
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Solution grown antimony doped zinc oxide films

Permalink
https://escholarship.org/uc/item/68z74384

Author
Riley, Conor T.

Publication Date
2012
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/68z74384
https://escholarship.org
http://www.cdlib.org/


UNIVERSITY OF CALIFORNIA, SAN DIEGO 

 

Solution Grown Antimony Doped Zinc Oxide Films 

 

 A Thesis submitted in partial satisfaction of the requirements for the degree 

Master of Science 

 

in 

 

Chemical Engineering 

 

by 

 

Conor T. Riley 

 

 

Committee in charge: 

Professor Deli Wang, Chair 
Professor Richard K. Herz 
Professor Jan Talbot 
Professor Joanna McKittrick 
 
 
 
 

2012



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright  

Conor T. Riley, 2012 

All rights reserved 



	  	  	  	  
	  

	  iii 

 

 

 

 

 

The Thesis of Conor T. Riley is approved and it is acceptable in quality and 

form for publication on microfilm and electronically: 

 

	  	   	  	   	  	   	  	   	  	   	  	  

	  	   	  	   	  	   	  	   	  	   	  	  

	  	   	  	   	  	   	  	   	  	   	  	  

	  	   	  	   	  	   	  	   	  	   	  	  

	   	   	   	   	  
Chair 

 

 

University of California, San Diego 

2012 

 

 

 

 

 



	  	  	  	  
	  

	  iv 

 

 

 

 

 

 

 

 

 

In dedication to the memory of my father, Kevin Joseph Riley 

 

 

 

 

 

 

 

 

 

 

 



	  	  	  	  
	  

	  v 

TABLE OF CONTENTS 

 

Signature page                     iii 

Dedication            iv 

Table of Contents                      v 

List of Figures                    vii 

List of Tables                      ix 

Acknowledgements            x 

Vita             xi 

Abstract                                                                              xiii 

Introduction                                                                                      1 

Chapter 1             3 
        1.1             3 
        1.2             5 
        1.3             9 
        1.4           11 
        1.5           14 
 
Chapter 2           16 
        2.1           17 
        2.2           17 
 
Chapter 3           20 
        3.1           21 
        3.2           22 
 
Chapter 4           26 
        4.1           26 
        4.2           30 
 
 
 



	  	  	  	  
	  

	  vi 

Chapter 5           32 
        5.1           32 
        5.2           34 
 
Conclusion           42 
 
Bibliography           44 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	  	  	  	  
	  

	  vii 

LIST OF FIGURES 

 

Figure 1   The wurtzite structure of zinc oxide.  Reprinted with permission from 
[46]                                                                                                    3 

Figure 2   Commonly observed planes of wurtzite zinc oxide reprinted with 
permission from [47]                                                               4 

Figure 3 HMTA molecule reprinted with permission from [52]         7 

Figure 4  Free energy of homogenous nucleation                                              10 

Figure 5  TEM image of zinc oxide nanowire growth from the concave tip of the 
zinc oxide seeding layer grain.  Reprinted with permission from [64]                11 

Figure 6  Molecular structure of antimony glycolate and antimony doping 
mechanism.  Reprinted with permission from [102]                                           19 

Figure  7  Tert-butanol molecule reprinted with permission from [108]      20 

Figure 8  SEM images of nanowire and film growth with increasing t-
butanol:water volumetric ratios (a-h), graphs displaying the effects of increasing 
tert-butanol concentrations on the nanowire diameters (i) lengths (j) and aspect 
ratios (k)                        23 

Figure 9  Homogenously grown nano-disks in solvents containing a 29:1 
volumetric ratio of tert-butanol:water           24 

Figure 10  SEM images of nanowires and films grown with varying zinc acetate 
and HMTA concentrations (a-j) graphs describing the effects of reagent 
concentration on nanowire diameters (k), length (l) and aspect ratios (m)        27 
 
Figure 11  Zinc oxide film with 15 hour reaction time, 25mM reagent 
concentration and 1:2 t-butanol:water volumetric ratio (Method 1)      29 

Figure 12  Three step method (method 2) for growing zinc oxide films     30 

Figure 13  SEM images of antimony doped zinc oxide films grown by different 
methods (a-c)  EDX measurements of respective samples (d-f)                       35 

Figure 14  Cross sectional view of antimony doped zinc oxide SEM images    36 

Figure 15  XPS of antimony doped zinc oxide films on sapphire (a) and silicon 
(b) by method 1            37 



	  	  	  	  
	  

	  viii 

Figure 16  2D and 3D images of method 2 on silicon (a,b), method 1 on silicon 
(c,d), and method 1 on sapphire (e,f) by AFM        38 

Figure 17  IV plots testing the NiO/Au contacts sputtered onto the antimony 
doped zinc oxide films.  Ohmic behavior is observed by method 1 and a 
Schottky barrier by method 2          39 

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
 

 

 

 

 

 

 

 

 

 

 



	  	  	  	  
	  

	  ix 

LIST OF TABLES 

 

Table 1  Summary of Film Growth Methods      31 

Table 2  AFM Analysis         39 

Table 3  Hall Measurements        40 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	  	  	  	  
	  

	  x 

ACKNOWLEDEMENTS 

 

Foremost, I would like to thank my supervisor Prof. Deli Wang for his 

priceless guidance throughout the duration of this research.  Without his 

knowledge and support this research would not have been a possibility.  I 

would also like to thank Prof. Richard K. Herz, Prof. Jan Talbot and Prof. 

Joanna McKittrick for serving on my committee.  I also appreciate the time our 

collaborators Penghui Guo and Shaohua Shen at Xi’an Jiaotong University 

have taken to provide XPS measurements of the samples.  In addition I would 

like to thank Prof. Paul Yu for allowing us to use his hall measurement 

equipment.  Last but not least I would like to thank my colleagues Ke Sun, 

Namseok Park, Siarhei Vishniakou, Zhelin Sun, Brian Lewis, Muchuan Yang, 

Alireza Kargar, Sonia Noh, Yi Jing for the many discussions on zinc oxide 

growth and device fabrication.  In particular I would like to acknowledge Ke Sun 

and Namseok Park for the Hall measurements and Zhelin Sun for the AFM 

measurements. 

 

 

 

 

 

 



	  	  	  	  
	  

	  xi 

VITA 
 
 
                                       
Education 
M.S. Chemical Engineering, University of California, San Diego   
Expected graduation date, May, 2012 
Department of Chemical engineering  
GPA 3.55/4.0 
 
B.S. Chemical Physics, University of California, San Diego 
December, 2007 
Chemistry departmental honors 
Provost’s Honors List 2005-2006 
GPA 3.61/4.0 
 
 
Professional Experience 
Researcher, Graduate, University of California, San Diego (D. Wang Lab)  
(1/11-present) 
Research and development of solution grown doped zinc oxide nanowires and 
thin films.  Characterization of electrical properties and development of devices 
exploiting p and n-type behavior of doped materials.   
 
