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ABSTRACT 
 

Improved Transparent Conducting Oxides Through  
Modulation Doped ZnO/ZnMgO Thin Films 

 
 

David John Cohen 
 
 ZnO is a member of the unique class of materials known as transparent 

conducting oxides (TCOs).  TCOs are currently used for many applications including flat 

panel displays, solar cells, and energy efficient windows.  Of particular interest is the 

possibility of developing materials that have high electron mobilities, such that 

conductivities may be increased without loosing transparency in the visible spectrum.  

Modulation doping was chosen as a possible technique to achieve this outcome. 

 ZnMgO:Al films were grown and characterized as a potential barrier layer in a 

modulation doped structure.  High quality films, rocking curve FWHM ~1- 2o, were 

grown on c-plane sapphire substrates.  The ability of Mg to increase the band gap of ZnO 

up to a value of 3.76 eV was confirmed.  Aluminum was used as a donor in ZnMgO, and 

maximum carrier concentration levels of ~1 x 1020 cm-3 were achieved.  The wide band 

gap semiconductor ZnMgO:Al was determined to be a suitable choice as a barrier layer in 

a modulation doped structure.   

 A one dimensional Schrodinger/Poisson simulation program was used to 

investigate the influence of the parameters in a modulation doped ZnO/ZnMgO:Al 

structure on the film properties.  The optimum electrical properties were achieved when 

the active ZnO layer and barrier ZnMgO:Al layer were both in the range of 2-5 nm.  The 



 

 

4
optimum thickness for the ZnMgO spacer layer was calculated to be 1.5 nm.  Mobilities 

as high as 145 cm2/Vs were predicted for the optimum structures, compared to ~30 

cm2/Vs in monolithic ZnO films.  The maximum sheet electron density that could be 

transferred from the doped to the undoped layers was predicted to be ~1013 cm-2. 

 Multilayer structures were grown and characterized.  Following the trends 

predicted from the multilayer simulations, a five period multilayer with ZnO and 

ZnMgO:Al layers of 5 nm had a mobility of  ~33 cm2/Vs and a resistivity of 1.44 x 10-3 

Ω cm, compared to a multilayer with 20 nm thick layers which had a mobility of  ~23 

cm2/Vs and a resistivity of 2.45 x 10-3 Ω cm.  The experimental results were in 

reasonable agreement with the predictions of the above simulation. 
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Chapter 1 

Introduction and Background 

 ZnO is a member of the unique class of materials known as transparent 

conducting oxides (TCOs).  Along with the oxides of indium, cadmium, and tin often 

times in various combinations, these materials posses the typically mutually exclusive 

properties of high transparency in the visible spectrum and moderate electrical 

conductivity.  TCOs are currently used for many applications including flat panel 

displays, solar cells, energy efficient windows, and touch screens.  However, improved 

performance is necessary to achieve higher efficiency in current products and to help 

develop transparent electronics.  Of particular interest is the possibility of developing 

materials that have high electron mobilities, such that conductivities may be increased 

without losing transparency in the visible spectrum.  In this thesis, modulation doping 

was chosen as a possible technique to achieve this outcome.  Modulation doping is a 

technique used to physically separate conduction electrons from their ionized donors.  

This is accomplished by placing the donor atoms in a wider band gap material on either 

side of a smaller band gap, intrinsic material.  The conduction electrons transfer across 

the interface in order to occupy lower energy levels in the smaller band gap material.  

The electrons are free to conduct with a reduced influence form the ionized donors and 

thus ionized impurity scattering is minimized.  This technique has been successfully used 

in III-V semiconductor systems such as GaAs/AlGaAs, but has not been used for oxides.  



    

    

17
Since ionized impurity scattering limits the conductivity of TCOs at high carrier 

concentrations, modulation doping was chosen as a potential method to improve TCO 

performance.  A ZnO/ZnMgO system was used to grow modulation doped, TCO films.  

A combined experimental and modeling approach was taken. 

 ZnMgO:Al films were grown by reactive magnetron sputter deposition and 

characterized as a potential donor layer in a modulation doped structure.  High quality 

films, rocking curve FWHM ~1- 2o, were grown on c-plane sapphire substrates using 

reactive magnetron sputtering.  The ability of Mg to increase the band gap of ZnO up to a 

value of 3.76 eV was confirmed, and it was discovered that Mg increases the electron 

effective mass of the films.  Aluminum was used as a donor in ZnMgO, and maximum 

carrier concentration levels of ~1 x 1020 cm-3 were achieved.  A reducing anneal was used 

to maximize the doping efficiency of the Al in the ZnMgO.  The wide band gap 

semiconductor ZnMgO:Al was determined to be a suitable choice as a donor layer in a 

modulation doped structure.   

 A one dimensional Schrodinger/Poisson simulation program was used to 

investigate the influence of the parameters in a modulation doped ZnO/ZnMgO:Al 

structure on the film properties.  The optimum electrical properties were achieved when 

the active ZnO layer and barrier ZnMgO:Al layer were both in the range of 2-5 nm.  The 

optimum thickness for the ZnMgO spacer layer was calculated to be 1.5 nm.  Mobilities 

as high as 145 cm2/Vs were predicted for the optimum structures, compared to ~30 

cm2/Vs in monolithic ZnO films with comparable doping level.  Based on the simulations 

a maximum sheet electron density that could be transferred from the doped to the 
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undoped layers was predicted to be ~1013 cm-2. These predictions were in good 

agreement with recent experimental values reported for modulation doped structures. 

 Multilayer structures were grown and characterized using time-of-flight 

secondary ion mass spectrometry (ToF-SIMS), x-ray diffraction (XRD), and transmission 

electron microscopy (TEM).  The ability to confine the Mg and Al to individual layers 

was confirmed.  Following the trends predicted from the multilayer simulations, the best 

electrical properties were achieved for films with thin layers of ZnO and ZnMgO:Al.  A 

five period multilayer with ZnO and ZnMgO:Al layers of 5 nm had a mobility of  ~33 

cm2/Vs and a resistivity of 1.44 x 10-3 Ω cm, compared to a multilayer with 20 nm thick 

layers which has a mobility of  ~23 cm2/Vs and a resistivity of 2.45 x 10-3 Ω cm.  These 

experimentally observed mobilities were found to be consistent with the above model; the 

measured mobilities were relatively low because of the high doping levels in the 

ZnMgO:Al layers, which effectively prevented transfer of a significant fraction of 

electrons into the pure ZnO layers. These results show that modulation doping can be 

used to achieve enhanced mobilities in oxide semiconductors such as ZnO.  However, 

because of limitations on the density of electrons that can be transferred between layers, 

the method is not expected to be useful for making improved TCO’s.   

 The following sections provide a literature background in the areas relevant to this 

work: Transparent Conducting Oxides, Zinc Oxide, Modulation Doping, and Transparent 

Electronics. 
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1.1. Transparent Conducting Oxides 

Ever since Badeker1 discovered that he could render a thin Cadmium film 

transparent while maintaining reasonable conductivity simply by oxidizing the metal to 

produce CdO, the field of transparent conducting oxides (TCOs) has flourished.  The first 

widespread use was as transparent electrical heaters for aircraft windshield de-icing 

during World War II.2 Since then, the applications and possibilities for TCOs has 

continued to increase.  TCOs have attracted considerable attention in recent years; in 

August of 2000 the MRS Bulletin devoted an issue to the topic.3-9 The traditional TCOs 

are the oxides of indium, tin, cadmium, and zinc, as well as multi-cation combinations of 

these.  However, new materials are being developed continually that meet the 

qualifications as a TCO.  The National Renewable Energy Laboratory has devoted 

resources to studying this class of materials.3,9 Also, the Materials Research Society has 

also established an international workshop on zinc oxide, one of the materials that 

possesses transparency and conductivity simultaneously.   

 The ability of TCOs to transmit electromagnetic radiation in the visible spectrum, 

while at the same time maintaining the ability to conduct electrons makes them attractive 

for a variety of applications.  Among the possible applications are front contacts for flat 

panel displays,3 solar cells,10,11 touch screens,8 and low-emissivity windows.8 Owing to 

their wide band gap, TCOs such as zinc oxide are being developed for ultra-violet light 

emitting diodes and lasers.12 The “holy grail” for TCO researchers is the development of 

all transparent electronics13-15 with properties that are comparable to classic 
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semiconductors.  The essential goal in much of TCO research is to improve the 

conductivity without adversely influencing the transparency.    

 

1.1.1.  The Physics of TCOs 

  The unique properties possessed by TCOs have generally been explained by the 

combination of a large fundamental band gap (Eg=3.1-3.6 eV)16,17 and an inherent non-

stoichiometry, or the ability to be doped in order to produce free electrons.16 More 

recently, Freeman et al. have identified three fundamental conditions to produce 

transparent and conductive materials:7 (1)  a highly dispersed single s band at the bottom 

of the conduction band, (2) separation of this band from the valence band by a 

fundamental band gap large enough to exclude interband transitions in the visible range, 

and (3) band properties such that the plasma frequency is below the visible range.   

The highly dispersed s band has two important consequences on the properties of 

TCO materials.  First, the more highly dispersed the s band is the greater the Burstein-

Moss18 shift will be, this leads to a greater increase in the band gap as the free electron 

concentration increases.  Second, the dispersion, or curvature, of the E vs. k relationship 

dictates the effective mass, *m , of the conduction electrons according to the relationship 

in equation 1-1:19 
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Where h is Plank’s constant divided by 2π, E is the electron energy, and k is the wave 

number.  More highly dispersed bands have higher curvature in the E vs. k relationship, 

and therefore the free electrons have a smaller effective mass. 

 The effective mass of the electrons, which describes how electrons confined 

within a material behave in response to an electric field, also plays a crucial role in 

defining the property know as the electron mobility, μ :19 

    *m
eτμ =     (Equation 1-2) 

Where e is the charge of an electron, and τ is the electron relaxation time.  The relaxation 

time, or time between collisions, is determined by the various scattering mechanisms at 

play in the material.  The cumulative effect of all of the scattering mechanisms on the 

mobility adds in a parallel fashion.  Some of the important scattering mechanisms that 

limit mobility in TCOs are lattice scattering (due to phonons) limited mobility ( Lμ ), 

ionized impurity scattering (resulting from ionized donors) limited mobility ( Iμ ), and 

grain boundary scattering limited mobility ( Gμ ).  Therefore the total mobility can be 

expressed as:20 

1

....111
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GIL μμμ
μ    (Equation 1-3) 

 

 The fundamental material property that is defined based on the ability of electrons 

to migrate through a substance is the conductivity, σ :19 
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    Neμσ =     (Equation 1-4) 

Where N is the free carrier concentration.  In order to obtain a material that has a high 

electrical conductivity, it is necessary to produce a large number of free electrons, use a 

material that allows electrons to respond quickly to an electric field (small effective 

mass), and to increase the relaxation time by reducing scattering events.  Unfortunately, 

these concepts are not independent of one another.  For example, increasing the free 

electron concentration by heavily donor doping a material will also decrease the mobility 

as a result of increased ionized impurity scattering.  The freedom to choose low effective 

mass materials is limited to those materials that possess both optical transparency and 

electrical conductivity.  Therefore, it becomes necessary to implement strategies that will 

decrease the dominant scattering times without significantly lowering the carrier 

concentration.  

 When considering any strategy to improve the conductivity of a TCO, it is also 

necessary to understand the associated effect on the optical properties of the material.  

Coutts et al.9 have performed simulations using Maxwell’s equations and the free 

electron approximation of the Drude theory.21 In order to model the behavior of the 

electrons in response to electromagnetic radiation in the visible and near infrared part of 

the spectrum the equations for a Lorentz oscillator was used.  The simulation results are 

shown in figure 1-1.  Figure 1-1(a) shows the effect of increasing the free carrier 

concentration on the position and magnitude of the plasma absorption while all other 

variables are held constant.  Clearly, at high free carrier concentrations the optical
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Figure 1-1(a) The effect of carrier concentration on the free-carrier absorption, from 

Coutts et al.9 (b) The effect of mobility on the free-carrier absorption, from Coutts et al.9 
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(b) 
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transmission begins to become compromised.  Figure 1-1(b) shows the results of the 

simulation when mobility is allowed to vary while all other variables are held constant.  

The plasma absorption not only remains at the same wavelength, but it also decreases in 

magnitude as the mobility increases.  The simulations from Coutts suggest that in order to 

improve the electrical conductivity of a TCO without compromising the optical 

transmission one must focus on strategies that will increase the mobility.       

 

1.1.2. Applications of TCOs 

 The largest application of a TCO material is as a coating for architectural glass to 

produce energy efficient windows.  Tin oxide is the material of choice for this application 

owing to it’s low emissivity of 0.16.3 These low emissivity windows use TCOs in a 

passive role, whereas the next generation of energy efficient windows will use TCOs as a 

transparent electrode to control electrochromic switching.22 “Smart”, elecrochromic 

windows offer an exciting possibility to dramatically improve the energy efficiency of the 

world’s office buildings and homes. 

  The TCO application that has been growing steadily is its use as a transparent 

electrode for flat panel displays and touch screen devices.  Historically, Tin doped 

Indium oxide (ITO) has been the material of choice for these applications; however, with 

the demands of larger screens and faster switching better TCO properties will be 

needed.3,12,23 No matter what technology is invented to improve the picture quality of flat 

panel displays, it appears that a transparent front electrode will be necessary to control 

the individual pixels. 
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 Along with energy efficient windows, another place where TCOs can be used to 

help combat the global energy crisis is as a front contact in photovoltaic cells.  The role 

of the TCO on the overall efficiency of the solar cell is an area of ongoing research.24-26 

In this application, TCOs compete with narrow metallic fingers20 as an alternative way to 

transfer the created charge carriers to the external load.  Zinc Oxide, Tin Oxide, and 

Indium Oxide all doped with various elements have been used as front contacts for solar 

cells.  The choice in any particular situation is dependent on issues of material 

compatibility, stability, and application requirements.27 

 The possibility of band gap engineering28,29 along with the development of p-

type5,30,31 TCOs have made the possibility of all-transparent semiconductor devices13 a 

reality.  Zinc Oxide, the material system focused on in this study, is also being 

investigated (as an alternative to GaN) for it’s short wavelength emission 

characteristics.12,32,33 

 

1.2. Zinc Oxide 

 Of the binary oxides (In2O3, CdO, SnO2, Ga2O3, ZnO) that exhibit transparent 

conducting behavior, ZnO offers a desirable combination of relative abundance of raw 

material, low cost, and low toxicity.  ZnO also has an exciton binding energy of 60 

meV34 which makes it an interesting material for optoelectronic applications such as 

blue/UV light emitting diodes and laser diodes.35 Recent progress leading to the ability to 

grow single crystal substrates,34 and the large number of research projects focusing of the 
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development of p-type ZnO36 seem to put ZnO in a position to be a valuable material 

system for many years to come.  

 

1.2.1. Crystal Structure and Band Structure 

 Under normal conditions, ZnO crystallizes in the hexagonal wurtzite structure 

with lattice constants a = 3.24angstom, and c = 5.19angstrom.16 The atoms are 

tetrahedrally coordinated with point group 6 mm, and space group P63mc producing 

polarity along the c-axis.35 When deposited on amorphous substrates ZnO grows 

preferentially in the (002) orientation,37 with its c-axis perpendicular to the substrate. 

 ZnO is a direct band gap semiconductor34 with the top of the valence band being 

formed by O2- 2p levels, and the bottom of the conduction band being formed by Zn2+ 4s 

levels.35 The electronic band structure of ZnO has been considered theoretically by many 

different methods including empirical pseudopotential,38 self-consistent field approach 

using an oxygen nonlocal ionic pseudopotential,39 semiemperical sp3 tight-binding,40 

linear muffin-tin orbital using the atomic sphere approximation(LMTO-ASA),41,42 all 

electron Green function-screened coulomb interaction approximation (GW) using the 

local-density approximation (LDA) and LMTO,43 LDA using nonlocal pseudopotentials 

and atomic self-interaction corrections,44 and density functional theory (DFT) using the 

generalized gradient approximation with empirical self-interaction corrections.45 The 
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Figure 1-2 Hexagonal wurtzite structure of ZnO. 

From: http://w3.rz-berlin.mpg.de/~hermann/hermann/BalsacPictures/ZnO.gif 
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most recent calculations, performed by Erhart et al.,45 produce the energy band diagram 

shown in figure 1-3.  The shaded band represents the calculated band gap, which is 

significantly less than the experimental value; this is standard for ZnO band calculations 

and has yet to be rectified.  The conduction band in the diagram has been rigidly shifted 

to correspond with the experimental value of the band gap, ~3.4 eV.   

 

1.2.2. Growth of Polycrystalline and Epitaxial Thin Films 

 ZnO thin films have been grown by a variety of deposition techniques, on various 

substrates.  Direct current reactive magnetron sputtering,46 radio frequency magnetron 

sputtering,47,48 pulsed laser deposition (PLD),49,50 metalorganic vapor phase epitaxy,51 

spray pyrolysis,52 and molecular beam epitaxy (MBE)53,54 have all been used to deposit 

ZnO.  Materials such as glass,55 (100) silicon,47 SiC,53 r-plane, a-plane, and c-plane 

sapphire (Al2O3),56,57 and bulk ZnO58 have been the substrates used for the deposition of 

ZnO based thin films.  Films grown on glass substrates are polycrystalline with 

predominant (002) fiber texture.59 Whereas single crystal substrates produce epitaxial 

films with varying degrees of crystal perfection determined by the lattice mismatch 

between the ZnO film and the substrate.   

The most frequently used substrate for the deposition of epitaxial ZnO thin films 

is c-plane sapphire ((0001) Al2O3).  The space group for sapphire is R-3c, and it has a 

rhombohedral hexagonal crystal structure.  The lattice constants for sapphire (Al2O3)  
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Figure 1-3 Electronic band structure of ZnO calculated with density functional theory 

(DFT) using the generalized gradient approximation with empirical self-interaction 

corrections, from Erhart et al.45  
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are, a = 4.758angstrom, c = 12.991angstrom.  The thermal expansion coefficient along 

the a-axis is 7.5 x 10-6 /K, and along the c-axis it is 8.5 x 10-6 /K.  For comparison, the 

ZnO lattice constants are: a = 3.24angstrom, and c = 5.19angstrom, and the thermal 

expansion coefficients for ZnO are 2.9 x 10-6 /K along the a-axis, and 4.75 x 10-6 /K 

along the c-axis.60 If ZnO were to grow epitaxially on c-plane sapphire by lattice 

matching the unrelaxed misfit strain ( 1/
32

−= OAlZnOc aaε ) would be ~32%.  Lattice 

matching epitaxy (LME) typically occurs only for systems where %8≤cε , and this 

strain is eventually relaxed by the formation of dislocations after the critical thickness is 

reached.61 Narayan et al.60,61 have proposed a different type of epitaxy know as domain 

matching epitaxy (DME) that accounts for epitaxial growth in systems with %8≥cε .  

For ZnO deposited on c-plane sapphire, this involves a 30o rotation of the ZnO basal 

plane such that the )0112(  planes of ZnO (d = 3.2536 
°

A ) are aligned with the 

1/2 )0330( plane of sapphire (d = 2.7512 
°

A ).  This rotation reduces the misfit strain to 

~18%, which falls to 15.44% when thermal expansion was taken into consideration for 

the growth temperature (790oC by PLD).  The rotation matches zinc atoms in the growing 

film with the oxygen sublattice of the substrate.  The DME is accomplished by 5 or 6 

ZnO )0112(  planes matching with 6 or 7 Al2O3 )0330(  planes, the extra Al2O3 planes 

terminate at the interface as misfit dislocations, see figure 1-4.  Dislocations within the 

first few monolayers of growth accommodate the majority of the strain, after which the 

film grows mostly strain free.  This was confirmed 
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Figure 1-4 (a) Fourier-filtered TEM image of ZnO film deposited on c-plane sapphire 

showing the DME of  5 of 6 )0112( planes of ZnO with 6 of 7 )0330(  planes of 

sapphire.  (b) Diagram of the 30o basal plane rotation which allows ZnO to grow 

epitaxially on c-plane sapphire by DME, from Narayan et al.61 

 

 

 

(a) 

(b) 
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using in-situ XRD measurements and TEM results.  The other predominant defects found 

in the films were threading dislocations in the basal plane with 1/3 0211  Burgers 

vectors, stacking faults with a density of 105 cm-1, and inversion domains with oxygen 

terminated polarity; however, the films had very good overall crystal quality with a 

rocking curve width of 0.16o.60  

Gerthsen et al.51 used metalorganic vapor phase epitaxy to grow ZnO on (0001) 

Al2O3 substrates with a 2 mμ thick GaN buffer layer, and used TEM to study the defect 

structure.  They found a high density of stacking faults that were terminated by Frank 

partial dislocations with Burgers vectors 1/6 0322 .  They attributed the stacking faults 

to the accumulations of vacancies (oxygen) or interstitials (zinc atoms) that would lead to 

a missing or extra (0002) plane in the films.  The local nonstoichiometry was discussed in 

terms of its possible effect on the electrical properties of intrinsic ZnO films.   

Vigue et al.62 and Kang et al.63 used plasma-enhanced and electron cyclotron 

resonance-assisted MBE respectively to deposit ZnO on (0001) sapphire.  Vigue et al. 

found that 2D and 3D growth modes were possible depending on the deposition 

conditions and the use of buffer layers.  Although they found a trade off between high 

crystal quality (3D growth) and smooth surface morphology (2D growth), they didn’t 

find a correlation between the growth mode and the optical or electrical properties of the 

films.  Kang et al. grew high quality films with rocking curve FWHM values of 0.52o, 

and reported the same 30o rotation of the ZnO basal plane relative to the Al2O3 lattice 

that was reported by Narayan et al.61 
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Ohkubo et al.64 used laser MBE to grow ZnO on (0001) sapphire substrates.  They 

grew films on as-polished substrates, and on atomically flat substrates produced by 

annealing.  The as-polished substrates produced ZnO films with the basal plane rotated 

30o relative to the sapphire substrate.  The atomically flat substrates produced both 30o 

rotated films and films that were lattice matched to the substrate depending on the growth 

conditions.  The authors explain the transition in terms of kinetic (low temperature) and 

thermodynamic (high temperature) factors, with the growth temperature being the crucial 

variable.  The thermodynamically more stable configuration was found to be the oxygen 

terminated, 30o rotated films.  The authors also observed a polarity inversion that 

corresponded to basal plane alignment.  Films that were rotated 30o were oxygen 

terminated, and the lattice matched films were zinc terminated.  The best crystal quality 

(ω  FWHM = 14.4 arcsec) was achieved for rotated, oxygen terminated films grown at 

835oC. 

