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This study is focused on process development regarding Ohmic and Schottky contacts to
n-ZnO and the application of functional layers to GaN and InN nanostructures for Hydrogen
sensing. Goals of this work are three fold: first is to develop low resistance contacts for n-ZnO
with higher thermal stability than typical metal stacks. Second, cryogenic temperatures have
been used to deposit metal contacts to n-ZnO in order to increase barrier height at the interface
for improved Schottky behavior. Finally, metal functionalization layers of Pt or Pd have been
attempted on GaN nanowires and InN nanobelts for Hydrogen sensing.
Ohmic contacts to n-ZnO were fabricated using a variety of robust, refractory materials
including TiB2 , CrB 2, and Ir. Boride contacts were rectifying for lower anneal temperatures but
transition to Ohmic behavior at higher temperatures (700ºC) and exhibit minimum specific
contact resistivity as low as ~5x10-4 Ω. cm. Higher temperatures led to severe contact metallurgy
intermixing and an increase in specific contact resistivity. Ir contacts exhibited high thermal
stability and minimum specific contact resistance of 3.6x10-5 Ω.cm2 after a 1000ºC anneal.
Next, the effect of cryogenic temperatures during deposition of Pd, Pt, Ti, Ni, and Au on
n-ZnO was investigated. Deposition at both room and low temperature produced contacts with
Ohmic characteristics for Ti and Ni metallizations. By sharp contrast, both Pd and Pt contacts
12

showed rectifying characteristics after deposition with barrier heights between 0.37-0.69 eV. Pd
contacts showed an increase in barrier height along with a decrease in ideality factor with
increasing annealing temperature. Au deposited at room temperature produced contacts with
Ohmic characteristics while cryogenic deposition produced rectifying characteristics. The
differences in contact behavior were stable to anneal temperatures of ~300
˚C.
Finally, Pd and Pt functionalization layers were deposited to GaN nanowires and InN
nanobelts for Hydrogen sensing. Both uncoated nanomaterials show little or no current response
upon exposure to hydrogen gas. The addition of a functional layer is shown to dramatically
affect response to H 2, allowing for hydrogen to be detected down to the hundreds of ppm level.
Pd exhibits a greater response to hydrogen than Pt in both cases.
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CHAPTER 1
INTRODUCTION
The global sensor market has grown 4.5% annually for the last 8 years. This business
sector should reach a value of US $61.4 billion by 2010 [1]. Chemical sensing represents the
largest demographic, accounting for at least US $11.5 billion each year. This specific market
corresponds to species-specific elemental/molecular detection in gas and liquid, flue gas and fire
detection, and biosensors. While wet sensing is still a major component of total chemical
sensors produced, semiconductor-based sensors are becoming increasingly desirable due to their
highly controllable electronic character and increasingly inexpensive cost. The enormous
knowledge base and relative ease of production gives Silicon-based devices in particular the
largest market share of semiconductor chemical sensors. Silicon however, is not viable in harsh
environments, does not stand up to high temperature or pressure, and is susceptible to corrosion.
This greatly limits the usability in many new applications including gas sensors in autos and
spacecraft and chemical sensing in aggressive industrial areas.
Wide bandgap semiconductors overcome the obstacles present with Silicon technology.
These materials, such as Zinc Oxide (ZnO) and Gallium Nitride (GaN), have a larger bandgap,
higher electron mobility and higher breakdown field strength [2, 3]. They are chemically
resistant and easily withstand high temperature use, making them great candidates for highpower, high-temperature electronic devices and optoelectronics.
Interest in ZnO is derived from both its direct, wide bandgap (3.2 eV) and its large free
exciton binding energy (~60 meV) [4, 5]. The lower exciton binding energy of other wide
bandgap semiconductors such as GaN (~24 meV) leads to greater potential for excitons to
dissociate due to heat or exciton scattering, resulting in the relative inability of these materials to
be used in high-temperature applications [6-9]. This is in contrast to ZnO where efficient
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excitonic emission processes can exist at room temperature and above, allowing ZnO-based
LEDs to operate at temperatures much higher than GaN emitters. In addition, commercial-scale
production of ZnO is far cheaper than for GaN. Thin film ZnO can be easily grown on most
substrates, including glass, and a commercial ZnO substrate is readily available [10-11].
The use of ZnO has already been exhibited in transparent electrodes, piezoelectric
transducers and some chemical sensing applications. There is also promise ZnO LEDs could be
combined with phosphors to produce solid-state white lighting [7,8, 10-15]. This variety of new
and emerging uses of ZnO is intended as a competitor for semiconductor applications that are
complementary to currently used materials such as GaN. However in order to fully reach the
potential of ZnO-based electronics, considerable improvements to both device processing and
material quality are needed. Increasing demand for semiconductors in high temperature
applications demands the development of reliable, thermally stable Ohmic contacts [16-29].
These contacts must withstand extensive cyclic use at high temperature without device
degradation or dramatic changes to contact structure. As high-purity ZnO becomes less
expensive, superior device characteristics will be limited less by material quality and more by
contact failure.
Also critical to the improvement of ZnO-based devices is the need for effective Schottky
contacts. Typical metals used for Schottky contacts to ZnO often show extremely poor thermal
stability and inferior Schottky character [30-38]. Increasing the Schottky barrier height at the
interface may alleviate these undesirable characteristics, although the mechanisms of increasing
Schottky barrier height are still not fully understood. One potential method of engineering
Schottky barrier heights is by cryogenic metal deposition at 77K. This technique has already
been demonstrated for GaAs, InP, and InGaAs [39-41].
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The largest of roadblocks toward the full realization of ZnO devices is the lack of
effective p-type doping. Efforts to make p-ZnO have involved several deposition methods
including ion implantation and involved a number of different dopants; nevertheless these
techniques have been met with limited success [42-45]. With both n- and p-type material
available however, semiconductor nitride (such as GaN/AlGaN) based electronics are already in
commercial production. Currently fabricated devices include high-performance HEMTs,
heterojunction bipolar transistors (HBTs) and metal oxide field effect transistors (MOSFETs).
Especially of interest for potential sensing applications is the increasing ease of growth of
GaN and InN 1-D nanostructures (nanowires, nanorods, nanobelts). The high surface to volume
ratio, single crystalline structure and quantum effects of 1-D nanostructures all work to enhance
the sensitivity of these materials in regards to environmental change [46-60]. Additionally,
nanostructured sensors have very low power demands, minimal weight, and may often work at
temperatures far below room temperature. Typically however, the 1-D nanostructure alone is not
enough for sensor work. A catalytically active functional layer is necessary for most chemically
sensitive nanodevices. The use of metal functionalization layers have been shown to be effective
in detection of hydrogen at room temperature for carbon nanotubes (CNTs), ZnO, GaN SnO2 ,
and In2O 3 [61-64]. While nitride semiconductors are promising candidates for sensing, reports
for functionalization of GaN or InN for use as chemical sensors are limited.
The purpose of this work is two fold. First is to develop improved contact schemes, both
Ohmic and Schottky, for ZnO electronic and optoelectronic devices. Ohmic contacts must be
thermally stable and exhibit low specific contact resistance. Schottky contacts must have
improved barrier heights over previous studies. Chapter 2 presents background regarding basic
properties of ZnO, GaN and InN as well as an overview of the characterization techniques used
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throughout this work. The rest of this thesis concerns specific experiments and analysis in
improved contacts intended for sensor applications. First, thermally stable Ohmic contacts to nZnO using novel high-temperature materials are presented. Next, the effect of cryogenic
deposition on metal contacts to n-ZnO is explored. Finally, GaN nanowires or InN nanobelts
were used to fabricate Hydrogen gas sensors, comparing Pd and Pt functional layers for each.
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CHAPTER 2
BACKGROUND
2.1

ZnO Properties

As production of ZnO thin films and substrates have become increasingly inexpensive,
research on ZnO semiconductor devices has greatly increased. Interest in ZnO is derived from
both its direct, wide bandgap (3.2 eV) [64, 65] and its large free exciton binding energy (~60
meV) [67], making ZnO a potential material for blue/UV optoelectronics and light-emitting
diodes (LEDs). ZnO LEDs can also be combined with phosphors to produce solid-state white
lighting. ZnO has also been used in transparent electrodes, piezoelectric transducers and sensor
applications [15, 68-73]. Basic material parameters of ZnO are given in Table 2-1.
Table 2-1. Bulk ZnO material properties.
Property

Value
a0: 0.32495
c0: 0.52069
5.606
Wurtzite
1975

Lattice parameters at 300 K (nm)
Density (g cm-3)
Stable phase at 300 K
Melting point (ºC)
Thermal conductivity

0.6, 1-1.2
a0: 6.5 × 10-6
c0: 3.0 × 10-6

Linear thermal expansion coefficient
Static dielectric constant

8.656

Energy bandgap (eV)

Direct, 3.37
<106
max n-type doping: n ~ 1020
max p-type doping: p ~ 1017
60
0.24

Intrinsic carrier concentration (cm-3)
Exciton binding energy (meV)
Electron effective mass
Electron Hall mobility, n-type at 300 K (cm2 V-1 s-1)

200

Hole effective mass

0.59
2

-1 -1

Hole Hall mobility, p-type at 300 K (cm V s )
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The emerging use of ZnO is intended for use in semiconductor applications that are
complementary to currently used materials such as GaN. The lower exciton binding energy of
GaN (~24 meV) leads to greater potential for excitons to dissociate due to heat or exciton
scattering, resulting in the inability of GaN light emitters to be used in high-temperature
applications [74]. This is in contrast to ZnO where efficient excitonic emission processes can
exist at room temperature and above, allowing ZnO-based LEDs to operate at temperatures much
higher than GaN emitters. The direct bandgap energy of ZnO is comparable to GaN and is
transparent to visible light, with an operation range in the UV to blue part of the spectrum.
Room temperature Hall measurements give ZnO a Hall mobility of ~200 cm2/V-s, which is
lower than that for GaN [75]. The saturation velocity of ZnO however is higher. In addition,
commercial-scale production of ZnO is far cheaper than for GaN. Thin film ZnO can be easily
grown on most substrates, including glass, and a commercial ZnO substrate is readily available.
Although research for ZnO UV optoelectronic and LED applications has dramatically
grown in popularity, there remain a number of roadblocks to improve device performance. The
largest of these obstacles is the lack of effective p-type doping. Efforts to make p-ZnO have
involved several deposition methods and a number of different dopants; however these
techniques have been met with limited success. P-type carrier surface doping by ion
implantation using N, P, and As dopants has sparked interest toward the realization of p-ZnO.
Hole concentrations have been achieved in the range 1015-1017 cm-3 .
Crystal Structure and Conductivity of ZnO: At ambient conditions, thermodynamically
stable ZnO has a hexagonal, wurtzite structure with lattice parameters a = 3.25 Å and c = 5.12 Å
[76]. Zn atoms are tetrahedrally coordinated to four O atoms with alternating Zn-only and Oonly layers. The wurtzite structure of ZnO is shown in Figure 2-1.
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ZnO also exhibits both zinc-blende and rocksalt (NaCl) structures, however both alternate
structures are uncommon [76]. Zinc-blende ZnO is stable only when grown on cubic substrates
while rocksalt-structured ZnO is created at extremely high pressures.

