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Abstract 

 

Investigation of doped ZnO by Molecular Beam Epitaxy for n- and p-

type Conductivity 

Huiyong Liu, Ph.D 

 
A dissertation submitted in partial satisfaction of the preliminary examination 

requirements for the degree of Doctor of Philosophy in Electrical and Computer 
Engineering at Virginia Commonwealth University 

Supervisor:  Dr. Hadis Morkoç 

 

This dissertation presents an investigation of the properties, especially the 

electrical properties, of doped ZnO films grown by plasma-assisted molecular beam 

epitaxy (MBE) under different conditions. The interest in investigating ZnO films is 

motivated by the potential of ZnO to replace the currently dominant ITO in industries as 

n-type transparent electrodes and the difficulty in achieving reliable and reproducible p-

type ZnO. On the one hand, n-type ZnO heavily doped with Al or Ga (AZO or GZO) is 

the most promising  to replace ITO due to the low cost, abundant material resources, non-

toxicity , high conductivity, and high transparency. On the other hand, ZnO doped with a 

large-size-mismatched element of Sb (SZO) or co-doped with N and Te exhibits the 

possibility of achieving p-type ZnO. 

In this dissertation, the effects of MBE growth parameters on the properties of 

GZO have been investigated in detail. The ratio of oxygen to metal (Zn+Ga) was found to 

be critical in affecting the structural, electrical, and optical properties of GZO layers as 

revealed by x-ray diffraction (XRD), transmission electron microscopy (TEM), Hall 

measurement, photoluminescence (PL), and transmittance measurements. Highly 

conductive (~2×10-4 
Ω-cm) and transparent GZO films (> 90% in the visible spectral 

range) were achieved by MBE under metal-rich conditions (reactive oxygen to 



xv 
 

incorporated Zn ratio < 1).  The highly conductive and transparent GZO layers grown 

under optimized conditions were applied as p-side transparent electrodes in InGaN-

LEDs, which exhibited many advantages over the traditional thin semi-transparent Ni/Au 

electrodes. The surface morphologies of GaN templates were demonstrated to be 

important in affecting the structural and electrical properties of GZO layers.  In those 

highly conductive and transparent GZO layers with high-quality crystalline structures, 

studies revealed ionized impurity scattering being the dominant mechanism limiting the 

mobility in the temperature range of 15-330 K, while polar optical phonon scattering 

being the mechanism responsible for the temperature-dependence for T>150 K. The 

majority Sb ions were found to reside on Zn sites instead of O sites for lower Sb 

concentrations (~0.1 at.%), which can lead to a high electron concentration of above 1019 

cm-3 along with a high electron mobility of 110 cm2/V-s at room temperature. The 

reduction in electron concentration and mobility for higher Sb concentrations (~1 at.%) 

was caused by the deterioration of the crystalline quality. ZnO co-doped with N and Te 

was also studied and the advantages of the co-doping technique and problems in 

achieving p-type conductivity are discussed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

- 1 - 
 

Chapter 1:  Introduction 

The semiconductor material of zinc oxide (ZnO) is an attractive material for applications in 

electronics, photonics, acoustics, and sensing.1 ZnO has grained substantial interest in 

optoelectronics application mainly due to its direct wide band gap of ~3.3 eV at 300 K and large 

exciton binding energy of ~60 meV, which permits excitonic emission at room temperature (RT) 

and above because this value is 2.4 times that of the RT thermal energy (25 meV). 2 

1.1 Motivation  

Unfortunately, ZnO suffers from the doping asymmetric problem (also dubbed as the p-type 

problem) which means it is easy to achieve strong n-type ZnO but very difficult to create 

consistent, reliable, high-conductivity p-type material.3,4 The lack of reproducible and low-

resistivity p-type ZnO is the main obstacle to the applications of ZnO in optoelectronic devices 

such as light-emitting diodes (LEDs) and laser diodes (LDs).2,3,4  

In the realm of p-ZnO, nitrogen (N) is widely regarded as the most promising p-type dopant 

in ZnO since it can substitutes a chalogen atom and forms a shallow acceptor5 due to its similar 

ionic radius to that of oxygen6. Look et al. 4 summarized the pertinent data of most of ZnO:N 

with p-type behaviors grown by different deposition techniques. Although many reports of 

ZnO:N being p-type materials are available in literatures, problems are also reported. It was 

found that the crystal quality of ZnO films with the incorporation of N atoms exhibited serious 

degradation which hampers p-type conductivity.6,7 The formation of (N2)O defects having 

sufficiently low energies converts (N)O acceptors into donors, which along with the low 

solubility of N hinders the p-type conductivity.8, 9 To achieve high N concentration and high 
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crystalline simultaneously, the technique of co-doping of N and Te was recently proposed10, 

which need to be examined carefully. 

Recently, some groups also reported p-type behaviors of ZnO doped with large-size-

mismatched group-V elements (As, Sb) and proposed that the p-type behaviors are due to the 

AsZn-2VZn or SbZn-2VZn complexes. As well known, reports of p-type ZnO have been 

controversial. Therefore, more careful studies are needed for ZnO doped with large-size-

mismatched group-V elements, especially for Sb doped ZnO (SZO) because of few available 

reports.  

On the other track, the potential world-wide shortage of indium has stimulated the 

investigation of ZnO as an n-type transparent conducting oxide (TCO) to replace the currently 

dominant indium tin oxide (ITO) in industries.11 Compared to ITO yielding the lowest 

resistivities of about 1×10-4 Ω·cm it is much more difficult to prepare doped ZnO of such low 

resistivities12
. Despite decades of research on ZnO it is not yet clear what the lower limit of the 

resistivity of such film is.13
 Therefore, it is necessary to study and explain the intrinsic physical 

limitations that affect the development of ZnO as an alternative to ITO. 

The molecular beam epitaxy (MBE) technique, with its precise control over the process 

parameters, such as substrate temperature and fluxes of the constituent components and dopants, 

allows one to gain insight into the nature of physical phenomena governing the electrical 

properties of either n- or p-type ZnO and thus provide valuable information for further improving 

their characteristics. It is undoubtedly imperative to use MBE technique to grow high-quality 

doped ZnO and then investigate the origins and the intrinsic physical limitations in the n- or p-

type conductivity.  
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1.2 Objectives 

In brief, the objectives of this dissertation include the followings based on the existing 

problems, doubts, great interests, and the lack of information in literature.  

1) For n-type conductivity, 

• to investigate the MBE growth parameter effects on ZnO:Ga (GZO) properties, 

• to apply highly conductive and transparent GZO as transparent electrodes in InGaN 

based light-emitting diodes (LEDs), 

• to study the nature of mechanisms that limit the mobility in GZO. 

2) For p-type conductivity, 

• to investigate the MBE growth parameter effects on SZO electrical properties, 

• to investigate the MBE growth parameter effects on the electrical properties of ZnO 

co-doped with N and Te (ZnO:[N+Te]). 

More detailed information regarding the problems, doubts, great interests, etc. mentioned 

above can be found in next chapter “Literature Review”. 

1.3 Dissertation contents 

This dissertation describes the achievements of investigating the properties of GZO, SZO, 

and ZnO:[N+Te] grown by plasma-enhanced MBE under different conditions as well as the 

applications of GZO as transparent electrodes in InGaN-based LEDs and the electron transport in 

heavily doped GZO. This dissertation includes: 
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Chapter 1: Introduction 

A brief introduction of the motivations, objectives, and the organization of this dissertation, 

Chapter 2: Literature Review 

A relatively detailed literature review of the development of ZnO-based TCOs, the status of 

MBE-grown GZO and the application of GZO in InGaN-LEDs as well as the controversy in 

explaining the electron transport in heavily doped ZnO, followed by the review of the 

development of SZO and ZnO: [N+Te] for p-type conductivity, 

Chapter 3: MBE Growth Parameter Effects on GZO Properties 

A detailed study of the effects of MBE growth parameters including oxygen pressure, Ga 

flux, and substrate temperature on the structural, electrical, and optical properties of GZO layers 

from which highly conductive (resistivity < 2×10-4 Ω·cm) and transparent (transmittance > 90% 

in the visible range) GZO layers were achieved when metal-rich conditions (reactive oxygen to 

incorporated Zn ratio < 1:1) were employed, 

Chapter 4: Applications of GZO as transparent electrodes in InGaN-LEDs and effects 

of GaN templates on GZO properties 

Applications of highly conductive and transparent GZO layers as p-side transparent 

electrodes in conventional GaN-based LEDs along with the optimization of post-annealing 

temperatures to achieve the minimum series resistance, the comparison  between LEDs with 

GZO electrodes and LEDs with typical Ni/Au semi-transparent electrodes, and the effects of 

GaN template surface morphologies on GZO properties, 

Chapter 5: Electron Transport and Physical Limitation in GZO 
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Numerical fittings to the temperature-dependent Hall mobility curves of GZO layers grown 

under different conditions with a combination of different scattering mechanisms to explore the 

physical limitation in the resistivity of heavily doped GZO, where structural properties by X-ray 

diffraction (XRD) and transmission electron microscopy (TEM) are also provided, 

Chapter 6: Doped ZnO for p-type conductivity 

Studies of properties of SZO and ZnO:[N+Te] films grown under different conditions by 

MBE, revealing (i) Sb behaves as donor and highly conductive n-type SZO with a RT mobility 

of 110 cm2/V-s along with an electron concentration of ~4.6×1020 cm-3 can be achieved for a Sb 

concentration of ~0.1 at% ; (ii) for a higher Sb concentration of ~0.9 at%, both the electron 

concentration and mobility reduced due to the deterioration of crystal quality and the lattice 

distortion caused by extra Sb; (iii) ZnO co-doped with N and Te can have much lower 

conductivities than either N-doped or Te-doped ZnO films and the co-doping technique could 

have some potential to achieve p-type ZnO , 

Chapter 7 Conclusions 

The last chapter of the dissertation which will summarize the key contributions of this 

dissertation and foresee the future works. 
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Chapter 2 Literature Review 

2.1 Basic properties of TCO 

TCO materials are electrically conductive either due to intrinsic defects (oxygen vacancies 

or metal interstitials) or due to extrinsic dopants (typically a higher-valent metal).  The extrinsic 

dopant concentration of the well-developed TCOs typically varies from 1020 to 1021 cm-3. 

Usually, the resistivity, ρ=1/σ, not the conductivity, σ, is used as the figure of merit which is on 

the order of 10-4 
Ω-cm for many TCO materials of practical viability. While the carrier 

concentration n in TCO is limited by the solubility of dopants, the mobility, µ, is limited by 

scattering of the charge carriers in the lattice. The detailed discussion of scattering mechanisms 

will be given later. In short, n and µ cannot be increased simultaneously for heavily doped TCO 

with homogeneously distributed dopants in the material since they are negatively correlated to 

each other, which limits the conductivity of TCO. 

The transmission window of TCOs is defined by two imposed boundaries. One is in the 

near-UV region determined by the effective band gap Eg, which is blue shifted due to the 

Burstein–Moss effect14. Owing to high electron concentrations involved the absorption edge is 

shifted to higher photon energies. The sharp absorption edge near the band edge typically 

corresponds to the direct transition of electrons from the valence band to the conduction band. 

The other is at the near-infrared (NIR) region due to the increase in reflectance caused by the 

plasma resonance of electron gas in the conduction band. The absorption coefficient α is very 

small within the defined window and consequently transparency is very high. 

      The positions of the two boundaries defining the transmission window are closely related to 

the carrier concentration n. For TCOs, both boundaries defining the transmission window shift to 
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shorter wavelength with the increase of carrier concentration n. The blue shift of the onset of 

absorption in the near UV region is associated with the increase in the carrier concentration 

blocking the lowest states (filled states) in the conduction band from absorbing the photons. The 

plasma frequency at which the free carriers are absorbed has a negative correlation with the free 

carrier concentration. Consequently, the boundary in the near IR region also shifts to the shorter 

wavelength with increase of the free carrier concentration, as shown in Figure 2.1.  

      

Figure 2.1 Transmittance spectra for GZO films with various carrier concentrations (2.3×1020 cm-3 to 10×1020 
cm-3). The two boundaries (in the near-UV and IR-regions) shift to shorter wavelength with the increase of 
carrier concentration, making the transmittance window narrower (After Shirakata et al. [26). 
 
      The shift in the near IR region is more pronounced than that in the near UV region. 

Therefore, the transmission window becomes narrower as the carrier concentration increases. 

This means that both the conductivity and the transmittance window are interconnected since the 

conductivity is also related to the carrier concentration as discussed above. Thus, a compromise 

between material conductivity and transmittance window must be struck, the specifics of which 
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being application dependent. While for LED applications the transparency is needed only in a 

narrow range around the emission wavelengths, solar cells require high transparency in the 

whole solar spectral range. Therefore, for photovoltaics, the carrier concentration should be as 

low as possible for reducing the unwanted free-carrier absorption in the IR spectral range, while 

the carrier mobility should be as high as possible to retain a sufficiently high conductivity. 

2.2 Doped ZnO for n-type TCO 

 

Figure 2.2 TCO semiconductors for thin-film transparent electrodes. (After Minami et al. [15]) 
 

 
Figure 2.2 summarizes the widely recognized n-type TCOs encompassing the In2O3-SnO2-

ZnO system for practical applications. ITO is the most widely used In2O3-based binary TCO and 

fluorine-doped tin oxide (FTO) is the dominant in SnO2-based binary TCOs. In comparison to 

ITO, FTO is less expensive and shows better thermal stability of its electrical properties 16 as 

well chemical stability in dye sensitized solar cell. FTO is the second widely used TCO material, 

mainly in solar cells due to its better stability in hydrogen-containing environment and at high 

temperatures required for device fabrication. The typical value of FTO’s average transmittance is 
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about 80% 17-20. However, electrical conductivity of FTO is relatively low17 and it is more 

difficult to pattern via wet etching as compared to ITO 21. 

ZnO with an electron affinity of 4.35 eV and a direct band gap energy of 3.37 eV is typically 

a n-type semiconductor material with the residual carrier concentration of ~1017 cm-3 22
. However, 

doped ZnO films have been realized with very attractive electrical and optical properties for 

electrode applications. The dopants that have been used for the ZnO based binary TCOs are Ga, 

Al, B, In, Y, Sc,V, Si, Ge, Ti, Zr, Hf, and F.23
 Among the advantages of the ZnO-based TCOs are 

low cost, abundant material resources, and non-toxicity.24
 At present, GZO and ZnO heavily 

doped with Al (AZO) have been demonstrated to have low resistivity and high transparency in 

the visible spectral range, which are the most promising ones to replace ITO. The typical 

transmittance of AZO and GZO is easily 90% or higher25-27 which is comparable to the best 

value reported for ITO when optimized for transparency alone and far exceeds that of the 

traditional semitransparent and thin Ni/Au metal electrodes with transmittance below 70% in the 

visible range 28. The high transmittance of AZO and GZO originates from the wide band gap 

nature of ZnO.29,30 On the resistivity side, Agura et al.31 reported a very low resistivity of 

~8.5×10-5 Ω·cm for AZO, and Park et al.32 reported a resistivity of ~8.1×10-5 Ω·cm for GZO, 

both of which are similar to the lowest reported resistivity of ~7.7×10-5 Ω·cm for ITO33. 

However, most of the reported resistivities for AZO and GZO (particularly prepared by large 

area coating methods like magnetron sputtering) are in the range of ~2-4×10-4 Ω·cm which are 

slightly higher than the typical values for ITO.12 As compared to ITO, ZnO-based TCOs also 

show better thermal stability of resistivity34-36 and better chemical stability at higher 

temperatures37,38, both of which bode well for the optoelectronic devices in which this material 

would be used. Among GZO and AZO, GZO is more stable when subjected to moisture than 
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AZO39. GZO is also more stable with respect to oxidation due to gallium’s greater 

electronegativity in comparison to that of aluminum40,41. In addition, the Ga–O covalent bond 

length (1.92 Å) is very close to the Zn–O bond length (1.97 Å), as compared to those of Al–O 

(2.7 Å) and In–O (2.1 Å) 42. The comparable bond length of Ga–O to that of Zn-O allows 

minimizing deformation of the ZnO lattice even in the case of very high Ga concentrations43. 

From the cost and availability and environmental points of view, AZO appears to be the best 

candidate to replace ITO. This conclusion is also bolstered by batch process availability for large 

area and large-scale production of AZO. 

Table 2.1 lists the basic properties including the band gap, carrier concentration, mobility, 

resistivity, and transmittance for ITO, FTO, and AZO/GZO achieved by different deposition 

techniques. The averaged resistivity of ITO by different techniques is ~1×10-4 Ω-cm, which is 

much lower than that of FTO. For FTO, the typically employed technique is spray pyrolysis 

which can produce the lowest resistivity of ~3.8×10-4 Ω-cm. For AZO/GZO, the resistivities 

listed here are comparable to or slightly higher than ITO but their transmittance is slightly higher 

than that of ITO. Obviously, AZO and GZO are promising to replace ITO for transparent 

electrode applications in terms of their electrical and optical properties. More detailed 

information regarding the comparisons among them can be found elsewhere11 and will not be 

repeated. It must be reiterated that among all the dopants for ZnO-based binary TCOs, Ga and Al 

are thought to be the best candidates so far.11 
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Table 2.1 Basic properties for ITO, FTO, and AZO/GZO achieved by different depositions techniques. ∗ means 
unavailable and SP means Spray pyrolysis [reference 11].  

TCO Deposition 
techniques 

Band gap 

(eV) 

Carrier 
concentration 
(1020 cm-3) 

Mobility 

(cm2/V-s) 

Resistivity 

(10-4 Ω-cm) 

Transmittance (%) 

at the wavelengths 
of interest 

ITO  Commercial ∗ ∗ ∗ 1-1.9 ∗ 

ITO  PLD ∗ 13.8 53.5 0.845 >80 

ITO SP ∗ 18 40 0.95 81 

ITO  Sputtering 3.78-3.80 14.6-18.9 25.7-32.7 1.28-1.29 ≥80 

FTO  SP 4.12-4.18 1.02-9.59 11.1-18.9 ∗ ≥75 

FTO  SP ∗ 24.9 6.59 3.8 ∗ 

FTO  SP 3.15-3.57 4.5-7 12-24 3.85-7.51 ~80 

FTO  CVD ∗ 3.05 19 10.9 ~80 

AZO  MBE ∗ 2.1 57 ∗ ∗ 

AZO CVD 3.59 8.7 ∗ ∗ ∗ 

AZO  Sol-gel ∗ 2.5 31 1.2 >90 

AZO Sputtering ∗ ~5.5 67 1.4 ∗ 

AZO  Sputtering ∗ 15 22 1.9 >80 

AZO  Sputtering ∗ 9 25 2.7 >85 

AZO Sputtering 3.18-3.36 ∗ ∗ 980 >85 

AZO PLD ∗ 13.1 36.7 1.3 89-95 

AZO PLD ∗ 15 47.6 0.85 >88 

AZO  PLD 3.51-3.86 20.2 16.2 1.91 75-90 

GZO  MBE ∗ 8.1 42 1.9 >80 

GZO CVD ∗ ∗ ∗ 1.2 >85 

GZO Sputtering 3.37-3.43 1-6 5-35 5.3 ~90 

GZO  PLD 3.51 146 30.96 0.812 >90 

GZO PLD ∗ 64 4.9 2.6 >90 
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2.3 MBE growth of GZO  
 

It was found that the influence of MBE growth conditions on electrical and optical 

properties of GZO is scarcely studied. Only the effect of Ga/Zn supply ratio has been reported so 

far for MBE growth22,44,45. Kato et al.44 only investigated ZnO/a-sapphire lightly doped with Ga 

(n~1018 cm-3) which is not applicable as transparent electrodes. Ko et al. 22 reported Ga-dped 

ZnO grown on GaN templates but the maximum carrier concentration achieved is 1.13×1020 cm-3, 

which is still much lower than required for transparent electrode applications. Only Muranaka et 

al. 45 has reported MBE-grown GZO films with a sufficiently low resistivity of 3×10-4 
Ω-cm and 

transmittance of >85% in the visible range, which was grown on glass substrate. However, a 

saturation of carrier density near 4-6×1020 cm-3 was observed. In fact, both the carrier 

concentration and transmittance reported by Muranaka et al.45 are lower than those of GZO/AZO 

by other deposition techniques. The lack of the reported results from MBE techniques as well as 

the detailed studies of MBE growth parameters effects requires further investigation towards 

transparent electrode applications. 

2.4 Application of GZO as transparent electrode in GaN-based LEDs 
 

In order for LEDs to be used for general lighting and pave the way for reduced energy 

consumption, it is imperative for them to produce high luminous fluxes. This necessitates high 

injection currents, preferably while retaining high power conversion efficiencies. The external 

quantum efficiency (EQE) of an LED is a convolution of the internal quantum efficiency (IQE) 

and the photon extraction efficiency46
 as well as another term having to do with the voltage 

conversion efficiency. The latter term represents the fraction of photons generated that end up 

escaping the device in the desired direction. Several methods such as textured surfaces, 
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transparent p-contact layers47
 and proper substrate design for reflecting the photons heading in 

the wrong direction in certain packaging techniques48
 can be employed individually and or in 

unison to improve the extraction efficiency49. 

TCOs come into play as transparent contacts and have been used in GaN-based LEDs and 

organic LEDs as transparent electrodes to improve the extraction efficiency and hence the 

external quantum efficiency. The enhanced lateral conductivity afforded by TCO has added 

advantages as well. As can be imagined, the performance degradation of LED at high injection 

levels can in part be due to the poor conductivity of p-type GaN subcontact region which 

contributes to the so-called “current crowding” or “filamentation” process (formation of regions 

with relatively higher current densities). Because of the ensuing local heating and increasingly 

non uniform current injection, the emission efficiency and operation voltage as well as the device 

reliability are adversely affected. In the early stages of development of GaN based LEDs, a thin 

Ni/Au layer with a transparency below 70%, which depends on the metal thickness as well as the 

wavelength, has been investigated extensively as the semi-transparent contact layer 28,50. In this 

approach, a compromise must be struck between the need to increase the photon extraction 

(requires a thinner and well separated contact fingers) and the need for low series resistance of 

the LEDs (requires the opposite). This undesirable compromise can be avoided by using TCOs. 

The ohmic-contact technologies on p-GaN layers for GaN-based LEDs with a comprehensive 

treatment can be found elsewhere51.  

As mentioned earlier, ITO is the dominant TCO in industries which also applies to InGaN-

based LEDs. Even beyond the scarcity of In, AZO and GZO are more attractive as transparent 

electrodes in GaN-based LEDs than ITO, since ZnO and GaN share the same wurtzite crystal 

structure with a small lattice mismatch of ~1.8%. These favorable structural properties help lay 
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the groundwork for epitaxial growth of ZnO electrodes on GaN LEDs with improved carrier 

mobility and optical transparency. As the most promising TCO replacing ITO, AZO /GZO was 

not extensively studied in InGaN-based LEDs. The available reports for AZO30,36,52 and GZO53-

55as p-side transparent electrodes are quite few. In the case of GZO which seems more promising 

as discussed earlier, the three available reports were from two groups, one of which reported a 

relatively high resistivity of ~5.3×10-4 
Ω-cm53 and the other of which reported a relatively low 

transmittance of ~80% in the near UV and visible wavelength ranges54,55. Due to the lack of 

more detailed information such as the effects of underlying GaN on GZO properties and the 

effect of activation conditions for n-side ohmic contact on the properties of GZO as well as the 

LED performance, further studies are still needed. 

