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Current-voltage measurements of Au contacts depositedxositu cleaned,n-type ZnQ0001)

[(0001)] surfaces showed reverse bias leakage current densitie0df1(~0.1) A/cn? at 4.6
(3.79 V reverse bias and ideality factors2 (both surfacesbefore sharp, permanent break-
down (soft breakdown This behavior was due primarily to the presence of
(1.6-2.0+0.1[(0.7-2.6+£0.1] monolayers (ML) of hydroxide, which forms an electron
accumulation layer and increases the surface conductivitgitu remote plasma cleaning of the

(0001 [(000D] surfaces using a 20 vol %80 vol % He mixture for the optimized
temperatures, times, and pressure of 550+ 20325+ 20 °Q, 60(30) min, and 0.050 Torr reduced

the thickness of the hydroxide layer t60.4+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{Q}
surfaces having an ordered crystallography as well as a step-and-terrace microstructure on the

(000D surface; the(000) 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 (0001 [(0001)] surfaces of 0.71+0.080.60+0.05 eV, a saturation current density of
(4+£0.5x10°%A/cm? (2.0£0.5x 10* A/cm?), a lower value ofn=1.17+0.05(1.03+0.05, a
significantly lower leakage current density-ofl.0Xx 104 A/cm? (~91x 107° A/cm?) at 8.5(7.0)

V reverse bias prior to sharp, permanent breakd¢seft breakdowin 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 Zrp21.9+0.1 e\ and O 5 (1.5%£0.1 eV}, before

and after sequentiah situ Au depositions, indicated an abrupt, unreacted Au/@80Y)) interface.
Transmission electron microscopy confirmed the abruptness of an epitaxial interface. Annealing the
contacts on th€0001) 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 apd\43d2,

the barrier height to 0.82+0.5 and 0.79+0.5 eV, and in the leakage current densitie? to
X103 Alcm? at 6 V and~20x 1073 A/cm? at 7 V, respectively. €005 American Institute of
Physics [DOI: 10.1063/1.1898436

I. INTRODUCTION sic properties of this material and its use or potential use in
Zinc oxide (ZnO) occurs most commonly in the hexago- sel;cte? appl;czatgns hz;vg recen;ly bzen publléﬁ.eﬁltlauées
nal wurtzite crystal structure that possesses a direct band gé%1 walers ot £n®) are being produced commercially by Sev-

of ~3.4 eV at room temperature and exhibits spontaneou§'@ t€chniques. These materials are typicallyype; this

polarization along th€0001) directions’ Reviews of the ba- characteristic has traditionally been attributed to native de-
fects such as oxygen vacancies and zinc interstitiadew-

. . 4
JAuthor to whom correspondence should be addressed; FAX: 919-515€ Vel recent theoretical Ca‘_lcmatlons by K_ohanal. have_ )
7724; electronic mail: robert_davis@ncsu.edu shown that none of the native defects exhibits characteristics
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consistent with a high-concentration shallow donor. Van déderistics, this investigator inferred qualitatively that the like-
Walle’ has noted that only vacancies have sufficiently lowlihood of forming rectifying contacts on the Zt@02l
energies to form during the growth of ZnO; however, Zn andsurface may be limited by the polar and ionic character of
O vacancies act as deep acceptors and deep donors, resptiis material. This character could lead to surface states that
tively. First-principles calculations by the last author haveare occupied by free electrons that need not form ionic bonds
provided evidence that H behaves as a shallow donor in Zn@ith O atoms. In contrast, free electrons are not common on

and can be incorporated into the boule or thin film via thethe p0|ar Zn(mOOT_) face, reducing the likelihood of a sur-
formation of O—H bonds at the surface during growth and agace state, which could lead to poor rectifying or ohmic be-
a component of the hydroxide that invariably forms on thenayior.

surface of this crystal when exposed to the normal laboratory  Only a few groups, at this writing, have reported inves-
ambient. The determination in substrates produced commefigations of Schottky contacts to ZnO. Neville and M&ad
cially via vapor phase growth ofl) a very shallow donor employedi—V, C-V, photoresponse, and thermal activation
energy level at~37 meV via Hall measurements a2 a  energy measurements in an early study of the Schottky bar-
donor-bound-exciton linéthe 14 ling in photoluminescence rier height(dg) for Au on chemically prepared ZnO crystals
studies &5 K both of which disappear upon annealing in the with an unspecified orientation. Their measurements resulted
range of 500-700 °C lends credence to this theory. On the, a value of 0.66 eV. An ideality factdn) of 1.05 was also
contrary it has been arguéthat the primary role of H may reported[but below the valid forward biagVg) range of

be to passivate acceptors via the formation of complexes tha}_> 0.075 V] without specifying the reverse bias leakage
bond with the acceptor species to produce a neutral charggrrent. Fabriciuset al” measurech=2.7 for Au Schottky
state in each complex rather than residing only as compershotodiodes fabricated on as-received polycrystalline ZnO;
sating OH ions throughout the crystal. Hydrogen may alsohowever, neither thédbg) nor the leakage currents were in-
play both roles. However, electron-paramagnetic stidés gjcated. This high value ofi was reportedly influenced by
ZnO substrates produced by all the commercial procesgcombination processes. Rabadamival 2 measured the
routes employed at this writing have revealed sufficient conggme barrier height of 0.65+0.05 eV for Au, Pt, Pd, and Ag
centrations of the shallow donor species of Al and, to a lessetontacts deposited in vacuum at room temperature on ZnO
extent Ga, to cause tietype conductivity measured in these monocrystals of an unspecified orientation and cleaved in
materials. Additional studies of the roles of all these specieg,c,um. However, neither the ideality parameters nor the

in producing then-type conductivity are mandated; they preakdown voltages were reported. Ohashal* also de-

must be removed or be significantly reduced ion concentra- . . —
tion to allow controlled doping and to make repeatable theDOSIted Au contacts on chemically prepared, O-pel&01

. X . . : surfaces of ZnO and obtained an ideality factor of 1.19 and
properties of optoelectronic and microelectronic devices pro- : .
duced from this material. reverse currents of 1 nAat 1 V. Silver Schottky contacts with
Several important ZnO-based devices employ Schottkf® AU capsr;g\ve been fabricated on as-received (Z4XD)
barrier diodegSBDS. For example, Schottky-type, ZnO ul- epilayers.'® The values of®g determined vial -V and
traviolet photodetectors have technical advantages in speée—V measurements, were 0.89 and 0.92 eV, respectively. A
and lower noise than their photoconductive counterpate  !€akage current of 0.1 nA at 1-V reverse Bes and an
former are expected to be particularly useful in space appliideality factor of 1.33Ref. 16 were also reported. The high
cations, as this material is very resistant to MeV proton irraJdeality factor was attributed to an interfacial layer and/or
diation relative to other semiconductdr¥hese types of di- Surface states. Polyakat al.”” deposited both Au and Ag
odes are also essential for probing defects in semiconductof®ntacts to polished- ZnO(0001) surfaces that were either
by junction spectroscopic characterization techniques such &xPosed to organic solvents or etched in concentrated HCI or
deep-level transient spectrosc8p§DLTS) and admittance exposed to organic solvents and etched in concentrated
spectroscopy’ For example, Aureet al® employed Au as HNOjz. They reported values obp determined usingc—V

the rectifying contact on the O-polar ZK@OD) surface for measurements for both metals of 0.65-0.70 eV; these values