Figure 2-1. Wurtzite crystal structure of ZnO
Undoped ZnO is usually inherently n-type; intrinsic donors have been associated to Zn
interstitials, O vacancies and hydrogen impurities. Asymmetric doping limitations of ZnO often
result in the achievement of n-ZnO even after p-type doping [77-82]. While n-type conductivity
for ZnO has been highly developed through the use of excess Zn or by Al, Ga or In doping, the
goal of reproducible p-type ZnO remains elusive.
2.2

Nitride Semiconductor Properties

Both IV-oxide and III-nitride semiconductors are excellent alternatives to traditional
silicon for electronic devices due to numerous advantages such as improved chemical resistance,
bandgap, and potential for high-temperature use. However, III-nitride based semiconductor
devices have many properties unique and preferred to ZnO. A summary of important electronic
parameters for GaN as compared to ZnO are shown in Table 2-2 [66, 83, 84].
2.2.1

GaN Properties
Due to the relative ease of growth of both n- and p-type material, GaN technologies are

much more developed than for ZnO. The wide bandgap of 3.475 eV is very close to that for
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ZnO (3.2 eV), making GaN a viable material for ultraviolet optoelectronics. Additionally, the
use of In and Al in InGaN and AlGaN allows for tunable emission over a wide spectral range
(0.7 eV to 6.2 eV) [85-98]. Although the excitonic binding energy is lower than for ZnO, the
wide bandgap of GaN produces a low intrinsic carrier concentration. While intrinsic
concentrations of 1015 cm-3 are reached at 300˚C for Si and 500˚C for GaAs, GaN does not reach
this concentration until 1000̊C. This thermo -stability gives GaN potential as a possible material
for high temp applications when alloyed with materials having higher excitonic binding energy.
Table 2-2. Electrical properties of bulk GaN and ZnO.
Property
Direct bandgap energy (eV)
Electron mobility (cm2 /Vs)
Hole mobility (cm2 /Vs)
Electron effective mass
Hole effective mass
Exciton binding energy (meV)

GaN
3.4
220
10
0.27 m0
0.80 m0
28

ZnO
3.4
200
5.50
0.24 m0
0.59 m0
60

Typically, the structural differences of GaN to its commonly used growth substrates
result in significant lattice mismatching and can be detrimental to the electronic properties of the
GaN. Sapphire and SiC for example, result in 13 and 3% lattice mismatch, respectively. In
contrast to GaN thin films, freestanding 1-D nanostructures are easier to grow in single-crystal
forms without defects. These nanostructures are becoming promising replacement candidates for
many potential applications involving thin-film GaN.
2.2.2

InN Properties
Out of all the III-nitride semiconductors, InN is the least technologically developed.

Recently, InN has attracted attention from the revision of its fundamental bandgap from the
visible (1.8-2.1 eV) to infrared (0.7-0.8 eV) spectral range [99-103]. This bandgap value is
lower than for any other major nitride-based semiconductor and allows for a wider possibility of
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optoelectronic applications over large spectral ranges by alloying together GaN, InN, and AlN.
Much of the reason for the change in property value has stemmed from the developing ease of
producing high quality, single crystal material [104-109]. Provided the parameters of effective
growth can be controlled, InN is an excellent potential material for low-cost, low-power, highly
sensitive detectors due to its intrinsic surface charge accumulation.
2.3

Electrical Contacts

Electrical contacts connect devices to an outside electrical input. They are the junction
between the semiconductor and metal/contact material and also include any specific
metal/material layers above the interface itself (the stack). Electrical properties of the contact are
material-controlled both by the interface and from the contents of the stack. Desired properties
are generally achieved by annealing at elevated temperature allowing for the removal of
structural defects and charge compensators like Hydrogen. Annealing also may create
intermetallurgical phases of lower resistance.
The choice of material within the stack may also be used to manipulate performance of
the contact. A Gold overlayer for example, may be used for current spreading over the top of the
contact to allow for even conduction over the whole area at the interface. Gold will also prevent
room temperature oxidation of the contact. In-soluble materials such as Platinum are often put
into the middle of a contact stack to act as diffusion barriers, preventing undesirable
metallurgical intermixing throughout the contact stack. Diffusion barriers also prevent
outdiffusion of interfacial materials and semiconductor from reaching the surface of the contact.
Most often, the choice of interface and stack materials comes from the need to achieve
the lowest specific contact resistance during extended use, however specific applications may
alter the desired contact properties. Light emitting diodes need transparent contacts or materials
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with high reflectivity in the range of their emission wavelength for maximum light emission.
High temperature applications require thermally stable, minimally reactive contact materials.
There are two types of contacts, both of which are critical toward the fabrication of a
semiconductor device. It is necessary to understand the material properties of both.
2.3.1

Ohmic Contacts
The development of connections with negligible contact resistance relative to the bulk or

spreading resistance of a semiconductor for a device is essential. Ohmic contacts exhibit a
relatively small voltage drop with current application as compared to drop over the active region
of the device. These contacts are named Ohmic because of their current-voltage response that
obeys Ohm’s Law (V=IR). In theory, these contacts should exhibit a linear relationship between
current and applied voltage without signal distortion and consume nothing in power because of
complete current transference.
Most important to the viability of Ohmic contacts with any device is a low specific
contact resistance. Specific contact resistance is an amalgam term which describes the resistance
at directly above, below and at (or through) the interface. The specific contact resistance (ρc) for
Ohmic contacts is given as:
−1

 ∂J 
ρC =  
 ∂V V =0

(1.1)

where ∂J/∂V is the rate of change current density going across the contact interface with voltage.
Low specific contact resistance reduces the required power of the contact and diminishes internal
heating improving contact and device lifetime.
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Conduction across the metal-semiconductor interface for semiconductors with low to
moderate doping occurs through thermionic-emission over the potential barrier. The specific
contact resistance for this conduction follows:

ρC =

k
 qφ 
exp b 
**
qA T
 kT 

(1.2)

where q is the electronic charge, A** is the Richardson’s constant, T is the temperature, φb is the
barrier height, and k is the Boltzmann’s constant. Apparent from this equation, metals with a
low barrier height are desired for contacts with small specific contact resistance. In the case of
p-type conduction, metals with higher work functions than that of the semiconductor are
preferred.
There are few metals however, with higher work functions than ZnO. This complicates
the creation of a p-type conducting Ohmic contact. Usual approaches to reduce barrier height
over the ZnO include surface cleaning or through the creation of a highly doped region near the
surface. Increasing the carrier concentration at the surface can be done by ion implantation or
through alloying the contacts. By highly doping the substrate underneath the contact, the
Schottky barrier at the surface is reduced, allowing enhancement of current transport by
tunneling.
The equation for contact resistance taking into account conduction by electron tunneling
is:

 2 ε m *φ
S
b
ρ C = exp
  N
D







(1.3)

where ND refers to the doping concentration of the (n-type) semiconductor.
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Ohmic contacts to n-ZnO: A variety of metallization schemes for Ohmic contacts to nZnO have been demonstrated. Pt-Ga contacts were reported to have a specific contact resistance
of 3 x 10-4 Ω⋅cm2 [15, 27]. Ti/Au Ohmic contacts on Al-doped epitaxial layers were found to
have ρc values of ~ 10-4 – 10-5 after plasma treatment of the surface [16, 110]. The lowest ρc
value of 9.0 x 10-7 Ω⋅cm2 was reported for n+-ZnO (n~1.7 x 1018 cm-3) with Ti/Al contacts
after 300°C anneal [111]. The most common metal schemes for Ohmic contacts on n-type ZnO
involve Ti/Au, Zn/Au, Al/Pt ,Re/Ti/Au, Ru and Pt/Ga, with typical specific contact resistances in
the range 10-3-10-7 Ωcm2 on unintentionally (~1017 cm-3) n-type ZnO after annealing at <
500ºC. Minimum contact resistance is usually obtained after post-depositing annealing at
temperatures between 200°C and 300°C due to the increase in near-surface carrier concentration
reached by annealing. Metals with high melting temperature and low reactivity are becoming
promising candidates for n-ZnO devices due to the increased need for high, long-term thermal
stability of contacts.
2.3.2

Schottky Contacts
By contrast to the ease of conduction from metal to semiconductor and vice versa over all

voltages found in Ohmic contacts, Schottky contacts act as a switch, allowing no current to flow
before reaching a critical voltage – both for the positive and negative direction. A large enough
forward bias results in conduction while a large negative bias results in contact breakdown.
During breakdown, a very large negative bias will permanently alter the conduction path and the
Schottky contact can be destroyed.
Schottky contacts are formed by lining up the Fermi levels of the metal and
semiconductor. For Fermi level alignment, a space charge or depletion region is formed at the
interface and a current flow barrier is made. In order to assure a barrier is created in the absence
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of surface states, which would act as pathways for easy current flow. The barrier height of an ntype semiconductor qφbn follows as:

qφbn = q(φ m − χ )

(1.4)

where qφm is the metal work function and qχ is the electron affinity of the semiconductor.
In practice, some amount of surface states will be present on the semiconductor surface.
By the addition of surface states, the density of semiconductor at the surface is large enough to
compensate for additional surface charges without having to move the Fermi energy level. In
turn by not altering the Fermi level, the space charge region at the interface will not be affected,
making conduction easier through the interface with lower forward bias. Thus, the barrier height
for all semiconductors may be described as:

qφb = q(Sχ m + φ 0 )

(1.5)

where χm is the metal electronegativity and φ0 represents the contribution of surface states of
semiconductor. S is the interface index = dΦb/dχ m - it is dependent on the electronegativity
difference between cation and anion of a compound semiconductor.
Schottky contacts conduct via the majority carrier. Similar to Ohmic contacts, there are
two predominant transport mechanisms for Schottky-type conduction at room temperature: by
thermionic emission (TE), or by thermionic field emission (TFE) or tunneling. The current
density for the TE model follows as:

 − qφb
J = A**T 2 exp
 kT

   qV  
 exp
 − 1
   nkT  

(1.6)

where n is the ideality factor, a term describing the character of the contact to ideal Schottky
behavior. [The theoretical value of the Richardson constant A** for ZnO is 32 A·cm-2·K-2 .]
Current density for the TFE model follows as:
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 qV
J F = J 0 exp
 E0





(1.7)

where the saturation current density J0 is given by

A*T [πE 00 q(φ B − V − ζ )]
J0 =
k B cosh (E 00 / k B T )

−0.5

 qζ
q(φ B − ζ ) 

exp −
−
k B T 
 k BT

(1.8)

where ζ = (EF-EV)/q equals the difference between the valence band maximum and the Fermi
level and E0 = E00 coth(E00/k BT) describes the characteristic energy as related to tunneling
probability.
Schottky Contacts to n-ZnO: Metallization schemes involving non-reactive metals such
as Au, Ag, and Pd have been shown to form Schottky contacts to n-ZnO [112-119]. Schottky
barrier heights for these contacts range between 0.6-0.8 eV, but do not match to the trend in
metal work function, leading to the belief that intrinsic surface states or surface contamination
have an influence on electrical conduction at the interface. Pt contacts were found to have a
Schottky barrier height of ~0.7 eV upon UV treatment of bulk ZnO surface. Borides have also
been investigated for rectifying behavior. W2B, W2 B5, and CrB2 metals deposited by sputtering
on ZnO were shown to exhibit non-rectifying behavior in the as-deposited state, but converted to
Schottky behavior after annealing at 500-600°C. Schottky barrier heights for Boride-based
contacts were only in the range of ~0.4-0.5 eV, comparable to that expected from the electron
affinity.
Numerous surface cleaning methods prior to contact deposition have been reported,
including organic solvent rinsing and etching with concentrated phosphoric or nitric acid [37,
115-121]. All methods intend to raise the Schottky barrier height at the interface and limit the
influence of deep recombination centers. Most literature reports high ideality factors, suggesting
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multiple transport mechanisms including tunneling and the large role of interface states on
conduction.
2.4
2.4.1

Characterization Techniques

Current-Voltage Measurements
Specific contact resistance and Schottky diode parameters are determined using IV

measurements by an Agilent 4156 Semiconductor Parameter Analyzer connected to a probe
station. Two point probe measurements were generally used. When the resistance of the probes
was too high or contacts exhibit prohibitive sheet resistance, a four point technique will be used.
In the four-point method, current is sent along the outer pads while voltage drop is measured
between the two inner probes. Both linear TLM and CTLM (circular transmission line method)
pads were used depending on circumstance. A typical linear TLM pattern is shown in Figure 22. CTLM pads are generally used in cases where the substrate is difficult to etch.