2.5 Controversy in explaining electron transport in heavily doped ZnO 
 

The reported mobility for GZO and AZO films grown by different techniques scatters from 

as low as ~5 to as high as 70 cm2/V·s for electron carrier concentrations exceeding 1020 cm-3.11  It 

is generally accepted that the wide dispersion in the mobility is due to the differences in 

materials quality since the substrate temperature, film thickness, annealing conditions and 

reactant compositions all affect the electrical properties56. However, explanations of electron 

transport in heavily doped ZnO are still controversial. From a theoretical point of view, the 

grain-barrier model employed by Seto et al.57, followed by Bruneaux et al.58 suggests that the 

grain boundary scattering is negligible for heavily doped TCOs since the barriers at the grain 

boundaries are thin enough for electrons to tunnel. The contribution of the grain boundaries to 

the electron scattering is believed to be entirely screened out by the contribution of the bulk of 

the crystallites in heavily doped TCOs.58 The fact just mentioned is supported by Ellmer et al.59, 
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Minami et al.60, Steinhauser et al.61 and Ruske et al.62. Minami et al. 60 have concluded that grain 

boundary scattering is mainly dominant in AZO films with carrier concentrations in the range of 

1019-1020 cm-3 while the ionized impurity scattering is dominant in layers with carrier 

concentrations in the range of 1020-1021 cm-3. Steinhauser et al. 61 concluded that the grain 

boundaries do not limit the conductivity for carrier concentrations exceeding 1×1020 cm-3 based 

on the comparison between Hall mobility and optical mobility for boron-doped ZnO. By 

comparing the Hall mobility and the optical mobility, Ruske et al. 62 have found that grain 

boundaries do not limit the conductivity only for ZnO:Al films with a carrier concentration 

above ~5×1020 cm-3. It has to be pointed out that one criterion used to evaluate if grain boundary 

scattering is important is to compare the mean free path of the carriers and the grain size. The 

mean free path l can be calculated as 63 

1

33
( )( )
2

h n
l

e
µ

π
=  

Equation 1 

which was derived based on free electron degenerated gas. Base on this method, Chen et al.63 

concluded that grain boundary scattering is not important for conductive ITO and AZO. On the 

other hand, Robbins et al.64 concluded for nanocrystalline GZO with a carrier concentration of 

5.5×1020 cm-3 and an average grain size of 80 nm that the grain boundary scattering and ionized 

impurity scattering contribute nearly equally to the overall mobility. Ahn et al.65 suggested that 

the grain boundary scattering limits the mobility in GZO with carrier concentrations above 1020 

cm-3 in the temperature range of 190-300 K. The main, and arguably the remaining, issue is the 

nature of mechanisms that limit the mobility in heavily doped ZnO, which is one of the 



 

- 16 - 
 

motivations of this dissertation. Theories regarding the scattering mechanisms and the analyses 

of experimental data will be discussed later. 

2.6 Development of SZO for p-type conductivity 
 

Reliable p-type doping is the major bottleneck limiting the development of high-efficiency 

devices66 due to the self-compensating effect from native defects (Vo and Zni)
67 and/or H 

incorporation68 as well as the well-known low solubility and the deep acceptor levels of the 

dopants69.  

A few groups have investigated the group-V elements of P, As, Sb with larger ionic radii as 

compared to O to find better p-dopant. Surprisingly, the group-V elements of P, As, Sb with 

larger ionic radii as compared to O have also been reported to be p-type dopants in ZnO. Their p-

type behaviors are claimed due to complexes such as VZn-PO-VZn complexes70, AsZn-2VZn 

complexes71,72 , SbZn-2VZn complexes66. However, reports of p-type ZnO have been 

controversial.73 For examples, in the case of P, it was experimentally proved as a deep acceptor74 

or a donor-like defect of 3ZnP + 6; In the case of As, the majority of As atoms were found to reside on 

Zn sites which is probably determined by its atomic size and electronegativity rather than its 

position in the periodic system71. Consequently, more careful studies are needed for ZnO doped 

with large-size-mismatched group-V elements.  

Very few studies of SZO were found in literature, which will be discussed below. The first 

p-type SZO layer with hole concentration of ~5×1020 cm-3 were reported by Aoki et al.75 , which 

were widely questioned due to its high hole concentration. Based on the means of β
- emission 

channeling from the radioactive 124Sb isotope, Wahl et al.76 found that the majority of Sb occupy 

Zn sites, with the possible fraction on O sites being at maximum 5%-6%. Consequently, Wahl et 
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al.76 doubt whether SbO acceptors are responsible for the reported p-type character in SZO layers. 

Based on the first principle calculation, Limpijumnong et al. 77 proposed that As or Sb occupies 

Zn position which forms a complex with two spontaneously induced Zn vacancies in a process 

that involves fivefold As or Sb coordination. Xiu et al.69 reported reproducible SZO layers grown 

by electron-cyclotron- resonance-assisted MBE on n-Si (100) substrates, which hole 

concentration and mobility were ~1.7×1018 cm-3 and 20 cm2/V·s. They claimed that the high hole 

concentration and mobility are probably due to the SbZn-2VZn complexes. Guo et al.66 reported p-

type SZO layers epitaxially grown by PLD under high oxygen pressure on (0001) sapphire 

substrates without post-deposition annealing. The electrical properties of their best layers (1.0 at. % 

SZO) are as follows: hole concentration ~1.9×1017 cm-3, mobility ~7.7 cm2/V·s, and resistivity 

~4.2 ohm-cm. As Guo et al.66 pointed out, the p-type conductivity closely correlates to the high 

density of defects which facilitate the formation of acceptor complexes (proposed SbZn-2VZn 

complexes) and the compensation of native shallow donors. Mandalapu et al.78 reported 

homojunctions of n-type ZnO:Ga/ p-type SZO/p-Si but the small turn on voltage of 2V for this 

structure was widely questioned. Yang et al. 79 also reported p-type SZO/n-type ZnO:Ga 

homojunction grown on 400-nm-ZnO buffered c-plane sapphire substrate and claimed the 

improvement in output power for this LED is due to the high quality of ZnO grown on c-plane 

sapphire substrate. However, the measured full-width-at-half-maximum (FWHM) of the rocking 

curve of ZnO (0002) by Yang et al.79 is only 44 arcseconds, which could be measured from the 

ZnO buffer instead of SZO layer. If it is really 44 arcseconds, it contradicts with the model of 

SbZn-2VZn complexes for p-type character as discussed above, which is closely related to high 

density of defects. Samanta et al.80 recently reported an excellent p-type SZO (5% Sb in ZnO) 

with a very high mobility of 57.44 cm2/V-s along with a hole concentration of 6.25 ×1018 cm-3. 
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The high mobility of 57.44 cm2/V-s for p-type ZnO makes itself less convincible since that value 

is even good for n-type ZnO. Friedrich et al. 81 reported SZO films with different [Sb] grown on 

MgO (100) substrates by PLD which revealed that the Sb-related phase precipitations such as 

Sb2O4, Zn7Sb2O12, and ZnSb2O6 is disadvantageous to achieve p-type doping via SbO and/or 

SbZn-2VZn complexes because most of the Sb atoms is accommodated in large precipitates. There 

are several more reports for p-type SZO with either low mobility (≤2 cm2/V-s)82-85, or low hole 

concentration (1016 cm-3)83, 86 or high resistivity82,86. 

As we can see from the above reports, the reported p-conductivity is achieved for SZO 

directly or indirectly grown on either Si or sapphire (0001) or glass substrates, which could lead 

to high interface defect densities and consequently may be responsible for p-type conductivity in 

some experiments73. Meanwhile, Hall-effect measurements on inhomogeneous samples can yield 

wrong carrier type87, which need to be carefully examined. To shed more needed light on the 

dopant behavior of Sb in ZnO, more comprehensive studies are needed. 

To use Hall method to evaluate the p-type character, we have to understand the Hall method 

very well. Look et al.4 summarized the basics for Hall studies, which will be repeated below for 

reader’s convenience. 

Before embarking on a detailed analysis of p-type ZnO, we must first point out that “type” is 

typically measured in either of two ways, by the Hall effect or the Seebeck effect. The latter 

arises from a temperature gradient, and will give a p-type response if p·µp > n·µn. The Hall effect, 

on the other hand, requires p·µp
2> n·µn

2 for a p-type indication, which is a more difficult 

condition to satisfy, since usually µp =  µn. Thus, a Hall-effect measurement is considered to be a 

more definitive measure of type. Unfortunately, the Hall voltages measured in p-type ZnO are 
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very small, because the measured hole mobility is often < 1 cm2/V-s. Also, ohmic contacts to p-

type ZnO are difficult to fabricate, and thus noise spikes during one or more of the eight Van der 

Pauw switching configurations can easily produce an “n-type” result. This problem can 

sometimes be dealt with by averaging several measurements. Even if the p-type nature can be 

established, it is still not likely that the mobility and hole concentration can be accurately 

determined in such samples. Thus, the resistivity becomes the most important factor, and that is 

what we will use for comparative purposes in this paper. To be more quantitative, caution must 

be exercised when a Hall analysis gives a mobility > 10 cm2/V-s, or a hole concentration > 1019 

cm–3.   

2.7 ZnO: [N+Te] for p-type conductivity 
 

One possible strategy for solving the p-type problems could be the use of co-doping.88 

Gallium and aluminum, for example, have been suggested as possible co-dopants for nitrogen-

doped ZnO films.89,90 The reactive III-element was proposed to enhance the incorporation of N 

acceptor in p-type co-doped ZnO because n-type doping using III-element species reduces the 

Madelung energy.91 However, the typical problems such as reduction of emission intensity 

and/or limits of hole concentration (1016 cm-3) still remain, in spite of a high concentration of N 

atoms (1020 cm-3).92 Recently, the isoelectronic impurity, tellurium (Te), was chosen as a co-

dopant.10,93-97 The anion-rich nature of ZnTe suggests that by mixing with the cation-rich ZnO, a 

more stoichiometrically balanced material could be achieved. (ZnTe tends to be rich in Te which 

leads to p-type behavior in the as grown material, whereas, ZnO tends to be rich in Zn which 

leads to n-type behavior.)93 Porter et al.93 proved the strategy of co-doping of N and Te can 

produce ZnO with resistivity increased by several order of magnitudes, which exhibited the 
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potential to achieve p-type conductivity with further optimization of growth conditions.  Park et 

al. 10,95,96 demonstrated that N and Te co-doping is helpful to improve the crystallinity and N 

incorporation efficiency simultaneously, which produced p-type conductivity in comparison with 

ZnO doped with only N. 

 

Figure 2.3 The illustration of isoelectronic reaction for Te atoms incorporated into ZnO (after Park et al. [10]) 
 

The realization of high quality p-type ZnO with high N concentration by MBE on ZnO 

substrates could be due to the reduction of Madelung energy when the strategy of N and Te co-

doping was used. As given by Park et al.10 the enhancement of nitrogen solubility by irradiating 

Te can be understood in terms of a difference in electronegativity. As shown in Figure 2.3, if the 

Te atoms are incorporated into O atom, they will be positively charged because the 

electronegativity of Te is relatively smaller than that of O (2.1 vs. 3.44), which consequently 

makes Te atom an isoelectronic donor. The ZnO:Te films exhibited higher electron 
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concentrations than un-doped ZnO as shown in Table 2.2, which could prove that the explanation 

of Te atom being an isoelectronic donor is reasonable.10 

Table 2.2 Electrical properties and N concentration for un-doped, N doped, Te-doped, and N and Te co-doped  ZnO 
films by MBE on ZnO substrates (After Park et al. [95]). 

# N2 flow 
(SCCM) 

JTe 
(A/S) 

[N] 
(cm-3) 

nc (cm-3) Carrier 
type 

µ 
(cm2/Vs) 

ρ (Ω 
cm) 

A u-ZnO - - - 4×1016 n 94 1.73 

B ZnO:Te - 0.01 - 3.6×1017 n 69 0.25 

C ZnO:Te - 0.03 - 2.4×1018 n 11 0.23 

D ZnO:N 0.5 - 3×1020 2.5×1017 n 8 3 

E ZnO:[N+Te] 0.5 0.03 2×1021 5.8×1015 p 21 49 

F ZnO:[N+Te] 0.5 0.06 1×1021 4×1016 p 11 13 

 

The improvement of crystal quality in the co-doping case is probably due to two reasons. 

Firstly, the bond lengths of Zn-N (0.201 nm) and Zn-Te (0.263 nm) are different. 96  It is likely 

that the incorporation of N into ZnO induces contraction of lattice, while Te incorporation would 

cause expansion of lattice. Thus, the co-doping of both Te and N would help incorporation of N 

with minimum lattice strain. Secondly, Te may act as a surfactant96,97 because of the large 

difference of atomic radii between O (0.066 nm) and Te (0.132 nm)10, which may partially 

explain that the co-doping method favors the two-dimensional growth characterized by reflection 

high energy electron diffraction (RHEED). 

It has to be pointed out that the hole concentrations achieved by Park et al.10,95,96 using the 

co-doping method are still lower than 1017 cm-3. For some layers with lower hole concentrations 

(~1015 cm-3), the mobility is as high as 51 cm2/V-s. 10 While Tang et al.97 reported much higher 

hole concentrations for ZnO:[N+Te] by metal organic chemical vapor deposition, which are 
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~5×1017- 4×1018 cm-3 with corresponding mobilities of ~ 10-2 cm2/V-s. The reports mentioned 

here could cover all the works related to ZnO co-doped with N and Te available in public 

literature and the lack of extensive studies makes it still difficult to judge whether this strategy of 

co-doping are promising as compared with other techniques for p-type ZnO. 
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Chapter 3: Effects of MBE Growth Parameters on GZO Properties 

 

The growth parameters discussed in this chapter include oxygen pressure during growth, Ga 

flux controlled by adjusting the Ga effusion cell temperature, and substrate temperature.  

3.1 MBE system and preparation of substrates 

 

 

Figure 3.1 MBE manufactured by SVT Associates Inc. equipped mainly with RHEED by Staib Instruments 
for monitoring the growth of the epitaxy layer, effusion cells with different materials (Zn, Ga, Mg, Te) for 
elementary sources, and an oxygen RF plasma power supply (Addon Inc). 

 

The MBE system used in the work was manufactured by SVT Associates Inc. with a typical 

background pressure of 10-10 Torr in the growth chamber which is maintained by a turbo pump. 
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As shown in Figure 3.1, it is equipped mainly with RHEED (Staib instruments) for monitoring 

the growth of the epitaxy layers in situ, Knudsen effusion cells with different materials (Zn, Ga, 

Te, and Mg) for elementary sources, an oxygen plasma power supply with a RF frequency of 

13.56 MHz and a maximum power of 600 W (Addon Inc.). The desired temperatures of effusion 

cells and substrate heater can be achieved by DC power supplies (Sorensen Inc.) through the 

feedback of temperature controllers (Eurotherm Inc). The flux of reactive oxygen is controlled 

by supplying O2 through a mass-flow controller (MFC) and a pressure gauge installed in the 

main chamber. For each cell, a computer controlled shutter is used to allow precise control of the 

thickness of each layer down to a single layer of atoms.  

Typically, a-plane sapphire substrates were used and the cleaning procedures are as follows: 

they were ultrasonically cleaned with acetone, methanol, and deionized (DI) water in sequence 

for 5 minutes; and then were degreased in piranha (the mixture of H2SO4 and H2O2) for 10 

minutes; were finally rinsed in DI water for 3 minutes and then were dried by nitrogen.  

3.2 Oxygen effects on the properties of GZO 

 
GZO layers were grown on a-plane sapphire substrates by MBE as shown in Figure 3.1. 

First, a ~10-nm-thick ZnO buffer layer was grown at a substrate temperature of 300°C to provide 

better nucleation. Then, GZO films with thickness varying in the range from 100 nm to 750 nm 

were deposited at a substrate temperature of 400°C. During the growth, the temperatures of Ga 

and Zn cells were kept constant, 600°C and 350°C, respectively. An RF plasma source operated 

at 400 W acted as a source of reactive oxygen. The flux of reactive oxygen was controlled by 

supplying O2 through a mass-flow controller, and different mass flow rates resulted in different 

oxygen pressures in the growth chamber during growth. Three series of GZO films were grown 
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under three different oxygen pressures PO2 = 4.5×10-6, 8.0×10-6, and 1.5×10-5 Torr, 

corresponding to metal (Zn+Ga) rich (reactive oxygen to incorporated Zn ratio < 1:1), 

intermediate or near stoichiometric (reactive oxygen to incorporated Zn ratio ≈ 1:1), and oxygen-

rich (reactive oxygen to incorporated Zn ratio > 1:1) conditions, respectively. The reactive 

oxygen to incorporated Zn ratio was assessed from growth rate vs. oxygen pressure dependence. 

The corresponding growth rates were ~2.1 nm/min for the near-stoichiometric and oxygen-rich 

conditions and ~1.7 nm/min for the metal-rich conditions. Rapid thermal annealing (RTA) at a 

temperature of ~650 °C in N2 atmosphere for 3 mins was performed to activate Ga donors and 

increase conductivity of the GZO films.  

Surface morphology and crystal quality of the GZO films were characterized by RHEED, 

XRD, and TEM. Electrical properties were studied by Hall effect measurement using the van der 

Pauw configuration, and optical properties were investigated by photoluminescence (PL) and 

transmittance measurements. For transmittance measurements, after the spectrum of the light 

from a tungsten lamp passing through the sample was measured, the GZO film was completely 

etched away using a 10% aqueous HCl solution and the measurement was repeated under exactly 

the same experimental conditions and on the same region of the sample to obtain the reference 

transmission through the substrate. 

Figure 3.2 shows the typical RHEED patterns of (a) a-plane sapphire, (b) LT ZnO before 

annealing, and (c) LT ZnO after annealing and before GZO growth recorded along the ZnO [11-

20] azimuth. The streaky lines in (c) indicate the flat ZnO buffer surface which is desired for the 

following GZO growth.  
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Figure 3.2 Typical RHEED patterns of (a) a-plane sapphire, (b) LT ZnO before annealing, and (c) LT ZnO after 
annealing and before GZO growth recorded along the ZnO [11-20] azimuth. 

 

3.2.1 Oxygen effects on structural properties of GZO 

In situ monitoring of RHEED patterns during the growth of GZO films revealed a strong 

effect of oxygen pressure on the growth mode. For the films grown under the metal-rich 

conditions, streaky RHEED patterns were observed throughout the growth, indicating two-

dimensional (2D) growth mode [Figure 3.3 (a)]. The films grown under the stoichiometric 

conditions showed a gradual change from streaky RHEED patterns in the beginning of 
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deposition to spotty ones, characteristic of three-dimensional (3D) growth [Figure 3.3 (b)], as 

film thickness reached ~100 nm. For the layers grown under the oxygen-rich conditions, the 

RHEED pattern transformed into a spotty one after growing the first 10-15 nm of GZO, and 

short arcs superimposed on the spotty diffraction became visible in the RHEED pattern recorded   

from the 300-nm-thick film, which indicates the presence of polycrystalline material at the film 

surface [Figure 3.3 (c)]. Further increase in PO2 resulted in polycrystalline layers.   

 

Figure 3.3 Typical RHEED patterns recorded for the [11-20] azimuth of GZO films grown at PO2 = (a) 4.5×10-6 
(630-nm film), (b) 8.0×10-6 (300-nm film), (c) 1.5×10-5 Torr (300-nm film), respectively and (d) rocking curves of 
(0002) XRD reflection measured from GZO films grown at different PO2 with comparable film thickness of 300 nm. 

 

The effect of oxygen pressure on the crystal perfection of the GZO films was  revealed by 

XRD: the full width at half maximum (FWHM) of the (0002) rocking curves measured for the 

~300-nm films grown at  PO2 = 1.5×10-5, 8.0×10-6, and 4.5×10-6 Torr are 0.907°, 0.623°, and 

0.488°, respectively [Figure 3.3 (d)]. Thus, the films grown under the metal-rich conditions 

exhibit better crystal quality in terms of FWHM. 
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Figure 3.4 FWHM of (0002) XRD rocking curves measured for GZO layers grown at different PO2 (4.5×10-6, 
8.0×10-6, 1.5×10-5 Torr, respectively) as a function of film thickness. Open symbols are for as-grown films, and 
filled symbols are for annealed films. 

 

Figure 3.4 shows the variation in FWHM of the (0002) XRD rocking curve as a function of 

layer thickness for the as-grown and annealed samples deposited at different PO2. Note that the 

optimum rapid thermal annealing (RTA) conditions are ~600oC in nitrogen environment for 3 

mins in terms of resistivity. In general, the films grown under the metal-rich conditions show 

narrower XRD lines than their counterparts deposited under the near-stoichiometric and oxygen-

rich conditions, indicating the improving crystallinity with reducing PO2. The crystal quality of 

the as-grown GZO films prepared at PO2 = 4.5×10-6 Torr improved further with film thickness 

increasing from 100 nm  to 630 nm, as evidenced from the gradual decrease of the rocking-curve 
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FWHM from 0.67° to 0.41°. To the contrary, for the films grown at higher PO2, the rocking-

curve FWHM first decreases with increasing layer thickness and then increases as the film 

thickness exceeds 300-400 nm, in agreement with the RHEED data, suggesting increasing 

disorder in these films as the growth progresses [Figure 3.3 (b)-(c)].  The XRD rocking-curve 

widths for all the GZO samples decreased upon RTA, insignificantly for the layers grown under 

the metal-rich conditions and substantially for the films deposited under the near-stoichiometric 

and oxygen-rich conditions. Nevertheless, as seen from Figure 3.4, the crystal quality of the 

annealed and even the as-grown layers deposited under the metal-rich conditions is superior to 

that of the annealed samples prepared at higher PO2. 

The effect of oxygen pressure on the crystal perfection of the GZO films was confirmed by 

TEM. Figure 3.5 compares cross-sectional TEM images of the samples grown under different 

oxygen pressures. One can see that the layer deposited under the metal-rich conditions [Figure 

3.5 (a)] is grown epitaxially with a columnar structure composed by slightly misoriented 

domains (smaller than 0.5º). Selective area diffraction (SAD) reveals very strong epitaxial 

relationship between the sapphire substrate and the GZO layer. Predominant extended defects in 

this film are dislocations, which concentration decreases drastically from interface to the surface 

of the structure, since most of the dislocations recombine near the interface and do not penetrate 

further than 100 nm in depth of the GZO layer. The film grown under the oxygen-rich conditions 

has a textured structure [Figure 3.5 (b)], as evidenced by moiré pictures observed in the vicinity 

of the interface. High-angle boundaries are predominant extended defects in this film. SAD 

confirms this observation and reveals the arc structure typical for textured materials. 
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Figure 3.5 Cross-sectional dark-field TEM image of the GZO films grown under (a) metal-rich (PO2=4.5×10-6  
Torr) and (b) oxygen-rich (PO2=1.5×10-5 Torr) conditions. Arrows indicate positions of moiré contrast due to 
overlapping of small grains with different orientation. 

 

3.2.2 Oxygen effects on electrical properties of GZO 

Electrical properties of the films were studied by the Hall-effect method in the van der Pauw 

configuration. The as-grown films deposited under the oxygen-rich conditions showed very high 

sheet resistance, RS, typically in the kΩ/□ range, whereas the sheet resistance of the layers 

deposited under the near-stoichiometric reduces to values of about 100 Ω/□. The as-grown films 

deposited under the metal-rich conditions had the lowest values of the sheet resistance, ranging 

from 4.6 to 30 Ω/□, depending on film thickness [see Figure 3.6 (a)]. Upon annealing, the sheet 

resistance of the layers grown at higher PO2 (1.5×10-5 and 8.0×10-6 Torr) reduced drastically, 

down to values varying from ~20 Ω/□ to several Ω/□ depending on film thickness [see Figure 

3.6 (a)]. In contrast, RTA had virtually no effect on the electrical properties of the GZO films 

grown under the metal-rich conditions which remained very conductive. 

      Figure 3.6 compares the electrical parameters of the as-grown films deposited at PO2 = 

4.5×10-6 Torr with those measured on the annealed layers grown at PO2 = 8 ×10-6 and 1.5 ×10-5 

Torr.  

      Figure 3.6 (b) shows resistivity, ρ, of the GZO films deduced from the measured values of  

��� ���
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Figure 3.6 Thickness dependences of electrical properties of GZO films grown under different oxygen pressures: 
(squares) annealed films grown under oxygen-rich conditions (1.5×10-5 Torr), (circles) annealed films grown under 
near-stoichiometric conditions (8.0×10-6 Torr), and (open triangles) as-grown films deposited under metal-rich 
conditions (4.5×10-6 Torr). 
 

sheet resistance and film thickness, t, ρ = RS×t. One can see that ρ of the films grown under the 

oxygen-rich conditions rises substantially as the film thickness increases, ρ of the layers grown 

under the near-stoichiometric conditions increases only slightly with the film thickness, while ρ 

of the films grown under the metal-rich conditions shows virtually no thickness dependence. The 

lack of thickness dependence in ρ of the films grown under the metal-rich conditions is 

consistent with the RHEED observation of 2D growth mode through the deposition of whole 
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film with different thicknesses. In contrast, for GZO films grown under higher PO2, RHEED 

changed either slowly (8 ×10-6 Torr) or immediately (1.5 ×10-5 Torr) from 2D growth mode to 

3D growth mode as discussed earlier, which both indicate the worse crystal quality with the 

increased film thickness and consequently a film with a non-uniform resistivity  is possible. 

