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Current–voltage measurements of Au contacts deposited onex situ cleaned,n-type ZnOs0001d
fs0001̄dg surfaces showed reverse bias leakage current densities of,0.01 s,0.1d A/cm2 at 4.6
s3.75d V reverse bias and ideality factors.2 sboth surfacesd before sharp, permanent break-
down ssoft breakdownd. This behavior was due primarily to the presence of
s1.6–2.0d±0.1 fs0.7–2.6d±0.1g monolayers sML d of hydroxide, which forms an electron
accumulation layer and increases the surface conductivity.In situ remote plasma cleaning of the

s0001d fs0001̄dg surfaces using a 20 vol % O2/80 vol % He mixture for the optimized
temperatures, times, and pressure of 550±20 °Cs525±20 °Cd, 60s30d min, and 0.050 Torr reduced
the thickness of the hydroxide layer to,0.4±0.1 ML and completely eliminated all detectable
hydrocarbon contamination. Subsequent cooling of both surfaces in the plasma ambient resulted in
the chemisorption of oxygen and a change from 0.2 eV of downward band bending for samples
cooled in vacuum to 0.3 eV of upward band bending indicative of the formation of a depletion layer
of lower surface conductivity. Cooling in either ambient produced stoichiometric ZnOh0001j
surfaces having an ordered crystallography as well as a step-and-terrace microstructure on the

s0001̄d surface; thes0001d surface was without distinctive features. Sequentially deposited,
unpatterned Au films, and presumably the rectifying gold contacts, initially grew on both surfaces
cooled in the plasma ambient via the formation of islands that subsequently coalesced, as indicated
by calculations from x-ray photoelectron spectroscopy data and confirmed by transmission electron
microscopy. Calculations from the current–voltage data of the best contacts revealed barrier heights

on the s0001d fs0001̄dg surfaces of 0.71±0.05s0.60±0.05d eV, a saturation current density of
s4±0.5d310−6 A/cm2 s2.0±0.5310−4 A/cm2d, a lower value ofn=1.17±0.05s1.03±0.05d, a
significantly lower leakage current density of,1.0310−4 A/cm2 s,91310−9 A/cm2d at 8.5s7.0d
V reverse bias prior to sharp, permanent breakdownssoft breakdownd. All measured barrier heights
were lower than the predicted Schottky–Mott value of 1.0 eV, indicating that the interface structure
and the associated interface states affect the Schottky barrier. However, the constancy in the full
width at half maximum of the core levels for Zn 2p s1.9±0.1 eVd and O 1s s1.5±0.1 eVd, before
and after sequentialin situAu depositions, indicated an abrupt, unreacted Au/ZnOs0001d interface.
Transmission electron microscopy confirmed the abruptness of an epitaxial interface. Annealing the
contacts on thes0001d surface to 80±5 and 150±5 °C resulted in decreases in the ideality factors
to 1.12±0.05 and 1.09±0.05 and increases in saturation current density to 9.05 and 4.34mA/cm2,
the barrier height to 0.82±0.5 and 0.79±0.5 eV, and in the leakage current densities to,2
310−3 A/cm2 at 6 V and,20310−3 A/cm2 at 7 V, respectively. ©2005 American Institute of
Physics. fDOI: 10.1063/1.1898436g

I. INTRODUCTION

Zinc oxidesZnOd occurs most commonly in the hexago-
nal wurtzite crystal structure that possesses a direct band gap
of ,3.4 eV at room temperature and exhibits spontaneous
polarization along thek0001l directions.1 Reviews of the ba-

sic properties of this material and its use or potential use in
selected applications have recently been published.1,2 Boules
and wafers of ZnO are being produced commercially by sev-
eral techniques. These materials are typicallyn type; this
characteristic has traditionally been attributed to native de-
fects such as oxygen vacancies and zinc interstitials.3 How-
ever, recent theoretical calculations by Kohanet al.4 have
shown that none of the native defects exhibits characteristics
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consistent with a high-concentration shallow donor. Van de
Walle5 has noted that only vacancies have sufficiently low
energies to form during the growth of ZnO; however, Zn and
O vacancies act as deep acceptors and deep donors, respec-
tively. First-principles calculations by the last author have
provided evidence that H behaves as a shallow donor in ZnO
and can be incorporated into the boule or thin film via the
formation of O–H bonds at the surface during growth and as
a component of the hydroxide that invariably forms on the
surface of this crystal when exposed to the normal laboratory
ambient. The determination in substrates produced commer-
cially via vapor phase growth ofs1d a very shallow donor
energy level at,37 meV via Hall measurements ands2d a
donor-bound-exciton linesthe 14 lined in photoluminescence
studies at 5 K both of which disappear upon annealing in the
range of 500–700 °C lends credence to this theory. On the
contrary it has been argued6 that the primary role of H may
be to passivate acceptors via the formation of complexes that
bond with the acceptor species to produce a neutral charge
state in each complex rather than residing only as compen-
sating OH− ions throughout the crystal. Hydrogen may also
play both roles. However, electron-paramagnetic studies6 of
ZnO substrates produced by all the commercial process
routes employed at this writing have revealed sufficient con-
centrations of the shallow donor species of Al and, to a lesser
extent Ga, to cause then-type conductivity measured in these
materials. Additional studies of the roles of all these species
in producing then-type conductivity are mandated; they
must be removed or be significantly reduced ion concentra-
tion to allow controlled doping and to make repeatable the
properties of optoelectronic and microelectronic devices pro-
duced from this material.

Several important ZnO-based devices employ Schottky
barrier diodessSBDsd. For example, Schottky-type, ZnO ul-
traviolet photodetectors have technical advantages in speed
and lower noise than their photoconductive counterpart.7 The
former are expected to be particularly useful in space appli-
cations, as this material is very resistant to MeV proton irra-
diation relative to other semiconductors.8 These types of di-
odes are also essential for probing defects in semiconductors
by junction spectroscopic characterization techniques such as
deep-level transient spectroscopy9 sDLTSd and admittance
spectroscopy.10 For example, Auretet al.9 employed Au as

the rectifying contact on the O-polar ZnOs0001̄d surface for
DLTS studies. They reported a 1-nA leakage current to an
applied bias of −1 V and an ideality factor of 1.19.

The Schottky–Mott model11 predicts that metals with
high work functions are prime candidates for rectifying con-
tacts onn-type semiconductors. In the case of ZnO, it has
been shown12 that these metals should also possess a low
oxygen affinity; thus, the candidate materials of choice are
essentially limited to gold, platinum, and palladium. Silver
may also be a candidate metal; however, for long-term ap-
plications, it would have to be capped with a metal more
resistant to oxidation. Kanai10 found that for gold contacts on
as-received Si-polar Zns0001d surfaces, electrons were pos-
sibly trapped at a surface state, which stretched out the
capacitance–voltagesC–Vd curve and decreased the capaci-
tance at high frequencies. As an explanation of these charac-

teristics, this investigator inferred qualitatively that the like-
lihood of forming rectifying contacts on the ZnOs0001d
surface may be limited by the polar and ionic character of
this material. This character could lead to surface states that
are occupied by free electrons that need not form ionic bonds
with O atoms. In contrast, free electrons are not common on

the polar ZnOs0001̄d face, reducing the likelihood of a sur-
face state, which could lead to poor rectifying or ohmic be-
havior.

