnO, epitaxial growth on a commonly used metal, like gold, can
enable many more optoelectonic applications for ZnO, in which metal-semiconductor
integration is essential.

While epitaxial growth of ZnO on nearly lattice-matched substrates, includ-
ing GaN[228], sapphire[9, 229], and SiC[229], has become well established, het-
eroepitaxy with metals has not been as well explored. The common challenges of
epitaxial growth on highly dissimilar materials[230] apply to the Au/ZnO system
as well. Auand ZnO have different crystal structures, chemical bonding, and lat-
tice constants. Gold has a face-centered cubic (FCC) crystal structure with a lat-
tice constant a = 0.4079 nm. ZnO has a hexagonal wurtzite crystal structure with
lattice constants a =b = 0.3250 nm and ¢ = 0.5207 nm. In the close-packed plane

of each structure, this yields a lattice mismatch of

(azpo — aaun/2/2)/(anun/2/2) = 12.7%. (5.1)

Despite these challenges, there has been some success in epitaxial growth of
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ZnO on Au[231]. Because the thermal expansion coefficients of the two mate-
rials are so different, low temperature deposition techniques have been crucial in
their heteroepitaxy. Aqueous, epitaxial electrodeposition of ZnO nanopillars on
large single crystalline gold substrates has been demonstrated[232, 233]. How-
ever, smooth ZnO films are often required for most practical optoelectronic appli-
cations. Additionally, gold, while ubiquitous in semiconductor technologies and
plasmonics, is rarely used as single crystalline substrates. Recently, a simple ther-
molysis procedure for producing very large, gold microplates[234, 235] has been
developed. These plates are single crystalline, making them atomically smooth and
ideal for modular plasmonic[234] and microelectronic devices.

Our technique is a simple solution-based aqueous synthesis, and, unlike the pre-
viously demonstrated epitaxial electrodeposition of ZnO on Au[232, 233 ], does
not require an external electrical bias. Another advantage of our work is that we
demonstrate the coalescence of epitaxial ZnO columns into a smooth, thin film;
which is essential for most device fabrication. The single crystalline gold plates can
also be grown on any substrate that can survive the 130°C deposition and be stable
in the growth solution[235]. The simple synthesis method for obtaining epitax-
ial ZnO therefore opens more opportunities for modular Au/ZnO devices made

through bottom-up processes.

5.2 EXPERIMENTAL METHODS

Single crystalline Au microplates were first grown on Si substrates by thermolysis

of (AuCl, )~ -tetraoctylammonium bromide (TOAB) complex in air[234, 235].
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Briefly, 3.2 mL of 25 mM hydrogen tetrachloroaurate(IlI) hydrate in deionized
water were mixed with 8 mL of somM tetraoctylammonium bromide (TOAB) in
toluene. After vigorous stirring, the top layer, consisting of a Au-TOAB complexin
toluene, was separated and drop-cast onto a Si substrate. The substrate was heated
to 130°C on a hotplate for 24-48 hours and gently rinsed with toluene and dried.

Aqueous ZnO deposition followed procedures similar to those reported in lit-
erature [110, 112, 236]. In order to maintain control over film morphology, a two
step method was used to separate the nucleation and growth of the ZnO films
as much as possible. The nucleation step was either done by rapid heating us-
ing a microwave oven or by slow heating in a conventional oven. Substrates were
cleaned with an Anatech 106 oxygen plasma barrel asher for 1 minute immedi-
ately prior to seed layer deposition to remove adsorbed organic contaminants. For
the microwave-based nucleation, the substrate was suspended with the growth-
face facing down in a solution of 0.2 g zinc nitrate hexahydrate, 1.25 mL of 15
M ammonium hydroxide, and 24 mL of deionized water in a Teflon vessel. The
vessel was heated on high power for 25 seconds in a microwave oven (GE model
JES738WJo2), heating the solution to approximately 95°C very rapidly. The sub-
strate was immediately removed from the vessel after heating, gently rinsed in wa-
ter, and dried. For nucleation in a conventional oven, the substrate was identically
suspended face down in a Teflon vessel with the same solution. The vessel was then
keptat 9o°Cin an oven for atleast 1.5 hours. Afterwards, the sample was removed,
gently rinsed in water, and dried.