Meanwhile, for a thicker film, the RTA annealing could be insufficient through the whole film 

thickness and result in a non-uniform resistivity as Look et al.98 found.  

Figure 3.6 (c) shows the average electron concentration calculated using the measured sheet 

carrier density and the film thickness under the assumption of uniform dopant distribution in the 

growth direction. The carrier density in the layers grown under oxygen-rich conditions drops 

drastically with increasing film thickness. Even the films grown at low PO2 = 4.5×10-6 Torr show 

a decrease in the average carrier concentration with increasing film thickness. The phenomena 

could be explained as the followings. Figure 3.7 shows the results of secondary ion mass 

spectrometry (SIMS) for undoped ZnO grown at near stoichiometric condition, and GZOs grown 

under metal-rich and oxygen-rich conditions, respectively. The Al concentrations near the 

interfaces in the three cases above-mentioned are high. The high Al concentration near the 

interface between a-plane sapphire and ZnO is caused mainly by Al out-diffusion from the 

substrate while it is not clear why the Al concentration is high near the other interface. Anyway, 

the thinner the GZO layer is, the stronger the effect of Al due to out-diffusion on the average 

electron concentration measured in Hall method since Al and Ga are the same as dopants in ZnO.  

Here it must be pointed out the above-mentioned conclusions assumed the reliability of SIMS 

results but they may not, which need further studies since the SIMS results themselves are 

difficult to understand. The other thing is that TEM revealed the thinner GZO layers are more 

defective due to the ZnO/a-sapphire interface which could result in higher electron  
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Figure 3.7 SIMS results of (a) nominally undoped ZnO on a-plane sapphire grown at near stoichiometric condition 
(8.0×10-6 Torr) and (b) GZO on a-plane sapphire grown at metal-rich (blue color) (4.5×10-6 Torr) and oxygen-rich 
(red color) (1.5×10-5 Torr) conditions. 

 

concentrations for GZO layers with thicknesses around 100 nm. One more thing is the GZO 

thickness measurement error which is typically thought to be within ~25 nm. The big error of 25 

nm compared with a thin layer of 100 nm for GZO will cause the calculated electron 

concentration for thin layers to significantly deviate from the real electron concentration while it 
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will not for a thick GZO layer.  The slightly different average concentrations for GZO layers 

with comparable thicknesses but grown under either metal-rich conditions or oxygen-rich 

conditions could origin from the different PO2 during growth.  

Electron mobility in the GZO layers grown under metal-rich conditions increases with film 

thickness [Figure 3.6 (d)] in agreement with the improved crystal quality deduced from the XRD 

data and the reduced average electron concentration measured from Hall method. The former one 

indicates the reduced effect on mobility from grain boundary scattering and the latter one 

indicates the reduced effect on mobility from ionized impurity scattering. In the layers grown at 

higher PO2, the mobility first increases and then decreases as the thickness increases, which is 

also consistent with the behavior of the XRD rocking curves exhibiting first a decrease and then 

an increase of the FWHM [compare Figure 3.4 and Figure 3.6 (d)]. Detailed studies regarding 

the electron transport in GZO layers will be carry out soon. 

3.2.3 Oxygen effects on optical properties of GZO 

The transmittance spectra from the as-grown and annealed samples grown at different PO2 

but having comparable thickness are shown in Figure 3.8. Transmittance below the ZnO band 

gap was close to 90% in all the studied samples, whereas the position of the transmission was 

sample-dependent. The highest transmittance (more than 95% above 385 nm) was observed for 

the annealed sample grown under metal-rich conditions [see Figure 3.8 (b)]. Figure 3.9 shows a 

real GZO sample grown by MBE under metal-rich conditions on double-sides polished sapphire 

substrate for transparency illustration. The background is a piece of white paper with letters. As 

you can see the GZO is very transparent although it has some light pink color, which is highly 

desired for transparent electrode applications. 
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Figure 3.8 Transmittance of (a) as-grown and (b) annealed GZO grown at different oxygen pressures (Note that 
transmittance higher then 100% is an measurement artifact due to the Fabri-Perrot interference)  
 

 

Figure 3.9 A representative of GZO layers (~300 nm thick) grown by MBE under metal-rich conditions on 
double-sides polished sapphire substrates for transparency illustration.  Note the background is a piece of 

white paper. 
 

The GZO samples grown under the metal-rich conditions demonstrated a strong blue shift 

of transmission edge, both in the as-grown and annealed samples, which is attributed to the 

Burstein-Moss shift of the Fermi level deep into the conduction band. This finding is in 
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agreement with the electrical measurements, revealing the high conductivity of these samples. 

According to the electrical data, the layers grown under oxygen-rich conditions became highly 

conductive only upon RTA, and supportive of these results the transmission edge shifted 

significantly to shorter wavelengths after RTA [see Figure 3.8]. 

 

Figure 3.10 Estimated optical band gap of the as-grown GZO layer grown under metal-rich conditions (4.5×10-6 
Torr) using Tauc’s plot method. 

 

The optical band gap of the as-grown GZO grown under metal-rich conditions was 

estimated using Tauc’s plot by plotting (αhν)2 versus hn (photon energy) and  extrapolating the 

straight line portion near the onset of the absorption edge onto the energy axis.99  As shown in 

Figure 3.10, its optical band gap was estimated to be 3.54 eV which is 0.27 eV larger than that of 

the ZnO control (3.27eV) grown by our MBE system, corresponding to a strong blue shift.  
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 GZO grown under metal-rich condition

α2

hϖ (eV)



 

- 37 - 
 

 

Figure 3.11 PL of as-grown (a) and annealed (b) GZO films grown under different oxygen pressures. 
 

PL spectra of GZO films measured at room temperature before and after annealing are 

presented in Figure 3.11 (a) and (b), respectively. In both cases, the PL spectra from the film 

grown under metal-rich conditions (PO2=4.5×10-6 Torr) exhibits only strong near band edge 

(NBE) emission, broadened and shifted to higher energies (maximum at 3.35-3.4 eV), that agrees 

with the Fermi level position well above the conduction band minimum. To the contrary, the  PL 

spectra of the as-grown GZO films deposited at PO2=8.0×10-6 and 1.5×10-5 Torr show only weak 

NBE emission and a strong, broad defect-related emission around 1.75 eV. The nature of the 

defect-related band needs further studies. After annealing of these two samples, the intensity of 

the defect-related emission decreases, while the intensity of the NBE emission increases by a 

factor of ~30 and the peak maximum shifts significantly to shorter wavelengths, indicating 

improvement of the crystal quality and increase in concentration of free electrons, in a good 

agreement with the electrical and XRD data. Nevertheless, the NBE line from the sample grown 
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under metal-rich conditions shows the strongest blue shift, indicating higher concentration of 

free carriers. 

In short, PO2 has strong effects on the structural, electrical and optical properties of GZO 

films. To achieve higher conductivity and higher transmittance, metal-rich conditions (reactive 

oxygen to incorporated Zn ratio<1) instead of oxygen-rich conditions (reactive oxygen to 

incorporated Zn ratio>1) are required. 

3.2.4 Proposed complex defects in GZO layers grown under oxygen-rich conditions 

To understand why the GZO layer grown under oxygen-rich conditions exhibited a much 

higher resistivity, RTA annealing in nitrogen environment were carried out for a GZO layer 

grown under oxygen-rich conditions (PO2= 1.5×10-5 Torr), which is about 740 nm thick. As 

shown in Figure 3.12 (c), upon the RTA treatment in the temperature range from 400 to 650 ◦C, 

the resistivity of samples reduced from ~4.5×10-2 to ~5.7×10-4Ω·cm. Compared with the as-

grown GZO films grown under oxygen-rich conditions (n ~2×1019 cm-3, µ ~6 cm2/V·s), the 

significant improvement in resistivity after RTA annealing is due to the increase in both the 

electron concentration and the mobility. The increase in both electron concentration and mobility 

for a GZO layer grown under oxygen-rich conditions could be caused by the reduction in 

compensation of the free electrons with some acceptors as pointed out by Look et al.98. As seen 

from Figure 3.12 (a), when annealing temperature increased from 400 to550◦C, the electron 

concentration increased with annealing temperature while the corresponding mobility varied 

around 20 cm2/V·s. Consequently, in this temperature range (region 1) the reduction in resistivity 

is mainly due to the increase in electron concentration. When annealing temperature further 

increased from 550 to 650 ◦C (region 2), the electron concentration gradually decreased which 

could be due to the decrease in structural quality of the material. The increase in electron 
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concentration in region 1 is likely related to the dissociation of some acceptor-like complex 

defects. As seen from Figure 3.13, the temperature-dependent electron concentrations of these 

annealed GZO samples in region 1 follows the Arrhenius law and the binding energy of defect 

complexes was found to be ~0.57 ± 0.2eV. 

 

 

Figure 3.12 RTA annealing temperature effects in nitrogen environment on (a) carrier concentration, (b) mobility, 
and (c) resistivity of a 740 nm GZO layer grown under oxygen-rich conditions (PO2= 1.5×10-5 Torr). 
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Figure 3.13 Determination of binding energy for GZO sample grown under O-rich condition based on temperature-
dependent carrier concentrations. 

 

 

Figure 3.14 Formation energies of defects as a function of the location of Fermi energy (origin is set at the VBM) in 
(a) oxygen rich and (b) oxygen poor environment. Positive (negative) slope corresponds to positive (negative) defect 
charge state. The ends of the formation energy lines correspond to the experimental EF of Ga heavily doped ZnO, 
0.3eV above the CBM (vertical line). [100] 
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Figure 3.14 (a), the formation energy of (GaZn-VZn) acceptor complexes decreases with 

increasing electron concentration in GZO grown under oxygen-rich growth conditions and 

becomes lower than that of the Gazn donors in the degenerate material (at n>5×1018 cm-3). 

Consequently GZO films grown under oxygen-rich conditions as shown in Figure 3.13 have 

lower mobility partially due to higher compensation induced by (GaZn-VZn) acceptor complexes.  

Based on the hybrid functional theory, the binding energy of a (GaZn-VZn) acceptor complex 

was estimated as the formation energy difference of a (GaZn-VZn) complex and its constituents 

(GaZn and VZn). As in the case of the GZO grown under oxygen-rich conditions with n ~2×1019 

cm-3 [Figure 3.12], placing the Fermi level approximately at 0.1 eV below the conduction band 

minimum (CBM), the binding energy of a (GaZn-VZn) acceptor complex is about 0.75 eV, which 

is very close to the one calculated from the experiments (0.57 eV). Therefore, the theoretical 

calculation should be reliable. While for GZO layers growth under metal-rich growth conditions 

[see Figure 3.14 (b)], the Gazn donors have the lowest formation energy within a wide range of 

electron concentrations including the highly degenerate material. Thus, a low compensation level 

is expected in GZO layers grown under metal-rich conditions. 

In short, to achieve highly conductive GZO compensation must be minimized, which will 

significantly increase both electron concentration and mobility. Again, to minimize the 

compensation caused by (GaZn-VZn) acceptor complexes, metal-rich conditions instead of 

oxygen-rich conditions for growth are needed. 

3.3 Ga flux effects on the properties of GZO 
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Ga flux was varied by changing Ga cell temperature (TGa) from 400 to 650oC to investigate 

the Ga flux effects on the properties of GZO layers grown on a-plane sapphire substrate by MBE. 

During depositions for this group of GZO samples, oxygen pressure, plasma power, Zn cell 

temperature, and substrate temperature were kept at 4.5×10-6 Torr (metal-rich conditions), 400 W, 

350°C, and 400°C, respectively. Again, a ~10-nm-thick ZnO buffer layer was grown at a 

substrate temperature of 300°C to provide better nucleation. The following GZO layer 

thicknesses are ~300 nm. 

Figure 3.15 (a) shows a representative RHEED pattern of undoped ZnO grown under the 

optimal condition (PO2=9×10-6 Torr), which streaky RHEED pattern indicates 2D growth mode 

and high crystalline quality for this layer. While the RHEED pattern of undoped ZnO grown 

under the metal-rich condition (PO2=4.5×10-6 Torr) as shown in Figure 3.15 (b) indicates that the 

growth mode and probably the crystalline quality did not change when PO2 was reduced from 

9×10-6 Torr to 4.5×10-6 Torr. After Ga was introduced, the growth mode for GZO layers grown 

under TGa<=600oC is still 2D growth mode [see Figure 3.15 (c)-(e)] while it is obvious 3D 

growth mode indicated by the spotty RHEED pattern [Figure 3.15 (f)] when TGa was further 

increased to 650oC. Note that the RHEED pattern for the GZO layer grown under TGa=500oC 

shows tendency to become 3D growth mode, which could be caused by the variation of the 

growth conditions during growth since the PO2 during growth is not stable. The transition in 

RHEED patterns from streaky lines to spotty dots when TGa was increased from 600 to 650oC 

revealed that the Ga flux at TGa=600oC is close to the optimal condition and further increase in 

Ga flux will degrade the crystal quality and produce rougher surface. One interesting 

phenomenon is that a RHEED pattern like the one in Figure 3.15 (d) for a GZO layer grown 
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under metal-rich conditions along with TGa=600oC could be recovered to one like in Figure 3.15 

(e) with time, which means the surface becomes smoother with doping Ga.  

 

Figure 3.15 RHEED patterns recorded for the [11-20] azimuth of (a) ZnO control grown under PO2=9×10-6 Torr 
(optimal condition for ZnO), (b) ZnO grown under metal-rich conditions (PO2=4.5×10-6 Torr), (c) GZO grown under 
metal-rich conditions and TGa=450oC, (d) GZO grown under metal-rich conditions and TGa=500oC, (e) GZO grown 
under metal-rich conditions and TGa=600oC, and (f) GZO grown under metal-rich conditions and TGa=650oC, which 
all have a thickness ~300nm. 

 

The similar RHEED evolutions with Ga flux discussed above were also observed by Han 

et al.101 who varied Ga cell temperatures from 350 oC to 470 oC and found the Ga cell 

temperature of 440 oC is the highest cell temperature to achieve highly epitaxial single crystalline 

a-plane ZnO grown on r-plane sapphire substrates by MBE [Figure 3.15 vs. Figure 3.16]. As 
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illustrated in Figure 3.16 (f), when Ga cell temperature was increased to 470 oC the layers 

showed strong polycrystalline features. Han et al.101 also claimed that the surfaces of Ga doped 

ZnO achieved at Ga cell temperatures below 440 oC are smoother than the undoped ZnO 

revealed by both RHEED and AFM. According to Han et al.101 AFM revealed that the root-

mean-square surface roughness of the undoped ZnO is about 2.2 nm while those of Ga-doped 

ZnO are between about 1.7 and 0.7 nm, which reduces with the increase in Ga cell temperature 

for TGa <440 oC. 

 

Figure 3.16 RHEED patterns from (a) undoped a-plane ZnO film and Ga-doped ZnO films grown with different Ga 
cell temperatures of (b) 350 oC, (c) 380 oC, (d) 410 oC, (e) 440 oC, and (f) 470 oC. (after Han et al.[101 ]) 
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      Figure 3.17 shows the FWHM of the (0002) XRD rocking curve verses the Ga flux by our 

MBE system. In general, the layers including both ZnO samples and GZO samples with good 

streaky RHEED patterns as shown above [Figure 3.15 (a)-(c) and (e)] exhibited relatively 

smaller FWHM values. The GZO layer grown under TGa=650oC shows the largest FWHM value 

of 0.48o while the one grown under TGa=500oC is the second largest, which are consistent with 

their RHEED patterns. For other GZO layers, their FWHM values are even smaller than those of 

the ZnO control samples.  

 

Figure 3.17 FWHM of (0002) XRD rocking curves measured for ZnO control samples grown under PO2=9×10-6 
Torr (square in green) and PO2=4.5×10-6 Torr (square in red) and GZO layers grown under metal-rich conditions 
(PO2=4.5×10-6 Torr) but different TGa varying from 425oC to 650oC. 
 

With not taking into account the GZO layer grown under TGa=500oC, the trend for the 

effects of TGa on FWHM values was similar to that observed by Han et al.101, indicating that at 

lower Ga flux Ga doping helps improve the crystal quality but at a Ga flux higher than some 

level limited by the Ga solubility in ZnO the extra Ga will degrade the crystal quality, probably 

due to the defective grain boundaries. The achieved smaller FWHM values of lightly doped GZO 

400 500 600 700
0.30

0.35

0.40

0.45

F
W

H
M

 o
f (

00
02

) 
Z

nO
 (

de
gr

ee
)

T
Ga

( degree C)

undoped ZnO
 reference
(Ga cell at standby 
temperature)



 

- 46 - 
 

or the improvement in their crystalline quality could be explained as the relief of strain in lattice 

distortion. Figure 3.18 illustrates the epitaxial relationship between ZnO and a-plane sapphire 

substrate. It is easy to see that along ZnO [11-20] or sapphire [0001] direction the lattice 

mismatch is almost zero (12.99 Å~4×3.25 Å). While along the [1-100] direction of either ZnO or 

sapphire, the lattice mismatch is huge (5.63 Å vs. 8.22 Å) which could cause significant lattice 

distortion. After doping with Ga, the lattice distortion could be reduced since the radius of Ga3+ 

ion is smaller than that of Zn (0.62 Å vs. 0.74 Å). This hypothesis has to be examined carefully 

because the small difference in FWHM values of doped and undoped ZnO could also originate 

from the measurement errors.  

 

Figure 3.18 Schematic of in-plane epitaxial relationship between ZnO and a-plane sapphire substrate. 
 

Figure 3.19 shows the electrical properties of the above-mentioned samples grown by our 

MBE system. As seen, the ZnO control sample grown under the optimal conditions (PO2=9×10-6 

Torr) exhibited a low electron concentration of ~1×1017 cm-3 and a high mobility of ~72 cm2/V·s, 

which both are superior to those for the ZnO sample grown under metal-rich conditions in terms 
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of defects. This observation is consistent with their FWHM values as shown in Figure 3.17. 

When Ga was introduced, the electron concentration for all GZO layers is much higher than 

those ZnO samples. When TGa was increased from 425 to 600oC, the electron concentration and 

mobility first increased and then virtually saturated. While when TGa was further increased to 

650oC, the electron concentration kept almost unchanged but mobility reduced. The lowest 

resistivity achieved is at TGa=600oC, which is slightly lower than 2×10-4 Ω·cm, and consequently 

TGa=600oC is the best condition for Ga flux. The similar dependences of carrier concentration, 

mobility, and resistivity on Ga cell temperatures to our experimental data are also observed by 

Han et al.101, where the electron concentration saturated at a lower value of ~3×1020 cm-3. 

 

Figure 3.19 Electrical properties of ZnO control samples grown under PO2=9×10-6 Torr (square in green) and 
PO2=4.5×10-6 Torr (square in red), and GZO samples grown under metal-rich conditions (PO2=4.5×10-6 Torr) but 
different TGa varying from 400oC to 650oC. 
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In order to get some more needed light on the effects of Ga flux, temperature-dependent 

Hall (TDH) measurements in the van der Pauw configuration were carried out for 3 GZO layers, 

which were grown under TGa=425 oC, 450 oC, and 600oC, respectively. These layers have smaller 

FWHM values than those of the control ZnO layers and their electron concentrations are in the 

range of 1018 cm-3, 1019 cm-3, and 1020 cm-3, respectively. As shown in Figure 3.20 (a), their 

electron concentrations are temperature-independent in the investigated temperature range of 

15K to 330K, indicating of their degeneracy nature. Their electron concentrations are 9.2×1020 

cm-3, 5.5×1019 cm-3, and 6×1018 cm-3, respectively. However, their temperature-dependent 

mobility curves are totally different. Although their RT mobilities are comparable, the LT 

mobility for GZO layer grown under TGa=600oC is much higher than that for GZO layer grown 

under TGa=450oC while the latter one is much higher than that for GZO layer grown under 

TGa=400oC. As shown in Figure 3.20 (c), the GZO layer grown under TGa=600oC initially shows 

an increase in mobility with decreasing temperature down to ~150 K which then becomes almost 

invariant at low temperature (LT). As shown in Figure 3.20 (b), the GZO layer grown under 

TGa=600oC shows metallic behavior, which means the resistivity is temperature-independent at 

LT while it almost linearly increases with temperature at high temperature (HT). In contrast, the 

GZO layer grown under TGa=425oC shows semiconductor-like behavior although it is also 

degenerate since it exhibits a temperature-activated mobility [Figure 3.20 (c)] and a negative 

temperature coefficient of resistivity [Figure 3.20 (b)]. The GZO layer grown under TGa=450oC 

is the transition one between the GZO layer grown under TGa=400oC and the GZO layer grown 

under TGa=600oC. As seen in Figure 3.20 (c), its mobility is almost temperature-independent. Its 

resistivity first decreases with temperature (semiconductor-like) and then increases with 

temperature (metallic behaviour). The scattering mechanisms controlling the electron transport in 
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GZO layers with different electron concentrations grown under different TGa and PO2 will be 

discussed in more details later. 

 

Figure 3.20 Temperature-dependent Hall measurements for selected GZO layers grown under metal-rich conditions 
(PO2=4.5×10-6 Torr) but with TGa=425oC, 450oC, and 600oC, respectively. [Note: (d) is the enlarged one in (c) for 
TGa=450oC.] 
 

3.4 Substrate temperature effects on GZO properties 
 

The effects of substrate temperatures on GZO properties have been investigated on GaN 

substrates instead of a-sapphire substrates. This is because GZO will be applied in InGaN based 
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investigate the effects of substrate temperatures, which will provide more accurate information to 

achieve the best device performance. 

InGaN LED structures with top p-type GaN layer grown on c-plane sapphire in a vertical 

low-pressure metalorganic chemical vapor deposition (MOCVD) system were used as substrates 

to investigate the substrate temperature effects on GZO properties.  The top p-type GaN:Mg 

layers are about 100 nm thick, which were grown at substrate temperature of 950 oC and 

MOCVD chamber pressure of 200 Torr. Before loading into the MBE system for GZO growth, 

p-GaN templates have been activated by rapid thermal annealing in N2 environment. Hall 

measurements performed after the activation on a calibration p-GaN layer indicated a hole 

concentration of ~7×1017 cm-3. To prevent oxidation of the GaN surface in MBE chamber 

before growth, the GaN substrate has been kept under Zn flux before oxygen is allowed into the 

MBE chamber and plasma source is turned on. 

The growth procedure and growth parameter except substrate temperature for GZO growth 

are the same as those for GZO growth on a-sapphire substrate under metal-rich conditions (PO2 = 

4.5×10-6 Torr and TGa=600oC). The substrate temperature for GZO growth was varied from 200 

to 450 oC to investigate the substrate temperature effects. The film thicknesses were controlled to 

be 200-300 nm. 

Figure 3.21 shows the effects of substrate temperatures on electrical properties of as-grown 

GZO layers grown on LED structures under oxygen pressure of ~4×10-6 Torr. As seen from 

Figure 3.21 (a), carrier concentration varied from ~9×1020 to ~4×1020 cm-3 and in general 

decreases with increasing substrate temperature, mobility increases from ~ 25 cm2/V·s to ~ 57 

cm2/V·s with the increasing of substrate temperature. The substrate temperature has only a 
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moderate effect on the resistivities of GZO layers. The optimum trade-off between carrier 

density and mobility resulting in a resistivity as low as ~2.3×10-4 
Ω·cm has been achieved for the 

GZO films grown at substrate temperature of 350°C.  

 

Figure 3.21 Substrate temperature effects on resistivities of as-grown GZO layers grown on 200-Torr p-GaN 
under oxygen pressure of ~4×10-6 Torr by MBE. 
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diameter and ~150 nm in height were formed on the top of relatively smooth underlying GZO 

surface [Figure 3.22 (b)] resulting in RMS ~16.2 nm. Further increase in substrate temperature to 

400°C gives rise to the larger density of 3-dimensional islands [Figure 3.22 (c)] and, RMS value 

increases to ~19.1 nm. The rough surface of GZO layer with the typical island size of the order 

of light wavelength is desirable for enhancing the light extractions from LEDs as it assists to 

scatter photons propagating at large angles to the surface normal towards the surface. Therefore, 

our results indicate that the GZO layers grown at 350-400°C should provide the best 

performance as electrodes to p-GaN in terms of both of electrical properties and the ability to 

enhance the photon extraction.  