DLTS studies. They reported a 1-nA leakage current to a® in good agreement with the values measured on gold
applied bias of 1 V and an ideality factor of 1.19. contacts by other investigatofsee aboveand with the val-

The Schottky—Mott modé&t predicts that metals with ues obtained vid—V measurements in the present research

high work functions are prime candidates for rectifying con-ON plasma-cleaned substrates. The saturation current densi-

. 2 \
tacts onn-type semiconductors. In the case of ZnO, it hast'€S rar;ged frgm 15 Alem? on surfaces etched in HCI to
been showl that these metals should also possess a lov X 10"* A/cm*” on solvent-cleaned samples. The diode ide-

oxygen affinity; thus, the candidate materials of choice aré”‘"ty factors ranged frqm 161018 fega}fd'ess of the treat-
essentially limited to gold, platinum, and palladium. Silyer Mment of the surface prior to the deposition of the contacts.

may also be a candidate metal; however, for long-term apIylore recently, electron-beam-induced currégBIC) studies

plications, it would have to be capped with a metal more®f the lateral homogeneity of Pd and Ag Schottky contacts

resistant to oxidation. Kansifound that for gold contacts on ©n (0001 and(1120) surfaces of ZnO films and of Pd, Au,
as-received Si-polar 28001 surfaces, electrons were pos- Ag, and Ni contacts on th@®001) and the(0001) surfaces of
sibly trapped at a surface state, which stretched out th&nO wafers have been conducted by von Wenckséeai '8
capacitance-voltageC—V) curve and decreased the capaci- The films and wafers were exposed separately to various wet
tance at high frequencies. As an explanation of these charachemistries for cleaning and etching and to gONplasma.
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The EBIC studies revealed that the contacts deposited on ttehemical vapor transport by Eagle—Picher Technologies, Inc.,
plasma-treated surfaces were homogeneous; whereas, the iamd chemomechanically polished on both sides, were em-
age of the contacts on the etched surfaces showed a veingtbyed in the present research. Each wafer contained highly
structure that produced a very inhomogeneous contact. Howextured domains separated by low angle boundaries and
ever, this veined microstructure did not correlate with thewith a collective range of full width at half maxima in their
etch pits in the surfaces; thus, other reasons for the laterabcking curves acquired about tfg001] direction. A grade-I
variation of the induced current must be investigated. Thevafer, free of microvoids on the surface and internally, was
effective barrier heights and ideality factors for the contactsysed for thel -V—T studies. Grade-Il wafers containing mi-
ranged from 0.56 to 0.73 eV and 1.4 to 2.0 eV, respectivelycrovoids were used in all other experiments. The wafers were
Device-quality Schottky contacts typically require inti- cleaved into smaller sections>1 cn?), rinsed ex situ in
mate metal-semiconductor interfaces free of surface contaminethanol for 5 s, and dried in flowing nitrogen. Halan der
nation. A major deterrent to the development of low leakagepauw configurationand C-V measurements, the latter at 1
Schottky contacts on ZnO with low ideality parameters is thex 10 Hz, taken from th€0001) surface of both grades ek
~3-monolayer- (ML) thick native contamination layer, sity cleaned wafers, showed a bulk carrier concentration of
which includes~1 ML of adventitious carbon andg2 ML (1+5) X 10t”/cm? and a nominal effective donor concentra-
of the aforementioned hydroxid&.It has been propqsé?j tion, (Np-Np), of (5%5) X 10¢/c?, respectively. It is impor-
that H atoms donate-0.5€" to each surface 0xygen ion on ant to note that all wafers were clearedsituin the manner
both the(0001- and (000)-hydroxylated surfaces of ZnO. just noted prior to loading into UHV fain situ cleaning and
This strong interaction, comparable to O-metal bonding inthe deposition of Au films and Schottky contacts, unless in-
the bulk oxide lattice, can result in the formation of a shal-dicated otherwise. These samples are referred to as either the
low electron donor state through the proposed reactibin:  “ex situcleaned” or the “as-loaded” samples in the following
+0?"—OH +€") and can increase the carrier concentrationsections.
in the space-charge layer by several orders of magnitude.  All in situ metal deposition, cleaning, and surface char-
As such, several groufis**have reported that the hydroxide acterization experiments described below were conducted
leads to the formation of an accumulation layer that results iRyithin a unique ultrahigh vacuunfUHV) configuration,
a high surface conductivity on both polar faces of ZnO. Thisynich integrates several independent cleaning, thin-film
is very likely the reason for the reported high leakage curyrowth, and analysis systems via a transfer line having a base
rents above -1 \(Refs. 8, 9, 12, 15, and 1&nd relatively pressure of<1x 107 Torr?” A (40-100-nm-thick Ti film

high ideality factors(>2) for high work-function metals ;55 deposited by e-beam evaporation from a 99.999% pure

(e.g., AY deposited on the;e unclean sgrfaces. Moreqver, thr%etal source onto the entif@®001) or (0001 face of each
presence of these contaminants may introduce the mterfaﬁ

) . nO section. This film servedl) to absorb radiation from
states and the barrier for tunneling that are commonly use : .
e L : e underlying Pt—-Rh heater and to conduct heat into the
for explaining the high ideality factors.

- . wafer during then situ cleaning of the opposite face ar)
Th f th f fZz .
e sensitivity of the surface conductivity of ZnO to as an ohmic contact. Zr0OO00D surfaces and

hydrogen and oxygen has been utilized in sensor devfces. . : .
In contrast with H, adsorbed oxygen species on ZnO act aéu/ZnO{OOO]} interfaces without detectable concentrations

electron acceptors that generate a depletion layer, which |OV\tP.-f hyd;ohcagbong and W|thh§|gn:;|c§1ntly reducedfct:ﬁn(;entra-
ers the surface conductivity by several orders of 1ons of hydroxidé were achieved via exposure of the former

magnitudé*?° and is advantageous for Schottky barrier for- ©© @ 20-W. 20% ©/80% He(by volume remote plasma at

mation. It has been propoédhat chemisorption of oxygen either 52520 °Q(0002) surfacg or at 550+20 ° (0009
occurs preferentially at surface defect sites 85 @ O surfacd and 0.050+0.001 Torr for either 30 mirf0001)

In this study, anin situ remote plasma cleaning proce- surfacd or 60 min.[(0001) surfacd. Each cleaned surface
dure and a subsequent oxidation step were developed in comas then cooled to either 425°C and subsequently in
junction with the investigations of the deposition and thevacuum or to room temperature in the unignited plasma gas.
temperature-dependent current-volta¢leV—T) properties A detailed description of this cleaning procedure has been
of Au Schottky contacts on polished Z(@01) and reported®
Zn0O(0001) surfaces. Photoemission of the electronic struc- ~ Gold was depositeth situ via e-beam evaporation from
ture and the growth mode of the Au on the Z000% sur- @ 99.999% pure metal source onto the cleaned surfaces,
faces were also studied via x-ray photoelectron spectroscoppoled in the plasma gas ambient either sequentially as very
(XPS) and ultraviolet photoelectron spectroscdphPS. The  thin films of increasing thickness or through a gold-coated
structural and microstructural characteristics of all the matemolybdenum shadow mask as contacts having a nominal di-
rials used in this program were investigated using x-ray dif-ameter and thickness of 1Qdm and~150 nm, respectively,
fraction (XRD), low-energy electron diffractionLEED), and arranged in an>88 array. The diameters of laser-drilled
atomic force microscopyAFM), and transmission electron holes in the shadow mask were not precisely 100; the
microscopy(TEM). areas calculated from the optically measured diameters of the
contacts used in the electrical measurements are given where
Il. EXPERIMENTAL PROCEDURES relevant in the following sections. The nominal thickness of

