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Ti/Al/Pt/Au ohmic contacts om-type ZnO with a range of carrier concentrations (78—
1.5x107° cm %) show as-deposited specific contact resistances in the range frod03

to 8xX10 7 Q cnm?. Temperature-dependent measurements showed that the dominant transport
mechanisms were tunneling in the contacts in the most highly doped films and thermionic emission
in the more lightly doped films. After annealing at 200 °C, the lowest specific contact resistance
achieved was 22108 Q cn?. However, the contacts show evidence of reactions between the Ti
and the ZnO film even for this low annealing temperature, suggesting that applications requiring
good thermal stability will need metallurgy with better thermal stability. 2@04 American
Institute of Physics.[DOI: 10.1063/1.1644318

Currently, bulk and thin-film ZnO are attracting attention dependence of contact resistance for Ti/Al/Pt/Au ohmic con-
for applications to UV light-emitters, varistors, transparenttacts onp-doped,n-type ZnO thin films. A minimum specific
high-power electronics, surface acoustic wave devices, picontact resistance in the 10to 108 Q cm™? range was
ezoelectric transducers, gas sensing, and as a window matghtained.
rial for display and solar cells. It has some advantages rela- The phosphorus-doped ZnO epitaxial films in this study
tive to GaN because of its availability in bulk, single-crystal were grown by pulsed-laser depositi¢RLD) on single-
form, and its larger exciton binding energy60 meV, cf.  crystal(000) Al,O; substrate, using a ZnQsp, target and a
~25 meV for GaN.}~2! Recent improvements in the quality KrF excimer laser ablation souré®The laser repetition rate
and control of conductivity in bulk and epitaxial ZnO have and laser-pulse energy density were 1 Hz and 3 Fcme-
increased interest in the use of this material for shortSPpectively. The films were grown at 400°C in an oxygen
wavelength light emitters and transparent electrohiésln  Pressure of 20 mTorr. The samples were annealed in the PLD
addition, ZnO is lattice-matched to InGaN at an In composi-chamber at temperatures ranging from 425 to 600°C4n O
tion of ~22%, raising the possibility that integration of the ambient(100 mTor)p for 60 min. The regultmg film thickness
two materials to provide enhanced functionality may ber@nged from 350 to 500 nm. Four-point van der Pauw Hall

possible?? Transparency to visible light provides opportuni- measurements were performed to obtain the carrier concen-

ties to develop transparent electronics, UV optoelectronicd/@tion and mobility 5in the films.0 Theﬁgarri'er concentrations
d from 7.5 10" to 1.5x 10?° cm 3, with correspond-

and integrated sensors, all from the same material system. [R9€d from 7. P

some respects, the semiconducting properties of ZnO comi?d mobilities in thl_e rangehfrom 16 to 6 cV's.™ .
pare favorably to those of the GaN system. ZnO is a direct- Trar;smlssmn ine methofLM) patterns, _con3|st|ng 0
bandgap semiconductor, with;=3.2 eV. The bandgap of 100 um* contact pads and gap spacings varying from 5 to 80

ZnO can be tuned via divalent substitution on the cationt™ WE€r€ created by dry etching of mesa and lift-off .Of
site?2=24Cd substitution leads to a reduction in the bandga e-beam-evaporated metals. The samples were etched in an

to ~_3.0 eV. Substituting Mg on the Z_n site in epitaxial filmséungxg‘nzgg ;iiﬁorrzsge?;\g; Higlc?esrmsar\:]v'llfgr?isrglszvl\ﬁec’fzoo

can increase the bandgap to approximately 4.0 eV, while still,’ rf’ power, and ’500 W induc’éively coupled plasma pO\,NeI’

maintaining the wurtzite structure. The electron Hall mobil- Ll . )

L : . i ls ! for 3 min. The samples were then deposited with(2Z00

ity in ZnO single crystals IS on the order of 200C s A)IAI (800 A)/Pt (400 A)/Au (800 A) by e-beam evapora-

at room temperature. While the electron mobility is S“ghtlytion After metal deposition, the samples were annealed in a

lower than for GaN, ZnO has a higher saturation velocity. Hea.tpulse 610 T system at ’200 °C for 1 min ip Ambient. A
Akey aspect of developing ZnO for these applications iSsecondary electron image of the ohmic contact pads on a

the realization of high-quality ohmic contacts. Past viork’

o . ZnO mesa is shown in Fig. 1.
has demonstrated specific contact resistances frarh03 4 g