Research Associate, Wildcat Discovery Technologies,  5/2008-8/2010 
Research, synthesis and characterization of materials for fuel cells, lithium ion 
batteries and hydrogen storage.  Key member in implementation of high 
throughput discovery systems.   
 
Materials science intern,  Nitto Denko Technologies, 12/07-5/2008 
Preparation and analysis of thin-film semiconducting materials to develop solar 
devices.   
 
Researcher, undergraduate,  University of California, San Diego (Kubiak 
Group) 8/2007-12/2007 
Synthesis and analysis of various (diene)Fe(CO)3 compounds to investigate IR 
peak coalescence at elevated temperatures.   
 
 
 
 



	  	  	  	  
	  

	  xii 

Researcher, undergraduate,  University of California, San Diego 
(McCammon group) 9/2006-12/2007 
Implementation of molecular dynamics simulations using gromos96 software 
package.  Preparation and analysis of results using C-shell and python. 
 
 
Publications 
1.  Baron R., Riley C., Chenprakhon P., Thotsaporn K, Winter R.T., Alfieri A., 
Forneris F., van Berkel W.J.H., Chaiyen P., Fraaije M.W., Mattevi A., 
McCammon J.A.  Multiple pathways guide oxygen diffusion into flavoenzyme 
active sites.  Proc. Natl. Acad. Sci. USA, 2009; 106: 10603-10608. 
 
 
Patents 
1. Kaye, S. , Riley, C. Method of preparing boron-nitrogen compounds.   US 
patent application 61/242932, 2009. 
 
2. Li, B., Kaye, S., Riley, C., Greenberg, D., Lithium ion battery materials with 
improved properties. US patent application No. 61/426,733. 
 
 
Scientific Presentations 
1.  The Diffusion of Small Molecules into Flavoproteins as Revealed by 
Enhanced-Diffusion Molecular Dynamics Simulation.   41st western regional 
American Chemical Society meeting.  10/2007. 
 
2.  The Diffusion of Small Molecules into Flavoproteins, an Enhanced Diffusion 
Molecular Dynamics Study. UCSD Dept. of Chemistry and Biochemistry 
Undergraduate Research Symposium.  5/2007. 
 
 
Grants 
1.  Blasker Science & Technology Grant, San Diego Foundation, 2012 
 
Professional Affiliations 
American Chemical Society, 2006-present 
	  

 

 

 



	  	  	  	  
	  

	  xiii 

ABSTRACT OF THE THESIS 

 

Solution Grown Antimony Doped Zinc Oxide Films 

 

by 

 

Conor T. Riley 

 

Master of Science in Chemical Engineering 

 

University of California, San Diego, 2012 

 

Professor Deli Wang, Chair 

 

Zinc oxide is an extensively studied semiconducting material due to its 

versatile properties applicable to many technologies such as electronics, 

optoelectronics, sensing and renewable energy.  Although zinc oxide films have 

been created for device fabrication, the methods used to synthesize them are 

expensive and unrealistic for affordable commercial devices.  In addition, zinc 

oxide is intrinsically n-type making the realization of stable p-type materials a 

great challenge for light emitting diodes, solar cells and UV lasing.  In this 

thesis zinc oxide films are created using low cost solution methods.  To 
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accomplish this, a previously unreported surfactant, tert-butanol, is used.  

Several controlled experiments vary the concentration of tert-butanol, zinc and 

oxygen sources to demonstrate the ability of tert-butanol to create low cost 

films.  Further, small amounts of antimony glycolate are added to the reaction 

solution, to create antimony doped zinc oxide films on sapphire and silicon 

substrates.  Although hall measurements indicate that the films are n-type, a 

discussion of antimony activation provides a feasible path for the realization of 

low cost, p-type zinc oxide films. 
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Introduction 

 

Zinc oxide has become an extensively studied semiconducting material 

due to it’s large range of potential applications including light emitting diodes 

[1], spintronics [2], UV and gas sensing [3-6], corrosion protection [7], 

piezoelectronics [8-10], transparent conducting oxides [11], nanogenerators 

[12-14], solar energy [15-18] and photoeletrochemical cells [19,20].  However, 

several issues have hindered the integration of zinc oxide into commercial 

products.  First, due to preferential axial growth, much of the recent research for 

low cost, low temperature solution methods have been focused on zinc oxide 

nanostructures such as nanowires [21], nanowalls [22], nanoflowers [23-25], 

nanodisks [26,27], nanopagodas [28], etc..  Although these structures may be 

useful in the future, their integration into modern devices have been challenging 

due to the costly and complicated methods required for transferring or 

fabricating advanced electrical contacts for compatibility.  High quality films 

have been created using advanced techniques [29] but the cost of these 

methods creates an impractical expense for most commercial applications.  

Although films grown with low temperature wet chemical methods have been 

accomplished [30-32], reproducibility and film quality needs to be improved.  In 

addition, these have mainly been accomplished on non-scalable and high cost 

substrates such as sapphire.   
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Secondly, p-type zinc oxide is a necessary component for many 

technologies such as LEDs, solar cells and UV lasing.  Due to the intrinsic n-

type nature of zinc oxide the search for stable p-type behavior remains a 

challenging research topic.  Although p-type behavior has been observed in 

nano-structures [33] or by high cost methods [34] they are not commercially 

viable due to stability and reproducibility.  Therefore, it is necessary to create a 

facile low cost, reproducible process for stability testing and for commercial 

integration.  

Therefore, this thesis focuses on low cost solution grown zinc oxide thin 

films.  To elucidate these challenges, chapter one gives a brief review of the 

basic structure of wurtzite zinc oxide and discusses the methods and 

mechanisms for morphological control.  Chapter two focuses on the conduction 

type of native zinc oxide and surveys transition metal doping and explanations 

for p-type conduction.  To control the axial growth of zinc oxide, tert-butanol is 

used.  The effects and possible mechanisms of this novel surfactant are 

discussed in chapter three.  Next, chapter four focuses on the different methods 

for solution film growth in the presence of tert-butanol.  Finally, chapter five 

demonstrates the doping of antimony into the grown films and discusses the 

pathways for p-type conduction with this method. 
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Chapter 1 Low Temperature Solution Zinc Oxide Growth 

 

Over the past decades many different methods have been used to grow 

zinc oxide.  These include molecular beam epitaxy (MBE) [35], magnetron 

sputtering [36], pulsed laser deposition [37,38], metal organic chemical vapor 

deposition (MOCVD) [39-41] and solution growth [42-44].  Solution growth has 

the distinct advantage over the other processes in its facile set-up and low cost, 

particularly if low pressures and temperatures are used.  However, due to the 

unique qualities of the zinc oxide crystal structure, controlling the morphology of 

the grown crystal presents a challenge. 

