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ABSTRACT

In this thesis, zinc oxide (ZnO) thin films were deposited in a custom reactor from
aqueous chemical solutions. The effects of magnesium ions (Mg?*) on ZnO growth was
investigated with the purpose of producing zinc-magnesium oxide alloys (Zn,_,Mg O,
x = 0.15) for photovoltaic applications. The substrates were borosilicate glass, seeded
with ZnO by the thermal decomposition of zinc acetate to promote nanorod growth.

Thin films of ZnO were deposited and characterized by X-ray diffraction, scan-
ning electron microscopy, and ultraviolet-visible optical spectroscopy. An increase in
the crystalline lattice constant ¢ was observed from 5.210 A to 5.212 A with an increase
in the concentration of Mg?* in aqueous solution from 0 to 2 millimolar. The com-
pressive stress causing this distortion was calculated to increase in magnitude from
300 to 460 megapascals, while the coherent diffraction length increased from 134 to
192 nanometers. The ZnO rods grew with improving alignment of the crystallographic
[0001] direction as the concentration of Mg 2+ increased in the deposition solution. The
changes in structure are attributed to Mg?* adsorption on the surface: no evidence of

its incorporation into ZnO was found.

ix



1. INTRODUCTION & HISTORY

The photovoltaic effect was first described in 1839 by Alexandre-Edmond Bec-
querel, who observed a difference in potential between metal plates immersed in an
electrolyte solution depending on whether the apparatus was in the dark or sun-lit [3].
In 1877, William Adams and Richard Day observed the effect from the junction be-
tween a rod of crystalline selenium and the platinum wires at each end [4]. Six years
later, Charles Fritts made the first solar cell by covering a crystalline selenium plate
with transparent gold foil, converting one percent of incident sunlight into electric cur-
rent [5].

Since then, scientists and engineers have labored to increase the efficiency and
decrease the cost of photovoltaic materials in solar cells. Thin film techniques for pro-
ducing compound semiconductors brought major advances in solar cell design, re-
ducing cost by driving raw materials consumption down while enabling fine tuning
of absorption to match the spectrum of sunlight. Copper indium-gallium diselenide
(Culn, _ Ga,Se, or CIGS) is an adjustable absorber material at the heart of many thin
film solar commercialization efforts due to the low cost of its raw materials and con-
version efficiency of up to 19.9% in the lab [6]. The semiconductor junction is made
between a transparent n-type layer of cadmium sulfide (CdS) less than 100 nanome-
ters thick and the absorbing p-type CIGS less than three micrometers thick. Due to
the expense and health risks of using cadmium, a toxic heavy metal, current research
- including the present thesis — seeks to eliminate CdS from thin film solar cells. Zinc

oxide (ZnO) shows promise based on its wide bandgap and high carrier mobility.



1.1 Properties of Zinc Oxide

The most stable phase of crystalline ZnO, first studied in 1935 [7], is the hexago-
nal wiirtzite structure with space group P63mc and lattice constants ay = 3.2495 A and
co = 5.2069 A [2]. This phase comprises two interpenetrating hexagonal close-packed
lattices, one of pure zinc and the other of pure oxygen, offset from one another by
%co [0001]. This leads to alternating layers of Zn and O along [0001], as shown in Fig-
ure 1.1.1a. Each atom is tetrahedrally coordinated by four atoms of the other element.
ZnO can also crystallize on the cubic zincblende or rocksalt lattices, but these are not

favored; indeed, rocksalt ZnO is only stable at pressures greater than 10 gigapascals [8].

(a) Wiirtzite (hexagonal) lattice. (b) Zincblende (cubic) lat-
Black spheres represent 0%~ tice. Black spheres repre-
sent Zn?*.

Figure 1.1.1: The two polytypes of crystalline ZnO. Illustrations from [2].

Wiirtzite ZnO is transparent in the visible range of the electromagnetic spec-
trum due to its wide bandgap Eg = 3.37 electron-volts (eV) corresponding to ultra-
violet photons (wavelength A = 375 nm) [8]. Crystalline ZnO has electron mobility
e = 180 cm?V~1s~!, compared to 400 cm?V~!s7! in crystalline CdS [9]. However, the
conduction band energy level of ZnO lies 0.27 eV below that of CdS with equated Fermi
levels [10]. In a ZnO/CIGS junction, the conduction band of ZnO would fall 0.07 eV
below that of CIGS and the resulting recombination would severely degrade the con-

version efficiency [11]. Doping ZnO to increase its conduction band energy level by



alloying ZnO with wider-bandgap materials resolves this recombination problem.

1.2 Zinc-Magnesium Oxide

Alloying small amounts of magnesium oxide (MgO, Eg = 7.83 eV [8]) with ZnO
creates zinc-magnesium oxide (Zn, _,Mg 0O), a wide bandgap semiconductor with
wiirtzite structure and similar valence band energy but a higher conduction band en-
ergy level than ZnO [12]. Thin films of zinc-magnesium oxide (Zn, _ Mg O) have been
deposited under vacuum since 1997, originally by pulsed-laser deposition onto sap-
phire substrates at 600°C [13, 14]. Heterojunctions between ZnO and Zn;_,Mg,O were
first deposited by molecular beam epitaxy and annealed at 1,000°C, showing no diffu-
sion of Mg across the interface with x < 0.15 [15] despite a predicted solubility limit of
x = 0.04 [16]. The existence of metastable phases of Zn;_,Mg,O allow for a tunable
bandgap between 3.4 and 4.1 eV with a stable solid solution up to x =0.4 [17, 18].

Control of the bandgap means control of the conduction band offset in
Zn, _ Mg, O/CIGS heterojunctions and the ability to minimize recombination losses
[19]. Since 2001, solar cells with Zn, _ Mg O/CIGS junctions deposited by radio fre-
quency magnetron sputtering have been fabricated to study the effect of the con-
duction band offset on the electronic characteristics of the photovoltaic devices
(20, 21, 22, 23, 24]. In the process, solar cells have often matched the performance of
Zn, _ Mg O/CdS controls [25]. In addition, highly conformal Zn, _, Mg, O films have
been deposited on CIGS with minimal damage at the interface by atomic layer deposi-
tion, with some finished devices exceeding the performance of CdS controls [26].

Aqueous deposition of Zn, _ Mg O is generally limited to nanoparticle forma-
tion by ultrasonic spray pyrolysis [27] and sol-gel techniques [28], but a few attempts
to deposit Zn; _ Mg, O thin films have been reported. These depositions depend on
precipitation and dehydration of zinc hydroxide, as detailed in Equation 2.5.8.