Only a few groups, at this writing, have reported inves-
tigations of Schottky contacts to ZnO. Neville and Mead13

employedI –V, C–V, photoresponse, and thermal activation
energy measurements in an early study of the Schottky bar-
rier heightsFBd for Au on chemically prepared ZnO crystals
with an unspecified orientation. Their measurements resulted
in a value of 0.66 eV. An ideality factorsnd of 1.05 was also
reportedfbut below the valid forward biassVFd range of
VF.0.075 Vg without specifying the reverse bias leakage
current. Fabriciuset al.7 measuredn=2.7 for Au Schottky
photodiodes fabricated on as-received polycrystalline ZnO;
however, neither thesFBd nor the leakage currents were in-
dicated. This high value ofn was reportedly influenced by
recombination processes. Rabadanovet al.12 measured the
same barrier height of 0.65±0.05 eV for Au, Pt, Pd, and Ag
contacts deposited in vacuum at room temperature on ZnO
monocrystals of an unspecified orientation and cleaved in
vacuum. However, neither the ideality parameters nor the
breakdown voltages were reported. Ohashiet al.14 also de-

posited Au contacts on chemically prepared, O-polars0001̄d
surfaces of ZnO and obtained an ideality factor of 1.19 and
reverse currents of 1 nA at 1 V. Silver Schottky contacts with

a Au cap have been fabricated on as-received ZnOs112̄0d
epilayers.15,16 The values ofFB determined viaI –V and
C–V measurements, were 0.89 and 0.92 eV, respectively. A
leakage current of 0.1 nA at 1-V reverse bias15,16 and an
ideality factor of 1.33sRef. 16d were also reported. The high
ideality factor was attributed to an interfacial layer and/or
surface states. Polyakovet al.17 deposited both Au and Ag
contacts to polishedn- ZnOs0001d surfaces that were either
exposed to organic solvents or etched in concentrated HCl or
exposed to organic solvents and etched in concentrated
HNO3. They reported values ofFB determined usingC–V
measurements for both metals of 0.65–0.70 eV; these values
are in good agreement with the values measured on gold
contacts by other investigatorsssee aboved and with the val-
ues obtained viaI –V measurements in the present research
on plasma-cleaned substrates. The saturation current densi-
ties ranged from 10−5 A/cm2 on surfaces etched in HCl to
8310−7 A/cm2 on solvent-cleaned samples. The diode ide-
ality factors ranged from 1.6 to 1.8 regardless of the treat-
ment of the surface prior to the deposition of the contacts.
More recently, electron-beam-induced currentsEBICd studies
of the lateral homogeneity of Pd and Ag Schottky contacts

on s0001d and s112̄0d surfaces of ZnO films and of Pd, Au,

Ag, and Ni contacts on thes0001d and thes0001̄d surfaces of
ZnO wafers have been conducted by von Wencksternet al.18

The films and wafers were exposed separately to various wet
chemistries for cleaning and etching and to a N2O plasma.
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The EBIC studies revealed that the contacts deposited on the
plasma-treated surfaces were homogeneous; whereas, the im-
age of the contacts on the etched surfaces showed a veined
structure that produced a very inhomogeneous contact. How-
ever, this veined microstructure did not correlate with the
etch pits in the surfaces; thus, other reasons for the lateral
variation of the induced current must be investigated. The
effective barrier heights and ideality factors for the contacts
ranged from 0.56 to 0.73 eV and 1.4 to 2.0 eV, respectively.

Device-quality Schottky contacts typically require inti-
mate metal-semiconductor interfaces free of surface contami-
nation. A major deterrent to the development of low leakage
Schottky contacts on ZnO with low ideality parameters is the
,3-monolayer- sML d thick native contamination layer,
which includes,1 ML of adventitious carbon and,2 ML
of the aforementioned hydroxide.19 It has been proposed20

that H atoms donate,0.5 e− to each surface oxygen ion on

both thes0001d- and s0001̄d-hydroxylated surfaces of ZnO.
This strong interaction, comparable to O-metal bonding in
the bulk oxide lattice, can result in the formation of a shal-
low electron donor state through the proposed reaction:sH
+O2−→OH−+e−d and can increase the carrier concentration
in the space-charge layer by several orders of magnitude.20

As such, several groups21–23have reported that the hydroxide
leads to the formation of an accumulation layer that results in
a high surface conductivity on both polar faces of ZnO. This
is very likely the reason for the reported high leakage cur-
rents above −1 VsRefs. 8, 9, 12, 15, and 16d and relatively
high ideality factorss.2d for high work-function metals
se.g., Aud deposited on these unclean surfaces. Moreover, the
presence of these contaminants may introduce the interface
states and the barrier for tunneling that are commonly used
for explaining the high ideality factors.17

The sensitivity of the surface conductivity of ZnO to
hydrogen and oxygen has been utilized in sensor devices.12

In contrast with H, adsorbed oxygen species on ZnO act as
electron acceptors that generate a depletion layer, which low-
ers the surface conductivity by several orders of
magnitude24,25 and is advantageous for Schottky barrier for-
mation. It has been proposed26 that chemisorption of oxygen
occurs preferentially at surface defect sites as O2− or O−.

In this study, anin situ remote plasma cleaning proce-
dure and a subsequent oxidation step were developed in con-
junction with the investigations of the deposition and the
temperature-dependent current–voltagesI –V–Td properties
of Au Schottky contacts on polished ZnOs0001d and

ZnOs0001̄d surfaces. Photoemission of the electronic struc-
ture and the growth mode of the Au on the ZnOh0001j sur-
faces were also studied via x-ray photoelectron spectroscopy
sXPSd and ultraviolet photoelectron spectroscopysUPSd. The
structural and microstructural characteristics of all the mate-
rials used in this program were investigated using x-ray dif-
fraction sXRDd, low-energy electron diffractionsLEEDd,
atomic force microscopysAFMd, and transmission electron
microscopysTEMd.

II. EXPERIMENTAL PROCEDURES

Two-millimeter-thick, 2-in.-diameter ZnOs0001d and

ZnOs0001̄d wafers, diced from boules, produced by seeded

chemical vapor transport by Eagle–Picher Technologies, Inc.,
and chemomechanically polished on both sides, were em-
ployed in the present research. Each wafer contained highly
textured domains separated by low angle boundaries and
with a collective range of full width at half maxima in their
rocking curves acquired about thef0001g direction. A grade-I
wafer, free of microvoids on the surface and internally, was
used for theI –V–T studies. Grade-II wafers containing mi-
crovoids were used in all other experiments. The wafers were
cleaved into smaller sectionss.1 cm2d, rinsed ex situ in
methanol for 5 s, and dried in flowing nitrogen. Hallsvan der
Pauw configurationd and C-V measurements, the latter at 1
3104 Hz, taken from thes0001d surface of both grades ofex
situ cleaned wafers, showed a bulk carrier concentration of
s1±5d31017/cm3 and a nominal effective donor concentra-
tion, sND-NAd, of s5±5d31016/cm3, respectively. It is impor-
tant to note that all wafers were cleanedex situin the manner
just noted prior to loading into UHV forin situ cleaning and
the deposition of Au films and Schottky contacts, unless in-
dicated otherwise. These samples are referred to as either the
“ex situcleaned” or the “as-loaded” samples in the following
sections.

All in situ metal deposition, cleaning, and surface char-
acterization experiments described below were conducted
within a unique ultrahigh vacuumsUHVd configuration,
which integrates several independent cleaning, thin-film
growth, and analysis systems via a transfer line having a base
pressure of,1310−9 Torr.27 A s40–100d-nm-thick Ti film
was deposited by e-beam evaporation from a 99.999% pure

metal source onto the entires0001d or s0001̄d face of each
ZnO section. This film serveds1d to absorb radiation from
the underlying Pt–Rh heater and to conduct heat into the
wafer during thein situ cleaning of the opposite face ands2d
as an ohmic contact. ZnOh0001j surfaces and
Au/ZnOh0001j interfaces without detectable concentrations
of hydrocarbons and with significantly reduced concentra-
tions of hydroxide were achieved via exposure of the former
to a 20-W, 20% O2/80% Hesby volumed remote plasma at

either 525±20 °Cfs0001̄d surfaceg or at 550±20 °Cfs0001d
surfaceg and 0.050±0.001 Torr for either 30 minfs0001̄d
surfaceg or 60 min. fs0001d surfaceg. Each cleaned surface
was then cooled to either 425 °C and subsequently in
vacuum or to room temperature in the unignited plasma gas.
A detailed description of this cleaning procedure has been
reported.28

Gold was depositedin situ via e-beam evaporation from
a 99.999% pure metal source onto the cleaned surfaces,
cooled in the plasma gas ambient either sequentially as very
thin films of increasing thickness or through a gold-coated
molybdenum shadow mask as contacts having a nominal di-
ameter and thickness of 100mm and,150 nm, respectively,
and arranged in an 838 array. The diameters of laser-drilled
holes in the shadow mask were not precisely 100mm; the
areas calculated from the optically measured diameters of the
contacts used in the electrical measurements are given where
relevant in the following sections. The nominal thickness of
each Au layer was determined using a quartz-crystal deposi-
tion rate monitor. The base and process pressures within the
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3-kW Thermionics e-beam system, used to deposit both the
Ti and the Au contacts, were,7310−10 and ,7
310−9 Torr, respectively. Deposition rates varied from
0.1–1 Å/s, depending on the application, and were regulated
with a Sycon Instruments STM-100 MF film thickness/rate
monitor. The resulting Au/ZnO/Ti structure allowed current
to pass through the bulk wafer and eliminated the need for
complex isolation of the contacts.