 

                              

 

1.1 Zinc Oxide Crystal Structure 

Three zinc oxide crystal structures are theoretically known to exist.  This 

includes rock salt, zinc blende and wurtzite [45].  On the vast majority of 

Figure 1  The wurtzite structure of zinc oxide.  
Reprinted with permission from [46] 
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substrates the wurtzite structure is the most common near ambient conditions 

and will therefore be the crystal structure focused on in this thesis.  Commonly 

observed wurtzite zinc oxide has a hexagonal structure with lattice parameters 

a = 0.3296 and c = 0.52065 nm.  As seen in figure 1 this consist of alternating  

stacks of tetrahedrally coordinated O2- and Zn2+ perpendicular to the c-axis.     

 

               

 

These alternate stacks of oppositely charged atoms give rise to a dipole 

moment in the direction of the c-axis creating a polar plane, (0001).  The most 

commonly observed non-polar or lateral planes are the (0110) and (2110).  

Figure 2 shows these planes and the structures achieved if one of these planes 

dominates during the growth process. 

 

 

 

Figure 2  Commonly observed planes of wurtzite zinc oxide 
reprinted with permission from [47] 
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1.2  Solution Growth Mechanism 

Solution grown zinc oxide typically consists of heating an alkaline 

aqueous solution containing a zinc salt.  If thermodynamic conditions such as 

concentration, temperature and pressure are satisfied, supersaturation is 

achieved and nucleation occurs.  The direction of growth is then dictated by the 

minimization of free energy of the system.  As described earlier, wurtzite zinc 

oxide has a distinct high-energy polar surface perpendicular to the c-axis.  

Therefore, to minimize the free energy, the monomer concentration is strongly 

attracted towards the polar (0001) plane, causing crystal growth to be strongly 

favored in the c-axis.  For this reason, wires are the most commonly observed 

structure by solution growth.  The zinc sources are usually from zinc salts such 

as zinc acetate or zinc nitrate.  Typically, oxygen sources are either from 

aqueous alkaline solutions or by hexamethyltetramine (HMTA).  During growth 

in alkaline solutions one possible mechanism is through the intermediate zinc 

tetrahyroxide formed by the coordination of two hydroxide groups and one zinc 

ion in the solution via the following reaction [48]: 

 

𝑍𝑛!! + 2𝑂𝐻! ⇌ 𝑍𝑛(𝑂𝐻)!  (1) 

𝑍𝑛(𝑂𝐻)! + 2𝑂𝐻! ⇌ 𝑍𝑛(𝑂𝐻)! !!  (2) 

 

Next, the zinc tetrahydroxide decomposes: 

 



	  	  	  
	  

	  

6 

𝑍𝑛(𝑂𝐻)! !! → 𝑍𝑛𝑂 + 𝐻!𝑂 + 2𝑂𝐻!  (3) 

 

Homogeneous nucleation of zinc oxide can occur via equation 3.  When the 

zinc oxide is already present, 𝑍𝑛(𝑂𝐻)!!! will decompose through reactions 4: 

 

𝑍𝑛(𝑂𝐻)! !! ⇌ 𝑍𝑛𝑂!!! + 2𝐻!𝑂  (4) 

 

On the surface alternating stacks of zinc and oxygen are created by equations 

5 and 6 [49]: 

 

𝑍𝑛!! !"#$%&' + 𝑍𝑛𝑂!,!"#!! → 2𝑍𝑛𝑂!𝑟!"#$%  (5) 

2 𝑂!! !"#$%&' + 𝑍𝑛𝑂!,!"#!! + 𝐻!𝑂 → 𝑍𝑛𝑂!𝑟!"#$% + 4𝑂𝐻!"#$%&"'!   (6) 

 

The point of zero charge for the (0001) plane has been observed to be at 

pH=8.7 [50].  At a pH higher than 8.7 the (0001) plane is negative and below 

8.7 it is positive.  Therefore, it is suggested that at a high pH equation 5 is 

sufficiently fast such that the surface is approximated as oxygen terminated and 

negatively charged.  Conversely, at a low pH equation 6 is sufficiently fast such 

that the surface is approximated as zinc terminated and positively charged.  

This can be explained by a study [51] that showed that the main intermediates 

responsible for zinc oxide growth is dependent upon the pH of the reaction 

solution.  At lower pH values positive ions such as Zn(OH)+ were shown to exist 
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whereas at high pH values negative species such as 𝑍𝑛(𝑂𝐻)! !!  were 

observed.  Therefore, when a charged intermediate is present the oppositely 

charged reaction site proceeds significantly fast such that its respective 

equation can be ignored.  In addition, the positive or negative faces can also be 

explained by the adsorption of hydrogen on the surface at high pH values.  This 

theory states that the highly polar (0001) plane will attract more negative 

species, requiring more protons to change signs, lowering the IEP.  Conversely, 

the (0110) plane will have a higher IEP than the (0001) since it does not attract 

negative species. 

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  

Figure 3 HMTA molecule, (𝐂𝐇𝟐)𝟔𝐍𝟒, reprinted with permission from [52] 

	  
	  

More recently HMTA, (𝐂𝐇𝟐)𝟔𝐍𝟒, (figure 3) has been used as an oxygen 

source. This is a preferred reagent since it requires less attention to the 

sensitive changes in pH.  Although its role in zinc oxide growth is controversial, 

it is widely thought that HMTA acts as a pH buffer by slowly providing OH- to 

the zinc ions in solution.  This is evident from a study [53] where it was found 
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that the conversion of HMTA to formaldehyde and ammonia (equation 7) has a 

decreased half-life from 13.8hr in a solution with a pH of 5.8 to 1.6hr in a 

solution with a pH of 2.0 at constant ionic strengths.  The mechanism is as 

follows [54]:  In an aqueous solution the HMTA decomposes into ammonia and 

formaldehyde at elevated temperatures: 

 

(𝐶𝐻!)!𝑁! + 6𝐻!𝑂 → 6𝐻𝐶𝐻𝑂 + 4𝑁𝐻!  (7) 

𝑁𝐻! + 𝐻!𝑂 → 𝑁𝐻!! + 𝑂𝐻!  (8) 

 

Next, the freed ammonia coordinates with the zinc ions. 

 

𝑍𝑛!! + 𝑁𝐻! → 𝑍𝑛(𝑁𝐻!)!!!  (9) 

 

The thermodynamic stability of 𝑍𝑛(𝑂𝐻)! !! is found to be significantly larger 

than 𝑍𝑛(𝑁𝐻!)!!! and will therefore be transformed at high pH: 

 

𝑍𝑛(𝑁𝐻!)!!! + 4𝑂𝐻! → 𝑍𝑛(𝑂𝐻)! !! + 4𝑁𝐻!  (10) 

𝑍𝑛!! + 4𝑂𝐻! → 𝑍𝑛(𝑂𝐻)! !!  (11) 

 

As shown in Equation 11, 𝑍𝑛(𝑂𝐻)! !! can also be formed by the hydroxyl 

groups formed in equation 8.  Once this is accomplished zinc oxide nucleation 

and Ostwald ripening occur by the same process described before for alkaline 
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solutions.  If a pH buffer is not present, a large amount of OH- is available all at 

once.  This will provide a large supersaturation that will create many nucleuses 

for crystal growth.  With a pH buffer, the OH- monomers are slowly fed to 

existing seeds allowing for more control and repeatability of crystal growth.  

