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Interfacial reactions of Ti /n-GaN contacts at elevated temperature

C. J. Lu,® A. V. Davydov,” D. Josell, and L. A. Bendersky
Materials Science and Engineering Laboratory, National Institute of Standards and Technology,
Gaithersburg, Maryland 20899

(Received 27 December 2002; accepted 11 April 2003

Interfacial reactions in Ti/GaN contacts have been studied using conventional and high-resolution
transmission electron microscofyEM), energy-filtered TEMEFTEM), and x-ray diffraction. The

thin film contacts were fabricated by evaporating Ti ;iGaN and subsequent rapid thermal
annealing in argon. An x-ray result shows that the as-deposited Ti on GaN is an epitaxial hcp phase,
whereas a fcc phase was identified from the as-deposited metal layer in cross-sectional TEM
specimens. This phenomenon is interpreted as the transformation of hcp-Ti phase to, fedrase

by hydrogen incorporation during TEM specimen thinning. At elevated temperature, first gallium
and then nitrogen diffused into the metal layer. The reaction front moved into the Ti layer, and after
annealing at 700 °C many voids were formed along the Ti/GaN interface at the GaN side. A
sequence of phases GaN/TiNJGaN/TipGa/Ti was identified in annealed contacts, and
corresponds to the expected diffusion path. The ternary pha&aNiwas confirmed with electron
diffraction and EFTEM. A planar TiN layer, which formed in direct contact to the GaN, presumably
governs the electrical properties of the alloyed contact.2@3 American Institute of Physics.
[DOI: 10.1063/1.1579128

I. INTRODUCTION interface formation. X-ray diffractiofXRD) and various
transmission electron microscopyEM) techniques, includ-
ing selected area electron diffractié®AED), energy-filtered
TEM (EFTEM), and high-resolution electron microscopy
?ﬁRTEM), are used to obtain chemical and structural infor-
l\Enation from nanoscale interface areas.

Current progress in the fabrication of nitride-based elec
tronic and optical devices, such as visible light-emitting di-
odes and metal-semiconductor field-effect transistors, mak
the formation of reliable metal contacts to GaN essehfial.
The development of thermally stable ohmic contacts to Ga
is one of the main challenges for GaN-based devicq, gxpERIMENT
technology: At elevated temperatures the onset of metal—

GaN reactions can change the interface chemistry and mor- Hydride vapor phase epitaxy4VPE) grownn-GaN thin
phology substantially, a general concern in the fabrication ofilm on c-sapphire, supplied by Technologies and Devices
Ga—N based devices. However, the nature of these metdipternational, Inc1? was used for the Ti contact studies. Be-
GaN interactions is not well understoddt also remains fore being loaded into the vacuum system for metal deposi-
unclear just how the changes in interface morphology andion, the GaN surface was degreased sequentially in boiling
chemistry affect the electrical properties of the contact. ~ chloroform, acetone, and methanol. The degrease was

Many efforts to reduce the ohmic contact resistance ofollowed by an etch using a cold solution of HRE:®I(1:1)
metal contacts om-GaN epilayers have been reported for 20 s. The etch was terminated using a boiling
recently’>~® The metallization schemes generally include Ti NHsOH:H,0,:H,0 (1:1:3) bath followed by washing in
as the first metal layer. Smitkt al® reported that interfacial Poiling deionized water. Finally, the GaN surface was blown
reactions between the Ti-based contacts anchitsaN can  dry with nitrogen. A 22 nm thick Ti layer was deposited at
beneficially affect the electrical properties of the contacts. I700mM temperature by electron-beam evaporation. The base
particular, studies have indicated that formation of a TiNPressure of the chamber was 8.80"°Pa and pressure was
layer may be important for ohmic contact development bemaintained below 210" °Pa during deposition. After
cause of its low work function and the creation of nitrogenmetallization, the material was cleaved into smaller samples.
vacancies in the GaN below the contact layer when the Tihe samples were annealed in a rapid thermal annealing
and GaN react’ *° Cordes and Charyalso identified the (RTA) furnace at temperatures between 400 and 700 °C for
diffusion path of GaN/TiN/TiGaN/Ti,Ga/Ti at reacted Ti/ 30 s in flowing argon that had been freed of oxygen and