Metal Pads
W
L1

L2
L3
Semiconductor film

Figure 2-2. Typical schematic for linear TLM
The specific contact resistance is calculated by plotting resistance R as a function of TLM
spacing distance L. The y-intercept of the plot = 2RC (contact resistance). The slope = RS/W
where RS is the sheet resistance and W is the width of the TLM pad. An example of this plot is
shown in Figure 2-3.
The specific contact resistance ρc is calculated via the sheet resistance and follows as:

L
RT = 2 RC + RS  
W 

(1.9)
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ρ C =  C
 RS 

Resistance R

(1.10)

2Rc

Slope=RS/W

L1

L2

L3

Distance L

Figure 2-3. Definition of resistances for typical linear TLM
In the case of Schottky behavior, the barrier height for samples, φb, and diode ideality factor, n,
may be extracted from the relation for the thermionic emission over a barrier.
2.4.2

Auger Electron Spectroscopy
Auger Electron Spectroscopy (AES) determines the elemental composition of the surface

of materials. In combination with an ion gun sputter source, AES can give compositional depth
profiling from relative intensity thru material stacks. Both techniques will be utilized in this
work in order to understand the role of diffusion in contact behavior before and after annealing.
AES works by bombarding the surface of a material with a focused beam of electrons
with energy between 3 keV to 30 keV. As electrons from the beam collide with atoms at the
material surface, core-level electrons are ejected creating energy level vacancies. From here, an
electron from the outer shell relaxes to fill the empty lower energy state and releases energy
causing the ejection of another electron, this time from an outer shell. The kinetic energy of the
ejected Auger electron is characteristic of the element from which it was ejected (with exception
of hydrogen and helium, which can not be detected) [122].
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2.4.3

X-Ray Diffraction
X-Ray Diffraction (XRD) is an analytical, non-intrusive characterization technique used

to determine qualitative and quantitative data regarding chemical composition, crystal structure,
and crystallographic orientation. In this work, XRD will be used to confirm material identities of
nanostructures after growth and determine defects present if any.
XRD works by subjecting a powdered or polycrystalline substrate to monochromatic xradiation. The individual orientation of each crystal diffracts (reflects) the incoming x-ray beam
as the angular position of the beam is rotated about the center of the substrate in terms of 2θ. A
recorder plots the diffracted beam intensity as a function of this angle 2θ. Each diffraction plot
produced is characteristic of the material sample.
2.4.4

Photoluminescence
Photoluminescence (PL) is an analytical technique used to gain information about the

optical properties of a substrate. From this data, the structural quality, including the influence of
possible surface states and deep-level traps, of the substrate can be inferred. PL emitted light is
generated by impinging a light source with energy larger than the bandgap energy of the
semiconductor being studied onto the semiconductor surface. This light source, such as a HeCd, Ar or Kr laser, creates free electron-hole pairs within the semiconductor. These excess
carriers recombine both via radiative and non-radiative recombination. Radiative recombination
results in emission of specific wavelengths, characteristic of the recombination mechanism that
created it [122].
Excitonic (electrons and holes bound to one another) luminescence is observed only at
low temperatures in highly pure materials. As temperature increases, excitons break into free
carriers from thermal energy and recombine via the band-to-band process. An increase in doping
concentration may also cause excitons to become dissociated. Because some electrons may not
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lie at the bottom of the conduction band, their recombination may yield a high-energy tail in the
luminescence spectrum. Strict band-to-band recombination will result in a sharp cutoff at the
wavelength corresponding to the material band gap.
2.4.5 Scanning Electron Microscopy
Scanning electron microscopy (SEM) produces surface images via a rastered (scanning)
electron beam at high magnification (10,000X to 1,000,000X) and with high resolution (up to ~2
nm). A beam of electrons is accelerated from an electron gun and passed through a series of
condenser and objective lenses to focus the beam. This electron beam hits and penetrates the top
layers of the surface of the substrate and electrons are emitted from the surface interaction
volume. These emitted electrons include backscattered, secondary, x-ray, and Auger types.
Signals collected are converted to an image that can give information regarding composition,
topography and morphology [122].
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CHAPTER 3
THERMALLY STABLE OHMIC CONTACTS TO N-ZNO
3.1

Ohmic Contacts

For n-type ZnO, the most common approaches to minimizing contact resistance have
been increasing the doping concentration in the near-surface region or preparing the surface to
reduce the metal semiconductor barrier height. Common metal schemes for Ohmic contacts on
n-type ZnO have included Ti/Au, Zn/Au, Al/Pt ,Re/Ti/Au and Pt/Ga, with typical specific contact
resistances in the range 10-2 -10-7 Ωcm2 on unintentionally (~1017 cm-3) n-type ZnO after
annealing at < 500ºC. However these typical contact stacks suffer from poor reliability at high
temperature ranges needed in aggressive applications such as automobile sensors and LEDs. To
improve the reliability of contact metals at high temperature there is interest in more
thermodynamically stable contact stacks.
One promising materials group for thermally stable contacts on n-ZnO are stoichiometric
diborides which have high melting temperatures (e.g. 3200°C for ZrB2) and thermodynamic
stabilities at least as good as comparable nitrides or silicides [123-125]. They also exhibit good
corrosion resistance but are susceptible to oxidation during thermal processing. This oxidation
may be easily countered however by depositing an overlayer of a metal such as Au in the same
deposition chamber.
Another possible material for improving contact stability is Iridium, which has not
attracted much attention for use with ZnO. Ir is expected to have a relatively low barrier height
on ZnO from the electron affinity of ZnO (χZnO =4.35 eV) and work function of Ir (φIr = 5-5.76
eV) [125]. The use of Iridium for thermally stable, low-resistance Ohmic contacts has been
shown for p-type GaN. In this case, minimum specific contact resistance for Ir contacts was ~
9x10-2 Ωcm2 [126]. These contacts remained stable up to annealing temperatures of 600 ºC. Ir-
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based contacts have also been shown to extend the available range of operating temperatures for
AlGaN/GaN High Electron Mobility Transistors (HEMTs) up to 550 ºC [127].
3.2

Surface Treatment Investigation

A variety of typical pre-deposition surface treatments to bulk ZnO were considered for
this study. Since contact behavior depends heavily on surface quality of the substrate, it may be
desirable to add preparatory surface cleaning steps before contact fabrication if Ohmic character
can be improved. Most surface treatments focus primarily on the removal of hydro-carbons and
large free particulates, usually involving washing the surface with volatile solvents (IPA,
acetone, and methanol). There are some reports however in which species-preferential etchants
(both dry and wet) have been used in order to induce electrically desirable damage to the surface.
For example, the removal of surface oxygen from ZnO has been attempted by dry etching in
BCl3 plasma via the formation of volatile B-O compounds [165]. This removal results with a
higher concentration of charge carrying O vacancies. Ar-based plasma has also been shown to
increase the number of O vacancies through energetic ion bombardment of the ZnO surface
[166]. There is a great degree of surface roughening created by this method however, and may
not result in improved Ohmic conduction of surface contacts.
Our samples of ZnO included surface treatments by exposure to Ar, Oxygen, or BCl3
plasma (via ICP dry etching), wet etching using 1% H3 PO4, treatment to Ozone (O3), or predeposition annealing at 300˚C. Treated samples were inspected using photoluminescence
spectroscopy at room temperature using a He-Cd laser excitation source. A simple Ti (200Å)/Au
(800Å) metallization scheme was sputter deposited for each substrate and subsequent I-V
character measured.
The PL spectrum observed for all samples including untreated ZnO is shown in Figure 31. Only Ozone exposure and H3 PO4 wet etching resulted in an increase in photoluminescence
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while pre-deposition annealing led to little considerable difference from the untreated substrate.
Ozone is expected to remove the surface of C contamination through conversion to volatile CO
and CO2 products, which may have resulted in the increase in photoluminescence observed. The
reason for the increase in PL by wet etching is unclear, however could also be due to desorption
of C from the surface. The use of H3 PO4 for the removal of surface contaminates on ZnO has
been previously reported [38]. I-V measurements exhibited similar current for contacts
deposited on ozone-treated ZnO and for wet etched samples as for untreated substrates, helping
confirm the existence of a clean interfacial layer by the removal of surface hydrocarbons. Large
current through contacts on ZnO exposed to H3 PO4 could also be due to incorporation of
hydrogen at the surface in addition to preferential removal of oxygen. Pre-deposition annealing
of ZnO had little effect on I-V response of Ti/Au contacts.
All dry etching trials resulted in a decrease in PL, both at the excitonic-near-band-edge
energy level (~3.2 eV) and at the deep-trap level in the middle of the band gap (~2.25 eV),
suggesting an increase in the number of non-radiative recombination centers by pre-deposition
ICP etching. This is further supported by a sharp drop in current for contacts deposited to
substrates receiving these treatments. In the case of contacts on ZnO exposed to oxygen plasma,
I-V response changed from Ohmic to Schottky type conduction, probably due to a drastic
reduction in quality of the substrate surface due to dry etching and from oxygen re-incorporation,
lowering conductivity at the interface.
As dry etching had deleterious effects on conductivity and photoluminescent character of
bulk, high-quality ZnO and other surface treatments resulted with little noticeable effect on I-V
behavior of typical contacts, no surface treatment method was employed for use in the
fabrication of Ohmic contacts for this study other than degreasing in order to remove gross, loose

34

hydrocarbons from the substrate surface. A 3 min Ozone treatment was used for cryogenicallydeposited Schottky contacts (Chapter 4) to achieve superior surface quality before deposition.
3.3

Fabrication of Ohmic Contacts

All n-ZnO samples used were (0001) undoped grade I quality bulk, single-crystal ZnO
crystals from Cermet®. They were epiready with one-side-Zn-face-polished by the manufacturer.
The room temperature electron concentration and mobility established by van der Pauw
measurements were 1017 cm–3 and 190 cm2/V-s, respectively. No special surface treatment was
done except degrease in acetone and methanol prior to the metal deposition.
3.3.1

Boride-based Contact Deposition
For both Boride-based contact studies, a circular transmission line method (C-TLM)

pattern was created by liftoff of the deposited metals. CTLM patterning helped to prevent
possible current spreading over the surface of the substrate. The nominal contact pad spacing
varied from 5 to 45 mm and the precise length was determined by SEM measurements after
patterning. A metallization scheme of XB2 (500Å) / Pt (200Å) /Au (800Å) was used in all
experiments. Gold was added to lower contact sheet resistance by outsourcing incoming current
to all areas of the contact. Platinum was added as a diffusion barrier to prevent metallurgical
intermixing upon annealing. All of the metals or compounds were deposited by Ar plasmaassisted rf sputtering at pressures of 15-40 mTorr and rf (13.56 MHz) powers of 200-250 W.
The sputter rates were held constant at 1.4Å.sec-1 for all of the metals or compounds. The
contacts were patterned by standard photolithography and liftoff. Samples were annealed at
temperatures up to 950 °C for 1 min in a flowing N 2 ambient in a RTA furnace.
AES depth profiling was used to determine layer intermixing and interfacial chemistry.
As-deposited contacts showed sharp interfaces between the various metals. SEM was also used
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to examine contact morphology as a function of annealing temperature. The specific contact
resistivity was derived from the C-TLM based on current-voltage measurements.
3.3.2

Iridium-based Contact Deposition
An Ir(250Å)/Au(800Å) metallization scheme was deposited on all samples by Ar plasma-

assisted rf sputtering at pressures of 15-40 mTorr and rf (13.56 MHz) powers of 200-250 W.
Contacts were patterned by liftoff and annealed at 200-1100 °C for 1 min within a flowing N2 or
O2 ambient in a RTA furnace. N2 annealed contacts exhibiting low specific contact resistance
were aged for a period of 30 days at 350°C on a heater plate in air. Current-voltage response was
measured every 1-3 days.
I-V characteristics of the resulting diodes were measured on an Agilent 4145B parameter
analyzer. The contact properties were obtained from TLM measurements on 300×300 µm pads
with spacing of 2.5, 5.0, 7.5, 10, and 17.5 µm. Depth profiling of the as-deposited and annealed
contacts was done by AES using a Physical Electrons 660 Scanning Auger Microprobe. Optical
micrographs were used to examine contact morphology.
3.4