In addition to providing a basic buffered solution for zinc oxide growth, 

HMTA is also thought to act as a chelating agent providing further stabilization 

of Zn(OH)2 [48].  Another theory proposes that HMTA creates a long chain 

polymer that serves as a surfactant to inhibit growth in the non-polar faces 

encouraging nanowire growth [55]. 

 

1.3 Seeded Substrates 

The ability to grow well-aligned zinc oxide structures on a variety of 

different substrates is of particular interest to electronic devices such as LEDs, 

TFTs and flexible electronics. Depositing a seeding layer in combination with 

chemical methods has proven to be advantageous in this area [41,56-57].  To 

understand the mechanism of heterogeneous nucleation the equations for 

homogeneous nucleation must be defined.   

Homogeneous nucleation occurs by the random collisions of monomers. 

The free energy for spherical nucleation is characterized by the sum of the 

volumetric free energy and the surface free energy: 

 

∆𝐺 = − !
!
𝜋𝑟!𝐺! + 4𝜋𝑟!𝜎  (12) 
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Where 𝜎 is the surface tension, r is the radius of the particle, and Gv is the 

volumetric free energy.   

 

	  

                                               Figure 4  Free energy of homogenous nucleation 

	  
	  

Equation 12 is a linear superposition of the free energy for bulk and 

surface formation.  Since it costs energy to form a surface, an initial energy 

barrier must be overcome to achieve spontaneous growth, as illustrated in 

figure 4. When enough energy is achieved, !∆!
!"

= 0.  Here, a threshold value of 

r is reached known as the critical radius: 

 

𝑟∗ = − !!
!!

  (13) 
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Above this radius spontaneous growth occurs via Ostwald ripening.   

On the contrary, heterogeneous nucleation occurs when a solid surface 

is present in the solution and acts as a catalyst for nucleation by allowing the 

monomers to be in close proximity, reducing the energy barrier of nucleation 

[58].  In the case of seeded substrates the nucleation process is bypassed 

allowing for a lower level of supersaturation required for crystal growth [48]. 

 

 

 

Seeding the substrate for zinc oxide growth has been accomplished in a 

few different ways.  The most common methods include oxidizing zinc metal 

[59], spin coating zinc oxide nanoparticles and RF magnetron sputtering [60-

62].  The conditions of seeding layer deposition and the type of substrate can 

Figure 5  TEM image of zinc oxide nanowire growth from 
the concave tip of the zinc oxide seeding layer grain.  
Reprinted with permission from [64] 
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have a large impact on the crystal growth in terms of homogeneity, density, 

orientation and diameter of the nanowires.  In one study [63] the authors 

deposited a zinc oxide layer by sputtering and increased the grain size by 

annealing at 600˚C and 800˚C.  It was found that the diameter of the nanowires 

increased when the grains in the seeding layer were larger.  TEM images 

revealed that the nanowires grew at the concave edges of each grain where the 

surface energy is largest [64].  This is shown in figure 5 where close 

examination reveals parallel lattice fringes connecting the nanowire and the 

concave tip of the seeding layer grains.  Another study varied the thicknesses 

of a sputtered zinc oxide seeding layers and found the density of nanowires 

were greatly reduced when the thickness was less than 4.0nm [65].   The 

authors observed that thin seeding layers created islands that led to less 

nucleation sites for nanowire growth.  Once a critical thickness was reached 

(between 5 and 50nm) only small changes in nanowire properties were 

observed. 

 

1.4 Surfactants and manipulation of zinc oxide growth 

Manipulating the morphology of zinc oxide nanostructures has been the 

subject of many research projects.  Wet chemical morphology manipulation 

presents additional obstacles since the system is always in thermodynamic 

equilibrium.  For this reason growth in the (0001) plane is favored, making 

nanowires the most pervasive structures created by wet chemical methods.  
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Therefore, in order to selectively control the morphology of zinc oxide, certain 

measures must be taken.  Typically this is accomplished by adding a surfactant 

that selectively binds to one crystal face, blocking its further growth, and 

allowing growth to continue on the unselected face.  In order to accomplish this 

each of the crystal faces must have different electrostatic properties.  Since the 

charge of the zinc oxide is dependent on surface states, the pH of the solution 

plays a crucial role.  The majority of publications site the isoelectic point (IEP) 

of zinc powder as being the pH where the (0110) plane changes signs leaving 

a range at which the (0001) plane may be oppositely charged. However, this 

may not be a good choice since the IEP indicates when a zinc oxide particle 

becomes oppositely charge due to proton adsorption.  However, wurtzite zinc 

oxide is anisotropic and therefore the (0001) and (0110) planes have very 

different properties than a zinc oxide particle.  For this reason many different 

IEP values have been reported for zinc oxide, ranging from 7.2 to 10.3 with the 

majority of publications using the value of 9.5 [60-62]. Therefore rigorous tests 

must be done to determine the charge of the crystal faces at a given pH.  This 

has been accomplished at pH values close to 11 [69,70].   

Several organic surfactants such as the citrate, polyethylenimine (PEI) 

and ethylenediamine (EN) have been shown to exhibit this behavior [65,66,69].  

EN and PEI possess amine groups that stay protonated at a pH over 10 and 

are thus positive.  When PEI or EN is added to the solution at pH>10, it is 

thought to selectively bind to the 0110  plane blocking lateral growth, allowing 
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Ostwald ripening to proceed faster in the c-axis, creating high aspect ratio 

nanowires.  In contrast, negatively charged carboxyl and alcohol groups 

containing molecules, such as sodium citrate, can selectively adsorb to the 

(0001) plane inhibiting growth in the c-axis, creating low-aspect ratio nanowires 

or nanodisks.  In addition to organic compounds, adjusting the aspect ratios of 

nanowires has been demonstrated by inorganic salts [70].  Here, the authors 

found that certain types of metals created differently charged complexes at 

pH=11, hindering growth of the respective face.  Many other nano-structures 

have been created such as nano-belts [71,72], twinning [73], nanotubes [74-

76], nanorings [77] and hierarchical [78,79] using novel processes to further 

exploit the unique qualities of solution grown wurtzite zinc oxide.   