GaN interfaces using diffusion couples, though the reactiofvater vapor using a titanium getter furnace.
mechanism was not clearly identified. XRD scans were collected at ambient temperature on a

The present investigation focuses on the temperaturestandarde-ze diffractometer in symmetric reflection geom-

induced morphological and chemical changes of-BaN  etry using ClKa radiation. The cross-sectional slices for
TEM investigation were obtained by cutting the Ti/GaN

Zc.amples along the (ﬂ)a plane of the GaN, gluing the cut

dpresent address: Department of Physics, Hubei University, Wuhan 43006

People’s Republic of China pieces with _the Ti f:oqtings fa_cing ianrd, z_and then thinning
YElectronic mail: davydov@nist.gov by mechanical grinding, polishing, dimpling, and Ar-ion
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FIG. 1. XRD scans of Ti thin films on GaN/sapphirfe) as-deposited and

(b) annealed at 500 °C.

milling. The TEM investigations were carried out on a Phil-
ips EM430 microscope operated at 200 kV and on £nd dooy for the fcc phase are about 0.255 and 0.221 nm,

JEOL3010(300 kV) microscope with point-to-point resolu- "€SPectively.

tion of 0.167 nm. High resolution and energy-filtered images

Lu et al.

(0002) GaN reflection at 34.65°, only a peak a® 2
=38.46° @=0.234nm) is seen for 2in the range 34°—
41°. This peak corresponds to the (0002) reflection of the
equilibrium hexagonal closed-packéutp phase of bulk Ti
(see Table)l Thus, as one might expect, the XRD results
indicate that the Ti film deposits with an orientation
(0002) hep-Ti/(0002) GaN.

Interestingly, the x-ray result is inconsistent with most
TEM observations; in the majority of cross-sectional TEM
specimens, the Ti layer has a face-centered c(fb@ struc-
ture. Only a few TEM specimens exhibited the hcp-Ti phase
indicated by the XRD results. Figurg& shows a typical
bright field TEM image of the cross-sectioned Ti film. Figure
2(b) is the SAED pattern from this area, taken algiid20]
GaN. The GaN diffraction spots are indicated with an “X.”
The remaining spots belong to the metal layer and index as
two twin variants of an fcc phase viewed along {H4.0].

The two variants in the metal layer are visible as either dark
or bright regions in Fig. @). The measured spacings;

The fcc crystal structure does not appear on the equilib-

were recorded on the JEOL 3010 with a slow-scan chargBUM. pressure-temperature phase diagram of bufk Fur-
coupled devicdCCD) camera. Elemental distribution maps thermore, the measured lattice constant of the fcc phase (
of Ga, N, Ti, and O were acquired by energy filtered imaging= 0.442 nm) differs significantly from the 0.415 nm value
using the three-window methdd.The maximum scattering ©Obtained from strain analysis of quantitative low-energy
angle was determined by the objective lens aperature, yieldlectron-diffraction data for 2.5 nm thick Ti films on (001)Al
ing an acceptance half-angle=4.5mrad and associated as well as the 0.411 nm value theoretically calculated for

spatial resolution of 0.55 nm. fcc-Ti (see Table)l
The epitaxial growth of fcc-Ti thin films up to tens of

IIl. RESULTS nanometers thick has been reported on various substrates:
_ . NaCl single crystald® (001)Ni, 1® and SiC semiconductdf.
A. As-deposited Ti film on GaN Face-centered-cubic Ti has also been reported to exist in ul-
Figure 1 shows an XRD scan of the as-deposited Ti andrathin (less than 2 nm thicKTi films deposited on (011)Al,
500 °C annealed thin films on GaN/sapphire. Aside from thé®® and (001)AI*-?'as well as in cross-sectional Ti/Ni and