One group discussed deposition of ZnO at 50°C and pH 8-9 from an aqueous



solution of zinc acetate (Zn(CH;COOQ),), ammonia (NH,), and magnesium acetate
(Mg(CH,;CO0),) [29]. They reported no evidence of Mg in the ZnO films, concluding
from chemical speciation simulations that magnesium hydroxide (Mg(OH),) had not
formed under these conditions and therefore no pathway to solid MgO was available.
Without Zn(CH,;COO), in solution, Mg(OH), diffraction peaks were measured in the
narrow range of pH 10-10.5.

Another group reported Zn, _, Mg O nanofibers with 0 < x < 0.2 grown at 70°C
and pH> 13 from an aqueous solution of zinc nitrate (Zn(NO,),), sodium hydroxide
(NaOH), and magnesium nitrate (Mg(NO,),) [30]. With glass substrates pre-seeded
with sputtered ZnO, the 0002 X-ray diffraction peak shifted from 34.48° to 34.63° with
alinear decrease of the unit cell length cj. As the magnesium concentration in solution
increased, the ZnO 1013 diffraction peak grew more intense, as did the MgO 200 peak,
which the authors attributed to adherent residue rather than phase segregation.

Finally, deposition of ZnO onto silica-coated glass activated with palladium and
tin was reported at 65°C and pH 6.2 from an aqueous solution of Zn(NO,),, dimethy-
lamineborane ((CH4),NH-BH; or DMAB), and Mg(NO,),. With Pd centers on the silica

surface, DMAB reduces nitrate ions (NO3) to generate hydroxide [31]:

DMAB + H,0 2% HBO, + (CH,),NH} +5H" +6e” 1.2.1)
NO; +H,0+2e” — NO, +20H". (1.2.2)

Due to the catalytic production of hydroxide ions at the surface, thin film growth oc-
curs despite the acidic conditions in the bath overall (pH < 7). The authors reported
compression of both the a and c lattice constants, decreased 0002 diffraction inten-
sity, and increased 1010 and 1013 diffraction intensities with Mg?* in solution. De-
spite these “cation-mediated effects” of Mg?* on growing ZnO, no incorporation of
Mg into ZnO was detected with energy dispersive X-ray spectroscopy since, due to the

acidic conditions, Mg(OH), cannot form. The proposed mechanism for these effects



is adsorption of Mg?* on the growing ZnO facets, reducing the rate and forcing denser
growth because Mg?* is a smaller ion than Zn?*. Presumably, the adsorbed Mg?* des-
orb before they are caged in but the temperature is not high enough for surface diffu-
sion to relax the compressed state.

Given the higher pH selected, this mechanism is not expected to be active for the

experiments described in this work: Mg(OH), is expected to form.



2. BACKGROUND: Chemical Bath Deposition

2.1 Overview

Chemical bath deposition (CBD) is a technique used to coat surfaces immersed
in a reactive aqueous solution. CBD was first used to deposit a semiconductor film in
1869, to make metal fixtures more colorful [32, 33]. In CBD, precipitation follows the
reaction of the metal salt with other species in the solution to yield an insoluble prod-
uct. The process is commonly used for the products of transition metals with Group
VIA elements (oxygen, sulfur, selenium, and tellurium), with important representatives
being cadmium sulfide (CdS) for photovoltaics, zinc oxide (ZnO) for transparent elec-
tronics, and lead sulfide (PbS) for photodiodes (all discussed in [33]; another broad
review of CBD materials is [34]).

CBD begins with metal salts dissolved in a beaker of water. The driving force for
precipitation is the same as causes rain to fall from clouds: deviation from the equi-
librium phase, or “supersaturation” of a medium. In both cases, a molecule dissolves
into the medium under conditions of high solubility; as some property of the medium
changes, a precipitate forms. Rain requires no chemical transformation: only the tem-
perature of the cloud changes. In CBD, dissolved precursors react to form a product of
limited solubility; this third species is deposited onto the substrate. For example, the
CBD of CdS is a three-part process involving a soluble cadmium salt, such as cadmium

sulfate; a soluble sulfur source, such as thiourea; and the reaction between the two

[33]:
CdsO, — Cd?** +S03~ (2.1.1)
SC(NH,), — S** + CN,H, + 2H" (2.1.2)
Cd** +8*" — CdS . (2.1.3)



2.2 Solubility

A solid interacting with a solution is governed by solubility equilibrium. Consider

the equilibrium reaction for a generic binary solid dissolving:
AgBp = aA™" + fB"". (2.2.1)
Since the activity of a solid is one, the solubility product [33]

Ksp = [A™119[B")P, 2.2.2)

moles)

where terms in square brackets represent molar concentrations in the solution ( Titor

The solid will continue to dissolve until the concentrations of dissolved species satisfy
K;p. Conversely, a supersaturated solution will precipitate solid AqBg until equilib-
rium is reached. For most II-VI semiconductors (named for their constituent elements’
groups in the periodic table), the value of Ky, is quite low: see Table 2.1. Taking zinc
hydroxide as a specific example, the equilibrium concentration of zinc dissolved in a

pH 9 solution from solid Zn(OH), is:

n] = —P_ _ g, 070 MO (2.2.3)
[OH-]? L
As the pH increases (that is, [OH 7] increases), this value decreases further.
When conditions change on a stable solution — cooling for physical precipitation,
or reaction for chemical precipitation — the excess solute must precipitate to restore
equilibrium. The deviation from equilibrium concentration is supersaturation:

C B [Am+]a [Bn—]ﬁ

S=

(2.2.4)



Table 2.1: Representative solubility products for some II-VI semiconductors [1].

Compound | Expression Ksp
Zn(OH), | [Zn**][OH"]? | 3x107"
ZnS [Zn?*][S?7] | 1.6x 10724
CdS [Cd®*][S?7] | 8.0x 10727

2.3 Metal Complexation

Defining the Gibbs free energy in terms of activity, and assuming equivalence of
activity and concentration, it is clear that supersaturation is necessary for precipitation

to occur [35]:

a
AG = —RTln(a—) =—RTIn(S). (2.3.1)
0

Beyond a threshold value of S, however, growth of homogeneous nuclei depletes the
solution of precursor material, to the exclusion of growth on the substrate. In order to
deposit a film of appreciable thickness, the precursors must be present in aqueous so-
lution without being available to react until needed. Coordination complexes between
transition metals and ligands can achieve such control of available reactant concen-
tration.

A representative complexing agent for zinc is ammonia (NH,). In aqueous solu-

tion, equilibrium is quickly established:
Zn** + nNH; — [Zn(NH;)2"]. (2.3.2)

The favored species in this case is the tetraamminezinc complex, with the formation

constant at room temperature [36],

[N

4= 10946, (2.3.3)
[Zn?*] [NH,]*

Adding enough ammonia to a nominally saturated zinc solution will limit the free



zinc concentration available, preventing zinc hydroxide from precipitating. Integrat-

, dél(nllj) = —%, demonstrates that the formation constant
T

decreases with rising temperature:

ing the van't Hoff equation

0

AH
InK=-——++¢, (2.3.4)
RT

with a constant of integration C. Under conditions of increasing temperature, the tran-
sition metal complex must therefore dissociate, eventually feeding the metal back into

the precipitation reaction.