 

Figure 3.22 Effects of substrate temperatures of (a) 200°C, (b) 285°C, and (c) 400°C on surface morphology of 
GZO layers grown on 200-Torr p-GaN. 

 

3.5 Summary of MBE growth parameter effects and the thermal stability of 
highly conductive and transparent GZO grown under metal-rich conditions 
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One more important thing we have to consider is the thermal stability of GZO for real 

application. The thermal stability of conductivity of highly conductive GZO (n=~9×1020 cm-3, 

RT µ=~42 cm2/V·s) grown under metal-rich conditions was investigated using post-thermal 

annealing in oxygen environment. Figure 3.23 illustrates the electrical properties of the GZO 

layer annealed at different temperatures varying from 475 oC to 600 oC. When the annealing 

temperature increases from 475 oC to 550 oC the electron concentration dramatically drops with 

temperature while when the annealing temperature further increases the electron concentration 

virtually saturates. Although the annealing time has some effect, the whole tendencies in the 

effect of annealing temperatures on the electron concentrations are similar for different annealing 

times. The mobilities for the GZO layers annealed at higher temperatures are generally lower 

than those for the GZO layers annealed at lower temperatures as seen in Figure 3.23 (b). The 

resistivity of the GZO layer annealed at 475 oC even for 2 hours is just slightly higher than that of 

the corresponding as-grown GZO layer. Therefore, the GZO films grown under metal-rich 

conditions are thermally stable in conductivity up to 500 oC, which is better than the previously 

reported ZnO-based TCOs (up to 400 oC)102,103. The reduction in electron concentration with 

annealing in oxygen environment is probably because ZnO based films can absorb the oxygen 

atoms under high temperature oxidation environment, which prefer to stay at grain boundaries, 

and thus induces the acceptor-like interface states which trap free electrons.39,104,105 The high 

mobilities for the GZO films annealed at a temperature below 520 oC could due to the weak 

effects from compensation caused by the acceptor-like interface states and grain boundary 

scattering while they appear to become dominant for GZO films annealed at temperature higher 

than 520 oC. 
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Figure 3.23 Effects of post-growth thermal annealing in oxygen environment on the electrical properties of highly 
conductive GZO (n=~9×1020 cm-3, RT µ=~42 cm2/V·s) 
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Chapter 4 Applications of GZO as Transparent Electrodes in 
InGaN-LEDs and Effects of GaN Templates on GZO Properties 

 

4.1 Applications of GZO as transparent electrodes in InGaN-LEDs 
 

4.1.1 Growth of GZO on LED templates 

 
The InGaN/GaN quantum well LEDs with GZO transparent p-electrode (referred below as 

GZO-LEDs) have been fabricated as follows [Figure 4.1]. The active-region structures consisting 

of 6 In0.14Ga0.86N quantum wells 2 nm thick separated with In0.01Ga0.99N barriers, were designed 

to emit at 400–410 nm were grown on (0001) sapphire substrates in a vertical low-pressure 

metalorganic chemical vapor deposition (MOCVD) system. The barrier thickness in the multiple 

quantum well regions was chosen to be 12 nm to encourage efficiency droop at high injection 

currents for investigative purposes. GZO transparent electrodes were grown epitaxially on the 

top p-type GaN of the LED structures by plasma-assisted MBE at a substrate temperature of 

400oC under metal-rich conditions (metal (Ga+Zn) to oxygen ratio >1). The thickness of GZO 

films was controlled to be ~400 nm. These conditions are consistent with the best growth 

conditions for GZO on a-sapphire substrates by MBE, producing resistivities below 3 × 10-4 Ω 

cm and transparency as high as ~95% in the visible range 

For comparison, InGaN-based LED sturcures with 5 nm Ni/5 nm Au transparent p-electrode 

(referred below as Ni/Au-LEDs) have been fabricated [Figure 4.1]. The detailed fabrication 

information can be found else and the mesa size is 250 µm in diameter. 106 Again, structural 

properties were characterized by XRD and surface morphology of the GZO films were assessed 

from AFM, scanning electron mictroscopy (SEM) measurements. Electrical properties were 
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studied by Hall effect measurements using the van der Pauw configuration and current-voltage 

(I-V) measurements. RTA was employed to investigate post-annealing effects on GZO properties 

and LED performance, respectively. Relative EQE of the LEDs with the GZO electrodes and 

control LED structures with thin Ni/Au top electrodes were assessed from pulsed and CW 

electroluminescence (EL) measurements. 

 

 

Figure 4.1 The schematic diagram of the InGaN/GaN LED structure with TCO (GZO or Ni/Au) as transparent 
electrode along with its band structure (GZO also serves as the current spreading layer). 
 

4.1.2 Structural properties of GZO grown on LED templates 

As seen from Figure 4.2, GZO grows epitaxially on GaN with GZO [0001]//GaN [0001] and 

GZO [10-11]// GaN [10-11]. From the symmetric two-theta omega scan as illustrated in Figure 

4.2 (a) and using the sapphire substrate as a reference, the c lattice constants of GZO films were 

calculated to be 5.208 Å. While from skew-symmetric two-theta omega scan of (101) reflection 

shown in Figure 4.2 (b), the a lattice constants of GZO were calculated to be 3.256 Å by using 

GaN as a reference and the c lattice constant found from the symmetric scan. The calculated 



 

- 57 - 
 

lattice parameters of GZO grown on p-GaN are very close to those of bulk ZnO, indicating very 

low lattice distortion even in ZnO films with very high Ga concentrations. 

 

Figure 4.2 Epitaxial relationships between ZnO and GaN templates. (GZO [0001]//GaN [0001] and GZO [10-11]// 
GaN [10-11]). 
 

 

Figure 4.3 Typical surface morphology of GZO layer grown on top p-GaN (0001) by AFM. 
 

AFM measurements showed that the surfaces of the GZO films grown on the top p-GaN are 

rough and the root mean square (RMS) roughness of these GZO layers varies from 10 to 20 nm. 
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As an example, Figure 4.3 shows a typical AFM image of these GZO films, which has a RMS of 

~17 nm. As seen from Figure 4.3, well defined islands were formed on the relatively smooth 

GZO surface during growth.  

Figure 4.4 shows a bright-field TEM image of one GZO-LED layer with similar surface 

morphology as shown in Figure 4.3.  As seen from this TEM image the GZO surface is rough. 

These rough surfaces of GZO layers are thought to be helpful in photon extractions from LED 

active regions since they could scatter more photons out of the LEDs. TEM studies also show 

that dominating defects in the GZO layers grown in 3-dimensional growth mode are low-angle 

grain boundaries and threading dislocations. The averaged grain size is 80±40 nm. Grain 

boundary scattering could be one of the main mechanisms limiting the carrier transport in GZO. 

Threading dislocations in GZO layer are the direct consequence of the threading dislocations in 

GaN which originated from the GaN-sapphire interface due to the large lattice mismatch.  

 

Figure 4.4 TEM image of one GZO-LED in the bright field mode. 
 
 

4.1.3 Electrical properties and optimization of series resistance of GZO-LEDs 



 

- 59 - 
 

Room temperature Hall measurements show that the as grown GZO layers on p-GaN have a 

resistivity of below 3×10-4 Ω-cm. RTA annealing in nitrogen environment can reduce their 

resistivity to below 2×10-4 Ω-cm. The low resistivity of GZO is the basis for current spreading in 

LED applications. Typically, the GZO sheet resistance itself was found by RT Hall 

measurements to be ~5 Ω before the n-type contact (Ti/Al/Ni/Au contacts on n-type GaN) was 

fabricated in these LED structures. 

Figure 4.5 presents the results of transport measurements for the 400-nm-thick GZO films as 

a function of RTA annealing temperature starting from 625 °C. As the annealing temperature 

increases, the sheet resistance and, consequently, resistivity first drops reaching the minimum 

value of ~1.9 x 10-4 Ω cm for the samples annealed at 675 °C and then significantly increases. 

 
The carrier density increases initially as the annealing temperature rises, and then reduces 

dramatically from ~8.6 to ~3.5 × 1020 cm-3 as annealing temperature increases from 675 to 

800 °C, while Hall mobility increased throughout the whole temperature range, from ~27 cm2/V-

s in the as-grown sample to ~40 cm2/V-s in the sample annealed at 800°C. The increase in 

mobility is attributable to improvement of the crystal quality of GZO upon high-temperature 

annealing. Although it is generally believed that scattering on ionized impurities is the main 

factor determining mobility in heavily doped materials,107 Minami et al. have pointed out that 

crystallinity can also affect mobility for TCOs with carrier concentration in the range of 1020-

1021 cm-3.108 Thus, in terms of electrical properties of the GZO layers, the optimum annealing 

temperature is 675 °C. However, the optimum temperature for annealing of Ti/Al/Ni/Au contacts 

used for n-type GaN in the LED structures is 800 °C, which can deteriorate the resistivity and 

consequently the sheet resistance of GZO transparent electrode. As indicated in the above 

mentioned example of RTA annealing effects, the sheet resistance of GZO annealed at the 
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temperature of 800 °C is higher than 10 ohms which will definitely reduce the ability of GZO p-

electrode to spread current.  Therefore, a trade-off between the resistances of p- and n-side 

contacts should be made to achieve the best performance of the LEDs, unless GZO films are 

deposited after the n-contact anneal.  

 

Figure 4.5    (a) Sheet resistance, (b) carrier concentration, (c) resistivity, and (d) electron mobility of 
400-nm-thick GZO films vs. RTA annealing temperature. 
 

Prior to electrical characterization of the InGaN LEDs, we evaluated the current-voltage 

characteristics between the GZO and p-GaN layers. As clearly seen in the Figure 4.6, the as-

grown GZO shows ohmic behavior on p-GaN layers without metal contact pads deposited on the 

top of GZO. The detailed information regarding the I-V characterizations can be found 

elsewhere.106 The GZO layer annealed at the optimum condition of 675 °C in nitrogen 

environment as mentioned earlier should behave more ohmic since the resistivity is considerably 

reduced compared with the as-grown one and therefore the same I-V characterizations on 

annealed GZO layers as shown in Figure 4.6 grown on p-GaN template were not repeated. 
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Figure 4.6 Current-voltage (I-V) characteristics of the GZO contacts on p-GaN measured in transmission lines 
patterns having 40 µm contact spacing. 
 

Figure 4.7 shows I-V and pulsed EL characteristics measured for GZO-LEDs annealed at 

temperatures of 675, 780, and 800 °C, respectively. One can see that the annealing temperature 

has a minor effect on the I-V characteristics of the GZO-LED. The operating voltage of the 

GZO-LEDs is very close to each other, which is ~ 3.2 V. The slope of the I-V characteristics and, 

consequently, the dynamic series resistances of these GZO-LEDs are also comparable. However, 

the EL characteristics exhibit a strong dependence on the annealing temperature (Figure 4.7). 

The GZO-LED annealed at 675 °C shows the highest maximum EQE as compared to those 

annealed at 780 °C and 800 °C. Even the small difference of annealing temperatures between 

780 °C and 800 °C causes a considerable difference in their EQEs. It should be mentioned that 

three regions of the LED structure, which are n-contact, active region, and p-contact, contribute 

to I-V characteristics, and annealing can cause drastic changes in their resistances. Therefore, a 

complex interplay between contributions, first of all, p-contact and n-contact can be responsible 

for insignificant changes of the resulting I-V curves, whereas the balance between injected 

electrons and holes can change substantially. In addition, the optical transmittance of the GZO 
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layer could be also changed upon thermal treatment. Further studies are needed to gain insight 

into the genesis of this dramatic effect of annealing on device performance of GZO-LEDs. 

 

Figure 4.7 RTA annealing effects on current-voltage (I-V) and pulsed electroluminescence (EL) measurements of 
GZO-LEDs.    

 

4.1.4 Comparisons between GZO-LEDs and Ni/Au LEDs 

 

Figure 4.8 Relative external quantum efficiency vs. current density and current vs. voltage for LEDs with Ni/Au and 
GZO p-contact layers. 
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Figure 4.8 shows the I-V and pulsed EL characteristics which are very repeatable and thus 

only one of each curves is shown for clarity. The GZO-LEDs have virtually the same vertical 

series resistance (typically ~18-22 Ohm) as that of the Ni/Au-LEDs (typically ~17-23 Ohm). It 

can also be seen that the forward voltage measured at 20 mA is 3.5 V and 3.7 V for GZO-LEDs 

and Ni/Au-LEDs, respectively. The EQE of the GZO-LED is 1.7-2 times higher than that of 

Ni/Au-LED at high current densities due to what we believe GZO’s relatively higher 

transparency. In addition, the rough surface as shown earlier could assist photons propagating at 

high angles to the surface normal to escape from the LED due to multiple scattering, which will 

increase the extraction efficiency and hence the EQE of the GZO-LEDs. Moreover, as seen from 

Figure 4.8 GZO-LEDs can withstand much higher current densities (4700 A/cm2) than that of 

Ni/Au LEDs (3500 A/cm2) under pulsed mode.  

 

Figure 4.9 Light emission images of GZO-LEDs and Ni/Au-LEDs under different DC currents (a) and under 
injection current of 100 mA for different times. 

Figure 4.9 a) illustrates the light emission of GZO-LEDs and Ni/Au-LEDs under different 

DC currents. The filamentation phenomenon due to the non-uniform distribution of current is 



 

- 64 - 
 

clearly seen for Ni/Au-LEDs at an injection current of 50 mA (159 Acm-2) while it is not seen for 

GZO-LEDs even at an injection current of 100 mA (318 Acm-2). Figure 4.9 b) compares the time 

evolution of the light emitting of GZO-LEDs and that of Ni/Au-LEDs under the same injection 

current of 100 mA. In short, GZO-LEDs have many advantages over Ni/Au-LEDs which can be 

found elsewhere.106,109 

So far what I have discussed is related to GZO-LEDs with a mesa size of 250 µm in 

diameter. To further illustrate that GZO layer is good as a current spreading layer which can 

eliminate the filamentation phenomenon, GZO-LEDs with a mesa size of 400 µm × 400 µm 

were fabricated. Figure 4.10 illustrates the uniform light emission of GZO-LEDs with a mesa 

size of 400 µm × 400 µm but with different metal grids, which clearly shows GZO is a 

promising TCO as transparent electrodes in LED applications. 

 

Figure 4.10 Pictures of uniform light emission of GZO-LEDs with a mesa size of 400 µm × 400 µm but with 
different metal grids (note: the applied injection DC current is 50 mA and the exposure time is 5 ms). 

 

4.2 Effects of morphologies of p-GaN layers on GZO properties 
 

In addition to the high conductivity and high transparency required, the surface morphology 

of GZO/AZO is also an important factor to be considered, which could have considerable effect 
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on device performance. For example, rough surface is desired to improve the photon extraction 

efficiency and consequently the external quantum efficiency in GaN-based LEDs. In contrast, 

very smooth GZO/AZO surface (the surface roughness should be very small compared with the 

emitting wavelength) is required to reduce the optical loss in GaN-based vertical cavity surface-

emitting lasers (VCSELs). It is consequently important to investigate the effects of GaN 

templates on the properties of GZO/AZO. 

Again, InGaN-LEDs with p-GaN on the top as discussed above were used as the bases for 

GZO growth. However, the p-GaN layers were grown at substrate temperature of 950 °C with 2 

different chamber pressures of 200 and 400 Torr, respectively. All procedures for GZO growth 

are the same as I used before to achieve highly conductive and transparent GZO layers and 

therefor are not repeated. 

4.2.1 Effects of morphologies of p-GaN layers on GZO structural and optical properties 

 

Figure 4.11 Surface morphologies of (a) 200 Torr p-GaN, (b) 400 Torr p-GaN. 
 

Figure 4.11 (a) and (b) show the AFM images of two examples of p-GaN layers grown 

under substrate temperature of 950°C but different MOCVD chamber pressures of 200 and 400 

Torr, respectively. AFM measurements showed the root-mean-square (RMS) surface roughness 

of 0.6 nm and 0.4 nm for p-GaN grown at 200 Torr and 400 Torr, respectively. Atomic steps are 
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clearly seen for the 400-Torr p-GaN [Figure 4.11 (b)], indicating better quality.  

 

Figure 4.12 RHEED patterns taken along [1-100] azimuth from (a) 200 Torr p-GaN, (b) 400 Torr p-GaN, (c) 3D 
GZO on 200 Torr p-GaN, and (d) 2D GZO on 400 Torr p-GaN. 

 
The in situ monitoring of GZO growth with RHEED revealed a strong effect of the p-GaN 

surface morphology on the growth mode and surface morphology of the resultant films. Figure 

4.12 (a) and (b) shows the RHEED patterns of 200-Torr p-GaN and 400-Torr p-GaN templates, 

respectively. The GZO layers grew in a 3D growth mode on 200-Torr p-GaN templates, while 

2D growth mode was observed for the layers on 400-Torr p-GaN. AFM data are in a good 

agreement with RHEED observations. Figure 4.13 (a) and (b) show the surface morphologies of 

two GZO layers grown on the top of 200-Torr p-GaN and 400-Torr p-GaN, respectively. As seen 

from Figure 4.13 (a), the layer grown on 200-Torr p-GaN is featured by a very rough surface 

with an RMS surface roughness of 10.7 nm. The GZO layer is composed of dense islands 

typically 200-250 nm in diameter and 150 nm in height. In contrast, the layer grown on the top of 

400-Torr p-GaN with pronounced atomic steps show a smooth surface with an RMS roughness 

of about 2 nm [Figure 4.13 (b)]. 
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Figure 4.13 Surface morphologies of (a) 3D GZO on 200 Torr p-GaN, and (b) 2D GZO on 400 Torr p-GaN. 

 

Figure 4.14 TEM data of GZO (a) on 200-Torr p-GaN and (b) on 400-Torr p-GaN. 
 

 
Figure 4.14 (a) and (b) show STEM data for GZO layers grown on 200-Torr p-GaN and 400 

Torr p-GaN, respectively. Grain boundaries are visible in both Figure 4.14 (a) and (b) but the 

surface morphologies are different. The results of surface roughness are consistent with those 

from AFM measurements and RHEED characterizations. 

Figure 4.15 shows symmetric (0002) XRD two-theta omega scans for GZO layers grown on 

200-Torr p-GaN and 400-Torr p-GaN, respectively, as discussed above. As seen clearly from the 

figure, the GZO layers grown on different p-GaN templates show a large difference in peak 

positions indicating different c lattice parameters. Similar phenomenon was also observed for 

skew-symmetric (1101)XRD reflections which are not shown here. 
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Figure 4.15 XRD 2θ-ω scans of GZO layers grown on 200-Torr (dashed) and 400-Torr p-GaN (solid). 
 

 

5 GZO layers grown on 200-Torr p-GaN (in 3D growth mode) and 3 on 400-Torr p-GaN (in 

2D growth mode) were analyzed. The c lattice constants were determined from symmetric XRD 

scans using the (0006) reflection from sapphire substrate as a reference. The a lattice constants 

were calculated from inter-plane distances found from skew-symmetric two-theta omega scan of 

(1100)reflection by using the GaN reflection as a reference and the c lattice constants found 

from the symmetric scans. The c lattice constants of GZO layers grown on 400-Torr p-GaN 

(5.220-5.222 Å) are much larger than those of GZO layers grown on 200-Torr p-GaN (5.200-

5.210 Å). The c lattice constants of GZO on 400-Torr p-GaN are substantially larger than the 

bulk ZnO c lattice parameter equal to 5.206 Å, while the c lattice constant of GZO deposited on 

200-Torr p-GaN is comparable to or slightly smaller than the bulk value. In-plane a lattice 

constant for the GZO layers grown on different p-GaN templates shows comparable variations as 

in c lattice constant in terms of percentage: a ≈ 3.25 Å for GZO on 400-Torr p-GaN which is 

virtually coincide with the bulk a lattice parameter of ZnO, while this value is slightly higher (a 
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≈ 3.26 Å) for GZO on 200-Torr p-GaN templates. Full width at half-maximum (FWHM) of the 

(0002) XRD rocking curves measured on GZO layers on 400-Torr p-GaN layers are ranging 

from 0.07 to 0.09 degree which is much smaller than FWHM for GZO on 200-Torr p-GaN 

varying in a range of 0.13-0.2 degree. This finding suggests lower density of extended defects in 

GZO layers grown on 400-Torr p-GaN. The origin of the observed variations in lattice constants 

and FWHM of XRD rocking curves induced by underlying p-GaN layers are not fully 

understood yet.  

 

 

Figure 4.16    Transmittance spectra of GaN/sapphire template, GZO/template, and the ratio of (GZO+GaN)/GaN. 
 

 

Although the morphologies of p-GaN templates have strong effects on GZO structural 

properties as revealed by RHEED, SEM, TEM, and XRD, the transmittance of GZO grown on 

200-Torr p-GaN is comparable to that of GZO grown on 400-Torr p-GaN, which average value is 

above 95% in the visible range as shown in Figure 4.16. 
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Carrier concentrations in the GZO layers grown in both 2D and 3D growth modes are 5-to-6 

×1020 cm-3, while Hall mobilities are higher in the layers grown in 2D mode on 400-Torr p-GaN 

templates (~90 cm2/V-s vs. ~45 cm2/V-s).  As a result, resistivities in the GZO layers grown on 

400-Torr p-GaN are ~ 1.5×10-4 Ω cm, which is lower than the values of ~ 2×10-4 Ω cm obtained 

for 3D GZO on 200-Torr p-GaN. However, the mobility magnitudes and, consequently, the 

resistivities are likely overestimated and underestimated, respectively, because of possible 

parallel conduction through the n+ GaN layer of the LED structure located below p-GaN. To 

confirm the concern of overestimating the mobility in GZO layers, temperature-dependent Hall 

measurements were performed for GZO layers grown on LED templates.  

Figure 4.17 (a) shows the temperature-dependent electron concentrations measured by Hall 

method in Van der Pauw configuration, which temperature-dependence is inconsistent with that 

for degenerate TCOs since the electron concentration is temperature-independent due to the 

degeneracy. Meanwhile, the temperature-dependence of mobilities for GZO grown on LED 

templates is also abnormal. For TCOs, the typical temperature-dependent mobility curve has two 

distinct parts and the part for T below about 150 K is temperature-independent while the other 

part for T above 150 K exhibits a tendency of decrease with temperature. The abnormal 

phenomena therefore prove that the measured electrical properties for GZO layers were affected 

by the underlying LED templates. However, in comparison between GZO grown on 200-Torr p-

GaN and GZO grown on 400-Torr p-GaN templates, the effect of 200-Torr p-GaN template is 

smaller as shown in Figure 4.17. This observation is consistent with PL measurements. 
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Figure 4.17 Temperature-dependent (a) electron concentrations and (b) mobilities measured by Hall 
measurements. 
 

As shown in Figure 4.18, the PL profile of GZO layer grown on 200-Torr p-GaN template is 

similar to that of GZO grown on a-plane sapphire substrate, indicating the effect of 200-Torr p-

GaN template on GZO properties is small. In contrast, the PL profile of GZO grown on 400-Torr 

p-GaN template showed a strong peak around 2.25 eV (Yellow band from GaN), which indicates 

that the underlying GaN layers (probably p-GaN grown under 400-Torr) are wrong and have 

strong effects on GZO electrical property measurements. 
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In an effort to eliminate the effects of the underlying GaN layers and consequently to get 

accurate GZO electrical properties, RTA annealing in nitrogen environment were employed for 

GZO layers grown on both 200-Torr p-GaN and 400-Torr p-GaN templates above mentioned. 

Temperature-dependent Hall measurements indicated that RTA annealing can only eliminate the 

effect of 200-Torr p-GaN templates on measured GZO electrical properties. This should be due 

to the high material quality of GaN layers in 200-Torr p-GaN template as compared with 400-

Torr p-GaN template as shown in Figure 4.18. 

 

Figure 4.18 Comparisons of PL measurements for GZO grown on 200-Torr p-GaN, 400-Torr p-GaN, and a-
sapphire substrates. 
 

 

Figure 4.19 compares the electrical properties of GZO layer grown on 200-Torr p-GaN 

before and after RTA annealing in nitrogen environment. After annealing, the electron 

concentrations are visually temperature-independent with small random variations at some 

temperatures. At the same time, the temperature-dependent mobility curve exhibits the similar 

temperature-dependence as those from typical TCOs. For this special GZO layer, the RT electron 
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concentration, mobility, and resistivity are ~5×1020 cm-3, ~45 cm2/V-s, and ~ 2.7×10-4 Ω cm, 

respectively, which are reasonable. 