TABLE I. Lattice spacings of possible interfacial phasegernational Center for Diffraction Data

Phase Symmetry Lattice constaritsn) d spacing(nm) (hkl)
a-Ti Hexagonal a=0.295 0.256 (10_1)) 0.234 (0002)
P65 /mmc =0.469
y-Ti Cubic 0.411 0.237 (111) 0.206 (200)
Fm3m calculated
y-Ti Cubic 0.415 0.240 (111) 0.208 (200)
Fm3m measured]
TiH, Cubic 0.445 0.257 (111) 0.223 (200)
Fm3m
TiN Cubic 0.424 0.245 (111) 0.212 (200)
Fm3m
TiO Cubic 0.418 0.241 (111) 0.209 (200)
Fm3m
Ti;Ga Hexagonal a=0.574 0.497 (10D) 0.231 (0002)
P63/mmc c=0.463
Ti,GaN Hexagonal a=0.300 0.260 (10_1)) 0.666 (0002)
P63/mmc c=0.133
a-GaN Hexagonal a=0.319 0.276 (10D) 0.259 (0002)
P6;mc c=0.518

@A. Aguayo, G. Murrieta, and R. de Coss, Phys. Re\633092106(2002.

PReference 19.
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FIG. 2. (a) Bright field TEM image of the as-deposited Ti film on GaN,
along with(b) the corresponding SAED pattern showing the combined pat-

terns of[11§O]GaN//[1T0]fcc-TiHX. All GaN spots are indicated with an
“X.” The fcc- TiH , exhibits two twin orientations on the GaN surface, and
here one is indexed, and spots from the other are also present.

Ti/Al multilayers 152> However, all the reports were based on
TEM investigations; it was also demonstrated that fcc-Ti in
Ti/Al, Ti/Ni, and Ti/Zr multilayers formed merely as an arti-
fact of the specimen preparation for cross-sectional
TEM.Z=2" Importantly, fcc phases exist for hydrides, ni-
trides, and oxides of Ti~3? Elemental maps of the metal
layer (not shown eliminate the possibility of either an oxide
(35-55 at. % Qor nitride (28—-50 at. % N phase aside from
in the top 5 nm of the layeéf?® However, the inability to
detect hydrogen in elemental maps by energy-filtered imag-
ing means that a hydrogen-ri¢b1-67 at. % Hi phase is a FiG. 3. Cross-sectional HRTEM images showing the surface layer of the
possil:)ility_so‘32 Moreover, the measured spacingﬁl and as-deposited Ti film. The surface layer was contaminated by oxygen, prob-
dooz for the fcc phase agree well with those of fcc-Jitsee ably in the form of water v_apon(.a) A twin-like boundary was formed be-
Table ), consistent with the presence of a fec-TiHL <x tween fcc-'_l:{H,_O) and fcc-TiH,, and(b) the_ surface layer show; three-_layer

. . : repeat moirefringes due to the overlapping of fcc{H,O) grains having
<2) phase in the cross-sectional TEM specimens. twin orientations.