2.4 Nucleation

To achieve equilibrium, any excess material beyond the solubility limit must pre-
cipitate from the solution. Precipitation in a saturated solution can form only if stable
nuclei of the solid phase are able to form. These nuclei are assumed to be spherical
clusters of molecules. This kinetic process occurs through local fluctuations in tem-
perature, concentration, density, and other factors [33]. Under the right conditions,
solute molecules in the bulk solution will collide to form embryos, whose stability is

determined by the Gibbs free energy [37]:
AG=V-AG,+ Ay, (2.4.1)

where V is the embryo volume, AG, is the energy released per unit volume, A is the
surface area of the embryo, and v is the surface tension arising from the solid-liquid
interface. The first term represents the energy released by the spherical particle’s crys-
tallization from solution, while the second represents the energy absorbed by increas-
ing the surface area between the embryo and the solvent. If adding another molecule
to the embryo will further decrease the Gibbs free energy, then its continued growth is

favored and the embryo becomes a stable nucleus.
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2.4.1 Homogeneous Nucleation

Homogeneous nucleation is the process by which a solid phase begins to grow
within the bulk mother phase — in this case, ZnO crystals growing within the aqueous
solution. The growth of an embryo without boundary constraints is assumed to be
spherical with radius r giving volume V = %nr3 and area A = 47r?. Substituting into
Equation 2.4.1 [35]:

_ 4 3 2
AG = 3 nr’-RTIn(S) +4nr- -y, (2.4.2)
v

where v is the molar volume, R is the universal gas constant, and T is temperature.

The minimum radius required to stabilize an embryo, r*, maximizes Equa-

tion 2.4.1 and is found by solving % =0:

N 2yv
= —. (2.4.3)
RTIn(S)
The value of AG at r* is the activation energy for nucleation [35],
* 4 *42
AGj o = 57Y (") (2.4.4)

Substituting this activation energy into the Arrhenius equation for the rate constant

_AG;;Om
—) (2.4.5)

with a pre-exponential constant A relating to vibration frequency and concentration
[37]. This relation predicts faster nucleation with increasing temperature and super-
saturation, or decreasing surface energy:

16, v z
khom:A'eXp{—?ﬂY (m) } (2.4.6)
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2.4.2 Heterogeneous Nucleation

Heterogeneous nucleation is the process by which a new phase begins to grow
at the interface between the mother phase and a solid mold - in this case, ZnO would
grow between the deposition solution and the glass substrate surface. The solid phase

is expected to “wet” the substrate with a contact angle 6 defined by the force balance

YGL="YzLC080 +7Y 75— cosb = w, (2.4.7)

YzL

where y )y is the interfacial energy between the glass and the liquid, yz; is the inter-
facial energy between the solid (ZnO) and the liquid, and y z¢ is the interfacial energy
between the solid and the glass. The embryo thus formed on a glass surface is assumed
to be a spherical cap of radius r. Following the same substitutions into Equation 2.4.1

with revised expressions for V, A, and AG, yields the critical radius

2
A (2.4.8)
het hom RT]H(S)
and the maximum Gibbs free energy
AGp =AGy, . - f(O), (2.4.9)

with f(6) = 1 (2+ cos) (1 - cos® ) [37]. The same trends of increasing nucleation rate
apply here as in homogeneous nucleation, with the added effect of increasing nucle-

ation rate with decreasing 6 due to the shape of f(0):

Knet = B-ex {—Enf(e)z-(L)z} (2.4.10)
het = 218X T Y \rrns)) | *
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2.5 Zinc Oxide Growth Mechanism

The aqueous chemical species of interest in this work are the divalent zinc ion
(Zn?"), the divalent magnesium ion (Mg 2+) ammonia (NH;), the ammonium ion
(NH,), and the hydroxide ion (OH™). Depending on the concentrations and tempera-
ture, one of two kinetic mechanisms is favored: either decomposition of the tetraam-
minezinc(II) complex (Zn(NH,) f*) or decomposition of the tetrahydroxozinc(Il) com-
plex (Zn(OH) f‘), each yielding zinc hydroxide (Zn(OH),) adsorbed on the substrate,
followed by dehydration of Zn(OH), [38, 39]. Each intermediate pathway has the same
net reaction,

Zn** + NH, + OH™ — ZnO + NH; - (2.5.1)

2.5.1 Tetraamminezinc(II) Complex Decomposition
This reaction pathway is kinetically favored when NH, is present in excess. Be-
cause adsorption of Zn(NH,) 2* to a negatively charged site is more energetically favor-

able, the presence of magnesium ions in solution will slow the rate of this pathway.

NH, + H,0 == NHj + OH~ (2.5.2)
Zn** + 4NH; = Zn(NH,)3" (2.5.3)
Zn(NH,);" +20H" +site” — Zn(OH), 4, +4NHj- (2.5.4)

2.5.2 Tetrahydroxozinc(II) Complex Decomposition
This reaction pathway is kinetically favored when OH™ is present in excess. Be-

cause adsorption of Zn(OH);~ to a positively charged site is more energetically favor-
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able, the presence of magnesium ions in solution will not directly affect this pathway.

NH, +H,0 == NHj + OH~ (2.5.5)
Zn** +40H™ = Zn(OH)2~ (2.5.6)
Zn(OH);~ +site* — Zn(OH), 4, +20H - (2.5.7)

2.5.3 Dehydration of Zinc Hydroxide
Regardless of the mechanism behind its formation, the adsorbed Zn(OH), sheds

a water molecule to leave solid ZnO behind:

Zn(OH), 4 — ZnO g +H,O0. (2.5.8)

(s)



3. EXPERIMENTAL APPARATUS

Chemical bath deposition requires equipment to bring the surface to be coated
into contact with a reactive chemical solution, with as uniform a source of heat as prac-
ticable to accelerate the growth rate. The two hardware configurations used in the
course of this research, a stirred tempering beaker and a custom flow-through reactor,

are described in this chapter.

3.1 Stirred Beaker

Circ.
Qutlet

Substrate

Cire.
Inlst

Figure 3.1.1: Schematic diagram of chemical bath deposition in the tempering beaker.

The schematic Figure 3.1.1 represents a tempering beaker containing a substrate
and stirbar, a spacer to separate the two, and the aqueous deposition solution. The
tempering beaker, made of borosilicate glass, comprises two beakers fused at their
top edges with fittings at the top and bottom. A heated water circulator connects to
these fittings with flexible tubing, pumping water at a constant temperature through

the beaker walls in a closed loop.