 

Figure 4.19 RTA annealing effects to eliminate the effects of 200-Torr p-GaN template on measured GZO 
electrical properties of (a) electron concentration, (b) mobility, and (c) resistivity. 
 

 

On the other hand, GZO layers were grown again on new LED templates which still used 

400 Torr for p-GaN growth but the substrate temperature was increased to 1030oC instead of 

930oC (400-Torr-1030 oC p-GaN templates). The 400-Torr-1030 oC p-GaN templates were found 

to have comparable surface roughness to that of previously 400-Torr p-GaN, where atomic steps 

are clearly seen from AFM measurements. The GZO layers grown on 400-Torr-1030 oC p-GaN 

templates have very smooth surface as indicated by the 2D growth mode characterized by 
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RHEED. Figure 4.20 illustrates the XRD characteristics of GZO with a thick ZnO buffer layer (5 

nm LT ZnO+50 nm HT ZnO) grown on the 400-Torr-1030 oC p-GaN template. Noting the small 

lattice mismatch between ZnO and GaN, the XRD scans were carried out in triple-axis mode in 

order to distinguish the peaks. Thickness fringes are clearly seen in Figure 4.20, which indicates 

sharp interfaces and highly epitaxial GZO grown on 400-Torr-1030 oC p-GaN template. Note 

that no fringes were observed for GZO/200-Torr p-GaN template and the (0002) peak intensity is 

also about one-order lower than what we observe here. For (101) peaks which are not shown 

here, no obvious difference between GZOs grown on all GaN templates is seen because the peak 

intensities are very weak. 

 

 

Figure 4.20 XRD 2θ-ω scan of GZO with a thick ZnO buffer layer (5 nm LT ZnO+50 nm HT ZnO) grown on 
400-Torr-1030 oC p-GaN template. 
 
 

Unexpected behaviors similar to the observation for as-grown GZO grown on 200-Torr p-

GaN/400-Torr p-GaN templates have also been noted for as-grown GZO grown on 400-Torr-

1030oC p-GaN with a 5 nm LT ZnO buffer. Again, post-annealing in N2 makes it behave like 

high quality TCOs. Figure 4.21 (a), (b), and (c) show the temperature-dependent electron  
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Figure 4.21 Electrical properties measured by temperature-dependent Hall measurements for GZO grown on 400-Torr-
1030oC p-GaN template with a thick buffer (5 nm LT ZnO+50 nm HT ZnO). Note: hollow symbols for as-grown sample 
and solid for annealed sample; 
 

concentrations, mobilities, and resistivities for the as-grown (solid symbols) and annealed 

(hollow symbols) GZO/400-Torr-1030oC p-GaN template with a thick ZnO buffer (5 nm LT 

ZnO+50 nm HT ZnO). For the as-grown one here, the effects from the underlying GaNs on the 

electrical properties are void due to the thicker ZnO buffer. For the annealed one, the electron 

concentration reduced while mobility increased in the temperature range of 15-330 K as 

compared with the as-grown one. Although XRD characterizations did not show any obvious 

difference before and after annealing [see Figure 4.20], the resistivity for the annealed one is 
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much lower than that for the as-grown one [see Figure 4.21 (c)]. In general, the resistivities 

achieved for GZO/400-Torr p-GaN are much lower than those for GZO/200-Torr p-GaN but are 

not better than those for GZO grown on a-plane sapphire substrates. 

 

Figure 4.22 PL measurements of as-grown and annealed GZO layers grown on 400-Torr-1030oC p-GaN 
templates. 

 

Detailed studies regarding the comparisons among GZOs grown on 200-Torr p-GaN and 

400-Torr-1030oC p-GaN, and a-plane sapphire substrates can be found elsewhere110, which are 

not repeated here. In short, the LED templates have effects on measured as-grown GZO 

electrical properties, especially the 400-Torr p-GaN grown at substrate temperature of 930oC. 

This could because there are some pin holes in p-GaN layer and consequently the Hall 

measurement measures the composite formed by GZO and the underlying thick n-GaN layer. A 

thicker ZnO buffer (50 nm in this work) or annealing can eliminated the effects from the 

underlying GaN layers. GZO grown on a rougher GaN surface (200-Torr p-GaN in this work) 

will lead to a rougher GZO surface which is desired for transparent electrode applications in 

GaN-LED while GZO grown on a smooth surface (400-Torr p-GaN in this work) will have a 
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smooth surface which is desired for transparent electrode applications in GaN-based VCSEL. It 

has to be pointed out that the resisitivities of GZO layers grow on both 200-Torr p-GaN and 400-

Torr p-GaN are acceptable for electrode applications though there are some differences in their 

resistivities. The newly grown 400-Torr-1030oC p-GaN has a minor effect on GZO electrical 

properties due to its higher crystal quality as revealed by the PL measurement as shown in Figure 

4.22, where the yellow band emission of GaN is much weaker than that of pervious 400-Torr p-

GaN templates grown at substrate temperature of 930oC. 

4.3 Summary  
 

In summary for this chapter, I have investigated the applications of highly conductive and 

transparent GZO layers as transparent electrodes in GaN-based LEDs, which exhibited many 

advantages over the traditional thin semi-transparent Ni/Au electrodes and the highly conductive 

and transparent GZOs are promising to replace ITO for practical applications in GaN-based 

devices. The surface morphologies of GaN were demonstrated to be important in affecting the 

structural and electrical properties of GZO layers.  For applications in LEDs, rougher GZO 

surface is desired and consequently the rougher GaN template is needed. In contrast, for 

applications in other GaN-based devices which need smooth surface, smooth GaN surface is 

needed to grow highly conductive and transparent GZO layers with a smooth surface. 
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Chapter 5 Electron Transport and Physical Limitation in GZO 

The scattering mechanisms governing electron transport will be studied using a 

comprehensive set of GZO layers grown by MBE mainly on a-plane sapphire substrates with 

varying oxygen-to-metal-ratio and Ga flux. The analyses were conducted by temperature 

dependent Hall measurements which were supported by micro structural investigations as well. 

The physical limitation in GZO conductivity will be discussed in details, which is the main point 

to be addressed because it will shed light on how to grow GZO layers with desirable mobilities 

and conductivities. 

5.1 Basic theories of scattering mechanisms 
 

As discussed earlier in the Section of 2.5 of Chapter 2, the explanations in electron transport 

in GZO layers are controversial, it is therefore necessary to briefly introduce the scattering 

mechanisms first before the analyses are given. These scattering mechanisms include neutral 

impurity scattering, dislocation scattering, ionized impurity scattering, lattice scattering, and 

grain boundary scattering which are typically discussed in literature. 

5.1.1 Neutral scattering 

The neutral scattering limited mobility was first calculated by Erginsoy111 who scaled the 

electron scattering at hydrogen atoms to a semiconductor by using the dielectric constant and 

carrier effective mass, which is  

* 3

3
0( )4n

n

m e

A T N
µ

πεε
=

ℏ  

Equation 2 
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Here, A(T) is the generally temperature-dependent scattering cross-section factor and Nn is 

the density of neutral scattering centers. The other symbols have their typical meanings as 

elsewhere. The detailed discussions regarding the model of neutral scattering can be found 

elsewhere.112 Since the shallow donors in ZnO doped with group III elements exhibit ionization 

energies around about 50 meV112,113, the concentration of neutral donors at RT is very low and is 

therefore not considered112. It must be pointed out that A(T) was typically treated as a 

temperature-independent term and a value of 20 was used.112 

5.1.2 Dislocation scattering 

Dislocation scattering is a natural scattering process in polycrystalline materials. However, 

this process is rarely used in explaining experimental data of carrier transport in polycrystalline 

semiconductors and especially transparent conducting oxides.112 Mobility limited by dislocation 

scattering is given by 112,114,115 

3/2 2
0

3 2 *

30 2 ( )r
dis

dis

a nkT

e f m N

π ε εµ =
 

Equation 3 
 

where a is the distance between acceptor centers along the dislocation line, f is the occupation 

rate between 0 and 1 of these acceptors and Ndis in the density of dislocations. For ZnO single 

crystals this scattering process can be neglected since dislocation densities are very low (Ndis 

<300 cm-2). June et al.116 calculated the mobilities of undoped ZnO grown by MBE with the 

values of Ndis =6×108-3×109 cm-2 and n=2.2×1017 cm-3 and got a RT mobility of ~600-700 

cm2/V-s. If the same dislocation density was used for a degenerate GZO layer with an electron 
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concentration above 5×1020 cm-3, the RT mobility limited by dislocation scattering would be 

30000-35000 cm-3 while the mobility limited by dislocation scattering at 10 K would be above 

1000 cm2/V-s. As it will be seen later, the measured mobilities at both 300 K and 10 K are at 

least 20 times lower than those calculated values and dislocation scattering for heavily doped 

GZO grown by our MBE system is definitely negligible since TEM characterization revealed the 

dislocation densities for the GZO layers are below 1010cm-2. 

5.1.3 Ionized impurity scattering 

Ionized impurity scattering is a very important scattering mechanism in doped materials. 

According to the Brooks-Herring formula for degenerate materials simplified by Look et al.98, 

the ionized impurity limited mobility µii in partially compensated films can be expressed as 

max

1

1ii

K

K
µ µ −=

+  

Equation 4 
 

where K is the compensation ratio and µmax represents the maximum attainable mobility limited 

by ionized impurity scattering (mobility at 0 K) in samples with no compensation. µmax as a 

function of electron concentration n is given in the following equation with Z being the 

ionization charge in units of e and ε0 being the dielectric constant. 
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Equation 5 
  

As seen above for degenerate materials, ionized impurity limited mobility is temperature-



 

- 81 - 
 

independent and compensation in TCO should be minimized since the reduced compensation not 

only increases its donor concentration but also increases its mobility.  

5.1.4 Lattice scattering 

In ZnO, lattice scattering includes acoustic phonon scattering, polar-optical phonon 

scattering, and piezoelectric scattering.  

Acoustic phonon scattering is a lattice deformation scattering due to a local energetic shift of 

the band edges originating from acoustical phonons. The acoustical lattice mode Hall mobility 

is:117 

4
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Equation 6 
 

where Cl is the longitudinal elastic constant, E1 is the deformation potential (energy shift of the 

conduction band per unit dilation), rHac is the Hall coefficient for acoustic phonon scattering115 

which is 3π/8.  The deformation potential E1 is not very well known for ZnO. In literature, its 

value scattered (1.4 eV118, 3.8 eV116,119, 15 eV120and 31.4 eV121). For the calculation of the 

overall carrier scattering in ZnO this is not very important since other scattering mechanisms, 

especially polar-optical and piezoelectric scattering, are dominant.122  It must be pointed out that 

recent papers used the deformation energy of 3.8 eV for ZnO, which could be more accurate.  

Piezoelectric scattering occurs only in piezoelectric materials, i.e., in crystals without 

inversion symmetry, and is caused by the electric field associated with acoustical phonons. The 

piezoelectrically limited mobility is given as:112 
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Equation 7 
 

where rHpie is the Hall coefficient and is equal to 45π/128. ,P⊥ ∐
 is the averaged piezoelectric 

electro-mechanical coupling coefficients for electrical transport perpendicular or parallel to the c 

axis. As seen later, piezoelectric scattering is also not important.  

Polar optical phonon (POP) scattering is important in polar materials at temperature near or 

above room temperature (RT). As calculated by Jung et al. 116 for high quality undoped ZnO 

grown by MBE, the effect of POP scattering is much stronger than other scattering mechanisms, 

including deformation potential scattering, piezoelectric scattering, and dislocation scattering. 

The temperature dependent mobility limited by POP scattering is given by 116,123.  
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Equation 8 

 

where e* is the Callen effective charge, M is the reduced mass, Va is the volume of the unit cell, 

and m* is the effective mass of electron. The Ehrenreich’s function G (ћω/kBT) accounting for 

the screening effect123 is a slowly varying function of temperature T, with ћω being the LO 

phonon energy, which is 72 meV in the case of ZnO. Note that kB is Boltzmann constant. For 

degenerate materials, when the Fermi level is located deeply in the conduction band, the POP 

scattering may become even more important because of increase in the electron effective mass 
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caused by nonparabolicity of the conduction band. As shown later, the strong effect of POP 

scattering makes both acoustic phonon scattering and piezoelectric scattering negligible. 

5.1.5 Grain boundary scattering 

Most of the available models for grain boundary-limited mobility refer to the works by 

Petritz et al.124, Tarng et al.125, and Seto et al.57 These theories are based on the model of a barrier 

induced by charges trapped by states at grain boundaries where there are many defects due to the 

incomplete chemical bonds. There are typically three different formulas for grain boundary 

scattering based on this theory in the literature. The one based on thermionic emission from traps 

on the grain boundaries was developed by Seto et al.57 for non-degenerate materials which has 

the form  

µg=Lq(2πm*kBT)-1/2exp(-Φb/kBT) or 1/2 1ln( )gT Tµ −−∼   

Equation 9 
 

This model is widely cited but is not suitable for degenerate materials. Note that L is the grain 

size and kB is Boltzmann constant. As pointed out by Ellmer et al.,59 the Seto model extended by 

Werner126, as shown below, can be used to describe the temperature-dependent mobility at lower 

carrier concentration.  

2

0 0

2
0

0

2exp( )

2exp( )

b
b

eff grain

beff
b

grain

KT
KT

KT
KT

φφµ µ µ µ
µ

φµ µ φ
µ µ

∆−
= = −

∆+ −
+ −

 

Equation 10 
  

where µ0 is temperature independent, µeff is temperature dependent, and µgrain is the mobility 

inside the grain. That developed by Tarng et al.125 based on the assumption of Schottky 
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thermionic emission and then followed by Bruneaux et al.58 for degenerate materials is 

µg=BTexp(-Φa/kBT) or 1ln( / )g T Tµ −−∼  

Equation 11. 

 

 Note that B is a constant related to the grain size and electron concentration and Φa is the 

activation energy given by Φb-(EF-EC). If we assume Schottky barrier, the barrier should be high 

for which a value of 0.5eV was given by Tarng et al.125 for polycrystalline-Si. That probably first 

used by Zhang et al.127 for grain boundary scattering is µg=BT-1exp(-Φa/kBT) or ln(µgT)~-T-1, 

which has been widely used in the literature.64,65 With my careful examination, reference 127 

directly refers to the work by Bruneaux et al.,58 in which µg=BTexp(-Φa/kBT) or ln(µg/T)~-T-1. 

However, the temperature dependence of mobility appears in a different form (ln(µgT)~-T-1) from 

the original work by Bruneaux et al. 58 Therefore, the expression used by Zhang et al.127 is 

possibly problematic since it is not physically meaningful and they did not mention its 

inconsistency with the original reference.  

When considering grain boundary scattering, we must consider two other physical 

phenomena. Although they are different in formulism, both they are temperature independent. 

The first one is electron reflection by grain boundaries, which gives the strength of the potential 

and thickness of the grain boundary. The model for grain boundary scattering based on reflection 

can be found elsewhere.59,128,129 The second phenomenon is quantum mechanical tunnelling. If 

we consider a simple rectangular barrier of height U and width W, the tunnelling probability130 

can be expressed as  

2 2

16 ( ) 2 *( )
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Equation 12 
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Following Holm131 for a rectangular barrier of height EB and width l2, when a very small applied 

voltage V is across a barrier the conductivity by the tunnel effect σtun can be expressed as132 

1 12 22 2
2 2[ (2 * ) / ( )]exp[ 4 (2 * ) / ]tun B BLq m E h l l m E hσ π= −   

Equation 13 
  

where L and h are the grain size and Planck constant, respectively. This equation indicates that, 

for a given free-carrier concentration, the mobility (µ=σ/qn) limited by the tunnel effect is 

temperature independent but is proportional to the grain size. It should be mentioned, however, 

that while pure tunnelling is temperature independent in and of itself, but the effective 

tunnelling-governed electron flow across grain boundaries is temperature-dependent, because the 

energy distribution of electrons is temperature dependent and electrons with different energies 

experience barriers of different heights. The last consideration dramatically complicates the 

theoretical study of grain-boundary scattering for the tunnelling limit (low barriers). Recently, 

Look et al.98,119 provided a formula of grain-boundary-scattering limited mobility for degenerate 

TCOs, which is temperature-independent too and is given as: 
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Equation 14 
 

where d is the film thickness, C is a fitting factor, vFermi is the Fermi velocity for a degenerate 

material. It must be pointed out that the fitting factor C is not well known, which varied from 

paper to paper. For example, ZnO layers grown on SiO2 by PLD produced a C value of 4 98 while 

PLD grown ZnO layers on sapphire substrates produced a C value of 2.5133. Look et al.119 
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concluded that although there are some fluctuations in C values, the mobility limited by grain 

boundary scattering for heavily dope GZOs must be very high (527 cm2/V·s for C=2.5 and 

n=1.1×1020 cm-3)  and can be neglected. Note that based on this theory, for layers with smaller n 

but still degenerate, the mobility limited by grain boundary scattering should be higher since it is 

inversely proportional to carrier concentration.  

5.2 Results and analyses  
 

The detailed studies of electron transport in two sets of GZO samples were performed using 

TDH measurements in the van der Pauw configuration.  

In the first series, we compared electrical properties of the samples grown under metal-rich 

and oxygen-rich conditions with TGa = 600oC. Note that the GZO layers discussed in the first 

series are actually the GZO layers grown for investigation of effects of oxygen pressures on 

GZO properties, and consequently the details which can be found in Chapter 3 will not be 

repeated here.  

In the second series, we varied Ga flux by changing TGa from 425 to 600oC, while oxygen 

pressure was kept at 4.5×10-6 Torr (metal-rich conditions). Note that the GZO layers discussed in 

the second series are actually the GZO layers grown for investigation of effects of Ga fluxes on 

GZO properties, and consequently the details which can also be found in Chapter 3 will not be 

repeated here.  

Rapid thermal annealing (RTA) at a temperature of ~600oC in nitrogen environment for 3 

mins was used for some GZO layers to improve their properties. The structural properties of the 

GZO layers were characterized by XRD. For the representatives of GZO layers, STEM/TEM, 
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electron energy loss spectroscopy (EELS), and energy dispersive X-ray spectroscopy (EDX)  

measurements were done on cross-section specimens using an aberration-corrected STEM 

microscope Titan S-Twin operated at 200 kV. The TEM/STEM investigations were focused on 

characterization of structural defects that could be responsible for carrier scattering and 

limitation of electron mobility in GZO.  

5.2.1 Electron transport in GZO grown under oxygen-rich and metal-rich conditions 

First, the general relationship between the microstructure of GZO layers grown under 

various reactive-oxygen-to-metal ratios and their transport properties at room temperature (RT) 

have been studied. Then, the electron concentration and mobility were investigated in order to 

gain insight into electron scattering mechanisms governing the transport in GZO. 

5.2.1.1 Correlation between crystal structure and room-temperature electron mobility in GZO  

STEM and TEM studies revealed that the microstructure of GZO layers strongly depend on 

PO2,. i.e., oxygen-to-metal ratio. Inclined grain boundaries (12o from the polar c-direction 

indicated by the two arrows) are the dominating extended structural defects in the GZO layers 

grown under oxygen-rich growth conditions [Figure 5.1 (a)]. It was conjectured that they should 

have strong polar field in ZnO because the polarization vector pointing into the c-direction will 

have a substantial projection on them and as a consequence, coulombic interaction between free 

carriers and grain boundaries will reduce electron mobility. The grain size in these GZO films 

varies in the range from 10 to 30 nm. Unlike the GZO layers grown under oxygen-rich 

conditions, the GZO films grown on a-sapphire under metal-rich growth condition have high 

crystal quality but albeit with some porosity and porous GZO grows on top of the non-porous 

ZnO seed layer. Investigation of the nature of pores revealed that these defects form due to 

nucleation of multiple open-core dislocations in GZO layer. Open-core dislocations have a minor 
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effect on the width of the XRD rocking curves. However, the high concentration of pores masks 

the position of low-angle grain boundaries in STEM images and consequently makes it difficult 

to use STEM technique to visualize the grain boundaries by varying electron channelling effect 

for grains oriented at different angles with respect to the probe direction. 

 

 

Figure 5.1 (a) A representative of STEM images of GZO layers grown under oxygen-rich conditions and (b) 
Low angle annual dark field (LAADF) TEM image of a representative GZO layer grown under metal-rich 
conditions (GZO-1 as shown later). Note: arrows indicating inclined grain boundaries (12o from the polar c-
direction). 

 

( )(a)

(a)

(b) (b)
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In order to gain accurate information regarding the grain boundaries and grain sizes for GZO 

layers grown under metal-rich conditions, low angle annual dark field (LAADF) technique was 

employed. Also the special care was taken about specimen preparation in order to minimize the 

effect of ion milling on the sample microstructure. As shown in Figure 5.1 (b), the low-angle 

grain boundaries in the GZO layer grown under metal-rich conditions mainly propagate from the 

ZnO seed layer normally to the substrate plane (parallel to the polar c-direction), which is totally 

different from that for GZO layers grown under oxygen-rich conditions as discussed above 

[Figure 5.1 (a)]. Therefore, the grain boundaries in GZO grown under metal-rich conditions are 

parallel to the c-direction that results in much smaller polarization field at the interfaces. The 

average grain sizes in these layers were determined to vary from 30 nm to 50 nm, which are 

larger than those for GZO layers grown under oxygen-rich conditions. Owing to the larger grain 

size and the smaller charge accumulation on low-angle grain boundaries, the mobility limited by 

grain boundaries in GZO layers grown under metal-rich conditions should be higher than that in 

GZO layers grown under oxygen-rich conditions. 

Figure 5.2 shows the Hall electron mobility versus either electron concentration [Figure 5.2 

(a)] or grain size [Figure 5.2 (b)] for the as-grown and annealed GZO layers, for which carrier 

concentrations varied from 3×1020 to 12×1020 cm-3. Note that the grain size was extracted from 

the (0002) XRD rocking curves using the Scherrer equation134 except the two points with error 

bars (one for the GZO layer grown under metal-rich conditions and the other one for the GZO 

layer grown under oxygen-rich conditions), for which grain sizes were determined from 

STEM/TEM cross-section measurements. The error bar in the mobility is due to the spatial non-

uniformity of electrical properties over the wafer. As seen from Figure 5.2 (a), there is no clear 

correlation between the electron mobility and the concentration. However, the mobility vs. grain 
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size plot reveals a nearly linear relationship between these two parameters. At a first glance, the 

data appear to indicate as if mainly the grain boundary scattering limits the electron transport. 

However, one should keep in mind that the full picture is quite complicated, which was caused 

by the differences in oxygen pressures during growth and film thicknesses, etc. The detailed 

discussion regarding the effects of oxygen pressures, film thickness, and annealing on GZO 

electrical properties as well as grain sizes can be found in Chapter 3. In short, annealing in 

nitrogen environment significantly improved the electrical properties of GZO grown under 

oxygen-rich conditions while only minor increase in mobility and electron concentration 

observed for GZO grown under metal-rich conditions. The difference in the annealing behavior 

is tentatively attributed to the lower concentration of compensating defects in GZO grown under 

metal-rich conditions.100 For highly conductive GZO with electrical properties comparable to our 

best GZO grown under metal-rich conditions, Look et al.119 reported the existence of Zn-

vacancy-related acceptors causing self-compensation based on positron annihilation 

measurements and secondary-ion mass spectroscopy (SIMS). This seems consistent with the 

observation of slight increase in both the electron concentration and mobility upon annealing for 

one GZO layer grown under metal-rich conditions (n=8.33×1020 cm-3 and µ=36.7 cm2/V·s in the 

as-grown sample vs. n=9.23×1020 cm-3, µ=42.4 cm2/V·s in the annealed one). Note that the 

annealed sample is actually GZO-1 which will be discussed in more details later. Since the grain 

size remains virtually unchanged (~25 nm) before and after annealing as shown in Figure 5.2, the 

increase in both the electron concentration and mobility is unlikely due to the reduced effect of 

grain boundary scattering but possibly due to the decrease in concentration of Zn-vacancy 

defects, which is consistent with the increased carrier concentration upon annealing. It must be 

reiterated that the concentration of compensating defects in our GZO layers grown under  
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Figure 5.2 Hall mobilities vs. (a) electron concentrations and (b) grain sizes for annealed GZO layers with 
different thicknesses grown under oxygen-rich conditions (squares), annealed GZO layers with different 
thicknesses grown under near stoichiometric conditions (circles), and as-grown GZO layers with different 
thicknesses grown under metal-rich conditions (triangles). [Symbols in hollow from STEM/TEM for 
comparisons; an annealed GZO grown under metal-rich condition (highest µ) was also added to see RTA 
treatment effect]. 
 

oxygen-rich conditions should be much higher than that in GZO layers grown under metal-rich 

conditions, resulting in a serious compensation in GZO grown under oxygen-rich conditions.100 

As discussed earlier, grain boundary scattering governed by quantum-mechanical tunneling is 
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virtually temperature-independent, which is the same as that of ionized impurity scattering in the 

degenerate material. Therefore, the large variation in electron concentrations from 3×1020 cm-3 to 

9×1020 cm-3and/or in growth conditions could mask the real phenomenon and lead to a wrong 

conclusion.  