 

1.5 Film growth 

Of particular interest to electronic devices are films.  Having high quality 

films eliminates the need for the complicated contacts and/or transfer steps, 

significantly decreasing the cost of device fabrication.  Solution grown films of 

good quality are created when well-aligned nanowires are cemented together 

by a process known as “oriented alignment” [80].  To accomplish this, the 

seeding layer must completely cover the substrate and allow the nanowires to 

be well-aligned.  After the seeding layer is deposited, films are grown in two 

ways.  If the seeding layer allows for perfect c-axis orientation, long periods of 

growth time can create very high film qualities [30].  However, this process is 
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very sensitive to small changes in deposition and thus repeatability has been 

found to be low.  Another method has been shown to accomplish films by 

renewing the reaction solution.  First, the nanowires are grown by common 

methods.  Next, the nanowires are removed from the reactor, cleaned and 

added to a new reactor containing a fresh monomer concentration and a c-axis 

inhibiting surfactant.  In the presence of the surfactant the nanowires grow into 

each other during the subsequent growths.  After the second or third growth 

films are observed [31,32].  
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Chapter 2 Zinc Oxide Doping 

 

Another way to change the physical properties of semiconductors such 

as zinc oxide is by slightly changing the composition by incorporating or 

“doping” small amounts of metal into the crystal structure.  In addition to 

improving conductivity and changing conductivity type this process has proven 

to be useful in improving other areas such as ferromagnetism [81] and band 

gap tuning [82,83].  This thesis will focus on doping elements that aim to 

change the conductivity type of zinc oxide. 

Semiconducting materials are categorized as materials that have 

conductivity between metals and insulators.  Thus, semiconductors have band 

gaps that are large enough allow electrons to be promoted to the conduction 

band only by overcoming a barrier with addition energy such as heat.   

Replacing the host atom with an atom that has one more electron in its 

valance creates an extra electron that is not tightly bound.  This extra electron 

increases the electron donating behavior; negative conductivity (n-type). 

Conversely, replacing the host atom with an atom that has one less electron in 

its valance creates a deficit of electrons (increase of holes). The addition of 

holes increases the electron accepting behavior, positive conductivity (p-type).  

In materials such as silicon, where only one element exists, doping is relatively 

straightforward.  In materials such as zinc oxide, where two sites exist, doping 
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becomes more complicated since the dopants have the ability to either replace 

a zinc or oxygen sites. 

 

2.1 N-type zinc oxide 

Undoped wurtzite zinc oxide has been found to be intrinsically n-type 

[84].  Although the mechanism has been the subject of much debate, many 

argue that the donor concentration is mainly due to oxygen vacancies and zinc 

interstitials [85,86].  However, it has been argued that oxygen vacancies act as 

deep donors and zinc interstitials have too high of a formation energy and 

therefore cannot contribute to the electron density in the conduction band [88].  

Another argument has been given for hydrogen doping.  Hydrogen can take on 

two states: H+, which has been shown to be donating, and H-, which has been 

shown to be accepting.  In the vast majority of semiconductors both states are 

present and do not contribute to the overall conduction type of the material.  

However, in zinc oxide only the donating state has been found to be stable, 

adding to its n-type conductivity [87,88].  To further increase the n-type 

conductivity of zinc oxide, aluminum has been doped into the crystal structure 

by many methods including solution growth [89].   

 

2.2 P-type doping 

Due to the intrinsic n-type characteristics of zinc oxide, the creation of p-

type materials has been a challenge.  To overcome these obstacles various 
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doping elements have been used such as, lithium [90], sodium [91,92], 

potassium [80,93], nitrogen [94], silver [95], phosphorus [96-99], arsenic 

[100,101] and antimony [102-104].  Since dopant concentration solubility 

increases with temperature, methods such as chemical vapor deposition have 

been widely used.  Recently, lower cost solution methods have shown some 

success.  In particular electrochemical doping of silver into zinc oxide 

nanowires has been realized using an electrochemical-solution approach [95].  

However, some promising results come from antimony doping by the solution 

growth method [102,104].  In this work the authors use antimony glycolate as 

the doping agent.  As illustrated in figure 6, they theorize that the chelating 

ligands enable the antimony to be slowly fed into the zinc oxide matrix much 

like HMTA slowly feeding OH- to the growing nanostructures.  Any effort to use 

wet chemical methods to dope antimony into nanowires has not been 

accomplished without the glycolate ligand.   
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Figure 6  Molecular structure of antimony glycolate and antimony doping mechanism.  
Reprinted with permission from [102]. 

 

The doping mechanism of antimony has caused some controversy.  It 

was originally thought that pnictogens would have to replace oxygen in order to 

have p-type conductivity.  However, the atomic radius of arsenic (1.20Å) and 

antimony (1.40Å) are large compared to oxygen (0.73Å).  Theoretically, this 

would cause too much strain on the crystal structure.  In an effort to explain this 

phenomena calculations determined that the SbZn-2VZn complex would cause p-

type conduction and is likely to be the culprit due to a low formation energy 

relative to the other possible defects [105].  However, this still remains a 

controversial research topic [106].   
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Chapter 3 Tert-butanol as a Surfactant 

  

To reliably make solution grown zinc oxide films, a surfactant that 

increases the lateral growth is required.  As described in chapter one of this 

thesis, the only known surfactants capable of achieving films by inhibiting axial 

growth are sodium citrate, cadmium, copper, magnesium and calcium ions. 

Unfortunately the existence of these small ions has been reported as dopants 

and can contaminate the film.   

Therefore, it is important to realize a new surfactant.  In this thesis the 

surfactant of interest is tertiary butanol.  Tertiary butanol (t-butanol) is one of the 

four possible butanol isomers.  Due to the electron withdrawing properties of 

tertiary carbons, the hydroxyl group is stabilized giving it a high pKa value of 

19.  T-butanol forms a positive azeotrope in water giving the mixture a boiling 

point of 79.9˚C [108].  The following experiments are used to demonstrate the 

ability of t-butanol to inhibit zinc oxide growth on the (0001) plane.  

 

	  

Figure 7  Tert-butanol molecule reprinted with permission from [108] 
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3.1 Experimental 

In order to assess the ability of t-butanol to suppress the growth in the 

(0001) plane the following procedure was followed.  First, phosphorus doped 

silicon was obtained, cut into 1cm2 squares and taken to a class 1000 

cleanroom.  Next, it was cleaned with 1.6M nitric acid in deionized water.  The 

samples were then rinsed with deionized water and subsequently sonicated in 

a 1:1:1 mixture of isopropanol, acetone and deionized water.  The samples 

were then rinsed with deionized water and blown dry with nitrogen.  Next, a thin 

film of zinc oxide was applied to the cleaned substrates with the Denton 

Discovery 18 Sputtering System.  The base pressure was 2.1x10-6 mT.  To 

eliminate any organics left on the substrate, a gentle argon etching was applied 

to the substrates by applying a 200W RF bias to the stage and with a 2.1mT 

active pressure of argon for 45 seconds.  Next, a 200W RF bias was applied to 

the zinc oxide target at 2.5mT of argon.  The shutter was left closed with the 

power on for five minutes to clean off any contamination on the surface of the 

target.  Then, the shutter was open for 10 minutes.  The zinc oxide deposition 

rate was determined to be 4nm/minute.  The thickness was determined to be 

40nm with a Dektak 150 stylus surface profiling system.  The samples were 

then taken out of the clean room and adhered to a glass slide such that the 

seeding layer side was exposed.  A solution of 10mM zinc acetate and 10mM 

HMTA in deionized water and/or t-butanol was prepared.  The total volume of 

the solution was 30ml with the volume of t-butanol varying from 0ml to 29ml.  
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The samples were then placed in a 100ml three-neck flask such that they were 