Two-millimeter-thick, 2-in.-diameter Zn@00) and  each Au layer was determined using a quartz-crystal deposi-
Zn0O(0001) wafers, diced from boules, produced by seededion rate monitor. The base and process pressures within the
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3-kW Thermionics e-beam system, used to deposit both thaging in a JEOL JEM4000EX TEM operating at 400 kV. An
Ti and the Au contacts, were~7x10° and ~7  objective aperture was employed to filter out the inelastically
% 10°° Torr, respectively. Deposition rates varied from scattered electrons and thereby enhance the contrast.
0.1-1 A/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 foA. Analyses of the plasma-cleaned ZnO {0001}
complex isolation of the contacts. surfaces cooled in vacuum

Current-voltage results were acquired for all samples at  gyiensive XPS, UPS, and LEED investigations con-
either room temperature or an elevated temperature Usingrmed with the hydroxide and hydrocarbon contamination
50-um-diameter tungsten fine-wire-tip probes and a Keithleygp, ex situcleanedas-loadefl{0007 surfaces of ZnO wafers
236 source unit having the capability of measuring currents,nq the removal of this chemistry via exposure to an oxygen/
in the 1 pA-100 mA range. Selected samples were heated qqp|jum plasma at elevated temperatures accompanied by sub-
the sample stage to 80+5 and 150+5 °C for subsequerfequent cooling to room temperature in vacuum have re-
temperature-dependent analyses. A hand-elype ther-  cently been conducted in the authors’ laboratories. This
mocouple in contact with the Au surface provided digital g psection gives a succinct review and additional comments
temperature readou€—V measurements were used for de- concerning the published results of this reseZrth provide
termining the series resistance of the wafers and were pefy the reader the necessary information to understand the
formed using a Hewlett-PackatcCR meter with the capa- yesylts of the present study. Section Il B introduces related,
bility of measuring capacitances in the rangeynpublished results of subsequent cleaning studies pertinent

(0.01 fF—10uF). _ to the present study wherein the cleaned DL samples
XRD 26 scans were conductezk situon an unannealed \yere cooled to room temperature in the plasma ambient

and annealed 100-nm-thick Au films to determine their crySyather in vacuum.
tallographic orientation and stability during heating. A peconvolution of the O 4 core-level peak obtained via

Rigaku Geigerflex diffractometer was used with KCai(\ XPS ;
B o studies of both the as- load€aD01) and (0001 sur-
=0.1542 nr radiation at a tube voltage and current of 27 kv faces revealed two peaks at 530.9 and 532.9 eV indicative of

and 20 mA, respectively. The x-ray beam was directed by 1b—Zn and O-OH bonding, respectively, as shown in spec-

diffraction and scattering slits to a scintillator detector having, ., (i) for the (0001 surface in Fig. 1a). The position of

i 9 : o )
a resolutloq Of. 43%. . this peak was the same within experimental efe.1 eV)
Transmission electron microscopy was used to characte¥— —

ize the interface between the100-nm-thick Au layer, used or the (0001) surface. Determination of the area under the
in the XRD studies and deposited in the same manner as t ak at 532.9 eV for the Zr000) samples showed that

. this surface containel.6—2.0+0.1 ML [(16—20+1 at %
contacts, and a Zn@001) substrate. Cross sections of unan- .
’ . of the measured volunjeof OH with the average of three
nealed and annealéd50+5 °C, 15 min samples were pre- i g

pared by sandwiching two ZnO pieces, each having the di§amp|es being 1.9 ML. Similar experiments conducted on

mensions of~0.1x 0.3 cn?, between two sapphire support the ZnQ0001) samples showed that this surface contained
pieces of the same size using M-Bond epoxy. The epoxy wagoj_z'eio'l_ML [(7-26+1 at% of the mea§ured vol-
cured at 120 °C for 2 h. The sandwich was then flattened one] of OH with th? average of 14 samples being 1.5 ML.
one side using a 1xm diamond disk and dimpled to a depth Analpgous calculations using the G peak revealed ap-
of 30—35um with 6-um diamond paste and 10 g of weight proximately 1 ML of adventm_ous carbon on both surfaces.
on the sample holder. The sample was subsequently polished _The remote plasma_cleanmg process reduced the concen-
on a felt wheel embedded with m diamond paste with a tratlpns _of 'carbon species on both surfaces t.o bglow the de-
weight of 20 g to eliminate as many scratches as possibléi.eCtIOh limit of our XPS of 0.3 at. %. Exammahon of the
The four corners surrounding the dimple were flattened Witi?(PS spectra_of the{OOO]_)_ surface cleianed in the plasma
6-um diamond paper. un_der the optlmum c_ondmons_ of 550 °C, 0.050 Torr, and 60
The sample was then inverted onto a glass peg with walin revealed a shlft in the lattice Gs peak from 530.9full
and polished using 9-, 6-, 3-, andulm diamond papers to a width half maximum (FWHM):1'6 e\ﬂ__ tq 53.0'4 ev
thickness of 30—5@m, as determined using the colors of (FWHM=1.4 €V}, as shown in spectrurtii) in Fig. 1(a).
the Nomarski fringes for ZnO shown in Table 3.1 in Ref. 29. Similar studies concerning the XPS spectra of {8601
A copper ring was glued onto the flat, polished side of thesurface cleaned in the plasma under the optimum conditions
samp]e using M-bond. lon m||||ng at ang]es of 1{fnan- of 525 °C, 0.050 Torr, and 30 min revealed the same shift in
nea|ed or 13° (annea|e)j using Ar- ions generated using a the lattice O % peak with the peak having the same FWHM.
gun V0|tage of 4 ke\(unannea|e)jor 3 keV (annea]e;jwas These shifts in the OS].peak for both orientations are attrib-
used as the final thinning step. The samples were cooled byed to a change in band bendifgge UPS results belgw
liquid-nitrogen stage to reduce the damage caused by thEhe spectra acquired from the clean@®0l) and (0001
impinging ion beam. surfaces also showed a peak at 532.7 and 532.4 eV, respec-
The TEM samples were analyzed using bright-field im-tively, the areas of which were indicative 6f0.4 ML of
aging, selected area electron diffracti®AED), and high-  residual OH on the surface. A corresponding core-level shift
resolution transmission electron microscoyRTEM) im- of 0.6 eV was deduced from the changes in the respective Zn

[ll. RESULTS AND DISCUSSION
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FIG. 2. UPS valence-band spectra acquired from(&h¢0001) surface and

(b) the (0001 surface under the conditiorty as-loaded(ii) after exposure

to a 20-W 20% Q/80% He remote plasma and cooling in vacuuii)

after exposure to a 20-W 20%,{80% He remote plasma and cooling in
the unignited plasma ambient, and after sequential depositions of Au to
thicknesses ofiv) 0.2, (v) 0.4, (vi) 5.0, and(vii) 100 nm. Au-induced band
bending is indicated by the shifts in the peak positions of the @ar&d O

2p bulk features between spectrufiis) and(iv). All spectra were acquired
using the He photon line(hv=21.2 e\j. The binding energy is measured
with respect to the Fermi levéE-=0 eV).