Current–voltage results were acquired for all samples at
either room temperature or an elevated temperature using
50-mm-diameter tungsten fine-wire-tip probes and a Keithley
236 source unit having the capability of measuring currents
in the 1 pA–100 mA range. Selected samples were heated on
the sample stage to 80±5 and 150±5 °C for subsequent
temperature-dependent analyses. A hand-heldK-type ther-
mocouple in contact with the Au surface provided digital
temperature readout.C–V measurements were used for de-
termining the series resistance of the wafers and were per-
formed using a Hewlett–PackardLCR meter with the capa-
bility of measuring capacitances in the range
s0.01 fF–10mFd.

XRD 2u scans were conductedex situon an unannealed
and annealed 100-nm-thick Au films to determine their crys-
tallographic orientation and stability during heating. A
Rigaku Geigerflex diffractometer was used with CuKasl
=0.1542 nmd radiation at a tube voltage and current of 27 kV
and 20 mA, respectively. The x-ray beam was directed by 1°
diffraction and scattering slits to a scintillator detector having
a resolution of 43%.

Transmission electron microscopy was used to character-
ize the interface between the,100-nm-thick Au layer, used
in the XRD studies and deposited in the same manner as the

contacts, and a ZnOs0001̄d substrate. Cross sections of unan-
nealed and annealeds150±5 °C, 15 mind samples were pre-
pared by sandwiching two ZnO pieces, each having the di-
mensions of,0.130.3 cm2, between two sapphire support
pieces of the same size using M-Bond epoxy. The epoxy was
cured at 120 °C for 2 h. The sandwich was then flattened on
one side using a 15-mm diamond disk and dimpled to a depth
of 30–35mm with 6-mm diamond paste and 10 g of weight
on the sample holder. The sample was subsequently polished
on a felt wheel embedded with 1-mm diamond paste with a
weight of 20 g to eliminate as many scratches as possible.
The four corners surrounding the dimple were flattened with
6-mm diamond paper.

The sample was then inverted onto a glass peg with wax
and polished using 9-, 6-, 3-, and 1-mm diamond papers to a
thickness of 30–50mm, as determined using the colors of
the Nomarski fringes for ZnO shown in Table 3.1 in Ref. 29.
A copper ring was glued onto the flat, polished side of the
sample using M-bond. Ion milling at angles of 17°sunan-
nealedd or 13° sannealedd using Ar+ ions generated using a
gun voltage of 4 keVsunannealedd or 3 keV sannealedd was
used as the final thinning step. The samples were cooled by a
liquid-nitrogen stage to reduce the damage caused by the
impinging ion beam.

The TEM samples were analyzed using bright-field im-
aging, selected area electron diffractionsSAEDd, and high-
resolution transmission electron microscopysHRTEMd im-

aging in a JEOL JEM4000EX TEM operating at 400 kV. An
objective aperture was employed to filter out the inelastically
scattered electrons and thereby enhance the contrast.

III. RESULTS AND DISCUSSION

A. Analyses of the plasma-cleaned ZnO ˆ0001‰
surfaces cooled in vacuum

Extensive XPS, UPS, and LEED investigations con-
cerned with the hydroxide and hydrocarbon contamination
on ex situcleanedsas-loadedd h0001j surfaces of ZnO wafers
and the removal of this chemistry via exposure to an oxygen/
helium plasma at elevated temperatures accompanied by sub-
sequent cooling to room temperature in vacuum have re-
cently been conducted in the authors’ laboratories. This
subsection gives a succinct review and additional comments
concerning the published results of this research28 to provide
to the reader the necessary information to understand the
results of the present study. Section III B introduces related,
unpublished results of subsequent cleaning studies pertinent
to the present study wherein the cleaned ZnOh0001j samples
were cooled to room temperature in the plasma ambient
rather in vacuum.

Deconvolution of the O 1s core-level peak obtained via

XPS studies of both the as- loadeds0001d and s0001̄d sur-
faces revealed two peaks at 530.9 and 532.9 eV indicative of
O–Zn and O–OH bonding, respectively, as shown in spec-
trum sid for the s0001d surface in Fig. 1sad. The position of
this peak was the same within experimental errors±0.1 eVd
for the s0001̄d surface. Determination of the area under the
peak at 532.9 eV for the ZnOs0001d samples showed that
this surface containeds1.6–2.0d±0.1 ML fs16–20d±1 at %
of the measured volumeg of OH with the average of three
samples being 1.9 ML. Similar experiments conducted on

the ZnOs0001̄d samples showed that this surface contained
s0.7–2.6d±0.1 ML fs7–26d±1 at % of the measured vol-
umeg of OH with the average of 14 samples being 1.5 ML.
Analogous calculations using the C 1s peak revealed ap-
proximately 1 ML of adventitious carbon on both surfaces.

The remote plasma cleaning process reduced the concen-
trations of carbon species on both surfaces to below the de-
tection limit of our XPS of 0.3 at. %. Examination of the
XPS spectra of thes0001d surface cleaned in the plasma
under the optimum conditions of 550 °C, 0.050 Torr, and 60
min revealed a shift in the lattice O 1s peak from 530.9ffull
width half maximum sFWHMd=1.6 eVg to 530.4 eV
sFWHM=1.4 eVd, as shown in spectrumsii d in Fig. 1sad.
Similar studies concerning the XPS spectra of thes0001̄d
surface cleaned in the plasma under the optimum conditions
of 525 °C, 0.050 Torr, and 30 min revealed the same shift in
the lattice O 1s peak with the peak having the same FWHM.
These shifts in the O 1s peak for both orientations are attrib-
uted to a change in band bendingssee UPS results belowd.
The spectra acquired from the cleaneds0001d and s0001̄d
surfaces also showed a peak at 532.7 and 532.4 eV, respec-
tively, the areas of which were indicative of,0.4 ML of
residual OH on the surface. A corresponding core-level shift
of 0.6 eV was deduced from the changes in the respective Zn
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2p3/2 and Zn 2p1/2 peak positions from 1022.0 and 1045.1 eV
sboth FWHM=2.0 eVd for the as-loaded samples to 1021.4
and 1044.5 eVsboth FWHM=2.1 eVd after plasma cleaning,
as shown in spectrasid andsii d for the s0001d surface in Fig.
1sbd. The same shifts were observed in these spectra acquired

from thes0001̄d surface. These shifts are also attributed to a
change in band bending. The positions of all the XPS peaks
noted above had an uncertainty of ±0.1 eV. The Zn/O ratio
increased from the range of 0.2–0.4 for the as-loaded
samples to 1.0 for the plasma-cleaned samples.