14
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During a deposition, the beaker is centered on a stirring plate, which magneti-
cally couples to and drives the stirbar. The mixing action of the stirbar promotes uni-
form chemical concentrations and temperature throughout the aqueous solution for
the duration of the deposition process. Despite this mixing, there is a thermal gradient
across the hydrodynamic boundary layer along the inner beaker wall; fluid in this layer
is closer in temperature to the circulating water than anywhere else in the deposition

solution.

3.2 Flowing Reactor

Circ. Cire. Chem.
Inlet T Outlet Qutlet

Backing Plate

Gasket

Chem.
Inlet

Figure 3.2.1: Schematic diagram of chemical bath deposition in the custom flow-through reactor.

In an effort to improve the repeatability of deposition on the substrate surface, I
designed retrofits for a system built by former colleagues to deposit cadmium sulfide

from a static volume of fluid. The modified system, schematically represented in Fig-



16

ure 3.2.1, features a channel for fluid to flow between a pair of substrates held against
aluminum vacuum chucks heated from behind by circulating water. The two identical
reactor bodies, made of chlorinated polyvinylchloride (CPVC), form the flow channel
between the substrates and support the chuck assemblies. They are bolted between
aluminum backing plates to ensure a liquid-tight seal around the flow channel and
balance hydraulic forces in the reactor. The aqueous deposition solution is prepared
in a separate beaker which serves as a chemical reservoir during the deposition, kept
covered to minimize evaporative losses of ammonia. The solution is circulated through
the flow channel by a peristaltic pump, which connects to the chemical inlet through
a flexible Teflon® tube. The chemical outlet returns to the beaker through a similar
tube, forming a closed loop.

While chemical mixing is provided by the pump, a thermal gradient is established
between the reactor walls and the flow channel. In contrast to the stirred beaker, the
highest temperature achieved by the deposition solution is directly on the substrate

surface.



4. RESULTS

A series of experiments was performed to create a stable process for zinc oxide
(ZnO) deposition in a novel chemical reactor and to improve the physical and elec-
tronic properties of the ZnO by incorporating magnesium (Mg) into the crystal struc-
ture. The first pair of experiments used the beaker apparatus, with indirect substrate
heating and relatively low temperature, to characterize the nucleation characteristics
of zinc hydroxide (Zn(OH),), which is a precursor to ZnO required for growth. The sec-
ond pair used the reactor apparatus, with direct substrate heating and higher tempera-
ture, to characterize the growth of ZnO on glass substrates. The first three experiments
were used to establish critical process factors required for stable deposition, which en-
abled the fourth experiment to grow ZnO nanorods with improved properties. While
changes in the ZnO structure and morphology were observed, evidence of Mg incor-

poration was not.

4.1 Hot Mixed Beaker

This experiment was designed to evaluate the effects of a secondary complexing
agent on the precipitation of zinc hydroxide. Each trial was conducted in the temper-
ing beaker. The species chosen for this trial was sodium citrate, which dissociates in
water to release the citrate ion, C3H5O(COO) 3 - Citrate is a stronger complexing agent

for zinc than ammonia, with [36]

[Zn(C4H,0(CO0),) 7]

- =2.5x10", (4.1.1)
[Zn?*][C,H;0(CO0)3"]

4.1.1 Procedure

Prior to each experiment, the water circulator was connected to the tempering

beaker and powered on, with a setpoint of 55°C. The circulator was allowed to reach

17
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and stabilize at this setpoint temperature. A 10 x 10 x 0.4 cm® piece of soda-lime float
glass was scored and cleaved to fit inside the beaker (7.5 x 10 x 0.4 cm®) and inscribed
with the run number at the top-left corner of the tin side. This substrate was cleaned
with acetone, then rinsed with isopropanol, rinsed again with deionized water (> 15
MQ), blown dry with nitrogen gas, and set aside on a clean lint-free wipe.

With the substrate prepared and the beaker walls steady at 55°C, 450 milliliters
of deionized water were decanted into the tempering beaker and stirred at 350
rpm. To the deionized water, zinc nitrate hydrate (22.50 grams of crystalline pow-
der, Zn(NO,), -6 H,0); magnesium nitrate hydrate (3.90 grams of crystalline powder,
Mg(NO,),-6H,0); trisodium citrate hydrate (0 — 2.95 grams of crystalline powder,
C;H;O(COONa), -2 H,0); and nitric acid (10 milliliters of 2.5 molar solution, HNO,)
were added. The substrate was placed upright in the beaker, suspended above the
stirbar by a polypropylene spacer ring. Finally, aqueous ammonia (40 milliliters of 15
molar solution, NH,) was decanted into the beaker.

With all reactants in the beaker, a timer was started, then the pH was measured
and recorded. The beaker was covered with a watch-glass to limit the evaporative loss
of ammonia. After 30 minutes, the substrate was removed from the solution, rinsed in

deionized water, and blown dry with nitrogen gas.

4.1.2 Observations

The pH of solutions in this experiment ranged between 9.22 and 9.40, with no
apparent correlation to the concentration of citrate.

The appearance of the solution was recorded at the beginning and end of each
deposition. With no citrate, the solution quickly reached a level of opacity that did not
substantially change for the duration of the experiment. As the concentration of citrate
increased, the initial solutions’ turbidities decreased: the most concentrated solutions
were clear. All but the solution without citrate became more turbid as the deposition

time increased.
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This series of experiments produced colorful films on the glass, due to optical
interference between light waves reflected off the deposit and the substrate surface.
Notably, the specimens with zero or low citrate concentration in solution had poor
uniformity, with color localized to the area of the substrate nearest the influx of am-
monia. Specimens with medium concentrations of citrate in solution showed more
uniform color distributions, in terms of both shade and area of the substrate covered.
Specimens with the highest concentration of citrate in solution appeared transparent

and colorless.

4.1.3 Characterization

The relative amount of zinc species deposited on each substrate was measured
by X-ray fluorescence spectroscopy (XRF). Figure 4.1.1 plots the XRF signal against in-
creasing citrate concentration in the solution, with a clearly decreasing trend. How-
ever, the measurement range is broader for low citrate concentrations, confirming the

observed improvement in uniformity with increasing citrate concentration.
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Figure 4.1.1: Change in XRF signal from zinc with increasing citrate concentration in so-
lution.
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4.2 Cold Mixed Beaker

This experiment was designed to evaluate the effects of magnesium on the pre-
cipitation of zinc hydroxide. The deposition solution for each trial was fully prepared
at room temperature, then transferred into the tempering beaker to provide consistent

initial conditions.

4.2.1 Procedure

Prior to each experiment, the water circulator was connected to the tempering
beaker and powered on, with a setpoint of 55°C. The circulator was allowed to reach
and stabilize at this setpoint temperature. Two 2.5 x 10 x 0.1 cm? strips of borosilicate
glass (Corning 1737) were inscribed with the run number along the top edge, cleaned
with acetone, rinsed with isopropanol, rinsed again with deionized water (> 15 MQ),
and blown dry with nitrogen gas. These substrates were then clamped back-to-back
and suspended in the tempering beaker, with the clamp held out of the deposition
solution. Smaller substrates were adopted to increase chemical uniformity during the
deposition by improving circulation in the beaker.