The second step was to grow the nucleated seed layer into a continuous, co-
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alesced film. The growth solution consisted of 0.2 g of zinc nitrate hexahydrate,
1.25 mL of 15 M ammonium hydroxide, 24 mL of deionized water, and 0.05 g of
sodium citrate tribasic dihydrate. Again, the substrate was sealed in a Teflon ves-
sel face down in the solution and heated in a conventional oven to 9o°C for 4-24
hours. The growth rate decreases substantially after the first 4 hours, but some
samples remained in the oven for 24 hours to ensure completion of the growth
process. Afterwards, the substrate was removed, gently rinsed in water, and dried.

To reveal the bottom surface of the ZnO, the sample was flipped and pressed
onto a new, resist-coated Si substrate. AZ 5214E (Clariant) photoresist was spun
onto the Si substrate 2000 rpm for 30 seconds, then soft-baked at 100°C for 1
minute, resulting in a resist thickness of approximately 2 ym. A metal block weigh-
ing 1.6 kg was placed on top of the sandwich structure, and the structure was heated
to 130°C, above the glass temperature of the photoresist[237]. The sandwiched
structure remained at 130°C for 30 minutes and was slowly cooled back to room
temperature. The metal block was then removed, and the two Si substrates were
separated with tweezers. As a result, some of the microplates were transferred into
the layer of photoresist on the new Si substrate. This sample, with flipped mi-
croplates on it, was dipped into Au etchant Type TFA (Transene Company) until
all Au was removed. Since the Au microplates were of various thicknesses, the to-
tal etching time also varied from 10 minutes to 60 minutes. The bottom surface of
the ZnO was revealed after all of the Au was removed.

Scanning electron microscopy (SEM) and electron backscattered diffraction

(EBSD) were performed using a Supras s VP field emission SEM (Carl Zeiss AG,
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Germany) equipped with an EBSD detector. AFM was performed using an Asy-
lum MFP-3D AFM. Photoluminescence (PL) was performed on the grown ZnO
using a LabRAM ARAMIS system (HORIBA Scientific, Japan). Samples were ex-
cited with a 325 nm (HeCd) laser for PL. Cross-sectional specimens for transmis-
sion electron microscopy (TEM) were prepared using the “lift-out” technique ina
focused ion beam (FIB) (Zeiss NVision 40) system. TEM (JEOL-2100 at 200kV)
and selected area electron diffraction (SAED) were conducted in order to study
the orientational relationship between the Au and the ZnO. The HRTEM micro-
graph was acquired using a Zeiss Libra 200 monochromic, Cs-corrected transmis-

sion electron microscope (TEM) at 200 kV (Cs-corrected to -1um).

5.3 RESULTS AND DISCUSSION

ZnO films on the Au microplates were made by a two step procedure to separate
nucleation and growth as much as possible, and therefore to exercise better con-
trol on the structure and morphology of the ZnO. We refer to the ZnO grown on
the Au microplates after the nucleation step as the seed layer. Growth of the ZnO
proceeded by slowly decreasing the solubility of zinc species in solution through
the gradual elevation of temperature[ 106, 236]. The main difference between the
nucleation step and the growth step was the speed at which the temperature was
raised. Figures 5.3.1b,d and 5.3.2a,c show schematics of the overall structure of
ZnO grown on Au microplates at the different stages of synthesis. Also shown are
micrographs from scanning electron microscopy (SEM) of the ZnO film at various

stages of growth. Overall film morphology could be changed from flat and smooth
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(Figure 5.3.1b,c and 5.3.2a,b) to rough and faceted (Figure 5.3.1d,e and 5.3.2¢,d)
by altering the kinetics of the nucleation step.