The removal of the OH to,0.4 ML using the optimum
cleaning conditions was critical for markedly reducing the
proposed accumulation layer of high surface
conductivity21–23 and for generating a surface with a Zn/O
stoichiometric ratio of 1.0. Spectrumsid acquired via UPS
studies and shown in Figs. 2sad and 2sbd for the s0001d the

s0001̄d surfaces, respectively, reveals that the Zn 3d bulk
feature for both as-loaded surfaces was located at 11.3 eV
below the Fermi level, while the O 2p bulk feature was not
discernable. Spectrumsii d in these figures reveals that after
plasma cleaning the O 2p feature begin to emerge at 4.0 eV,
and a 0.6-eV shift occurred in the Zn 3d bulk feature to 10.7
eV that matched the corresponding change in band bending
determined from the XPS spectra for the Zn 2p multiplet.
The associated changes in band bending for both surfaces
were also confirmed and determined quantitatively from
these respective UPS spectras±0.1-eV uncertaintyd. The
bulk Fermi level in ZnO is accepted to be 0.3 eV below the
conduction-band minimum30 sCBMd, and this value was also
used in determining the band bending. The electronic band
structures shown in Fig. 3, derived from spectrasid, sii d, and
siii d shown in Figs. 2sad and 2sbd, were identical for both
surfaces. Figures 3sad and 3sbd show that sid the surface
Fermi level shifted from 0.6 eV above the CBM for the

FIG. 1. sad XPS O 1s core-level spectra acquired from the ZnOs0001̄d
surface andsbd XPS Zn 2p1/2 and Zn 2p3/2 core-level spectra acquired from
the ZnOs0001d surface under the conditions ofsid as-loaded,sii d after remote
plasma cleaning and cooling in either a vacuum or the plasma ambient
sidentical spectra were obtainedd, and after sequential depositions ofsiii d
0.2, sivd 0.4, svd 0.6, svid 1.1, svii d 1.3, sviii d 1.7, sixd 2.2, andsxd 5.0 nm of
a Au film. All spectra were acquired using MgKa shn=1253.6 eVd
radiation.

FIG. 2. UPS valence-band spectra acquired from thesad s0001d surface and

sbd the s0001̄d surface under the conditionssid as-loaded,sii d after exposure
to a 20-W 20% O2/80% He remote plasma and cooling in vacuum,siii d
after exposure to a 20-W 20% O2/80% He remote plasma and cooling in
the unignited plasma ambient, and after sequential depositions of Au to
thicknesses ofsivd 0.2, svd 0.4, svid 5.0, andsvii d 100 nm. Au-induced band
bending is indicated by the shifts in the peak positions of the Zn 3d and O
2p bulk features between spectrumssiii d andsivd. All spectra were acquired
using the HeI photon lineshn=21.2 eVd. The binding energy is measured
with respect to the Fermi levelsEF=0 eVd.
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as-loaded ZnOs0001d to 0.1 eV below the CBM after plasma
cleaning and cooling in vacuum andsii d the downward band
bending was reduced from 0.9 to 0.2 eV as a result of using
this same procedure because of the reduction in the afore-
mentioned accumulation layer. The electron affinity of
4.0±0.2 eV, also derived from the UPS spectra, essentially
remained constant after cleaning.

B. Analyses of the plasma-cleaned ZnO ˆ0001‰
surfaces cooled in the plasma ambient

It was subsequently determined from electrical measure-
ments that cooling the cleanedk0001l-oriented samples in
the O2-containing, unignited plasma gas from 550 °C to
room temperature improved the behavior of the subsequently
deposited contacts. Investigations of Henrich and Cox31

showed that changes in the electron energy losssEELSd and
the UPS spectra occur upon chemisorption of O2 on ZnO.
The actual coverage of the surface was determined31 to be
,2.5310−4 ML in the chemisorption temperature range
s20–377 °Cd with a sticking coefficient of 10−5. These studies

also revealed that more O2 is adsorbed on thes0001̄d face
than on a similarly prepareds0001d face; this may be asso-
ciated with the preferential adsorption of oxygen to the
atomic steps observed by the present authors on the former
surface but not on the latter surface only after plasma
cleaning.28 Typically, the chemisorbed O2 resides on the sur-
face as O2

−, although it has been found as O− as well.25,31

Physisorption of O2 primarily occurs below 20 °C without
any detectable charge transfer.31 However, O2 that adsorbs to
the surface has been shown to change the band bending by
,1 eV, consequently decreasing the surface conductivity by
several orders of magnitude.25 Analyses of the associated
XPS spectra acquired in our studies indicated no change in
either the O or the Zn core-level positions or the value of 1.0
for the Zn/O ratio previously determined for these surfaces
cooled in vacuum. However, variations were observed in the

spectra acquired from the more surface-sensitive UPS studies
relative to the spectra for the cleaned samples cooled in
vacuum and which subsequently matched the depletion layer
model25 shown in Fig. 3, as described below.

The UPS results provided evidence for a change in band
bending that is associated with O2 adsorption and that is
preferable for the formation of a Schottky barrier with a ma-
terial having a high work function such as Au. Figures 3sbd
and 3scd show that the 0.2 eV of downward band bending for
theh0001j surfaces cooled in vacuum is changed to 0.3 eV of
upward band bending due to the exposure of these cleaned
surfaces to the unignited, O2-containing plasma gas during
cooling. This corresponds to a shift of the Zn 3d feature from
10.7 eV for the plasma-cleaned surfaces cooled in vacuum to
10.4 eV for the samples cooled in the O2/He ambient. Fig-
ures 3sbd and 3scd also indicate that the surface Fermi level
shifted from 0.1 eV below the CBM for cleaned ZnOh0001j
surfaces cooled in vacuum to 0.6 eV below the CBM for
surfaces cooled in the O2-containing gas. This shift away
from the CBM corresponds to a reduction inn-type surface
conductivity and may be attributed to the adsorption of oxy-
gen species that act as electron acceptors in ZnO.25 The elec-
tron affinity also varied froms4.1–4.3d±0.2 eV between the
two processing steps. Surface states were not observed after
cooling in either vacuum or the plasma ambient.28

Low-energy electron diffraction at a primary beam en-
ergy of 100 eV of theh0001j surfaces of the as-loaded ZnO
samples exhibited only a bright background, as shown in the
representative Fig. 4sad, that is indicative of a disordered
contamination layer.20 A s131d hexagonal LEED pattern
containing slightly broadened spots was acquired from the

s0001̄d surface at 42 eV in the plasma-cleaned sample cooled
in vacuum, as shown in Fig. 4sbd and its associated inset of a
more highly magnified spot. A similar pattern with distinctly

FIG. 3. Electronic band structure derived from UPS spectra for ZnOh0001j
surfaces sad in the as-loaded state,sbd after exposure to a 20-W
20% O2/80% He remote plasma and cooling in vacuum, andscd after ex-
posure to the remote plasma and cooling in the unignited plasma ambient to
room temperature.

FIG. 4. LEED images and insets of a more highly magnified spot within

these images of ZnOs0001̄d surfaces at primary beam energies ofsad 100 eV
for samples in the as-loaded statesbd 42 eV after remote plasma cleaning
and cooling in vacuum,scd 42 eV after remote plasma cleaning and cooling
in the plasma ambient, andsdd 80 eV after 100 nm of Au had been sequen-
tially deposited.
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separated spots was acquired at the same voltage from the

s0001̄d surface of similarly cleaned samples cooled in the
plasma ambient, as shown in Fig. 4scd and its inset. These
separated spots were a function of the surface or very near
surface structure, as LEED patterns acquired using beams
having energies of 50 and 60 eV which penetrated more
deeply the cleaned ZnOs0001d surfaces cooled in vacuum
and in the plasma ambient, respectively, showed only dis-
tinct, unbroadened spots.