450 milliliters of deionized water were decanted into a separate, clean beaker at
room temperature, and stirred at 350 rpm. To the deionized water, zinc nitrate hydrate
(22.50 grams of crystalline powder, Zn(NO,), -6 H,0); magnesium nitrate hydrate (0
— 3.53 grams of crystalline powder, Mg(NO,), -6 H,0); trisodium citrate hydrate (0.44
grams of crystalline powder, C;H;O(COONa), -2 H,0); nitric acid (10 milliliters of 1.0
molar solution, HNO,); and aqueous ammonia (40 milliliters of 15 molar solution,
NH,) were added. The pH of this room-temperature solution was then measured and
recorded.

The prepared deposition solution was quickly decanted into the tempering
beaker and stirred at 350 rpm; a timer was started. After 30 minutes, the substrates
were removed from the solution, rinsed in deionized water, and blown dry with nitro-

gen gas.
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Based on the results of these trials, an additional experiment was conducted with
the same hardware configuration and chemistry as above, but with higher magnesium
nitrate hydrate concentration (3.85 - 5.14 grams, Mg(NO,), -6 H,0) and a 20 minute

deposition time (10 minutes shorter) due to faster homogeneous precipitation.

4.2.2 Observations

The pH of solutions in this experiment ranged between 10.20 and 10.27, which is
within measurement error.

All solutions prepared in this experiment were initially clear. Without magne-
sium, the solution remained clear throughout the deposition time. As the magnesium
concentration in solution increased, the solution appearance at the end of deposition
became increasingly turbid. All trials up to 3.43 grams of Mg(NO,), -6 H,O remained
translucent. The solutions in the set of three trials with the highest magnesium con-
centrations (3.85 - 5.14 grams) became opaque and white.

Using dilute hydrochloric acid (5% aqueous solution by volume, HCI), a line was
etched across each specimen in preparation for contact profilometry. Specimens with
the lowest concentration of magnesium in solution appeared transparent and color-
less; however, the etched line demonstrated a slightly different reflectance from the
un-etched area. Specimens with increasing magnesium concentration in solution (be-
tween 1.92 and 3.53 grams of Mg(NO,), -6 H,0) showed color consistent with interfer-
ence due to thickness. The color changed from faint bronze at low concentration to
vibrant blue at high concentration. The set of three specimens with the highest con-

centration of magnesium, however, were clear.

4.2.3 Characterization
X-ray diffraction was used to identify the crystalline phases deposited on the
substrate. The X-ray diffraction spectra of these specimens feature just one peak, at

20 =9°, corresponding to the most intense peak expected from basic zinc nitrate
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(Zn;(NO,),(OH)4 -2 H, 0, ICDD reference code: 00—024—1460). No peaks correspond-
ing to zinc oxide were observed, indicating that the growth temperature for this exper-
iment was insufficient to activate the dehydration of zinc hydroxide to form zinc oxide.

The relative amount of zinc species deposited on each substrate was measured
by X-ray fluorescence spectroscopy. Figure 4.2.1 plots the XRF data versus increas-
ing magnesium concentration in solution for the main 30-minute deposition and the
supplementary 20-minute depositions. While the trend of XRF signal from 0 to 25 mil-

limolar magnesium is clearly increasing, the trend beyond 25 millimolar decreases.
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Figure 4.2.1: Change in XRF signal from zinc with increasing magnesium concentration
in solution.

The thickness of the step etched across each film was measured by contact pro-
filometry. Figure 4.2.2 plots the measured thickness against increasing magnesium
concentration in solution for the main 30-minute deposition and the supplementary

20-minute depositions, showing a similar conflict of opposing trends as the XRF data.

4.3 Hot Walled Reactor

This two-part experiment was used to study the kinetics of zinc oxide grain
growth and the influence of increasing magnesium concentration in a kinetically-
limited deposition solution with heat flux through the substrate and improved control

over mass transport. The glass substrates were pre-seeded with ZnO using a common
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Figure 4.2.2: Change in XRF signal from zinc with increasing magnesium concentration
in solution.

process for nanorod growth [40].

4.3.1 Procedure
4.3.1.1 Substrate Preparation

Two 10 x 10 x 0.1 cm? plates of borosilicate glass (Corning 1737) were inscribed
with the run number along the top edge, cleaned with acetone, rinsed with iso-
propanol, rinsed again with deionized water (> 15 MQ), and blown dry with nitrogen
gas. One of these was loaded in the bottom-half of the reactor without further treat-
ment. A puddle of solution composed of zinc acetate hydrate (0.16 grams of crystalline
powder, Zn(CH;COO), -2 H,0), methanol (25 milliliters, CH,OH), and isopropanol (75
milliliters, C;H,OH) formed on one-half the surface of the other clean glass plate. After
fifteen seconds, the plate was rinsed with isopropanol and dried with nitrogen. This
soaking process was repeated two more times to precipitate a uniform, thin layer of
zinc acetate on the glass surface. The glass plate was then heated above 350°C for 30
minutes on a hotplate, then allowed to cool by forced convection. The resulting sub-
strate, which appeared no different from clean borosilicate glass, was then transferred

to the top half of the reactor.
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4.3.1.2 Kinetic Rate Study

Prior to each experiment, the water circulator was connected to the reactor, pow-
ered on, and allowed to stabilize at its setpoint temperature of 90°C. The reactor, with
glass plates loaded, was sealed.

483 milliliters of deionized water were decanted into a clean beaker at room tem-
perature and stirred at 350 rpm. To the deionized water, zinc nitrate hydrate (5.58
grams of crystalline powder, Zn(NO,), - 6 H,0); ammonium sulfate (0.83 grams of crys-
talline powder, (NH,),SO,); and aqueous ammonia (17 milliliters of 15 molar solution,
NH,) were added. The pH of this room-temperature solution was then measured and
recorded.

With the deposition solution prepared and the reactor at temperature, the beaker
was covered with a Teflon® two-hole stopper, through which the supply and return
tubes passed. Flow was then established at 200 milliliters per minute by a peristaltic
pump, with a timer started after the fluid flow circuit closed.

The reactor was drained of solution after 30, 60, and 120 minutes for each of the
three trials, respectively; the substrates were then rinsed in deionized water and blown

dry with nitrogen.

4.3.1.3 Magnesium Study

Prior to each experiment, the water circulator was connected to the reactor, pow-
ered on, and allowed to stabilize at its setpoint temperature of 90°C. The reactor, with
glass plates loaded, was sealed.