When the nucleation step was fast, the resulting ZnO film after the growth step
was smooth (AFM RMS roughness was 7nm) and uniform in height. Individual
grains were nearly impossible to discern by SEM (Figure 5.3.1g). Microwave heat-
ing was used to raise the temperature to 9o°C in 2§ seconds in order to make the
nucleation step fast and increase the rate of ZnO formation. Figure 5.3.1c shows
that the initial seed layer was composed of small densely packed ZnO crystallites
on the Au surface. The crystallites were faceted with the expected hexagonal crys-
tal habits and had a columnar structure. The height of each crystallite was uniform
across the surface of each Au microplate. Each crystallite grew and coalesced dur-
ing the growth stage at the same rate, resulting in a smooth ZnO film.

Conversely, a conventional oven raised the sample temperature to 9o°C over 1.5
hours, resulting in a much slower nucleation rate. It has been previously shown by
Wen et al. that ZnO nanowire arrays may grow without the aid of a seed layer on
metal films[24]. The nucleation step in the oven described in this work is akin
to a very short growth by the method described by these authors. The final ZnO
film morphology was composed of many large, hexagonal grains of ZnO with each
hexagonal grain oriented in the same direction (Figure 5.3.2d). The alignment of
each grain indicates that there was an epitaxial relationship between the film and
the substrate. Each grain appears smooth and sharply faceted, but since the film is

composed of many of these grains, each with a different height, the overall film is
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Unfaceted ZnO

Fast nucleation Slow nucleation

Figure 5.3.1: Film morphology of epitaxial ZnO nucleation layer on Au con-
trolled through growth kinetics. (a) SEM micrograph of the initial Au microplate.
Scale bar = 10ym. Left column: Nucleation and growth steps of microwave-
nucleated ZnO on Au. (b) Schematic of dense nanopillars formed on the Au
microplate during the fast nucleation step. (c) SEM micrograph showing ZnO
on Au microplate after the fast nucleation step. Scale bar = 5uym. Insets show
high magnification views of the corner of the plate, showing the uniform height
of the nanopillars (lower left, scale bar = 1ym), and middle of the plate, showing
the crystal habits (top right, scale bar = 200nm) of the ZnO. (d) Schematic of
sparse, unfaceted ZnO of varying sizes on a Au microplate formed during the
slow nucleation step. (e) SEM micrograph showing Au microplate after the slow
nucleation step, viewed at a tilt of 45°. Scale bar = 1ym.
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Flat Growth Faceted Growth

epi-ZnO pillars

Figure 5.3.2: Film morphology of epitaxial ZnO growth layer on Au controlled
through growth kinetics. (a) Schematic of flat ZnO on Au showing the Au
substrate underneath a smooth ZnO film. (b) SEM micrograph showing the
smooth and flat morphology of microwave-nucleated ZnO after the growth step.
Scale bar = bum. Inset shows a low magnification view of the entire film on the
Au microplate. Scale bar = 40uym. Right column: Nucleation and growth steps
of oven-nucleated ZnO on Au. (c) Schematic of ZnO on Au showing the Au
substrate underneath a highly faceted ZnO film. (d) SEM micrograph showing
rough and faceted morphology of oven-nucleated ZnO after the growth step
viewed at a tilt of 45°. Scale bar = bum. Inset shows a low magnification view
of the entire film on the Au microplate. Scale bar = 20um.
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extremely rough. ZnO grown on the Si substrate, but not on the Au microplates,
shows no signature of alignment. Figure 5.3.1e shows that the initial seed layer
was composed of islands of ZnO that formed over the course of the nucleation
step. ZnO crystallites sparsely populated the surface of the Au. The crystallites
that formed were columnar and tall. Because the nucleation did not occur all at
the same time, the height of each ZnO column depended on when it was formed
during the 1.5 hour period. The largest crystallites were 1 ym tall. A large por-
tion of the surface after the slow nucleation step was populated by granular ZnO
particles that lacked any obvious crystal facets. Each of these crystallites, which
started growing at different times within the 1.5 hour nucleation period, eventu-
ally coalesced into a film during the growth step, resulting in a film composed of
large hexagonal grains of different heights.