Prior and postcleaning AFM analysis of the microstruc-

tures of thes0001d surface and thes0001̄d surface confirmed
the absence of any observable damage associated with the
annealing and/or the plasma exposure.28 The rms surface
roughness values of the former and the latter surfaces were
1.2±0.2 and 0.2±0.2 nm before and 1.7±0.2 and
0.6±0.2 nm after cleaning, respectively. Highly ordered
atomic steps with a unit-cell step height of 0.53±0.05 nm
and step width of,0.2 mm were observed only on the

s0001̄d surface.28

C. Growth mode of Au films

The growth mechanism of Au deposited on the cleaned
s0001d surface exposed to the plasma ambient on cooling
was determined from the attenuation of the O 1s core levels
as a function of increasing thickness of a sequentially depos-
ited Au layer and shown in XPS spectrasiii d–sxd in Fig. 1sad
using an approach employed by Sitaret al.32 and Wolteret
al.33 The three possible growth modes considered in this
study were sid Frank–van der Merwestwo-dimensional,
layer-by-layer growthd, sii d Volmer–Weber sthree-
dimensional growth of discrete islandsd, and siii d Stranski–
Krastanov sa combination of the two previous models
wherein the initial film growth occurs via a layer-by-layer
mechanism and is subsequently followed by the initiation of
island growthd. In these models, the surface energies of the
substrate and the film and the interfacial energy and stress
that result when these two material entities are joined deter-
mine the prevailing growth mode.

In XPS measurements, Frank–van der MerwesFMd
growth is expressed as

Is/Io = exps− t/lod, s1d

where Is is the core-level intensity for a given overlayer
thicknessstd ,Io is the baseline core-level intensity acquired
from the ZnO surface following the cleaning and subsequent
O2 exposure, andlo is the attenuation length of the particular
core-level electron. A Volmer–WebersVWd mode of deposi-
tion would follow the expression

Is/Io = s1 − ud + u exps− t/lod, s2d

whereu is the surface coverage of the islandssa value be-
tween 0 and 1d. Stranski–KrastanovsSKd growth is repre-
sented by the expression

Is/Io = s1 − ud exps− q/lod + u exps− t/lod, s3d

whereq is the deposited thickness before three-dimensional
island growth or nucleation. The graphs of these three equa-
tions are shown in Fig. 5.

The experimental values ofIs/ Io shown in Fig. 5 for the
O 1s core level acquired from the cleaneds0001d surface
cooled in the plasma ambient decreased from 1.00 before Au
deposition to 0.83±0.03 at a nominal Au thickness of 5.0
nm. The Is/ Io for the Zn 2p3/2 for this surface and for the

s0001̄d surface followed the same trend. An approximate
match to the theoretical curve for VW growth was achieved
for deposition on both surfaces. The value oft for each Au
deposit was determined using a quartz-crystal deposition rate
monitor and, therefore, represents that thickness would be
present if the layer was continuous and uniform in thickness
across the surface of the ZnO sample. However, as the XPS
datasand the TEM results presented belowd indicate that the
Au nucleated and grew initially as uncoalesced islands, the
actual thickness of these islands would have been slightly
larger than the value obtained from the rate monitor. Inser-
tion of smaller values oft into Eq. s2d would reduce slightly
the values ofIs/ Io and bring the data closer to the theoretical
curve for VW growth.

The cross-sectional TEM micrograph in Fig. 6 of an
,100-nm-thick Au film showss1d the occasional island mi-

FIG. 5. Attenuation of the O 1s core-level photoelectron peaks as a function
of the thickness of a sequentially deposited Au film taken from the XPS
spectrasiii d - sxd shown in Fig. 1sad. The experimental data are indicated by
solid diamonds for comparison with theoretical curves for Volmer–Weber
sVWd, Stranski–KrastanovsSKd, and Frank–Van der MerwesFMd thermo-
dynamic growth modes.

FIG. 6. Cross-sectional TEM images of a Aus111d island and a more com-
mon region of coalescence after,100 nm of deposition via electron-beam
evaporation.
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crostructure that continued to exist at this thickness, which
lends credence to the XPS results regarding the VM mode of

growth on a cleaned ZnOs0001̄d surface, ands2d the more
common regions of island coalescence. The presence of the
glue covering the film indicates that the thickness of the film
in this region has not been reduced by ion milling. By con-
trast, the thickness of one of the areas of coalescence in this
film shown in the TEM micrograph in Fig. 7sad has been
reduced to,10 nm during milling. The images in Figs. 7sad
and 7sbd reveal the abrupt clean and unreacted interface be-
tween the Au film and the ZnO wafer that are important for
Schottky contacts with superior and reproducible electrical
characteristics. The diffraction pattern of the interface region
produced by the superposition of the patterns obtained from
the ZnO and each side of the twin boundary in the Au and
shown in Fig. 7sfd proves the epitaxial growth of the Aus111d
on the ZnOs0001̄d. The double-diffraction spots are due to
the twinning of Au, which occurs whenever two islands
which nucleate with alternate growth orientations coalesce to
produce an incoherent twin boundary. The fast-Fourier trans-
forms sFFTSd acquired on each side of the twinned region
and shown in Figs. 7scd and 7sdd in conjunction with the FFT
of the ZnO substrate in Fig. 7sed correlate with the double-
diffraction spots shown in Fig. 7sfd.

The curve-fitted XRD spectrum of the Au peak at
38.3° ±0.1°sFWHM=0.2° ±0.1°d acquired from the 100-
nm-thick Au layer that had been deposited over an entire
s0001d surface that had been cleaned and cooled in the
plasma ambient is shown in Fig. 8. These results are repre-
sentative of the XRD spectra acquired from both basal sur-
faces and reveal that the film is oriented alongf111g. The
s111d d spacing of 0.0235±0.0001 nm, determined for the
film and equivalent to that for single-crystal Au, indicates
that this rather thick film had relaxed, i.e., it was no longer
coherently strained to match the ZnO surface crystal struc-
ture as were the very thin Au filmssislandsd. The XRD re-
sults are also in agreement with the results gleaned from the
TEM images in that the former indicate that the Au contacts

are crystallographically matched to clean ZnOs0001̄d sur-
faces. It is presumed that these “thick” films also nucleated
and grew via the same VM mechanism determined for the
sequentially deposited Au filmsssee aboved. These results
supplement the previous TEM investigations by Wassermann

and Polacek34 that indicated epitaxial growth of Aus111d on
the polar surfaces of vacuum-cleaved ZnO. A high degree of
structural order was also indicated by the well-defined
s131d hexagonal LEED pattern with a dark background ac-
quired using an incident energy of 80 eV, from the

Aus100nmd /ZnOs0001̄d samples, as shown in Fig. 4sdd. The
ZnO s0002d and s0004d reflectionssnot shownd were mea-
sured for the lattice at 34.4° ±0.1° and 72.5° ±0.1°, respec-
tively.

In contrast to the above results, Auger electron spectros-
copy sAESd spectra obtained by Roberts and Gorte35 indi-
cated that Pt initially grows in a layer-by-layer mode on a
ZnOs0001d surface that has been cleaned via Ar+-ion bom-
bardment, annealed in vacuum at 527 °C for 30 min, and
exposed to 1310−8 Torr of O2 at 427 °C for 30 min. Trans-
mission electron microscopy of thes0001d surface revealed
that the Pts111d plane was parallel to this surface with a 30°
rotation between the two lattices. Three-dimensional islands
were observed after annealing this sample for an unspecified
period at 300 °C in vacuum. Henrich and Cox36 have also
reported that Pt as well as Pd initially grow by a Frank–van
de Merwe mechanism on a ZnOs0001d surface that has been
cleaved in vacuum. AES and UPS spectra acquired from pol-
ished s0001d surfaces subsequently annealed in UHV con-
firmed this layer-by-layer growth mode. Thef111g directions
of the polycrystalline grains of Pd were preferentially ori-
ented parallel to the surface without azimuthal alignment.

