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of Ta/Ti/Ni/Au contacts to n-GaN
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A metallization technique has been developed for obtaining low resistance Ohmic contact to
n-GaN. The metallization technique involves the deposition of a metal layer combination Ta/Ti/
Ni/Au on ann-GaN epilayer. It is observed that annealing at 750 °C for 45 s leads to low contact
resistivity. Corresponding to a doping level ok80' cm ™3, the contact resistivity of the contact
ps=5.0<x10"Q cn?. The physical mechanisms underlying the realization of low contact
resistivity is investigated using current—voltage characteristics, x-ray diffraction, Auger electron
spectroscopy, transmission electron microscopy, and energy dispersive x-ray spectrometry.
© 2004 American Institute of Physic§DOI: 10.1063/1.1633660

I. INTRODUCTION In this article we describe the electrical, microstructural,
and thermal stability properties of a multilayer Ta/Ti/Ni/Au
The last several years have witnessed a very rapi@ontact(see Fig. 1 metallization scheme developed to form
progress in the [lI-V nitride materials and technology for|gw resistance Ohmic contacts teGaN. One primary ob-
both microelectronic and optoelectronic applications. Theective is to investigate the combined nitride forming effect
success of llI-V nitride devices rests largely on the realizays T4 and Ti in the reaction with-GaN. It is expected that
tion of high-performance metal/semiconduct®f/S) con- e carrier tunneling facilitated by this reaction will lead to
tacts. Many different metals and metal combinations havgne creation of a low resistance Ohmic contact. Both Ta and
been tried to obtain these contatts’ Tantalum(Ta), which metals are known to react with GaN and AlGaN, forming

VAVIaGS Zlio fused .fto.rd thlsTpL:)rposg, 'St kIrImV\;n to rfé?‘amght TaN and TiN, respectivel{#'°Although the Ta/Ti metalliza-
f‘ o formnitrides. fa-based meta 'Z? lon reterred o aS;on scheme has been used successfully to form Ohmic
an “advancing interface contact scheme” has been used to

) . contactd®’to p-GaN, no Ta/Ti metallization seems to have
form source and drain contacts to AlIGaN/GaN high electro b . .
- ) .been made for the Ohmic contactrieGaN. The basic idea
mobility transistors. It has been observed that, upon rapi

thermal annealingRTA), a part of the AlGaN barrier layer is underlying the Ta/Ti/Ni/Au multilayer contact is that the thin

consumed by the reaction between Ta and the AlGaN aIonTa layer in intimate contact with-GaN, and a Ti Iay_er on )
top of the Ta layer, would undergo a substantial solid

Such a reaction modifies the interface between the metal arH]e

the semiconductor. The carrier tunneling from the sourcepha_'Se reaction ywth-GaN du'nng RTA of the structure,r%o-
drain regions to the channel region is thus enhanced. ducing low resistance Ohmic contacts. As may be noted

from Table I, tantalum has a work function of 4.25 eV, which
_ is sufficient to produce Schottky contactsrteGaN. In gen-
dSummer Faculty Fellow, U.S. Naval Research Laboratory, Washington, D

20375; author to whom correspondence should be made; electronic maﬁ?ral’ Sch(_)ttl_<y contacts have nonliner current—voltagev)
snmohammad2002@yahoo.com characteristics.
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metals, except Au, were deposited by electron beam evapo-

Au (150 4) ration. Au was evaporated thermally. Following the metalli-
Ni (200 A) zation, metal lift-off was performed in acetone, which pro-
vided a linear configuration of pads wifB00 umXx300 um)
Ti (500 A) dimension. The pad spacings were 2, 5, 10, 15, 20, 30, 40,
50, 60, and 90um, respectively. RTA of the samples was
Ta (50 A) then performed in argon gas at various temperatures. Argon
GaN (1 pm) removed the oxygen and water vapor from the furnace, re-

ducing the oxidation probability of the contacts-V char-

LT GaN Buffer (500 A) acteristics of the contact layers were measured before and
after RTA. The TLM measurement of the Ohmic contact was
performed for those contacts that had linkalv character-
istics.

Sapphire

lll. ELECTRICAL CHARACTERISTICS

FIG. 1. Schematic layer structure of anGaN/Ta/Ti/Ni/Au contact struc-
ture.