The final thickness of the film grown by fast nucleation was approximately 3
um (Figure 5.3.32) whereas the final thickness of films grown by slow nucleation
was approximately 10 ym (Figure 5.3.3b). The discrepancy in the thickness is due
selectivity of ZnO growth. The amount of ZnO precursor was the same in both
growth solutions, and so we expected to see the total volume of ZnO grown to
be equal. When fast nucleation was used, non-selective nucleation occurred on
the Si substrate in addition to the nucleation on the Au microplates. Therefore,
during the growth step, ZnO was deposited over a large area. In contrast, during
slow nucleation, ZnO only nucleated on the metal, which is similar to a previous
report[24]. Hence, all of the ZnO growth occurred only on the Au microplates. As

aresult, the ZnO grown on the slow nucleated samples are much thicker, because
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the ZnO grew over a smaller area.
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Figure 5.3.3: Focused ion beam (FIB) cross-section of ZnO/Au film. (a) ZnO
on Au grown though the fast nucleation method. Scale bar = 4uym. (b) ZnO
on Au grown through the slow nucleation method. Scale bar = 10um.

To examine the bottom surfaces of films produced by both techniques, the films
were inverted and the Au was removed using a gold wet etch. The bottom surfaces
of the films indicate the quality of the interface on larger scale than cross-sectional
TEM and reveal some of the kinetics at the beginning of ZnO growth. The bottom
surface of the film produced by fast nucleation was porous (Figure 5.3.4) and had
a root-mean-squared roughness of approximately so nm as measured by atomic
force microscopy (AFM) (Figure 5.3.4b). Rapid nucleation and growth of the
ZnO using microwave heating caused gaps to form between each ZnO nanopillar
in the initial ZnO layer. Growth of the ZnO nanopillars and their eventual coa-
lescence occurs as the zinc species in solution undergo a condensation reaction at
the surface of the nanopillars. However, for films produced by fast nucleation, we
believe that the high density of nanopillars makes it difficult for the zinc species to
diffuse to the bottom of the pillars, preventing coalescence of the ZnO near the Au

surface before access to the solution is cut off by the growing film. SEM and AFM
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(Figure 5.3.4¢) of the film produced by slow nucleation revealed a much smoother
surface (RMS roughness of approximately 4 nm) compared to the film prepared
by fast nucleation. Here, the nucleation process is much slower and the seed layer
is much less dense. Therefore, the zinc species more readily access the space be-
tween ZnO seeds, creating intimate contact with the Au surface. Large grains are
visible in the SEM and AFM micrographs, but the boundaries do not correspond
to a specific crystallographic direction. We are currently investigating the origin of
the boundaries which may result from disturbances in the solution growth during
the long nucleation period, such as loose precipitates adhering to the substrate, or
deformation in the Au microplate.

Electron backscatter diffraction (EBSD) was used to reveal the single crystalline
nature of the ZnO film on the (111) Au surface and infer the epitaxial relationship
over large areas. EBSD IPF (inverse pole figure) determined the surface of the
ZnO to be a single grain of (0oo1) ZnO (Figure 5.3.5b) on monocrystalline (111)
Au (Figure 5.3.5a). Relative misorientation in ZnO and Au at each measured point
on the plate was negligible (Figure 5.3.6), confirming the absence of large angle
grain boundaries. The tight distribution of crystallographic directions in both pole
figures showed that the Au microplate and ZnO film were single crystalline or very
close to single crystalline (Figure 5.3.6a,b). The distribution of crystallographic di-
rections for the Au microplate appeared tighter than for the ZnO film in the pole
figures, and the distubution is represented in the histogram of point-to-point an-
gular misorientation (Figure 5.3.6¢). A small portion (less than 3%) of the points