TiB2-based Contact Study

TiB2-based Ohmic contacts were fabricated in order to improve thermal stability at high
temperature. All contacts were rectifying to annealing temperatures of 700°C. At higher
temperatures there was a transition to Ohmic behavior and over a narrow temperature window
both low specific contact resistivity and smooth morphology were achieved. Figure 3-2 shows
the variation of the specific contact resistivity and sheet resistance of the ZnO under the
TiB2/Pt/Au structured contact as a function of anneal temperature. A minimum specific contact
resistivity of 5x10-4 Ω.cm was achieved after 800ºC anneals. This is a typical value for Ohmic
contacts on undoped, lightly n-type ZnO but is achieved at much higher temperatures and
suggests the TiB2 /ZnO interface is much more stable than for the more typical metallizations
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mentioned earlier. Higher temperatures led to a severe increase in sheet resistance as the ZnO
dissociated and therefore led to the degradation of contact resistivity.
Figure 3-3 shows optical micrograph images of the metal contacts before and after
annealing at either 800°C or 900°C. The as-deposited samples highlight the small scratches and
other morphological features typical of currently available ZnO substrates and are a result of
imperfect polishing of the surface. The TiB2/Pt/Au shows some roughening after 800°C anneals
and has an almost completely reacted appearance after 900°C anneals. This thermal stability is
far superior to the conventional Ti or Al contacts with Au overlayers, where the contacts are not
stable above 550-600°C. The change in appearance of the contacts after high temperature
annealing is due to the outdiffusion of Ti, Pt, Zn and B as is clear from the AES surface
composition data in Table 3-1. The increase in surface oxygen content is probably due to the
oxidation of out-diffused Ti. C noted at the surface is adventitious and expected. Any change in
surface color of the contacts is mostly from outdiffusion of oxidizing Ti.
The AES depth profiles from these same three samples are shown in Figure 3-4. The asdeposited contact stack shows sharp interfaces between the metals. After 800°C anneals, the Ti,
B and Pt show diffusion through the Au while after the 900°C the contact metallurgy is
completely intermixed. The mechanism for Ohmic contact formation may involve formation of a
more heavily doped near-surface region as result of the dissociation of the ZnO. Both TiB2 and
Ti are expected to have very low barrier heights on ZnO in any case from the electron affinity of
ZnO (χZnO =4.35 eV) and work function of Ti (φTi =4.33 eV) and B (4.3 eV) [17]. In addition,
thin titanium oxide layers can be formed at the interface when Ti is contacted to ZnO since the
titanium has a higher affinity with oxygen than Zn [125]. As a result, the oxygen vacancies,
which are effective electron donors, increase the carrier concentration near the ZnO surface
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promoting the tunneling phenomena through the extremely thin oxide barrier. Our AES depth
profiles do not have the resolution to provide clear evidence of the formation of a TiO x layer, but
others have observed this in Ti/Au contacts on ZnO [17].
TiB2/Pt/Au contacts on bulk n-type ZnO provide improved thermal stability relative to the
more commonly used metal schemes published previously. The minimum contact resistance is
obtained after annealing at 800°C and suggests that these boride-based contacts may be
promising for high temperature ZnO device applications.
3.5

ZrB2-based Contact Study

ZrB2 -based contacts were also fabricated in order to achieve thermal stability at high
temperature and to compare with previous Boride-based contacts to n-ZnO. The contacts were
rectifying to anneal temperatures of 600°C but displayed Ohmic behavior between annealing
temperatures of 600-800ºC. Figure 3-5 shows the variation of the specific contact resistivity and
the sheet resistance of the ZnO under the contact, as a function of annealing temperature. A
minimum specific contact resistivity of 9x10-3 Ω.cm was achieved after 700ºC anne als. This
specific contact resistivity is within the range of typical values for Ohmic contacts on undoped,
lightly n-type ZnO but is achieved at much higher temperatures and suggests the ZrB2/ZnO
interface is relatively stable. Annealing temperatures above 800
˚C led to the contacts reverting
to rectifying behavior as sheet resistance of the ZnO increased.
Figure 3-6 shows SEM images of the metal contacts before and after annealing at either
300°C, 600°C or 800°C. The ZrB2 /Pt/Au does not show any roughening until 800°C anneals and
is more stable than similarly prepared TiB2/Pt/Au Ohmic contacts on ZnO in which the contact
morphology was completely destroyed by 800°C [128]. This thermal stability is far superior to
the conventional Ti or Al contacts with Au overlayers, where the contacts are not stable above
550-600°C. The change in appearance and darkening of the contacts after high temperature
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annealing is due to the outdiffusion of Pt and Zn. The scratches on the metal surface are from the
probes used for obtaining the I-V measurements.
AES surface scans from the as-deposited and annealed samples are shown in Figure 3-7.
A summary of this AES surface composition data is shown in Table 3-2. The surface scans show
little change until 800°C where Zn is detected. Once again this data shows the boride-based
contacts are much more thermally stable than conventional metal stacks. For example, AES
depth profiles of Ti/Al/Pt/Au contacts performed after annealing even at 250°C showed the
initially sharp interfaces between the different metals were degraded by reactions occurring,
especially between the Ti and the ZnO to form Ti-O phases and between the Pt and Al [21]. In
that case, the O appears to diffuse outward while the Pt diffuses inward. Anneals at 600 °C
almost completely intermixed the contact metallurgy.
The AES depth profiles from these same three samples are shown in Figure 3-8. The asdeposited contact stack shows sharp interfaces between the metals, although both O and C are
present in the boride layer. This data points out the susceptibility of the borides to gettering of
water vapor during sputter deposition [123, 124]. The Pt starts to diffuse through the Au
overlayer after 600˚C anneals. After 800°C anneals both Zn from the ZnO substrate and Pt from
the diffusion barrier layer show some diffusion through the Au. As with TiB2-based contacts,
the mechanism for Ohmic contact formation may involve formation of a more heavily doped
near-surface region as result of the dissociation of the ZnO. ZiB2 , like TiB2 , is expected to have
very low barrier heights on ZnO in any case from the electron affinity of ZnO (χZnO =4.35 eV)
and work function of ZrB 2 (φTi = 3.94 eV) [21, 125]. Unlike TiB2 -based contacts however, Zr
has a low tendency to readily oxidize. As such, there was no evidence of formation of thin
zirconium oxide layers formed at the interface or at the surface of the contacts even after high
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temperature annealing. As a result, this probably rules out the formation of oxygen vacancies,
which are effective electron donors, and which would increase effective n-type doping at the
ZnO surface.
ZrB2/Pt/Au contacts on bulk n-type ZnO provide improved thermal stability relative to the
more commonly used metal schemes published previously. The minimum contact resistance is
obtained after annealing at 700°C and suggests that these boride-based contacts may be
promising for high temperature ZnO device applications. The ZrB2 produces slightly higher
contact resistances than comparable CrB2 -based contacts but the ZrB2 itself is more
thermodynamically stable on ZnO.
3.6

Iridium-based Contact Study

Ir-based contacts were also attempted on n-ZnO in order to improve the thermal stability at
high temperature. As previous literature has noted a difference between Ir contacts annealed in
N2 versus O2 ambient [126], both annealing conditions were investigated for separate samples.
3.6.1

Nitrogen Annealing of Contacts

All contacts were Ohmic for all annealing temperatures up to 1000 ºC. Figure 3-9 shows the
variation of specific contact resistivity and the sheet resistance of the ZnO under the contact, as a
function of annealing temperature in N2 ambient. A specific contact resistivity of ~5x10-5 Ω.cm2
was achieved for all contacts from as-deposited up to 900 ºC anneals. This specific contact
resistivity is within the range of typical values for Ohmic contacts on undoped, lightly n-type
ZnO but is achieved up to much higher temperatures, suggesting the Ir/ZnO interface is highly
thermally stable. After annealing at 1000 ºC, the minimum specific contact resistivity drops to
3.6x10-6 Ω.cm2 . After annealing at 1100 ºC the contact morphology degraded and electrical
measurements were no longer consistent as agglomerates (likely Iridium) collected at the
surface. The sheet resistance remained at ~5-7 Ω/ throughout all anneals.
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Figure 3-10 shows SEM images of the metal contacts before and after annealing (under
N2 ambient) at either 800ºC, or 1000ºC. An optical micrograph of the metal contacts after
annealing at 1000ºC is also provided for clarity. The Ir/Au does not show any roughening until
1000ºC anneals and is more stable than similarly prepared boride Ohmic contacts on ZnO in
which contact morphology was completely destroyed by 900ºC or less [128]. This thermal
stability is far superior to the conventional Ti or Al contacts with Au overlayers, where the
contacts are not stable above 550-600ºC. The change in appearance of the contacts after high
temperature annealing is not due to the outdiffusion of Ir, as confirmed through AES surface
scans, but there is some dissociation of the ZnO with the appearance of Zn on the surface. Any
scratches on the metal surface are from probes used for obtaining the I-V measurements.
A comparison of the depth profiles for as-deposited versus annealed at 500ºC, 800ºC
(bottom left), or 1000ºC (bottom right) Ir/Au contacts on ZnO is given in Figure 3-11. The depth
profile from AES of the as-deposited contacts shows a sharp interface between the deposited Ir
and the ZnO. Ir appears to diffuse outward toward the surface while Au appears to diffuse
inward toward the interface beginning after 500ºC anneals. Once again this data shows the Ir
contacts are much more thermally stable than conventional metal stacks. For example, AES
depth profiles of Ti/Al/Pt/Au contacts performed after annealing even at 250°C showed the
initially sharp interfaces between the different metals were degraded by reactions occurring,
especially between the Ti and the ZnO to form Ti-O phases and between the Pt and Al [21]. In
that case, the O appears to diffuse outward while the Pt diffuses inward. Anneals at 600°C
almost completely intermixed that contact metallurgy.
The depth profiles between contacts annealed at 500ºC and contacts annealed at 800ºC
show little difference in the diffusion of Ir toward the surface. As suggested by their similar
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specific contact resistances in Figure 3-8, these similar profiles are not surprising. After the
1000ºC anneal, both the Ir from the interface and the Au from the surface layer show heavy
interdiffusion. This corresponds to a dramatic decrease in specific contact resistance at 1000ºC.
In contrast to previous boride contacts, there is no evidence of a thin Iridium oxide layer or
dissociation of ZnO at the interface, likely ruling out Ohmic conduction by the formation of
oxygen vacancies or by a heavily doped near-surface region, respectively.
Figure 3-12 shows the room temperature specific contact resistivity and sheet resistance
of contacts annealed at 700°C, as a function of time spent at 350°C. This time trial was
completed in order to approximate the thermal stability of a working Au-Ir-ZnO device under
aggressive conditions. These contacts exhibit excellent thermal stability over the entire 30 days.
Specific contact resistivity shows a small initial drop after day 1 and then fluctuates between 2.5
and 3 x 10-4 Ω cm2 . Sheet resistance shows almost no change with annealing time, remaining at
~60 Ω/□ for the entire trial.
In addition to being thermally stable over 30 days, the contacts also showed little change
in morphology with aging time, as seen in Figure 3-13. Optical micrographs are shown before
annealing, after 15 days, and after 30 days annealing. There is a slight pitting of the surface in
the annealed contacts, similar in appearance to the N2 annealed contacts shown in Figure 3-9.
3.6.2

Oxygen Annealing of Contacts
Specific contact resistivity and sheet resistance are compared for O2 and N2 anneals in

Figure 3-14. Previous reports demonstrated a dramatic difference in contact response for Ir
contacts to p-type GaN between annealing in O2 and N2 ambient, attributing the change in
resistance to the creation of a thin IrO2 layer [126]. In our case, both specific contact resistivity
and sheet resistance increase with annealing temperature under the O2 anneal by orders of
magnitude while the N2 annealed contacts remain thermally stable up to 1000°C. Jang et al.
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explained a decrease in contact resistivity for p-type GaN after O2 annealing due to the reduction
of the barrier height for injection of holes by an IrO2 phase. In our case, creation of a conducting
oxide phase would not explain the data and thus an increase of barrier height on the n-type
material might be a likely cause of the change in contact resistance.
AES scans confirmed a higher percentage of Oxygen on the surface of contacts annealed
in O2 as compared to those annealed in an N2 ambient, supporting the existence of an IrO2 layer
after annealing in O2. Surface morphology of the contact appears roughly the same between O2
or N2 anneals however, as shown in the optical micrographs taken after annealing at 700°C in O2
and N2 in Figure 3-15.
A comparison of the AES depth profiles shown in Figure 3-16 also gives little as to
differences in contact stability between the O2 versus N2 annealed samples. Both profiles show
slight intermixing of the Au/Ir and Ir/ZnO interfaces and little, if any, dissociation of ZnO.
There appears to be a slightly greater diffusion of Au into the Ir layer in the case of the N2
anneal.
3.6.3