The removal of the OH te-0.4 ML using the optimum
cleaning conditions was critical for markedly reducing the
proposed accumulation layer of high  surface
conductivit)?l‘23 and for generating a surface with a Zn/O
stoichiometric ratio of 1.0. Spectruifl) acquired via UPS
studies and shown in Figs(&@ and Zb) for the (0001 the

(OOOT) surfaces, respectively, reveals that the zuh i1k

F'Gf- 1@ l>)(PXSP§ZB Core"egez' spectra aclq“”‘led from the Z@%O]P feature for both as-loaded surfaces was located at 11.3 eV
the 2010003 surface untie the condions of as oadecki afir remote DEIOW the Fermi level, while the Ofebulk feature was not
plasma cleaning and cooling in either a vacuum or the plasma ambierfliScernable. Spectrufii) in these figures reveals that after
(identical spectra were obtainedand after sequential depositions (if) plasma cleanlng the Opzeature begln to emerge at 4.0 eV,
0.2,(iv) 0.4,(v) 0.6, (vi) 1.1, (vii) 1.3, (viii) 1.7, (i) 2.2, and(x) 5.0 nm of 54 5 0 -eV shift occurred in the Zm Bulk feature to 10.7
a Au film. All spectra were acquired using Mgy (hv=1253.6 eV . . .
radiation. eV that matched the corresponding change in band bending
determined from the XPS spectra for the Zp &wltiplet.
2p3, and Zn 2, peak positions from 1022.0 and 1045.1 eV The associated changes in band bending for both surfaces
(both FWHM=2.0 eV for the as-loaded samples to 1021.4 were also confirmed and determined quantitatively from
and 1044.5 e\(both FWHM=2.1 eV after plasma cleaning, these respective UPS spectf#0.1-eV uncertainty The
as shown in spectr@) and(ii) for the (0001 surface in Fig.  bulk Fermi level in ZnO is accepted to be 0.3 eV below the
1(b). The same shifts were observed in these spectra acquirg@nduction-band minimuffl (CBM), and this value was also
from the (0001) surface. These shifts are also attributed to aused in determining the band bending. The electronic band
change in band bending. The positions of all the XPS peakstructures shown in Fig. 3, derived from spedija(ii), and
noted above had an uncertainty of £0.1 eV. The Zn/O ratidiii) shown in Figs. 2a) and 2b), were identical for both
increased from the range of 0.2-0.4 for the as-loadedurfaces. Figures(8 and 3b) show that(i) the surface
samples to 1.0 for the plasma-cleaned samples. Fermi level shifted from 0.6 eV above the CBM for the
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FIG. 3. Electronic band structure derived from UPS spectra for{@aQ1}
surfaces (@) in the as-loaded state(b) after exposure to a 20-W
20% 0,/80% He remote plasma and cooling in vacuum, é&g)dafter ex- . . . o -
posure to the remote plasma and cooling in the unignited plasma ambient {o'G- 4- LEED images and insets of a more highly magnified spot within
room temperature. these images of Zn@00J) surfaces at primary beam energie®f100 eV

for samples in the as-loaded stdt® 42 eV after remote plasma cleaning

and cooling in vacuum(c) 42 eV after remote plasma cleaning and cooling
as-loaded Zn@00Y) to 0.1 eV below the CBM after plasma in the plasma ambient, ar(d) 80 eV after 100 nm of Au had been sequen-
cleaning and cooling in vacuum atii) the downward band  tially deposited.

bending was reduced from 0.9 to 0.2 eV as a result of using

this same procedure because of the reduction in the afor@pectra acquired from the more surface-sensitive UPS studies
mentioned accumulation layer. The electron affinity ofrelative to the spectra for the cleaned samples cooled in
4.0+0.2 eV, also derived from the UPS spectra, essentiallyacuum and which subsequently matched the depletion layer
remained constant after cleaning. modef® shown in Fig. 3, as described below.

The UPS results provided evidence for a change in band
bending that is associated with,@dsorption and that is
preferable for the formation of a Schottky barrier with a ma-
terial having a high work function such as Au. Figurdb)3

It was subsequently determined from electrical measureand 3c) show that the 0.2 eV of downward band bending for
ments that cooling the clean€@001-oriented samples in  the{000% surfaces cooled in vacuum is changed to 0.3 eV of
the Oy-containing, unignited plasma gas from 550 °C toupward band bending due to the exposure of these cleaned
room temperature improved the behavior of the subsequentlgurfaces to the unignited, .Zontaining plasma gas during
deposited contacts. Investigations of Henrich and *Eox cooling. This corresponds to a shift of the Zd f@ature from
showed that changes in the electron energy (B&.S) and  10.7 eV for the plasma-cleaned surfaces cooled in vacuum to
the UPS spectra occur upon chemisorption gfdd ZnO. 10.4 eV for the samples cooled in the/®le ambient. Fig-
The actual coverage of the surface was determiinedbe  ures 3b) and 3c) also indicate that the surface Fermi level
<2.5x10“%ML in the chemisorption temperature range shifted from 0.1 eV below the CBM for cleaned Z{tD01}
(20-377 °Q with a sticking coefficient of 17. These studies surfaces cooled in vacuum to 0.6 eV below the CBM for

also revealed that more,Os adsorbed on thé0001) face  surfaces cooled in the £rontaining gas. This shift away
than on a Simi|ar|y prepared)ooj) face; this may be asso- from the CBM COfI’eSpondS to a reductionriFtype surface
ciated with the preferential adsorption of oxygen to theconductivity and may be attributed to the adsorption of oxy-
atomic steps observed by the present authors on the form8fn species that act as electron acceptors in 21¥De elec-
surface but not on the latter surface only after plasmdron affinity also varied fron{4.1-4.3+0.2 eV between the
cleaning®® Typically, the chemisorbed Qresides on the sur- two processing steps. Surface states were not observed after
face as @, although it has been found as @s well?>3  cooling in either vacuum or the plasma ambight.
Physisorption of @ primarily occurs below 20 °C without Low-energy electron diffraction at a primary beam en-
any detectable charge transfétowever, G that adsorbs to  €rgy of 100 eV of thg000% surfaces of the as-loaded ZnO
the surface has been shown to change the band bending Bgmples exhibited only a bright background, as shown in the
~1 eV, consequently decreasing the surface conductivity byepresentative Fig. (d), that is indicative of a disordered
several orders of magnitud®.Analyses of the associated contamination layef” A (1x1) hexagonal LEED pattern
XPS spectra acquired in our studies indicated no change igontaining slightly broadened spots was acquired from the
either the O or the Zn core-level positions or the value of 1.000001) surface at 42 eV in the plasma-cleaned sample cooled
for the Zn/O ratio previously determined for these surfacesn vacuum, as shown in Fig(d) and its associated inset of a
cooled in vacuum. However, variations were observed in thenore highly magnified spot. A similar pattern with distinctly

B. Analyses of the plasma-cleaned ZnO {0001}
surfaces cooled in the plasma ambient
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separated spots was acquired at the same voltage from the L R A
(0001 surface of similarly cleaned samples cooled in the 08 \VATY]
plasma ambient, as shown in Figic#and its inset. These '
separated spots were a function of the surface or very near 0 06
surface structure, as LEED patterns acquired using beams B SK
having energies of 50 and 60 eV which penetrated more T o4
deeply the cleaned Zn000)) surfaces cooled in vacuum FM
and in the plasma ambient, respectively, showed only dis- 0.2
tinct, unbroadened spots.