Park et al.65 grew epitaxial ZnO films on (0001) sapphire by radio-frequency 

magnetron sputtering and used real time synchrotron x-ray scattering to investigate the 

nature of the crystal growth.  They found highly strained two-dimensional (2-D) growth 

for the first 4.5 nm, followed by a 2-D/3-D mixed mode of growth up to 18 nm, after 

which the film grew in a 3-D columnar growth mode.  The authors attribute the growth 

mode transitions as a means to relieve strain caused by the large lattice mismatch 

between the film and substrate.    

As mentioned previously, ZnO based films have also been grown on orientations 

of sapphire other than c-plane.  Igasaki et al.57 used radio frequency magnetron sputtering 
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to deposit ZnO:Al on )0211( plane sapphire.  They discovered that the films grew with a 

)0001(  orientation with varying degrees of internal stress.  Yamauchi et al.56 grew ZnO 

on both c-plane and r-plane sapphire using plasma assisted MBE and noted that epitaxial 

growth could be achieved on the r-plane sapphire at lower temperatures.  They also 

describe fundamental difference in the growth modes and film morphology depending on 

the substrate that was used.  Srikant et al.66 grew ZnO:Al films on c-plane, r-plane, and a-

plane sapphire and reported the effects of the substrate orientation on the electrical 

properties. 

ZnO has also been deposited on substrates other than sapphire.  Puchert et al.47 

deposited ZnO on SiO2/Si (100) using radio frequency magnetron sputtering.  They 

reported that the films grew with a (0001) orientation with small grains (~10 nm) and 

high biaxial compressive stress (~6 Gpa).  The researchers were able to increase the grain 

size and reduce the compressive stress by using a post deposition anneal.  Jou et al.67 

deposited ZnO on Si and GaAs substrates using radio frequency magnetron sputtering.  

The authors noted increased compressive stress in the films grown on Si and attributed 

their findings to a higher degree of crystallinity leading to a peening effect.  Nakamura et 

al.68 successfully deposited epitaxial (0001) ZnO films on the (111) plane of cubic 

(LaAlO3)0.3(Sr0.5Ta0.5O3)0.7 using pulsed laser ablation.  They attributed their success to 

the fact that both crystal planes share the C6 symmetry.  Bellingeri et al.69 were able to 

achieve room temperature mobilities as high as 70 cm2/Vs by depositing ZnO on (110) 
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SrTiO3 using pulsed laser ablation and a low temperature ZnO buffer layer.  Low 

temperature mobilities reached as high as 400 cm2/Vs at 10 K.  

 

1.2.3. Sputter Deposition of Thin Films 

The work of Park et al.65 is of particular interest since they use sputtering to 

deposit their films, which is the same deposition method used to grow the films in this 

thesis.  Sputtering offers unique challenges and benefits when compared to other physical 

and chemical vapor deposition techniques.  The defining characteristic of sputtering is the 

interaction of the growing film with the energetic plasma.  The interaction of the film 

surface with ions and neutrals from the plasma is crucial in determining the crystal 

structure of the film.2 Figure 1-5 shows the multitude of interactions that are possible 

between a film surface and the ions, neutrals, and electrons present during the sputtering 

process.  The effect of energetic particle bombardment has been incorporated into a 

Structure Zone Model (SZM) for the growth of sputtered films.  The classic SZM was 

proposed by Thornton70,71 and is shown in figure 1-6.  This work was done on sputtered 

metallic films 20-250 mμ  thick, and the relevant growth parameters considered were the 

substrate temperature and the pressure.  The different morphological zones are governed 

by the dominant atomic processes at the given growth temperatures.  At low temperatures 

(Zone 1), adatom mobility is low and shawdowing effects produce a porous, columnar 

structure.  At intermediate temperatures (Zone 2), surface diffusion is active and films 

become denser.  At high temperatures (Zone 3), lattice and grain boundary diffusion is 

dominant, and equiaxed recrystallized grains are seen.2 Mirica et al.48,72 proposed a  
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Figure 1-5 Schematic representation of the possible interactions between the film surface 

and the ions, neutrals, and electrons in the sputtering plasma, from Mattox.73 
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Figure 1-6 Structure Zone Model for sputtered metallic films, from Thornton.70 
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modified SZM specifically for reactively sputtered ZnO films.  The major difference seen 

was a downward shift of the homologous temperatures (TS/TM, the range studied was 0.13 

to 0.43) where the transitions from one zone to the next occurred.  They found no Zone 3 

structure, and they distinguished between two Zone 2 structures, one with a faceted 

surface, and one with a pitted surface.  The authors discovered a high density of stacking 

faults for films grown at low TS, and a predominance of dislocations for films grown at 

high TS.  The modified SZM is explained by the competing effects of adatom mobility, 

incoming flux, and the rates of crystal nucleation and growth.72      

 In summary, the range of crystal quality of ZnO films varies considerably based 

on the growth technique, growth conditions, and substrate selection.  However, the 

epitaxial relationship between ZnO films and c-plane sapphire substrates is well 

understood, and the morphological evolution of reactively sputtered ZnO films has been 

modeled. 

1.2.4. Electrical Properties 

 The range of electrical properties for zinc oxide thin films has been extensively 

investigated.  Intrinsic ZnO films74 and films extrinsically doped with aluminum,75 

indium,76 gallium,77 fluorine,78 and various other elements6 have been grown and 

characterized in order to establish the range of possible electrical properties in this 

material system.  Table 1-1 shows the electrical properties achieved for various dopants 

in ZnO films.  Similar to the other transparent conducting oxides, ZnO strongly favors n-

type doping and it has proven very difficult to produce satisfactory p-type ZnO (the status 

of p-type doping will be discussed later in this chapter). 
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Table 1-1 The electrical properties achieved for various extrinsic dopants in ZnO thin 

films, from Minami.6 
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The relationship between carrier concentration and hall mobility for ZnO films is 

shown in figure 1-7.  The plot shows a maximum at ~ 2 x 1020 cm-3 that was modeled by 

assuming that there are two competing scattering mechanisms which are dominant in 

ZnO.  At low carrier concentrations grain-boundary scattering dominates; at high carrier 

concentrations, free electron screening reduces the grain boundary barrier height, and 

ionized impurity scattering dominates.  Minami was able to more accurately model the 

ionized impurity scattering by modifying the Brooks-Herring-Dingle theory79 in order to 

take into account degeneracy and the non-parabolicity of the conduction band. 

 Ellmer80 has also investigated the electrical properties of ZnO and found that the 

Brooks-Herring-Dingle theory needed to be modified to take into account degeneracy and 

non-parabolicity in order to fit the experimental data at high carrier concentrations.  

Ellmer also suggested that impurity clustering, the formation of secondary phases, and 

the charge state of the donor may play a significant role in determining the electrical 

properties of ZnO. 

Srikant et al.81 proposed using the abrupt junction approximation to model the 

grain boundary scattering at low carrier concentrations for epitaxial ZnO films.  Their 

experimental results suggest that the transition between grain boundary controlled 

scattering and ionized impurity controlled scattering occurs at ~ 2.5 x 1019 cm-3.  The 

derived equation for the grain boundary barrier height ( BΦ ) is: 

e
kT

n
eN S

B −=Φ
0

2

2εε
      Equation 1-5 
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Figure 1-7 Relationship between carrier concentration and mobility in ZnO films, from 

Minami.6 
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Where NS is the density of traps at the grain boundary, ε is the dielectric constant of the 

grains, and n is the carrier concentration.  The mobility is then given as an exponentially 

decaying function of the barrier height.  The fundamental relationship derived from the 

equations is that an increase in the number of carriers will reduce the barrier height and 

therefore increase the mobility. 

 Other studies have considered the effect of crystallographic orientation,66,82 

neutral impurity scattering,82 and lattice vibration (phonon) scattering,83,84 on the 

electrical properties of ZnO thin films.  The mechanisms controlling the electrical 

properties in ZnO have been further investigated using temperature dependent Hall effect 

measurements.35,85,86 As shown in figure 1-8, ionized impurity scattering is dominant at 

low temperatures, and phonon scattering is dominant at high temperatures.   

 The role of point defects in the strong n-type conductivity of intrinsic ZnO has 

long been a matter of debate.  The initial explanation was that oxygen vacancies (VO) and 

zinc interstitials (ZnI) act as donors and were responsible for the free electrons inevitably 

present in intrinsic ZnO.57,87 However, recent theoretical work suggests that these native 

defects are either not shallow donors or have a very high formation energy.45,88 Based on 

first-principles density functional theory calculations, Van de Walle89,90 proposed that 

hydrogen interstitials (HI) should act as a shallow donor in ZnO.  Experimental results91-

93 followed that supported the concept that hydrogen acted as a shallow donor in ZnO.  

Further theoretical investigations and experiments have suggested that HI is not stable at 

room temperature and therefore does not serve to explain intrinsic conductivity in ZnO.94 
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Figure 1-8 Temperature dependent Hall effect mobility for ZnO, from Klingshirn,35 
adapted from Wagner.85 
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One current explanation for intrinsic conductivity in ZnO is that free electrons result from 

hydrogen on an oxygen site (HO), various hydrogen complexes, or complexes involving 

zinc interstitials.36  

 Perhaps the largest current area of research into the electrical properties of ZnO is 

the search for p-type material with high hole concentrations.  This technological hurdle 

must be overcome in order to fabricate high quality p-n junctions and the plethora of 

semiconductor devices based on them.  One of the first reports of p-type ZnO thin films 

was made by Minegishi et al.95 where they achieved a hole concentration of 1.5 x 1016 

cm-3 by using nitrogen as the acceptor.  Other groups have since reported achieving p-

type ZnO by doping with nitrogen,96 arsenic,97 sodium,98 and aluminum/nitrogen 

codoping.99 Hole concentrations on the order of 1017 cm-3 have been achieved.100  

 

1.2.5. Optical Properties  

 Zinc oxide is one of a small number of materials that can be doped to conduct 

electricity (with a resistivity of ~ 1 x 10-4 cm−Ω ) while remaining transparent in the 

visible region of the electromagnetic spectrum.  The coexistence of these properties, 

which in most materials are mutually exclusive, is a result of a wide band gap (3.3 ev101) 

and the ability to be degenerately doped with shallow donors.  The pursuit of high 

conductivities cannot be undertaken without considering the associated effect on the 

optical properties.  This is because a high free carrier concentration, which can lead to 

high conductivities, is precisely the characteristic that causes materials to reflect visible 

electromagnetic radiation.  
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  The effect of aluminum concentration (which is an electron donor in ZnO) on the 

optical transmission and reflection is shown in figure 1-9.  The progression of plots 

demonstrates that as the free carrier concentration increases the plasma frequency moves 

to lower wavelengths (the free carrier concentrations are given on the figure).  The 

implication is that the carrier concentration can only be increased so high in ZnO films 

before the plasma edge moves into the visible region.  The other significant effect 

increasing the free carrier concentration has on the optical properties of ZnO is to shift 

the fundamental absorption edge to higher energies, the well-known Burstein-Moss 

effect.102  For the samples in figure 1-9 the corresponding band gap energies (Eg) are: 

Sample A = 3.4 eV, Sample B = 3.55 eV, Sample C = 3.79 eV, and Sample D = 3.9 eV.  

Obviously the interplay of electrical and optical properties must always be considered 

when designing materials in the ZnO system. 

 ZnO has also been heavily researched for U-V light emitting applications owing 

to its large exciton binding energy of 60 meV,103 and for surface acoustic wave 

applications owing to its low optical loss.104 

 

1.2.6. ZnMgO 

Another technique used to increase the band gap of ZnO is to alloy it with 

magnesium.  Owing to the difference in the electronic configuration of Zn and Mg the 

addition of Mg to ZnO results in a distortion of the band structure and an associated 
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Figure 1-9 The effect of aluminum content on the optical properties of ZnO films, from 

Jin et al.105 

ne = 9.5 x 1019 cm-3 

ne = 1.8 x 1020 cm-3 

ne = 2.6 x 1020 cm-3 

ne = 4.5 x 1020 cm-3 
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increase in the band gap.  Figure 1-10 shows the effect of Mg content of the band gap of 

ZnO, and the eventual change over to the cubic MgO phase.106 The end points of 

thegraph represent hexagonal ZnO (Eg = 3.3 eV) and cubic MgO (Eg = 7.8 eV).  The first 

report of band gap widening in ZnO using Mg was made by Ohtomo et al.28 in which 

they used PLD to achieve a band gap of 3.99 eV for a Mg content of 33% while 

maintaining a metastable wurtzite phase.  The authors note that the thermodynamic 

solubility limit of MgO in ZnO is less than 4 mol%.  These results were confirmed by 

various groups using a variety of deposition techniques.11,107 Subsequently, annealing 

techniques were developed to render RF magnetron deposited ZnMgO films n-type 

conductive.108 Koike et al. have used aluminum doping of MBE deposited ZnMgO films 

to achieve a resistivity of 8 x 10-4 cm−Ω  in a 20% Mg sample.109 They observed a 

Burstein-Moss shift of the optical band gap, and were able to grow hexagonal wurtzite 

structure films up to a Mg content of 40%.  Chen et at. used gallium doping of PLD 

deposited films along with a post deposition vacuum anneal to achieve a resistivity of 

4.74 x 10-4 cm−Ω  in a 10% Mg film which had a band gap of 3.9 eV.110  There have 

also been reports of successful p-type doping of ZnMgO using lithium.  Qui et al. used 

PLD to produce a p-type Zn0.85Mg0.15O:Li film that had a hole concentration of  1.25 x 

1018 cm-3, a hall mobility of 0.1 cm2/Vs, and a resistivity of ~ 50 cm−Ω .111 The authors 

observed that increasing the Mg content increased the band gap and also increased the 

acceptor binding energy, thus decreasing the hole concentration at high Mg levels. 
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Figure 1-10 The effect of Mg content on the band gap on ZnO showing the transition 

from hexagonal ZnO to cubic MgO, from Takeuchi et al.106 
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1.3 Modulation Doping 

 The technique of modulation doping was first successfully demonstrated by 

Dingle et al.112 in 1978.  Since that time modulation doped structures have become 

ubiquitous in semiconductor devices throughout the electronics and telecommunications 

industries.  The concept of modulation doping addresses a fundamental problem in 

doping semiconductor materials in order to generate free carriers; namely, the issue of 

carrier mobility being limited by ionized impurity scattering.  When doping a 

semiconductor with donors or acceptors, a point of diminishing return is reached when 

the influence of scattering from the ionized dopants outweighs the benefits of additional 

charge carriers.  Modulation doping is designed to overcome this problem by physically 

separating the free carriers from the ionized donors using a multilayer structure, as shown 

in figure 1-11.  The key features in the structure are: a heterostructure between two 

materials with a conduction band (n-type doping) discontinuity, donor atoms 

incorporated into the larger band gap material (left side of figure 1-11), and an undoped 

spacer layer at the interface.  As a result of the lower energy levels present in the smaller 

band gap material (right side of figure 1-11), the free electrons generated from the 

ionized donors transfer across the interface into the undoped material.  The electrons are 

confined in the potential well at the interface where they are free to conduct as a two-

dimensional electron gas (2DEG) without experiencing the effect of scattering from the 

ionized donors resulting from coulombic interaction.113  Successful modulation doping 

increases the mobility of charge carriers by increasing the time between scattering events.   
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Figure 1-11 Schematic representation of a modulation doped structure, from Kroemer.114 
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Gossard and Pinczuk115 outlined four essential factors necessary to produce 

semiconductor structures that will induce charge transfer and therefore realize the 

benefits of modulation doping: (1) absence of scattering centers in the undoped, smaller 

band gap conducting material, (2) smooth and pure interfaces at the heterojunctions, (3) 

minimization of traps and compensating centers in the wide band gap material, and (4) 

separation of the dopant atoms for the channel region by an undoped spacer layer.     

 

1.3.1. Modulation Doped Material Systems 

 GaAs/AlGaAs was the first system to be modulation doped,112 and it is the most 

heavily researched and technologically relevant.  Modulation doped GaAs/AlGaAs 

structures are used to make high electron mobility field effect transistors (known as 

HEMFETS or MODFETS) for optoelectronic applications.116 The aluminum serves the 

same role as Mg in ZnO, in that it increases the band gap compared to intrinsic GaAs.  

The AlGaAs layers are typically donor doped with Si to generate the free electrons.117 

The effect of spacer layer thickness,118 electron density,119 and quantum well width,120 on 

the electrical properties have all been investigated.  Other systems have also been 

modulation doped to achieve improved electrical properties, including: Si/SiGe,121 

InP/InGaAs,122 ZnTe/CdMnSe,123 and AlGaN/GaN.124 
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1.3.2. ZnO/ZnMgO Multilayers 

 In order to achieve improved properties in TCOs it has been suggested that the 

technique of modulation doping should be applied to a TCO material system.125,126 

Rauf127 reported a modulation doping effect in tin doped indium oxide (ITO); however, 

the modulation in the films was lateral as opposed to vertical and the results were never 

reproduced.   

As mentioned previously, adding Mg to ZnO increases the band gap, which 

makes the ZnO/ZnMgO system very interesting for modulation doping.  Theoretical 

simulations predict that the band offset between ZnO and ZnMgO is Type I with the 

difference in band gap being evenly distributed between the conduction and valence 

bands.128 Experimental results using photoluminescence suggest that up to 90% of the 

bandgap offset can be attributed to the conduction band discontinuity.129 It has also been 

shown that ZnMgO can be donor doped with aluminum109,130 and gallium.110 Simulations 

have also been performed to predict electron transfer in multilayer ZnO/ZnMgO 

structures.131 ZnO/ZnMgO superlattices have been grown primarily in an attempt to 

produce stimulated emission from excitons in the UV range.132-134 Reports of the 

confirmed formation of a 2DEG and high mobilities in ZnO/ZnMgO systems have been 

made.109,135,136 In these studies the films were grown by molecular beam epitaxy (MBE), 

and room temperature mobilities as high as 250 cm2/Vs were reported.  The sheet carrier 

concentration values in the 2DEG were on the order of  ~1 x 1013 cm-2, and carrier 

confinement was confirmed using capacitance voltage measurements and temperature 

dependent Hall meausurements.  The effect of the magnesium content in the ZnMgO on 
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the room temperature mobility of the 2DEG in a single ZnO/ZnMgO heterojunction film 

is shown in figure 1-12.  The increase in mobility is attributed to better electron 

confinement at the interface with increasing conduction band offset.  The sheet carrier 

concentration in the 2DEG was relatively constant showing little dependence on the 

magnesium content.  The ability to produce a high mobility 2DEG at ZnO/ZnMgO is the 

first step in producing high quality transparent transistors for transparent electronics.         

 

1.4 Transparent Electronics 

 The majority of TCO applications are either as optical coatings (architectural 

glass) or as transparent electrodes (flat panel displays and solar cells).  Presently, a good 

deal of the excitement in the field of TCOs centers around the development and 

optimization of all-transparent, active electronic devices.13,137 As one example of 

transparent electronics, p-n junctions have been successfully demonstrated in ZnO based 

materials,138,139 and transparent transistors have been fabricated using ZnO as a channel 

layer.140-142 Furthermore, recent progress has been made into depositing transparent 

transistors on flexible substrates for the next generation of optical displays.143        
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Figure 1-12 Electron mobility as a function of Mg composition for a single 

heterostructure ZnO/ZnMgO thin film, from Tampo et al.136 
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Chapter 2 

Experimental Techniques 

2.1. Thin Film Growth and Processing 

2.1.1. DC Reactive Magnetron Sputtering 

 Monolithic ZnO, ZnMgO, and multilayer films were grown using direct current 

reactive magnetron sputtering in a custom built vacuum chamber.1 The 16.5-inch bottom 

flange (outer diameter) was designed to incorporate 3 sputter sources, mounted at 35o 

from the substrate surface normal in an up-facing geometry (see figure 2-1).  The 

chamber was pumped to a base pressure of ≈1x10-7 Torr (Granville-Phillips 307 vacuum 

gauge controller) using a Leybold Turbovac 360 water-cooled turbo pump.  A Welch 

Duo-Seal 1376 mechanical pump, converted for use with Fomblin oil, was used as a 

backing pump.  The chamber contained a load lock system that was pumped by Alcatel 

5080 tubo pump, and backed by a Welch Duo-Seal 1397 mechanical pump. 

 The target to substrate distance was ≈12 cm, and was controlled by a Vacuum 

Generators Limited x-y-z manipulator.  The double side polished (0001) sapphire and 

glass substrates were ultrasonically cleaned for 10 minutes each in acetone then methanol 

and blown dry with nitrogen before being placed in the load-lock.  The substrates were 

clamped to a silicon wafer that was resistively heated using Sorensen DCR 600-.75B, and 

80-6B power supplies; the temperature had previously been calibrated with a 

thermocouple attached to the sapphire.  The substrates were heated in vacuum at 600oC 
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Figure 2-1 Schematic diagram of the direct current reactive magnetron sputtering 

chamber. 
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for 30 minutes in order to remove any residual air contamination, and then allowed to 

cool to the growth temperature.  Films were grown at substrate temperatures ranging 

from Ts = 175oC to Ts = 500oC. 