Iridium-based Contact Study Summary
Ir/Au contacts on bulk n-type ZnO provide highly improved thermal stability relative to

the more commonly used metal schemes published previously. The minimum contact resistance
is obtained after annealing at 1000 ºC (N2 ambient) and suggests that these Ir-based contacts may
be promising for high temperature ZnO device applications. The Ir produces comparable contact
resistances to previous boride-based contacts, yet the Ir is much more thermally stable than any
of the previously tested Borides. These Ir/Au contacts showed very little change in resistance
under aggressive aging (350°C) for 30 days. Resistance is increased by orders of magnitude
after annealing in O2 ambient, which may be related to formation of an interfacial IrO2 layer.
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3.7

Conclusions

Boride-based and Ir/Au Ohmic contacts have been fabricated to n-ZnO. All materials
tested were superior to contact stacks currently used commercially for n-ZnO due to their
extreme thermal stability shown via high temperature annealing. Particularly, Ir/Au contacts out
performed Boride-based contacts both in terms of low contact resistance and thermal stability at
high temperatures. These results show temperature stability and effective resistance is a function
of contact material, therefore it is critical to choose materials for contacts which are less
chemically reactive and exhibit low thermal solubility.
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Table 3-1. Concentration of elements detected on the as-received surface of TiB2/Pt/Au contacts
to n-ZnO (in atom%)
C
O
B
Ti
Zn
Pt
Au
Surface element
As deposited
41
4
nd
nd
nd
nd
55
800˚C annealed
48
11
7
7
1
6
20
900˚C annealed
50
16
7
13
1
7
6
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Table 3-2. Concentration of elements detected on the as-received surface of ZrB2/Pt/Au contacts
to n-ZnO (in atom%)
Sample ID
C
O
Zn
Au
As-deposited
53
9
nd
38
300°C annealed
55
7
nd
38
600°C annealed
62
2
nd
36
800°C annealed
68
4
4
24
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As-deposited
Annealed 300C
O3 exposure
H3PO4 wet etch
O2 plasma
BCl3 plasma
Ar plasma

Intensity (a.u.)

1

0.1

0.01
1.5

2.0

2.5

3.0

3.5

Energy (eV)
Figure 3-1. Room temperature PL spectra for ZnO before and after various surface treatments.
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Figure 3-2. Specific contact resistivity of TiB2/Pt/Au contacts and ZnO sheet resistance as a
function of annealing temperature.
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Figure 3-3. Optical microscopy images of TiB2/Pt/Au contacts on ZnO. A) As-deposited. B)
After annealing at 800°C. C) After annealing at 900°C.
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Figure 3-4. AES depth profiles from TiB2/Pt/Au contacts on ZnO. A) As-deposited. B) After
annealing at 800°C. C) After annealing at 900°C.
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Figure 3-5. Specific contact resistivity of ZrB2/Pt/Au contacts and ZnO sheet resistance as a
function of annealing temperature.
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Figure 3-6. SEM images of ZrB2 /Pt/Au contacts. A) As-deposited. B) After annealing at
300°C. C) After annealing at 600°C. D) After annealing at 800°C.
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Figure 3-7. AES surface scans of ZrB2 /Pt/Au contacts. A) As-deposited. B) After annealing at
300°C. C) After annealing at 600°C. D) After annealing at 800°C.
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Figure 3-8. AES depth profiles of ZrB2/Pt/Au contacts. A) As-deposited. B) After annealing at
300°C. C) After annealing at 600°C. D) After annealing at 800°C.
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Figure 3-9. Specific contact resistivity of Ir/Au contacts and ZnO sheet resistance as a function
of annealing temperature.
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Figure 3-10. SEM images of Ir/Au contacts. A) As-deposited. B) After annealing at 800°C. C)
After annealing at 1000°C. D) Optical micrograph after annealing at 1000°C.

56

Figure 3-11. AES depth profiles of Ir/Au contacts. A) As-deposited. B) After annealing at
500°C. C) After annealing at 800°C. D) After annealing at 1000°C.
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Figure 3-12. Specific contact resistivity and sheet resistance of the contacts annealed at 700°C
(N2 ambient) as a function of aging time at 350°C.
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Figure 3-13. Optical micrographs of the 700°C annealed (N2 ambient) Ir/Au contacts. A) Before
aging. B) After 15 days aging. C) After 30 days aging.
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Figure 3-14. Resistivity comparison of Ir/Au contacts between O2 and N2 anneal. A) Specific
contact resistivity. B) Sheet resistance.
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Figure 3-15. Optical micrographs of Ir/Au contacts after 700°C anneal. A) After O2 anneal. B)
After N2 anneal.
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Figure 3-16. AES depth profiles of Ir/Au contacts after 700°C anneal. A) After O2 anneal. B)
After N2 anneal.

62

CHAPTER 4
EFFECT OF CRYOGENIC DEPOSITION ON SCHOTTKY METAL CONTACTS TO N-ZNO
4.1

Introduction

The development of reliable and thermally stable Ohmic and Schottky contacts to ZnO is
one of the critical issues related to the fabrication of ZnO-based UV light emitters/detectors and
field effect transistors. To date, a number of different metallization schemes have been
examined for Ohmic and rectifying contacts on n-ZnO [13, 30-39, 129-133]. Metals such as Au,
Ag and Pd form rectifying contacts with low Schottky barrier heights in the 0.6-0.8 eV range
[115-121]. In addition, the thermal stability of these contacts is usually extremely poor, with
degradation occurring even at 60°C for Au/n-ZnO. The trend in barrier heights often does not
correlate with the metal work functions, indicating that surface states or surface contamination is
playing an important role in determining the electrical transport properties of the contacts.
One approach to achieving increased Schottky barrier heights that has proven successful
for other semiconductors such as GaAs and InP is the use of cryogenic deposition temperatures
[39, 40, 134-136]. The mechanism for the barrier height enhancement is still not firmly
established. In the case of Au contacts on InP [136], room temperature deposition produced an
ideality factor of 1.02 which was nearly independent of temperature and the current transport
was controlled by thermionic emission (TE). In the case of 77K deposition of the Au, the
ideality factor was increased and the current transport was controlled by thermionic field
emission (TFE). The barrier height enhancement and the difference in transport mechanism
were both attributed to the formation of an amorphous layer at the metal/semiconductor
interface. This amorphous layer was suggested to act as an insulator to create a metal-insulatorsemiconductor (MIS)-like structure. Alternative mechanisms for the enhanced barrier properties
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have been suggested, including the presence of an inhomogeneous Schottky barrier height in the
diodes due to a dependence of the local interface dipole on local interfacial structure [137].
In this study, we report on the effect of cryogenic temperature during metal deposition on
the contact properties of Au, Pd, Pt, Ti, and Ni on bulk single-crystal n-type ZnO. Some
differences in the electrical behavior are noted as well as problems due to peeling/cracking in
some of the contacts deposited at low temperature. The effect of post-deposition annealing is to
improve the electrical performance of the Pd contacts deposited at cryogenic temperatures.
4.2

Experimental Details

The samples used were (0001) undoped bulk n-type ZnO crystals from Cermet Inc. The
samples were epiready, one-side-Zn-face-polished by the manufacturer. As determined via van
der Pauw measurements, room temperature electron concentration and mobility were ~1017 cm-3
and 190 cm2/V.s, respectively. Full backside Ohmic contacts with a metallization scheme of Ti
(200Å) / Au (2000Å) were deposited on all samples by Ar plasma-assisted rf sputtering at
pressures of 15-40 mTorr and rf (13.56 MHz) powers of 200-250 W. These contacts were
annealed at 450ºC for 1 minute in O 2 ambient. The typical specific contact resistivity is <10-4
Ω.cm2.
Schottky contacts were deposited on all samples using an evaporator system with a loadlock. The load-lock maintained a background pressure in the deposition chamber of ~10-10 Torr.
Using these very low background pressures, the rate of gas molecule impingement onto the
sample surface is significantly reduced and monolayer formation time is extended by ~1-2 hours.
Front-side contacts were deposited at 77K or 300K using metallization schemes of (1000Å) Au,
Ti, Ni, Pt, and Pd. Prior to insertion in the evaporator, all samples were exposed to a 3 min UV
ozone treatment. Contacts ranged in diameter from 200-800 μm and were patterned using a
shadow-mask.
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The current-voltage (I-V) characteristics of the resulting diodes were measured on an
Agilent 4145B parameter analyzer. The barrier height for the n-type sample, φb, and diode
ideality factor, n, were extracted from the relation for the thermionic emission over a barrier (see
section 2.3.2). I-V curves were obtained as a function of post-deposition annealing temperature
(up to 300°C, 30 min anneals) for Pd. Depth profiling of the as-deposited and annealed contacts
was done by Auger Electron Spectroscopy (AES) using a Physical Electronics 660 Scanning
Auger Microprobe. Optical micrographs were used to examine contact morphology
4.3
4.3.1

Results and Discussion

Results and Discussion – Ti, Ni, Pt, Pd Contacts
The effect of cryogenic temperature during metal deposition on the contact properties of

Pd, Pt, Ti, and Ni on bulk single-crystal n-type ZnO was investigated. Differences in the
electrical behavior were noted as well as physical problems due to peeling/cracking in some of
the contacts deposited at low temperature.
Figure 4-1 shows an optical micrograph of Ti contacts deposited at 300K. The contacts
deposited at 77K showed similar appearance. This appearance was typical of almost all contacts
deposited; however both Pt and Pd exhibited peeling/cracking of some of the contacts after
deposition at 77K. We carried out our electrical measurements only on the contacts that did not
show these problems. Figure 4-2 displays the I-V characteristics for all metal contacts deposited
at room temperature or low temperature in both linear and log form. These I-V curves show
Ohmic behavior for Ni and Ti after both room temperature and low temperature deposition,
while Schottky-like behavior is exhibited for Pt and Pd contacts. This difference in electrical
behavior is in reasonable agreement with the Schottky-Mott model by comparison of the work
function of the metals with the electron affinity of ZnO (~ 4.5 eV), with only Ni diverging from
the expected behavior. Ti has a work function of 4.3 eV, suggesting Ohmic behavior by the
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Schottky-Mott model. The work function for both Pd and Ni is 5.1 eV and for Pt is 5.7 eV [125],
suggesting rectifying behavior [138]. The I-V response of Pd contacts (along with other factors
discussed later) suggests more of a MIS behavior than a true Schottky contact [41, 125, 135,
139].
Figure 4-3 shows the I-V response of the Ohmic contacts of Ni or Ti after deposition at
300K or 77K. There is a clear increase in resistance for low temperature deposited contacts. In
Ni, resistance increases by 10-20% for low deposited contacts. In Ti, the resistance increases by
30% or more with low temperature deposition. The resistance of the contacts decreased with
increased contact area, as expected.
Figure 4-4 shows the I-V response of the Schottky-like contacts of Pt or Pd after
deposition at 300K or 77K. Ideality factor and barrier height values for Pt and Pd contacts from
room temperature and low temperature deposition are given in Table 4-1. In nearly all cases, the
ideality factor for the low temperature deposited contacts was lower than those deposited at room
temperature. Barrier heights were greater in the low temperature deposited samples for Pt and Pd
contacts. It has been suggested the more abrupt metal-semiconductor interface for low
temperature deposited contacts causes the difference in barrier height [41].
The ideality factors of Pd contacts decreased with subsequent anneals for all contact sizes
over all temperatures, typically by 0.2-0.3. The ideality factor of Pd contacts after annealing at
300°C was, as expected, in the range of 1-2. The barrier height increased with subsequent
anneals for both the room and low temperature deposited samples, as shown in Figure 4-5. After
annealing at 300°C, the increase in barrier height was ~0.6 eV in comparison to as-deposited
contacts for all samples. This increase in barrier height is consistent with the formation of a
growing interfacial oxide layer [135-137]. This is sharp contrast with the results for Au (a
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difficult metal to oxidize), in which case barrier height changed little as a function of annealing
temperature [140]. Capacitance-voltage and X-Ray Photoelectron Spectroscopy (XPS)
measurements on these annealed diodes may more firmly establish the barrier heights and
conduction mechanisms.
Figure 4-6 shows the change in leakage current (@ -0.5V) with annealing temperature.
Leakage current decreased by an order of magnitude after subsequent annealing for contacts
deposited at room temperature. However for low temperature deposited contacts, leakage
current remained low, irrespective of annealing. This is supportive of the more abrupt metalsemiconductor interface for the low temperature deposited contact. As annealing temperature
increased, the effect of surface area on leakage current diminished.
A comparison of the typical depth profile for the metals deposited on ZnO is given in
Figure 4-7. AES surface scans of Ni as deposited after room or low temperature deposition had
only three components: Ni, oxygen from a native oxide on the Ni, and carbon from atmospheric
exposure. The depth profile from AES of the as-deposited contacts shows a sharp interface
between the deposited metal and the ZnO. There is no major difference in the depth profile
between contacts deposited at 300K versus those deposited at 77K. A comparison of the depth
profile for Pd contacts on ZnO after annealing is shown in Figure 4-8. After annealing, contacts
deposited at low temperature show no detectable difference in interface from those deposited at
room temperature. More unexpected is the apparent lack of difference between annealed and asdeposited contacts, however our AES depth profiles do not have the resolution to provide clear
evidence of the formation of a thin oxide layer.
There are a number of noteworthy similarities and differences in the electrical
characteristics of these various metals on ZnO dependant on the temperature of contact