D. Determination of the Schottky barrier height from
photoemission spectra

The values ofFB of the Au/ZnOh0001j interfaces pro-
duced in the present research were determined from both
XPS and UPS spectra to compare with those values deter-
mined fromI –V measurements. Fig 1sad and 1sbd show the
respective evolution of the O 1s and the Zn 2p core-level
XPS spectra as a function of the thickness of the Au over-

layer deposited on cleaneds0001d and s0001̄d surfaces ex-
posed to the plasma ambient on cooling to room temperature.
These spectra were acquiredin situ over an,30-h period.
Deposition of 0.2 nm of Au on thes0001d surface caused the

FIG. 7. sad Moderate andsbd high-resolution TEM images of the plasma-

cleaned ZnOs0001̄d wafer/Au film interface. Fast-Fourier transformssFFTd
of gold on scd the left-hand side andsdd the right-hand side of the twin

boundary.sed FFT of ZnOs0001̄d. sfd Superimposed diffraction patterns of

ZnOs0001̄d and each side of the twin boundary in the Au film.

FIG. 8. Curve-fitted XRD 2u plots obtained from a 100-nm film deposited
on a remote plasma-cleaned ZnOs0001d surface cooled in the plasma ambi-
ent to room temperaturesad as-deposited andsbd after post-deposition an-
nealing in air at 175 °C for 15 min. The spectrum was acquired using Cu
Ka sl=0.1542 nmd radiation.
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O 1s lattice peak to shift 0.2 eV from 530.4 to 530.6 eV and
the Zn 2p multiplet to shift 0.3 eV from 1021.4 and 1044.5
eV to 1021.7 and 1044.8 eV, respectively. Deposition of an
additional 0.2 nm of Au caused the O 1s core level to shift
0.1 to 530.7 eV; the Zn 2p remained unchanged. A similar

deposition of 0.2 nm of Au on thes0001̄d surface caused the
O 1s lattice peak to shift by 0.5 eV from 530.3 to 530.8 eV,
while the Zn 2p3/2 and Zn 2p1/2 core-level spectra shifted by
0.4 eV from 1021.4 and 1044.5 eV to 1021.8 and 1044.9 eV.
Deposition of an additional 0.2 nm of Au did not cause an
additional shift in either the O 1s or the Zn 2p core levels.
The core-level positions and the intensity and FWHM of the
peaks of both the O 1s and the Zn multiplet remained essen-
tially fixed after subsequent depositions on both surfaces to a
final thickness of 5.0 nm, indicating thatsad essentially all of
the island growth was vertical with only occasional coales-
cence to this thickness,sbd additional metallization does not
affect band bending, andscd the Schottky barrier is com-
pletely formed after the deposition of 0.2–0.4 nm of Au. The
agreement in shifts of the O 1s and the Zn 2p core levels for
both surfaces provides evidence for the interpretation of the
observed shifts as changes in band bending rather than
chemically induced shifts.

The evolution of the Au 4f7/2 curve-fitted core-level
peak during sequential Au depositions on thes0001d and

s0001̄d surfaces shown in the XPS spectra in Figs. 9sad and
9sbd, respectively, and in the data presented in Tables I and
II, respectively, provided additional information regarding
the formation of the Au Schottky barrier. The curve-fitted
data are presented to isolate this peak from the Zn 3p3/2 and
the Zn 3p1/2 core-level peaks at 89 and 91 eV, respectively.
As noted above, the average actual thickness of the gold
islands should be slightly greater than the measured thick-
ness determined from the deposition rate monitor. The results
presented in Tables I and II showsid that the integrated area
of the Au 4f7/2 peak increased as a function Au thickness,sii d
a significant shiftsdecreased in the binding energysthe value
of the center of this peakd for Au deposited on thes0001d
surface from an initial value of 85.3 eV at 0.2 nm to 84.2 eV
for 5 nm of AusD=1.1 eVd, siii d a significant shift in binding

energy of this peak for Au deposited on thes0001̄d surface
from an initial value of 84.8 eV at 0.2 nm 84.3 eV for 5 nm
of Au sD=0.5 eVd, and sivd a significant decrease in the
FWHM of these peaks from 2.5 to 1.2 eVsD=1.3 eVd, as a
function of Au thickness on both surfaces.

The following equation37 was used to calculate the value
of FB from these results.

FB = Eg − Ef + sEcore
i − EVBM

i d, s4d

whereEg is the room-temperature band gap of ZnOs3.4 eVd,
Ef is the final position of the Znsor Od core level after 0.4
nm of Au depositionEcore

i is the position of the Znsor Od
core level before metal deposition, andEVBM

i. is the Fermi-
level position relative to the valence-band maximumsVBM d
for the cleaned surface cooled in the plasma ambient. The
value of EVBM

i was determined from UPS measurements to
be 2.8 eV. The value ofFB calculated using the data for both
the Zn 2p3/2 and the O 1s core levels for thes0001d surface

is 0.3±0.1 eV; the values calculated using the data for these

core levels for the s0001̄d surface are 0.2±0.1 and
0.1±0.1 eV, respectively.

The UPS results presented in Fig. 2sad for the s0001d
surface show that the binding energy of the O 2p core level
shifted from 4.0 eV for the cleaned surface cooled in the
plasma ambientfspectrumsiii dg to 4.4 eV after the deposition
of 0.2 nm of Au fspectrumsivdg. A corresponding shift oc-
curred in the Zn 3d peak from 10.4 to 10.7 eV. The position
of the O 2p peak remained unchanged following the next 0.2
nm of Au depositions0.4-nm total thicknessd; however, the
Zn 3d shifted slightly to 10.8 eV. The Au 5d feature at 6.2 eV
also began to emerge at 0.4 nm of growth and increased as a
function of Au thickness. The results presented in Fig. 2sbd
for the s0001̄d surface show that the binding energy of the O

FIG. 9. XPS Au 4f7/2 core-level curve-fitted spectra as a function of the
sequential deposition of a Au film following remote plasma cleaning and

cooling in the plasma ambient on thesad ZnOs0001d and thesbd ZnOs0001̄d
surfaces. All spectra were acquired using MgKa shn=1253.6 eVd radiation.
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2p core level shifted from 4.0 eV for the cleaned surface
cooled in the plasma ambientfspectrumsiii dg to 4.5 eV, after
the deposition of 0.2 nm of Aufspectrumsivdg. A corre-
sponding shift occurred in the Zn 3d peak from 10.4 to 10.8
eV. The large peak in the high binding-energy region of these
curves is due to secondary electrons.21

The correlation of these peak shifts with those measured
by XPS again indicates that the former are caused by the
changes in band bending rather than chemical shifts or
charging effects. The positions of the peaks of both the O 2p
and the Zn 3d remained essentially fixed after subsequent
depositions on both surfaces indicating thatsad additional
metallization does not affect band bending andsbd the
Schottky barrier is completely formed after the deposition of
,0.2 nm of Au, in agreement with the XPS results. In re-
lated studies, UPS spectra acquired by Göpelet al.38 indi-
cated that Schottky barrier formation occurred over the first

1.0 nm of metal coverage on ZnOs101̄0d without an interface
reaction. No surface states were observed in the present re-
search, as also reported by Göpelet al.38 Fermi-level pinning
was also not observed. The following equation37 was used to
calculate the value ofFB from these results:

FB = Eg − EVBM
f , s5d

whereEg is the room-temperature band gap of ZnOs3.4 eVd
andEVBM

f s3.2 eVd is the Fermi level relative to the VBM of
ZnO for a 0.4-nm Au-coated surface and the Fermi level
position. The use of Eq.s5d generated a value for Au on the
s0001d surface ofFB=0.2±0.1 eV, which agrees with the

XPS value of 0.3±0.1 eV. For thes0001̄d surface the value
of FB=0.1±0.1 eV was obtained, which again agrees with
the XPS values.

Important information was gleaned from the XPS and
UPS studies regarding the occurrence of chemically induced
shifts in the spectra, the thickness of Au necessary to form
the Schottky barrier, and the microstructure of the Au deposit
to a thickness of,5 nm. However, the very low values of
FB determined from these photo-optical studies are consid-
ered untenable. The emitted spectra may have been compro-
mised, in part, by the presence of Au islands of different
effective diameters. However, we believe that the spectra
were more strongly affected by the different vertical posi-
tions of these very thin islandssor sections within islandsd
due to the large density of microvoids in the ZnO wafers
having different depths from the surface, as discussed more
fully at the end of the following section.

