ABSTRACT

PORTER, HUGH LAWSON, IV. Thin film growth and doping characteristics of ZnO and
B-Ga,0s. (Under the direction of Professors Jagdish Narayan and John F. Muth)

ZnO films have been prepared through both pulsed laser deposition (PLD) and pulsed
electron deposition (PED). The films grown through PLD have been co-doped with
tellurium and nitrogen to compensate for ZnO’s natural n-type behavior and have been
shown to be highly resistive. A discussion of the isoelectronic impurity, tellurium, and the p-
type impurity, nitrogen, and their compensating mechanisms is given. A Kaufman ion source
was used to incorporate atomic nitrogen into ZnO films, and the impact of N, ions with the
ZnO film is proposed as the cause of breaking the nitrogen molecules into individual atoms.
Tellurium has been incorporated into the films by mixing a small amount of ZnTe in the
source material. The films are not strongly p-type, but resistivity and photoconductive
responsivity have been shown to increase with doping concentration, suggesting donor
compensation and more intrinsic films. There appears to be an optimal percentage of
incorporated tellurium of 0.5%, at which both of these properties are at a maximum, and this
is suggested to be a solubility limit for this process. Time-resolved photoluminescence
shows a much shorter excess carrier life-time in the doped films, which implies that the
enhanced photoconductivity is indeed due to the films being more intrinsic.

Epitaxial -Ga,Oj; has been prepared through pulsed electron deposition. The
epitaxial growth relationship is given, and shown to be due to domain matching epitaxy.
X-ray diffraction (XRD), and high resolution transmission electron microscopy (HR-TEM)
confirm the relationship between film and substrate. Finally, optical absorption

measurements provide an optical band gap of 4.96 eV.
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1.0 Introduction

In this thesis, the wide band gap semiconductors, ZnO and 3-Ga,Os, will be
investigated. Most of the work will focus on ZnO, and its doping and photoconductive
characteristics. There will also be a short discussion on epitaxial growth of B-Ga,O3, and
its role in future wide band gap semiconductor applications. Together these materials
represent examples of wide band gap semiconductors that are frequently considered for
applications to ultraviolet (UV) opto-electronic devices.

The first semiconductor device was a transistor built in 1947 by William Shockley,
John Bardeen, and Walter Brattain at AT&T’s Bell Laboratories in New Jersey. The
device was built out of germanium, and for several years afterwards, germanium was the
dominant semiconductor material.

In the early 1960’s silicon replaced germanium as the semiconductor of choice for
most applications. The reason was that silicon had a slightly larger band gap, which
lowered the leakage current in the device. Also, with silicon it is possible to grow an
atomically abrupt oxide layer. This cannot be done with germanium, and it is critical for
many device applications.

For opto-electronic devices, none of the first three Group IV elements are suitable.
The reason is because they all have indirect band gaps, and indirect band gaps do not
make efficient light emitters. Direct band gaps are needed for opto-electronic devices,
and semiconductors with direct band gaps usually must be formed from III-V or II-VI

compound materials.



The first light emitting diode to emit light in the visible spectrum was invented in
1962 by Nick Holonyak.'? To get the right band gap to emit red light, gallium arsenide
was alloyed with gallium phosphide.

In subsequent decades, the desire to produce light throughout the visible spectrum
motivated research into materials with wider and wider band gaps, such as GaP for amber
and yellow LED’s, and InGaN for green LED’s. Eventually the visible spectrum was
completed, as it became possible to make blue and ultraviolet LED’s and laser diodes out
of the III-V compound, GaN.?

ZnO is a II-VI semiconductor compound with many properties, such as band gap
and wurtzite crystal structure similar to GaN. In recent years, ZnO has not received the
same attention as GaN, however, due to recent advances in fabricating p-type GaN,
compared to the difficulty in doping ZnO p-type. However, ZnO has been useful in its
polycrystalline form.* Such polycrystalline applications include surface acoustic wave
devices, varistors, phosphors, and transparent conducting films. ZnO is probably best
known for its use in some cosmetic products, such as sunscreen and baby powder.

Recent advances in growing single-crystal, epitaxial ZnO have sparked new
interest in this material for opto-electronic applications.”™ There are a variety of methods
for growing single-crystal ZnO, such as molecular beam epitaxy (MBE),” metal-organic
chemical vapor deposition (MOCVD),'? vapor transport,'" and finally pulsed laser
deposition (PLD).”™® But for the present work, and the cited studies, we will focus mostly
on pulsed laser deposition (PLD).