67

deposition. Ni and Ti samples deposited at both 300 and 77K showed Ohmic behavior, while Pt
and Pd samples exhibited rectifying behavior for both deposition temperatures. Contacts
deposited at lower temperature showed higher resistance for all samples. Barrier heights for Pt
and Pd deposited at room temperature were ~0.4 eV and above 0.5 eV for contacts deposited at
low temperature.
In the case of Pd, barrier height increased by ~0.6 eV after annealing up to 300°C.
Leakage current (at -0.5V) in the Pd contacts decreased as a function of annealing temperature
for room temperature deposited contacts, however remained low for low temperature deposited
contacts regardless of anneals. Possible mechanisms for the differences in behavior as a function
of contact deposition temperature include the formation of an interfacial oxide layer or a sharper
interface between metal and ZnO. Our measurements do not allow us to differentiate between
the two mechanisms; more detailed XPS measurements with samples annealed at varying
temperatures would be helpful in deciding the appropriate mechanism.
4.3.2

Results and Discussion – Au Contacts
Au is known to have great potential as an effective Schottky barrier to n-ZnO at room

temperature; however because of the extremely poor thermal stability of Au, Au contacts begin
thermal degradation at temperatures as low as 60̊C. The use of cryogenic deposition for Au
contacts to n-ZnO was investigated to improve thermal stability and Schottky character.
Figure 4-9 shows optical microscope images of Au contacts deposited at 300K or 77K,
with both exhibiting excellent morphology. We did not observe any cracking or peeling of the
contacts deposited at 77K. Figure 4-10 shows I-V characteristics of Au/n-GaN Schottky diodes
deposited at either 77K or 300K in both linear and log form. There is a clear decrease in both
reverse and forward bias current for the diodes with Au deposited at 77K, consistent with an
increase in the effective Schottky barrier height. Indeed, the contacts deposited at room
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temperature are essentially Ohmic. The reverse current was more than an order of magnitude
lower in the 77K deposited diodes, but in both types of diodes was proportional to both the
perimeter and area of the rectifying contact, suggesting that both surface and bulk contributions
are present in this voltage range. Therefore, low temperature deposition does not seem to reduce
Fermi level pinning by surface states in ZnO. For the 77K deposited samples, we extracted a
barrier height of 0.37 eV, with an ideality factor of >2 which indicates there are multiple current
transport mechanisms present. The barrier height is lower than reported previously, but it should
be noted that ZnO may exhibit an electrically conducting layer at the surface depending on the
measurement ambient [141]. It appears that there can be an electrically conducting surface
channel present in vacuum that disappears upon exposure to air and this may affect the Schottky
barrier properties.
Figures 4-11 and 4-12 show the I-V characteristics from the 300K and 77K deposited
samples as a function of post-deposition annealing temperature. The characteristics become more
similar in terms of magnitude of current in both directions as the annealing temperature
increases. Figure 4-13 shows a direct comparison of the samples after annealing at 300̊C.By this
temperature, the difference in reverse current is down to approximately a factor of 2, which we
consider to be insignificant because this is typical of sample-to-sample variations.
The sample deposited at 300K displayed a patchy appearance, as shown in the SEM
micrograph at the top of Figure 4-14. The AES surface scan of this sample showed only Au,
oxygen from a native oxide on the Au and adventitious carbon from atmospheric exposure. The
sample deposited at 77K and annealed at 300˚C displayed a more uniform appearance, as shown
at the top of Figure 4-15, but the AES surface scan was similar to that from the 300K sample and
the near-surface stoichiometry was also similar (the average composition of the top 100Å from
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the surface was 36% C, 3% O and 61% Au). The barrier height of the cryogenically deposited
sample showed little change with annealing and was in the range 0.39+/- 0.02 eV for all
annealing temperatures in the range 25-300˚C.However,the ideality factor did improve with
annealing, with a value of 1.3 after 300̊C treatments.
The AES depth profiles from the 300K and 77K samples were similar, as shown in
Figure 4-16. Previous x-ray reflectivity data on our samples has shown that the main difference
between Au deposited at 77K and room temperature is a decreased interfacial roughness between
the Au and the semiconductor. As the diodes are annealed to 300
˚C both the difference in barrier
height and interfacial roughness is lost. Previous electron microscopy and chemical bonding
studies are also supportive of interfacial layer differences being the cause of the differences in
barrier height, with a more abrupt metal-semiconductor interface for low temperature deposited
contacts [41]. The most commonly suggested mechanisms for such data include the formation of
an amorphous layer at the cryogenic diode interface to create a metal- insulator- semiconductor
(MIS) structure [135, 136] and inhomogeneous Schottky barrier heights due to a dependence of
the local interface dipole on the local interface structure [40, 137]. It has been reported that the
crystal structure and grain size of the low temperature deposited metal are different from metals
deposited at room temperature.
4.4

Conclusions

There are a number of noteworthy similarities and differences in the electrical
characteristics of various metals on ZnO dependant on the temperature of contact deposition. Ni
and Ti samples deposited at both 300 and 77K showed Ohmic behavior, while Pt and Pd samples
exhibited rectifying behavior for both deposition temperatures. Au samples deposited at 77K
show rectifying behavior with barrier heights around 0.4 eV, while room temperature deposition
produces Ohmic behavior. Contacts deposited at lower temperature showed higher resistance for
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all samples. Barrier heights for Pt and Pd deposited at room temperature were ~0.4 eV and above
0.5 eV for contacts deposited at low temperature. In the case of Pd, barrier height increased by
~0.6 eV after annealing up to 300°C.
Meanwhile, differences in electrical properties of Au contacts are reduced by annealing
and are stable to ~300˚C. Leakage current (at -0.5V) in the Pd contacts decreased as a function
of annealing temperature for room temperature deposited contacts, however remained low for
low temperature deposited contacts regardless of anneals. Possible mechanisms for the
differences in behavior as a function of contact deposition temperature include the formation of
an interfacial oxide layer or a sharper interface between metal and ZnO.
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Table 4-1. Summary of barrier height and ideality factors for contacts on ZnO.
Deposition
n
Φb (eV)
Pt
Room Temp
~2
0.37
Low Temp
1.6
0.50
Pd

Room Temp
Low Temp

1.9
1.7
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0.44
0.69

Figure 4-1. Optical micrograph of Ti contacts deposited at either 300K. The smallest contact
diameter is 400 μm.
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Figure 4-2. I-V characteristics of room temperature and cryogenically deposited diodes. A)
300K deposition – linear plot. B) 300K deposition – log plot. C) 77K deposition –
linear plot. D) 77K deposition – log plot.
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Figure 4-3. I-V characteristics of Ohmic contacts deposited at either 300K or 77K. A) Ni
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Figure 4-4. I-V characteristics of Schottky diodes deposited at either 300K or 77K. A) Pt
contacts – linear plot. B) Pt contacts – log plot. C) Pd contacts – linear plot. D) Pd
contacts – log plot.
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Figure 4-9. Optical microscope images of Au contacts on ZnO. A) 300K deposition. B) 77K
deposition. The largest contact diameter is 400µm.
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A) Linear plot. B) Log plot.
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Figure 4-11. I-V characteristics from the 300K deposited samples as a function of postdeposition annealing temperature. A) Linear plot. B) Log plot.
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Figure 4-12. I-V characteristics from the 77K deposited samples as a function of post-deposition
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Figure 4-14. Surface characterization of Au contacts on ZnO deposited at 300K. A) SEM
micrograph. B) AES surface scan.
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Figure 4-15. Surface characterization of Au contacts on ZnO deposited at 77K and subsequently
annealed. A) SEM micrograph. B) AES surface scan.
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Figure 4-16. AES depth profiles form Au deposited on ZnO. A) 300K deposition. B) 77K
deposition and subsequently annealed at 300˚C .
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CHAPTER 5
FUNCTIONALIZATION OF NANOMATERIAL DEVICES FOR H2 SENSING
5.1

Introduction

Continued research into the use of H2 as an energy source has necessitated the
development of robust, low power hydrogen-selective gas sensors [61, 142-144]. Because H2 is
a hazardous, odorless, and flammable gas, H2 gas sensors have many possible niche uses,
particularly for combustion gas detection for fuel leak detection in spacecraft, autos and aircraft,
fire detectors, and industrial process emissions [145-148]. Central to realizing these nextgenerational sensors is the ability to detect hydrogen with minimal power consumption at or
much below room temperature. Nitride-based semiconductors such as GaN and InN are possible
popular materials for H2 gas sensing in part to their sensitivity to surface charge and wide
temperature stability [51, 52, 149-157]. While numerous groups have already reported the use of
H2 sensors based on CNTs, ZnO nanorods, and SnO2 nanowires with excellent response and
recovery characteristics, there are few studies on H2 gas sensors based on GaN and InN
nanostructures, which may offer excellent environmental stability.
Critical to the functionalization of nanomaterial H2 sensors is the addition of a thin
metallic catalytic coating. While the mechanism of this functional layer for H2 sensing is well
understood, the choice of material still seems a matter of preference. Although both Pt and Pd
have typically been accepted as choice metals for functional layers on oxide- and nitride-based
sensors in numerous reports, there have been few studies to compare Pt and Pd metal
functionalities. In this section, the hydrogen sensing properties of Pt- and Pd-coated multiple
GaN nanowires and multiple InN nanobelts at different hydrogen concentrations are evaluated
and compared.
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5.2
5.2.1

InN Nanobelts

Growth Process
The growth of InN nanobelts was performed by Metal Organic Chemical Vapor

Deposition on Si substrates using trimethylindium (TMIn) and ammonia (NH3) as In and N
sources, respectively, while nitrogen was used as the carrier gas. The nucleation sites for
catalyst-driven growth of the nanobelts were formed by depositing 2 nm of Au film on SiN xcoated Si substrates by direct current sputtering. InN nanobelts were synthesized at 500°C and 5
Torr pressure for 2 hours. The complete growth process and optical properties for InN nanobelts
has been described in detail elsewhere [158, 159].
Figure 5-1 shows θ-2θ X-ray diffraction (XRD) spectrum of as-grown InN nanobelts. The
diffraction peaks can be indexed to the hexagonal structure with lattice parameter of a=3.597Å
and c=5.703Å calculated from Bragg’s law (JCPDS 02-1450, a=3.537Å and c=5.704Å). The
nanobelts have well-defined side facets with length of ~1μm, shown by SEM micrograph in the
inset of Figure 5-1.
5.2.2