The measured lattice parameter of the fcc-Ti material in

Ti/Al multilayers was also reported to be 0.442 Afsimilar
to that of fcc-TiH,, and suggesting hydrogen pickup as theby cross-sectional TEM are understood to require confirma-
source of the hcp to fcc transformation artifact in that case aion by another techniquée.g., XRD.
well. Relevantly, the formation of fcc-based hydrides in  Itis evidentin Fig. 2a) that a 5 nnthick surface layer of
thinned TEM specimens is well documented for Ti andzr, the Ti film exhibits different contrast than the remainder of
hydrogen stabilizes the fcc phase of Ti as an octahedral dhe Ti layer. Energy-filtered imaging indicates the presence
tetrahedral interstitial®* In any case, the observation of the of 0xygen in this region. The oxygen, probably in the form
expected hcp-Ti phase peak in the XRD indicates that the fcef water vapor, was likely adsorbed on the film surface when
phase observed by TEM is merely an artifact of TEM specithe specimen was exposed to air. Figure 3 shows two typical
men preparation. The hcp-Ti structure in Ti/Al multilayers cross-sectional HRTEM images for the entire Ti layer. The
has been stabilized in TEM cross sections when using ioimage of Fig. 8a) includes a twin boundary on the 11)
mills with liquid nitrogen cooling and clear(oil-free) plane, which is parallel to the Ti/GaN interface. Above the
vacuum system$: Therefore crystal structures determined boundary the phase is(H,0) and below the boundary it is
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axis image. EFTEM observatiorisot shown indicate that
gallium has diffused into a portion of the Ti layer, as indi-
cated in Fig. 4b). The complicated contrast in this region is
probably related to the Ga alloying. No nitrogen was de-
tected in the Ti layer though the elemental map of oxygen
shows that a small amount of oxygen is distributed homoge-
neously over the entire metal layer. It is believed that the
oxygen that was originally adsorbed on the top surface of the
as-deposited Ti film diffused into the entire Ti layer during
the 400 °C anneal.

EFTEM results(not shown indicate that at 500 °C ni-
trogen started to diffuse into the metal layer following the
diffusion of gallium. In the XRD scan of the Ti/GaN contact
annealed at 500 °Qsee Fig. 1, the (0002) reflection of
hcp-Ti disappears and a new peak appears @& 2
=37.33° @=0.241 nm). Presuming that the new peak cor-
responds to the (111) reflection of an fcc-Ti phase, one ob-
tains the lattice parametar=0.417 nm(see Table); impor-
tantly, an fcc phase with this lattice parameter was also
observed in cross-sectioned TEM specimens. The XRD and
TEM results together indicate that the hcp phase has indeed
transformed to the fcc structure during the 500 °C anneal.
The fcc phase is not pure metal; it is stabilized by the pres-
ence of nitrogen and oxygen.

Figure 5 shows cross-sectional elemental maps of the
Ti/GaN contact annealed at 600 °C, along with a bright field
image of the contact structure. The N m@pK edge at 394
eV) in Fig. 5b) indicates nitrogen has diffused into the Ti
layer to form a 5-nm-thick Til)l near-interface layer. Above
FIG. 4. HRTEM images showinda) the Ti/GaN interface of the as- the near-interface layer, a Ga-rich layer has formed, as
deposited film, andb) the Ti/GaN interface after annealing at 400 °C. shown in Fig. &d). A corresponding region of intermediate
Ti content is visible in the Ti map of Fig.(8), suggesting
that a Ti—Ga intermetallic compound layer has formed above

T”:]X' In F'g't 3(fb) ﬂlf tfop IayerTEf thehmetatlj flllr::. Sh?\.NS the near-interface TiNlayer. The O map in Fig. (&) indi-
enhancement o (111) fringes. e enhanced 1attice MNIEg,o ¢ hat the top region of the Ti film is contaminated with
are moirefringes due to overlapping twins; because the dif-

: . . xygen while the oxygen content in the near-interface,
ference between the diffraction vector (002) of one twin andﬁ itrogen-rich region is much lower.

the vector alf) of another twin equals 1/3 the diffraction SAED and HRTEM were used to identify the interface

vector (111) of the two twins, i.e., Ag=(doodwminn  phases. Figure (8 is a bright field image of the Ti/GaN