The types of applications for which GaN and ZnO are receiving this attention

include bipolar opto-electronic devices operating in the near UV, such as light-emitting



diodes (LED’s), laser diodes for CD-ROM and DVD memories, laser printers, and UV
photo-detectors.'> The wide band gaps of these materials make them particularly suited
for these types of applications, since with shorter wavelengths smaller spots can be
formed, resulting in a higher bit density on optical storage media. Also, because of the
wide band gap, these materials typically have high break down voltages, and high
electron mobility, and are potentially good for fabricating high power transistors.'*"*

ZnO is an inorganic compound formed from a Zn*" cation reacted with an O*
anion. Thus, it is often referred to as a II-VI compound, since its cation, zinc, is a Group
IT element on the periodic table, and its anion, oxygen, is a Group VI element on the
periodic table.

With lattice constants of a=3.25 A and ¢ = 5.21 A, zinc oxide grows in the
wurzitic crystalline state.”® (See Figure 1-1). Thus, its crystal structure is composed of
two inter-penetrating hexagonal close-packed (HCP) lattices, off-set by some fraction of
lattice constant in the c-direction. One of the HCP lattices is populated entirely by zinc
atoms, and the other is populated entirely by oxygen atoms. Thus, each atom in the

crystal has a coordination number of four, with each of its four nearest neighbors being

an atom of the opposite type.



& zinc (II) oxide

Fig. 1-1 The wurzite crystal structure of zinc oxide.'® Due to the ionic nature of zinc oxide, the O*
atoms are slightly larger than the Zn>* atoms.

ZnO is often compared to GaN, because of their similar properties. (See Table 1-
1). Thus, they are considered for similar applications. ZnO has a number of advantages
over GaN including a higher excitonic binding energy, (60 meV as compared to 24 meV
for GaN), which makes ZnO a brighter light emitter. Unlike GaN, ZnO can be grown in
bulk, and can be used as its own substrate. Also, ZnO is compatible with wet etchants,
and does not need dry etching, like GaN does. And finally, ZnO has a high radiation

resistance.!’



Parameter GaN AIN InN 6H-SiC Si GaAs Sapphire ZnO
Symmetry Wurtzite | Wurtzite | Wurtzite | Wurtzite | Diamond Cubic Corundum | Waurtzite
Native Substrate No No No Yes Yes Yes - Yes
Lattice Constant (a) 3.189 3.112 3.548 3.081 5.431 5.653 4.758 3.252
Lattice Constant (c) 5.185 4.982 5.76 15.117 --- - 12.99 -
Band Gap Energy (eV) 34 6.2 1.89 3.03 1.12 1.42 9.0 3.34
Band Gap Transition Direct Direct Direct Indirect Indirect Indirect Direct
Exy = €=
10.4 8.5 15.3 9.66 11.99 13.1 10 8.59
Einfinity =
€,=9.5 4.0
Break Down Field
(MV/cm) >3 3 0.3 0.4 - -
Electron Effective
Mass 0.22 0.33 0.11 0.45 0.98 0.067 1
Hole Effective Mass 0.8 - - 1.2 0.49 0.45 - 0.59
Exciton Effective
Radius (Ang) 32 125 ~17
0.173- ~0.1437
Exciton Reduced Mass | 0.180 my - - - - 0.058 mg - mo
LO Phonon Energy
(meV) 91 36 72
electron mobility
(cm?/(V-sec) — — - — 8500 - -
Saturation Velocity
(10" cmi/s) 2.5 2.5 2 1 2 - -
cf8 - - - --- degenerate --- cf 39.5
so 21 - - - - 350 - s0-3.5
Melting Point °C >1700 3000 1100 2830 1414 1238 2050 1975
Density (g/cm®) 6.15 3.23 6.81 3.21 2.33 5.32 3.98 5.61
Index of Refraction 2.33 2.2 2.85-3.0 | 2.6-2.7 4 3.43 1.77 1.85

Table 1-1 A comparison of several of the fundamental properties of various materials used in wide

band gap, optoelectronic applications.




GaN is the dominant material for blue opto-electronic devices with millions of
LED’s produced monthly.18 Repeatable, high-quality p-type ZnO, that could be
considered device-quality, has only recently been reported.”” This lack of understanding
of the p-type behavior of ZnO is what has motivated much of present study, and will be
discussed in greater detail in the next chapter.

A complimentary material for GaN and ZnO is B-Ga,O3, which is currently being
investigated for use as a transparent conductor for electrical contacts in opto-electronic
devices.”’ With its wide band gap of nearly 5 eV,?' it is transparent to any light generated
by ZnO or GaN devices, and it can therefore be used as a transparent conducting
electrode to many wide band gap devices.

The as grown material is usually very high in resistivity, but doping with tin has
produced very conductive n-type material with conductivities around 8 S cm™.*** The
crystal structure is monoclinic with a=12.23+0.02 A, »=3.04+0.01 A, c=5.80+

0.01 A, and B =103.7 + 0.3°, and the space group is C2/m(Ca;’).>*
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