Prior and postcleaning AFM analysis of the microstruc- 0 e
tures of the(0001) surface and th€0001) surface confirmed o 1+ 2 3 4 5

the absence of any observable damage associated with the Au Thickness (nm)

annealing and/or the plasma expos"t?re‘l?he rms surface FIG. 5. Attenuation of the Odlcore-level photoelectron peaks as a function
roughness values of the former and the latter surfaces wek the thickness of a sequentially deposited Au film taken from the XPS
1.2+0.2 and 0.2+0.2nm before and 1.7+0.2 andspectraiii) - (x) shown in Fig. 18). The experimental data are indicated by
; : : solid diamonds for comparison with theoretical curves for Volmer—\Weber
+
0'6_(.)'2 nm aft.er Cleanmg’ respecu_vely. nghly Ordered(VW), Stranski—Krastano{ySK), and Frank-Van der MerwgéM) thermo-
atomic steps with a unit-cell step height of 0.53+0.05 NMyynamic growth modes.

and step width of~0.2um were observed only on the

8
(0003 surface’ The experimental values of/1, shown in Fig. 5 for the

O 1s core level acquired from the cleanéd00l) surface
C. Growth mode of Au films cooled in the plasma ambient decreased from 1.00 before Au

The growth mechanism of Au deposited on the Cleaneéjeposition to 0.83+0.03 at a nominal Au thickness of 5.0

(0001 surface exposed to the plasma ambient on cooling?rn'_The'S/Io for the Zn 2, for this surface and for .the
was determined from the attenuation of the ©cbre levels (000D surface followed the same trend. An approximate
as a function of increasing thickness of a sequentially depoghatch to the theoretical curve for VW growth was achieved
ited Au layer and shown in XPS spectii)—(x) in Fig. 1(a) for deposmon on bqth surf_aces. The valuetdbr each. _Au
using an approach employed by Sitdral3? and Wolteret ~ deposit was determined using a quartz-crystal deposition rate
al.® The three possible growth modes considered in thignonitor and, therefore, represents that thickness would be
study were (i) Frank-van der Merwe(two-dimensional, present if the layer was continuous and uniform in thickness
layer-by-layer growth (i) Volmer—Weber (three- @cross the surface of the ZnO sample. However, as the XPS
dimensional growth of discrete islangdsnd (i) Stranski- data(and the TEM results presented bejowdicate that the
Krastanov (a combination of the two previous models Au nucleated and grew initially as uncoalesced islands, the
wherein the initial film growth occurs via a layer-by-layer actual thickness of these islands would have been slightly
mechanism and is subsequently followed by the initiation ofarger than the value obtained from the rate monitor. Inser-
island growth. In these models, the surface energies of thé!on of smaller values Of into Eq. (2) would reduce S"ghUY
substrate and the film and the interfacial energy and strede values of/l, and bring the data closer to the theoretical
that result when these two material entities are joined detefCurve for VW growth.

growth is expressed as

Idlo=exp(—t/\,), (1)
where |4 is the core-level intensity for a given overlayer LR , i
thickness(t), 1, is the baseline core-level intensity acquired Glue T

from the ZnO surface following the cleaning and subsequent
O, exposure, and, is the attenuation length of the particular
core-level electron. A Volmer—Web¢vW) mode of deposi-
tion would follow the expression Zno

IJlo=(1-6) + exp—t/\,), (2)

where 6 is the surface coverage of the islan@svalue be-
tween 0 and L Stranski—Krastano¥SK) growth is repre-
sented by the expression

I/1,=(1~-0) exp(—a/\o) + Oexp(—t/\,), (3)

whereq is the deposited thickness before three_dlmensmna}]—'lG. 6. Cross-sectional TEM images of a(Afl) island and a more com-

i_5|and growth or _nUC|_eati0n- The graphs of these three equason region of coalescence afterl00 nm of deposition via electron-beam
tions are shown in Fig. 5. evaporation.
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FIG. 7. (@) Moderate andb) high-resolution TEM images of the plasma- 37 38 39 40
cleaned Zn@001) wafer/Au film interface. Fast-Fourier transforrf&FT) 20 (degree)

of gold on (c) the left-hand s_ide andd) the right-hand side of the twin
boundary.(e) FFT of ZnQ0002). (f) Superimposed diffraction patterns of FIG. 8. Curve-fitted XRD 2 plots obtained from a 100-nm film deposited

ZnO(0001) and each side of the twin boundary in the Au film. on a remote plasma-cleaned Zi®001) surface cooled in the plasma ambi-
ent to room temperatur@) as-deposited antb) after post-deposition an-
nealing in air at 175 °C for 15 min. The spectrum was acquired using Cu

crostructure that continued to exist at this thickness, which« (A\=0.1542 nnj radiation.

lends credence to the XPS results regarding the VM mode of

growth on a cleaned Zn@001) surface, and2) the more  and Polace¥ that indicated epitaxial growth of Ali11) on
common regions of island coalescence. The presence of thee polar surfaces of vacuum-cleaved ZnO. A high degree of
glue covering the film indicates that the thickness of the filmstructural order was also indicated by the well-defined
in this region has not been reduced by ion milling. By con-(1x 1) hexagonal LEED pattern with a dark background ac-
trast, the thickness of one of the areas of coalescence in thifuired using an incident energy of 80 eV, from the