— (911D win2= 39111 [see Fig. 2b)], the moirefringes exhibit  contact annealed at 600 °C and the SAED pattern from this

a three-layer repeat contrast. region is shown in Fig. ®). The GaN spots are indexed and
Figure 4a) is a HRTEM image showing the Ti/GaN in- indicated by an X in Fig. @®). Four spots around

terface of the as-deposited specimen; steps along the Ti/Ga{‘iTOl)GaN are denoted by 1, 2, 3, and 4; the measured
interface are indicated. Within the first 3 nm from the inter-gpacings for the spots ath =0.263 nm,d,=0.245 nm, d5

face, the Ti layer contains numerous misfit dislocations and- 229 nm, andd,=0.211nm. The spacingd, and d,
microtwins. One such small twin is located at the left side ofagree well with thed;;; and dag of TiN (see Table )L The

the image. Energy-filtered chemical mapping indicates NQpacingd, is closest to thel;1o, value of TbGaN while the
chemical diffusion at the interface between the as-depositeghye ofd, is close to thedyg, of TisGa (see Table)l Thus

Ti and GaN. the SAED results suggest the formation of TiN;GaN, and
TizGa in the contact structure. Figure 7 shows a lattice image
B. Evolution of the Ti /GaN interface at elevated of the near-interface region of the contact annealed at 600
temperatures °C, taken along the direction QﬂlEO]GaN. In the first 5
According to XRD resultgnot shown, the Ti film still nm adjacent to the GaN surface one can see three-layer re-

has an hcp structure after the 400 °C anneal. As with th@eat contrasts indicated by arrows. These mbirges are
as-deposited specimen, it was found that the annealed Ti filfrequently seen due to the overlapping of nanoscale fcc-TiN
transformed to an fcc phase during TEM specimen preparagrains having twin orientationgas per the discussion for
tion. Figure 4b) is a cross-sectional HRTEM image of the fcc-Ti(O) twins in Sec. Il Al. Above the first 5 nm the lattice
Ti—GaN contact annealed at 400 °C; lattice planes for the fcamages are irregular, suggesting the presence of very small
phase, presumably TiH are indicated on thi§110] zone Ti—Ga and TjGaN grains as well as fcc-{N) or Ti(O,N).
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FIG. 6. (a) Bright-field TEM image of the Ti/GaN contacts annealed at
600 °C, along with(b) the SAED pattern from the region. The GaN spots
are indicated by an “X” and are indexedb) The combined patterns of

Ti-Ga intermetallic [1120]GaN/[110]Ti(N,0)//[ 1120]Ti,GaN+ Ti;Ga.
compound

FIG. 5. Cross-sectional EFTEM images of the Ti/GaN contact annealed at
600 °C: (a) bright-field image of the contact structurdg)—(e) elemental
distribution maps of the elements N, Ti, Ga, and O for the same ar@. in

Growth of the TiN grains was observed in the specimens
annealed at 700 °C. Figurde® shows the lattice image of a
large TiN grain in g 110] orientation. The interplane spac-
ings of the grain are measured to He;;=0.244nm and
dgo>=0.210 nm, in good agreement with values for Ti¢e
Table |). More significantly, while the Ti/GaN interface was

still flat and sharp after annealing at 600 PEigs. Ga) and
EIG. 7. HRTEM image showing the TiN interface layer of the contact an-

7]’ the interface %e(?metry Changed SUbStantl.a”y when It_ Wanealed at 600 °C. The three-layer repeat contrast indicated by arrows are
annealed at 700 °C; numerous nanoscale voids formed in thﬁoiréfringes due to the overlapping of fcc-TiN grains having twin orienta-

GaN just under the interface. Six of the larger voids aretions.
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FIG. 8. HRTEM images showing the near-interface structure of the contact ] ] ) ]
annealed at 700 °Ga) A large TiN grain was identified at the interface, and FIG. 9. (a) Bright-field TEM image of the Ti/GaN contacts annealed at
(b) another region including a void just under the interface, which is indi- 700 °C, along with(b) the SAED pattern from the regioth) The combined

cated with a dashed line. patterns 01[1120]GaN//[1§)]Ti(N,O). All GaN spots are indicated by an
“X" and the spots of fcc-T(N,O) are indexed. Ina) the interface is indi-
cated by a dashed line while voids under the interface are marked with