10-7 O e f ¢ | sch includi The specific contact resistancg ] was derived from
to 9x 10 ¢ for a range of metal schemes INCluding o 11 m-hased measurements on Agilent 4156C precision
nonalloyed In, Pt-Ga, and Ti/Au. A promising contact metal-

I A semiconductor parameter. The measurement temperature was
lurgy is TI/AI/PUAu,™ which is also commonly used on \oqated with a Wentworth Labs Tempchuck TC-100, rang-
GaN. In this letter, we report on the carrier concentratloning from 30 to 200 °C. The interdiffusion of the metal layers
was examined by Auger electron spectroscOfiES) on a
dElectronic mail: spear@mse.ufl.edu Physical Electronics 660 scanning Auger microprobe with a

0003-6951/2004/84(4)/544/3/$22.00 544 © 2004 American Institute of Physics
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FIG. 1. Scanning electron micrograph of TLM ohmic contact pads on znoFIG. 3. Specific contact resistance versus measurement temperature of as-
mesa. deposited ohmic contact measured at 30 °C, and after annealing at 200 °C, 1

min measured at 30 and 200 °C.
10 keV, 1 uA beam at 30° from the sample normal. Depth

profiling during AES analysis was achieved by sputtering . h fh .
with a 3 keV Ar-ion beam at a current of 22A rastered over perature. Flgurg 3 shows asummary o t € contapt resistance
data as a function of carrier concentration, for different an-

a 3 mnt area. The sputter rate for the metals was in the range -
. Aeal conditions and measurement temperatures. The lowest
of 90 to 200 A/min.

. e ontact resistances obtained in the annealed samples, 3.9
Figure 2 shows the dependence of specific contac ~7 g . .
. . . ““x10°7 Qcen? and 2.2 108 Qcn?, were obtained in
resistance for as-deposited Ti/Al/Pt/Au, and also carrier : . . 00%9 3
concentration in the ZnO films on the post-growth anneal samples with carrier concentrations of . cm ~mea-
. bost-g : sured at 30 °C and 2:410'® cm™ 2 measured at 200 °C, re-
ing temperature. In general, the contact resistance is lower

for higher carrier concentrations, with a minimum vaIueSpeCtively'
for 8x107 Qcn? at a carier concentration Finally, Fig. 4 shows AES depth profiles of the Ti/Al/

of 15x10° cm® At this high carrier density, _Pt/Au contact after anngahng at 200 °C. The initially sharp
. . interfaces between the different metals are degraded by reac-
tunneling was found to be the dominant transport,. . . '
; . o . tions occurring, especially between the Ti and the ZnO to
mechanism, with the specific contact resistdice,

. - form Ti-O phase®*° and between the Pt and Al. We found
~exd(2Vesm* /%) (¢sn/VNp)], whereq is the electronic . ; : )
charge. g, the barrier heightes the ZnO permitivity,m* that anneals at 600 °C almost completely intermixed the con

> ) tact metallurgy. Low thermal stability of both ohmic and
:jheennge?:: ngz%i;:zgﬁlé: cc):r?r:jsgainnt, ?snglt?rigliaﬂ?:to(; th Schottky contacts on ZnO appears to be a significant prob-
Y Y. 9 ) ping I em in this materials systeff,and clearly there is a need to
Np ™ term. At lower carrier concentrations, temperature-

. o investigate refractory metals with better thermal properties if
dependent measurements over a fairly limited raf@@- 9 Y brop

L L . applications such as high-temperature electronics or lasers
200 °Q showed that thermionic emission was the dominant pp 9 b

. . ) i high iti lized.
transport mechanism, with the contact reasté?mpc operating at high current densities are to be realized
= (k/gA* T)exp@Qeg,/KT), wherek is Boltzmann’s constant,

A* the Richardson constant, afidthe measurement tem-
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FIG. 2. Carrier concentration of epi-ZnO and specific contact resistance of
as-deposited ohmic contacts measured at 30 °C versus post-growth annédG. 4. AES depth profiles of Ti/Al/Pt/Au ohmic contacts to ZnO after
temperature. annealing at 200 °C.
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In summary, specific contact resistances in the range dfM. Joseph, H. Tabata, and T. Kawai, Jpn. J. Appl. PBgsL1205(1999.

10 7 to 10 8 Q cn? were obtained for Ti/Al/Pt/Au contacts
on heavilyn-type ZnO thin films, even in the as-deposited
state. However, the contacts show significant changes i
morphology even for low-temperatuf200 °Q anneals, and
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should be investigated.
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