film shown in the TEM micrograph in Fig.(@ has been Au(100nm/ZnO(0001) samples, as shown in Fig(d). The
reduced to~10 nm during milling. The images in Figs(& 70 (0002 and (0004 reflections(not shown were mea-
and 7b) reveal the abrupt clean and unreacted interface begred for the lattice at 34.4° +0.1° and 72.5°+0.1°, respec-
tween the Au film and the ZnO wafer that are important fortively.
Schottky contacts with superior and reproducible electrical | contrast to the above results, Auger electron spectros-
characteristics. The diffraction pattern of the interface regiorbOpy (AES) spectra obtained by Roberts and Gottimdi-
produced by the superposition of the patterns obtained fromied that Pt initially grows in a layer-by-layer mode on a
the ZnO and each side of the twin boundary in the Au a”dZnO(OOOJJ surface that has been cleaned vid-&m bom-
shown in Fig. Tf) proves the epitaxial growth of the AlL)  pargment, annealed in vacuum at 527 °C for 30 min, and
on the ZnQ@0001). The double-diffraction spots are due to exposed to X 107 Torr of O, at 427 °C for 30 min. Trans-
the twinning of Au, which occurs whenever two islands mission electron microscopy of tH@001) surface revealed
which nucleate with alternate growth orientations coalesce tehat the Pt111) plane was parallel to this surface with a 30°
produce an incoherent twin boundary. The fast-Fourier transrotation between the two lattices. Three-dimensional islands
forms (FFTS acquired on each side of the twinned regionwere observed after annealing this sample for an unspecified
and shown in Figs.(£) and 7d) in conjunction with the FFT  period at 300 °C in vacuum. Henrich and Cdkave also
of the ZnO substrate in Fig.(@ correlate with the double- reported that Pt as well as Pd initially grow by a Frank—van
diffraction spots shown in Fig.(). de Merwe mechanism on a Zf@O0J) surface that has been
The curve-fitted XRD spectrum of the Au peak at cleaved in vacuum. AES and UPS spectra acquired from pol-
38.3°+0.1{FWHM=0.2°£0.19 acquired from the 100- ished (0001 surfaces subsequently annealed in UHV con-
nm-thick Au layer that had been deposited over an entirgirmed this layer-by-layer growth mode. Thl1] directions
(000D surface that had been cleaned and cooled in thef the polycrystalline grains of Pd were preferentially ori-
plasma ambient is shown in Fig. 8. These results are reprented parallel to the surface without azimuthal alignment.
sentative of the XRD spectra acquired from both basal sur-
faces and reveal that the film is oriented alddgl]. The L ) :
(111 d spacing of 0.0235+0.0001 nm, determined for theD: Determination of the Schottky barrier height from
: . . - photoemission spectra
film and equivalent to that for single-crystal Au, indicates
that this rather thick film had relaxed, i.e., it was no longer  The values ofbg of the Au/Znd0001} interfaces pro-
coherently strained to match the ZnO surface crystal strucduced in the present research were determined from both
ture as were the very thin Au film@slandg. The XRD re- XPS and UPS spectra to compare with those values deter-
sults are also in agreement with the results gleaned from theined froml-V measurements. Fig(d and Xb) show the
TEM images in that the former indicate that the Au contactsespective evolution of the Osland the Zn p core-level

are crystallographically matched to clean 40001 sur- XPS spectra as a function of the thickneis of the Au over-
faces. It is presumed that these “thick” films also nucleatedayer deposited on cleand@001) and (0001) surfaces ex-
and grew via the same VM mechanism determined for thgposed to the plasma ambient on cooling to room temperature.
sequentially deposited Au filmésee above These results These spectra were acquiradsitu over an~30-h period.
supplement the previous TEM investigations by WassermanBeposition of 0.2 nm of Au on th@001) surface caused the
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O 1s lattice peak to shift 0.2 eV from 530.4 to 530.6 eV and
the Zn 2 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 G tore level to shift
0.1 to 530.7 eV; the ZnR2remained unchanged. A similar

deposition of 0.2 nm of Au on th@001) surface caused the
O 1s lattice peak to shift by 0.5 eV from 530.3 to 530.8 eV,
while the Zn 23, and Zn 2y, 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 Oslor the Zn 2 core levels.
The core-level positions and the intensity and FWHM of the
peaks of both the Osland the Zn multiplet remained essen-
tially fixed after subsequent depositions on both surfaces to a
final thickness of 5.0 nm, indicating th&t) essentially all of
the island growth was vertical with only occasional coales-
cence to this thicknes$b) additional metallization does not
affect band bending, antt) the Schottky barrier is com-
pletely formed after the deposition of 0.2—0.4 nm of Au. The

Intensity (AU)

J. Appl. Phys. 97, 103517 (2005)
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agreement in shifts of the Gslnd the Zn p core levels for

both surfaces provides evidence for the interpretation of the

observed shifts as changes in band bending rather than

chemically induced shifts. (Au 4£7/2) AulO-ZnO
The evolution of the Au #;,, curve-fitted core-level 6.0 nm

peak during sequential Au depositions on @901 and =) AN 220m

(000)) surfaces shown in the XPS spectra in Fig&) @&nd <

9(b), respectively, and in the data presented in Tables | and 2 N 17nm

I, respectively, provided additional information regarding g A 1.3 nm

the formation of the Au Schottky barrier. The curve-fitted €

data are presented to isolate this peak from the Zg,&nd - ~™~1om |

the Zn 34, core-level peaks at 89 and 91 eV, respectively. ‘ T~ 06nm

As noted above, the average actual thickness of the gold A~ 04nm

islands should be slightly greater than the measured thick- ‘ . 02nm

ness determined from the deposition rate monitor. The results 95 %0 85 80 75

presented in Tables | and Il shaWy that the integrated area
of the Au 4f,,, peak increased as a function Au thickndgs,
a significant shiftdecreasgin the binding energythe value ®

of the center of this peakfor Au deposited on th€0001)

surface from an initial value of 85.3 eV at 0.2 nm to 84.2 eV FIG. 9. XPS Au 4, core-level curve-fitted spectra as a function of the

for 5 nm of Au(A=1.1 eV, (iii) a significant shift in binding sequential deposition of a Au film following remote plasma cleanin_g and
. . — cooling in the plasma ambient on t@® ZnO(0001) and the(b) ZnO(0001)
energy of this peak for Au dep05|ted on @001 surface surfaces. All spectra were acquired using Kig (hv=1253.6 eV radiation.

from an initial value of 84.8 eV at 0.2 nm 84.3 eV for 5 nm

of Au (A=0.5¢€\), and (iv) a significant decrease in the

FWHM of these peaks from 2.5t0 1.2 éX=1.3 e\), as a is 0.3+0.1 eV; the values calculated using the data for these

function of Au thickness on both surfaces. core levels for the (0001 surface are 0.2+0.1 and
The following equatio was used to calculate the value 0.1+0.1 eV, respectively.

of ®g from these results. The UPS results presented in FigaRfor the (0007)

surface show that the binding energy of the Pcdre level

shifted from 4.0 eV for the cleaned surface cooled in the

plasma ambierfispectrum(iii )] to 4.4 eV after the deposition

of 0.2 nm of Au[spectrum(iv)]. A corresponding shift oc-

curred in the Zn @ peak from 10.4 to 10.7 eV. The position

core level before metal deposition, ajg,, is the Fermi- of the O D peak.r.emained unchanggd following the next 0.2

level position relative to the valence-band maximvigM) "M of Au deposition(0.4-nm total thicknegs however, the

for the cleaned surface cooled in the plasma ambient. Thén 3d shifted slightly to 10.8 eV. The Audfeature at 6.2 eV

value of Elz,, was determined from UPS measurements tcAlso began to emerge at 0.4 nm of growth and increased as a

be 2.8 eV. The value obg calculated using the data for both function of Au thickness. The results presented in Fidp) 2

the Zn 25, and the O & core levels for thé0001) surface  for the (0001 surface show that the binding energy of the O

Binding Energy (eV)