A. Electrical characteristics

Figure 1 shows that the present contact metallization
scheme utilizes a relatively thin lay¢50—80 A of Ta in
contact withn-GaN. Electrical characteristics of the contacts

The GaN films for this study were grown at the U.S. were studied as functions of RTA temperature and RTA time.
Army Research Laboratory, Adelphi, MD, by the metal or- The effect of the tantalum layer thickness on the electrical
ganic chemical vapor deposition method @901 sapphire  characteristics was also studied. Three different Ta layer
substrates, about 400m thick. First, an undoped low tem- thicknesses were used for this purpose. As-deposited con-
perature, 30-nm-thick, GaN buffer layer was deposited oracts exhibited nonlinear—V characteristics, as shown in
the substrate. Then, a Si-doped GaN epilayer, aboutml Fig. 2(@). This was expected considering that Ta has a work
thick, was grown on a GaN buffer layer by using an 8 sccmfunction of 4.25 eV as compared to the GaN electron affinity
flow of silane. Prior to the processing of the samples, thesef 4.10 eV. It is, however, evident from Figs(ti?—2(d) that
were cleaned using the standard procedure that involves atBe present metallization turned Ohmic after annealing at
min heated ultrasonic bath, successively, in trichloroethyl-750 °C. Contacts after annealing at 550 °C showed marginal
ene, acetone, and methanol. The samples were then dippedan no improvement in thé—V characteristics. This is be-

a heated bath of NJOH:H,0,:H,0 (1:1:5) for 3min. It  cause there was essentially no reaction between GaN and the
was followed ly a 3 min dip in a heated metals yielding reaction products with work functions com-
HCI:H,0,:H,0 (1:1:5) mixture. Mesa structures for trans- parable to that of GaN. That these products were indeed
mission line measuremerfTLM) for the Ohmic contacts formed after a RTA at 750 °C for 45 s was evident from the
were created by reactive ion etchifIE) of the GaN epil- linear | -V characteristics and a fairly low value of contact
ayer. A Plasma-Therm 790 Series chamber was employed foesistance.

this purpose. The RIE was accomplished by flowing @ds

at 15 sccm for 4 min. The operating pressure was 10 mTorB. Contact resistance

and the power was 150 W. Samples were patterned for TLM

. . . Contact resistances were determined based on the TLM
pads. After photolithography, the samples were dipped into ?nethod Mesas were defined to eliminate current flow at the
HF:HCI:H,O (1:1:10) mixture for 15 s, rinsed in deionized '

: . . contact edge. The resistané®;, between two contacts was
water, and blown dried. They were loaded immediately formeasured at 300 K using a four-point-probe arrangement,

nmgledv?/ch)S#;??i}&?:u(%%mﬁ?/gzlée A;;E(!)tg ! AI/al)f/seor /_;j egl?fr:tsd e specific contact resistangeereafter, referred to as con-
’ tact resistivity pg was derived from th&y versus gap length

plots. The method of least squares was used to fit a straight
TABLE |. Work functions, melting points, and resistivities of various met- line to the experimental data, which were obtained from all

Il. EXPERIMENTAL METHOD

als. available test patterns.

Work function  Melting point _ Resistivity Tab!e .Illsummari.zes the effect of annealing on the con-
Metal (eV) ©0) (@ cm) tact resistivity of various contacts. From Table I, it is evi-

dent that the contact resistivity depends on the RTA tempera-

ila 43'2956 '6'60 ) 65;10’5 ture of the sample. The lowest contact resistivity of the Ta/
T 3.05 1668 420¢ 106 Ti/Ni/Au (50 A/500 A/200 A/150 A contacts was in the
Ni 4.50 1453 6.84¢ 107 range of 5.x 10" ® Q cn? after RTA at 750 °C for 45 s. In-
Au 4.30 1063 2.35¢10°° creasing the RTA time accompanied an increased contact re-
Ta 4.25 sistivity. Increasing the RTA temperature beyond 775 °C had,
Pd 512 1552 1.08 1072 however, a marginal effect on the contact resistivity. While
TiN 3.74 1.00x 10°° '