 Reactive and working gas pressures (typically 4.4-5.0 grade purity) were adjusted 

using MKS 1179-A mass flow controllers.  The mass flow controllers had a maximum 

flow of 50 sccm, and were calibrated for the specific gas being used.  The partial 

pressures of individual gasses were typically in the milli-Torr range.  The targets 

exhibited hysteresis typical of reactive sputtering as seen in figure 2-2.  Gas partial 

pressures were detected using an Inficon L100 mass spectrometer.     

 Three AJA International A320-U-A magnetron sputtering sources were used in 

the balanced high rate configuration.  A computer controlled shutter was used to obtain 

growth from the various sources.  The sources accommodated 5 cm diameter targets of 

zinc, aluminum, and various zinc/magnesium alloys.  The targets, produced by ACI 

Alloys, were typically 4-5 N’s pure.  Advanced Energy MDX-1K, and MDX 500 power 

supplies were used to generate direct current power up to 150 W.  An Advanced Energy 

Sparc-le 20 unit was used to suppress arcing during reactive sputtering.  The targets were 

pre-sputtered in pure argon for 15 minutes to remove surface contamination, and then 

oxygen was introduced and the target voltage was allowed to stabilize for an additional 

15 minutes.  The shutter was then removed to commence growth. 
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Figure 2-2 Target hysteresis for a ZnMgAl target (15 at% Mg, 2 at% Al).  The target 

power was 50 watts, and the Argon pressure was 5 mTorr. 
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2.1.2 Thermal Annealing 

 Post deposition processing was accomplished by means of ex-situ thermal 

annealing.  A Barnstead International, Thermolyne 79300 tube furnace was used to 

achieve temperatures up to 1000oC.  An alumina tube (~2 inch diameter) was fitted with 

end caps so that different gasses could flow over the samples during the annealing 

process.  The flow rates of hydrogen, argon, and oxygen (typically 4.4-5.0 grade purity) 

were controlled by mass flow controllers (MKS 1179-A).  The typical anneal time was 4 

hours with an argon flow rate of 70 sccm and a hydrogen flow rate of 30 sccm. 

 

2.2. Thin Film Characterization 

2.2.1. Profilometry 

 Film thickness was determined using a Tencor P-10 surface profiler.  A step was 

created during growth by masking part of the substrate with the clamp that held the 

substrate to the silicon block.  Scans were taken at several locations along the step edge 

and an average thickness was calculated.  Scans were typically 1000 μm long and 

performed at a rate of 20μm/sec.  For certain films this thickness was confirmed by 

comparing them to values obtained from spectrophotometer data and scanning electron 

microscope images.  Some films with thickness greater than 300 nm were also analyzed 

using a Metricon prism coupler. 
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2.2.2 Hall Effect Measurements 

 Room temperature electrical data was gathered using a BioRad HL5500 Hall 

effect measurement system that produced a magnetic field of 0.32 Tesla.  The 

measurements were taken using the Van der Pauw geometry in order to determine 

resistivity, carrier concentration, and mobility (figure 2-3).  A zero magnetic field voltage 

measurement was made to calculate the sheet resistance (RS), and a Hall effect voltage 

(VH) was measured and used to calculate a sheet carrier density (nS).  The two values 

were then used to calculate the mobility (μ) of electrons in the sample using equation 2-1, 

where q is the charge on an electron: 

 

SS Rqn
1

=μ   Equation 2-1 

 

Small Indium (Alfa Aesar 6N’s pure) contacts (~2mm diameter) were placed at each 

corner of the approximately square samples using a soldering iron.  The indium was used 

in order to improve the contact between the sample and the metallic probes.  Temperature 

dependent Hall effect measurements were taken using a Janis Research cryostat that was 

capable of operating with a liquid nitrogen reservoir (temperatures down to ~77.7 K) or a 

continuous flow of liquid helium (temperatures down to ~4.4 K).  A Walker Scientific 

electromagnet was used to supply an electric field of 0.25 Tesla to the temperature 

dependent system. 
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Figure 2-3 Van der Pauw geometry used for Hall effect measurements.   

From:  http://www.eeel.nist.gov/812/effe.htm#vand 
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2.2.3. UV-VIS-NIR Spectrophotometry 

 Optical transmission scans of the samples were performed using a dual beam Cary 

500 Scan UV-VIS-NIR spectrophotometer.  The effect of the substrate was subtracted 

from the film scans by using the dual beam geometry, where one beam goes through the 

sample and one beam goes through a blank substrate.  Scans were performed with 

electromagnetic radiation covering wavelengths from 3000 nm down to 200 nm with a 

measurement taken for each integer value of the wavelength.  The optical transmission 

scans were used to determine the optical band gap of the films by plotting the square of 

the optical absorption coefficient as a function of photon energy and then using the 

extrapolation method.2 The extrapolation method is based on the following relationships: 

teT α−=%    Equation 2-2 

2/1)( gEh −= να   Equation 2-3 

Where %T is the transmission measured with the Cary 500, α is the optical absorption 

coefficient, and t is the film thickness.  Equation 2-2 assumes that most of the 

electromagnetic radiation is transmitted or absorbed close to the optical band gap, that 

very little is reflected, and that the band gap is direct.  This is a reasonable assumption 

based on transmissions of ~95% in the visible part of the electromagnetic spectrum.  In 

Equation 2-3; h is Plank’s constant, ν is the frequency of the incident photons, and Eg is 

the optical band gap.  Equation 2-3 assumes a direct band gap transition, which is the 

band structure for ZnO.  Spectrophotometry data was also used to calculate film thickness 

by analyzing the interference fringes in the visible and near infrared wavelengths.3 The 
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near infrared regions of the scans were used to compare the plasma wavelength to free 

carrier concentration. 

 

2.2.4. X-ray Diffraction (XRD) 

 X-ray diffraction was performed to investigate film crystal quality, residual stress, 

and the epitaxial relationship.  A Rigaku Ru200 12 kW copper point source x-ray 

generator was used to take θθ 2− , rocking curve (omega scans), and phi scans of the 

thin film samples.  The omega scans were taken around the (0002) peak at ~34.4o, and 

the phi scans were taken of the }0111{ set of planes.  The beam was focused on a vertical 

plane at the sample using a graphite monochrometer.  A four circle Huber diffractometer 

(model D8211) was used to manipulate the sample relative to the beam using Spec 

software.  The diffracted beam was detected using a high count rate Cyber-Star detector 

with an XIA calibrate attenuator filter box. 

 Low angle reflectivity scans were done to investigate the nature of multilayer 

samples.  Layer thickness and interface quality was estimated by modeling the 

reflectivity data with a kinematical approximation and Parratt’s recursive method.4 A 

Rigaku ATX-G advanced thin film/in-plane diffraction system was used with an 18 kW 

copper line focus generator to make the reflectivity measurements.  A Ge (111) 

asymmetric cut crystal was used to compress the incident beam in the horizontal plane. 
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2.2.5. Atomic Force Microscopy (AFM) 

 A Digital Instruments Scanning Probe Microscope was used in contact mode to 

image the surface of the films and to calculate a root mean square roughness.  The 

microscope used a silicon nitride cantilever that reflected a laser onto a photodiode in 

order to measure changes in the height.  Typical scan size was 5μm x 5μm and typical 

scan parameters were: a scan rate of ~0.5-2 Hertz, a scan velocity of 15.8 μm/s, and 256-

512 samples per line.   

 

2.2.6. Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) 

 ToF-SIMS was performed using a Physical Electronics PHI THRIFT III system.  

A Ga+ pulsed ion beam (5000 eV) was used to sputter surface atoms and clusters from the 

sample, after which they were analyzed in a mass spectrometer.  A 100 μm x 100 μm 

area was sputtered away prior to analysis in order to remove any surface contamination 

and then a 25 μm x 25 μm region within the sputtered area was analzed using the ToF-

SIMS.  Elemental analysis was conducted and concentrations were determined by 

comparison to known standard samples.  Depth profiling was conducted on the multilayer 

samples to determine layer thickness and interface integrity, and on monolithic samples 

to determine concentration profiles resulting from thermal annealing.  The area that was 

sputtered away each cycle for depth profiling was 100 μm x 100 μm, and the analysis 

area was a 25 μm x 25 μm square within the sputtered region.   
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2.2.7. X-ray Photoelectron Spectroscopy (XPS) 

 Elemental and chemical analysis of the samples was performed using XPS, a 300 

Watt x-ray source was focused on the samples in order to liberate core electrons that were 

then collected by an energy analyzer.  The binding energy of the core electron is 

calculated by taking the difference of the energy of the incident x-ray and the kinetic 

energy of the emitted electron.  An ion beam was used to sputter clean the surface of the 

samples prior to analysis, and an electron gun was used to suppress charging of the more 

insulating samples during analysis.  XPS was also used to estimate the valence band 

offset between ZnO and ZnMgO:Al according to the equation:5-7 

 (Equation 2-4) 

 

Where the energies positions where determined for monolithic ZnO and ZnMgO:Al 

films, and the interface energies were determined from a bilayer film.    

2.2.8. Electron Microscopy (SEM and TEM) 

 Scanning electron microscopy (SEM) was performed using a Hitachi S-4500 

field emission microscope.  Samples were cleaved to produce a clean cross-section and 

were used to obtain film thickness and grain morphology.  Some samples were also 

observed in plan-view to analyze surface quality.  Samples were coated in carbon or gold 

in order to reduce charging during electron exposure.   

 A multilayer sample was made electron transparent in cross-section so that it 

could be viewed using transmission electron microscopy (TEM).  The sample was 
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analyzed using a JEOL JEM-2100F FAST TEM, and information was gathered about the 

interface quality, concentration profiles, and crystal structure.  Pradyumna 

Prabhumirashi, working under professor Vinayak Dravid, performed the TEM work on 

the multilayer sample.     
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Chapter 3 

Thin Film Growth and Characterization 

3.1 Introduction 

 Experiments were conducted to determine the relationship between growth 

parameters and film properties.  The goal was to explore the range of film properties that 

were achievable, and also to find the optimum conditions to grow epitaxial ZnO and 

ZnO:Al in our modified sputtering chamber.1 Once the effects of the growth parameters 

on film properties were understood using zinc and zinc/aluminum targets, the results 

could be applied to the zinc/magnesium alloys. The growth parameters that were varied 

were substrate temperature (TS), sputtering power, and oxygen/argon partial pressure 

during growth.  The films were characterized using x-ray diffraction (XRD), atomic force 

microscopy (AFM), scanning electron microscopy (SEM), optical transmission, and Hall 

effect measurements.      

 

3.2 ZnO Growth and Characterization 

  A typical set of x-ray diffraction peaks are shown in figure 3-1.  The film was 

deposited on an unheated double-side polished c-plane sapphire (0001) substrate at an 

oxygen partial pressure of 1.5 mTorr, a total pressure of 3 mTorr, and a sputtering power 

of 50 W.  Figure 3-1(a) shows the θθ 2− scan, the peak of the scan is shifted from the 

value of 34.4o for annealed zinc oxide powder (JCPDS 80-0075).  The shift to a lower 

peak angle is indicative of residual compressive stress in the film, which is to be expected 
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Figure 3-1 Typical x-ray diffraction θ−2θ (a), ω (002) (b), and φ }0111{  (c) scans for 

ZnO films reactively sputtered on unheated sapphire substrates.
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for ZnO films grown by magnetron sputtering with no intentional heating.2,3 The film 

stress ( filmσ ) was calculated using the elastic constants (Cij) for bulk single crystal zinc 

oxide according to:4 

filmfilm C
CCCC

εσ ×⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +−
=

13

121133
2

13 )(2
   Equation 3-1 

Where filmε  is the film strain that can be determined from the θθ 2− peak position, since 

this peak is an indication of the atomic plane spacing (d0002).  Taking this into account, 

equation 3-1 reduced to )/(456 00020002 ddfilm Δ−=σ GPa.  For comparison, a ZnO sample 

grown at 300oC, 50 W, an oxygen pressure of 1 mT, and a total pressure of 5 mT had a 

θθ 2− peak position of 33.98o as grown; however, after an air anneal at 800oC for 2 

hours, the θθ 2− peak position shifted to 34.44oC.  The θθ 2− was also used to estimate 

the coherence length (grain size), D, using the Scherrer formula:5 

θ
λ

cos
94.0

B
D =       Equation 3-2 

Where λ is the x-ray wavelength, B is the FWHM of the θθ 2−  peak, and θ  is the 

position of the θθ 2− .  The full-width at half-max (FWHM) of the rocking curve (ω ) 

scan and the phi (φ ) scan were used as indicators of the overall crystal quality of the 

films.  The six-fold symmetry in the phi scan is a result of the epitaxial relationship 

between the ZnO film and single crystal c-plane sapphire substrate.  The epitaxial 

relationship for this material system is known to be 32)0001()0001( OAlZnO  and 

32]1001[]0121[ OAlZnO ,6 and the phi scans are consistent with this orientation.  Films 
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grown on Corning 7059 glass substrates show no peaks in the phi scans as expected when 

there is no driving force for in-plane alignment.   

The effect of substrate temperature on the overall film crystal quality determined 

by measuring the FWHM of the omega and phi scans is shown in figure 3-2.  In general, 

the crystal quality improved with increased substrate temperature up to 500oC.  Above 

500 oC the growth rate significantly decreased, and it was difficult to deposit films at 

temperatures above 600 oC.  For comparison, films grown on unheated Corning 7059 

glass substrates had FWHM of the rocking curve peaks ranging from 2-6o.2 The improved 

crystal quality with increased TS is explained by the surface adatoms being able to reach 

low-energy equilibrium positions prior to being incorporated into the growing film.  

Higher substrate temperatures increase adatom lifetime by imparting energy to the 

surface atoms, thus allowing them to avoid being trapped at non-lattice site positions.  

The 500oC data point in figure 3-2(a) shows substantial improvement in crystal quality 

and can be explained by a combination of high TS and lower growth rates as a result of 

adatom desorption at these high temperatures.  A lower growth rate also allows surface 

atoms to bond at a lattice site before being incorporated into the film.     

The effect of TS on the root-mean-square (RMS) surface roughness is shown in 

figure 3-3.  Unlike the XRD data, the AFM data shows a pronounced minimum between 

200-300oC.  Being that we are interested in using these films as part of a multilayer 

structure, minimizing surface roughness is a key consideration in the effort to produce 

high quality layer interfaces.  The trend in surface morphology can be understood in    
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Figure 3-2 Substrate temperature dependence of the (0002) rocking curve FWHM (a) and 

}0111{ φ-scan FWHM (b) for ZnO films deposited at 50 and 100 Watts in 6 mTorr with 

25%O2. 
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Figure 3-3 Effect of substrate temperature on surface roughness for ZnO films deposited 

at 50 Watts in 6 mTorr with 30% O2. 
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terms of a structure zone model7,8 for sputtered thin films.  In this model the substrate 

temperature is a main factor in determining the dominant processes occurring during 

growth (shadowing, surface diffusion, bulk diffusion), and thus dictating the structure of 

the growing film.  Our results are consistent with a porous columnar structure at low 

temperatures (Zone 1), a featureless structure at moderate temperature (Zone T), and a 

dense columnar structure at higher temperatures (Zone 2).9 The evolution of film 

morphology with substrate temperature is highlighted in figure 3-4.  The SEM images 

show a distinct progression, from porous to dense films as TS increases, that is consistent 

with the structure zone model.  The surface morphologies from the SEM and AFM 

images qualitatively agree with the RMS data, with the smoothest films being between 

200-300oC.  The AFM images also indicate an increase in the coherence length (grain 

size) as TS increases from 200-400oC.  This is consistent with the XRD data that showed 

improved crystal quality with increased TS, where the FWHM of the θθ 2− peak is 

inversely proportional to the coherence length through the Scherrer equation.  

 The effect of sputtering power on the ZnO crystal quality is shown in figure 3-5.  

Figure 3-5(a) shows that both the rocking curve and phi scan FWHM values increased as 

the sputtering power was increased, with the best crystal quality being achieved at a 

target power of 50 W.  At target powers above 100 W the crystal quality substantially 

degraded indicating that the Zn flux was too large for surface adatoms to find equilibrium 

lattice positions and bond with oxygen before being incorporated into the growing film.  

The effect of sputtering power on coherence length is shown in figure 3-5(b) for films 
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Figure 3-4 Substrate temperature dependence of fracture cross-sectional and surface 

morphologies as measured by SEM and AFM, respectively.  (a) 80oC, (b) 200°C, (c) 

300°C, (d) 400°C.
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 grown to 500 nm and 1000 nm.  In both cases the coherence length decreased as the 

sputtering power increased.  The larger grains at lower sputtering power is consistent 

with the overall superior crystal quality seen in figure 3-5(a), and the mechanism leading 

to the larger grains can also be explained by increased adatom lifetime as a result of the 

lower Zn flux.  For the given conditions, unheated substrate and ~25% O2, the optimum 

sputtering power is 50 W. 

 To investigate the effect of oxygen content during growth on the film quality, a 

series of films were grown on unheated substrates with a sputtering power of 50 W.  The 

oxygen partial pressure was adjusted to modify the oxygen:zinc flux ratio as shown in 

figure 3-6.  XRD was used to characterize the overall crystal perfection and the 

coherence length of the films.  Both the omega and phi FWHM plots showed a minimum 

at an oxygen content that corresponded to ~25% of the sputtering gas pressure (1.5 mTorr 

oxygen for the films in figure 3-6), indicating that films grown under these conditions 

had the best overall crystal quality.  The coherence length (figure 3-6(c)) showed a 

maximum at ~25% oxygen indicating that the films with the highest crystal perfection 

also had the largest grain sizes.  Growth conditions with an excess of oxygen or an 

oxygen deficiency led to films with poor crystal quality and a smaller coherence length.  

When the growth atmosphere contains an excess of oxygen the Zn adatom surface 

diffusion is limited because of a relatively quick reaction with oxygen to form ZnO.  At 

high oxygen pressures this reaction is likely to occur prior to Zn atoms being able to 

diffuse to an equilibrium lattice site position.  When oxygen deficiency becomes too large 



 76
 

 
Figure 3-5 Sputtering power dependence of x-ray diffraction rocking curve (ω002) and φ-

scan (φ1-101) peak widths (a) and coherence length (b) for ZnO films grown in 6 mTorr 

with 30% O2 on unheated sapphire substrates. 
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Figure 3-6 Oxygen:zinc flux ratio dependence of (002) x-ray rocking curve (a), }0111{ φ-

scan (b) peak widths (FWHM), and coherence length (c) for ZnO films deposited on 

unheated sapphire substrates. 
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there is not enough oxygen present in the growth atmosphere to react with Zn adatoms 

that have reached lattice site positions.  Under these conditions, the crystal perfection will 

also suffer as a result of the non-stoichiometric films.     

 By controlling the growth conditions it was possible to achieve epitaxial films 

over a broad range of growth parameters.  The results of the investigation into ZnO 

growth indicated that it was possible to optimize the growth parameters in order to 

maximize crystal perfection, surface morphology, and coherence length.  For our custom 

built sputtering chamber the results suggested that optimized films could be grown at 

TS~200-300oC, a target power of 50 W, and an oxygen content of ~25%. 

 

3.3 ZnO:Al Growth and Characterization 

 To investigate the range of electrical and optical properties that were achievable 

in zinc oxide based films using our sputtering chamber a series of ZnO:Al films were 

grown at various oxygen partial pressures.  The oxygen atmosphere during growth is an 

important parameter determining whether aluminum atoms are able to occupy 

substitutional sites and become active donors.  Oxygen deficiency is also linked to 

conductivity in pure ZnO, as it has been suggested that oxygen vacancies themselves act 

as a shallow donor in ZnO.10 The oxygen partial pressure during growth may also affect 

the ability of hydrogen to act as a shallow donor in ZnO, which offers an additional or 

alternative explanation.11-13 Therefore, oxygen content during growth was used as a 

means to produce a series of films with varying carrier concentrations.  The films in this 

study were sputtered from a zinc target doped with 2 weight percent aluminum; the 
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oxygen partial pressure was varied from 7 x 10-4 Torr to 1.3 x 10-3 Torr, the argon partial 

pressure was 4 x 10-3 Torr, TS = 250oC, and the substrate power was 50 W.   

The oxygen content had a dramatic influence on the optical transmission spectra 

as shown in figure 3-7.  The plot shows data for the films deposited with 0.7 mTorr 

(n=3.53x1020 cm-3), and 1.1 mTorr (n=3.43x1018 cm-3) oxygen.  The oxygen partial 

pressure during growth clearly had a significant effect on the carrier concentration; a 57% 

increase in the partial pressure produced a two orders of magnitude decrease in the carrier 

concentration.  A likely cause for the dramatic effect of oxygen partial pressure on the 

carrier concentration in ZnO:Al is an increase in donor activation energy for the 

aluminum atoms as the oxygen content in the film increases. 

Two main features are evident in figure 3-7; first there is a shift of the fundamental 

absorption edge in the wavelength range 350-400 nm, and second there is dramatic 

difference in the free carrier absorption and reflection above a wavelength of 1500 nm in 

the near infrared region.  The shift of the band gap to higher energies (a blue shift of 

BM
gEΔ ) is explained by the Burstein-Moss effect,14 where free electrons occupy the 

bottom of the conduction band and therefore those levels are no longer available to 

except electrons promoted from the valance band (see figure 3-8).  By this mechanism 

the energy necessary to promote an electron from the valence to the conduction band is 

increased and the transmission window is widened.   
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Figure 3-7 Optical transmission spectra of ZnO:Al films grown at 0.7 mTorr 

(n=3.53x1020 cm-3), and 1.1 mTorr (n=3.43x1018 cm-3) oxygen. 
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Figure 3-8 Schematic diagram of the Burstein-Moss effect.10 The fundamental band gap 

(Eg0) is increased by an amount BM
gEΔ as a result of conduction band filling by the free 

electron gas. 
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The increase of the band gap as a result of the Burstein-Moss shift is given by:10 
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Where Fk  is the Fermi wave vector, em  is the electron effective mass, and hm  is the hole 

effective mass.  The difference in the higher wavelength (>1400 nm) behavior can be 

explained by a combination of free carrier absorption and reflection.  The results in figure 

3-7 agree with the theoretical results reported by Coutts et. al., who predicted minimal 

reflectance and absorptance at 2400 nm for a carrier concentration of 5 x 1018 cm-3, and 

~80% reflectance at 2400 nm for a carrier concentration of 5 x 1020 cm-3.  In a degenerate 

semiconductor the conduction electrons can be roughly modeled as a free electron gas.  