Dg=Ey—E"+ (Elore~ Evau) (4)

whereE, is the room-temperature band gap of Z(84 eV),
E' is the final position of the Zifor O) core level after 0.4
nm of Au depositionE,, . is the position of the Zr(or O)

core
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TABLE I. Au 4f re-level function of Au overlayer thickn — f
acquired frol:n thwe2 ;Elsemfa—c?leiifda;m%ol;) gtucr)fa:e. overayer fhieKness (DB - Eg - EVBM ’ )
whereE, is the room-temperature band gap of Z(8%4 eV)
Gold 4f7, XPS core-level paramete(20.1 V) andEl g, (3.2 eV) is the Fermi level relative to the VBM of
ZnO for a 0.4-nm Au-coated surface and the Fermi level
Experiment step Integ. area CenteV) ~ FWHM (eV) position. The use of Eq5) generated a value for Au on the
C'eaz"n’c?(o%‘ésjg"be‘j (0001) surface ofd®z=0.2+0.1 eV, which agrees with the
0.2-nm Au 361 85.3 25 XPS value of 0.3+0.1 eV. For th@001) surface the value
0.4-nm Au 390 84.8 25 of ®5=0.1+0.1 eV was obtained, which again agrees with
0.6-nm Au 421 84.6 25 the XPS values.
1.1-nm Au 684 84.4 2.3 Important information was gleaned from the XPS and
1.3-nm Au 697 84.3 22 UPS studies regarding the occurrence of chemically induced
1.7-nm Au 849 84.3 22 shifts in the spectra, the thickness of Au necessary to form
2.2-nm Au 1456 84.2 15 the Schottky barrier, and the microstructure of the Au deposit
5.0-nm Au 1838 84.2 15

to a thickness of~5 nm. However, the very low values of
dg 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 island®r sections within islands

due to the large density of microvoids in the ZnO wafers
having different depths from the surface, as discussed more
?ully at the end of the following section.

100 nm Au(bulk) 84.0 1.2
Net shift (eV) 1.3 1.3

2p core level shifted from 4.0 eV for the cleaned surface
cooled in the plasma ambiefgpectrum(iii )] to 4.5 eV, after
the deposition of 0.2 nm of Ajispectrum(iv)]. A corre-
sponding shift occurred in the Zrd3eak from 10.4 to 10.8
eV. The large peak in the high binding-energy region of thes
curves is due to secondary electrghs.

The correlation of these peak shifts with those measured
by XPS again indicates that the former are caused by thg. /|- V—T characterization of Au contacts;
changes in band bending rather than chemical shifts odetermination of ®g
charging effects. The positions of the peaks of both thepO 2

. . ; The |-V data obtained from the Au contacts deposited
and the Zn 8 remained essentially fixed after subsequentOn rade-1 wafers were analvzed using the following meth-
depositions on both surfaces indicating tlat additional 9 Y 9 g

metallization does not affect band bending afiil the odology. For thermionic emission aMigreater than XT/q,

Schottky barrier is completely formed after the deposition ofthe general diode equation in forward bias is

~0.2 nm of Au, in agreement with the XPS results. In re- 323 gV-IR

lated studies, UPS spectra acquired by Gagtehl® indi- ~vo nkT /)’

cated that Schottky barrier formation occurred over the first heredis th densitw is the ch ‘ |

1.0 nm of metal coverage on Zi(@10) without an interface whereJ s the current density] Is the charge of an electron,

. . V is the voltage] is the currentR is the series resistance,

reaction. No surface states were observed in the present re- . . . , .
N 38 . . IS the ideality factork is Boltzmann’s constant, antis the

search, as also reported by Gopehl.”™ Fermi-level pinning

. 2 absolute temperature. The saturation current dendity
was also not observed. The following equatiowas used to  _ - . .
) =A"T?exp(—dg/kT) where A" is the Richardson constant.
calculate the value obg from these results:

The theoretical valu@ of A'=32 Acni2K2 was used in

this study since the experimental value was not determined.
TABLE Il. Au 4f7, core-level data as a function of Au overlayer thickness The ideality factors were obtained for Au deposited on the
acquired from the plasma-cleaned 20007 surface. (0007 surface by fitting the forward bias (# -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-

(6)

Gold 4f;;, XPS core-level paramete(20.1 eV)

Cifnirg] Zglj:ﬁzd integ. area Cﬁr_](em FWH.'\‘A. (V) tance value qbte_tined b(;—.V measurements.' The ideality
Zn0o(0003) factors were similarly obtained for Au deposited on the un-
0.2-nm Au 602 84.8 25 heated(0001) surface between 0.1 and 0.2 V. Barrier height
0.4-nm Au 730 84.8 25 measurements could not be obtained usBwgV measure-
0.6-nm Au 744 84.8 25 ments due to the high series resistance of the unintentionally
1.1-nm Au 863 84.8 2.5 doped, 2-mm-thick wafers. Previous results indicated that
1.3-nm Au 898 84.7 2.2 top-side and bottom-side Ti contacts showed good ohmic
1.7-nm Au 972 84.3 2.2

behavior through the bulk ZnO wafer. The characteristics of

2.2-nm Au 1035 84.8 2:5 the best Au-rectifying contacts on all sample types are pre-
5.0-nm Au 3230 84.3 15 .
sented and discussed.
100-nm Au(bulk) 84.0 1.2 . i
Net shift (€V) 08 13 -V measurements at 20 °C of the Au contdcistically

measured contact area=2x00"* cn?) deposited orex situ
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FIG. 10. J-V characteristics infa) forward and(b) reverse bias of Au  FIG. 12. J-V characteristics of the best Au contacts deposited on an as-
contacts deposited on an as-loaded DY) surface. loaded Zn@000)) surface in(a) forward and(b) reverse biases.

cleaned, as-loaded Zr@01) wafers revealed reverse bias =1.03+0.05, a much lower leakage current-691 nA/cn?
leakage current densities below0.01 A/cn? to 3.75 Vre-  to 7 V reverse bias and soft breakdown at this voltage, as
verse bias, as shown in cur¢b) in Fig. 10. The ideality shown in curve(d) in Fig. 11. Thirty-three percent of these
factors calculated from this data were2, thus making non-  contacts exhibited leakage currents in the 10—100 n&/cm
sensible any calculated value & or Jo. Soft breakdown  range compared to 11% of the contacts that were cooled in
began at —3.75 V. These effects are attributed to the preseng@cuum from 425 °C. Cooling in the plasma ambient gener-
of the hydroxide on the surface, which forms an accumulagted a 0.5-eV shift in band bending and the surface Fermi-
tion layer which, as noted previously, results in a shallowjeye| position, as shown in Figs.( and 3c), which en-
surface donor character and increases markedly the measungghced the rectifying properties of these contacts relative to
conductivity of the ZnO material. Notable improvements inthose deposited on this surfagand the (0001) surfacd

the |-V characteristics were obtained for the Au contactscopled in vacuum. Presumably, the atomically stepped

. _ 4 n
(optically measured contact area—2>4(l?(T c?) on a ZnO(0001) surface caused the typical amount of 0.2-eV
plasma-cleaned Zn0001) surface cooled in the vacuum, as schottky barrier lowering®

shown in curves@ and (b) in Fig. 11. The value of the The results of the calculations involving the data ob-
ideality factor was reduced to 1.86+0.05. Though we recogained from room-temperature-293 K)I -V measurements
nize that this ideality value is still large and leads to in- of the Au contacts omx situcleaned, as-loaded Z@noY)
creased uncertainty, we determmeds a ba2rr|er height Ofyafers are shown in Fig. 12 for a representative sample.
0-671'50-05 e;/ based 08p=(6+5) <107 A/cm”. An ~1.6  These contacts(optically measured contact area=2.20
X 10 A/_cm Igakage current density was measured to 4-_V>< 10™* cn?) had reverse bias leakage current densities below
reverse bias with soft breakdown at —4.5 V. The reduction in_q 91 A/cn?—-4.6 VV before sharp, permanent breakdown
the hydroxide layer and adventitious carbon generated gg shown in curvéb) in this figure. The ideality factors were