TaN, ZrN, VN, NbN ~4.00 2.95% 104 the contact with 80-A-thick Ta had contact resistivity essen-
tially the same as that of the contact with 50 A Ta under
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FIG. 2. Current—voltage characteristics of Ta/Ti/Ni/&80 A/500 A/200 A/150 A contacts(a) as depositedb) annealed at 550 °C for 45 &) annealed at
750 °C for 45 s, andd) annealed at 775 °C for 45 s.

identical annealing conditions, contacts with 25-A-thick Ta(EDX), which are described below. Various structures used
failed to show Ohmic behavior even after RTA at 750 °C.for this study are shown in Table Il as samples 1-9.
The optimum metal thickness for the Ta/Ti/Ni/Au metalliza-
tion was (50 A/500 A/200 A/150 A with an optimum RTA
condition of 750-775 °C for 45 s. XRD analysis was carried out for the Ta/Ti/Ni/Au mi-
crostructure annealed at two different temperatures. The ob-
jective was to better understand the reaction mechanism in-
volved in the Ohmic contact formation. Investigation of the
In order to carry out microstructural analysis of the con-phase formation at these two temperatures showed signifi-
tact layers, we performed x-ray diffractioiXRD), Auger  cant changes of contact resistances. Figure 3 displays the
electron spectroscopfAES), transmission electron micros- XRD spectra of the GaN/Ta/Ti/Ni/Au50 A/500 A/200
copy (TEM), and energy dispersive x-ray spectrometryA/150 A) contact annealed at 750 and 775 °C, respectively,

A. X-ray diffraction analysis

IV. MICROSTRUCTURE
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TABLE Il. Specific contact resistance of various Ta/Ti/Ni/Au microstructures annealed at various temperatures
and for various time periods.

Ta/Ti/Ni/Au contact Annealing Annealing -V Contact
Sample thickness temperaturg°C) time (s) characteristics resistivity (Q cn?)
1 Ta/Ti/Ni/Au As deposited Nonlinear

50 A/500 A/200 A/150 A

2 Ta/Ti/Ni/Au 550 45 Nonlinear
50 A/500 Ar200 A/150 A

3 Ta/Ti/Ni/Au 750 45 Linear 5.0< 10°°
50 A/500 A/200 A/150 A

4 Ta/Ti/Ni/Au 750 60 Linear 1.2 1075
50 A/500 A/200 A/150 A

5 Ta/Ti/Ni/Au 775 45 Linear 6.0< 107°
50 A/500 A/200 A/150 A

6 Ta/Ti/Ni/Au As deposited Nonlinear
80 A/500 As200 A/150 A

7 Ta/Ti/Ni/Au 750 45 Linear 5.6< 10 °
80 A/500 A/200 A/150 A

8 Ta/Ti/Ni/Au As deposited Nonlinear
25 A/500 A7200 A/150 A

9 Ta/Ti/Ni/Au 750 45 Nonlinear
25 A/500 A/200 A/150 A

for 45 s. The Ta/Ti/Ni/Au(50 A/500 A/200 A/150 A con-  atom radiusry, , the solute metal atoms do substitute host
tacts annealed at 750 °C had contact resistivity on the ordegttice sites in a solid solution. Such a substitution causes a

of 5x 10°°Q cn?’. However, the same contact annealed ateduction in the host lattice parameterr i<ty . On this
775°C had a much higher contact reS|st|V|t_y. The XRD pat- round, Ni and Ti fy=3.5238 A, a=2.95A) dissolved in
tern for the samples annealed at 750 °C indicated that th . .

o " . u led to a decrease in the lattice parameter of pure Au. The
observed A(l11) peak was at the 38.34%2osition, which f a distinct K with relativelv hiah intensity at
corresponded to a lattice parameter4.066A. For pure appearanie ofadistinc E\ea W'__ relatively igh in e_nS|ya
Au(111), this peak was at 38.22° with=4.078 A. The peak the 42.93° 2 (d=2.104A) position was obseryed in the
shift from 38.34° to 38.22° resulted from Au forming solid sample annealed at 775 °C. This peak was attributed to 200
solution with other metals. Although the solute mef@M)  reflection of the fcc (Ti, TiN; _, phase. Note that the 62
atom radius g, may be different from the host lattig¢lL)  value of this peak corresponded ag.=4.208 A, which is