E. I–V–T characterization of Au contacts;
determination of FB

The I –V data obtained from the Au contacts deposited
on grade-I wafers were analyzed using the following meth-
odology. For thermionic emission andV greater than 3kT/q,
the general diode equation in forward bias is

J = Jo expSqV− IR

nkT
D , s6d

whereJ is the current density,q is the charge of an electron,
V is the voltage,I is the current,R is the series resistance,n
is the ideality factor,k is Boltzmann’s constant, andT is the
absolute temperature. The saturation current densityJ0

=A*T2 exps−FB/kTd where A* is the Richardson constant.
The theoretical value39 of A* =32 A cm−2 K−2 was used in
this study since the experimental value was not determined.
The ideality factors were obtained for Au deposited on the
s0001d surface by fitting the forward bias lnsJd−V curve be-
tween 0.22 and 0.29 V for the unheated samples and between
0.08 and 0.23 V for the annealed samples over several de-
cades of current and correcting for the substrate series resis-
tance value obtained byC–V measurements. The ideality
factors were similarly obtained for Au deposited on the un-

heateds0001̄d surface between 0.1 and 0.2 V. Barrier height
measurements could not be obtained usingC–V measure-
ments due to the high series resistance of the unintentionally
doped, 2-mm-thick wafers. Previous results indicated that
top-side and bottom-side Ti contacts showed good ohmic
behavior through the bulk ZnO wafer. The characteristics of
the best Au-rectifying contacts on all sample types are pre-
sented and discussed.

I –V measurements at 20 °C of the Au contactssoptically
measured contact area=2.40310−4 cm2d deposited onex situ

TABLE I. Au 4 f7/2 core-level data as a function of Au overlayer thickness
acquired from the plasma-cleaned ZnOs0001d surface.

Gold 4f7/2 XPS core-level parameterss±0.1 eVd

Experiment step Integ. area CenterseVd FWHM seVd
Clean/O2 adsorbed

ZnOs0001d
¯ ¯ ¯

0.2-nm Au 361 85.3 2.5
0.4-nm Au 390 84.8 2.5
0.6-nm Au 421 84.6 2.5
1.1-nm Au 684 84.4 2.3
1.3-nm Au 697 84.3 2.2
1.7-nm Au 849 84.3 2.2
2.2-nm Au 1456 84.2 1.5
5.0-nm Au 1838 84.2 1.5

100 nm Ausbulkd ¯ 84.0 1.2
Net shift (eV) ¯ 1.3 1.3

TABLE II. Au 4 f7/2 core-level data as a function of Au overlayer thickness

acquired from the plasma-cleaned ZnOs0001̄d surface.

Gold 4f7/2 XPS core-level parameterss±0.1 eVd

Experiment step Integ. area CenterseVd FWHM seVd
Clean/O2 adsorbed

ZnOs0001̄d
¯ ¯ ¯

0.2-nm Au 602 84.8 2.5
0.4-nm Au 730 84.8 2.5
0.6-nm Au 744 84.8 2.5
1.1-nm Au 863 84.8 2.5
1.3-nm Au 898 84.7 2.2
1.7-nm Au 972 84.3 2.2
2.2-nm Au 1035 84.8 2.5
5.0-nm Au 3230 84.3 1.5

100-nm Ausbulkd ¯ 84.0 1.2
Net shift (eV) ¯ 0.8 1.3
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cleaned, as-loaded ZnOs0001̄d wafers revealed reverse bias
leakage current densities below,0.01 A/cm2 to 3.75 V re-
verse bias, as shown in curvesbd in Fig. 10. The ideality
factors calculated from this data were.2, thus making non-
sensible any calculated value ofFB or J0. Soft breakdown
began at −3.75 V. These effects are attributed to the presence
of the hydroxide on the surface, which forms an accumula-
tion layer which, as noted previously, results in a shallow
surface donor character and increases markedly the measured
conductivity of the ZnO material. Notable improvements in
the I –V characteristics were obtained for the Au contacts
soptically measured contact area=2.40310−4 cm2d on a

plasma-cleaned ZnOs0001̄d surface cooled in the vacuum, as
shown in curvessad and sbd in Fig. 11. The value of the
ideality factor was reduced to 1.86±0.05. Though we recog-
nize that this ideality value is still large and leads to in-
creased uncertainty, we determined a barrier height of
0.67±0.05 eV based onJ0=s6±5d310−5 A/cm2. An ,1.6
310−5 A/cm2 leakage current density was measured to 4-V
reverse bias with soft breakdown at −4.5 V. The reduction in
the hydroxide layer and adventitious carbon generated a
0.7-eV shift in the band bending and the surface Fermi-level
position, as shown in Figs. 3sad and 3sbd, which paralleled
the enhancement of the rectifying contact properties.

Cooling the cleaneds0001̄d surface in the unignited
plasma gas to room temperature and the resulting oxygen
adsorption resulted in a lower barrier height of
0.60±0.05 eV, a higher saturation current density of
2.0±0.5310−4 A/cm2, a significantly lower value ofn

=1.03±0.05, a much lower leakage current of,91 nA/cm2

to 7 V reverse bias and soft breakdown at this voltage, as
shown in curvesdd in Fig. 11. Thirty-three percent of these
contacts exhibited leakage currents in the 10–100 nA/cm2

range compared to 11% of the contacts that were cooled in
vacuum from 425 °C. Cooling in the plasma ambient gener-
ated a 0.5-eV shift in band bending and the surface Fermi-
level position, as shown in Figs. 3sbd and 3scd, which en-
hanced the rectifying properties of these contacts relative to
those deposited on this surfacefand the s0001d surfaceg
cooled in vacuum. Presumably, the atomically stepped

ZnOs0001̄d surface caused the typical amount of 0.2-eV
Schottky barrier lowering.40

The results of the calculations involving the data ob-
tained from room-temperatures,293 KdI –V measurements
of the Au contacts onex situcleaned, as-loaded ZnOs0001d
wafers are shown in Fig. 12 for a representative sample.
These contactssoptically measured contact area=2.20
310−4 cm2d had reverse bias leakage current densities below
,0.01 A/cm2–−4.6 V before sharp, permanent breakdown,
as shown in curvesbd in this figure. The ideality factors were
again.2. These values and difficulties were again a result of
the donor-type surface hydroxide.

Significant improvements in theI –V characteristics in
forward and reverse biases were also obtained for the Au
contactssoptically measured contact area=2.20310−4 cm2d
deposited on cleaned ZnOs0001d surfaces cooled in the
plasma ambient to room temperature, as shown in curvessad
and sbd, respectively, in Fig. 13. These improvements also
correspond to the change in electronic band structure shown
in Figs. 3sad and 3scd. This procedure resulted in contacts
having a barrier height of 0.71±0.05 eV, a saturation current
density of s4±0.5d310−6 A/cm2 s2.20310−4 cm2 contact
aread, a value ofn=1.17±0.05, a significantly lower leakage
current density of,1.0310−4 A/cm2 at −8.5 V reverse bias
fcurve sbdg, and a sharp, permanent breakdown at
,−8.75 V fcurve sbdg. The slightly higher breakdown volt-
ages determined for Au on this surface compared to

,−7 V for the s0001̄d surface may be associated with a
lower barrier height for contacts on the latter surface. Thirty-
one percent of these contacts exhibited leakage current den-
sities of the order of 4mA/cm2 at ,5 V; the balance of the
contacts were influenced by defects, including scratches on
the ZnOs0001d surface. As noted in the Introduction, Ra-

FIG. 10. J–V characteristics insad forward andsbd reverse bias of Au

contacts deposited on an as-loaded ZnOs0001̄d surface.