This free elecron model (Drude theory) leads to a quantity known as the plasma 

frequency ( pf ), which is the frequency of incident electromagnetic radiation for which 

the free electron gas perfectly resonates.  As a result, there is an absorption band around 

this frequency for which the electron gas absorbs the incident electromagnetic radiation.  

The plasma frequency is given by:15  
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    Equation 3-4 

Where n is the electron density, e is the charge on an electron, 0ε  is the permittivity of 

vacuum, and m is the mass of an electron.  Obviously this model does not take into 

account the fact that the electrons are confined within a crystal, and treats them simply as 

a free electron gas.  Nonetheless, if the carrier concentrations found using Hall effect 
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measurements are used in equation 3-4, and the plasma frequency is converted to a 

threshold wavelength using pfc /=λ the results agree quite well with the transmission 

data in figure 3-7.  A carrier concentration of 3.53 x 1020 cm-3 gives a threshold 

wavelength of ~1780 nm, clearly in the region where the transmission is compromised.  

For a carrier concentration of 3.43 x 1018 cm-3 the threshold wavelength is calculated to 

be 18,053 nm, which is consistent with the strong transmission seen in this study up to 

3000nm.  Above the threshold wavelength, the electron gas is out of phase with the 

incident electric field and electromagnetic radiation is reflected.  Below the threshold 

wavelength the electron gas lags behind the electric field and electromagnetic radiation is 

transmitted up until the band gap wavelength is reached. 

 As mentioned previously, the measured optical band gap increases with carrier 

concentration as a result of the Burstein-Moss effect.  Equation 3-3 was used to model 

this effect with the quantity in parentheses being equal to the inverse of the reduced 

effective mass ( */1 rm ).  Since the Fermi wave vector is given by 3/12 )3( nkF π= , 

assuming parabolic energy bands and a spherical Fermi surface,16 it was possible to 

calculate the reduced effective mass ( *
rm ), and fundamental band gap ( 0gE ) by plotting 

the optical band gap versus the carrier concentration raised to the 2/3rds power based on 

the equation: 

    *
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The plot is shown in figure 3-9.  The slope of the graph allowed the determination of *
rm , 

and the y-intercept gave 0gE .  This analysis gave a room temperature, fundamental band 

gap, 0gE = 3.28 eV which compares to reported values of 3.38 eV for stoichiometric 

ZnO.10 The reduced effective mass calculated from this analysis was 0.61me, which does 

not agree very well with the published data for ZnO that yields a reduced effective mass 

of 0.21 me.17 An explanation for the discrepancy is offered in the work of Sernelius10,18 

and Hamberg,19 where they explain the need to account for electron-electron, electron-

impurity, and the polar nature of ZnO when investigating the effect of free carriers on the 

band gap of a semiconductor.  These many body interactions can distort the band 

structure of the material around the center of the Brillouin zone, and therefore influence 

the energy necessary for band-to-band transitions to occur.  However, Coutts16 suggests 

that at carrier concentrations < 3x1020 cm-3 that electron-electron interactions should be 

minimal.  With this in mind, the data were used less as a means to calculate absolute 

values of the reduced effective mass and more as a way to investigate the effect on the 

reduced effective mass of doping ZnO with impurities such as magnesium. 

 Perhaps the most dramatic effect the oxygen content during growth had on the 

ZnO:Al films was in determining the electrical properties.  Figure 3-10 shows the 

influence oxygen content had on resistivity, carrier concentration, and mobility.  The 

resistivity changed over four orders of magnitude with lower oxygen contents giving 

lower resistivities.  This trend can be understood by looking at the changes in the carrier 

concentration and the mobility, both of which increase with decreasing oxygen content.   



 85

 

 

Figure 3-9 Plot demonstrating the Burstein-Moss effect for ZnO:Al (2 wt%) films grown 

at various oxygen partial pressures.  The reduced effective mass ( *
rm ) is determined from 

the slope, and the fundamental band gap ( 0gE ) is found from the y-intercept. 
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 The increasing carrier concentration with lower oxygen can be explained by growth 

conditions that allow a large percentage of aluminum atoms to reach zinc substitutional 

positions where they can act as donors.  At higher oxygen partial pressures it is likely that 

many of the aluminum atoms are oxidized to form aluminates or incorporated into the 

film at positions where they cannot donate their extra electron.  The defect chemistry for 

aluminum in ZnO was summarized by Ryoken et. al.20 with the following reactions: 

322
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       Equation 3-6 

The first reaction explains how aluminum acts as a donor in ZnO, the second and third 

reactions represents possible compensation reactions that serve to decrease the carrier 

concentration, and the last reaction corresponds to the formation of an aluminum oxide 

phase.  It is thought that the first reaction is dominant under low oxygen partial pressures 

and that the third reaction is dominant for growths at high oxygen partial pressures.  A 

transition from the first reaction to the third reaction as the oxygen partial pressure is 

raised helps explain the experimental results shown in figure 3-10. 

The fact that the changes in the mobility and the carrier concentration are directly 

proportional indicates that these films have not reached the regime where ionized 

impurity scattering is dominant.  The relationship in these films can be explained using a 

grain boundary scattering analysis.  In the grain boundary scattering regime increased 

free carriers serve to reduce the potential barrier at the grain boundary through screening,  
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Figure 3-10 The influence of oxygen content during growth on the electrical properties of 

ZnO:Al (2 wt%) thin films. 
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and thus the mobility of the electrons is increased.  The results of the ZnO study 

presented in section 3.2 suggest that to achieve the best overall crystal quality the oxygen 

content during growth should be ~25%.  However, it was shown that for doped ZnO:Al 

films it was necessary to grow films at much lower oxygen contents in order to achieve 

the desired electrical properties.  The ultimate goal of high carrier concentration and 

optimized crystal quality requires post deposition processing as discussed in the next 

chapter.   
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Chapter 4 

Annealing Studies 

4.1 Introduction 

 Post deposition annealing changed the structural and electrical properties of ZnO, 

ZnMgO, and multilayer epitaxial thin films.  Samples were annealed in air, 

hydrogen/argon mixtures, and in the presence of indium in an attempt to improve the film 

properties.  Along with the annealing atmosphere, the annealing times and temperatures 

were also varied in order to assess their influence on film properties.   

Annealing is used to improve the crystal structure of the film and to increase the 

epitaxial alignment with the substrate.  The annealing process had various effects on 

epitaxial ZnO based films including: partially relieving the residual compressive stress,1 

increasing the grain size by reducing low angle grain boundaries, and influencing the out-

of-plane (rocking curve) and in-plane (phi scans) alignment.  Annealing also effected the 

surface morphology, which was important when considering using annealed films as 

buffer layers for subsequent growth.  The effects of annealing conditions on elemental 

diffusion were a factor when considering multilayer samples. 

Post deposition annealing also significantly influenced the electrical properties of 

the films.  There are various mechanisms that explained the increase in free electrons as a 

result of annealing.  Films that were grown with donor impurities present often 

experienced a large increase in free carrier concentration as a result of annealing which 

can be explained by activation of the electron donors.  By adjusting the growth conditions 
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(increasing the oxygen contents), it was possible to grow films that contained donor 

atoms (typically aluminum) but had very poor electrical properties because the donors 

were inactive in the as-grown film.  In these cases, annealing in a reducing atmosphere of 

H2/Ar was necessary to render the aluminum as an active donor.  Free carriers could also 

be generated in intrinsic ZnO using a reducing anneal by activating native electron donor 

defects in the films.  As discussed in the introduction, the mechanism for this intrinsic 

conductivity is still a matter of debate.  Post deposition annealing was also conducted in 

the presence of indium in an attempt to improve the electrical properties of the films.  

Indium has a melting temperature of 156.6oC, and indium diffusion into the films was 

detected using SIMS. 

 

4.2 The Effect of Air Annealing on Structural Properties 

 The effect of the annealing temperature in air on the structural properties of ZnO 

thin films was investigated.  A series of ZnO samples were grown on c-plane sapphire by 

dc reactive magnetron sputtering at a substrate temperature of 300oC, in 4 mTorr Ar,  and 

1 mTorr O2.  Each film was ~120 nm thick, and air anneals were performed for 2 hours at 

800oC, 1000oC, and 1200oC.   

The effect of the 1000oC anneal on the θθ 2−  XRD scan is shown in figure 4-1.  

The shift of the θθ 2−  peak to a higher value was determined to be a result of the 

relaxation of the residual compressive stress typically present in ZnO films grown on 

(0001) sapphire.2 The annealed peak position of 34.46o agreed quite well with the 

calculated value of 34.4o for relaxed (002) planes in ZnO (JCPDS 80-0075).  The 
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Figure 4-1 The effect of air annealing on the θθ 2−  XRD scan of a ZnO thin film. 
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decrease of the θθ 2−  FWHM was consistent with an increase in the coherence length 

resulting from a reduction in the number of low angle grain boundaries in the epitaxial 

films.  Applying the Scherrer formula to the data for the 1000oC film gave a coherence 

length of 16 nm for the as-grown film and 57 nm for the annealed film.  The θθ 2−  peak 

position for the film annealed at 800oC shifted from 33.98oC to 34.44oC and the FWHM 

changed from 0.60oC to 0.17oC, showing similar effects as at 1000oC.  For the 1200oC 

sample, no XRD signal could be found, even though there was still a film there as 

measured by the profilometer.  The conclusion was that the film had recrystallized and no 

longer had (002) preferred orientation. 

 The rocking curves and the phi scans for the ZnO sample annealed at 1000oC are 

shown in figure 4-2(a).  The increase in the intensity and decrease in the FWHM (from 

1.82o to 0.59o) of the rocking curve indicated an improvement in the out of plane 

alignment of the ZnO (002) planes relative to the basal plane of the substrate.  The 

rocking curve of the 800oC sample changed from 2.52o to 0.60o, and the (002) rocking 

curve for the 1200oC sample could not be measured.  The { }0111  phi scans for the 800oC 

and 1000oC samples showed six-fold symmetry consistent with the hexagonal wurtzite 

structure expected for ZnO.  A detailed scan of one of the six phi peaks is shown in figure 

4-2(b) for the 1000oC sample before and after annealing.  The FWHM of the phi scan 

changed from 1.82o to 0.59o as a result of the annealing process.  This change in the phi 

scan indicated that the in-plane alignment of the film had improved, the epitaxial  
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Figure 4-2 XRD rocking curve (a) and phi (b) scans for ZnO samples annealed at 1000oC 

in air. 
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relationship between the ZnO domains and the sapphire substrate had become more 

perfect as a result of the post deposition anneal.  The 800oC sample showed a phi peak 

FWHM change from 1.34o to 0.62o with annealing, indicating a similar improvement of 

the in-plane allignment.  Once again, no phi scan was obtained from the 1200oC sample 

after annealing. 

 AFM images (shown in figure 4-3) were obtained to investigate the effect of air 

annealing on the surface morphology of ZnO films.  The scans were all 20 μm x 20 μm 

in size, the height scale for the as-grown sample is 20 nm and for each annealed sample 

the height scale is 50 nm. In each case the root-mean-square surface roughness of the 

annealed sample increased relative to the as-grown value of 1.59 nm.  The 800oC sample 

still had a very smooth surface with an rms roughness of 1.93 nm.  The 1000oC film had a 

considerably rougher surface (rms: 6.94 nm), and, as can be seen by the enlarged section 

of the image, there was hexagonal faceting apparent on the surface of the film.  The 

hexagonal faceting is consistent with the wurtzite structure of (002) oriented ZnO.  The 

1200oC film surface was extremely rough (rms: 15.7) and showed no discernable 

faceting.  The AFM information is consistent with the XRD data for the 1200oC film both 

of which indicated that the ZnO had recrystalized into a film without preferred 

orientation.    

 Based on the experimental results it was concluded that annealing ZnO films in 

air could dramatically influence both the crystal quality and the surface morphology.  For 

the temperatures investigated it was concluded that an 800oC air anneal of ZnO films  
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Figure 4-3 The effect of air annealing temperature on the rms roughness of ZnO thin 

films.  Note: Height scale for as-grown is 20 nm and for annealed it is 50 nm. 
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 could provide improvement in the crystal quality while maintaining a smooth surface.  

This processing technique can be used to prepare high quality ZnO buffer layers for 

subsequent film growth, or to improve the crystal quality of as-grown films in an attempt 

to improve free carrier mobility.  The use of a ZnO buffer layer on c-plane sapphire is an 

attractive option in light of the fact that ZnO single crystal substrates are relatively 

expensive ($330,10 mm x 10 mm, c-plane, MTI Corporation). 

 

4.3 The Effect of Annealing Temperature on Electrical Properties 

 Thin films of ZnO, ZnMgO:Al, and a ZnO/ZnMgO:Al multilayer were grown at 

300oC on c-plane sapphire substrates.  The argon pressure was 4.5 mTorr, the oxygen 

pressure was 1.5 mTorr, and the film thickness ranged from 140 nm to 180 nm.  The ZnO 

film was grown from a zinc target at 50 W sputtering power, the ZnMgO:Al film was co-

sputtered from a Zn (80 at%)/Mg (20 at%) alloy target at 50 W and an aluminum target at 

150 W (SIMS was used to determine that this gave an Al concentration of ~6.5 at%).  

The multilayer was designed to consist of alternating 5 nm layers of ZnO and ZnMgO:Al 

with a total of 15 periods (the multilayer deposition started with a ZnO layer).  

 The as-grown films were characterized by XRD and then cut into four square 

pieces.  None of the as-grown films had a conductivity that could be measured with the 

BioRad Hall system.  The pieces were annealed at 300oC, 400oC, and 500oC for 4 hours.  

Films were only annealed up to 500oC because it was found that under these reducing 

conditions the films completely sublimed at temperatures of 600oC.  The films were 

annealed inside an alumina tube in the presence of a 70% argon, 30% hydrogen mixture 
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that flowed over the samples at a rate of 70 sccm.  The films were held in an alumina boat 

containing indium metal and covered with a mullite boat.  

The effects of the reducing anneal on the electrical properties are shown in figure 

4-4.  For all samples, the resistivity (figure 4-4(a)) decreased as the annealing 

temperature increased.  An increase in annealing temperature increased the carrier 

concentration (figure 4-4(b)) for all samples, and the ZnMgO:Al sample had the highest 

carrier concentration for all annealing temperatures.  The carrier concentration in the 

multilayer increased over three orders of magnitude as the annealing temperature was 

increased, and for the 500oC samples the average carrier concentration in the multilayer 

was higher than in the ZnO sample.  The increase in free carrier concentration of the 

doped ZnMgO:Al and the multilayer films as a result of annealing in a reducing 

atmosphere can be explained by the following defect reaction: 

 2
'

32 2
1222 OeOAlOAl OZn +++→ •    Equation 4-1 

Under low oxygen partial pressures the defect reaction in equation 4-1 is thought to be 

energetically favorable, and the formation of defects that compensate free carrier 

generation are suppressed.  The ability of a reducing atmosphere to influence the defect 

chemistry of ZnO based films is supported by the relatively high diffusion coefficient of 

oxygen in aluminum doped ZnO of ~ 1 x 10-13 cm2/s3 for temperatures of ~ 1000oC.  In 

the non-intentionally doped ZnO film free carrier generation may be from a combination 

of several sources including native charged defects such as oxygen vacancies4 and zinc 

interstitials, the diffusion of aluminum from the substrate into the film,3 and the presence 

of hydrogen as a shallow donor.5,6   
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Figure 4-4 The effect of annealing temperature on the electrical properties of ZnO, 

ZnMgO:Al, and multilayer samples. 
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Perhaps the most interesting results were obtained for the carrier mobility (figure 

4-4(c)).  The ZnMgO:Al sample had extremely low mobility compared to ZnO:Al 

samples with similar carrier concentrations.  For example, a ZnO:Al (2 wt%) grown 

under similar conditions had a carrier concentration of 9 x 1019 cm-3 and a mobility of 

17.9 cm2/Vs.  The mobility limiting scattering mechanism for the ZnMgO:Al was 

therefore unlikely to be grain boundaries because at the range of carrier concentrations 

present the grain boundary energy barrier is expected to be lower than would produce a 

mobility of ~ 3 cm2/Vs.  It was also unlikely that ionized impurity scattering was the 

dominant scattering mechanism because the carrier concentration was below the 

threshold level (~1 x 1020 cm-3)7 where ionized impurity scattering limits the mobility.  

The most likely explanation for the low mobility in the ZnMgO:Al films was a 

combination of neutral impurity scattering from Mg atoms, alloy disorder scattering, and 

scattering from Mg and Al complexes formed in the films.  These issues are treated 

quantitatively in chapter 5 whenZnMgO is discussed.  The electrical data for the ZnO 

films was consistent with grain boundary limited mobility, where an increase in the 

carrier concentration leads to an increase in the carrier mobility.   

The mobility results for the multilayer samples were not a simple average of the 

properties of the individual layers.  In the 400oC annealed samples the average mobility 

seemed to be dominated by the behavior of the ZnMgO:Al layers, and in the 500oC 

annealed samples the average mobility seemed to be dominated by the high mobility ZnO 

layers.  The combination of high average carrier concentration and high average mobility 

in the multilayer annealed at 500oC produced a resistivity lower than that achieved by 
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either of the monolithic films grown for the constituent layers.  One possible explanation 

for the results was diffusion between the layers at 500oC leading to a redistribution of the 

Mg and Al dopants, which would change the composition of the original low mobility 

ZnMgO:Al layers.  The effects of annealing on diffusion will be discussed later in this 

chapter. 

 

4.4 The Effect of Annealing Time on Electrical Properties 

 As mentioned previously, films were annealed in the presence of indium in an 

attempt to improve their electrical properties.  Figure 4-5 shows the effect of the In 

anneal time t, at 415oC in 20 sccm hydrogen, 50 sccm argon, on the resistivity of a pure 

ZnO, ZnO:Al (4.8 at % Al), and a Zn0.9Mg0.1O:Al (2.2 at % Al) film.  The films were  

first annealed for 4 hours at 415oC in 20 sccm hydrogen, 50 sccm argon without indium 

present.  The data points at t = 0 represent the resistivity of these In-free films.  As is 

typically observed in ZnO films, the insulating as-grown films became conducting after 

the indium-free anneal; this has been attributed to the formation of intrinsic defects 

(oxygen vacancies/hydrogen) during the reducing anneal.8,9 The ρ value decreased 

rapidly within the first ≈ 5h of In annealing, after which it decreased more gradually.  The 

substantial decrease in ρ indicates the effectiveness of the In doping, particularly for 

undoped ZnO and ZnMgO:Al.  For all samples, the carrier concentration and mobility 

changes were directly related, that is they increased and decreased together.  This is 

consistent with a grain boundary or neutral impurity scattering limited mobility  
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Figure 4-5 The effect of annealing time on the electrical properties of ZnO, ZnMgO:Al, 

and ZnO:Al thin films. 
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mechanism, where higher carrier concentrations reduce the energy barrier for electron 

motion and thus the mobility is increased. 

 Figure 4-6 shows the time-of-flight secondary ion mass spectrometry (SIMS) 

depth profiles taken after 42 hours of annealing in the presence of indium.  The In 

concentration decreased rapidly with increasing depth within the first 50 nm, followed by 

a more gradual decrease.  Note that the background In signal for an undoped sample was 

< 10 counts, such that even the lowest In level in figure 4-6 was well above the 

background.  By comparison with an In-doped ZnMgO standard, obtained by sputtering 

from a ZnMgIn target, the reasonably constant In concentration throughout most of the 

film was ≈ 9 x 1019 cm-3.  The In concentration profile in figure 4-6, combined with the 

decrease in ρ with increasing time in figure 4-5, is consistent with solid-state diffusion of 

In into the films from a vapor source.   

 

4.5 The Effect of Annealing Temperature on Multilayer Films 

 The effect of annealing temperature on the stability of multilayer structures was 

investigated using time-of-flight SIMS depth profiling.  A multilayer sample was grown 

at 300oC in 4.5 mTorr Ar, and 1.5 mTorr O2.  A 20 nm ZnO layer was deposited first at a 

Zn target power of 50 Watts, followed by a 5 nm layer of Zn0.8Mg0.2O:Al (6.5 at% Al) 

deposited with a ZnMg target power of 50 Watts and an Al target power of 150 Watts.  A 

total of six periods of the multilayer were deposited.  A SIMS depth profile was taken of 

the as-grown sample (see figure 4-7) and then the multilayer was annealed for 4 hours in
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Figure 4-6 Depth profile of the SIMS In, Al, Zn, and Mg peaks from an In annealed 

Zn0.9Mg0.1O:Al (2.2 at % Al) film.  

 

 

 

0 100 200 300 400 500 600 700
101

102

103

104

105

In

Zn

Al

Mg

 

 

C
ou

nt
s

Distance (nm)



 104

Figure 4-7 The effect of annealing temperature on the SIMS depth profile of a multilayer 

sample.
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the presence of indium at 350oC in a 70% Ar, 30% H2 atmosphere flowing at 70 sccm.  A 

second SIMS depth profile was taken and then the sample was annealed again at 500oC 

under the same conditions, after which a third SIMS depth profile was taken.   

 The SIMS depth profiles showed no discernable difference between the 

as-grown sample and the sample after the 350oC anneal.  Therefore, annealing at 350oC 

could be used to influence the electrical properties of a multilayer film without causing 

appreciable diffusion to occur between the layers.  However, after the 500oC anneal the 

SIMS depth profile showed substantial diffusion of the Mg and Al between the layers.  