1400 l T
| f.c.c. (Ti,Ta)Nx
1200 | y } < 200
i [ h
" | "
1l
1000 - |\
2 ~ e
= 8 h
3 [ =4 1
g 800 2 'l
E Z ] = FIG. 3. X-ray diffraction pattern of Ta/
2 © V ' Ti/Ni/Au (50 A/500 A/200 A/150 A
g 600 - \ | contacts annealed at different tempera-
2 ! tures.
£ 1 annealed at 750°C for
400 - 9 | 45sec
S | — - annealed at 775°C for
o N 45sec
200 1 2
=%
g
[%2]
0 ; ;
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FIG. 5. TEM bright-field image of the sample 3 annealed at 750 °C. White
arrows show V-shaped pits formed at the dislocation line facing the GaN
surface. The extreme left of the epilayer shows a funnel-shaped nanopipe.
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Sputter Time (s) RTA chamber was purged several times, each time for a long
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FIG. 4. Auger electron spectroscope depth profiles of Ta/Ti/Ni{AQ
A/500 A/200 A/150 A contacts annealed at 750 °C for 45 s.

C. TEM and EDX analyses

very close toa,,.=4.200 A for the nitrogen deficient TN, TEM and EDX analyses were carried out to understand
phase!® The presence of Ta in the Ti sublattice thus broughtthe microstructure of the annealed samples. There_z was also a
about a slight lattice expansion of the (TilRa_, phase. need, for example, to understand Why_ the Ta/Ti/Ni/fu
More light could be shed on it with the availability of the "M/50 Nm/20 nm/15 ninsystem deposited on anGaN
data correlating the lattice parameter and composition of thEPilayer, and annealed at 750 and 775°C, respectively,
metal nitride phases. Although the presence of nitrides coul§10Ws almost an qrger of magnitude difference in the contact
not be ascertained in the microstructure solely on the basis ¢FSISUVIY: 5<10 °Qcn?  for sample 3, and 6
XRD analysis, formation of mixe(Ti,Ta) nitrides was found X10"°Q et fo_r Sa”.‘p'e 5(58.8 Table .|)|- ,

to be thermodynamically favorable. Enthalpies of formation  1he TEM bright-field(BF) image(Fig. 5), together with

of TiN and TaN are —338 and —251 K J/gatom, the EDX line profileg Figs. Qa) and ({'b)] of thg sample 3
respectiveli?® Comparing these values with the enthalpy Othmlc_ contact, reveals again extensive d|ffus_|on of various
formation of GaN(—110 K J/gm atom it can be concluded deposited layers. S_everal new layers, !ncludlng the Au—Ni
that indeed these reactions might have occurred, as thei@er followed by Ti-Ta, Ni-Ga, and Ti-O layers, respec-
were thermodynamically favorable. Notably, tf1) peak ~ UVely, were formed onto the GaN surface upon RTA. The
of Au in the Ta/Ti/Ni/Au multilayer annealed at 775°C first layer, consisting ofAu_—N| mmrocrystals,vyas empedded
shifted towards the right, indicating a decrease in the lattic®NtC the GaN surface. With GaN decomposing during an-
parameter. This is quite reasonable because, at higher tefi€2/ing, the Au—Ni crystals grew in size forming a pseudo-

perature, Au dissolved more Ni and Ti, leading to a furthercontinuous layer, up to 30 nm in thickness. Pores or
reduction in its lattice parameter. V-shaped pit& were also formed at dislocations intersecting