450 milliliters of deionized water were decanted into a clean beaker at room tem-
perature and stirred at 350 rpm. To the deionized water, zinc nitrate hydrate (5.58
grams of crystalline powder, Zn(NO,), -6 H,0); magnesium nitrate hydrate (0.08 or
0.24 grams of crystalline powder, Mg(NO,), -6 H,0); ammonium sulfate (0.83 grams
of crystalline powder, (NH,),SO,); and aqueous ammonia (17 milliliters of 15 molar

solution, NH,) were added. The pH of this room-temperature solution was then mea-
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sured and recorded.

With the deposition solution prepared and the reactor at temperature, the beaker
was covered with a Teflon® two-hole stopper, through which the supply and return
tubes passed. Flow was then established at 200 milliliters per minute by a peristaltic
pump, with a timer started after the fluid flow circuit closed.

The reactor was drained of solution after 30 minutes for these two trials; the sub-

strates were then unloaded, rinsed in deionized water, and blown dry with nitrogen.

4.3.2 Observations

The pH of solutions in this experiment ranged between 10.21 and 10.30, which is
within measurement error. The final outlet temperature ranged between 64 to 71°C.

The deposition solutions of all five trials in this experiment remained clear
throughout. The solution with the highest magnesium concentration became mildly
opalescent — objects viewed through the solution gained a “halo.”

For all three trials without magnesium, a white, diffusely scattering, adherent de-
posit formed on the top substrate. On the substrate grown with the shortest time, this
deposit was limited to the seeded area; for the longest time, the deposit covered the
entire surface of the top substrate. The two trials with magnesium produced translu-
cent white deposits on the seeded areas of the substrate. For all five trials, the bottom

substrate had no adherent film, only dusty white residue.

4.3.3 Characterization
4.3.3.1 Kinetic Rate Study

X-ray diffraction (XRD) spectra of the films grown without magnesium, pre-
sented in Figure 4.3.1, show prominent peaks at 31.7°, 34.4°, and 36.2°. These three
peak positions correspond to diffraction from the (1000), (0002), and (1011) planes of
the wiirtzite ZnO unit cell. The presence of a dominant peak, centered at 26 = 34.4°,

suggests that growth is preferred along the polar +[0002] direction — diffracting off the
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basal planes of the unit cells. Figure 4.3.2 compares the area of the 0002 peak to de-
position time, showing a nearly-linear increasing trend. In addition, extraneous peaks
at 36.6°, 37.3°, and 48.1° gain intensity for the longer depositions: rather than ZnO,
these peaks belong to basic zinc sulfate (Zn,(OH),SO,-5H,0, ICDD reference code:

01-078-0246) [41, 42].
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Figure 4.3.1: X-ray diffractograms with ZnO peak intensity increasing with time: (a) 30
minutes, (b) 60 minutes, and (c) 120 minutes.  Reflections assigned to
Zn,(OH),SO,-5H,0.

Optical transmittance spectra for these three samples were also measured in the
ultraviolet and visible spectrum. Figure 4.3.3 compares these spectra, with the optical
transition at 3.25 electron-volts becoming more pronounced with increasing deposi-
tion time.

A cross-sectional scanning electron micrograph of the film deposited for 180
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Figure 4.3.3: Transmittance spectra demonstrating stronger 3.25 eV optical transition
with increasing deposition time.
minutes, reproduced in Figure 4.3.4, confirms that growth is anisotropic, as predicted
by XRD. Specifically, these ZnO rods grew fastest along the polar [0001] direction, with

nonpolar {2110} or {0110} walls and {1011} facets at the top [43].

4.3.3.2 Effect of Magnesium

X-ray diffraction spectra of the films grown with increasing magnesium concen-
tration in solution, presented in Figure 4.3.5, demonstrate that the films are ZnO with
strongest diffraction off the (0002) planes. In Figure 4.3.6, comparing the logarithm of

diffracted intensity from the basal plane to magnesium concentration in solution, a



Figure 4.3.4: SEM image of ZnO grown for 180 min.

sharp decrease in ZnO growth is observed with the addition of magnesium.
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Figure 4.3.5: X-ray diffractograms of samples grown with increasing magnesium concen-
tration in solution: (a) 0 millimolar, (b) 0.6 millimolar, and (c) 1.9 millimo-
lar.
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Figure 4.3.6: Change of ZnO 0002 diffraction peak intensity with increasing magnesium
concentration.
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4.4 Cold Walled Reactor

This experiment was designed to study the effects of magnesium on ZnO growth
with higher pH and a slower ramp-up to the deposition temperature. The glass sub-

strates were pre-seeded with ZnO using a common process for nanorod growth [40].

4.4.1 Procedure
4.4.1.1 Substrate Preparation

Two 10 x 10 x 0.1 cm?® plates of borosilicate glass (Corning 1737) were inscribed
with the run number along the top edge, cleaned with acetone, rinsed with iso-
propanol, rinsed again with deionized water (> 15 MQ), and blown dry with nitro-
gen gas. One of these was loaded in the bottom-half of the reactor without further
treatment. The other was placed in the center of a hotplate under a fume hood. A
puddle of solution composed of zinc acetate hydrate (0.16 grams of crystalline pow-
der, Zn(CH,;COOQ), -2H,0), methanol (24 milliliters, CH;OH), and isopropanol (76
milliliters, C;H,OH) was formed on the entire surface of the second clean glass plate.
The hotplate was then turned on with a setpoint of 100°C, causing the alcohol solution
to evaporate. Once the surface was dry, the glass was heated above 350°C for 30 min-
utes, then allowed to cool under forced convection. The resulting substrate, which had

a pale bluish reflection, was then transferred to the top half of the reactor.

4.4.1.2 Zinc Oxide Deposition

Prior to each experiment, the water circulator was powered on and allowed to
stabilize at a setpoint temperature of 70°C. It was not connected to the reactor, which
remained at room temperature. The reactor, with glass plates loaded, was sealed.

468 milliliters of deionized water, less the volume of magnesium nitrate for the
given trial, were decanted into a clean beaker at room temperature and stirred at 350
rpm. To the deionized water, zinc chloride hydrate (5.21 grams of crystalline pow-

der, ZnCl, -4 H,0); aqueous magnesium nitrate (0 — 40 milliliters of 0.025 molar solu-
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tion, Mg(NO,),); and aqueous ammonia (17 milliliters of 15 molar solution, NH,) were
added. The pH of this room-temperature solution was then measured and recorded.

With the deposition solution prepared and the circulator stabilized at 70°C, the
beaker was covered with a Teflon® two-hole stopper through which the supply and
return tubes passed. Flow was then established at 100 milliliters per minute by a
peristaltic pump, with a timer started after the fluid flow circuit closed. As the timer
was started, the water circulator was connected to the reactor and its setpoint was in-
creased to 95°C.

The reactor was drained of solution after 180 minutes; the substrates were then

unloaded, rinsed in deionized water, and blown dry with nitrogen.