Subsequent experiments performed on these samples, by Blake Stevens, determined that 

the diffusional broadening of the Mg peak was on the order of 0.65 nm.  As a result of 

this broadening, a mechanism such as modulation doping that relies on sharp interfaces 

between the layers would be lost after a 500oC anneal.  The SIMS results in figure 4-7 

helped explain the electrical data shown in figure 4-4.  Diffusion of electrically inactive 

Al atoms out of the ZnMgO:Al layer and into the ZnO layer where they could become 

donors may be the reason for the higher average carrier concentration after the 500oC 

anneal.  The redistribution of Mg also helped explain the increase in the average mobility, 

by reducing the neutral impurity and alloy disorder scattering in the ZnMgO:Al layers.   
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Chapter 5 

ZnMgO:(Al,In) Growth and Characterization 

5.1 Introduction 

Transparent conducting oxides are characterized by a unique combination of low 

electrical resistivity and high optical transparency.  ZnO is one of a select group of 

materials currently being considered to compete with tin doped indium oxide and tin 

oxide for applications including flat panel displays, solar cells, and energy efficient 

windows.1 Intrinsic ZnO has a room temperature band gap EG of 3.4 eV, relatively large 

among transparent conducting oxide materials, and with heavy doping (electron 

concentrations above ~1020 /cm3) EG increases further2 to ≈ 3.64 eV due to the Burstein-

Moss shift.3    

There is also interest in conducting layers exhibiting optical transparency into the 

ultraviolet range for applications such as solar cells.4,5 An additional application for large 

EG conducting oxides is in proposed modulation doped transparent conducting oxide 

hetero-structures designed to increase electron mobilities.6,7 In these structures, large EG 

layers with high doping concentrations are needed to donate electrons to intrinsic zinc 

oxide layers.  It has been reported that ZnMgO solid solution thin films can be grown 

epitaxially, extending EG values into the ultra-violet range:  3.99 eV in films with 33 mol 

percent Mg.8 However, the work reported on donor doping of ZnMgO films is limited,9 

so the range of properties in large-EG TCO’s that can be produced is not known. 
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 In this chapter we the growth and characterization of Zn1-xMgxO:(Al,In) thin films 

on c-plane sapphire substrates by direct current reactive magnetron sputtering is reported.  

Sapphire is the substrate most often used to grow epitaxial ZnO films for electro-optic 

applications owing to its hexagonal crystal structure and low cost.  Detailed 

characterization of the microstructure, electrical, and optical properties of the films as a 

function of film composition, deposition conditions, and annealing conditions are 

reported.  The results are compared with those for doped ZnO films and discussed in 

terms of doping and electrical conduction models.  

        

5.2 Experimental Procedure 

 Zn1-xMgxO:Al films were deposited in a reactive magnetron sputtering chamber. 

The load-locked chamber, described in detail elsewhere,10 was turbomolecular pumped to 

a base pressure of ≈1x10-7 Torr, and contains three sputter sources, mounted at 35o from 

the substrate surface normal.  The target to substrate distance was ≈12 cm.  The films 

were deposited by co-sputtering from two 5-cm-diam targets in Ar-O2 mixtures at a total 

pressure PT = 6 mTorr.  One target was a 99.99% pure metallic Zn-Mg alloy with Mg 

contents of 5, 10, or 20 at%, sputtered at 50W power unless otherwise noted. The other 

target was 99.999% pure Al, sputtered at power levels from 25W to 150W yielding Al 

contents up to 4.5%.  Unless otherwise stated, the Ar partial pressure was 4.5x10-3 Torr 

and oxygen partial pressure 
2OP  = 1.5x10-3 Torr. 

The double side polished (0001) sapphire substrates were ultrasonically cleaned 

for 10 minutes each in acetone then methanol and blown dry with nitrogen before being 



 108
placed in the load-lock.  The sapphire substrate was clamped to a silicon wafer that was 

resistively heated; the temperature had previously been calibrated with a thermocouple 

attached to the sapphire.  The substrates were heated in vacuum at 600oC for 30 minutes 

in order to remove any residual surface contamination, and then allowed to cool to the 

growth temperature.  Films were grown at substrate temperatures ranging from Ts = 

175oC to Ts = 500oC.  A value of 300oC was used unless otherwise noted.  The targets 

were pre-sputtered in pure argon for 15 minutes to remove surface contamination, and 

then oxygen was introduced and the target voltage was allowed to stabilize for an 

additional 15 minutes.  The shutter was then removed to commence growth.  The gas 

pressure was monitored and adjusted during growth using mass flow controllers.  Film 

thicknesses ranged from 350 – 550 nm, and the growth rates ranged from 2.0 – 4.4 

nm/min with higher magnesium content targets yielding lower rates.    

 In order to achieve low resistivities it was typically necessary to thermally anneal 

the films.  The films were placed in an alumina boat inside an alumina tube furnace.  A 

piece of 6N pure indium shot (Alfa Aesar) ~ 5mm in length was placed at the front and 

back end of the alumina boat, except for a few cases as noted below.  A mixture of 

hydrogen (20 sccm) and argon (50 sccm) was bubbled through deionized water and 

allowed to flow over the samples.  The furnace was ramped up to the anneal temperature 

of 4150C at 40o/min and held for 4 hours.  The films were allowed to cool back to room 

temperature at 2o/min under the same H2/Ar atmosphere.      

 The film thickness was measured with a surface profiler (Tencor P-10) and 

confirmed using the interference fringes from optical transmission spectra.11 A UV-VIS-
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IR dual-beam spectrophotometer (Varian Cary 500) was used to measure the optical 

transmission for wavelengths from 3000 - 250 nm.  Electrical resistivity, mobility, and 

carrier concentration were measured using the van der Pauw12 geometry with Hall effect 

measurements (BioRad Hall system).  Crystal quality was investigated using x-ray 

diffraction (Rigaku RU-200PL).  Surface roughness was measured using an atomic force 

microscope (Digital Instruments) in contact mode. 

   The aluminum concentration was determined using time-of-flight secondary ion 

mass spectrometry (Physical Electronics).  The ratio of the aluminum peak to the zinc 

peak was determined for each sample and calibrated using known standards.     

  

5.3 Experimental Results   

5.3.1. Growth Rate 

For all the ZnMg target compositions and substrate temperature TS ≤ 300oC, the 

growth rate decreased with increasing oxygen partial pressure due to target poisoning.13 

For example, for a Zn0.8Mg0.2 alloy target sputtered at 50 W, PT = 6 mTorr, and TS = 

300oC, the rate decreased from 4.7 nm/min at 
2OP = 0.45 mTorr to 1.0 nm/min at 

2OP = 3 

mTorr.  The sputtering rate generally decreased with increasing Mg content in the target.  

For example, under the same conditions as noted above but with 
2OP = 2 mTorr, the rate 

decreased from 3.6 nm/min for pure Zn to 1.5 nm/min for Zn0.8Mg0.2.   

 The growth rate did not vary substantially with TS ≤ 300oC, but decreased with 

increasing TS above this value.  For example, for a Zn0.9Mg0.1 target sputtered at 50 watts 

in 1.5 mTorr O2 with PT = 6 mTorr, the rate decreased from 3.6 nm/min at 300oC to 3.0 
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nm/min at 500°C.  This is presumably due to desorption of Zn and/or Zn-oxygen species 

from the substrate surface.14 Note that at TS > 300oC, Zn evaporation tended to reduce the 

growth rate more at low 
2OP , due to the presence of more un-oxidized Zn on the growing 

film surface.   

 

5.3.2. Morphology and Crystal Structure 

Figure 5-1 shows XRD results from a typical Zn0.95Mg0.05O film as deposited and 

after annealing, including θ-2θ scan, omega scan, and phi scan.  The results are typical of 

films with 5 – 20% MgO.  The film was grown at TS = 300oC in 25% oxygen with PT = 6 

mTorr, and then annealed in the presence of indium at 415oC for 4 hours in a H2/Ar 

atmosphere.  The phi scan in figure 5-1(c) clearly indicates that the film is epitaxial with 

hexagonal symmetry, but the width of the peak indicates a mosaic-structure film as 

expected given the rather large lattice mismatch.15 The addition of Mg to zinc oxide 

shortens the c-axis length8 and thus shifts the ZnO (0002) peak position to higher angles; 

however, at 5%Mg the shift is very small.  The as deposited 5% Mg film had a θ-2θ peak 

position of 34.25o, indicating a residual in plane compressive stress of 2.1 GPa calculated 

using the biaxial stress model.16 After the anneal, the ZnO (0002) peak position shifted to 

34.41o. For comparison, the ZnO (0002) peak position for annealed zinc oxide powder, 

34.4o,16 is also shown.  The shift is explained by the relief of compressive residual stress 

in the as-deposited film.17 The anneal increased the grain size, as shown by a decrease in 

the FWHM of the θ-2θ peak from 0.48o to 0.29o.  The increase in grain size was 

interpreted as a reduction in the density of low-angle grain boundaries.  The anneal  



 111

 

Figure 5-1 Comparisons of x-ray diffraction θ−2θ (a), omega (b),  and phi (c) scans from 

as-grown and annealed Zn0.95Mg0.05O films.
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improved the out of plane alignment of the film – the FWHM rocking curve width 

decreased from 3.06o to 2.09o – however the in plane alignment was slightly deteriorated 

after the anneal  - the FWHM phi scan width increased from 2.15o to 2.57o.  The 

increased intensity in all scans following the anneal is a result of improved crystallinity.  

The effects of the anneal on residual stress, grain size, and out of plane alignment are 

consistent with prior results for ZnO films.17 

The oxygen content in the sputtering gas was varied from 6.67% to 50%, PT = 6 

mTorr, for a set of Zn0.8Mg0.2O:Al (1.4 at % Al) films.  The 6.67% oxygen sample was 

)1110(
−

 oriented; all other films had the low energy18 (0002) orientation, as shown in 

figure 5-2.  The film grown at 12.5% oxygen had a θ−2θ position of 34.37o compared to 

34.51o for the 25% oxygen sample, and the 50% oxygen film had a θ−2θ FWHM of 0.55o 

compared to 0.39o for the 25% oxygen sample.  Based on this XRD data, the film grown 

at 25% oxygen had the least residual compressive stress and the largest grain size. The 

25% oxygen films also typically showed the smoothest surfaces.  Figure 5-3 shows 

atomic force microscope images for the 12.5%, 25%, and 50% oxygen films.  The 

minimum root-mean-square (rms) roughness was 0.48 nm for the 25% oxygen film, 

substantially less than the other partial pressures.   

Figure 5-4 shows the XRD results as a function of temperature for a set of   

Zn0.9Mg0.1O:Al (2.2 at % Al) films.  The FWHM values of the omega and phi scan peaks 

had a minimum value for TS ≈ 300oC.  Varied effects of substrate temperature on crystal 

quality have been observed depending on the deposition technique.  Results for ZnO:Al 

films deposited on c-plane sapphire by pulsed laser deposition19 show an improvement in  
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Figure 5-2 Effect of oxygen partial pressure on the (0002) x-ray reflection from 

Zn0.8Mg0.2O:Al (1.4 at % Al) films. 
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Figure 5-3 Atomic force microscope images of Zn0.8Mg0.2O:Al (1.4 at % Al) films grown 

at 12.5% O2 (a), 25% O2 (b), and 50% O2 (c) with PT = 6 mTorr.  The full grey-scale 

height for each image is 20 nm. 
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Figure 5-4 X-ray diffraction θ−2θ peak widths (a) and peak positions (b) versus substrate 

temperature from annealed Zn0.9Mg0.1O:Al (2.2 at % Al) films. 
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crystal quality up to TS = 700oC.  However, ZnO films deposited by r.f. magnetron 

sputtering20 had a minimum in the rocking curve FWHM at TS = 100oC.  The θ−2θ 

position as a function of temperature is shown in figure 5-4(b), along with the value 

reported by Ohotmo et al8 for Zn0.9Mg0.1O.  Based on these results, a substrate 

temperature between 300oC and 400oC serves to relieve the residual compressive stress in 

these films.  The trends are similar to those reported for ZnO:Al films grown by d.c. 

reactive magnetron sputtering.21   

Figure 5-5(a) shows the θ-2θ peak position as a function of Al concentration for 

three different Mg contents.  Adding Mg increased the 2θ value, i.e. the lattice spacing 

decreased, in agreement with prior results.8 Increasing the Al content decreased the 2θ 

value, i.e. the lattice spacing increased, in agreement with prior results for ZnO:Al.19 The 

lattice constants in the annealed films were in good agreement with values previously 

measured for ZnMgO, e.g. 0.519 nm measured here versus 0.518 nm by Ohtomo8 for 

20% Mg.   

Figure 5-5(b) shows the θ-2θ peak width as a function of Al concentration for 

three different Mg contents. The θ-2θ peak width can be used to estimate the grain size 

using the Sherrer formula,22 d = 0.9λ/(Bcosθ), where d is the grain size, λ is the 

wavelength of the x-rays, B is the θ-2θ peak width, and θ is the peak position.  The grain 

size in the films, estimated using the Scherrer formula, ranged from ≈30 nm for undoped 

films to ≈ 10 nm for >2 at% Al.  The small grain size in these epitaxial films is explained 

by a high density of low-angle grain boundaries due to the large lattice mismatch with the 

sapphire substrates.15 The decrease of grain size with aluminum content has been  
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Figure 5-5 Effect of aluminum concentration on the θ−2θ peak position (a) and the θ−2θ 

peak width (b) for Zn1-xMgxO:(Al,In) films with different Mg contents. 
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observed previously.23 Although the mechanism is not completely understood, Nunes et 

al24 attribute the decrease in grain size to the relatively large difference in ionic radius 

between zinc and aluminum.   In general, annealing decreased the θ-2θ peak widths 

(figure 5-1(a)), indicating an increase in grain size; this can be explained by a reduction 

in the density of low-angle grain boundaries.   

The full width at half maximum of the omega (out of plane) and phi (in plane) 

peaks varied relatively weakly as a function of Al content, and annealing had little 

measurable effect.  The rocking curve FWHM values were typically 2-3o, whereas the phi 

scan widths were 1.5-2.5o.  The relatively large peak widths were due to the large lattice 

mismatch of ~18% with the sapphire (0001) substrates, which leads to a mosaic structure.       

 

5.3.3. Effect of Indium Annealing 

 Doping Zn1-xMgxO films with aluminum proved to be less effective than in pure 

ZnO.  Table 5-1 summarizes the electrical properties of ZnO and Zn0.9Mg0.1O films for 

different doping combinations.  ρ is 100 times higher for ZnMgO:Al than for ZnO:Al.  In 

order to improve the electrical properties, the films were annealed in the presence of 

indium, which acts as a donor in ZnO.23 As can be seen in Table 5-1, double doping with 

In and Al generally decreased ρ, especially for ZnMgO.  Figure 4-5(a), discussed in the 

last chapter, shows the effect of the In anneal time t, at 415oC in 20 sccm hydrogen, 50 

sccm argon, on the resistivity of a pure ZnO, ZnO:Al, and a Zn0.9Mg0.1O:Al (2.2 at % Al) 

film.  The films were first annealed for 4 hours at 415oC in 20 sccm hydrogen, 50 sccm  
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Table 5-1 Summary of the effect of doping on the electrical properties of ZnO and 

Zn0.9Mg0.1O films. The Al-doped films were annealed at 415oC for 4 hours in a H2/Ar 

atmosphere.  The In doping was achieved by annealing the films at 415oC for 5 hours in a 

H2/Ar atmosphere in the presence of indium. 

 

 
 

 
 
                      Al content (%active)       Resistivity                      Mobility                Carrier concentration 

Film                                (at %)                   (Ω cm)                          (cm2/Vs)                         (cm-3)       

       

ZnO:In                       0                    1.72 x 10-1                 4.79                   7.61 x 1018 

ZnO:Al                    4.8  (3.8)          4.49 x 10-3               18.15                    7.67 x 1019 

ZnO:(Al,In)             4.8  (5.0)          2.89 x 10-3                20.20                   1.08 x 1020 

Zn0.9Mg0.1O:Al        2.2 (1.1)            2.06 x 10-1                 3.07                   9.88 x 1018 

Zn0.9Mg0.1O:(Al,In) 2.2 (3.0)           3.28 x 10-2                  6.29                   3.04 x 1019 
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argon without indium present.  The data points at t = 0 represent the resistivity of these 

In-free films.  As is typically observed in ZnO films, the insulating as-grown films 

became conducting after the indium-free anneal; this has been attributed to the formation 

of intrinsic defects (oxygen vacancies/hydrogen) during the reducing anneal.24,25 The ρ 

value decreased rapidly within the first ≈ 5h of In annealing, after which it decreased 

more gradually.  The substantial decrease in ρ indicates the effectiveness of the In 

doping, particularly for undoped ZnO and ZnMgO:Al.  

 Figure 4-6 showed time-of-flight secondary ion mass spectrometry (SIMS) depth 

profiles taken after 42 hours of annealing in the presence of indium.  The In concentration 

decreased rapidly with increasing depth within the first 50 nm, followed by a more 

gradual decrease.  Note that the background In signal for an undoped sample was < 10 

counts, such that even the lowest In level in figure 4-6 was well above the background.  

By comparison with an In-doped ZnMgO standard, obtained by sputtering from a 

ZnMgIn target, the reasonably constant In concentration throughout most of the film was 

≈ 9 x 1019 cm-3.  The In concentration profile in figure 4-6, combined with the decrease in 

ρ with increasing time in figure 4-5(a), is consistent with solid-state diffusion of In into 

the films from a vapor source.  A similar effect could presumably be achieved by 

sputtering from a double-doped target.  All of the results that follow are from films that 

were annealed in the presence of indium.  The effect of the growth and annealing 

conditions on the hydrogen content in the films was not detectable using SIMS depth 

profiling.  Once surface contamination was sputtered away, the hydrogen signal from the 

bulk film was at background levels (~ 10 counts).  
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5.3.4. Effect of Oxygen Partial Pressure and Temperature 

 The resistivity and mobility of annealed ZnMgO:(Al,In) films showed no clear 

trend as a function of TS over the range from 175 to 500oC.  For the 10% Mg alloy with 

2.2% Al, for example, ρ ≈0.02 Ωcm and μ ≈ 10 cm2/Vs.  Given that there was 

considerable variation in structural perfection in this TS range (figure 5-4), it appears that 

μ was not controlled by the film crystal structure.  

 Figure 5-6 shows the electrical properties as a function of oxygen partial 

pressure 
2OP  for Zn0.8Mg0.2O:(Al,In) films grown at T = 300oC.  The resistivity ρ shows a 

pronounced minimum at 1.5 mTorr oxygen, corresponding to an increase in electron 

density n with increasing 
2OP  up to 1.5mTorr and a continuous increase in electron 

mobility μ with increasing 
2OP .  The variation of n and μ with 

2OP  can be explained by 

considering the deviation from stoichiometry caused by oxygen deficiency.  Films grown 

at low oxygen contents have increased oxygen vacancy defect densities that lead to 

higher n after the post deposition anneal.  On the other hand, this higher vacancy 

concentration will tend to increase electron scattering, decreasing μ.  The results in figure 

5-6 suggest a critical transition above 1.5 mTorr oxygen that drastically decreaseses the 

free carrier concentration.  The transition can be understood in the context of the defect 

chemistry presented in equation 3-6.  At lower oxygen partial pressures, the reaction 

producing aluminum atoms on zinc sites and free electrons is favored; however, above 

1.5 mTorr oxygen the defect reaction favoring the formation of zinc vacancies is  
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Figure 5-6 Effect of oxygen partial pressure on the electrical properties of In annealed 

Zn0.8Mg0.2O:(Al,In) (1.4 at% Al) films. 

 
 
 
 
 
 
 
 
 
 
 
 

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0
10-2

10-1

100

101

102

 resistivity

re
si

st
iv

ity
 (Ω

 c
m

)

oxygen pressure (mTorr)

1016

1017

1018

1019

1020

ca
rr

ie
r c

on
ce

nt
ra

tio
n 

(c
m

-3
)

 carrier concentration

0
2
4
6
8
10
12
14 mobility

m
ob

ili
ty

 (c
m

2 /V
s)

 



 123

dominant.  The zinc vacancies formed during growth in a high oxygen atmosphere 

compensate the free carriers produced by aluminum atoms on zinc sites.  The electrical 

properties of the ZnMgO films were generally inferior to those of the best ZnO:Al films 

grown in this chamber, which showed μ = 26 cm2/Vs, n = 4 x 1020 cm-3, and ρ = 6.46 x 

10-4 Ω-cm.  

Figure 5-7 shows optical transmission spectra for annealed Zn0.8Mg0.2O:(Al,In) (1.4 at% 

Al) films that were grown at different oxygen partial pressures.  An increase in electron 

density increases the free-carrier absorption in the near-infrared wavelengths and shifts 

the fundamental absorption edge to lower wavelengths due to the Burstein-Moss shift,3 

similar to ZnO:Al films.  From 12.5 to 50% oxygen, the films showed sharp absorption 

edges and good transparency indicative of films with electron densities less than 

1x1021cm-3.26 The 20% Mg shifted the fundamental absorption edges to lower wavelength 

(higher EG) relative to comparably doped ZnO films.  The 6.67% oxygen film showed 

poor optical transmission and had a milky white appearance typical of an oxygen 

deficient film.27 Note that films with higher Mg content targets generally showed lower 

sputter rates at a given target power, and hence a lower 
2OP  (12.5% for Zn0.8Mg0.2O 

versus ~ 20% for ZnO) was sufficient to maintain an O2-to-metal flux ratio that yielded 

optically transparent films.  Based on the above electrical and optical results, 25% 

oxygen was chosen for the films described below, in order to ensure high optical 

transparency and good electrical properties for all target compositions.  This condition 

also yielded the best crystal perfection and surface flatness (see section 5.3.2.). 
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Figure 5-7 Effect of oxygen partial pressure on the optical transmission versus 

wavelength of In annealed Zn0.8Mg0.2O:(Al,In) (1.4 at% Al) films. 
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5.3.5. Effect of Mg and Al Content 

      Figure 5-8 summarizes the electrical properties of the In-annealed alloy films as a 

function of Al content, for three different alloy compositions and pure ZnO. The 

resistivity as a function of aluminum content for different alloy compositions and pure 

ZnO is displayed in figure 5-8(a).  The resistivity values were generally higher for higher 

Mg content.  For 20% Mg, there was an initial decrease in ρ with increasing Al content, 

but the resistivity showed only a weak variation with further increases in Al content.  