the GaN surfacémarked by arrows in Fig.)5 The decom-
position of GaN during RTA caused Ga atoms to outdiffuse,
and to form polycrystalline Ni—Ga with N distributed some-
The AES depth profile of the Ta/Ti/Ni/A450 A/500  where in the sample. A comparison of the TEM BF image
A/200 A/150 A) contact annealed at 750 °C for 45 s is shown(Fig. 5) of the contact area of sample 3 and electron energy
in Fig. 4. The AES depth profile reveals that an appreciabléoss (EEL) spectroscopic imagé&sfor this suggests that Ti
amount of interdiffusion took place between various metaland N were present within the originally deposited Ta layer.
layers. A notable feature of the microstructure was the interThis layer was about 5—8 nm thick, as confirmed by high-
mixing of the metal layers upon RTA. Although intermixing resolution electron microscopitiREM) images[Fig. 7(a)].
of Ta and Ti could be clearly seen from the AES plot, the TaFurther, some of the Ti diffused to the surface leaving only a
signal was not broadened nor spread out throughout the mihin stripe in its original location. The presence of oxygen in
crostructure. This implied that the outdiffusion of Ta wasboth the locations suggested that Ti—-O was formed almost
rather minimal. This is important because such structural ineverywhere; thé€Ti, Ta)N layer was formed only at the GaN
tegrity is crucial for the formation of reliable contacts. A interface. Argon gas used during annealing is attributed to be
similar effect was also observed with the Ni layer. Anotherthe source of this oxygen. Ta showed essentially no tendency
important observation was the diffusivity of Ti towards the to outdiffuse into Ti, Ni, and Au.
multilayer metal surface, and the formation of oxides upon = The HREM imagdFig. 7(a)] shows that the surface of
RTA. In an earlier investigatidh on the Ti/Au/Pd/Au micro- undecomposed GaN is approximately at the same level as the
structure, it was observed that Ti was driven outwards undeinterface between the Au—Ni and tli&,Ta)N [right part of
the influence of the reaction kinetics of the oxide formingFig. 7(a)] alloys. This implies that the Au—Ni alloy was em-

B. Auger electron spectroscopic analysis
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FIG. 6. EDX line profile spectra showing the element distribution across the
contact;(a) element distribution of Ta, Ga, and Kl corresponds to Ga, 2 to
Ta, and 3 to Nj; (b) element distribution of Au, O, and TL corresponds to

Ti, 2 to Au, and 3 to Q.

bedded onto the GaN epilayer. Fourier transform for GaN
[Fig. 7(c)] was important to calibrate the HREM image. It
was necessary also to determine thepacing of the lattice
fr'nges ob;served in the_ Fourier tranSform of the Au—Ni/ FIG. 7. (8) HREM image of an interface between GaN and the Ohmic
(Ti,Ta)N microstructurdFig. 7(b)]. An analysis of the calcu- contact formed after annealing at 750 ¢€mple 3. Fourier transforms of
lated d spacing and angles between the diffraction spots ofb) (Ti,TAN/Au-Ni and (c) GaN areas allow determination of epitaxial
Fig. 7(b) demonstrates that both Au—Ni aridi, Ta)N com- relationships and approximate Ti:Ta and Au:Ni ratios.

pounds have cubic unit cells witkas,_=3.64A and

acTiTan=4.30 A, respectively. The following epitaxial rela-

tionships can thus be establishéd11)Au—Nil(0002GaN; The BF image(Fig. 8 and the EDX spectrdFig. 9
[011]Au—Nill[2110]GaN, and (111(Ti,Ta)NI(0002GaN; taken across the sample 5 Ohmic contact reveal the forma-
[011](Ti,Ta)NII[2110]GaN. tion of four distinct layers upon RTA. The first one was a

As discussed earlier, the unit cell parameters of alloygpseudocontinuous layer, about 35 nm thick, of the Au-Ta
depend on the ratio of the components, and that thesalloy crystal embedded onto GaN. The Au migration to the
parameters increase with the increasing fraction ofM/S interface is almost 90%. The second one WESTa)N,
atoms having larger ionic radii. Based on this, it may beabout 5-8 nm thick, formed on the surface of the GaN epil-
concluded that the approximate composition of thgMiy_,  ayer. Analysis of HREM images from the GaN/Au-Ta/
alloy was between AgpdNipor(aausnioz=3.58A) and (Ti,Ta)N interface regions indicated that the Au—Ta and the
Aug sNig so(@ausoniso=3.84A), respectively. Based on (Ti,TaN alloys have cubic unit cells witka, 1,=4.11 A
similar parameters for the TiN and theyFiTag ,Noso a-  and aian=4.29A, respectively. This corresponds to
loys, which areary=4.24 A andaristasnsi=4.33A, re-  Auggolagigand TiTa Ngsowith 0<x<0.25. Both layers
spectively, one can conclude that the mole fractiofor  grow epitaxially on the GalN-plane with epitaxial relation-
Ti, Tay5-«N5g Was 0<x<0.25. The thickness of the Ti—O ships: (111)Ayggglay 1d/(0002)GaN; [011]Aug gglag 1l
layer on the surface of the Ohmic contact was between 552110]GaN, and (111)TiTay —«Ng 54! (0002) GaN;
and 75 nm(see Fig. 5. [0I1]Ti,Tay _4Ngsdl[2110]GaN.
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FIG. 8. TEM bright-field(BF) image of sample 5 annealed at 775 °C show- 0 1 2 3 4 5 6 7 8 9 10
ing the Ta—Au alloy on the top of the GaN epilayéli, Ta)N lies on the top (a) Beam position (x22.625), nm
of Ta—Au.
8
Unlike the sample 3 Ohmic contact, where the Ni-Ga 7]
alloy was observed as a third layer formed on the top of the & ¢
Ti,Ta; 4N 50 alloy, the sample 5 Ohmic contact had two § 5 1
typical compositions within the third layer, alternating in lat- < 4]
eral dimension. The first one, depicted in Fig. 8, was a poly- '5 3
crystalline ternary Au-Ti—-Ta alloy layer with crystallite ¢ ]
sizes typically in the range of several tens of a nanometer. ASE 2
evident from Fig. 8, the thickness and the lateral dimension 1
of grains with this composition were 60—70 nm and 2B, 0