measured in the ZnO film registered an angular misorientation greater than 2°,
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Figure 5.3.4: Bottom surface of the ZnO. SEM and AFM micrographs of the
flipped ZnO/Au microplates after the Au has been removed. a) Low magnifi-
cation, 45° tilt view (SEM) of the entire flipped ZnO membrane embedded in
photoresist after Au has been etched away. Scale bar = 10ym. b) Bottom sur-
face of ZnO nucleated rapidly by microwave heating. (Top: SEM, scale bar =
1um; bottom: AFM, 5um x 5um image.) c) Bottom surface of ZnO nucleated
slowly by heating in a conventional oven. (Top: SEM, scale bar = 1um; bottom:
AFM, 5um x 5um image).
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the approximate resolution of the EBSD measurement. The points on the ZnO
film with greater than 2° misorientation indicated that small angle grain bound-

aries were present in the ZnO film.

a)

Figure 5.3.5: EBSD of a Au microplate before and after ZnO growth. (a)
EBSD IPF map of single crystalline Au microplate. (b) EBSD IPF map of ZnO
grown on the same Au microplate. Insets for a) and b): top right indicates the
orientation of the unit cell of the Au microplate; bottom left is the corresponding
SEM micrograph for the EBSD IPF map. Scale bars = 25um.

After accounting for the slight difference of rotation between the two SEM mi-
crographs, the unit cell orientations corresponding to the Au microplate and the
ZnO are shown in the insets of Figure 5.3.5a,b, which demonstrate the epitax-
ial relationship. From the EBSD data, we can infer the full epitaxial relationship

between the ZnO film and the Au substrate, ZnO [1100](0002)||Au [211](111)

, which persists over the area of the entire Au microplate. The fast nucleation
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Figure 5.3.6: Angular characterization of a Au microplate and ZnO film from
electron backscattered diffraction. a) Pole figure from a Au microplate. b) Pole
figure from the ZnO film. c) Distribution of point-to-point angular misorienta-
tion of Au plate and ZnO.

method was used to produce the film shown in Figure 5.3.5. However, ZnO films
produced by the slow nucleation method also showed the same epitaxial relation-
ship as probed by EBSD. Ultimately, due to the low angular resolution in EBSD,
we relied on TEM and electron diffraction to confirm the epitaxial relationship.
Cross-sectional TEM was acquired to confirm the epitaxy between the ZnO
film and Au microplate. The ZnO film used in cross-sectional TEM was produced
by the fast nucleation process. The high-resolution cross-sectional TEM (HRTEM)
micrograph (Figure 5.3.7¢c) shows alignment between the Au and ZnO planes and
a fully crystalline interface between Au and ZnO. Fourier mask filtering was ap-
plied to cross-sectional HRTEM micrographs to reduce noise and delineate dislo-
cations present at the interface. Fourier mask filtering is done by first applying a
Fourier transform to the original image. A specific filter is used to select only cer-
tain spatial frequencies for the subsequent inverse Fourier transform. The inverse
Fourier transform reconstructs the real space image from the selectively filtered
spatial frequencies. In Figure 5.3.8b, a pattern mask is applied corresponding to

the expected ZnO and Au periodicity, resulting in a less noisy image. In Figure
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5.3.8¢c, we selected only the spots in the Fourier transformed image corresponding
the set of planes parallel to the dislocations. The resulting real-space image delin-
eates the location of the dislocations. By Fourier filtering the HRTEM image using
only the (1120) ZnO and (022) Au planes (Figure 5.3.8), we obtained an image
that highlights the dislocations. On average, dislocations were present for every
8.7 planes of Au and for every 7.7 planes of ZnO (s4, planes = 1.4, sz, planes =
1.3,and n = 38 dislocations). The observed frequency of dislocations corresponds
closely with the expected frequency of dislocations when the two lattices are not
rotated with respect to each other, 9 Au planes for every 8 ZnO planes (Figure
5.3.7b).