indicated in a bright field imagsee Fig. 8a)] of the Ti/GaN .0 vheads.
contact annealed at 700 °C. An HRTEM image of one void is
shown in Fig. 8b). The SAED pattern from the region

shown in Fig. @) is shown in Fig. ®); it is the combined  taxjally on the GaN. After annealing at 500 °C for 30 s in Ar,
patterns off 1120]GaN/[110Q]TiO,//[110]TiN,. The mea- the film transformed into an fcc structure. This fcc-Ti phase
sured spacings ofl;;;=0.242 nm anddyp,=0.210nm are is believed to be stabilized by a small amount of nitrogen,
close to those of TiO and Tilksee Table)l Thus, SAED and  which has begun to diffuse into the Ti at this temperature. It
HRTEM results suggest the presence of J&dd TiN,inthe  has been reported that the early nitriding stage of
contact annealed at 700 °C, confirmed by EFTEM observaevaporated-Ti thin films by N-ion implantation is accompa-
tions. Figure 108) shows a bright-field image of the Ti/GaN nied by the transformation of hcp-Ti to TNy could be
contact annealed at 700 °C and Figs(1610(€) are the <0.027) with an fcc-Ti sublattice® The same group re-
elemental distribution maps of the elements N, Ti, Ga, and Gported that the implantation of N can dissociate H from
for the same region in Fig. 18). This region includes two fcc-TiH,. Both those results are consistent with the crystal
voids denoted by 1 and 2 which appear as dark regions in afitructure change after the 500 °C anneal indicated here by
the elemental maps. Above the voids is a very tféss than  XRD (Fig. 1), the displacement of oxygen by nitrogen at 600
2 nm) layer containing Ti, Ga, and N, followedyba 4 nm  °C indicated here by EFTENFig. 5), and elimination of the
thick TiN layer [see Figs. 1()—10(d) near the interface  fcc-TiH, artifact phase in the TEM specimens of contacts
Above the TiN layer is a Ti—Ga layer 5 nm thick. In this after anneals at 500 °C and above.
layer, some regions are Ti-rich while others are Ga-fsde In this study, a planar TiN layer formed in direct contact
Figs. 1Qc) and 1@d)]. One can see from Fig. 1€ that the  to the GaN after annealing at 600 °C. This is consistent with
near-interface TiN layer contains much less oxygen than the previous report that a thin TiN layer was observed by TEM
region immediately above it. Figure Dshows an electron even in as-deposited Ti contacts on GaN substrate treated by
energy loss spectromettZELS) spectrum acquired from the reactive ion etching? although no evidence of a TiN layer
small area circled in Fig. 18). It can be estimated that the was found in the as-deposited Ti/GaN in this study by either
content of oxygen in the top layer is less than 20 at. %XRD or high-resolution EFTEM. A transformation of the
Therefore the top layer is an fcc{@) phase in the TEM hep-Ti on GaN to fce-Til during TEM specimen thinning
specimen. was observed; it was, however, merely an artifact of TEM
specimen preparation. Careful analysis of both XRD and
IV. DISCUSSION TEM results was necessary to avoid confusion, particularly
All XRD and TEM analyses are summarized in Table II. in light of the presence of fcc phases including the artifact
The as-deposited Ti film has an hcp structure and grew epfcc-TiH, as well as the actual fcc-TiN and other phases. Use
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FIG. 10. (a) Bright-field TEM image
of the Ti/GaN contact annealed at
700 °C, taken along the zone axis of
[1120]GaN; (b)—(e) elemental distri-
bution maps of the elements N, Ti, Ga,
and O for the same region i@). (f)
EELS spectrum acquired from the
small area circled in@). Two voids
under the interface are indicated with
1 and 2.