respectively. The second grainot shown hereconsisted of 0 1 2 3 4 5 6 7 8 9
the Ni-Ga—-Au-Ta alloy with 100—200 nm in lateral size. (b)
The layer thickness was 60—110 nm. The lateral size of the
graing with this C(_)mposition_was usua”y aroun(;hm. FIG. 9. EDX line profile spectra showing the element distribution across the
T' atqu_OUtd'ﬁ_used during RTA both at{ 750 and 775 OCOhmic contactja) signal for Ta, Ga, and Nil corresponds to Ga, 2 to Ta,
forming titanium oxide, about 55—85 nm thick, on the top of and 3 to Nj; and(b) signal for Au, O, and T{1 corresponds to Au, 2 to O,
the Ohmic contact. The EEL spectra of the top Ti—O layer ofand 3 to T). Note the near absence of the signal from Ni.
samples 3 and 5 revealed that Ti was octahedrally coordi-
nated with oxygen atoms forming the Ti@lloy.2>%* How-
ever, this TiQ was present in relatively low concentration in 45 s. Although the XRD data did not conclusively confirm
sample 3, with most of the oxygen dissolved in titaniumthe presence of metal nitrides in the microstructure, these
forming an oxygen reduced TiQ, phase or(Ti,O) solid  could not altogether be ruled out. In fact, based on TEM, the
solution. We believe that the formation of the dielectric JiO formation of(Ti,Ta)N alloys appeared quite plausible, which
layer at the contact surface is one of the possible reasons fégd to the creation of nitrogen vacancies in the crystal lattice.
an order of magnitude higher resistivity of the sample 5Heavy doping and carrier degeneracy, consequently, fol-
Ohmic contact than that of the sample 3 Ohmic contact. lowed. The contact resistivity was thus lowered.
Cross-sectional TEM images of the Ta/Ti/Ni/A(b
nm/50 nm/20 nm/15 ninsample deposited on-GaN and
annealed at 750 and 775 °C, respectively, for 45 s suggested
The Ta/Ti/Ni/Au (50 A/500 A/200 A/150 A microstruc-  extensive in- and outdiffusion of metal atoms. Consumption
ture demonstrated low contact resistivity in the range of 5of some of the GaN layer, which led to the formation of the
X 10 ¢ cn? after RTA at 750 °C for 45 s. This contact Ti, Ta,_Ng50(0<x<0.25) alloy at the GaN interface, was
resistivity of the contacts was comparable to that of the Tilobserved in the Ta/Ti/Ni/Au5 nm/50 nm/20 nm/15 njmn
Al-based contactdThe design rationale underlying this con- structure annealed both at 750 and 775 °C. Almost an order
tact was to utilize the combined nitride forming effect of Ti of magnitude lower contact resistivity measured for sample 3
and Ta, in order to obtain an improved tunneling contactannealed at 750 °C can, at least partly, be attributed to the
configuration. Because of the absence of Al in the microstructure and the chemical bonding differences of the two
structure, it was thought that the metallization would be ther-Ti—O layers formed on the contact surfaces as revealed by
mally stable. However, although contact resistivity was lowthe EEL spectra.
at room temperature, it degraded under high temperature The structures of samples 3 and 4 are identical. How-
thermal stressing, as evident from the following discussion.ever, while sample 3 was annealed at 750 °C for 45 s, sample
XRD spectra of the contacts annealed at 750 °C showed was annealed at 750 °C for 60 s. RTA for a longer period,
the presence of ANi,Ti) amorphous solid solutions. These but at the same temperature, led to an increase in resistivity
spectra predicted also the presence of metal nitrid8s, by almost an order of magnitude. Samples 4 and 5 have
Ta)N, formed in the microstructure upon RTA at 750 °C for resistivities in the same order of magnitude. If the RTA time