facing downwards.  Subsequently, the solution and a stir bar were poured into 

the flask.  One of the necks was covered with parafilm, the other was used to 

monitor the temperature with a thermometer and the third was connected to a 

reflux column to prevent solution evaporation.  The flask was then lowered into 

an oil bath, under gentle agitation and heated to 75˚C.  Once the sample 

reached around 60˚C the solution turned whitish.  After 2hrs the samples were 

removed from the solution, rinsed with deionized water and blown dry with 

nitrogen.  The samples were then characterized with a Phillips XL30 scanning 

electron microscope at 10kV and a working distance of 10mm.  Diameters of 

the nanowires were determined by selecting a square within the SEM image 

with an area equal to twice the scale bar squared.  Within that square the 

diameter of each nanowire was measure with a ruler.  The average diameter 

was then calculated and used as the reported value.  Length/film thicknesses 

were determined by inspection of SEM images with a ruler.  In order to examine 

the structures of homogeneously grown crystals, small amounts of the reaction 

solution were dropped onto a small silicon square after each growth and dried 

on a hotplate at 110˚C before being examined by SEM. 
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3.2 Results and Discussion 

 

	  

Figure 8  SEM images of nanowire and film growth with increasing t-butanol:water volumetric 
ratios (a-h), graphs displaying the effects of increasing tert-butanol concentrations on the 
nanowire diameters (i) lengths (j) and aspect ratios (k) 
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As illustrated in figure 8, increasing the t-butanol:H2O volumetric ratio 

dramatically increases the diameter and decreases the length of the nanowires.  

 

 

 

 

This allows for the aspect ratios of the nanowires to be adjusted by a 

factor of six.  Between a volumetric ratio of 1:2 and 2:1 the nanowires converge, 

creating a film.  When the concentration of t-butanol is increased to 29:1, 

heterogeneous nucleation does not occur.  Instead the solution turns a solid 

white from the presence of homogeneously nucleated zinc oxide nanodisks, as 

shown in figure 9.   

Figure 9  Homogenously grown nano-disks in 
solvents containing a 29:1 volumetric ratio of tert-
butanol:water 
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The pH of the reaction solution without t-butanol varies between 7 and 

7.3.  The addition of t-butanol decreases the pH to 6.6.  Both values are below 

the isoelectric point of zinc oxide.  It is clear from a previous study [50] that the 

(0001) face is positive at this pH.  However, the charge on the (0110) at this pH 

has not been identified.  It is therefore possible that the tertiary alcohol on t-

butanol selectively binds to the positively charged (0001) plane while the 

0110  plane stays relatively uncharged and unaffected by the t-butanol.  This 

is most drastically seen in the growth solution containing a 29:1 t-butanol:water 

concentration where nanodisks are formed.  Here, homogeneous nucleation is 

favored and the t-butanol forms micelles around the forming crystals, inhibiting 

axial growth.  This has been observed in other studies with small amounts of 

emulsifiers [110,111].  In addition to selective adsorbing to the (0001) plane, t-

butanol also lowers the pH of the solution which can also change the reaction 

rate and morphology of zinc oxide structures [111].  However, only modest 

changes (1.5 fold change) in the aspect ratio have been observed by adjusting 

the pH.  In order to fully understand the c-axis inhibiting properties of t-butanol 

more tests must be carried out to determine the complexes formed and the 

surfaces charges of the crystal faces in these solutions. 
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Chapter 4 film growth with t-butanol 

 

The purpose of the experiments in chapter three was to examine the 

aspect ratio of the nanowires thereby evaluating the ability of t-butanol to inhibit 

growth in the axial direction.  To accomplish this, low molar concentrations of 

the zinc and oxygen sources were used.  This was done since it was observed 

that at higher concentrations films were created with t-butanol, making it difficult 

to examine the surfactant properties.   

In this chapter the principles from chapter three are used to grow zinc 

oxide films.  The films are grown with t-butanol using two methods.  The first 

method uses the same procedure outlined in 3.1 except the solution volume 

was fixed with a 1:2 t-butanol:water volumetric ratio.  In addition, the growth 

time was decreased to 1hr and the HMTA and zinc acetate concentration was 

varied from 5mM to 25mM. 

 

4.1 Method 1 - Single solution growth 

As seen in figure 10a-j, the nanowires begin to converge around 15mM 

concentrations. In addition, the diameter of the nanowires increases from 5mM 

to 20mM.  By 20mM the nanowires have completely converged, creating a film.  

At   the   highest   concentration   of   25mM,  the  diameters  of  the   nanowires
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Figure 10  SEM images of nanowires and films grown with varying zinc acetate and HMTA 
concentrations (a-j) graphs describing the effects of reagent concentration on nanowire 
diameters (k), length (l) and aspect ratios (m). 

	  
	  
become impossible to calculate since they to grow into	  each other, disrupting 

vertical alignment.  The length of the nanowires increases significantly from 

5mM to 15mM.  Above this concentration the length increase is relatively small.  

Figure 10d shows the aspect ratios for the different concentrations.  The aspect 

ratio ranges from 3.08 to 4.03.  For the most part, the aspect ratio of the wires 

stays relatively constant with varying concentrations.  However, a slight trend is 
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present.  A logical explanation for this observation is as follows.  At higher 

concentrations monomers completely cover the highly polar (0001) surfaces, 

making them more neutral so that the remaining monomers are attracted to the 

0110  surfaces allowing for increased lateral growth.  At lower concentrations 

growth is more competitive and the diminishing monomers are more 

concentrated toward the polar surfaces.  However, at concentrations lower than 

5mM minimum diameters must be achieved in order to minimize the surface 

energy of the concave grain tips.  Once this diameter is achieved only a small 

amount of monomers are left to grow the wires vertically, leaving the aspect 

ratio low.	  

Although more monomers are present at higher concentrations, the film 

thickness is only slightly changed from 15mM to 25mM.  Essentially, less 

material per added reactant is being deposited on to the substrate.  This is 

most likely due to increased homogeneous nucleation occurring in the solution 

at higher concentrations.  This theory is corroborated by the observation of 

increased precipitates as the concentration is increased.  Homogeneous 

nucleation is more likely to occur at higher concentrations since larger 

supersaturation values are obtained, increasing the energy of the system 

needed to overcome the barrier for not only heterogeneous nucleation but 

homogeneous nucleation as well.   