5.2.1.2 Electron transport in GZO grown under oxygen-rich and metal-rich conditions 

The electron transport was studied in greater details using TDH measurements in the van 

der Pauw configuration for 4 selected GZO layers. Table 5.1 summarizes the growth details and 

sample characteristics. 

Table 5.1 Basic information for 4 selected GZO layers used for TDH measurements 

No Thickness 

 (nm) 

PO2  

 (10-6 

Torr) 

ZnO buffer  

Thickness 

 (nm) 

Annealed? FWHM of 

 (0002) ZnO 

(degree) 

RT µ 

 (cm2/V·s) 

n 

(1020cm-3) 

GZO-1 290 4.5 ~100 Yes 0.34 42.4 9.2 

GZO-2 523 4.5 ~ 10 No 0.39 32.5 8.35 

GZO-3 745 15 ~ 10 Yes 0.88 18.2 3.37 

GZO-4 745 15 ~ 10 No 1.15 7.5 0.2 

 

Figure 5.3 clearly shows that the carrier concentration is temperature independent for all 

four samples, indicating their degeneracy. It is worth nothing that the layers with higher carrier 

concentrations also have higher mobilities in the entire temperature range investigated (the order 

is GZO-1, GZO-2, GZO-3, and GZO-4). GZO-4 has the lowest carrier concentration of around 

2×1019 cm-3 and the lowest mobility of 5-7 cm2/V·s for temperatures ranging from 15 to 330 K. 

Upon annealing in nitrogen, this layer (denoted as GZO-3 in Table 5.1) exhibits much higher 

carrier concentration and mobility of ~3.4×1020 cm-3 and 18-to-21 cm2/V·s, respectively, but 
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these figures are still well below those for the GZO layers grown under metal-rich conditions 

(GZO-1 and 2). GZO-1 has a slightly higher carrier concentration and mobility possibly because 

of the thicker undoped ZnO buffer layer grown at 600oC and/or possibly the lower concentration 

of defect-related compensating acceptors as compared to GZO-2. Note that the thicker ZnO 

buffer layer grown at 600oC enhances the structural perfection giving rise to a slightly narrower 

FWHM of XRD (0002) peak. From the temperature dependent resistivities (not shown here), 

GZO-1 and GZO-2 showed the metallic behavior. The lowest resistivity achieved at low 

temperatures is ~1.3×10-4 Ohm·cm. GZO-3 exhibited a similar temperature dependence as GZO-

1 and GZO-2 but its resistivity is much higher (~9.2×10-4 Ohm·cm), while GZO-4 showed a 

semiconductor-like behavior (negative temperature coefficient of resistivity). 

I have fitted the measured temperature dependent mobilities for samples GZO 1-4 as shown 

in Figure 5.3 (b). The un-annealed GZO layer grown under oxygen-rich conditions (GZO-4 

sample with the lowest carrier concentration of 2×1019 cm-3 among the samples considered in 

this Section) exhibits a µ~T0.24 temperature dependence [Figure 5.3 (b)]. Temperature-activated 

mobility of GZO-4 can be considered as a characteristic of grain boundary scattering based on 

thermionic effect57,59, representing a higher barrier at grain boundaries in the material with lower 

electron concentration. 

Samples GZO-1, GZO-2, and GZO-3 show the temperature dependences of mobility which 

drastically different from that for the GZO 4 layer. Their mobilities initially increase when 

temperature decreases down to ~150 K. At lower temperatures (LT), mobility in these samples 

becomes virtually invariant. The temperature dependent mobilities measured in GZO-1, GZO-2, 

and GZO-3 were theoretically fitted based on Matthiessen’s rule as 1/µ = 1/µTi+1/µpop, where µTi 

is a constant representing temperature-independent scattering events, which include ionized 
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impurity scattering µii and grain boundary scattering µgb governed by the tunnel effect, and µpop is 

the temperature dependent POP scattering (see Figure 5.3 (b)). The results of fitting are 

summarized in Table 5.2. 

 
 

Figure 5.3 Temperature dependence of a) carrier concentration and b) mobility for GZO-1, GZO-2, GZO-3 
and GZO-4 (From top to bottom in both). Note: solid lines in (b) are fittings. For GZO 1-3, the fittings used a 
constant for mobility limited by temperature-independent scatterings, and polar optical phonon scattering 
for temperature-dependent scattering while for GZO-4, it was fitted with power dependence. (c) effects of 
different scattering mechanisms  in GZO-1 indicating ionized impurity scattering and POP scattering is the 
first and the second dominant mechanisms limiting the RT mobility 

 
 
 
 
 
 
 
 
 
 

0 50 100 150 200 250 300

2.0x1019

4.0x1019

6.0x1019

8.0x1019

4.0x1020

6.0x1020

8.0x1020

1.0x1021

1.2x1021

 GZO-1
 GZO-2
 GZO-3
 GZO-4

Temperature (K)

(a)
0 50 100 150 200 250 300

0

10

20

30

40

50

60
GZO-1
GZO-2
GZO-3
GZO-4

M
ob

ili
ty

 (
cm

2 /V
-s

)

Temperature (K)

(b)

0 50 100 150 200 250 300 350

102

103

104

105

106

107

GZO-1
µPOP
µmax
µpiezo
µacous

M
ob

ili
ty

 (
cm

2 /V
-s

)

Temperature (K)

(c)



 

- 95 - 
 

Table 5.2 Results of fitting to the temperature-dependent mobility for GZO 1-3 based on Matthiessen’s rule 
1/µ = 1/µTi+1/µpop. 

No µ (cm2/V·s) µTi  (cm2/V·s) µmax (cm2/V·s) RT µpop (cm2/V·s) 

GZO-1 ~40.6 51 56.7 198 

GZO-2 ~32.5 38.5 61.5 210 

GZO-3 ~18.7 20.3 87.5 250 

 

Using the values equal to ~0.39m0, 0.37m0, and 0.33m0 measured by Ruske et al.62 for 

electron effective mass in ZnO-based TCO with carrier concentrations similar to those in the 

GZO 1, GZO 2, and GZO 3 layers, based on Equation 8 I calculated room temperature (RT) µpop 

to be ~198, 210, and 250 cm2/V·s in GZOs 1 to 3, respectively. (Note: e*/e=0.62, M=2.135×10-23 

g, Va =2.38×10-23 cm3 in Equation 8 for POP scattering) The calculated values for POP 

scattering-limited mobility at RT are comparable to the reported mobility limited by lattice 

scattering (~200 cm2/V·s 59) and consequently demonstrate that other phonon scatterings which 

are temperature-dependent are negligible compared with POP scattering in ZnO due to its highly 

polar nature as discussed earlier. Note that the mobility limited by other phonon scatterings 

including both acoustic phonon scattering and especially piezoelectric scattering must be one 

order of magnitude higher than that by POP scattering. Otherwise, the fittings as shown in Figure 

5.3 cannot be done. Since other mechanisms used in the simulations are to a first extent 

temperature-independent in these very highly doped samples, POP scattering is suggested to be 

the mechanism responsible for the temperature-dependence, which further reduces the mobility 

for GZO 1-3 at T>150 K. 

Based on the Brooks-Herring formula for degenerate materials, the µmax (Equation 5) 

representing the maximum mobility limited by ionized impurity scattering with no compensation 
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(mobility at 0 K) were calculated to be 56.7, 61.5, and 87.5 cm2/V·s for GZO 1-to-3 layers, 

respectively. Note that the dielectric constant ε0 and ionization charge Z are 8.12 and 1.98 

However, the simulated mobilities limited by temperature-independent scattering events are 51, 

39, and 20 cm2/V·s for GZO 1-to-3, respectively. Based on Matthiessen’s rule, the mobilities 

limited by both compensation if present and grain boundary scattering based on tunnelling can be 

calculated as 507.3, 106.6, and 27.6 cm2/V·s for GZO 1-to-3, respectively. We should mention 

here that it is extremely difficult to separate out the contribution from grain-boundary scattering 

governed by tunnelling and compensation. 

If Equation 14 is used to calculate the mobility limited by grain boundary scattering, the 

mobility is 585 cm2/V·s for C=2.5 and 366 cm2/V·s for C=4, which are close to the value of 

507.3 cm2/V·s and could indicate that there is almost no compensation and other temperature-

independent scattering in GZO-1. The mobility of 507.3 cm2/V·s limited by grain boundary 

scattering and compensation if compensation present in GZO-1 is ~9 times higher than the 

mobility limited by ionized impurity scattering in the whole investigated temperature range and 

consequently the grain boundary scattering and compensation have a relatively minor effect and 

thus both can be neglected. In this case, ionized impurity scattering and POP scattering is the 

first and the second dominant mechanisms limiting the RT mobility, respectively. As seen in 

Figure 5.3 (c) other scatterings have very minor effects limiting the mobilities for GZO-1 and 

can be neglected. For GZO-2, the calculated mobilities based on Equation 14 are 1090 cm2/V·s 

for C=2.5 and 681 cm2/V·s for C=4, which are much higher than the value of 106.6 cm2/V·s and 

could indicate that compensation has a stronger effect than grain boundary scattering in limiting 

the mobility. Note that the uncertainty of the C value could lead to a wrong conclusion too 

although the possibility is small. However, it is really not necessary to separate them because the 
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mobility set by grain boundary scattering based on tunnelling and compensation if present (106.6 

cm2/V·s) is larger by a factor of ~1.73 times higher than the mobility limited by ionized impurity 

scattering (61.5 cm2/V·s) in the whole temperature range investigated. The stronger effect of 

grain boundary scattering and compensation in GZO-2 is consistent with its slightly larger 

rocking-curve width (0.39o vs. 0.34o) and slightly lower electron concentration of ~8.4×1020 cm-

3, indicating a somewhat smaller grain size and, plausibly, a higher compensation ratio as well. 

By comparing GZO-2 with GZO-1, the probability of existence of compensation caused by 

defects such as Zn-vacancy acceptors is greater. If we assume no compensation in GZO-2, the 

grain boundary scattering would have a larger effect than POP scattering at RT (106.6 vs. 210 

cm2/V·s) although the assumption could be not right because it is not consistent with the results 

from Equation 14. However, no matter which one is stronger, ionized impurity scattering is still 

the first dominant mechanisms limiting the mobility in the entire temperature range of 15-330 K, 

which effect is stronger than that from all other scatterings. The grain boundary scattering may 

compete with POP scattering in the practically important temperature range around RT 

depending on the GZO film quality (the higher the structural quality, the smaller the contribution 

of grain boundaries). 

For GZO-3, the mobility limited by the grain boundary scattering and compensation (27.6 

cm2/V·s) is much lower than that limited by ionized impurity scattering (87.5 cm2/V·s), which is 

consistent with the predicted higher compensation by Demchenko et al.100 and smaller grain size 

revealed by STEM and XRD characterization in the GZO layers grown under oxygen-rich 

conditions. However, it is difficult to delineate and quantify the contributions from grain 

boundary scattering and compensation in GZO-3. But it is obvious that, when the grain size 

becomes smaller and electron concentration reduces, the effect of grain boundary scattering 
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becomes stronger, while the contribution of POP scattering weakens. To make the situation 

worse, the donor compensation provides a “positive feedback” to the grain boundary scattering. 

For a given Ga concentration and a given average grain size, the higher the compensation is the 

lower the Fermi energy is, i.e. the higher the barriers are and consequently the stronger the grain 

boundary scattering is. Note that the smaller grain sizes for GZO grown under oxygen-rich 

conditions are definitely caused by excess oxygen during growth compared with that for GZO 

grown under metal-rich conditions. In other words, the smaller the grain sizes are, the larger the 

volume ratio of grain boundaries is and consequently more defects could be trapped in the 

boundary regions. As the measured electron concentration is much lower in GZO grown under 

oxygen-rich conditions, compensation caused by the increased defects is more likely. Wong et 

al.135 reported that excess oxygen will lead to compensation while more excess oxygen will lead 

to structural changes which increase the grain boundary scattering. This reasoning is consistent 

with our observations and analysis. In short, metal-rich conditions instead of oxygen-rich 

conditions are the must to achieve high mobility and high electron concentration in GZO. 

However, as suggested by data presented in Figure 5.2, in order to push the mobility to the value 

limited by scattering only on ionized impurities and polar optical phonons, large grain size is 

required even for the material grown under metal-rich conditions. 

5.2.2 Effect of Ga flux via changing Ga cell temperature (TGa) 

Table 5.3 lists the growth conditions and major structural and electric properties of GZO 

layers discussed in this Section. These samples were grown under metal-rich conditions 

(PO2=4.5×10-6 Torr) with varying Ga cell temperatures. As seen from the table, when TGa was 

increased from 425 to 600 oC, the carrier concentration increases from ~6×1018 cm-3 to 9×1020 

cm-3. RT mobility first increases from ~34 to 40 cm2/V·s, when TGa was increased from 425 to 

450 oC and then the RT mobility remains virtually unchanged, when TGa was further increased to 
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600 oC. The detailed information can be found in Chapter 3. 

Table 5.3 Basic information for 3 selected GZO layers used for TDH measurements 

No Thickness 

(nm) 

TGa 

(oC) 

ZnO buffer  

Thickness 

(nm) 

Annealed? FWHM of  

(0002) ZnO 

(degree) 

RT µ 

 (cm2/V·s) 

n 

(1020cm-3) 

GZO-1 290 600 ~100 Yes 0.34 42.4 9.2 

GZO-5 350 450 ~ 10 No 0.325 40.1 0.55 

GZO-6 290 425 ~ 10 No 0.319 34.3 0.06 

 

Figure 5.4 Temperature dependence of a) carrier concentration and b) mobility for GZO-1, GZO-5, and GZO-6. 
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The results of TDH measurements for 3 selected GZO layers listed in Table 5.3 are 

shown in Figure 5.4, which are also given in Figure 3.20. Figure 5.4 clearly shows that, as the 

electron concentration reduces, the signature of the grain-boundary scattering governed by the 

thermionic effect (mobility increases with temperature) emerges in the temperature dependence 

of mobility. As the grain boundary scattering governed by the quantum tunnelling (temperature-

independent) contributes more for GZO with higher electron concentration, the temperature 

dependence for GZO-5 is much weaker than that for GZO-6. GZO-6 exhibits a µ~T0.62 

temperature dependence. While in GZO-1, only grain boundary scattering governed by quantum 

tunnelling contributes and therefore it is temperature-independent. Note that we have previously 

demonstrated that grain boundary scattering is negligible in GZO-1. It must be pointed out that 

dislocation scattering has a similar temperature-dependence as that for grain boundary scattering 

governed by the thermionic effect but the mobility limited by dislocation scattering is much 

higher (at least one order of magnitude higher) than the experimental data based on Equation 3. 

Dislocation scattering is thereby not considered here. Since GZO-1, GZO-5, and GZO-6 have 

comparable FWHMs of (002) XRD rocking curves and thus comparable grain sizes, the change 

in the behavior of temperature-dependent mobility can be mainly attributed to different barrier 

heights in the layers with different electron concentrations. The barrier heights for GZO-5 and 

GZO-6 were estimated using Equation 10 based on the Seto57 model extended by Werner126 to be 

0.3 meV and 8 meV (see Figure 5.5), respectively. Although the values of barrier heights, 

especially the one for GZO-5, may not be very accurate, it offers a viable explanation for the 

observed evolution of temperature dependences of mobility with electron concentration.   Note 

that for fittings, a constant barrier height was assumed for simplicity, which caused some 

unsatisfied results for GZO-6 when T is below 75 K. This is because the value of KT becomes 
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smaller at lower temperature which is comparable to the change in the barrier height and 

consequently the change in barrier height cannot be neglected for T below 75 K. 

 

Figure 5.5 Fittings to the temperature dependent mobility for GZO 5 and 6 with grain barrier scattering with 
the assumption of a constant barrier. 

 

One interesting observation is that the GZO-5 layer having a slightly higher carrier 

concentration than that in GZO-4 shows similar temperature dependence of mobility to that of 

GZO-4 [compare Figure 5.4 (b) and Figure 5.3 (b)] but with a much higher mobility value within 

the entire temperature range studied. The narrower rocking curve, by a factor of ~3.5, and the 

expected lower compensation ratio in GZO-5 grown under metal-rich conditions are consistent 

with this observation and the above discussion, indicating that the mobility limited by grain 

boundary scattering and compensation in GZO-5 grown under metal-rich conditions should be 
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5.3 Conclusions  
 

In conclusions, for heavily doped GZO with carrier concentrations above 1020 cm-3, the 

0 50 100 150 200 250 300 350
-10

0

10

20

30

40

50

60

 GZO-6 (T
Ga

=425oC)

 GZO-5 (T
Ga

=450oC)

 fitting to GZO-5
 fitting to GZO-6

M
ob

ili
ty

 (
cm

2 /V
-s

)

Temperature (K)



 

- 102 - 
 

temperature dependence of mobility measured in the range of 15-330K is well described by the 

Matthiessen’s rule with mobility being limited by polar optical phonon (POP) scattering, and a 

temperature-independent mobility limited by ionized impurity scattering, compensation of Ga 

donors with acceptor defects, and electron scattering by low-angle grain boundaries limited by 

quantum-mechanical tunnelling. The data indicates that ionized impurity scattering is the 

dominant mechanism limiting the mobility in the range of 15-330 K for GZO layers with high 

structural quality grown under metal-rich conditions, which have porous features as well as low-

angle grain boundaries parallel to the c-axis and relatively large average grain size of 20-25 nm, 

determined by XRD (30-50 nm by TEM). For these GZO layers grown under metal-rich 

conditions, POP scattering is the mechanism responsible for the temperature-dependence for 

T>150 K and thereby POP scattering cannot be neglected especially at RT. For the sample with 

n=~9×1020 cm-3 and LT mobility of ~51 cm2/V·s at low temperatures, both grain boundary 

scattering and compensation if present are negligible due to their very minor effects. In contrast, 

for heavily doped GZO layers grown under oxygen-rich conditions, which have inclined grain 

boundaries and relatively small grain sizes of 10-20 nm determined by X-ray diffraction (10-30 

nm by TEM), the compensation and grain boundary scattering became dominant. The high donor 

compensation in these layers is caused presumably by (GaZn-VZn) complexes having the lowest 

formation energy in degenerate GZO grown under oxygen-rich conditions. The evolution of 

temperature dependences of mobility when the electron concentration reduces from 1020 cm-3 to 

1018 cm-3 indicates that not only the contribution of grain-boundary scattering becomes stronger 

but also that the electron transport across boundaries changes from quantum-mechanical 

tunnelling to thermionic emission. In short, although the significance order of scattering 

mechanisms can differ for GZO layers with different growth conditions, metal-rich growth 
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conditions, which can produce films with minimal deleterious effects by compensation and grain 

boundaries, are imperative for attaining high mobilities and high electron concentrations. 
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Chapter 6 Doped ZnO for p-Type Conductivity  

This chapter discusses ZnO doped with a large-size-mismatched element of antimony (SZO) 

and ZnO codoped with nitrogen and tellurium (ZnO:[N+Te]). 

6.1 ZnO doped with a large-size-mismatched element of antimony  
 

Here the electrical properties of SZO layers with carrier concentrations varying from upper 

1016 to upper 1019 cm-3 achieved under different growth conditions by plasma-enhanced 

molecular beam epitaxy (PE-MBE) on a-plane sapphire substrates were studied. The effects of 

Sb flux on the electrical properties and the structural properties of epitaxial SZO layers were 

described in details. The effects of substrate temperature Tsub, and oxygen pressure PO2 as well as 

the effects of post-growth heat treatments were also investigated to gain insight into the effects 

of other growth parameters and annealing on the electrical properties of epitaxial SZO layers. 

All the SZO layers used in this study have a thickness of ~200 nm. To provide a better 

nucleation, a ~5-nm-thick low-temperature ZnO layer was inserted between a-plane sapphire 

substrate and the subsequent SZO film.  

6.1.1 Antimony flux effects  

To investigate the effect of Sb content on the electrical properties of SZO layers, a series of 

samples were grown with varying the Sb flux via changing the Sb cell temperature, TSb, in a 

wide range, from 370 oC to 570 oC. While Zn cell temperature and Tsub were kept at 350 oC and 

400 oC, respectively. PO2 during growth was set at ~1×10-5 Torr which corresponds to near-

stoichiometric growth conditions (reactive oxygen-to-metal flux ratio of ~1). 
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The Hall effect measurements at room temperature revealed n-type conductivity in all the 

SZO layers  grown in a wide range Sb fluxes and thus in a wide range of Sb concentrations. 

 

Figure 6.1 (a) Electron concentration and (b) mobility in SZO vs. Sb cell temperature, TSb.  
 

Figure 6.1 (a) shows the dependence of the electron concentration in SZO on Sb cell 

temperature, TSb. As seen from the figure, the electron concentration first rises linearly with TSb  , 

then tends to saturate at about 7.6×1019 cm-3 (region 1 in Figure 6.1), and finally drops down to 

1×1017 cm-3 as TSb further increases from 480 to 550oC (region 2 in Figure 6.1). Further increase 

in TSb up to 570oC (not shown) produces insulating SZO films.  

The increase in electron concentration in region 1 is obviously due to the increase in Sb flux 
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(region 1) and  TSb = 520 oC (region 2), the Sb content was estimated from electron dispersive 

spectroscopy (EDS) performed on cross-section samples in TEM. The Sb concentration was 

found to be below EDS detection limit (~0.1 at.%) for the first sample, and 0.9 at.% for the 

second sample. The initial increase in electron concentration indicates that Sb incorporates on Zn 

sites and act as a donor.  The decrease in electron concentration with further increasing TSb in 

region 2 may be explained by formation of acceptor-type compensating defects (Sb on oxygen 

sites and/or point-defect complexes involving Sb) in the samples with high Sb content. Note that 

the O and Zn concentrations in the film with 0.9 at.%  of Sb were found to be 53.52-56.26% and 

45.58-42.76 at.%, indicating a near-stoichiometric growth condition but slightly oxygen rich. 

Figure 6.1 (b) shows the Hall mobility as a function of TSb. In region 1, the Hall mobility 

first rises from 43 cm to ~70 cm2/V·s as TSb increases from 370oC to 430oC (which corresponds 

to the exponential increase in carrier concentration in Figure 6.1 (a) and Arrhenius plot produced 

a thermal activation energy of ~0.9 eV), and then drops down to 5 cm2/V·s with the further 

increase of TSb. 

To explain the mobility behaviour, let us consider factors determining carrier mobility in 

heavily doped ZnO (carrier concentrations in the range of 1019 cm-3). It is generally believed11 

that two major mechanisms limiting electron mobility are operative in this material: scattering on 

grain boundaries and scattering on ionized impurities. 

Temperature-dependent Hall measurements were performed for selective layers to get 

insight into the origin of the mobility behaviour.  
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Figure 6.2 Temperature dependent Hall measurements for as-grown SZO layers grown at (a) Tsb=430 oC and 
(b) Tsb=460 oC. 