This is a result of the combined effects of the decrease in μ [figure 5-8(b)] and the 

increase in n [figure 5-8(c)] as the aluminum content was increased.  These trends agree 

with prior results for ZnO:Al.28 For 5 and 10% Mg, there was no clear correlation 

between ρ and Al content, but again this was due to the opposing variations in μ and n.  

Carrier concentration values generally decreased with increasing Mg content indicating 

that the Al and In dopants were less effective. μ values generally decreased with 

increasing Mg content.   

Figure 5-9 shows the percent optical transmission as a function of wavelength for 

20%Mg films with different Al concentrations.  Also shown for comparison on figure 5-9 

is the result for pure ZnO.  The free-carrier absorption increased with increasing Al 

content, indicating an increase in the plasma frequency as expected based on the increase 

in electron density [figure 5-8(c)].29 The plasma frequency (ωp) is proportional to the 

square root of the carrier concentration (n) as given by the equation:26 
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p εε
ω   Equation 5-1 



 126

 

Figure 5-8 Resistivity (a), mobility (b), and carrier concentration (c) versus Al 

concentration in In annealed Zn1-xMgxO:(Al,In) films with different Mg contents.  Also 

plotted in (c) is the carrier concentration expected for 100% Al and In ionization.  
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Figure 5-9 Optical transmission versus wavelength for In annealed Zn0.8Mg0.2O:(Al,In) 

films with different Al contents. 
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The constants in the equation are the electron charge (e), the effective mass (m*), the 

permittivity of free space )( 0ε , and the high-frequency permittivity )( ∞ε .  The plasma 

frequency for each of the films in figure 5-9 is less than the smallest frequency used for 

the scan, as demonstrated by the relatively high transmission values even at the smallest 

frequencies.  Based on the carrier concentrations of the 4.5 at% Al sample (3.59 x 1020 

cm-3) and the 3.5 at% Al sample (1.46 x 1020 cm-3), equation 5-1 predicts that the ratio of 

the plasma frequencies should be ~1.57.  Although the plasma frequencies cannot be read 

from the plot, a rough estimate of the plasma frequency was taken to be the frequency 

that produced 60% transmission.  Using this assumption, the ratio of the plasma 

frequencies for the two samples is 1.14, which is 28% smaller than that predicted by the 

carrier concentration.  Clearly it is difficult to estimate the plasma frequencies from these 

plots; however, the general principal of increased free carrier absorption with increased 

free carrier concentrations is apparent.  Despite the free carrier absorption, all films 

demonstrated an average transparency in the visible spectrum above 90%.  Further 

evidence of the effect of the free carrier concentration on the plasma frequency is found 

by plotting the optical absorption coefficient at 2250 nm as a function of the free carrier 

concentration for the three highest aluminum concentrations in figure 5-9.  The rationale 

is that the optical absorption coefficient should scale approximately linearly with the 

plasma frequency. The optical absorption coefficient roughly scales (within 20%) with 

the square root of the carrier concentration.  Based on this analysis, the optical 

transmission scan can be used as a qualitative measure of the free carrier concentration in 

these ZnO based thin films.      



 129

 The fundamental absorption edge shift to lower wavelengths caused by Mg is not 

visible on the scale shown in figure 5-9.  Figure 5-10 shows the optical band gap EG as a 

function of Mg and Al content.  The optical band gaps were determined from data such as 

that shown in figure 5-9 by plotting the square of the optical absorption coefficient as a 

function of the photon energy and extrapolating the linear region to the energy axis.30 The 

optical band gap increased with increasing Al content, due to the Moss-Burstein shift.3 

The values obtained for the optical band gap as a function of Mg content, for films with 

no Al, compare well to those obtained by Ohtomo.8 

 

5.4 Discussion 

All of the Zn1-xMgxO:Al films were annealed in a H2/Ar mixture in order to make them 

electrically conducting.  Similar procedures are commonly used for ZnO:Al films.  The 

results of intrinsic and extrinsic doping experiments suggest similar defect chemistry in 

ZnMgO:Al and ZnO:Al films.  The role of intrinsic defects is evident from the 

observation that as-grown ZnO films were insulating, whereas after a reducing In-free 

anneal the films became mildly conductive.  By analogy with results for ZnO, one 

explanation for the improved electrical properties after a reducing anneal is the creation 

of oxygen vacancies and zinc interstitials that are believed to be electron donors in ZnO, 

and are produced according to the following reactions31:           

                          )(
2
1

2 gOeZnOZn iOZn ++⇔+ −•       (Equation 5-2) 

)(
2
1

2 gOeVO OO ++⇔ −•       
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Figure 5-10 Effect of aluminum concentration on the optical band gap for In annealed               

Zn1-xMgxO(Al,In) films with different Mg contents.  Also shown is a data point for a pure 

ZnO film.   
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However, theoretical and experimental results point to hydrogen as a shallow donor in 

zinc oxide25,32-34 providing an alternative or additional explanation.   

 The generally higher resistivities for ZnMgO resulted from both lower doping 

efficiency and lower mobility (figure 5-8) with increasing Mg content. Since these 

changes suggest a substantial change in band structure, we have estimated the conduction 

band effective mass m* by plotting the shift in optical band gap ΔEG with n.  Assuming 

parabolic energy bands and a spherical Fermi surface, ΔEG can be expressed as26:   

*

3
2

22

2
)3(

r
G m

nE πh
=Δ   (Equation 5-3) 

where h  is Planck’s constant divided by 2π.  Figure 5-11 shows a plot of EG versus n2/3.  

The y-intercept of the plot represents the fundamental energy gap (EG0), and the slope can 

be used to calculate the reduced effective mass using equation 5-3.  The fundamental 

energy gap calculated for 5% Mg (EG0= 3.32 eV), 10% Mg (EG0= 3.51 eV ), and 20% Mg 

(EG0= 3.73 eV) compares well with the pre-annealed optical band gap values obtained 

experimentally for the Al-free samples.  The calculated reduced effective mass increases 

with magnesium content, 5% Mg *
rm = 0.462 me, 10% Mg *

rm  = 0.7338 me, 20% Mg *
rm = 

1.5586 me, where me is the free electron mass.  The addition of Mg seems to increases the 

effective mass compared to ZnO, m* = 0.38 me;
35

 however, without detailed information 

concerning the hole effective mass it is not possible to convert the reduced effective mass 

into an electron effective mass.  Lu et. al. found a similar result when alloying ZnO films 

with MgO.  Based on their measurements and calculations they concluded that the 

effective mass substantially increased with magnesium content.36 Although the actual  
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Figure 5-11 Optical band gap versus carrier concentration for Zn1-xMgxO:(Al,In) films.  

Also shown are fits to the data using equation 5-3, and the fitting parameters. 
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values for the effective mass are lower in their work than in this study, the linear increase 

of the effective mass (and a resultant decrease in the mobility) with Mg concentration is a 

consistent result in both experiments. 

 The above results may help explain why the doping efficiency decreased with 

increasing MgO content, and extrinsic Al doping of the ZnMgO films proved to be 

ineffective [see table 5-1 and figure 5-8(a)].  Assuming a hydrogenic donor dopant 

model, the donor activation energy increases with increasing effective mass, and this 

would decrease doping efficiency.  Alternatively, the formation of magnesium aluminate 

may have prevented aluminum from acting as an electron donor, according the 

equation37: 

)(
2
1322 42)(2 pptOMgAlOOeAlMg g

X
OZn

X
Zn ⇔++++ −•   (Equation 5-4) 

Note that magnesium aluminate clusters would be present at very low (≈1 vol%) levels 

due to the low Al concentrations in these films, such that they would not be easily 

detected by the techniques (x-ray diffraction) used in this study.  In order to achieve 

lower resistivities, the films were double doped with indium through annealing in a 

reducing atmosphere.  Figure 4-5(a) shows the reduction in resistivity possible when a 

ZnMgO:Al film is double doped with indium.  The present results do not indicate that In 

is a superior dopant to Al – see for example the relatively high resistivities for In-doped 

ZnO in table 5-1 and figure 4-5(a).  Rather, it was the combination of Al and In that was 

effective for doping ZnMgO.  Co-doping of a TCO (tin oxide) with a cation donor (Sb) 

and an anion donor (F) has been reported,38 although no substantial benefits were found.  

Co-doping has also been explored to enhance the conductivity of p-type semiconductors, 

e.g. GaN,39 and mechanisms including alteration of complex formation, decrease of 
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compensation, increase in acceptor incorporation, and screening effects have been 

proposed.  Co-doping with two cation donors has not been reported to our knowledge. 

The addition of MgO to ZnO decreased electron mobilities, as shown in figure 5-

12.  μ did not appear to be strongly dependent on the crystal structure, based on results 

presented in section 5.3.4.  For comparison, the mobility in intrinsic ZnO and ZnO:Al 

films is typically dominated by grain boundary scattering up to n ~ 1021cm-3, above 

which ionized impurity scattering dominates.28 In the present ZnMgO films, the mobility 

appears to be controlled by the addition of Mg. 

In order to understand the mobility decrease with increasing MgO content, both 

the effective mass variation and alloy disorder scattering were considered.  Figure 5-12 

shows the mobility calculated based on the increase in effective mass (figure 5-11) using 

the expression μm*=eτ/m* and assuming that the relaxation time τ did not vary with alloy 

composition.  This provides quite good agreement with the data.  The mobility adμ  due to 

alloy disorder scattering can be written as40: 

22/12/5*

42/1

))(1()()(3
)2(

ba

o
ad EExxkTm

Ne
−−

=
hπ

μ   (Equation 5-5) 

where No  is the number of atoms per unit volume, x is the fraction of alloy present, and 

Ea and Eb are the positions of the energy band edges in the pure materials.  For (Ea-Eb) we 

have followed prior work,40 where the energy gap difference was used to successfully fit 

the data.  A value of 6.0 eV was used for the band gap of pure MgO, based on an 
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Figure 5-12 Effect of magnesium content on the mobility of Zn1-xMgxO:In films.  The 

effects of an increase in the effective mass (μm*), and alloy disorder scattering [μad, 

equation 5-5] are shown. 
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extrapolation of band gap vs. %Mg in hexagonal ZnMgO to 100% Mg, whereas the band 

gap for MgO in the cubic structure is 7.8 eV.41 Figure 5-12 shows the mobility calculated 

using equation 5-5 and accounting for effective mass variations.  The effect of alloy 

scattering appears to be relatively small, but it did yield slightly worse agreement with 

the experimental mobilities.  The results of the calculations suggest that the increase in 

effective mass had the most significant effect on the mobility.  

 In order to compare the properties of the present films to other TCO’s for 

applications such as solar cells, it is useful to define a figure of merit.  An accepted figure 

of merit is the ratio of the electrical conductivity (σ) to the absorption coefficient in the 

visible spectrum (α).42 A theoretical estimate of σ/α can be obtained based on the Drude 

free electron model42: 

                       22

2*3
0

2 )(4
e

mnc
λ

μεπ
α
σ

=               (Equation 5-6) 

where ε0 is the permittivity of free space, c is the speed of light, and e is the charge of an 

electron.  Based on equation 5-6, the increasing m* and decreasing μ with the addition of 

Mg to ZnO results in competing effects on σ/α.  Equation 5-6 was used to estimate 

σ/α for the present films using an index of refraction (n) of 2.0,42 a wavelength (λ) of 550 

nm, experimentally measured Hall mobilities (μ), and effective masses (m*) determined 

from figure 5-11.  The resulting values are σ/α=3.07 Ω-1 for 5%Mg, σ/α=3.60 Ω-1 for 

10% Mg, and σ/α=1.04 Ω-1 for 20% Mg.  These σ/α values are comparable to those for 

ZnO films donor doped with group III elements (In, B, Ga, Al), ranging from 0.2 Ω-1 to 5 

Ω-1, although a higher value, σ/α=7.0 Ω-1, was achieved for ZnO:F.42  
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5.5 Summary and Conclusions 

High quality Zn1-xMgxO:Al thin films were grown by direct current reactive 

magnetron sputtering, with FWHM values of the theta-two theta peak ~ 0.3-0.8 degrees, 

and FWHM values of the rocking curve ~ 2-3 degrees.  These values compare well with a 

study that investigated ZnMgO films grown by RF magnetron sputtering (FWHM theta-

two theta ~ 0.3-0.8 degrees, and FWHM rocking curve ~ 3-6 degrees).43  The films also 

compare well to ZnMgO:Al films grown by PLD (FWHM theta-two theta ~ 0.35-0.5).44 

A post deposition indium anneal in a H2/Ar mixture at 415°C was used to add In dopant 

and thereby significantly improve the electrical properties.  The double doping of Zn1-

xMgxO films with aluminum and indium achieved electrical resistivities an order of 

magnitude lower than doping with aluminum alone.  The optimal electrical properties and 

optical transmission were achieved at a growth temperature of 300°C in a 25% oxygen 

atmosphere.  The optical band gap was varied from 3.3 eV to 3.8 eV by controlling the 

magnesium content.  The wide band gap and moderate electrical conductivity make these 

films potentially useful as transparent electrodes in photovoltaic cells to improve 

efficiency.  Zn1-xMgxO:(Al,In) films are also of interest for use in modulation doped TCO 

hetero-structures, based on their wide band gaps and high carrier concentration.  
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Chapter 6 

Multilayer Simulations 

 6.1.  Introduction 

Transparent conductive oxides (TCOs) are utilized as electrodes in 

technologically important applications such as flat panel displays1 and solar cells.2 The 

development of larger screen sizes, higher efficiency photovoltaic cells, and transparent 

electronics3-5 creates a need for TCO materials with improved properties, particularly 

lower resistivity and higher transparency.  Recent attempts to decrease the resistivity ρ = 

(neμ)-1 have typically focused on increasing the mobility μ rather than the carrier 

concentration n (e is the electron charge).  This is because increasing n above a certain 

level leads to diminishing returns: decreased mobility due to ionized impurity scattering6 

and decreased transparency due to free carrier absorption.7 The mobility μ = eτ/m* can 

be increased by increasing the relaxation time τ or by decreasing the effective mass m*.  

Recently, TCO materials with lower effective masses and improved crystal quality, in 

order to increase τ, have been developed.8-10 There is also an interest in achieving high 

mobility layers for transparent field-effect transistors.11 

 One proposed method for increasing τ in TCO’s is by using modulation-doped 

multilayer films.12,13 In this method, donor atoms are placed in wider band gap layers and 

the resulting conduction-band electrons transfer across the heterojunction interfaces to 

undoped, smaller band gap layers.  Since the electrons are confined in the undoped  
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layers, there is minimal scattering by ionized impurities.  While modulation doping has 

been successfully used to increase mobilities in many semiconductor systems including 

GaAs/AlGaAs,14,15 GaN/AlGaN,16 and Si/SiGe,17 it has not been demonstrated in TCO’s 

as a means for improving the average electrical and optical properties.  The parameters 

defining modulation-doped multilayer structures, including layer thicknesses, 

compositions, and doping levels, must be chosen such that complete charge transfer from 

the doped to the undoped layers is achieved at high electron densities typical of TCO 

films.  There is a need for a simulation tool that will provide information on the structural 

dimensions that can best achieve effective electron transfer and high mobility. 

Calculations were recently reported predicting enhanced electronic properties of 

modulation-doped oxides.18 However, these calculations assumed generalized oxide 

properties, did not vary all of the key multilayer parameters, and did not consider the 

requirements for multilayer growth, e.g. lattice match between layers.  

One-dimensional Poisson/Schrödinger simulations have been carried out for a 

proposed TCO modulation-doped system: ZnO/ZnMgO.  The advantages of this system 

include reasonable lattice match (good quality ZnMgO epitaxial growth has been 

demonstrated)19 and many of the parameters needed for the calculation – e.g. band gaps 

and effective masses19 – have been measured.  Thus, fairly realistic results can be 

expected from the calculation.  The effect of layer thicknesses, donor concentration, and 

band gap offset on the simulated electrical properties are presented.  
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6.2. Simulation Procedure 

 The simulation program, developed by Snider,20 uses the method of finite 

differences to self-consistently solve the one-dimensional Poisson and Schrödinger 

equations.21 The number of mesh points used for each simulation was 500, which 

corresponds to a mesh spacing of between 0.27 nm and 0.071 nm.  The boundary 

conditions used in the simulations were to set the slope of the bands equal to zero at the 

substrate and the surface.  The output of the program includes the conduction and valence 

bands, electron distribution, and the wave functions for confined states.  

 Figure 6-1 shows a schematic diagram of the simulated multilayer structure.  The 

ZnMgO, which has a larger band gap than ZnO,22 is donor doped with aluminum to 

provide excess electrons.19,23 The aluminum was assumed to be fully ionized to achieve 

the desired carrier concentration, and the mobility was controlled with a separate 

parameter.  Undoped ZnMgO spacer layers separate undoped ZnO layers and the 

ZnMgO:Al layers.  The values of the variables used in the calculations are given in Table 

6-1.  The band gap, effective mass, and mobility values for the ZnMgO layers are based 

on experimental results for 20 atomic % Mg films.19 The heterojunction between ZnO 

and ZnMgO is assumed to have type I alignment with the difference in the band gap 

evenly divided between the conduction band offset and the valence band offset.24 X-ray 

photoelectron spectroscopy (Omicron ESCA Probe) was performed on ZnO/ZnMgO 

samples grown in our lab by dc reactive magnetron sputtering to estimate the conduction 

band offset at the heterointerface.25 While there was a relatively large uncertainty in the  
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Figure 6-1 Schematic diagram showing two periods of the simulated modulation-doped 

multilayer structure. 
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Table 6.1.  Summary of materials properties used in the simulations unless otherwise 

indicated. 

 

                           Band gap         Conduction band offset       effective mass        mobility 

Material                 (eV)                               (eV)                           (/mo)               (cm2/Vs) 

       

ZnO                        3.3                                  0                               0.3837                 200 

ZnMgO                   3.8                               0.25                              1.5                      5 

ZnMgO:(Al)           3.8                               0.25                              1.5                      5 
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measured position of the valence band edge, the results were consistent with equal 

valence and conduction band offsets, as used in the simulations.   

Overall mobility values (for conduction parallel to the layers) were calculated by 

averaging the mobilities expected for each layer weighted by the predicted electron 

distributions.  Table 6.1 shows the individual layer carrier concentration and the mobility 

values used in the calculations. A mobility of 200 cm2/Vs, the value for pure bulk single 

crystal ZnO,26 was assumed for electrons in the pure ZnO layers. The thickness of the 

undoped ZnMgO layer was set at 1.5 nm; as discussed in section 6.4, this thickness was 

chosen in order that ZnO mobilities would not be reduced by remote ionizied impurity 

scattering.  The mobility for Zn0.80Mg0.20O, 5 cm2/Vs, was a previously measured 

experimental value.19,27 The carrier concentration in the undoped ZnO and ZnMgO layers 

was set at 1 x 1015 cm-3.  The static dielectric constant for all layers was set to 8.5.28 The 

temperature was set to 300K for all of the simulations.  All mobility, carrier density, and 

resistivity values quoted below are averages over the entire multilayer structure.   

 

6.3. Results 

 Figure 6-2 shows the carrier concentration profiles and conduction band diagrams 

for typical structures: ZnMgO:Al thickness of 5 nm with [Al] = 1 x 1019cm-3
 (a), and  [Al] 

= 1 x 1021cm-3 (b), ZnO thickness of 5 nm, and ZnMgO thickness of 1.5 nm.  For [Al] = 1 

x 1019cm-3, the conduction band shows the band bending typical of modulation doping, 

with energy minima at the edges of the pure ZnO layer.  For [Al] = 1 x 1021cm-3, local 

minima are still present, but they are actually at a higher energy than in the ZnMgO:Al  
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Figure 6-2 Calculated electron densities and conduction band positions for ZnMgO:Al 

doping densities of 1 x 1019 cm-3 (a) and 1 x 1021 cm-3 (b).  The layer thickness values 

used are ZnMgO:Al = 5 nm, ZnMgO = 1.5 nm, and ZnO = 5 nm.  The dashed line 

represents the position of the Fermi level. 
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layer.  This results from the space charge density from the transfer of a large electron 

density from the ZnMgO:Al layers into the ZnO.  The electron distributions within the 

layers are quite different for the two doping levels.  For [Al] = 1 x 1019cm-3
, the electrons 

transfer into the ZnO layers up to a level of ~ 8 x 1018cm-3, and the carrier concentration 

in the ZnMgO:Al layers falls to ~ 2 x 1018cm-3.  That is, ~88% of the electrons from the 

ZnMgO:Al layer are transferred to the ZnO and ZnMgO layers. Rather than forming a 

two-dimensional electron gas at the interfaces, there is a fairly uniform electron density 

throughout the ZnO layer.  This results because the ZnO layer is relatively thin and 

electron sheet densities are relatively high.  As the doping density is increased, larger 

electron densities [note that the ZnO electron density is much higher in figure 6-2(b) than 

figure 6-2(a)] result in space charge that raises energy levels thereby limiting further 

electron transfer.  For example, in the [Al] = 1 x 1021cm-3
 case only ~8% of the electrons 

are transferred from the ZnMgO:Al.  This shows an important trend:  a limited number of 

electrons can be transferred between layers because of the space charge that builds up 

between transferred electrons and their ionized donors. 

 Figure 6-3 shows the effect of the ZnMgO:Al layer thickness and donor 

concentration on the average mobility [figure 6-3(a)] and the resistivity [figure 6-3(b)]. 