0.7-eV shift in the band bending and the surface Fermi-levelgain~> These values and difficulties were again a result of
position, as shown in Figs.(& and 3b), which paralleled o donor-type surface hydroxide.

the enhancement of the rectifying contact properties. Significant improvements in the-V characteristics in
Cooling the cleaned0001) surface in the unignited forward and reverse biases were also obtained for the Au
plasma gas to room temperature and the resulting oxygegontacts(optically measured contact area=2:200* cn)
adsorption resulted in a lower barrier height of deposited on cleaned Zi@O01) surfaces cooled in the
0.60+£0.05 eV, a hlgher saturation current density Ofp|asma ambient to room temperature, as shown in CL(B)eS
2.0£0.5<10* Alcm?, a significantly lower value ofn  and (b), respectively, in Fig. 13. These improvements also
correspond to the change in electronic band structure shown

10; o ) in Figs. 3a) and 3c). This procedure resulted in contacts
< 1131 having a barrier height of 0.71+0.05 eV, a saturation current
$ 10 density of (4+0.5 X108 A/cm? (2.20x 107* cn? contact
= 1°'j area, a value oh=1.17+0.05, a significantly lower leakage
& 105 (b) current density of~1.0x 1074 A/cm? at -8.5 V reverse bias
§ 10 @ [curve (b)], and a sharp, permanent breakdown at
3 :2_‘3 SN A ~—8.75 V[curve (b)]. The slightly higher breakdown volt-

- ages determined for Au on this surface compared to

o 1+ 2 3 4 5 6 7 ~=7 V for the (0001 surface may be associated with a

Applied Bias (V) lower barrier height for contacts on the latter surface. Thirty-

FIG. 11. J-V characteristics of Au contacts deposited on a remote plasmap_n_e percent of these contacts exhibited leakage current den-
cleaned ZnQI)OOT) surface cooled in vacuum i@) forward and(b) reverse sities of the order of 41,Alcm2 at ~5 V; the balance of the

bias and for contacts deposited on a similarly cleat@adl) surface and ~ contacts were influenced by defects, including scratches on
cooled in the plasma ambient {n) forward and(d) reverse biases. the Zn@0001) surface. As noted in the Introduction, Ra-
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FIG. 13. J-V characteristics of the best Au contacts deposited on a
ZnO(000)) surface previously cleaned via remote plasma and cooled in the
plasma ambient and determined in forward @sves(a), (c), and(e)] and
in reverse biagcorresponding curve®), (d), and(f)] at 20, 80, and 150 °C,
respectively.

FIG. 14. Optical micrograph of Zn(DOOT) surface showing numerous
voids that extended various lengths into the wafer.
badanovet al'? and Neville and Mead have reported val-
ues of thedg of 0.65 and 0.66 eV for Au contacts deposited curves(c)—(f) in Fig. 13. Thel -V-T measurements at 80 °C
on UHV-cleaved and chemically prepared surfaces, respeshowed an increase in the barrier height to 0.82+0.05 eV, a
tively, of unspecified orientation and in agreement with ourhigher saturation current density of 9.08\/cm?, a decrease
calculations froml—V measurements. The measured barrieiin the value ofn to 1.12+0.05, and an increase in the leakage
heights in these three studies, though similar, differ markedlygurrent density to~2 mA/cn? at 6 V reverse biagcurve
from the predicted Schottky—Mott value of 1.0 eV, even after(d)]. Breakdown measurements were not taken for the data
accounting for potential Schottky barrier lowering, indicating displayed in curved). Further reduction in the reverse bias
that the interface structure also significantly affects theperformance was detected in the sample heated to 150 °C, as
Schottky barrier. These differences between the theoreticahown in curvegf). A barrier height of 0.79+0.05 eV, a satu-
and the measured barrier heights also infer the presence of aation current density of 4.3gA/cm?, a lower value ofn
interface dipole. However, no significant polarity effects on=1.09+0.05, a leakage current density €20 mA/cn? to
the rectifying properties were observed between th&/.0V reverse bias, and a soft, permanent breakdown at this
ZnO(000) and the Zn(‘()OOOT) surfaces. voltage were determined from these results. Thermal cycling
The significantly lower values of the barrier height ob- of the contacts between the two annea_ling temperatures fand
tained from our photoemission data relative to those obtainefPO™M temperature had no measurable impact on the rectify-
from the |-V data acquired on much thicker films may be N9 propertles. The relocation c_)f tr_le thermally gene_rated car-
due, in part, to the prevalence of Au islands at the nomina]i€"s in shallow electron traps is likely the mechanism caus-
metal thickness of 0.4 nm at which the former data werdnd the increased reverse bias leakage current as the
acquired and used in the calculationsdaf. Current—voltage temperature is increa;ed. Slight changes in the interface
measurements using bulk metal contacts are relatively inseffiructure and/or chemistry during theV—-T measurement
sitive to the effects that influence photoemission redelg., May explain the small variance mand ®g.
island formation during the initial stages of growtnd, in
this case, more likely to give the more accurate valuebf v SUMMARY
We believe that the more plausible explanation for the dif- i o )
ferences in the values dbg is the effect on the photoemis- Unpatterned Au films depositedh situ on n-type
sion spectra of the microvoids that constituted at least 4094n0(000) and ZnQ0001) wafers previously cleaned using
of the ZnO surface, as shown in Fig. 14. The deposition of 20% Q/80% He remote plasma at 550 and 525 °C, re-
the Au onto the ZnO surface and to varying depths below thépectively, and cooled in the unignited plasma ambient,
surface during each evaporation would be sufficient to caus@ucleated and initially grew via the Volmer—\Webigsland
core-level shifts as a function of the thickness of the Au layefmode. It is presumed that the similarly deposited Au
that, in turn, would influence the values @. The optical  Schottky contacts initially grew via the same mechanism.
observation of the contacts to be used for th& measure- Calculations USing thé—V results obtained from the best
ments was an important step, as some of the voids extendé@ntacts deposited on trex situcleaned, as-loade(®001)
through the bulk of the substrate and others were joined to-(0001)] surfaces revealed a reverse bias current density of
gether to make a larger void and pinholes in the contacts=~0.01(~0.1) A/cm? to 4.6 (3.75 V and ideality factors of
These extended defect@and associated contagtsvere  n>2 for both surfaces before sharp, permanent breakdown
avoided in thd —V measurements; however, they very likely (soft breakdowh occurred. These results were ascribed to
influenced the photoemission data. the presence 01.6—2.0+0.1[(0.7-2.6+0.1] ML of hy-
The contacts deposited on tk@001) surface were also droxide, which typically increases the surface conductivity
heated to 80+5 and 150+5 °C and the electrical propertiesia the formation of an accumulation layer. The results of
determined at these annealing temperatures, as shown XPS and UPS studies showed that plasma cleaning and cool-
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