Bright field TEM imaging (Figure 5.3.9) shows a columnar microstructure, sig-
naling that ZnO on Au initially grew in islands before coalescing. Selected area
electron diffraction (SAED) was used to index the planes present in the cross-
sectional TEM micrograph at the interface (Figure 5.3.7a). (Streaks in the SAED
are camera artifacts.) Unexpectedly, two zone axes of ZnO were present in the
SAED, indicating that two orientations of ZnO were epitaxial to the Au substrate at
the interface: ZnO [1700](0002)||Au [211](111), which has no rotation between
the two close packed lattices, and ZnO [1210](0002)||Au [211](111), which has
a 30° rotation between the two close packed lattices(Figure 5.3.7b). The [1100]
reflections from the ZnO were much stronger than the [1210] reflections, indicat-
ing a preferred and dominant crystal orientation. While the 30° rotation is fa-

vored in some epitaxial wurtzite films on cubic (111) surfaces, such as ZnO on
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Figure 5.3.7: Cross-sectional TEM and SAED confirm epitaxial relationship
between Au and ZnO. a) SAED of (left) ZnO only, (middle) ZnO and Au, and
(right) Au only near the interface. b) Schematic of the 2D projection of the
close-packed planes of ZnO (0001) and Au (111) at the interface. The solid
line represents the unit cell for Au. The dashed line represents the unit cell for
Zn0O. The shaded region represents the coincidence lattice. The two possible
orientations are those with the ZnO lattice rotated 02 and 302 about the [0001]
axis with respect to the (111)[111] Au lattice. These orientations correspond
to the two epitaxial relationships found in the SAED. c) The top panel shows
high resolution TEM micrograph of the ZnO/Au interface. The bottom panel
is a Fourier filtered image of the top panel, which highlights shows the misfit
dislocations present at the interface. Scale bars = 5 nm.
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Figure 5.3.8: Image processing of cross-sectional HRTEM micrograph. Left
panels show the real space representation. Right panels show the corresponding
Fourier transform of the image. Lines delineating the interface are meant to
guide the eye. The interface is not completely flat and cannot be represented by
a flat line. a) Raw micrograph without any post-processing. b) Fourier-filtered
image with pattern mask filtering. c) Fourier-filtered image, selecting only the
planes parallel to the dislocations. Scale bars = 5 nm.
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MgAl,O,[110], it is slightly more unusual for an analogous epitaxial system, Ag/
ZnO [238]. Both Ag and Au have similar lattice constants, 4.08 A and 4.09 A
respectively, and the same crystal structure. For the Ag/ZnO system, both epi-
taxial relationships had similar interfacial energies and the resulting structure was
dependent on surface conditions. In experiments of Ag nanocrystal deposition
on ZnO[239], both variants were initially observed, but the 30° epitaxial growth
was strongly inhibited by the compressive strain in the Ag. In other cases of ZnO
grown on textured Ag films by solution growth, the 30° rotated growth was not ob-
served at all[240]. Similarly, since we did not observe evidence of the 30° rotation
in EBSD after complete growth of the ZnO films, we believe that the not rotated
variant also dominated our growth process.

Finally, to confirm the quality of the ZnO, photoluminescence spectra were
measured (Figure 5.3.10). Data presented in Figure 5.3.10 is from ZnO films pro-
duced after a fast nucleation step. Similar PL spectra were also obtained from films
produced after a slow nucleation step. As-grown ZnO films showed photolumi-
nescence at unexpectedly low wavelengths. Two peaks were resolved at 354 nm
and 377 nm corresponding to energies of 3.50 eV and 3.28 €V, respectively, with
the peak at 377 nm being more intense. After a stepped annealing of the sample on
ahotplate at 250°C for 30 minutes and then 300°C for 30 minutes, an asymmetric
peak was observed around 380 nm (3.26 €V). The shift in photoluminescence was
attributed to the effects of residual water remaining in the film after growth in an
aqueous solution[82]. After annealing, residual Zn(OH), was dehydrated and the