For all of the simulation results in figure 6-3, the ZnO thickness was 5 nm and the 

ZnMgO thickness was 1.5 nm. In figure 6-3(a) for a ZnMgO:Al layer thickness of 5 nm 

(the value used in figure 6-2), the mobility decreases from ~150 cm2/Vs for an Al doping 

level of 1019 cm-3 to ~10 cm2/Vs for an Al doping level of 1021 cm-3.  The higher mobility 

at the lower Al content reflects the efficient electron transfer to the high mobility ZnO  
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Figure 6-3 The calculated effect of doped layer thickness and donor concentration on the 

average multilayer mobility (a) and resistivity (b).  The ZnO thickness is 5 nm and the 

ZnMgO thickness is 1.5 nm.  The dashed lines in 6.3(b) represent the resistivities 

expected for the ZnMgO:Al layers at each donor concentration. 
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layer, whereas the higher electron density is mostly retained in the low mobility 

ZnMgO:Al layer (figure 6-2).  In general, as the ZnMgO:Al layer thickness decreased, 

the average multilayer mobility increased, as it was possible to transfer a greater fraction 

of the electrons. Based on figure 6-3(a) there is a critical electron sheet density for 

efficient electron transfer.  Typically, an average multilayer mobility of ≥150 cm2/Vs was 

achieved for electron transfer of  ≥ 88%, which occurred for electron sheet densities ≤ 

1013 cm-2.    

Figure 6-3(b) shows that the overall multilayer resistivity decreases as the donor 

concentration increases.  The dashed lines in figure 6-3(b) indicate the resistivity that 

would be expected for monolithic ZnMgO:Al layers for each donor concentration.  For 

the lower Al doping levels, modulation doping substantially decreases the resistivity, 

primarily because of the high mobility achieved.  The resistivity decreases as the doped 

layer thickness decreases, reaching a minimum at ~5 nm for an Al doping level of 1019 

cm-3, due to the increase in mobility shown in figure 6-3(a). Further decreases in doped 

layer thickness result in an increase in resistivity, despite increasing mobility, due to the 

decreasing fraction of the structure that is doped.  For the highest Al doping 

concentration, the mobility increases only for very small doped layer thicknesses, and no 

resistivity decrease was observed.   

The effect of ZnO layer thickness on the average mobility is shown in figure 6-

4(a), and on multilayer resistivity in figure 6-4(b).  The ZnMgO:Al thickness is 5 nm and 

the ZnMgO thickness is 1.5 nm. High mobilities were achieved for lower Al 

concentrations, with the low mobilities at higher Al concentrations again due to  
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Figure 6-4 The calculated effect of ZnO layer thickness and donor concentration on the 

average multilayer mobility (a) and resistivity (b).  The ZnMgO:Al thickness is 5 nm and 

the ZnMgO thickness is 1.5 nm.  The dashed lines in 6.4(b) represent the resistivities 

expected for the ZnMgO:Al layers at each donor concentration. 
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ineffective electron transfer as in figure 6-3(a).  There was little effect of ZnO thickness 

above 5 nm on the mobility, but below 5 nm the mobility decreased.  This was explained 

by a rapid decrease in the number of confined electron states with decreasing ZnO 

thickness, which limited the density of electrons that could be transferred to the ZnO, 

thereby limiting the mobility.  For example, the wavefunction calculations showed no 

confined states for ZnO thickness < 1-2 nm for ZnMgO:Al doping densities of 1019 - 1020 

cm-3. The multilayer resistivity [figure 6-4(b)] decreases as the ZnO thickness decreases 

down to ~2 nm, due to the decreasing fraction of undoped material (higher average 

doping density).  The resistivity increase for thickness decreased below 2 nm is explained 

by the mobility decrease shown in figure 6-4(a).  The dashed lines in figure 6-4(b) 

represent the resistivity of the ZnMgO:Al layers for each donor concentration.  The 

multilayers with lower donor concentrations show a greater improvement in resistivity 

when compared to the resistivity of the ZnMgO:Al layer by itself [dashed lines in figure 

6-4(b)].   

The lowest resistivity value obtained in these simulations was 1.21 x 10-3 Ωcm for 

a multilayer with 1 nm thick ZnO and ZnMgO:Al layers and an Al concentration of 1021 

cm-3.  In this case, however, the mobility was only ~20 cm2/Vs.  Further improvements 

with decreased layer thicknesses were not possible owing to the low average mobility of 

the multilayer when the ZnO thicknesses were small.  

In the above calculations, the conduction band offset ΔEC  was taken to be ΔEG/2, or 

0.25eV assuming Zn0.8Mg0.2O. However, the actual offset may be different based on a 

different alloy composition or if the offset is actually a different fraction of the band gap. 
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Thus, we have explored the effect of ΔEC on the average mobility [figure 6-5(a)] and the 

resistivity [figure 6-5(b)].  As shown in figure 6-5, the mobility increases and resistivity 

decreases as ΔEC increases.  The influence of ΔEC on the average mobility is more 

pronounced at lower donor concentrations indicating a greater efficiency in the transfer of 

electrons from the ZnMgO:Al layers to the ZnO layers.  Above ~0.3 eV the average 

mobility for the [Al] = 1 x 1019cm-3
 series tends to level out as the mobility value 

approaches the ZnO value of 200 cm2/Vs, indicating 100% electron transfer.  As a result, 

further increases in ΔEC will not significantly improve the electron concentration in the 

ZnO layers.  The changes in resistivity with ΔEC along with the resistivity values of the 

ZnMgO:Al layers by themselves (dashed lines) are shown in figure 6-5(b).  Once again, 

the improvement in the resistivity as a result of the multilayer structure is most 

pronounced at lower donor concentrations.  

 

6.4. Discussion 

The simulations in this work provide insight into the possibility of using ZnO/ZnMgO 

modulation-doped TCO’s.  In order to compete with existing TCO’s for applications such 

a flat panel displays and solar cells it is necessary to achieve a low resistivity.  Based on 

figure 6-3(b) and figure 6-4(b) the lowest resistivity can be achieved when the 

ZnMgO:Al and ZnO layers are less than 5 nm.  In our simulations we found that the 

multilayer structures had lower resistivities than their constituent monolithic layers 

[dashed horizontal lines in figure 6-3(b) and 6-4(b)] at low donor concentrations.  For a  
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Figure 6-5 The calculated effect of conduction band offset ΔEC and donor concentration 

on the average mobility (a) and resistivity (b).  The ZnO thickness is 5 nm, the 

ZnMgO:Al thickness is 5 nm, and the ZnMgO thickness is 1.5 nm.  The dashed lines in 

6.5(b) represent the resistivities expected for the ZnMgO:Al layers at each donor 

concentration.  The arrows indicate the offset value used in the calculations. 
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donor concentration of 1 x 1021cm-3 the resistivity approaches the monolithic limit when 

the ZnO thickness is 2 nm [figure 6-4(b)].  This result is in agreement with simulations 

performed by Robbins and Wolden18 showing that the conductivity of a multilayer TCO 

structure approached that of a monolithic TCO film when well thicknesses were ≤  5 nm.  

In general, it was not possible to achieve resistivities significantly lower than 10-3 Ωcm.  

This was due to the inability to transfer very high electron densities into the undoped 

ZnO layers for reasonable layer thicknesses, i.e. > 1nm.  Also, the maximum average 

carrier density is reduced because only one of the three layers is doped.  Thus, these 

materials will not compete directly with conventional TCO’s in applications that require 

very low resistivities.  However, they can provide superior transparency in moderately 

conductive layers because of the high mobilities that can be achieved.  Modulation 

doping also offers the possibility of creating a high mobility two-dimensional electron 

gas (2DEG), which will be important in all-transparent electronics to improve device 

speeds.3,4,11 

 The present results apply specifically to the ZnMgO system.  However, they can 

be extended to make general predictions about other multilayer TCO’s.  The general 

characteristics that will make for a good modulation-doped TCO are as follows:  (1) the 

doped layer should have the ability to be heavily doped; (2) the undoped layer should 

have the highest possible mobility; and (3) there should be a large conduction band 

offset.  One possible candidate for the undoped layer is CdO, where a mobility of 600 

cm2/Vs has been reported.10 Although this material has a band gap that is too small to be 

a good TCO on its own, in a thin layer the quantum size effect would increase the 
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effective band gap, improving transparency.  CdO also exhibits a large Burstein-Moss 

effect10 which should increase the effective band gap when electrons are transferred from 

the wide band gap layers. 

The following discussion concerns the assumptions used regarding mobility 

values in the calculations.  One of the key features in a modulation-doped structure is the 

intrinsic spacer layer, which physically separates the 2DEG from the ionized impurities.  

The choice to include an intrinsic ZnMgO spacer layer in the simulations was based on 

theoretical and experimental results for GaAs/AlGaAs modulation-doped structures.  

Previous simulations on multi-layer TCO’s did not include an undoped spacer layer in 

their calculations.18 The presence of the spacer layer, which minimizes electron 

wavefunction overlap into the doped layers, makes the assumption of μ = 200 cm2/Vs in 

the ZnO layers more realistic.  However, this depends on a correct choice of the ZnMgO 

layer thickness.  This choice is discussed further below. 

Simulations were performed to compare the electron wavefunction widths in 

ZnO/ZnMgO and GaAs/AlGaAs quantum wells.  In both cases the quantum well was 2 

nm thick, the donor concentration was 1 x 1019cm-3, the conduction band offset was 0.25 

eV, and there was only one confined state in the quantum well. The barrier layers in each 

simulation were made sufficiently thick so that boundary effects did not influence the 

calculation near the quantum well.  The wavefunction in the ZnO system attenuates 

within ~ 1.5 nm of the quantum well, whereas in the GaAs system the wavefunction 

extends ~ 7 nm into the barrier region.  The larger extent of the wavefunction in GaAs is 

a result of the much lower electron effective mass (0.067 me for GaAs and 0.094me for Al 
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0.324Ga 0.676As) compared to ZnO (0.38 me for ZnO and 1.5 me for Zn 0.8Mg 0.2O). The 

simulation for GaAs/AlGaAs agrees very well with experimental data for GaAs/AlGaAs 

quantum wells which show a mobility maximum at a spacer layer thickness between 5 

nm and 7 nm.29 This result suggests that a 1.5 nm ZnMgO spacer layer effectively 

separates the electron wavefunction from the ionized impurities. 

A more quantitative calculation considers the effect of spacer layer thickness on 

the mobility of the 2DEG limited by remote ionized impurity scattering μ2d, given by30,31 

 

I
d n

ned
h

2
3

3

2
216 πμ =      (Equation 6-1) 

  

where e is the electric charge, d is the spacing between the 2D sheet of electrons (n cm-2) 

and the 2D sheet of ionized impurities (nI cm-2), and ħ is Plank’s constant divided by 

2π.  Equation 6-1 is derived from a calculation of the scattering potential in a modulation 

doped structure, which assumes that the impurities reside in a thin layer, located a 

distance d from the conduction electrons.  It is also assumed that the doping density is 

low enough, so that each impurity scatters electrons independently.32 The critical result is 

that the mobility increases with the cube of the spacer layer thickness.  The values for 

mobility calculated from equation 6-1 agree well with experimental results for 

GaAs/AlGaAs modulation-doped structures.30 Figure 6-6 shows the mobility based only 

on this remote ionized impurity scattering mechanism, assuming n = nI, and that only the 

first subband in the 2DEG is occupied. Figure 6-6 indicates that at the spacer layer  
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Figure 6-6 Remote ionized impurity scattering mobility as a function of spacer layer 

thickness and electron/ion sheet concentration.   
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thickness used in the simulations (1.5 nm) and the critical transferable electron sheet 

density (1013 cm-2), the mobility limited by remote ionized impurity scattering is ~650 

cm2/Vs, substantially higher than the bulk ZnO mobility of ~200 cm2/Vs which is limited 

by phonon scattering. 

 The success of a high mobility 2DEG in ZnO/ZnMgO structures depends on 

finding a layer thickness and donor concentration that produces a single confined state 

per quantum well, thereby eliminating inter-subband scattering.31 Figure 6-7 shows the 

effect of ZnO thickness on the square of the electron wavefunction.  For clarity, the 

conduction band diagram is shown as a dashed line.  Figure 6-7 shows two types of 

potential wells that exist in these structures.  The first is the triangular shaped well 

formed at the heterointerface due to band bending, the second is the quantum well formed 

in the entire ZnO layer as a result of the conduction band offset between the layers.  

When the ZnO thickness is 25 nm all of the confined energy states lie within the 

triangular shaped well at the heterointerface.  At a ZnO thickness of 10 nm quantized 

states reside both in the triangular shaped well and within the well formed by the entire 

ZnO layer.  When the ZnO thickness reaches 5 nm there are only states confined by the 

entire ZnO well, since the quantized energy levels are above the triangular wells at the 

interface.  The transition from states being confined to the triangular well to states being 

confined to the entire ZnO layer as the ZnO thickness decreases is clearly shown. When 

the ZnO thickness is large [figure 6-7(a)] there are two triangular quantum wells per ZnO 

layer.  Although the large ZnO thickness is not conducive to a low overall resistivity 

[figure 6-4(b)], it may be the best conditions to produce a high mobility 2DEG.  At  
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Figure 6-7  Conduction band energy diagrams (dashed lines) and the square of the 

electron wavefunctions for ZnO thicknesses of 25 nm (a), 10 nm (b), and 5 nm (c).  The 

ZnMgO:Al thickness is 5 nm with a donor concentration of 1 x 1019 cm-3,  and the 

ZnMgO thickness is 1.5 nm.  
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ZnO = 10 nm [figure 6-7(b)] there is the possibility of extensive inter-subband scattering 

which may reduce the mobility.31,33 When the ZnO layer is 5 nm it may be possible to 

achieve low resistivity and a high mobility 2DEG at the same time since there is only one 

confined state per quantum well [figure 6-7(c)]. 

 The simulations in this work assume the ability to grow highly perfect, lattice 

matched epitaxial films with the desired purity and dopant levels. According to Gossard 

and Pinczuk the criteria for successful modulation doping are (1) absence of scattering 

centers in the conducting channel regions, (2) smooth and pure interfaces bounding these 

regions, (3) minimization of traps and compensating centers in the barriers, and (4) 

separation of the dopant atoms from the channel regions.31 The choice of the ZnMgO 

system with reasonable lattice match (0.3% lattice mismatch for 20% Mg)22 reflects these 

requirements.  Furthermore, oxide crystal growth technology has improved to the point 

where high quality heterojunctions can be grown.34-36 Nonetheless, most epitaxial ZnO 

films are grown on (0001) sapphire substrates in which there is a 18% lattice mismatch 

between film and substrate, introducing surface roughness and crystal imperfections. 

Finally, the ability to control the carrier concentrations in TCO films is always a 

challenge as a result of inherent non-stoichiometry, but recent work has shown that this is 

possible with ZnMgO.19 Many TCO applications would require a polycrystalline 

modulation-doped structure.  Thus, if modulation doping is successfully demonstrated in 

epitaxial films, investigations of polycrystalline films will be needed. The strong 

preference of ZnO to grow with a (0002) orientation and a columnar grain strucuture37 

may provide locally smooth interfaces necessary for electron transfer.  The role of grain 
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boundaries as electron traps and scattering centers may ultimately limit the attainable 

properties in polycrystalline films.     

 

6.5. Summary and Conclusions 

A one-dimensional Poisson/Schrödinger program was used to investigate the 

effect of layer thicknesses, donor concentration, and band gap offset on the electrical 

properties of transparent conducting modulation-doped ZnO/ZnMgO multilayer 

structures. Mobilities as high as 144 cm2/Vs were predicted for a structure with average 

carrier density 8 x 1018 cm-3 and resistivity 1 x 10-2 Ωcm; for a comparable resistivity in 

monolithic ZnO, the mobility would be lower ~30 cm2/Vs and the carrier density higher.  

The ability to confine conduction electrons to a 2DEG offers enhanced flexibility in the 

design of transparent electronics, allowing for the possibility of modulation-doped field-

effect transistors.  Thus, the modulation doping approach is a possible means for 

enhancing TCO properties.  However, it was found that the maximum sheet electron 

density that could be transferred from the doped to the undoped layers was ~1013 cm-2, 

limiting the lowest resistivity to 1.5 x 10-3 Ωcm.  Thickness ranges providing highest 

mobilities combined with low resistivity were 2-5 nm for the pure ZnO and 2-5 nm for 

the ZnMgO:Al.  A pure ZnMgO set-back layer thickness of ~ 1.5 nm was used in order to 

minimize the impact of remote ionized impurity scattering on mobility.  The undoped 

ZnO layer thickness should be either small, ≤ 5 nm, or large, ≥ 25 nm, in order to avoid 

possible inter-subband scattering.  
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The results obtained based on these one-dimensional Poisson/Schrödinger 

simulations can be compared to experimental results reported by other investigators.  

Koike et.al.38,39 used molecular beam epitaxy to grow Zn0.60Mg0.40O/ZnO modulation 

doped heterostructures.  When the Zn0.60Mg0.40O layer was doped with aluminum to a 

carrier concentration of 8x1019 cm-3 the mobility at room temperature was ~80 cm2/Vs 

and the sheet carrier density in the ZnO well was ~4x1013 cm-2.  When the Zn0.60Mg0.40O 

layers were not intentionally doped, the room temperature mobility was ~175 cm2/Vs and 

the sheet carrier density in the ZnO well was ~1.5x1013 cm-2.  The experimental results 

reported by Koike quantitatively agree with the simulation results presented in figure 6-4 

(a).  Koike used a ZnO thickness of 50nm so it is appropriate to use the right hand side of 

figure 6-4 (a) where the dependence on ZnO thickness is very weak.  The prediction 

results are consistent with the  above experimental results (although a direct comparison 

cannot be made because the exact carrier densities simulated did not the experimental 

values).  The experimental sheet carrier densities also agree well with the maximum 

transferable densities suggested by the model, which were on the order of 1013 cm-2.   

Tampo et. al.40,41 have also grown ZnMgO/ZnO heterostructures using MBE.  

They did not intentionally donor dope the ZnMgO layers, and the carrier concentration 

was ~8x1018 cm-3.  The Mg composition was varied from 0.05 to 0.45, however, the sheet 

carrier concentration in the ZnO well remained constant at 1x1013 cm-2.  The room 

temperature mobility showed a strong dependence on the Mg composition, for Mg=0.05 

the mobility was ~100 cm2/Vs and it increased to ~250 cm2/Vs at Mg=0.20, after which it 

stayed constant up to Mg=0.45.  These results agree well with the simulations shown in 
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figure 6-5(a), where conduction band offset is controlled by the Mg composition.  For a 

carrier concentration of 1x1019 cm-3, the simulations predict a strong increase in mobility 

up to a band offset of ~0.25 eV, after which the mobility levels off to ~190 cm2/Vs.   

The theoretical simulations qualitatively and quantitatively agree with the 

available experimental results for ZnMgO/ZnO heterostructures. A good agreement was 

also obtained with the present experimental results, that were at higher doping 

concentrations than the above results, as discussed in Chapter 7. The simulations should 

prove to be a useful tool in the design of future experiments, and they can also be used to 

explain experimental results for modulation-doped structures. 
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Chapter 7 

ZnO/ZnMgO Growth and Characterization 

 7.1.  Introduction 

 The central goal of the research in this dissertation was to develop materials that 

could be incorporated into multilayer transparent conducting oxides, and to investigate 

the possibility of applying the technique of modulation doping to TCOs.  In this chapter 

the optical, electrical, and structural properties of multilayer films grown by reactive 

magnetron sputtering are reported.  The properties of multilayer films were compared to 

monolithic films, and the effects of post-deposition annealing were studied.  The optical 

properties were investigated using UV-VIS-NIR spectrophotometry, electrical 

measurements were done using the temperature dependent Hall effect, and the structural 

properties were characterized using XRD, SIMS, and TEM.  Although the multilayer 

films were structurally stable, the optical and electrical properties indicated an averaging 

effect rather than greatly improved properties resulting from significant electron transfer.     