 

Temperature dependences of the Hall mobility and electron concentration for the as-grown 

SZO samples grown at TSb = 430 oC (the sample showing the highest mobility) and TSb = 460 oC 

(the sample showing the second highest electron concentration) are shown in Figure 6.2 (a) and 

(b), respectively. While Figure 6.3 (a) and (b) illustrate the results of the same measurements for 

annealed SZO samples grown at TSb = 430 oC and TSb = 460 oC, respectively. As seen here, the 

carrier concentration in all the samples is temperature independent indicating the degenerate 

nature of the material. For all the samples, the temperature-dependent mobility curves were fitted  

20

30

40

50

60

70

80

0 50 100 150 200 250 3001

2

3

4

5

6

7

8

2.0

2.2

2.4

M
ob

ili
ty

 (
cm

2 /V
-s

)

 Mobility
 fitting 

(a)

Carrier concentration

C
ar

rie
r 

co
nc

en
tr

at
io

n 
(1

019
 cm

-3
)

Temperature (K)

R
es

is
tiv

ity
 (

10
-3
oh

m
-c

m
)

 Resistivity

20

30

40

50

60

0 50 100 150 200 250 3001

2

3

4

5

6

7

8

2.0

2.1

2.2

2.3

2.4

M
ob

ili
ty

 (
cm

2 /V
-s

)

 Mobility
 fitting 

Carrier concentration

C
ar

rie
r 

co
nc

en
tr

at
io

n 
(1

019
 cm

-3
)

Temperature (K)
R

es
is

tiv
ity

 (
10

-3
oh

m
-c

m
)

 Resistivity

(b)



 

- 108 - 
 

 

Figure 6.3 Temperature dependent Hall measurements for annealed SZO layers grown at (a) Tsb=430 oC and 
(b) Tsb=460 oC. 
 

using the same method as used for heavily doped GZO (see Chapter 5).  For all the samples, the 
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that neutral impurity scattering is important in those films. The decrease in mobility with further 

increase in Sb content may be attributed to the formation of more compensating defects in the 

layers grown at TSb > 430oC (the range where electron concentration tends to saturate and then 

drops as TSb further rises in Figure 6.1 (a)) as well as to degradation of structural quality of SZO 

with increasing Sb content, as evident from RHEED, XRD and TEM data discussed below. Note 

that, upon annealing for sample grown at TSb = 430oC, electron concentration even increases 

slightly and the electron mobility is significantly improved (Figure 6.3 (a)): the annealed sample 

shows respectful room-temperature value of 110 cm2/V-s and low temperature value as high as 

145 cm2/V-s which is close to the maximum mobility value (~155 cm2/V-s) calculated based on 

the degenerate form of Brooks-Herring formula for ionized impurity scattering. For the other 

annealed sample (Figure 6.3 (b)), the electron mobility is also significantly improved but the 

electron concentration slightly decreased. This could be because of either the non-uniformity of 

electron distribution or over-annealing since the optimum annealing temperature slightly varies 

from sample to sample.  

The RHEED characterization indicated that the growth mode changed from weekly 3-

dimentional (3D) growth mode to 3D growth mode when TSb increased from 370 to 480oC. The 

RHEED patterns became blurry when TSb further increased to 550 oC [see Figure 6.4].  

Figure 6.5 illustrates the XRD 2θ-ω scans for SZO grown at TSb=430oC (solid line) and 

550oC (dash line), respectively. As seen, the (0002) peak of ZnO for the SZO with a blurry 

RHEED pattern shifted to a much lower angle when TSb was increased from 430oC to 550oC, 

indicating a much larger out-of-plane c lattice constant. The c lattice constants for all the samples 

in Figure 6.1 were calculated based on the XRD measurements. 
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Figure 6.4 RHEED pattern recorded along [1-100] azimuth for SZO grown at (a) TSb=370oC, (b) TSb=430oC, 
and (c) TSb=550oC 

 

 

Figure 6.5 XRD 2θ-ω scan of SZO grown at TSb=430oC (solid line) and 550oC (dash line), respectively. 
 

Figure 6.6 shows the out-of-plane c lattice parameter derived from 2θ-ω HRXRD scans as a 

function of TSb. At TSb up to 500oC (the whole region 1 and a portion of region 2 in the carrier 

concentration vs. TSb plot in Figure 6.1 (a)) the c parameter of SZO layers remains virtually 

unchanged, close of bulk ZnO value of 5.206 Å, and then abruptly increases to ~5.296 Å for the 

layer grown at TSb = 520oC. When TSb increases from 520oC to 550oC, the c lattice parameter 

further rises. The observed behavior of the c lattice parameter can be explained as follows. If we 
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assume that in the SZO layers with lower Sb concentration Sb occupies predominately Zn lattice 

sites, the c lattice will not change too much since the ionic radius of Sb3+ (0.78 Å) is close to that 

of Zn2+ (0.74 Å) and therefore Sb incorporation has no profound effect on the ZnO lattice 

parameter. Moreover, Sb ions on the Zn positions act as donors, which is consistent with the 

observed increase in electron concentration with increasing TSb (Figure 6.1 (a), region1). While 

in the layers with higher Sb content more Sb could be forced to substitute oxygen which could 

considerably increase the lattice distortion although the amount of Sb in oxygen position could 

be still very small compared with the total Sb concentration. Note that the ionic radius of Sb3- 

(2.44 Å) far exceeds that of O2- (1.38 Å), therefore even a small amount of incorporation of Sb 

on the O sites should lead to an increase in the c lattice parameter of SZO as well as to 

compensation of the SbZn donors. It must be pointed out that the other complex-like acceptor 

defects are not excluded, which could somehow affect both the lattice parameter and the electron 

concentration. 

 

Figure 6.6 out-of-plane c lattice parameter derived from 2θ-ω HRXRD scans as a function of TSb. 
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Actually, the same phenomenon of the increase in c lattice constant with the increase in Sb 

content was also reported by several groups recently. Yang et al.84 claimed that not all the Sb 

took the Zn positions. Instead, some of them formed Sb-O clusters which can significantly 

increase the c lattice constant. However, this kind of clusters was not observed for our samples 

from TEM measurements, which data will be shown later. Zhu et al.136 and Samanta. et al.80 just 

simply attributed that to the substitution of Zn with Sb since the radius of Sb3+ is slightly larger 

than that of Zn2+ (0.92 Å vs. 0.74 Å in reference 136 and 0.78 Å vs. 0.74 Å in reference 80). If 

this explanation is correct, the reduction in both electron concentration and mobility for samples 

in region 2 caused by compensation has to be explained due to mainly the SbZn-2VZn complexes 

since no Sb substitutes O. However, this explanation of the increase in c lattice constant due to 

the substitution of Zn with Sb cannot exclude the possibility of more Sb starting to substitute O 

for SZO films with high Sb content, although the number of SbO is much less than that of SbZn. 

At this stage, it is difficult to determine whether Sb will substitute O. But remember that Wahl et 

al.76 concluded that Sb can substitute O, with the possible fraction on O sites being at maximum 

5%-6%. So maybe both the SbO acceptors and the SbZn-2VZn complex-like acceptors exist, which 

really need further studies. 

Figure 6.7 shows the FWHM of (0002) SZO XRD ω-rocking curves as a function of TSb. As 

seen from the figure, the FWHM values remain virtually unchanged (FWHM ~0.53o) for the 

antimony-cell temperatures corresponding to region 1 in Figure 6.1 (a)  and rapidly increase with 

TSb at TSb ≥ 480oC (region 2). The broad XRD ω-rocking curves point to inferior crystal 

perfection of ZnO with high Sb concentration. 
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Figure 6.7 FWHM of (002) SZO XRD ω-rocking curves as a function of Sb sell temperature, TSb  
 

STEM measurements were performed for two selective SZO samples with ~0.1 at.% and 

~0.9 at.% Sb contents, corresponding to TSb =430oC and 520oC, respectively. Pores and 

dislocations are clearly seen in both samples. The formation of pores is not preparation artifact 

and has been observed also in GZO as discussed earlier. According to STEM data, the densities 

of dislocations in both samples are comparable, which are ~4±1×1010 dislocations/cm2. Although 

the comparable dislocation densities in samples with different Sb concentration are unexpected, 

the XRD data showing much broader rocking curve for the former sample could still indicate the 

former sample has more dislocations. Figure 6.8 shows the cross-sectional STEM image of the 

SZO sample with 0.9 at.%  Sb content (TSb = 520 oC) from which grain boundaries are hardly 

seen and consequently grain boundary scattering should be not important. Based on Equation 3 

for dislocation scattering the mobility limited by dislocating scattering is at least one order of 

magnitude higher than the measured Hall mobility (~10 cm2/V-s) for the sample with 0.9 at.%  

Sb content (TSb = 520 oC). Therefore, compensation caused by the extra of Sb in the film should 

be responsible for the low mobility of ~10 cm2/V-s, which is also consistent with the reduced 
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electron concentration of ~7×1017 cm-3 at higher Sb content since compensation not only reduce 

the mobility but also reduce the electron concentration. 

 

Figure 6.8 Cross-sectional TEM image of the SZO sample with 0.9 at.%  Sb content (TSb = 520 oC). 
 

The increase in dislocation density along with the decrease in electron concentration with 

increasing Sb content in SZO has also been reported by Guo  et al. 66 who reported p-type SZO 

with 1 at.% Sb content. However, the SbZn-2VZn complexes were proposed to be responsible for 

both the deterioration in crystal quality and the reduction in electron concentration. At this stage, 

it is still challengeable to use TEM/STEM to determine whether Sb substitutes O or substitutes 

Zn for our samples and further studies could be needed. In short, the deterioration in crystal 

quality at higher Sb content, no matter how this happened, could indicate that the large-size-

mismatched element of Sb could not be a good candidate to achieve promising p-type 

conductivity. 

6.1.2 Substrate temperature effects 
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Effect of substrate temperature on electrical characteristics of SZO layers were studied for 

two selected Sb fluxes, namely TSb= 400 oC (region 1) and 550 oC (region 2). Note that oxygen 

pressure during growth is still ~1×10-5 Torr and film thickness was controlled to be ~200 nm. 

 Table 6.1 compares the electrical properties of the SZO layers grown at substrate 

temperatures of 400 and 600 oC. As seen from the table, the increase in substrate temperature 

results in the less conductive SZO films for the both TSb regions. As seen from the table, the 

higher resistivity of the films grown at 600 oC is due to the reduction in both electron 

concentration and mobility. The detail study of the genesis of the observed effects is underway. 

Generally speaking, the reduced electron concentration and mobility observed at higher substrate 

temperatures could be caused by the lower incorporation efficiency of Sb on the Zn sites and the 

formation of acceptor-type defects compensating donors as well as the reduction in native donor 

defects.  Comparison between the undoped ZnO grown at substrate temperatures of  400 and 600 

oC, respectively, confirmed that the electron concentration originated from the native defects was 

slightly reduced by ~5×1016 cm-3, indicating that higher substrate temperature could be better to 

achieve p-type conductivity if which can be implemented since compensation will be reduced.  

 
Table 6.1 Comparisons of substrate temperature effects on electrical properties of SZO. 

 

 
 

6.1.3 Oxygen effects 
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Figure 6.9 shows the effect of oxygen pressure during MBE growth, PO2, on electron 

mobility and electron concentration in the SZO layers with low Sb concentrations (region 1 in 

Figure 6.1). One can see that for the layers grown under metal-rich conditions (PO2 = 0.45×10-5 

Torr) both parameters are considerably lower than those for the samples grown at higher oxygen 

pressures. We may assume that the oxygen-rich (and, consequently, Zn-deficient) conditions 

favor the incorporation of Sb on the Zn sites and formation of SbZn donors. One the other hand, 

the formation of SbO acceptors compensating SbZn donors is suppressed under high oxygen 

pressure. Both factors results in higher electron concentration and mobility. 

Note that the SbZn-2VZn complexes were typically thought to be responsible for the 

compensation in SZO films. However, this type of acceptors should not exist in the SZO films 

with low Sb content grown under either metal-rich or oxygen-rich conditions as shown in Figure 

6.9. This is because of the followings. The concentration of SbZn-2VZn complexes should 

increase with the oxygen pressure, since the probability of Zn vacancy formation is higher at 

high oxygen pressure. And then the measured electron concentration should be reduced for a 

given Sb cell temperature due to compensation. In contrast, the reduced electron concentration 

with the increase in oxygen pressure is not observed. So the only possible reason is that for SZO 

films with low Sb content, no SbZn-2VZn complexes are available due to the low Sb content (<0.1 

at.%).  While for SZO films grown under metal-rich conditions, a small amount of SbO acceptors 

exist but it is less than that of SbZn donors, which makes the films still weak n-type. When 

oxygen pressure during growth was increased, the formation of SbO acceptors was suppressed. 

Instead, more Sb substituted Zn, resulting in both higher electron concentration and mobility. 

Note that this hypothesis only applies to SZO with low Sb content. Note that both theoretical and 

experimental results suggested that oxygen-rich conditions be used to achieve p-type doping for 
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ZnO doped with a large-size-mismatch element of As or Sb since it will severely suppress the 

formations of AsO and SbO but favor the formations of SbZn-2VZn complexes.77 The conclusion 

given here supports the analysis of the data in Figure 6.9. 

 

Figure 6.9 Effect of oxygen pressure during growth, PO2, on electron concentration (a) and mobility (b) for the 
SZO layers grown with low Sb flux (region 1). PO2=0.45×10-5 Torr (square,) PO2=1×10-5 Torr (circle), and 
PO2=1.5×10-5 Torr (triangle). 

 

As can be seen from Figure 6.9 (a), the electron concentration tends to saturate when TSb 

increases for all the oxygen pressures used. This behavior suggests that the incorporation of Sb 

ions on the Zn sites approaches the effective solubility limit as TSb approaches 480 oC, i.e., the 

boundary between region 1 where electron concentration increases with increasing Sb flux and 
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region 2 in which the electron concentration drops with further increasing TSb.  Further increase 

in Sb flux leads to the incorporation of Sb on the oxygen sites, formation of dislocations and 

probably point-defect complexes involving Sb (SbZn-2VZn complexes) also acting as acceptors 

compensating SbZn donors. This picture is consistent with the data of structural analysis showing 

a rapid degradation of SZO crystallinity with increasing TSb in region 2 as illustrated by Figure 

6.4 to Figure 6.7. The Sb solubility in ZnO based on the results here should be lower than 1 at.% 

since EDS revealed the Sb content in the SZO layer grown at TSb=520 oC is ~0.9 at.%, which is 

much lower than the reported result of 3 at.%86, which need further studies. 

The results obtained above show that high Sb content and high substrate temperature during 

growth are the factors decreasing electron concentration in Sb-doped ZnO. Therefore, in attempt 

to achieve p-type ZnO, we grew SZO layers at a higher substrate temperature (600 oC) and high 

Sb flux (TSb=550 oC, corresponding to region 2) at different oxygen pressures, PO2=0.45×10-5, 

1×10-5, and 1.5×10-5 Torr. In all cases, the SZO were found to be of n-type. In the first and 

second cases, the electron concentrations are in the mid-1016 cm-3 range, while electron 

mobilities are ~2-3.7 cm2/V·s, resulting in a resistivity around 27-42 Ohm-cm. For the sample 

grown at PO2=1.5×10-5 Torr, the resistivity varied around 400 Ohm-cm but the measured carrier 

concentration and mobility depend on the measurement conditions (applied magnetic field=5-

7KG and current=5-20nA) and consequently are not reliable. The unreliability could be caused 

by strong localization of free carriers caused by high defect concentration in the sample. Note 

that for PO2=1.0×10-5 Torr, the O and Zn concentrations in the film with 0.9 at.%  of Sb were 

found to be 53.52-56.26% and 45.58-42.76 at.%, indicating a near-stoichiometric growth 

condition but slightly oxygen rich. Consequently, PO2=1.5×10-5 Torr corresponds to a strong 



 

- 119 - 
 

oxygen-rich condition. However, no reliable p-type ZnO was achieved under oxygen-rich 

condition along with a higher Sb fux and a higher substrate temperature. 

6.1.4 Summary for Sb-doped ZnO 

To confirm that the high n-type conductivity in SZO grown on a-sapphire substrates is not 

due to the Al out-diffusion from the substrates, undoped ZnO and Sb-doped ZnO were grown on 

330 µm thick bulk ZnO substrates (CrysTec GmbH) for comparisons. Comparisons indicated 

that the high n-type conductivity is due to the Sb doping effect while not due to the Al out-

diffusion from the sapphire substrate. Meanwhile, comparisons between Sb-doped and undoped 

ZnO on glass substrates grown under either vacuum or oxygen environment by pulsed laser 

deposition136 also support the above conclusion, where the increase in electron concentration of 

ZnO once doped with Sb is in the range of 1.6-5.78×1019 cm-3. 

In summary, the investigation of Sb flux effect (TSb) indicated that Sb acts as a donor in a 

wide electron concentration range (upper 1016 to upper 1019 cm-3) and optimum growth condition 

along with post-growth annealing in nitrogen environment even produced high mobility of 145.2 

cm2/V·s at 15K or 110 cm2/V·s at 300K along with the electron concentration of 4.53×1019 cm-3. 

The donor behavior of Sb indicated that the majority Sb ions reside on Zn sites instead of O sites 

and the thermal activation energy of the donor determined by the Arrhenius plot is ~0.9 eV. 

While the reduction in both electron concentration and mobility with increasing Sb flux is caused 

by the deterioration of crystal quality and the lattice distortion revealed by increased c lattice 

constant and FWHM, which are indicative of the formations of extended defects such as 

dislocation, various grain and domain boundaries, point defects, and point-defect complexes 

related to the extra Sb. The deterioration in crystal quality at higher Sb content, no matter how 

this happened, could indicate that the large-size-mismatched element of Sb could not be a good 
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candidate to achieve promising p-type conductivity. Substrate temperature effects showed higher 

substrate temperature can produce SZO with lower electron concentration and lower mobility 

probably due to the lower incorporation efficiency of Sb, the reduction in native defects in ZnO, 

and the possible formation of some type of acceptors with Sb involved at higher substrate 

temperature. Oxygen effects indicate that the probability of the substitution of O with Sb (SbO) 

being an acceptor exists especially in SZO layers grown under lower oxygen pressures but the 

overwhelming electrons provided by the donors of Sb in Zn sites always make the SZO layers n-

type. The electron concentration tends to saturate when TSb increases up to 480 oC for all the 

oxygen pressures used, which indicates the incorporation of Sb ions on the Zn sites approaches 

the effective solubility limit.  

6.2 ZnO co-doped with nitrogen and tellurium   
 

6.2.1 Experiments 

The same plasma power supply as used before for GZO or SZO growth was used to ignite 

both the oxygen and nitrogen simultaneously in order to supply the reactive oxygen and nitrogen. 

The flux of oxygen and that of nitrogen into the plasma power supply were controlled by two 

MFCs and the total pressure in the growth chamber was controlled by a pressure gauge installed 

in the main chamber.  

Figure 6.10 shows an example of optical spectra obtained for the plasma power supply when 

only oxygen was supplied (dots). The main oxygen emission peak is located at ~778 nm. When 

both oxygen and nitrogen were supplied, the optical spectra (line) show considerable changes in 

some wavelength ranges, indicating one plasma power supply could be successfully used to 

ignite both oxygen and nitrogen. The detailed explanation of nitrogen-related emission peaks can 
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be found elsewhere137, where the optical spectra were obtained from the same plasma power 

supply as used here. In general, the changes in the wavelength range of 280-400 nm (second 

positive molecular series) and in the wavelength range of 550-650 nm (first positive molecular 

series) are caused by molecular N2. The main atomic nitrogen related emission peak is located at 

~750 nm as seen in Figure 6.10. Note that the spectra here were collected by an optical fiber and 

therefore the resolution is relatively low. 

 

Figure 6.10 Optical spectra from the plasma power supply with only oxygen (dots) and with both oxygen and 
nitrogen (line). Note that the main peaks for oxygen emission (~778 nm) for the two cases have a comparable 
intensity 

 

The doping level of N in the ZnO films was expected to be controlled by changing the ratio 

of N to O. One effusion cell with 5N Te was used as the doping source of Te. First, the effects of 

substrate temperatures on the electrical and structural properties of N-doped and N and Te co-

doped  ZnO were investigated for a selective Te flux and a fixed ratio of N to O. Next, Te flux 

effect and the effect of N-to-O ratio were investigated. RTA annealing was employed for 
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selective layers to study the annealing effects on films. For all films, a ~10 nm LT ZnO buffer 

layer was employed to provide better nucleation. 

6.2.2 Substrate temperature effects 

Te cell temperature (TTe) of 375 oC and N-to-O ratio of 0.3 (3×10-6 Torr vs. 10×10-6 Torr) 

were chosen to study the substrate temperature effects on the properties of ZnO:N or 

ZnO:[N+Te], which are 400, 500, and 600 oC, respectively. Meanwhile, Te doping effects can 

also be studied once Te dopants were introduced into the films. 

 

Figure 6.11 RHEED images of (a) ZnO:N grown at Tsub=500 oC, (b) ZnO:N grown at Tsub=300 oC, (c) 
ZnO:[N+Te] grown at T sub=500 oC, and (d) ZnO:[N+Te] grown at Tsub=300 oC. Note:  TTe = 375 oC and N-to-
O ratio = 0.3 (3×10-6 Torr vs. 10×10-6 Torr).  

 

Figure 6.11 shows the RHEED patterns recorded for ZnO:N and ZnO:[N+Te] grown at 

different substrate temperatures. From Figure 6.11 (a) and (b), we can see that the growth mode 

for ZnO:N films changed from 2D to 3D when substrate temperature was reduced from 600 oC to 

400 oC. Note that the growth mode for the ZnO:N grown at substrate temperature of 500 oC is 

(a)
Tsub=600oC
ZnO:N
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Tsub=400oC
ZnO:N

(c)
Tsub=600oC
ZnO:(N+Te)
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also 2D. This could be because of that higher growth temperature is favorable to obtain a smooth 

surface due to the longer migration length of adatoms.138 However, once Te was introduced into 

the ZnO:N films grown at the same conditions as those in Figure 6.11 (a) and (b), the RHEED 

pattern indicated much worse surfaces of those ZnO:[N+Te] films [see Figure 6.11 (c) and (d)]. 

The ZnO: [N+Te] films with a RHEED pattern as shown in Figure 6.11 (d) are not acceptable in 

terms of the crystal quality.  

 

Figure 6.12 (a) mobilities and (b) electron concentrations of ZnO:N and ZnO:[N+Te] grown at different 
substrate temperatures. Note: N/O ratio=0.3, PO2=10-5 Torr, and TTe=375oC. 

 

Figure 6.12 (a) and (b) show the mobilities and electron concentrations of above-mentioned 

ZnO:N and ZnO:[N+Te] layers grown under different substrate temperatures, respectively. As 

seen, higher substrate temperature produced lower electron concentration and lower mobility for 

both ZnO:N and ZnO:[N+Te] layers. For ZnO:N samples, even grown at higher substrate 

temperature of 600 oC, no signs of N being a p-dopant can be seen from the electrical 

measurements. In general, the electron concentration of N-doped ZnO layers is slightly higher 

than that for undoped ZnO grown at the same substrate temperature, while the corresponding 
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mobility is lower. Park et al.95 also observed the n type conductivity of N-doped ZnO with an 

electron concentration of 2.5×1017 cm-3 but once Te was also introduced into the ZnO film p-type 

ZnO was achieved. It is noteworthy that bulk ZnO substrate instead of sapphire substrate was 

used in the work just mentioned, which could be the reason why p-type ZnO was achieved by co-

doping technique once Te was also introduced. Recently, theoretical results from Lyons et al.139 

and experimental results from Tarun et al.140 produced a conclusion that nitrogen is a deep 

acceptor in ZnO and consequently it cannot produce p-type ZnO.  More studies are needed since 

the above-mentioned results are not consistent with the predication of N being O position as a 

shallow acceptor as well as the reported results of p-type ZnO doped with N. Anyway, both the 

electron concentration and mobility were considerably reduced once Te was introduced as seen 

in Figure 6.12, indicating Te can suppress the formation of donors, which was explained as Te 

can help increase the incorporation of N97. 

6.2.3 RTA annealing effects and Te effects 

For reported p-type ZnO, they are more often achieved by means of post-annealing in 

oxygen environment. Therefore, annealing in oxygen environment was carried out to investigate 

whether p-ZnO can be achieved through the co-doping of N and Te technique. It is obvious that 

the ZnO:[N+Te] grown at substrate temperature of 600 oC is the best sample to be used for 

annealing since its mobility and electron concentration are the lowest (~3.8 cm2/V-s and ~ 2.4 

×1017 cm-3). 