As seen in figure 10a-j, poor quality films are created using a 25mM 

solution of zinc acetate and HMTA in a 1:2 t-butanol:water volumetric ratio.  In 
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order to increase the quality of the films, longer growth times were used.  It was 

found that 15-hour durations provided improved film properties as shown in 

figure 11.  This 15 hour growth is what will be referred to as method 1 in this 

thesis (table 1). 

 

 

	  

Figure 11  Zinc oxide film with 15-hour reaction time, 25mM reagent concentration and 1:2 t-
butanol:water volumetric ratio (Method 1) 
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4.2 Method 2 - Multiple solution growth 

The second method of zinc oxide film growth explored in this thesis 

involves renewing the reaction solution.  In this method the substrates and 

reaction set-up are the same as in section 3.1.  As specified in table 1, the 

duration of each growth is 1hr and the reaction solutions contain 25mM 

concentrations of zinc acetate and HMTA.  The first reaction has a 1:11 t-

butanol:water volumetric ratio.  The volumetric ratio is increased to 1:5 for the 

second growth and the third growth to 1:2.  In between reactions the samples 

are then taken out, rinsed with deionized water and put in a clean reaction 

vessel. 

As seen in figure 12 the first growth provides nanowires.  The 

subsequent growths create films by allowing the nanowires to grow laterally 

and converge.  By the third growth the nanowires are completely merged and 

the film is complete.   

 

 

	  

Figure 12  Three-step method (method 2) for growing zinc oxide films 
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Figures 11 and 12 both show the creation of films by two different 

methods.  Although good film coverage is accomplished, the surface seems to 

be rough for both.  By examining the cross section of the films and nanowires, it 

can be seen that perfect axial alignment is not achieved.  This causes the wires 

to grow into each other causing the edges to protrude out of the films.  This is 

most likely due to seeding layer deposition conditions.  Hence, it might be 

possible to minimize the surface roughness by adjusting the seeding layer 

deposition conditions.  Doing so could lead to improved electrical and optical 

properties of the films. 

 

       Table 1  Summary of film growth methods 
    Method 1 Method 2 

  t-butanol:H2O (vol. ratio) 1:2 1:11 

Reaction 
1 Time (hr) 15 1 

  Precursor concentration (mM) 25 25 

  t-butanol:H2O (vol. ratio) - 1:5 

Reaction 
2 Time (hr) - 1 

  Precursor concentration (mM) - 25 

  t-butanol:H2O (vol. ratio) - 1:2 

Reaction 
3 Time (hr) - 1 

  Precursor concentration (mM) - 25 

 
F
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Chapter 5 Antimony Doped films 
 

 
In efforts to create UV emitters and high energy LEDs, stable p-type zinc 

oxide films are desirable.  In this thesis antimony is used since recent 

publications [102-104] support its use as a p-type dopant for zinc oxide.  To 

accomplish this, the methods for antimony doped nanowires are adapted from 

literature [102] and combined with the film growth methods described in chapter 

four. 

 

5.1 Experimental 

35-40nm zinc oxide seeding layers are deposited by RF magnetron 

sputtering to silicon and c-sapphire substrates by the same process described 

in section 3.1.  First, the dopant solution (1) is made by mixing equimolar 

solutions of sodium hydroxide and glycolic acid in deionized water to make 

sodium glycolate.  Next, antimony(III) acetate is added such that the molar ratio 

of antimony to glycolate is 1:12.  Shortly after, an equimolar solution of zinc 

acetate and HMTA is created (2).  Next, solution (1) is added to solution (2) 

such that the antimony to zinc ratio is 2:100.  Next, the t-butanol is added to the 

solution and stirred.  The total solution volume is 30ml.  The substrates are 

adhered to the glass slide and placed faced down in a 100ml three-neck 

beaker.  The solution is poured into the reaction vessel with a stir bar 

connected to a reflux column and thermometer.  The third neck is sealed with 
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parafilm.  The solution is then heated to 75˚C.  The duration times and t-butanol 

volumes used are the same as outlined for both methods.  In an attempt to 

activate the antimony in the zinc oxide, the substrates are annealed in a tube 

furnace at 850˚C in air for 30 minutes.  A slow cool down rate of 5.5˚C/minute is 

used to prevent film cracking.  Efforts to create ohmic contacts consisted of 

depositing 30nm of NiO and 500nm of Au to the four corners of the square 

substrates by RF magnetron sputtering.  The substrates with contacts are then 

annealed using rapid thermal annealing at 800˚C for 120s under N2 with an AG 

Associates Heat Pulse 610.  The ohmic character of the contacts was assessed 

with a home built probe station set up to a Keithly ammeter and National 

Instruments voltage source between 5 and -5V.  Each of the four contacts was 

tested.  Hall measurements were done on a home-built set-up using the van der 

Pauw method performed at room temperature.  Using this set-up film resistivity, 

carrier concentration, mobility and conduction type, were determined for the 

silicon and sapphire samples for method 1 and the silicon sample for method 2.  

The morphology of the films was examined using SEM imaging as described in 

section 3.1.   The EDX measurements were done using an Oxford EDX unit 

attached to the Phillips XL30 ESEM.  X-ray spectra analysis was performed 

using Inca software.  AFM images are taken with a Veeco scanning probe 

microscope equipped with a standard silicon probe (Umasch NSC15) in tapping 

mode.  Surface roughness and grain size were determined with nanoscope 

analysis software.  Ex situ XPS measurements of the O 1s and Sb 3d3/2 levels 



	  	  	  
	  

	  

34 

were performed on the silicon and c-sapphire samples for method 2 after 

annealing.  XPS measurements were conducted at Beijing electron spectrum 

center lab (Tsinghua University, Beijing China), equipped with Al Kα source at 

25 W.  The base pressure of the analysis chamber was 4.5x10-10 mTorr.  The 

binding energy scale was calibrated to the carbon line at 284.8eV.  All XPS 

spectra were recorded with a resolution of 0.51µeV.  Each data set was first 

corrected for the non-linear emission background.  The data was then fitted 

with a Gaussian function to find the peak positions.    

 

5.2  Results 

Figures 13a-c indicates that films have been accomplished with these 

methods.  The morphology of these films is similar to the films grown in chapter 

four.  This indicates that the dopant solution has little effect on the ability of t-

butanol to inhibit axial growth and create films.  By inspection of the SEM 

images, annealing seems to have a slight effect on the films by smoothing out 

the edges and slightly increasing the grain size.  The difference in the grain size 

between the films grown on c-sapphire and silicon can be attributed to the 

difference in the lattice mismatch.  Specifically, c-sapphire and zinc oxide have 

a lattice mismatch of 31% [112] whereas silicon and zinc oxide have a lattice 

mismatch of 39% [113].  In general,  decreasing the  lattice  mismatch  between  
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Figure 13  SEM images of antimony doped zinc oxide films grown by different methods (a-c)  
EDX measurements of respective samples (d-f) 

 

two materials increases the crystallinity (larger grain size) of the sputtered film.  