 

7.2.  Optical Properties 

   Consistent with the results for monolithic films it was necessary to perform a 

post deposition thermal anneal in order to achieve improved properties.  The effect of the 

post deposition thermal anneal on the optical properties are shown in figure 7-1.  The 

sample consisted of a 100 nm ZnO buffer layer, 10 nm Zn0.80Mg0.20O spacer layers, 15 

nm Zn0.80Mg0.20O:Al (4.5 at%) donor layers, and 35 nm ZnO active layers.  The sample 
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Figure 7-1 Effect of annealing on the optical properties of ZnO/ Zn0.80Mg0.20O:Al (4.5 

at%)multilayer sample. 
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contained 5 periods, and was grown in 4.5 mTorr argon and 1.5 mTorr oxygen at 300oC 

on c-plane sapphire.  The anneal was performed at 415oC for 4 hours in a hydrogen (20 

SCCM), argon (50 SCCM) atmosphere.  Two dramatic features resulting from the anneal 

were apparent in figure 7-1; the first is the shift of the fundamental absorption edge to 

lower wavelengths (band gap shift from 3.25 eV to 3.41e eV), and the second was the 

decreased transmission in the near infrared region.  Both of these results were consistent 

with the two orders of magnitude increase in the free carrier concentration resulting from 

the anneal, from 4.13 x 1017 cm-3 to 8.89 x 1019 cm-3.  The band gap effect was attributed 

to the well-known Burstein-Moss effect, and the near infrared absorption was attributed 

to the free carrier resonance effect.1  

 In an attempt to better understand the optical properties of the multilayer films, 

the electromagnetic transmission spectrum for a multilayer film was compared to the 

scans of the constituent monolithic layers.  The three scans are shown in figure 7-2.  The 

multilayer film consisted of a 100 nm ZnO buffer layer, followed by five periods of a 

Zn0.80Mg0.20O:Al (4.5 at %) (15 nm)/ZnO (55 nm) bilayer.  In an attempt to simplify the 

analysis of the results, the ZnMgO spacer layer was eliminated from this sample.  Both 

the multilayer and the monolithic ZnMgO:Al films were grown and annealed under 

identical conditions to the film described in figure 7-1.  The only processing differences 

for the monolithic ZnO film were that it was grown at 4 mTorr argon, 1 mTorr oxygen, 

and that it was annealed at 500oC.  The multilayer film displayed optical properties that 

were a hybrid of the monolithic films.  The fundamental absorption edge was close to that 

of monolithic ZnO, indicating that the multilayer films contained relatively pure ZnO  
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Figure 7-2 Comparison of the optical properties of a 5 period multilayer to monolithic 

ZnO and Zn0.80Mg0.20O:Al (4.5 at %) films.
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layers even after the anneal.  The free electron absorption at higher wavelengths 

suggested that the multilayer film also contained layers with higher electron 

concentrations.  At 3000 nm the free carrier absorption of the multilayer film and the 

monolithic ZnMgO:Al layer were almost identical.  The higher transmission of the 

multilayer compared to the ZnMgO:Al film between 1000 nm and 3000 nm may have 

been a result of the small thickness (15 nm) of the high carrier concentration layers in the 

multilayer sample.  The overall reduced transmission of the ZnO films between 500 nm 

and 1500 nm may be a result of the growth at lower oxygen partial pressure, which is 

known to negatively effect optical transmission by producing oxygen deficient, yellow 

tinted films.2 The average free carrier concentration of the multilayer film (1.72 x 1020 

cm-3) was consistent with what would be expected from a combination of layers having 

carrier concentrations similar to the ZnO and ZnMgO:Al monolithic films.  The optical 

absorption coefficients at 2000 nm for the ZnO (α=2.67x10-4), the multilayer 

(α=3.86x10-4), and the ZnMgO:Al (α=7.67x10-4) films as a function of average carrier 

concentrations produced a linear plot with a correlation coefficient of .996. 

 To further investigate the consequences on the optical properties of growing 

multilayer films, the transmission spectrum for the multilayer film in figure 7-2 was 

compared to a ZnMgO:Al film that had a similar average carrier concentration.  The 

results are shown in figure 7-3.  The ZnMgO:Al film was co-sputtered from a ZnMg 

alloy target (20 at% Mg) and a ZnAl alloy target (2 wt% Al) both were set at a power of 

50 Watts.  The c-plane sapphire substrate was heated to 300oC and the deposition was 

performed in 4 mTorr argon and 1.5 mTorr oxygen.  The ZnMgO:Al sample was 
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Figure 7-3 Comparison between the optical transmission of a 5 period multilayer film and 

a ZnMgO:Al monolithic film with similar average carrier concentrations.
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annealed at 500oC for for hours in 70% argon, 30% hydrogen at a flow rate of 70 SCCM.  

The multiayer film and the monolithic film had a similar optical transmission spectrum 

between 500 nm and 2250 nm; however, the multilayer films showed less transmission at 

3000 nm.  As mentioned previously, the optical and electrical properties are intimately 

linked in TCO materials.  It is interesting to note that although the transmission spectrum 

between 500 nm and 2250 nm, and the average carrier concentration were similar for the 

multilayer and monolithic film, the resistivity of the multilayer films was approximately 

half of the monolithic film.  The multilayer film had a resistivity of 8.93x10-4 Ω-cm with 

an average mobility of 40.7 cm2/Vs, and the ZnMgO:Al film had a resistivity of  

1.74x10-3 Ω-cm with a mobility of 20.9 cm2/Vs.  These results suggested that multilayer 

films could be used to tailor the optical and electrical properties of TCO films in order to 

maximize the optical transmission while minimizing the electrical resistivity. 

 

7.3.  Electrical Properties 

 Temperature dependent Hall effect measurements were made in an attempt to 

investigate the effect of using multilayer films on the electrical properties.  The properties 

of multilayer films were compared to those of monolithic films grown of the constituent 

individual layers.  All films were grown at 300oC on c-plane sapphire in an atmosphere of 

5.25 mTorr Ar and 0.75 mTorr O2.  The films were annealed at 415oC for 4 hours in H2 

(20 SCCM) and Ar (50 SCCM).  The multilayer film was designed to have a 160 nm 

ZnO buffer layer, followed by 10 periods of:  10 nm Zn0.80Mg0.20O spacer layer, 15 nm 

Zn0.80Mg0.20O:Al (2.4 at %) donor layer, 10 nm Zn0.80Mg0.20O spacer layer, and 35 nm 
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ZnO active layer.  The thickness of the multilayer films was measured to be 1200 nm, 

indicating that the control of the layer thickness during growth was not precise.  The 

properties of the multilayer were compared to a 992 nm ZnO film and a 385 nm 

Zn0.80Mg0.20O:Al (2.4 at %) film.  Figure 7-4 shows the optical transmission data for the 

three films. At room temperature the multilayer had an average carrier concentration of 

1.96 x 1020 cm-3, a mobility of 42.2 cm2/Vs, and a resistivity of 7.58 x 10-4 Ω-cm.  The 

ZnO had a carrier concentration of 4.2 x 1020 cm-3, a mobility of 27.6 cm2/Vs, and a 

resistivity of 5.39 x 10-4 Ω-cm.  The Zn0.80Mg0.20O:Al (2.4 at %) film had a carrier 

concentration of 1.56 x 1020 cm-3, a mobility of 5.6 cm2/Vs, and a resistivity of 7.21 x 10-

3 Ω-cm.  The dramatic effect of a high carrier concentration on the optical transmission 

was obvious for the ZnO sample.   

 The temperature dependent Hall effect data for the same three samples is shown 

in figure 7-5.  For all samples, the carrier concentration was relatively constant over the 

temperature range tested, which was expected for the highly degenerate samples that 

were tested.  The mobility of the multilayer sample and the ZnO sample increased as the 

temperature decreased, which indicated that phonon scattering played a role in limiting 

the mobility at room temperature.  The mobility of the multilayer sample increased ~19% 

over the range of temperatures studied, and the mobility of the ZnO sample increased 

~12%.  The Zn0.80Mg0.20O:Al (2.4 at %) film did not show a mobility increase with a 

decrease in the temperature, this was presumably a result of the dominance of alloy 

disorder scattering and the effect of Mg on the effective mass of ZnO, as discussed in 

chapter 5.  The overall effect of decreased temperature on the resistivity was relatively 
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Figure 7-4 Comparison of the optical transmission data from a 10 period multilayer film, 

a monolithic ZnO film, and a monolithic Zn0.80Mg0.20O:Al (2.4 at %) film.
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Figure 7-5 Comparison of the temperature dependent Hall effect data for a 10 period 

multilayer film, a monolithic ZnO film, and a monolithic Zn0.80Mg0.20O:Al (2.4 at %) 

film.
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minor for each of the three films, as expected from highly doped, degenerative 

semiconductor films.3 The ability to achieve a higher average mobility in the multilayer 

film was not completely understood, as there was not direct evidence of electron transfer, 

or the formation of a two-dimensional electron gas.  However, the combination of 

properties possible in multilayer films warranted further investigation. 

 Based on the theoretical results presented in chapter 6, multilayer films with layer 

thickness values on the order of 1 nm to 20 nm were grown and characterized.  The 

properties of the multilayer films were compared to those of ZnO, ZnMgO, and 

ZnMgO:Al monolithic films grown and annealed under the same conditions.  The films 

were grown at a substrate temperature of 300oC on c-plane sapphire, in an atmosphere of 

4 mTorr Ar and 1.5 mTorr O2.  All films were annealed for 4 hours at 500oC in an 

atmosphere of 40% Ar and 30% H2 at a flow rate of 70 SCCM.  ZnO layers were 

deposited at a target power of 50 W from a zinc target.  ZnMgO layers were co-deposited 

from a zinc target at 50 W, and a ZnMg (20 at%) target at 50 W.  ZnMgO:Al layers were 

co-deposited from a ZnMg (20 at%) target at 50 W, and a ZnAl (2 wt%) target at 50 W.  

The multilayer films consisted of 5 periods, each period contained a ZnMgO spacer layer, 

a ZnMgO:Al donor layer, a ZnMgO spacer layer, followed by a ZnO active layer.  Based 

on the results presented in chapter 6, the spacer layers were all designed to be 1 nm thick.  

The donor layer and the active layer were set at combinations of either 5 nm or 20 nm. 

 The optical transmission data for the films in this study are shown in figure 7-6.  

The ability to tune the fundamental absorption edge as well as the near infrared 

transmission was evident from the scans.  The optical scan for the ZnO (5 nm), 
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Figure 7-6 Comparison of the optical transmission scans for 5 period multilayer films as a 

function of layer thickness, and monolithic films of the constituent layers.
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ZnMgO:Al (5 nm) multilayer was influenced by the fact that the film was only 68 nm 

thick, resulting in the tail seen at small wavelengths.  The electrical properties of the 

films were determined using room temperature Hall effect measurements.  The electrical 

data is displayed in figure 7-7 as a function of the bandgap calculated from the optical 

scan for each film.  The data for the monolithic films, shown as open squares, followed 

the expected trends for ZnO films doped with Mg and Al (see chapter 5).  The average 

carrier concentrations for the multilayer films was higher in samples with small ZnO 

thickness; however, the free carrier absorption shown in figure 7-6 indicates that the film 

with 20 nm ZnO and 20 nm ZnMgO:Al has regions with the highest free carrier 

concentration.  The implication is that the electrons are not uniformly distributed 

throughout the film.  The films with 5 nm ZnMgO:Al layers showed higher mobility 

values than those with 20 nm ZnMgO:Al layers.  The low mobility of the ZnMgO:Al 

layers, resulting from impurity scattering and an increased effective mass (chapter 5), 

requires that these layers be kept thin in order to achieve a high average mobility.  The 

resistivity was minimized in the multilayer film with 5 nm ZnO layers and 5 nm 

ZnMgO:Al layers, this film combined the benefits of high carrier concentration with high 

mobility to outperform any of the monolithic films. 

 The experimental results shown in figure 7-7 correlate quite well with the 

theoretical simulation results presented in figure 6-3 and figure 6-4.  The simulation with 

an aluminum concentration of 1x1020 cm-3 was used for comparison based on the 

experimentally measured carrier concentration for the ZnMgO:Al layer of ~1.5 x1020   

cm-3  shown in figure 7-7.  For the sample with 20 nm ZnO and 5 nm ZnMgO:Al layers             
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Figure 7-7 Comparison of the electrical data for 5 period multilayer films as a function of 

layer thickness, and monolithic films of the constituent layers. 
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the simulation predicted an average mobility of 31.9 cm2/Vs and a resistivity of 1.08x10-2 

Ωcm, the experimental result where a mobility of 32.3 cm2/Vs and a resistivity of 

2.02x10-3 Ωcm.  For the sample with 5 nm ZnO and 20 nm ZnMgO:Al layers the 

simulation predicted an average mobility of 11.4 cm2/Vs and a resistivity of 7.63x10-3 

Ωcm, the experimental result where a mobility of 26.2 cm2/Vs and a resistivity of 

1.88x10-3 Ωcm.  For the sample with 5 nm ZnO and 5 nm ZnMgO:Al layers the 

simulation predicted an average mobility of 31 cm2/Vs and a resistivity of 5.36x10-2 

Ωcm, the experimental result where a mobility of 32.9 cm2/Vs and a resistivity of 

1.44x10-3 Ωcm.  The simulations were able to predict both the average mobility and the 

resistivity in the multilayer films with reasonable accuracy.  The theoretical and 

experimental mobility values for the optimized film with 5 nm ZnO and 5 nm are 

extremely close. 

   The results suggested that multilayer TCOs could be used to not only tailor the 

optical properties, but that electrical properties may be optimized by using thin (~5 nm) 

layers in a multilayer TCO film.  Furthermore, the experimental results suggest that the 

theoretical calculations presented in chapter 6 can be used to predict and explain the 

properties of modulation doped multilayaer films.  As discussed in section 6.5, the 

simulations predict higher mobilities for lower doping concentrations in the ZnMgO:Al 

layers, which has been confirmed experimentally by other groups. 
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7.4.  Structural Properties 

 The possibility of modulation doping in TCOs to improve optical and electrical 

properties will require high quality, multilayer films, with precise layer interfaces.  The 

multilayer structure must not only be stable throughout the growth process, but it must 

also withstand any post deposition processing that is necessary, such as thermal 

annealing.   In this section results are presented from a variety of experiments used to 

determine the stability of the ZnO/ZnMgO:Al interface.   

           The first goal was to establish the existence of a multilayer structure, and to 

investigate the stability of the layers with post deposition annealing.  A multilayer sample 

consisting of a 100 nm ZnO buffer layer followed by five periods of 15 nm of 

Zn0.80Mg0.20O:Al (4.5 at%), and 55 nm of ZnO was grown and annealed for 4 hours at 

415oC, in an atmosphere of 70% argon and 30% hydrogen at a flow rate of 70 SCCM.  

The sample was prepared for cross sectional TEM, and the result is shown in figure 7-8.  

The layers in the film are clearly visible in the image resulting from the relatively high 

Mg concentration in the Zn0.80Mg0.20O:Al (4.5 at%) layers.  The TEM image also clearly 

showed a strong columnar grain structure in the film, which is typical of ZnO films 

grown using magnetron sputtering.2,4 The insert image on figure 7-8 shows the interface 

between the (Al2O3) substrate and the ZnO buffer layer, which appeared smooth and 

atomically sharp. 

 In order to further investigate the nature of the multilayer structures, time-of-flight 

SIMS depth profiling was used to compare as-grown and annealed samples.  A 

qualitative comparison of SIMS depth profiles was presented in figure 4-7 which showed 
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Figure 7-8 TEM image of a ZnO/ZnMgO:Al multilayer structure showing a clear 

distinction between layers following a post deposition thermal anneal. 

 

Zn0.80Mg0.20O:Al (4.5 at%) 

ZnO Al2O3 
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that the interfaces were relatively stable for a 350oC anneal, but that substantial 

interdiffusion occurred for a 500oC anneal.  In an attempt to quantify the interdiffusion in 

the ZnO/ZnMgO system, the SIMS data was modeled to calculate a Mg diffusion 

coefficient.   A multilayer film consisting of 6 periods of 20 nm ZnO and 5 nm 

Zn0.80Mg0.20O:Al was grown and then annealed at 500oC for 4 hours in ambient air.  The 

SIMS data was modeled using an equation that relates the Mg concentration (CMg) to the 

position (z) in the multilayer film:5,6 
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C0 is the initial Mg concentration in the ZnMgO:Al layers, Lz is the initial ZnMgO:Al 

layer thickness, and Ld is the Mg diffusion length.  The mathematical fits to the 

experimental data are shown in figure 7-9.  The diffusion length calculated before 

annealing (Ld,BA) and the diffusion length calculated after annealing (Ld,AA) were used to 

calculate the experimental interface broadening (Ld,D) by using the relationship Ld,AA
2 = 

Ld,BA
2 + Ld,D

2 which yielded a value of Ld,D = 0.65 nm.7 A diffusion coefficient for Mg in 

ZnO of D = 2.8 x 10-19 cm2/s was then calculated using the equation DtLd = , where t 

was the diffusion time. 

 X-ray diffraction was also used to characterize the structural stability of 

multilayer films.  A multilayer film consisting of 10 periods of 10 nm of ZnO and 5 nm 

of Zn0.80Mg0.20O:Al (6.5 at%) was grown and annealed at 500oC for 4 hours in an  
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Figure 7-9 SIMS depth profile data for a ZnO/ZnMgO:Al multilayer as grown and after a 

thermal anneal.  Mathematical fit of the data based on equation 7-1 is also shown in the 

figure. 
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atmosphere of 70% Ar and 30% H2 at 70 SCCM.  The high angle θ−2θ scans are shown 

in figure 7-10.  The as deposited film showed clear satellite peaks indicative of a 

multilayer structure; however, the satellite peaks were no longer discernable after the 

anneal.  Since the high angle reflections are influenced by crystal orientation, defect 

concentration as well as interface width changes alternate methods were sought to 

analyze the films using XRD.  Low angle x-ray reflectivity was used to investigate the 

interface diffusion because the nature of the film crystal quality does not influence the 

reflectivity peaks, it is the contrast in the scattering density between the layers that causes 

the scattering and the resultant reflectivity peaks.8 Figure 7-11 shows the low angle 

reflectivity scans for the sample as grown and annealed samples as well as a theoretical 

model based on Parratt’s recursive method.8 The superlattice reflections are clearly 

visible for both the as grown and the annealed sample.  The reflection peaks agreed well 

with those predicted from Parratt’s method using a ZnO thickness of 11 nm and a 

Zn0.80Mg0.20O:Al (6.5 at%) thickness of 5 nm. 

 A subsequent study was performed with an identical multilayer; however, the 

sample was annealed in ambient air rather than an Ar/H2 atmosphere.  Low angle 

reflectivity scans were performed after different annealing times, and the rate of change 

of the m=1 satellite peak intensity (Im) was used to calculate the interdiffusion coefficient 

( D~ ) using the relationship:9,10         
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Figure 7-10 High angle x-ray diffraction data for a 10 period multilayer showing the loss 

of satellite peaks as a result of the post deposition anneal.
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Figure 7-11 Comparison of the low angle x-ray reflectivity scans for a 10 period 

ZnO/ZnMgO:Al multilayer.  A theoretical scan calculated using Parratt’s recursive 

method is also shown.  
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In the equation, t is the annealing time, m is the satellite peak number, and Λis the period 

of the multilayer.  Figure 7-12a shows the change in intensity of the m=1 satellite peak 

with increasing annealing time, and figure 7-12b shows the linearized plot used to 

calculate the diffusion coefficient of Mg in the multilayer films.  The analysis of the data 

showed two distinct behaviors for the diffusion, an initial fast diffusion regime followed 

by a slower late stage diffusion regime.  The average of the fast regime diffusion 

coefficient for three different samples was calculated to be 5.5 x 10-18 cm2/sec, and the 

average diffusion coefficient for the slow regime was 1.7 x 10-19 cm2/sec.  The fast 

regime is attributed to defect enhanced diffusion, which is thought to be a byproduct of 

the dynamic nature of the reactive sputtering deposition method.  Other researchers have 

suggested smaller diffusion coefficients for Mg in ZnO/ZnMgO multilayers grown by 

molecular beam epitaxy,11,12 which may have been the result of lower defect densities.   

     Multilayer ZnO/ZnMgO:Al structure were successful grown and the modulated 

structure was confirmed using SIMS and TEM.  Significant interfacial diffusions began 

at annealing temperatures above ~400oC.  Low angle XRD reflectivity peaks were used 

to calculate diffusion coefficients for an annealing temperature of 500 oC, and it was seen 

that two diffusion regimes existed for Mg in the multilayer samples; an initial fast 

diffusion regime followed by slower diffusion at longer times.
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Figure 7-12 (a) m=1 satellite peak intensity change with increasing annealing time for a 

10 period ZnO/ZnMgO:Al multilayer.  (b) Linearized plots used to calculate the Mg 

diffusion coefficient in the multilayer film.  

(a) 

(b) 
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Chapter 8 

Thesis Conclusions 

8.1. Conclusions 

 The original inspiration for the work in this thesis was to take the proven 

technology of modulation doping from III-V semiconductors, and apply it to the unique 

filed of transparent conducting oxides.  Although the concept was clear, there were many 

technological hurdles to overcome in an attempt to successfully produce multilayer 

TCOs.  The work in this thesis advanced the state of knowledge concerning the 

fundamental material properties in the ZnO/ZnMgO:Al system, as well as tackling 

several important issues relevant to using these materials in multilayer structures.  The 

following conclusions have been made based on the work in this thesis: 

 

1.  Experimental conditions were found to optimize the growth of ZnO based materials 

using reactive magnetron sputtering (~25% oxygen during growth).  Crystal quality and 

surface morphology were tailored in order to grow films that are appropriate for 

multilayer structures. 

 

2.  Post deposition thermal annealing conditions were optimized to improve the electrical 

properties of ZnO based films (415oC, for 4 hours, in 20 SCCM hydrogen and 50 SCCM 

argon).  The structural and optical properties were also considered, as well as the effect of 

annealing of multilayer structures. 
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3.  An extensive study of ZnMgO:Al was conducted.  The ranges of electrical, optical, 

and structural properties achievable as a function of doping levels were reported (carrier 

concentrations of 1x1020 cm-3 were achieved).  Insights into the relevant scattering 

mechanisms were made, and the usefulness of these films in multilayer structures was 

considered. 

 

4.  Theoretical simulations were performed to shed light on the possibility of using the 

technique of modulation doping for TCOs.  Optimum layer thickness values (5 nm), and 

doping levels were suggested. 

 

5.  Multilayer films were grown and characterized based on their optical, electrical, and 

structural properties.  The experimental results showed reasonable agreement with the 

theoretical simulations.  The stability of the ZnO/ZnMgO:Al interface was investigated 

and a diffusion coefficient was calculated.      

 

8.2. Suggestions for Future Work 

 The dynamic nature of reactive magnetron sputtering and the geometrical 

limitations of the growth chamber used in this work made it very difficult to achieve truly 

reproducible results.  The use of a growth technique such as MBE for the multilayer films 

would greatly increase the ability to control layer thickness and doping levels.  The 
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ability of MBE to produce atomically sharp interfaces may also make it possible to 

achieve electron confinement in multilayer films.  

 Understanding the capital investment required for MBE, there still remains room 

for the optimization of multilayer films grown by sputtering.  The results presented in the 

current work suggest that interesting combinations of properties can be achieved in 

multilayer films by adjusting the film parameters.  

 The effect of post deposition annealing also requires more attention.  Based on the 

significant influence of annealing in determining the electrical properties, different 

atmospheres, times, and temperatures should still be investigated.   

The role TCOs promise to play in future technologies such as displays, 

transparent electronics, and renewable energy justifies further research into the 

optimization of their properties. 
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