Figure 6.13 shows the RTA annealing temperature effects. After annealing, the ZnO:[N+Te] 

samples grown at the substrate temperature of 600 oC are still n type. For the sample annealed at 

temperature of 800 oC, the resistivity is considerably increased (~40 ohm-cm) compared with the 

as-grown sample (~6.8 ohm-cm). For the sample annealed at temperature of 800 oC, the 
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measured mobility and carrier concentration scattered based on the applied current and magnetic 

field, which sometimes exhibited a p-type but it is not reliable. However, the considerable 

increase in resistivity is consistent with what Porter et al.93 observed, indicating Te could reduce 

the Madelung energy as propsed91.  

 

Figure 6.13 RTA annealing temperature effects on (a) resistivity, (b) mobility, and (c) carrier concentration of 
ZnO:[N+Te].  

Figure 6.14 Comparisons of mobilities before and after RTA annealing at the same temperature of 800 oC in 
oxygen environment for reference samples of ZnO, ZnO:N, ZnO:Te, and ZnO:[N+Te]. Note that the numbers 
of 0, 1, 2, 3, and 4 are assigned for the best ZnO achieved, ZnO possibly affected by Te from the sample 
holder, n-doped ZnO, Te-doped ZnO, and co-doped ZnO respectively. 
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0, 1, 2, 3, and 4 are assigned for the best ZnO achieved, ZnO possibly affected by Te from the 

sample holder, n-doped ZnO, Te-doped ZnO, and co-doped ZnO respectively. It is obvious to see 

from Figure 6.14 that all reference sample showed a very high mobility above 60 cm2/V-s and 

only the ZnO:[N+Te] exhibited a mobility much lower than 30 cm2/V-s after they were annealed 

at the temperature of 800 oC in oxygen environment. Also, it is obvious to see from Figure 6.15 

that after annealing all the reference samples including the undoped ZnO, N-doped ZnO, and Te-

doped ZnO, their electron concentrations are ~ 1018 cm-3. In contrast, the electron concentration 

of the ZnO:[N+Te] annealed at the temperature of 800 oC in oxygen environment is lower than 

1017 cm-3, which is one order of magnitude lower and sometimes exhibit p-type results from Hall 

measurement although it is not reliable at all. In general, the reference samples become more 

conductive and their resistivities are about 0.1 ohm-cm while that of the ZnO:[N+Te] after 

annealing is about 40 ohm-cm. The comparisons as mentioned above support that Te really helps 

increasing the resistivity of ZnO:[N+Te], which shows the potential to help achieve the p-type 

ZnO doped with N if N is really a shallow acceptor. 

 
 

Figure 6.15 Comparisons of carrier concentrations before and after RTA annealing at the same temperature 
of 800 oC in oxygen environment for reference samples of ZnO, ZnO:N, ZnO:Te, and ZnO:[N+Te]. Note that 
the numbers of 0, 1, 2, 3, and 4 are assigned for the best ZnO achieved, ZnO possibly affected by Te from the 
sample holder, n-doped ZnO, Te-doped ZnO, and co-doped ZnO respectively. 
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Annealing in oxygen environment could be a necessary technique to achieve p-type ZnO 

because it can significantly improve the crystal quality and consequently possibly increase the 

incorporation of N. The annealing process could also help get rid of the excess Te from the ZnO 

film since the red color from Te disappeared after annealing. The XRD 2θ-ω scan and XRD ω 

scan as shown in Figure 6.16 proved that the annealing process considerably improved the 

crystalline quality of the ZnO:[N+Te]. The FWHM of the annealed ZnO:[N+Te] is about 0.33o 

which is comparable to the best un-doped ZnO as discussed earlier in sections for GZO. AFM 

(5µm by 5µm scan) revealed that the RMS surface roughness for the annealed sample is about 

2.6 nm. However, no reliable p-type ZnO has been achieved even if annealing was used. To 

achieve p-type ZnO, more optimized condition could be needed. 

 

 
Figure 6.16 (a) XRD 2θ-ω scan and (b) XRD ω scan for ZnO:[N+Te] before and after annealing at 
temperature of 800 oC in oxygen environment. 

 

6.2.4 Effects of N/O ratio and Te flux 

Te cell temperature (TTe) was varied from 350 oC to 425 oC to investigate the Te flux effect. 

Note that the N-to-O ratio is ~0.27 (4×10-6 Torr vs. 15×10-6 Torr) and substrate temperature was 
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fixed to be 600 oC. As seen from Figure 6.17, the growth mode for all samples is 3D. The sample 

grown at higher Te flux could have slightly worse crystalline. 

 

Figure 6.17 RHEED patterns of ZnO:[N+Te] grown under different Te cell temperatures (note: 
N/O=0.27 and Tsub=600oC). 

 

For all samples, Hall measurement revealed n-type conductivity. In general, the resistivity 

for the as-grown samples increased from ~0.5 ohm-cm to 12 ohm-cm when TTe was increased 

from 350 oC to 425 oC. All the samples were annealed in oxygen environment at the temperature 

of 800 oC. For the annealed sample grown at TTe=425 oC, it became semi-insulating and 

therefore is not measurable by the Hall system. Figure 6.18 shows the average resistivity 

measured under different applied current in Hall measurement for the other samples. Compared 

with the corresponding as-grown samples, the resistivities become larger due to annealing. 

Meanwhile, the resistivity seems to increase with the increase in TTe. Sometimes, p-type 

conduction was achieved for less conductive samples. However, the measurement p-type was 

thought unreliable  
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Figure 6.18 Average resistivity of ZnO:[N+Te] grown under different Te cell temperatures (note: 
N/O=0.27 and Tsub=600oC). For the one grown at TTe=425 oC, it is semi-insulating after annealing. 

 

Te cell temperature and substrate temperature were fixed to be 375 oC and 600 oC, 

respectively. The ratio of N to O was varied to investigate the N/O ratio effect. The ratios are 

~0.235 (4×10-6 Torr/17×10-6 Torr), ~0.471 (8×10-6 Torr/17×10-6 Torr), ~0.533 (8×10-6 

Torr/15×10-6 Torr), and ~1 (11×10-6 Torr/11×10-6 Torr). 

Figure 6.19 shows RHEED patterns of ZnO:[N+Te] grown under different N/O ratios as 

mentioned earlier. It is interesting to see that the ZnO:[N+Te] grown at higher N/O ratio of 1 

showed 2D growth mode while all others showed 3D growth mode, which could indicate that a 

suitable amount of N and Te help to achieve smooth surface [see Figure 6.19 (d)]. The growth 

rates of the ZnO:[N+Te] samples exhibiting 3D growth mode are comparable, which are about 

66-68 nm/h. In contrast, the growth rate of the ZnO:[N+Te] with 2D growth mode is about 55 

nm/h. The lower growth rate is due to two reasons. First, the oxygen pressure used for this 

sample is 11×10-6 Torr, which is lower than others. Second, simultaneously supplying of both 

nitrogen and oxygen can suppress the emission intensity of oxygen as shown in Figure 6.10. So 
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there is no doubt that the growth rate is lower because more nitrogen is supplied together with 

the much less oxygen.  

 

Figure 6.19 RHEED patterns of ZnO:[N+Te] grown under different N/O ratios (note: TTe=375 oC and 
Tsub=600oC). 

 

All the four ZnO:[N+Te] samples showed n-type behavior. Their electron concentrations are 

about 1018 cm-3 and mobilities are below 7 cm2/V-s. As shown in Figure 6.20 (a), the resistivities 

of the as-grown ZnO:[N+Te] samples are about 0.5-2 ohm-cm, which do not have a big 

difference. These ZnO:[N+Te] samples were annealed at temperatures of ~800 oC in oxygen 

environment. Figure 6.20 (b) shows that the resistivities of those annealed ZnO:[N+Te] samples 

increase with the increase in the ratio of N-to-O. Below the dash line in Figure 6.20 (b), stable n-

type can be achieved while above that sometimes unstable p-type can be achieved. The achieved 

p-type is not reliable for the samples with higher resistivities because the default value set in the 

Hall system for an open circuit is p-type.  
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Figure 6.20 Resistivities of ZnO:[N+Te] grown under different N/O ratio. (a) before and (b) after annealing at 
temperature of 800 oC in oxygen environment. 

 

6.2.5 Summary for ZnO co-doped with N and Te 

Higher substrate temperature of 600 oC produced less conductive ZnO:N and ZnO:[N+Te] 

samples. N doped ZnO exhibited n-type conductivity, which could be inconsistent with the 

reports of p-type ZnO:N in literature and consequently need more studies. Te was found to help 

suppress the formation of donors in N and Te co-doped ZnO samples. ZnO:[N+Te] samples 

annealed at the temperature of 800 oC in oxygen environment became less conductive as 

compared with the corresponding as-grown samples, which could be due to the improvement in 

crystalline quality as revealed by XRD measurements, thereby resulting in more incorporation of 

N . The effect of Te helping suppress the formation of donors were further proved by annealing 

the reference samples such as un-doped ZnO, N-doped ZnO, and Te-doped ZnO. After annealing, 

the reference samples became more conductive than the corresponding as-grown samples as well 

as the annealed ZnO:[N+Te] samples. The annealed ZnO:[N+Te] samples can have resistivities 

higher than 30 ohm-cm, which sometimes produced p-type behavior but it was believed 

unreliable due to the Hall system limit.  The investigations of either Te flux effect or N-to-O 

ratio effect indicate that either higher Te flux or higher N-to-O ratio can produce much less 
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conductive ZnO:[N+Te] films. In short, more experiments could be needed to investigate the 

possibility of p-ZnO co-doped with N and Te by further optimizing the Te flux and N/O ratio.  
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Chapter 7 Conclusions 

(1) Effects of MBE growth parameters including oxygen pressure, Ga flux, and substrate 

temperature on the GZO properties have been intensively investigated due to the lack of the 

detailed studies in literature. The ratio of metal (Ga+Zn) to oxygen was found to be a critical 

parameter to achieve highly conductive and transparent GZO layers, which has strong effects on 

GZO structural, optical, and electrical properties as revealed by XRD, TEM, PL, transmittance, 

and Hall measurements. To achieve higher conductivity and higher transmittance, metal-rich 

conditions (reactive oxygen to incorporated Zn ratio<1) instead of oxygen-rich conditions 

(reactive oxygen to incorporated Zn ratio>1) are required. The as-grown GZO layers grown 

under metal-rich conditions exhibited a resistivity below 3×10-4 ohm-cm and optical 

transparency exceeding 90% in the visible spectral range, due to the strong Burstein-Moss shift 

of the Fermi level deep into the conduction band. The thicknesses were found to have very minor 

effects on the resistivities of as-grown GZO layers grown under metal-rich conditions. The GZO 

layers grown under metal-rich conditions are thermally stable in their resistivities up to 500 oC in 

air, which is better than the previously reported ZnO-based TCOs (up to 400 oC). RTA annealing 

at the temperature of ~600 oC for 3 mins in nitrogen environment almost does not reduce the 

resistivities of GZO layers grown under metal-rich conditions while it considerably reduces those 

for GZO layers grown under near-stoichiometry or oxygen-rich conditions.  The worse structural, 

optical, and electrical properties of GZO grown under oxygen-rich conditions were presumed 

due to the acceptor-like complexes of (GaZn-VZn). The optimum Ga flux for the lowest resistivity 

of GZO could be achieved at a Ga cell temperature (600 oC in this work) resulting in a Ga 

concentration just below its solubility in ZnO. In this case, all Ga3+ ions will substitute Zn2+ ions 

and will not degrade the crystal quality. Instead, the crystal quality could be improved because 
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the lattice distortion in ZnO caused by the lattice mismatch along the [1-100] direction of either 

ZnO or sapphire can be reduced due to the smaller radius of Ga3+ ion than that of Zn (0.62 Å vs. 

0.74 Å). Substrate temperature was found to have only a moderate effect on the electrical 

properties of GZO layers but greatly affects their surface morphology, which is important in real 

applications. Higher substrate temperature tends to produce rougher GZO surface. The optimum 

trade-off between surface roughness and resistivity was achieved at substrate temperature of 350-

400 oC. 

(2) Highly conductive and transparent GZO layers (resistivity<2.5×10-4 ohm-cm and 

transmittance>90% in the visible spectral range) have been successfully applied as p-side 

transparent electrodes in GaN-based LEDs. GZO grows epitaxially on GaN with GZO 

[0001]//GaN [0001] and GZO [10-11]// GaN [10-11]. The calculated lattice parameters of GZO 

grown on p-GaN are very close to those of bulk ZnO, indicating very low lattice distortion even 

in ZnO films with very high Ga concentrations. These rough surfaces of GZO layers grown on 

LED structures with 200-Torr p-GaN on the top are thought to be helpful in photon extractions 

from LED active regions since they could scatter more photons out of the LEDs. The low 

resistivity of GZO is the basis for current spreading in LED applications which can be improved 

by RTA annealing. However, the optimum annealing temperatures for GZO and n-side contacts 

are different. A trade-off between the resistances of p- and n-side contacts should be made to 

achieve the best performance of the LEDs, unless GZO films are deposited after the n-contact 

anneal. The LEDs with GZO electrodes (GZO-LEDs) exhibited many advantages over the LEDs 

with the traditional thin semi-transparent Ni/Au electrodes (Ni/Au-LEDs). The EQE of the GZO-

LED is 1.7-2 times higher than that of Ni/Au-LED at high current densities due to what we 

believe GZO’s relatively higher transparency and rough surface. GZO-LEDs can withstand much 
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higher current densities (4700 A/cm2) than that of Ni/Au LEDs (3500 A/cm2) under pulsed mode. 

The filamentation phenomenon observed for Ni/Au-LEDs was not seen for GZO-LEDs. The 

highly conductive and transparent GZOs are promising to replace ITO for practical applications 

in GaN-based devices. The surface morphologies of GaN were demonstrated to be important in 

affecting the structural and electrical properties of GZO layers.  For applications in LEDs, 

rougher GZO surface is desired and consequently the rougher GaN template is needed. In 

contrast, for applications in other GaN-based devices which need smooth surface, smooth GaN 

surface is needed to grow highly conductive and transparent GZO layers with a smooth surface. 

(3) Scattering mechanisms governing electron transport in GZO layers with electron 

concentrations of 1018 cm-3-1021 cm-3 achieved under different growth conditions have been 

studied by the means of numerical fittings of the temperature-dependent Hall mobility curves. 

For heavily doped GZO with carrier concentrations above 1020 cm-3, the temperature dependence 

of mobility measured in the range of 15-330K is well described by the Matthiessen’s rule with 

mobility being limited by polar optical phonon (POP) scattering, and a temperature-independent 

mobility limited by ionized impurity scattering, compensation of Ga donors with acceptor 

defects, and electron scattering by low-angle grain boundaries limited by quantum-mechanical 

tunnelling. The data indicates that ionized impurity scattering is the dominant mechanism 

limiting the mobility in the range of 15-330 K for GZO layers with high structural quality grown 

under metal-rich conditions. For these GZO layers grown under metal-rich conditions, POP 

scattering is the main mechanism responsible for the temperature-dependence for T>150 K and 

thereby POP scattering cannot be neglected especially at RT. As seen from Figure 5.3 (c), 

piezoelectric scattering has a much stronger effect than acoustic phonon scattering but both of 

them can be neglected. It must be pointed out that piezoelectric scattering has a very minor effect 
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in the temperature range of ~150K-175K, which is comparable to POP scattering in that range. 

However, both the effects of POP scattering and piezoelectric scattering in that range are weaker 

and therefore the mobility slightly reduced with the increase in temperature. For the sample with 

n=~9×1020 cm-3 and LT mobility of ~51 cm2/V·s at low temperatures, grain boundary scattering 

and compensation if present are negligible due to their very minor effects. In contrast, for heavily 

doped GZO layers grown under oxygen-rich conditions, which have inclined grain boundaries 

and relatively small grain sizes of 10-20 nm determined by X-ray diffraction (10-30 nm by 

TEM), the compensation and grain boundary scattering became dominant. The high donor 

compensation in these layers is caused presumably by (GaZn-VZn) complexes having the lowest 

formation energy in degenerate GZO grown under oxygen-rich conditions. The evolution of 

temperature dependences of mobility when the electron concentration reduces from 1020 cm-3 to 

1018 cm-3 indicates that not only the contribution of grain-boundary scattering becomes stronger 

but also that the electron transport across boundaries changes from quantum-mechanical 

tunnelling to thermionic emission. In short, although the significance order of scattering 

mechanisms can differ for GZO layers with different growth conditions, metal-rich growth 

conditions, which can produce films with minimal deleterious effects by compensation and grain 

boundaries, are imperative for attaining high mobilities and high electron concentrations. The 

intrinsic limitations in RT mobility of GZO, are ionized impurity scattering and POP scattering. 

(4) Interestingly, Sb was demonstrated to act as a donor in a wide electron concentration 

range (upper 1016 to upper 1019 cm-3) and optimum growth condition along with post-growth 

annealing in nitrogen environment even produced high mobility of 145.2 cm2/V·s at 15K or 110 

cm2/V·s at 300K along with the electron concentration of 4.53×1019 cm-3. The donor behavior of 

Sb indicated that the majority Sb ions reside on Zn sites instead of O sites and the thermal 
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activation energy of the donor determined by the Arrhenius plot is ~0.9 eV. While the reduction 

in both electron concentration and mobility with increasing Sb flux is caused by the deterioration 

of crystal quality and the lattice distortion revealed by increased c lattice constant and FWHM, 

which are indicative of the formations of extended defects, point defects, and point-defect 

complexes related to the extra Sb. The deterioration in crystal quality at higher Sb content, no 

matter how this happened, could indicate that the large-size-mismatched element of Sb could not 

be a good candidate to achieve promising p-type conductivity. Substrate temperature effects 

showed higher substrate temperature can produce SZO with lower electron concentration and 

lower mobility probably due to the lower incorporation efficiency of Sb, the reduction in native 

defects in ZnO, and the possible formation of some type of acceptors with Sb involved at higher 

substrate temperature. Oxygen effects indicate that the probability of the substitution of O with 

Sb (SbO) being an acceptor exists especially in SZO layers grown under lower oxygen pressures 

but the overwhelming electrons provided by the donors of Sb in Zn sites always make the SZO 

layers n-type. The electron concentration tends to saturate when TSb increases up to 480 oC for all 

the oxygen pressures used, which indicates the incorporation of Sb ions on the Zn sites 

approaches the effective solubility limit.  

(5) Higher substrate temperature of 600 oC produced less conductive ZnO:N and 

ZnO:[N+Te] samples. N doped ZnO exhibited n-type conductivity, which could be inconsistent 

with the reports of p-type ZnO:N in literature and consequently need more studies. Te was found 

to help suppress the formation of donors in N and Te co-doped ZnO samples. ZnO:[N+Te] 

samples annealed at the temperature of 800 oC in oxygen environment became less conductive as 

compared with the corresponding as-grown samples, which could be due to the improvement in 

crystalline quality as revealed by XRD measurements, thereby resulting in more incorporation of 
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N . The effect of Te helping suppress the formation of donors were further proved by annealing 

the reference samples such as un-doped ZnO, N-doped ZnO, and Te-doped ZnO. After annealing, 

the reference samples became more conductive than the corresponding as-grown samples as well 

as the annealed ZnO:[N+Te] samples. The annealed ZnO:[N+Te] samples can have resistivities 

higher than 30 ohm-cm, which sometimes produced p-type behavior but it was believed 

unreliable due to the Hall system limit.  The investigations of either Te flux effect or N-to-O 

ratio effect indicate that either higher Te flux or higher N-to-O ratio can produce much less 

conductive ZnO:[N+Te] films. More experiments could be needed to investigate the possibility 

of p-ZnO co-doped with N and Te by further optimizing the Te flux and N/O ratio.  

To further carry on the experiments, several things need to be improved or changed. Firstly, 

different plasma power supplies and MFC controllers should be used for oxygen and nitrogen, 

respectively. The main problem during the previous growth is the unstable pressure during 

growth. It is no way to determine whether the variation in oxygen flux or nitrogen flux caused 

the change in pressure during growth based on the current MBE system. Secondly, NO or NO2 

instead of N2 as N source should be used. As reported in literature, ZnO doped with N2 usually 

results in n-type film, whereas doping with NO2 or NO sources can lead to p-type films that over 

time revert to n-type.141 Since all the ZnO:N layers in this work exhibited n-type conductivity, it 

is necessary to change the gas source in the co-doping techniques, which could shed more light 

on the co-doping techniques. Finally, the a-sapphire substrate should be replaced by bulk ZnO, 

which will probably allow ZnO growth with less extended defects due to no strain and increase 

the incorporations of N as acceptors.  

(6) Although it is still difficult to produce a reliable and reproducible p-type ZnO, ZnO 

remains a promising material which draws much attention due to its application to LEDs, 
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varistors, scintillators, solar cells, and transparent electronics.142 There is no doubt that one of the 

most difficult tasks in ZnO research is p-type ZnO which requires continuously efforts as well as 

probably a new perception. Janotti et al.143 believed that the often-observed n-type conductivity 

in ZnO cannot be explained by native point defects and to achieve p-type ZnO the impurity such 

as oxygen introduced during growth and annealing must be well controlled. If reliable and 

reproducible p-type ZnO materials can be achieved, it will definitely boost the applications of 

ZnO based on p-n ZnO homojunctions.  

Emerging applications of ZnO are UV sensitive photodiodes and transparent field effect 

transistors144,145. Regarding the ZnO transparent thin film transistors or transparent field effect 

transistors (TTFTs or TFETs), the extensively studied material for the channel is amorphous 

In/Ga/Zn/O (a-IGZO) because a-IGZO TFTs can have mobilities of an order of magnitude 

higher than the typical hydrogenated amorphous silicon (a-Si:H) TFTs146. Regarding the origin 

of higher mobility of the amorphous material than its typical crystalline material can be found 

elsewhere147. Most of the a-IGZO TFTs reported by companies exhibited good device 

characteristics such as a large mobility > 10 cm2/V-s, a small S value ~0.1 V/decade, and a large 

On/Off ratio >1010, which satisfy the requirements for practical high-resolution AM_OLED and 

large-size AMLCD.148  Although there are still some problems such as difficulty in forming a 

good electrical contact between an a-IGZO channel and source/drain electrodes149,150 , instability 

over environment change151, and instability under light illumination152, there is probably no room 

for universities to involve in this research. It must be pointed out that TFTs with GZO thin films 

as channel have also been reported by few groups153-155 but the results are not so good as a-IGZO 

TFTs.  
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The above-mentioned TTFTs or TFETs, which are key active devices to substitute a-Si 

TFTs in active-matrix displays due to their transparency and superior electronic properties, 

typically have a metal-insulator-semiconductor (MIS) structure (MISFET). However, such 

MISFETs usually suffer from high operating voltages due to the voltage drop across the insulator 

and limited switching speed due to carrier scattering at the interface between insulator and 

semiconductor resulting in low gain.156 ZnO-based metal-semiconductor FETs (MESFETs) were 

recently proposed to be a promising alternative to the MISFETs because MESFETs can exhibit 

much lower operating voltages and higher channel mobilities that ideally equals the 

semiconductor’s Hall-effect mobility. The main contributions in this research are from 

University of Leipzig in Germany156-159  , which is worth investigating due to the boom of the 

transparent electronics. 

For the above-mentioned MESFETs, Mg-doped ZnO alloys were used as the channel 

materials. The field of ZnO-based alloys and heterostructures was just in the initial stage of its 

development. The purpose of making ZnO alloys is to tailor the band gap of ZnO, which is 

called band-gap engineering. Recently, CdxMgyBezZn1-x-y-zO alloys have attracted much attention 

because their optical devices operate in the UV and visible region.142 Mg and Be can be used to 

increase the band gap of ZnO while Cd is used to decrease the band gap of ZnO. Be is a poison 

material and therefore it is rarely studied.  However, unlike MgO BeO and ZnO share the same 

hexagonal symmetry and consequently there is no phase segregation problem in BeZnO alloys. 

Reviews of the status of CdxMgy(Bez)Zn1-x-y(-z)O alloys, their heterostructures and applications 

can be found elsewhere112,142,143, which are not repeated here. Due to the promising applications 

of CdxMgy(Bez)Zn1-x-y(-z)O alloys in fabricating quantum wells, superlattices, 2D electron gas 

(2DEG) heterostructures, and the devices based on the above-mentioned structures, it is worth 
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investigating this region. Meanwhile, Al or Ga doped Be(Mg)ZnO could be also important as 

transparent electrode with extended band gap.  

In addition to the applications of ZnO doped with Al or Ga as transparent electrodes, they 

were suggested to be new plasmonic metamaterials due to the low loss in NIR region,160-163 

which is another topic worth investigating. 
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