Energy Loss (eV)

of liquid-nitrogen cooling and clean vacuum systems wouldthose obtained by x-ray photoelectron spectroscopy depth
help to stabilize the hcp-Ti structure during TEM specimenprofiling of chemical diffusion between a Ti thin film and
ion-milling. GaN? Depth profiles of gallium visible above an interface

The diffusion path: GaN-TIN—Ti;GaN—-TisGa  |ayer with a composition consistent with TiN, after annealing
—Ti(N) has been previously identified using the Ti-Ga—N 4 700 °C for 25 min in Ar, are qualitatively consistent with
phase diagram and interfacial analysis in bulk dn‘fusmnthe TEM observations shown here.

couples of Tifoil /GaNpressed powgafter 850 °C anneal- In the observed interfacial layer sequence, the formation

ing for prolonged timé! This study of thin film Ti/GaN . o . . )
structures has identified a similar phase formation sequencoef a TiN phase is likely very important. TiN has a NaCl-type

in a series of 30 s anneals at temperatures between 400 angucture and has a reasonably close lattice match to hexago-
700 °C. The results obtained here are also consistent witAal GaN (=5.9%) in the closed-packed 11} planes. Con-
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TABLE Il. Summary of the XRD and TEM results.

Annealing temperature XRD TEM phases and morphology EFTEM and EELS
As-deposited hcp-Ti fce-Tidwith twins or hep-Ti O at surface layer
400 °C hcp-TiO) fce-TiH,(O) with twins O in whole layer, Ga started to diffuse into the Ti layer
500 °C fcc-TiN,O) fcc-Ti(N,0) N started to diffuse into the metal layer
600 °C TiN/TLbGaN/TizGa, TiN next to GaN Ti—Ga alloy above TiN
700 °C TiN/Ti-Ga, Voids under interface Heterogeneity in Ti—-Ga layer

sistently, it was found in this study that TiN produced via thecessing, S. W. Claggett and R. L. Parke of NIST for TEM

reaction of Ti with GaN, tended to orient {411} planes SPecimen preparation, and J. E. BonewisST) for helpful

with the GaN basal plane. The TiN layer was also found todiscussions.

be thermally stable and to inhibit oxidation from 500 to

700 °C. 1G. Popovici, H. Morkoc, and S. N. Mohammad, Group I Nitride Semi-
TiN is thermodynamically stable in contact with GaN conductor Compounds, edited by B. GElarendon, Oxford, 1998 pp.

and most likely governs the electrical properties of the al-2y oo
6y g . . Prop i 2A. Barinoy, L. Casalis, L. Gregoratti, and M. Kiskinova, Phys. Rev63
loyed contact® Both Ti and TiN are low work function met-  085308(2001).

als, though TiN has the lower valueg{,=4.1eV,drn 3M. A. Khan, J. N. Kuznia, A. R. Bhattarai, and D. T. Olson, Appl. Phys.

= i _ _ Lett. 62, 1786(1993.
3.74e\(). Thus, according to Fhe Schottky.Mott Bardeen4A. N, Bright and C. 3. Humphreys, Philos. Mag. BL 1725
model, TiN should more readily form ohmic contacts to (5491

n-type semiconductors. Furthermore, the reaction of Ti withm. E. Lin, Z. Ma, F. Y. Huang, Z. F. Fan, L. H. Allen, and H. Morkoc,
GaN results in the formation of N vacancies in the GaN Appl. Phys. Lett64, 1003(1994. _ _
layer® which function as shallow donors and promote higher M- W- Fay, G. Moldovan, P. D. Brown, I. Harrison, J. C. Birbeck,

L . B. T. Hughes, M. J. Uren, and T. Martin, J. Appl. Phy32 94
conductivity of the Ti/GaN contacts. (2002. ¢ PP Phyaz

During formation of the reaction phases, the reaction’s. H. Lim, W. Swider, J. Washburn, and Z. Liliental-Weber, J. Appl. Phys.
front moved toward the Ti layer, as determined by the pres- 88 6364(2000.

- . . o~EL. L. Smith, R. F. Davis, R. J. Liu, M. J. Kim, and R. W. Carpenter, J.
ence of voids on the GaN side after annealing at 700 °C Mater. Res 14, 1032(1999.,
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