Pt-functionalization
A 10 nm-thick layer of Pt was deposited by sputtering onto the InN multiple nanobelts to

verify the effect of catalyst on gas sensitivity. A shadow mask was used to pattern non-alloyed,
electron beam evaporated Ti(20 nm)/Au(80 nm) electrodes on the InN nanobelts. The separation
between both contacts was ~30 μm. Au wires were bonded to the contact pads for the device
package. The InN nanobelts sensors were exposed to different H2 concentrations (20-300 ppm H 2
in N2 ambient) at 25-190°C. The current-voltage (I-V) characteristics from the nanobelts both
before and after Pt deposition were linear under our operating conditions.
I-V characteristics of both uncoated and Pt-coated InN nanobelts in N2 ambient at room
temperature were linear, as shown in Figure 5-2 A). Pt-coating of the nanobelts improved the
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current by a factor of ~8 relative to the uncoated case. This is due to the presence of the metal
(Pt), resulting in higher effective conductivity of the nanobelts. This result is in contrast to the IV response of Pt-coated InN nanorods as measured by Kryliouk et al. who noticed a decrease in
current with Pt coating attributing the decrease to sputter damage [160]. This difference might
be caused either by the inability to precisely measure amount of coating deposition at low
thicknesses and/or quality of the InN nanomaterials. Figure 5-2 B) shows the change in current
from Pt-coated InN nanobelts at a fixed bias of 0.1V when exposed to different H2
concentrations (20-300 ppm) from air. The addition of Pt on InN nanobelts produced a strong
response to H2 while there was no detectable change in current for the uncoated nanobelts under
the same gas concentrations. The most likely mechanism for the current increase is the
adsorption of atomic hydrogen dissociated catalytically from hydrogen molecules (H2). Such
atomic hydrogen rapidly diffuses through Pt and is adsorbed at the Pt/InN interface, leading to
changes in depletion depth by the exchange of charges between adsorbed gas species and the
surface of the nanobelts [51, 52]. While the exact chemical constructs of the sensing
mechanism(s) are unclear, previous literature suggests the adsorption of atomic hydrogen over
thin oxidic layers between the metal and semiconductor surface resulting in the creation of a
dipole layer [163]. This dipole layer is then balanced by a reduction in the depletion area
underneath the semiconductor surface [164].
The current change was slow (~ 20s) in the beginning of the exposure to hydrogen and
then sharply increased, which could be due to the Pt being covered with native oxide. As the
native oxide was removed by H2 exposure, the rate of current change increased with time.
However, the rate began to decrease after 100s because the Pt surface was gradually saturated
with H2 and limited the supply to the Pt/InN interface. Figure 5-3 shows the relative response of
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Pt-coated InN nanobelts exposed to a series of hydrogen concentrations in N 2 ambient for 10 min
at room temperature. Note that the InN sensor detected hydrogen down to tens of ppm
concentration levels with relative responses of ~1.2% at 20 ppm and 4% at ~300 ppm. The
resistance was recovered to approximately 90% of initial value within 2 min upon the removal of
hydrogen from the ambient. This is faster than previous results using InN nanowires [160]. The
maximum power consumption during the measurement was ~ 0.5 mW, indicating that InN
nanobelts are attractive for long-term and low-cost hydrogen sensing applications.
The rate of resistance change for Pt-coated InN nanobelts exposed to 200 ppm H2 in N2 at
a fixed bias of 0.1V was measured at different temperature range (25-190°C), as shown in Figure
5-4. An adsorption activation energy was found to be 0.094 eV from the slop of Arrhenius plot,
which is smaller than those obtained from Pd-GaN (0.097 eV) [55] and Pd-ZnO (0.12 eV) [52]
nanowires. The low hydrogen adsorption activation energy of the sensor explains its high
sensitivity and fast response to hydrogen gas. The inset shows the resistance change during the
exposure to hydrogen of 200 ppm at different temperature. The resistance change was increased
with the measurement temperature. Similarly, the relative responses were increased from 3.1% at
room temperature to 4.5% and 5.6% at 90°C and 150°C, respectively, resulting from the increase
in catalytic dissociation rate of molecular hydrogen (H2 ) or diffusion rate of atomic hydrogen
into Pt/InN interface.
5.2.3

Pd-functionalization
A ~7 nm-thick layer of Pd was sputter-deposited onto some of the nanobelts. A shadow

mask was used to pattern non-alloyed, rf-sputtered Ti(50 nm)/Al (80 nm)/Pt (40 nm)/Au (300
nm) Ohmic contacts on the InN nanobelts with a contact separation of ~50 μm. Au wires were
bonded to the contact pads for device packaging. The InN nanobelts sensors were exposed to
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different H2 concentrations (100-1000 ppm H2 in N2 ambient) at 25-130°C. Sensor response to
high concentration of CO2, C2H6, NH3, and O2 (all in N2 ambient) was also examined
Linear current-voltage (I-V) characteristics were observed for both uncoated and Pdcoated InN nanobelts in air at room temperature, as shown in Figure 5-5 A). The addition of the
Pd-coating increased the effective conductivity by a factor of ~5. Figure 5-5 B) shows the change
in relative response from Pd-coated InN nanobelts at a fixed bias of 0.1V upon 10 minute
exposure to different H2 concentrations (100-1000 ppm) for 10 minutes at 130ºC from air. With
Pd functionalization, the InN sensor detected hydrogen down to 100 ppm concentration levels
(equipment limit) with a relative response of ~8% at 100 ppm and ~9.5% at 1000 ppm after 5
minute exposure. The response recovered to ~ 50% of initial value 10 minutes after removal of
hydrogen from the ambient. This is slower than previous reports using Pt- coated nanobelts
[160, 161], likely due to Pd having a greater affinity for hydrogen. By sharp contrast, there was
no detectable change in current for uncoated nanobelts under the same conditions. In addition,
there was no current response of the nanobelts to CO2 , C2H6 , NH3 or O2 gas either before or after
deposition of the Pd functional layer.
The sharp increase in current change upon exposure to hydrogen was nearly
instantaneous (< 2s). This is a marked difference from previous Pt-coated InN nanobelts which
showed a much slower (~ 20s) response time.19 In both cases, response rate begins to decrease as
the functional layer becomes saturated with H2 (~ 100s), limiting the supply to the (Pt/Pd)/InN
interface.
The relative response for Pd-coated InN nanobelts exposed to 300 ppm H2 in N2 at a
fixed bias of 0.1V after 10 minutes was measured over the temperature range (25-130°C), as
shown in Figure 5-6. Relative response increased with measurement temperature from 4.3% at
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room temperature up to 9.4% at 130°C, resulting from the increase in catalytic dissociation rate
of molecular hydrogen (H2) or diffusion rate of atomic hydrogen into the Pd/InN interface. This
response is at least 30% larger for all temperatures in comparison to similar Pt-coated InN
nanobelts. An extrapolation of the trend line suggests there would still be at least a 1% relative
change in current at temperatures as low as ~220 K. This result is supportive of the viability of
Pd-coated InN nanobelt H2 sensors for low temperature applications.
The activation energy for H detection on Pd-coated InN nanobelts of 0.07 eV was
calculated from the slope of the Arrhenius plot, shown in Figure 5-7. This is slightly lower than
energies obtained from Pd-GaN (0.097 eV) [52] and Pd-ZnO (0.12 eV) [60] nanowires and
previous Pt-InN (0.094 eV) nanobelts, but still larger than values expected for a typical diffusion
process. Thus the dominant sensing mechanism is likely chemisorption of the H to the Pd-InN
interface [52]. The low hydrogen adsorption activation energy of this sensor is indicative of its
high sensitivity and instantaneous response to H 2 in gas.
5.3
5.3.1

GaN Nanowires

Growth Process
For GaN nanowire growth, a growth substrate was prepared by e-beam evaporating 15 Å

gold onto a clean piece of (100) Si with 100 nm thermally grown oxide. A Gallium metal source
(99.999%) was poured into a quartz boat and placed into a tube furnace. The growth substrate
was positioned within 3 cm downstream of the Ga metal source. The growth chamber was
purged with Ar for 10 min at room temperature to remove any residual oxygen. The substrate
was heated up to 850˚C and annealed for 15 min under Ar ambient to allow for the formation of
Au catalyst nanoparticles on the sample surface. After annealing, high purity NH3 (99.999%)
and H2 (99.999%) were introduced for growth. The GaN nanowires were grown for ~3 h at
850˚C. Nanowire samples were removed after the temperature cooled to below 100˚C to prevent
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oxidation. Typical length of the resultant GaN nanowires was 2-6 μm. SEM micrographs of
typical as-grown nanowires are shown in Figure 5-8. X-ray diffraction, high resolution
transmission electron microscopy, and photoluminescence showed the nanowires to be singlecrystal wurtzite GaN.
5.3.2

Pd-functionalization
A shadow mask was used to pattern Ti (20 nm)/Al (80 nm)/Pt (40 nm)/Au (80 nm)

Ohmic contacts by e-beam evaporation. The contacts were annealed at 350 °C for 60 seconds in
flowing N2 ambient in a rapid thermal annealing furnace. Au wires were bonded to the contact
pads for device packaging. A 10 nm thick Pd functional layer was deposited by sputtering onto
the nanowires to verify the effect of catalyst on gas sensitivity. The device was exposed to
varying H2 concentrations (200–3000 ppm H2 in N2 ambient) at 25–150 °C. Current-voltage
characteristics from multiple nanowires were linear with a maximum power consumption of ~0.6
mW under our operating conditions.
Figure 5-9 shows the measured resistance at a bias of 0.5 V as a function of time from
Pd-coated and uncoated multiple GaN nanowires exposed to a series of H2 concentrations (200–
1500 ppm) in N2 for 10 min at room temperature. Pd coating of the nanowires improved the
sensitivity to ppm level H2 by a factor of up to 11. The addition of Pd appears to be highly
effective in catalytic dissociation of molecular hydrogen. The resistance change depended on the
gas concentration but the variations were small at H2 concentrations above 1000 ppm. Initial
resistance was restored to approximately 90% of initial level within 2 min of exposing the
nanowires back to air.
Pd-coated GaN nanowires exhibited relative responses of ~7.4% at 200 ppm up to ~9.1%
at 1500 ppm H2 in N2 as shown in Figure 5-10 A). Relative responses of uncoated nanowires
under the same conditions were ~0.48% and 1.2%, respectively. Figure 5-10 B) shows the time
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dependent resistance change in Pd-coated multiple GaN nanowires as the gas ambient is
switched from air to various concentrations of H2 in N2 (200–1500 ppm) and then back to air.
The rate of resistance change was sharply increased and then reached maximum at the exposure
time of 1 min, which might be due to the Pd being covered with native oxide. As the native oxide
was removed by H2 exposure, the rate increased with time. However, the rate decreased after 1
min as the Pd surface was gradually saturated with H2 and limited in supply of atomic hydrogen
to the Pd/nanowire interface. The resistance of the nanowires was changed back to their initial
values after switching from H2 to air. Similar to Pd-coated multiple InN nanobelt sensors, the
recovery of resistance is most likely dominated by the removal of hydrogen atoms from the
Pd/nanowire interface.
The temperature dependence of resistance from Pd-coated multiple GaN nanowires
exposed to 3000 ppm H 2 in N2 is shown in Figure 5-11. The relative response saturated above a
measurement temperature of 100 °C, which could be due to the limitation in supply of atomic
hydrogen. The rate of resistance change increased dramatically with time at 150°C and was a
factor of about 5 faster than that at room temperature. The inset figure shows the Arrhenius plot
of rate of nanowire resistance change. Adsorption activation energy = 2.2 kcal mol−1 was
estimated from the standard Arrhenius equation. This value is smaller than that of multiple ZnO
nanorods, confirming the higher sensitivity and faster response of the GaN nanowire sensor.
5.3.3

Pt-functionalization
A shadow mask was used to pattern non-alloyed rf-sputtered Ti(50 nm)/Al (80 nm)/Pt