remaining water was expelled from the film. With quenching defects from the ex-
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Figure 5.3.9: Bright field TEM of ZnO/Au cross-section. Columnar structures
near the interface imply an island growth mechanism at the initial stages of
film growth. The top part of the columns are due to thinning involved sample
preparation. The original thickness of the film was several microns. Scale bar
= 200 nm.
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cess water eliminated by the short anneal, the annealed ZnO exhibited strong UV
band edge photoluminescence, characteristic of high quality ZnO, with a small de-

fect band centered around 600 nm.
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Figure 5.3.10: Effects of annealing on photoluminescence of ZnO grown on
Au microplates. Photoluminescence spectra of ZnO grown on Au microplates
as-grown and after a stepped anneal. The fast nucleation method was chosen
to produce the ZnO film for this sample. Inset: Logarithmic-linear scale shows
the effects of thin film interference in the defect band of the ZnQO.

5.4 CONCLUSION

In summary, heteroepitaxial deposition of continuous ZnO films on single crys-
talline Au microplates through solution-based techniques has been demonstrated.
Our method improves on previous work of epitaxial deposition of ZnO on Au by
using a deposition technique without a need for electrical contacts and by obtain-
ing a fully continuous and smooth film. Nucleation of the ZnO seed layer was

also investigated and shown to dramatically affect the morphology of the resulting

109



film after growth. Our method of producing modular single crystalline ZnO/Au
plates, which may be formed on a large range of substrates, can facilitate detailed
study of metal - semiconductor junctions and new devices, such as microsystems-
enabled photovoltaics[241], micron-scale metal/oxide catalysts, or fully epitaxial
ZnO nanopiezoelectric generators[ 109]. These promising results will enable fur-
ther studies of the electrical and optical properties of the epitaxial ZnO/Au junc-

tion.



Conclusions

In this work, we showed an example of how ZnO could affect the performance
of a solar cell and critical methods to making controlled ZnO structures for fu-
ture applications in optoelectronics. The incorporation of nanowire ZnO to cre-
ate a nanostructured p-Cu,O/n-ZnO junction improved the immediate perfor-

mance of the solar cells. Carrier collection of minority carriers created in Cu,O



increased as evidenced by the increase in short-circuit current, and the expansion
of the wavelength range in which external quantum efficiency was substantial. We
also showed that the movement of copper vacancies, the doping defect in Cu,O,
driven by the internal electric field could alter the performance of the solar cell over
time. The ageing behavior was substantially different between nanowire and pla-
nar solar cells, which implies that future design of nanostructured solar cells must
long term ageing effects.

The investigation of the effects of nanostructure ZnO/Cu, O solar cells was made
possible by controlling the morphology of ZnO made by aqueous solution growth.
Only the solution parameters were changed, but even this allowed control in switch-
ing from planar to nanowire geometries. To further control ZnO structures to be
applicable for more sophisticated optical devices, we used templated growth to ob-
tain tall, undercut, hexagonal ZnO microdisks and precisely, placed, tapered ZnO
nanowires. The purpose for the undercut, microdisk was to demonstrate the ability
to create structures that could act as WGM cavities. The tapered ZnO nanowires
could be used for enhancing extraction of photons emitted from a quantum dot on
in a GaN device, providing a single photon source.

Epitaxy was critical for the controlled growth of these patterned structures. In
these cases, the epitaxial substrate for ZnO was always a dielectric: GaN or MgALO,.
It may be desirable to have a substrate that is metallic for some optoelectronic ap-
plications to have a reflecting interface, a high quality electrical contact, or to serve
as a sacrificial layer. We produced single crystal Au plates to be used as epitaxial

substrates for aqueously grown ZnO. The ZnO was confirmed to be epitaxial with



the underlying Au plates through EBSD and TEM. The morphology of the ZnO
on the Au plates could again be controlled through solution chemistry (through
the presence of citrate ions) and through the kinetics of growth.

We are hopeful that these advances in understanding the role of ZnO nanos-
tructure in devices and in controlling ZnO structure during growth will enable

advances in optoelectronic devices.
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