4.4.2 Observations

The pH of solutions in this experiment ranged between 10.55 and 10.61, which is
within measurement error. At the end of the deposition, the outlet temperature ranged
between 74 to 78°C.

The deposition solutions of all five trials in this experiment were initially clear.
Pulpy precipitate suspensions formed in the two trials with the highest magnesium
concentrations within the first 60 minutes, while no precipitate was visible in the three
trials with lower concentrations. After 120 minutes, the two trials with the lowest mag-
nesium concentration became lightly turbid, while the precipitate settled to the bot-
tom of the beaker for the three trials with higher concentrations. No change in turbidity
was witnessed during the final 60 minutes for any of the five trials.

Growth was visible over the entire area of all five seeded substrates. The films had
an off-white, very pale yellow hue. The film grown with the lowest magnesium concen-
tration was specularly reflective, while the other four samples reflected diffusely. Only

a chalk-white, loosely adherent residue remained on the bottom substrates.
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4.4.3 Characterization
Scanning electron microscopy was used to visualize the microstructure of these
films. A representative micrograph, reproduced in Figure 4.4.1, shows highly oriented

nanorods which grew perpendicular to the substrate surface.

Figure 4.4.1: SEM image of ZnO grown with 0.5 millimolar magnesium ions in solution.

X-ray diffraction was used again to analyze the crystallinity of the deposited
species. Diffraction spectra of these films, reproduced in Figure 4.4.2, establish the
films as highly oriented ZnO, with the most intense diffraction off the (0002) and (1013)
planes.

In Figure 4.4.3, comparing diffracted intensity from ZnO planes to increasing
magnesium concentration in solution, general decreases are observed but without any
systematic trend. Contact profilometry of sharp steps was conducted after etching the
films away in small areas. The step heights, plotted in Figure 4.4.4, show that the total
deposition thickness also shows no systematic trend with respect to magnesium con-
centration.

Figure 4.4.5 plots the observed position of the 0002 peak with increasing magne-
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Figure 4.4.2: X-ray diffractograms of samples grown with increasing magnesium concen-
tration in solution: (a) 0.0 millimolar, (b) 0.5 millimolar, (c) 1.0 millimolar,
(d) 1.5 millimolar, and (e) 2.0 millimolar.

sium concentration, demonstrating a systematic downward trend. The peak positions

in Figure 4.4.5 are converted to lattice spacings according to the Bragg equation
A =2dsin(6), (4.4.1)

from which the constants a and c for a hexagonal lattice can be found according to the
equation [44]
1 4 h*+hk+k* I

— —_— + —. (4.4.2)
d> 3 a? c?

The lattice constant c for these films, plotted in Figure 4.4.6, shows a clearly increasing
trend with increasing magnesium concentration.

Thin films have no stress perpendicular to the substrate, because the top of the
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Figure 4.4.3: Change of the strongest ZnO diffraction peak intensities with increasing magnesium concen-
tration: (a) 0002 and (b) 1013.
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Figure 4.4.4: Change of ZnO step height with increasing magnesium concentration.

film is a free surface. Strain in this z-axis direction therefore arises from biaxial stress

in the planes parallel to the substrate. For a cubic lattice, with Young’s modulus E and
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Poisson’s ratio v the biaxial stress
o= __'Ezz. (4.4.3)
v

For a hexagonal lattice, however, the calculation involves the tensor expression of

Hooke’s Law [45],
Ox Cii Ciz Cig| |€xx
oyl =|C Cu Cis|leyl- (4.4.9)
0 Ciz Ciz Cs3| | €z

For ZnO, the stiffness constants C;; are Cy; = 208.8 GPa, Ci2 = 119.7 GPa, Cy3 = 104.2
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GPa, and Cs3 = 213.8 GPa [46]. Simplifying with o, = 0 yields the equations [45]:

Cs3
Exx‘l‘gyy: _C_gzz (4.45)
13

C
0 = (C11+ Ci2) (Exx +Eyy) +2C136,. = [2C13 - C—% (C11+Cr2)
13

(C - C") . (4.48)
Co

Residual stress in the films was calculated from the data points in Figure 4.4.6 and plot-
ted in Figure 4.4.7, which shows increasing compressive stress with increasing magne-

sium concentration.
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Figure 4.4.7: Change of biaxial stress with increasing magnesium concentration.

Comparing the widths of the two most intense diffraction peaks against increas-
ing magnesium concentration in Figure 4.4.8 shows a common trend with local min-
ima near 1.0 millimolar. The full width at half-maximum g has contributions from
the diffractometer, microstrain, grain size, and lattice defects in the crystal. The two
strongest factors, grain size and microstrain, are calculated from f with Williamson-
Hall plots [47, 48, 49]. In this technique, the average length scale of coherent diffraction

domains L, strain €, and peak width § are related:

BcosO 4sinf K
1 =€ 1 + T (4.4.7)
with X-ray wavelength A and Scherrer shape factor K = 1. If the plot of w versus
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% is linear, then the slope is € and the y-intercept is % Based on the positions and
widths of the 0002, 1012, and 1013 peaks, Williamson-Hall plots were made for each of
the five trials and the slope and intercept were extracted from a linear fit to the data.

As represented in Figure 4.4.9, both € and L increase with increasing magnesium ion

concentration, with a stronger trend in L.
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Figure 4.4.8: Change of the strongest ZnO diffraction peak widths with increasing magnesium concentra-
tion: (a) 0002 and (b) 1013.

Some strain may arise from the difference in thermal expansion between the

borosilicate glass substrate and the ZnO films [50]:

e=(as—ays)AT, (4.4.8)
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Figure 4.4.9: Calculated changes of (a) microstrain and (b) crystallite size with increasing magnesium
concentration.
with the coefficients of thermal expansion of the substrate and film a; = 4.2 x 107%/°C
and ay = 4.7 x 1078/°C [51, 8], respectively, and the difference between the growth
temperature and ambient AT < 70°C. This thermal misfit strain € < 3.4 x 10~°, which
is roughly one-quarter the calculated microstrain. If the seed temperature (350°C)
is used instead of the growth temperature (95°C), the increased thermal strain € <
1.6 x 107*. The difference in a does not account for the strain estimated from the

Williamson-Hall plots in either case.



5. DISCUSSION

5.1 Hot Mixed Beaker

The first experiment used citrate ions to improve the uniformity of deposition
from solutions initially mixed at elevated temperature. With the reactants mixed at
elevated temperature, Zn(OH), precipitated immediately upon the addition of ammo-
nia, leaving relatively thick deposits on exposed surfaces but with poor uniformity. The
addition of citrate ions under these conditions decreased the extent of the initial pre-
cipitation and promoted a uniform deposition on the substrate surface.