FIG. 11. J–V characteristics of Au contacts deposited on a remote plasma-

cleaned ZnOs0001̄d surface cooled in vacuum insad forward andsbd reverse

bias and for contacts deposited on a similarly cleaneds0001̄d surface and
cooled in the plasma ambient inscd forward andsdd reverse biases.

FIG. 12. J–V characteristics of the best Au contacts deposited on an as-
loaded ZnOs0001d surface insad forward andsbd reverse biases.
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badanovet al.12 and Neville and Mead13 have reported val-
ues of theFB of 0.65 and 0.66 eV for Au contacts deposited
on UHV-cleaved and chemically prepared surfaces, respec-
tively, of unspecified orientation and in agreement with our
calculations fromI –V measurements. The measured barrier
heights in these three studies, though similar, differ markedly
from the predicted Schottky–Mott value of 1.0 eV, even after
accounting for potential Schottky barrier lowering, indicating
that the interface structure also significantly affects the
Schottky barrier. These differences between the theoretical
and the measured barrier heights also infer the presence of an
interface dipole. However, no significant polarity effects on
the rectifying properties were observed between the

ZnOs0001d and the ZnOs0001̄d surfaces.
The significantly lower values of the barrier height ob-

tained from our photoemission data relative to those obtained
from the I –V data acquired on much thicker films may be
due, in part, to the prevalence of Au islands at the nominal
metal thickness of 0.4 nm at which the former data were
acquired and used in the calculations ofFB. Current–voltage
measurements using bulk metal contacts are relatively insen-
sitive to the effects that influence photoemission resultsse.g.,
island formation during the initial stages of growthd and, in
this case, more likely to give the more accurate values ofFB.
We believe that the more plausible explanation for the dif-
ferences in the values ofFB is the effect on the photoemis-
sion spectra of the microvoids that constituted at least 40%
of the ZnO surface, as shown in Fig. 14. The deposition of
the Au onto the ZnO surface and to varying depths below the
surface during each evaporation would be sufficient to cause
core-level shifts as a function of the thickness of the Au layer
that, in turn, would influence the values ofFB. The optical
observation of the contacts to be used for theI –V measure-
ments was an important step, as some of the voids extended
through the bulk of the substrate and others were joined to-
gether to make a larger void and pinholes in the contacts.
These extended defectssand associated contactsd were
avoided in theI –V measurements; however, they very likely
influenced the photoemission data.

The contacts deposited on thes0001d surface were also
heated to 80±5 and 150±5 °C and the electrical properties
determined at these annealing temperatures, as shown in

curvesscd–sfd in Fig. 13. TheI –V–T measurements at 80 °C
showed an increase in the barrier height to 0.82±0.05 eV, a
higher saturation current density of 9.05mA/cm2, a decrease
in the value ofn to 1.12±0.05, and an increase in the leakage
current density to,2 mA/cm2 at 6 V reverse biasfcurve
sddg. Breakdown measurements were not taken for the data
displayed in curvesdd. Further reduction in the reverse bias
performance was detected in the sample heated to 150 °C, as
shown in curvesfd. A barrier height of 0.79±0.05 eV, a satu-
ration current density of 4.34mA/cm2, a lower value ofn
=1.09±0.05, a leakage current density of,20 mA/cm2 to
7.0 V reverse bias, and a soft, permanent breakdown at this
voltage were determined from these results. Thermal cycling
of the contacts between the two annealing temperatures and
room temperature had no measurable impact on the rectify-
ing properties. The relocation of the thermally generated car-
riers in shallow electron traps is likely the mechanism caus-
ing the increased reverse bias leakage current as the
temperature is increased. Slight changes in the interface
structure and/or chemistry during theI –V–T measurement
may explain the small variance inn andFB.

IV. SUMMARY

Unpatterned Au films depositedin situ on n-type

ZnOs0001d and ZnOs0001̄d wafers previously cleaned using
a 20% O2/80% He remote plasma at 550 and 525 °C, re-
spectively, and cooled in the unignited plasma ambient,
nucleated and initially grew via the Volmer–Webersislandd
mode. It is presumed that the similarly deposited Au
Schottky contacts initially grew via the same mechanism.
Calculations using theI –V results obtained from the best
contacts deposited on theex situcleaned, as-loadeds0001d
fs0001̄dg surfaces revealed a reverse bias current density of
,0.01s,0.1d A/cm2 to 4.6 s3.75d V and ideality factors of
n.2 for both surfaces before sharp, permanent breakdown
ssoft breakdownd occurred. These results were ascribed to
the presence ofs1.6–2.0d±0.1 fs0.7–2.6d±0.1g ML of hy-
droxide, which typically increases the surface conductivity
via the formation of an accumulation layer. The results of
XPS and UPS studies showed that plasma cleaning and cool-

FIG. 13. J–V characteristics of the best Au contacts deposited on a
ZnOs0001d surface previously cleaned via remote plasma and cooled in the
plasma ambient and determined in forward biasfcurvessad, scd, andsedg and
in reverse biasfcorresponding curvessbd, sdd, andsfdg at 20, 80, and 150 °C,
respectively.

FIG. 14. Optical micrograph of ZnOs0001̄d surface showing numerous
voids that extended various lengths into the wafer.
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ing both surfaces in vacuum eliminated all detectable hydro-
carbon contamination, reduced the amount of the hydroxide
layer to ,0.4 ML, and resulted in a 0.7-eV reduction in
downward band bending and a 0.7 eV lowering of the sur-
face Fermi level. The surfaces of the cleaned wafers were
also smooth, highly ordered, and stoichiometric. Cooling in
the plasma ambient caused the chemisorption of oxygen and
a change from 0.2 eV of downward band bending to 0.3 eV
of upward band bending, indicative of a depletion layer and
lower surface conductivity. The best gold contacts measured

on thes0001d fs0001̄dg surfaces possessed a barrier height of
0.71±0.05s0.60±0.05d eV, a saturation current density of
4±0.5310−6 A/cm2 fs2.0±0.5d310−4 A/cm2g, a lower
value of n=1.17±0.05s1.03±0.05d, and a significantly
lower leakage current density of,1.0310−4 A/cm2 s,91
310−9 A/cm2d at 8.5 s7.0d V reverse bias prior to sharp,
permanent breakdownssoft breakdownd. The lower values of
FB calculated from the photoemission data relative to those
obtained from theI –V data acquired on much thicker films
may have been influenced by the presence of Au islands.
However, the more likely cause of the lower values ofFB

was the presence of microvoids of various depths in the sur-
face of substrates which allowed the very thin Au islands to
be deposited at various depths which, in turn, influenced the
photoemission spectra. All measured barrier heights were
lower than the predicted Schottky–Mott value of 1.0 eV. It
has recently been shown that the Schottky barrier can be
described in terms of the interface dipole that develops due
to the bonding at the interface.41 The results presented here
support this model and may provide a basis for describing
the interface dipole at the metal-ZnO interface. Defects at the
Au/ZnOs0001d interface structure are the likely cause of this
difference. Constancy of the FWHM of core levels for Zn 2p
s1.9 eVd and O 1s s1.5 eVd, before and after sequential Au
depositions conducted,in situ indicated an atomically abrupt,
unreacted Au/ZnOs0001d interface which was confirmed via
TEM studies. Data acquired at temperature during annealing
of the contacts on thes0001d surface to 80±5 and 150±5 °C
revealed decreases in the ideality factors to 1.12±0.05 and
1.09±0.05 and increases in saturation current density to 9.05
and 4.34mA/cm2, the barrier height to 0.82±0.5 and
0.79±0.5 eV, and in the leakage current densities to,2
310−3 A/cm2 at −6 V and,20310−3 A/cm2 at −7 V, re-
spectively. These values were not affected by repeated cy-
cling between room temperature and the elevated tempera-
ture of choice. Thef111g crystallographic orientation of the
contacts was unchanged during heating. We do not know the
precise reasonssd for the improvements in the electrical char-
acter of the contacts after heating; however, it may be that
the annealing improved slightly the epitaxial relationship be-
tween the two materials.
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