(40 nm)/Au (300 nm) Ohmic contacts on the GaN nanowires with a contact separation of ~50
μm. Au wires were bonded to the contact pads for device packaging. Finally, a ~7 nm-thick
functional layer of Pt was sputter-deposited onto the nanowire device. The GaN nanowire
sensors were exposed to different H 2 concentrations (200-2000 ppm H 2 in N 2 ambient) at 2596

100˚C. Sensor response was compared to previous results for Pd-coated GaN nanowire H2
sensors [162]. Figure 5-12 shows scanning electron micrographs (SEMs) of the nanowires with
the added Pt-coating. The current-voltage characteristics from multiple nanowires were linear
with a maximum power consumption of <0.3 mW under our operating conditions.
Measured resistance at a bias of 0.1 V as a function of time is shown in Figure 5-13 A)
for Pt-coated multiple GaN nanowires exposed to varying H2 concentrations (200-2000 ppm) in
N2 for 10 min at room temperature. The measured resistance for uncoated multiple GaN
nanowires exposed to 2000 ppm H2 concentration is shown for comparison. The addition of the
functional Pt coating is critical to H2 detection for these sensors. Specifically, it is believed Pt,
like Pd, works to catalytically dissociate H2 into molecular hydrogen. Diffusion of atomic
hydrogen to the metal/GaN interface alters the surface charge by depletion and induces a current
response at a fixed bias. Resistance change depends on the gas concentration and recovers to
80% of the initial level within 2 min. Resistance recovery is probably controlled by the removal
of hydrogen atoms from the Pt/nanowire interface.
The rate of resistance change of GaN nanowire sensors upon exposure to H2 is time
dependent. Resistance decreases slowly in the first minute after H2 exposure, likely due to the Pt
functional layer being covered with native oxide. As the native oxide was removed with
continued H2 exposure, the rate increased with time. However, after ~2 minutes the rate
decreased as the Pt surface became gradually saturated with H2 and limited the supply of atomic
hydrogen to the Pt/nanowire interface.
Previously, we reported that Pd-coated multiple GaN nanowires showed high sensitivity
to low H2 concentrations (~7.4% at 200 ppm). Uncoated nanowire sensors displayed little to no
response at similar concentrations of H2 . By comparison, Pt-coated GaN nanowires gave relative

97

responses of ~1.7% at 200 ppm, ~1.8% at 1200 ppm, and ~1.9% at 2000 ppm H2 in N2 . As the
maximum power consumption in either case is <0.6 mW, both Pt and Pd functionalized GaN
nanowire sensors are suitable for long-term hydrogen sensing applications. Figure 5-13 B)
shows the time dependent relative response of Pt-coated multiple GaN nanowires at varying
concentrations of H2 in N2 ambient. Pt-coated GaN nanowire sensors are less sensitive to
hydrogen than the same nanowires with a Pd coating. Pd coatings have also shown to have
higher sensitivity than similar Pt layers for multiple InN nanobelt H 2 sensors. This is in contrast
to results for ZnO nanowire H2 sensors.
The relative response for Pt-coated GaN nanowires exposed to 1000 ppm H2 in N2 at a
fixed bias of 0.1 V for 10 minutes measured over a temperature range (25-100˚C) is shown in
Figure 5-14. Relative response increased with measurement temperature from 1.8% at room
temperature up to 4% at 100˚C, resulting from the increase in catalytic dissociation rate of
molecular hydrogen (H2) or diffusion rate of atomic hydrogen into the Pt/GaN interface. This
response is at least 50% smaller for all temperatures in comparison to similar Pd-coated GaN
nanowires. An extrapolation of the trend line suggests there would still be at least a 1.5%
relative change in current at temperatures as low as ˚0C. This result is supportive of the viability
of GaN nanowire H2 sensors for low temperature applications.
An Arrhenius plot of rate of nanowire resistance change was used to calculate an
adsorption activation energy of 7.3 kcal mol-1, shown in Figure 5-15. This value is larger than
that of previous Pd-coated multiple GaN nanowires (2.2 kcal mol-1), indicative of the lower
sensitivity and slower response of the Pt functional layer. This difference between Pt and Pd
coated nanomaterial sensor activation energy has also been noticed for multiple InN nanobelts
while the opposite has been shown for multiple ZnO nanowires. This is suggestive of a material
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difference at the (Pd/Pt)/nanowire interface between nitride- and oxide- based nanoscale sensors
and will need more data to be understood.
The inset figure displays the temperature dependence of resistance from 1000 ppm H2
exposure. The rate of resistance change is drastically increased with increasing temperature.
Resistance change is a factor of about 10 faster at 100
˚C than that at room temperature. This is
supportive of an increase in atomic hydrogen reaching the Pt/GaN interface with increasing
temperature.
5.4

Conclusions

Both InN nanobelts and GaN nanowires benefitted from the addition of Pt or Pd
functionalization layers for hydrogen sensing. Pd-coated nanostructures showed an
improvement in sensitivity by up to a factor of ~10X larger than uncoated controls while Ptcoatings only increased sensitivity by up to ~5X. The reason for this difference is unclear and
may be indicative of nitride-based material issue. Calculated activation energies are all relatively
similar in the hundredths of eV range and are all lower than previous ZnO nanomaterial
hydrogen sensors. Regardless, Pd- or Pt-coated nanostructures are promising for hydrogen gas
sensors with high sensitivity, low-power consumption and may be operable at considerably low
temperatures.
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Figure 5-1. X-ray diffraction spectrum of MOCVD-grown InN nanobelts (the inset shows SEM
images of the nanobelts).
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Figure 5-2. Current responses of InN nanobelt sensors. A) I-V characteristics of both uncoated
and Pt-coated InN nanobelts in N2 ambient. B) The change in current from Ptcoated InN nanobelts at different H2 concentration.
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Figure 5-3. Relative response of Pt-coated InN nanobelts exposed to a series of H2
concentrations (20-300 ppm) in N2 ambient for 10 min at room temperature.
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Figure 5-4. Arrhenius plot of rate of resistance change (the inset shows the temperature
dependence of resistance from Pt-coated multiple InN nanobelts exposed to 200
ppm H2).

103

40

InN nanobelts

30

before coating
after Pd-coating

Current (mA)

20
10
0
-10
-20
-30
-40

-1.0

-0.5

0.0

0.5

1.0

Voltage (V)

H2 in N2 ambient

10

Air

|dR|/R (%)

8
6

100 PPM
300 PPM
500 PPM
1000 PPM
Base line

4
2
0
0

200

400

600

800

1000

1200

Time (sec)

Figure 5-5. Current responses of InN nanobelt sensors. A) I-V characteristics of both uncoated
and Pd-coated InN nanobelts in N2 ambient. B) The change in current from Pdcoated InN nanobelts at different H2 concentration measured at 130ºC.
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Figure 5-6. Relative response of Pd-coated InN nanobelts exposed to 300 ppm H2 after 10
minutes at different temperature.
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Figure 5-7. Arrhenius plot of rate of resistance change (the inset shows the temperature
dependence of resistance from Pd-coated multiple InN nanobelts exposed to 300
ppm H2).
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Figure 5-8. SEM images of as-grown GaN nanowires.
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Figure 5-9. Measured resistance at 0.5 V bias as a function of time from Pd-coated and
uncoated multiple GaN nanowires exposed to varying H2 concentrations in N2
ambient for 10 minutes at room temperature.
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Figure 5-10. Response of Pd-coated GaN nanowires to varying H2 concentration. A) Relative
response with time. B) Time dependent resistance change.
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Figure 5-11. Temperature dependence of resistance from Pd-coated multiple GaN nanowires
exposed to 3000 ppm H 2 in N2 . Inset figure shows Arrhenius plot of resistance
change for the highest change in resistance (i.e. from 1-20 seconds).
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Figure 5-12. SEM images of GaN nanowires after Pt coating
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Figure 5-13. Response of Pt-coated GaN nanowires to varying H 2 concentration. A) Timedependant resistance measured at an applied bias of 0.1 V. B) Relative response.
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113

Figure 5-15. Arrhenius plot of rate of resistance change (the inset shows the temperature
dependence of resistance from Pt-coated multiple GaN nanowires exposed to 1000
ppm H2).
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CHAPTER 6
CONCLUSION
In this work, several processes were investigated to improve the base electrical
characteristics of compound semiconductor devices for n-ZnO, GaN and InN. A series of
refractory materials was deposited to improve thermal stability of Ohmic-type contacts to bulk nZnO. Cryogenic temperature deposition of simple metal contacts was examined in order to
improve Schottky electrical behavior for n-ZnO devices. Finally, the effect of Pt and Pd
functionalization layers for chemical sensing was explored with GaN nanowires and InN
nanobelts.
The use of TiB2, ZrB2 , and Ir as Ohmic contact materials for bulk n-ZnO was studied in
hopes of obtaining low specific contact resistance and high thermal stability. Both boride studies
used an XB2/Pt/Au metallization scheme. In this case, Pt acted both as a diffusion barrier
between the boride and Au and improved adhesion of Au to the lattice mismatched contact. Ir
contacts did not use a Pt layer. Both TiB2 - and ZrB2 -based contacts exhibited thermal stability
well in excess of previous studies for typical contacts to bulk ZnO, although at a cost of higher
specific contact resistance. This behavior is suggestive of the influence of detrimental interfacial
layers due to metallurgical intermixing from annealing.
TiB2 and ZrB 2 both showed rectifying behavior before high temperature annealing.
Minimum specific contact resistance for both borides was = ~10-4 Ω cm2. Meanwhile, Ir-based
contacts annealed in Nitrogen were stable up to 1000
˚C and gave a minimum specific contact
resistance in the range of 10-6 Ω cm2. Unlike the boride contacts, there was no evidence of a thin
Iridium oxide layer or dissociation of ZnO at the interface, likely ruling out Ohmic conduction
by the formation of oxygen vacancies or by a heavily doped near-surface region, respectively.

115

The effect of cryogenic deposition on Schottky barrier height for Au, Ni, Ti, Pt, and Pd
contacts to bulk n-ZnO was examined. Ni and Ti samples deposited at both 77K and room
temperature show Ohmic behavior. Pt and Pd deposited contacts gave rectifying behavior at
both temperatures. Au exhibited rectifying behavior after deposition at 77K, while room
temperature deposition resulted in Ohmic conductivity. Barrier heights for Au, Pt and Pd were
all = ~0.4 eV. Annealing (up to 300̊C) improved the barrier height of Pd by ~0.6 eV, but
showed little effect on the barrier heights of Pt and Au. In nearly all cases, the ideality factor for
cryogenically deposited contacts was lower than for room temperature deposited contacts,
suggesting a more abrupt metal-semiconductor interface for low temperature deposited contacts.
A thin-layer interfacial oxide may also be present in cryogenically deposited contacts, although
the effect of this oxide is a matter of scrutiny. The exact mechanism(s) for barrier height
improvement with low temperature deposition is still under consideration and further study will
be needed for a complete explanation.
The sensitivity for detecting hydrogen using multiple GaN nanowires and InN nanobelts
with cluster coating of Pt or Pd on the surface was investigated with different hydrogen
concentrations. Both Pt and Pd coatings showed dramatic improvement with hydrogen detection
over their uncoated counterparts for GaN and InN nanostructures. While both coatings increased
sensitivity to hydrogen, Pd coatings worked best in all trials, sometimes with sensitivity more
than 50% higher than for Pt under identical conditions. It was noted this result is in contrast to
previous data for ZnO hydrogen nano-sensors. In either case, the mechanism for hydrogen gas
sensing is believed to arise from the Pt/Pd catalytic dissociation of H2 into atomic hydrogen.
Hydrogen sensitivity improved with increasing measurement temperature, up to ~150
˚C where
contact degradation led to device failure. Our results show metal-coated GaN nanowires and
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InN nanobelts are promising for hydrogen gas sensors with fast response, high sensitivity, and
low-power consumption. Additionally, because of the marked improvement in sensitivity from
metal-coatings, these sensors may be applicable for low-temperature spacecraft devices.
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