This is consistent with reports for zinc oxide on sapphire and silicon [114].   

As seen in figure 14 the film thicknesses for methods 1 and 2 are 750nm 

and 1000nm, respectively.  Although the film in method 1 is exposed to the 

monomers for a longer time, the film in method 2 is thicker.  This is because 

method 2 exposes the film to a new reaction solution three times.  At the 

beginning of each of these reactions the monomer concentration is the largest 

and therefore the reaction rate is at its fastest.  Therefore, renewing the 

reaction solution three times exposes the crystal surface to more monomers 

than a 15-hour growth. 
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Figures 13d-f show the EDX spectrums for the antimony doped zinc 

oxide films.  Here, the peaks at 3.6 keV clearly show the existence of the 

antimony.  The elemental analysis in EDX measurements is thought to be only 

for qualitative analysis.  However, each of the films was calculated to contain 

around 0.8 at% antimony relative to zinc oxide.    This finding is in accord with 

other publications [102].  Further, none of the films grown without antimony 

exhibited this peak. 

 

 

	  

Figure 14  Cross sectional view of antimony doped zinc oxide SEM images 

 

 

In addition, figure 15 clearly shows peaks for the O 1s and Sb 3d3/2 

levels in XPS measurements.  The existence of the Sb 3d3/2 near 540eV has 

been reported to represent antimony oxide, indicating that the antimony has 

likely doped into the zinc sites [104,115].  Further, the oxygen peak has been 

deconvoluted into two peaks.  This is due to the different oxygen states present 
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for solution grown zinc oxide films.  Since XPS only probes the surface of the 

sample, the oxygen is present in three forms as H2O, Zn-OH and Zn-O.  These 

peaks have been reported to be at 532.9eV-533.3eV, 531.9eV and 530.5eV, 

respectively [116,117].  Therefore, the furthest down-field peak within the O 1s 

level is attributed to zinc oxide in the crystal whereas the up-field peaks are 

attributed to oxygen present in adsorbed water and bonded hydroxyl groups.  

Further, no sodium peaks were present in the XPS data indicating that only the 

antimony ion was doped into the film. 

 

 

	  

Figure 15  XPS of antimony doped zinc oxide films on sapphire (a) and silicon (b) by method 1 
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Figure 16  2D and 3D images of method 2 on silicon (a,b), method 1 on silicon (c,d) and 
method 1 on sapphire (e,f) by AFM 

 

 

Atomic force microscope (AFM) images are given in figure 16.  By 

comparing the results from figure 16 and table 1 on silicon it appears that the 

grain size is significantly larger by method 1 than method 2.  This is consistent 

with figures 11 and 12.  This implies that the grains increase in diameter fastest 

during the first hour of growth.  Since method 1 repeats the first hour of growth 

three times it’s diameter is larger whereas method 2 samples are only exposed 

to fresh monomer concentrations once.  Despite the differences in the methods 

the surface roughness of the samples are similar.  
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Table 2  AFM Analysis 
AFM Analysis Avg. Grain Size (nm) RMS Surface Roughness (nm) 

Method 2  
Silicon 240 8.17 

Method 1  
Silicon 129 8.57 

Method 1 
Sapphire 130 9.51 

 

 

Figure 17 shows that ohmic contacts were accomplished by method 1 on 

sapphire and silicon.  Interestingly, despite having the similar compositions, 

method 2 on silicon showed very different properties.  As shown, this sample 

displays a Schottky barrier between the contacts and the sample.  Since ohmic 

contacts were not achieved, Hall measurements were deemed inconclusive for 

this sample. 

 

	  

Figure 17  IV plots testing the NiO/Au contacts sputtered onto the antimony doped zinc oxide 
films.  Ohmic behavior is observed by method 1 and a Schottky barrier by method 2 
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Table 2 summarizes the results of the Hall measurements for the 

surviving samples.  Despite antimony doping, the films did not show p-type 

character.  However, highly conductive n-type films are created due to high 

mobilities, and elevated carrier concentrations.  

  

Table 3   Hall measurements 

Hall Measurements Method 1 
Sapphire 

Method 1 
Silicon 

Method 2 
Silicon 

Conductivity type n n inconclusive 
Carrier concentration (cm-3) 1.64E+19 1.07E+19 inconclusive 

mobility (cm2/Vs) 2.58 2.48 inconclusive 
resisitivity (ohm-cm) 0.08838 0.1407 inconclusive 

 

  

Creating stable p-type zinc oxide is a challenge because this typically 

consists of three steps, integrating dopants into the zinc oxide matrix, activating 

the dopants and eliminating point defects that that cause electron donation.  As 

demonstrated, the first step has been accomplished, however, the elimination 

of point defects and activation of antimony is highly dependent on annealing 

conditions.  This behavior has been observed with potassium doped zinc oxide 

[32].  Here, the authors observed the conductivity type to switch from n to p by 

varying the annealing conditions.  This was attributed to the activation and 

desorption of hydrogen defects, which is in accord with stability testing of ion-

implanted hydrogen research in zinc oxide [118].  In order to create p-type zinc 

oxide by solution growth many different annealing conditions must be tried.  In 
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addition, the observation that ohmic contacts are accomplished with method 1 

but not method 2 indicates that the two materials may have different properties 

such as work functions and perhaps conductivity type.  Also, significantly less 

conductance of method 2 could be a result of more p-type character since n-

type materials typically display higher mobilities like the ones shown in the Hall 

measurements.  More tests must be done to determine the difference in the 

films. 
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Conclusions 

 

The purpose of this research was to create low cost films on abundant 

substrates and to demonstrate the ability of antimony doping.  As discussed in 

chapters three and four, decent quality films are prepared and characterized 

using t-butanol as a surfactant.  This finding provides, not only an inexpensive 

method for zinc oxide film deposition but also provides a reliable surfactant 

without adding any possibility of contamination from anions as in the sodium 

citrate currently used for solution growth of zinc oxide films.  Chapter five shows 

that this method is compatible with previously reported doping methods by 

incorporating antimony into the films.   

The future work for this method will be aimed at realizing p-type 

materials by trying different annealing conditions.  In addition, different contacts 

must be tried in order to get ohmic contacts for films grown by method 2.  

Further, it must be determined if the high conductivity of the films grown by 

method 1 is due to the antimony or point defects.  For comparison, films without 

antimony doping will be tested using Hall measurements, XPS and AFM.  Also, 

the doping of additional transition metals could increase n-type conductivity and 

create a low cost method for creating a transparent conducting oxide. 

The sputtered seeding layer was used due to its homogeneous films 

growing properties.  Films were grown with solution methods, however, 

complications ensued due to non-uniform coverage and were therefore not 
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discussed in this thesis.  Once the films are determined to have the desired 

characteristics, it is entirely possible to replace the sputtered seeding layer with 

a solution grown seeding layer.  Once accomplished, the films will be highly 

inexpensive and scalable with a set-up that can be created with little effort. 
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