The reduced initial precipitation was caused by the complexing action of citrate
ions on zinc, decreasing the initial concentration of zinc and the supersaturation of
Zn(OH),. As the solution temperature gradually increased, the tetraamminezinc com-
plex became less stable, releasing zinc back into solution and precipitating Zn(OH), in
a more controlled manner. Increasing the concentration of citrate ions, which form a
more stable complex with zinc, decreased the quantity of zinc able to precipitate from
the solution and limited the terminal thickness of the deposition.

The value of citrate in this experiment stems from the role of ammonia as both
the complexing agent for zinc and the means of controlling pH. In a system prone
to non-uniformities or fluctuations in temperature or pH, adding citrate to decouple

complexation from pH control can significantly improve control over precipitation.

5.2 Cold Mixed Beaker

The second experiment used the magnesium ion concentration in solutions
mixed at room temperature to increase the amount of Zn(OH), deposited, to a point.
The apparent maximum in the XRF data suggests competition between two opposing

effects of adding magnesium ions to the solution, of nucleation versus growth.
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Increasing the magnesium ion concentration consistently increased homoge-
neous precipitation during the deposition, indicating an increasing nucleation rate.
Considering Equation 2.4.10, only a linear increase in supersaturation, S, would pro-
duce a gradual increase in nucleation rate. At alow magnesium ion concentration, in-
creasing the rate of nucleation resulted in greater deposition on the substrate surface.
However, nucleation occurred on dust particles in suspension as well. As the magne-
sium ion concentration further increased, deposition on the substrate decreased as the
precipitating Zn(OH), was distributed over a much larger area.

The likely cause of increased supersaturation at the substrate surface is dis-

cussed, with more evidence, in Section 5.4.

5.3 Hot Walled Reactor

The third experiment first used increasing time to increase the amount of ZnO
deposited, then quenched the growth by adding magnesium ions to the deposition so-
lution. Glass substrates were partially pre-seeded with ZnO, with significantly greater
Zn0 deposition on the seeded areas. Assuming diffracted intensity as a proxy for ZnO
growth, the induction time for this system was estimated at 25 minutes by extrapolat-
ing the trendline in Figure 4.3.2 to its root. The clear deposition solution and linear
increase of film growth with time indicate the deposition was limited by chemical re-
action kinetics in this system.

The ZnO growth was observed as clusters of nanorods, instead of a closed thin
film, with porosity and gaps between rods much larger than the wavelength of visi-
ble light. The clusters appear to have grown away from a common root on the sub-
strate, with little or no secondary nucleation: that is to say, branches did not grow
out of the rod facets. ZnO grown for less time is expected to have smaller rods, with
even lower film density. This porous morphology allows some light to pass through

the sample without encountering ZnO. The increasing sharpness of the optical transi-
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tion observed with increasing deposition time was due to increasing substrate surface
coverage, which decreased the proportion of photons passing through bare glass.
Since the substrates were pre-seeded and the solution was not observed to be-
come turbid over the course of the trials, deposition in this system was clearly con-
trolled by chemical reaction kinetics. While increasing the magnesium ion concentra-
tion did not affect turbidity, it did exponentially decrease deposition on the substrate.
The high concentration of NH, and the relatively low pH in this experiment support
the Zn(NH,) 2* pathway, Equation 2.5.4. The Mg?* competed with the complex for ad-

sorption sites, substantially reducing the rate of the surface reaction in the process.

5.4 Cold Walled Reactor

The final experiment gradually heated the reactor to deposition temperature, us-
ing magnesium ions to produce structural changes in the deposited ZnO. While no
clear trends were observed in the integrated diffraction intensities or measured film
thicknesses, systematic changes in the strongest diffraction peaks and peak widths
were produced when magnesium was introduced.

Incorporation of magnesium into ZnO is expected to produce a decrease in lat-
tice constant ¢ [13]. While the observed increasing ¢ does not preclude the possibility
of magnesium incorporation, any such effect was overwhelmed by the effect of biaxial
compressive stress in these films. This stress, which produced a shift in the diffrac-
tion peak locations by uniformly deforming the ZnO lattice, likely arose from diffusion
along the grain boundaries [50]. The relatively high pH and relatively low concentra-
tion of NH, in this experiment support the Zn(OH) ;™ pathway, Equation 2.5.7. These

conditions also favor the formation of magnesium hydroxide to reduce the pH,

Mg?* +20H~ — Mg(OH), — MgO + H, 0. (5.4.1)

Since no Mg(OH), was observed in the diffraction data, this compound is likely unsta-
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ble at this pH and temperature.

According to Equation 2.5.7, two OH™ are released for every ZnO that solidifies,
locally increasing the pH at the crystal surface. However, Mg?* hopping on and off
the adsorption sites on the ZnO surface that Zn(OH) f‘ doesn’'t access keeps a local
sink for evolved OH™ available, momentarily delaying its diffusive journey away from
the reaction site. This could be the mechanism artificially increasing the near-surface
supersaturation and providing the driving force for increased grain boundary diffusion
in these films.

In addition to increasing biaxial compressive stress, analysis of the diffraction
spectra shows an increasing characteristic diffraction length scale with increasing
magnesium ion concentration. Based on the relative intensities of the diffraction peaks
and electron microscopy, these films comprise nanorods with length greater than the
values found from the Williamson-Hall plots. Rather than physical rod length, the in-
creasing length L found in Figure 4.4.9 suggests improving alignment of the nanorods
perpendicular to the substrate with increasing magnesium ion concentration. This
narrowing distribution of grain orientations may arise from Mg?* adsorption on the
surface, limiting growth directions available to the crystal and increasing the nanorod

packing density [52].



6. CONCLUSION

The zinc oxide (Zn0O) nanorods grown on glass substrates represent the success-
ful implementation of a novel reactor geometry for thin film semiconductor deposition
from aqueous chemical solution. In the course of developing this process, the two ki-
netic mechanisms of ZnO deposition from solutions of ammonia and zinc salts were

observed:

Zn(NHj3);" +20H™ +site” — Zn(OH), 4, +4NH;,

Zn(OH);~ +site* — Zn(OH), 4, +20H".

These mechanisms were used to explain the effects of increasing Mg?* concentration
on ZnO nanorod growth, which were attributed to Mg?* adsorption onto the ZnO sur-
face. Specifically, under conditions of high NH, concentration, Mg?* quenched the
surface reaction critical to ZnO growth. However, under conditions of high OH™ con-
centration, adsorbed Mg?* locally increased the supersaturation at the growing ZnO
surface and helped improve the nanorod packing density on the substrate. While mag-
nesium was observed to alter the ZnO structure, no incorporation of Mg into ZnO was
observed for the deposition conditions in this work.

The flowing reactor is a stable testbed for nanostructure growth with the flexibil-
ity to study the effects of metal additives, surface modifying chemicals, and substrates
on the growth ZnO and related compounds. The role of Mg?* in controlling the kinet-

ics of ZnO nanorod growth warrants further investigation with this system.
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