10
Beam position (x22.625), nm

D. Overall Ta/Ti/Ni/Au microstructure analysis
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and RTA temperature of sample 3 are considered to be opti- ]
mum, then a comparison may be made of samples 3 and 4 ] /
and, of samples 3 and 5. This comparison demonstrates that
an increase in RTA time and of RTA temperature had identi-
cal effects. RTA at 750 °C for 45 s created a combination of
TiO, and TiO on the contact surface. In contrast, both RTA at
775°C for 45 s and RTA at 750 °C for 60 s resulted in higher
resistivity. An inspection of sample 3: Ta/Ti/Ni/A%G nm/50
nm/20 nm/15 nm contact, sample 7: Ta/Ti/Ni/A@ nm/50
nm/20 nm/15 nm contact, and sample 9: Ta/Ti/Ni/AR.5 ]
nm/50 nm/20 nm/15 nincontact, all annealed at 750 °C for T
45 s indicates that, while a thicker Ta layer had a minor / L
adverse effect, a thinner Ta layer had a major adverse effect,
on the contact resistivity.

Current (x1 0_3), Amp
¥
\

-2

)
V. THERMAL STABILITY /

The thermal stability of the Ta/Ti/Ni/Au(50 A/500 -4 -2 0 2 4
A/200 A/150 A microstructure annealed at 750 °C was stud-
ied. Contacts were thermally stressed at 400 °C for 24 h.
TLM and |-V measurements were made before and after the
heat treatment. Thie-V characteristic curves of the contacts
before and after heat treatment are presented in Figs) 10 2
and 1@b), respectively. Figures 18 and 1@b) show that .
the contacts suffered from degradation after aging at 400 °C 1
for 24 h. Degradation of the microstructure can best be ex- I /
plained on the basis of the AES depth profile of the contacts
annealed at 750 °Csee Fig. 4, and the TEM images of the
contacts annealed at 750 and 775®&ge Figs. 5 and)8
respectively. It was revealed that upon annealing, Ti had out-
diffused through the Ni layer, and that it was exposed to the
surface, where it reacted rapidly with oxygen, yielding a thin
coating of TjO, on the contact surface. Ti is known to form /
oxides even with a very low concentration of oxygen in the
environment. As the reaction proceeded, more Ti diffused -
outwards to form Ti oxides. Thus, the oxidation reaction en- |
tirely consumed Ti that arrived at the surface. This reaction |
was thermodynamically favorable, and was the driving force -8 ~4 0 4 8
behind the extensive outdiffusion of Ti towards the contact ()
surface. Formation of Ti oxides at the surface appears to be
the primary cause of the degradation of the contact microFE!G. 10. Comparison of thd_a—V characteristic curves of the Ta/TiﬁNi/Au
structure, when subjected to thermal stress for 24 h. (2050 J20 A0 A nicosrche conictanneed t150°€ for

The present study demonstrated that the effect of diffusor 24 h,
sivity of metals into one another is extremely important, and
that it must be carefully taken into consideration while de-
signing Ohmic contacts for high temperature applicationsdesigning the alloyed Ohmic contacts, reaction kinetics must
The role of diffusion barriers must at least be born in mindbe taken into consideration very seriously. It must be realized
while designing these contacts. that these are the ones that dictate the ultimate electrical,

As the Ti layer was overlaid first with 200-A-thick Ni microstructural, chemical, and physical characteristics of the
and next with 150-A-thick Au, Ti was thought to be pro- contacts. Similar causes affected the failure of Ti/Au/Pd/Au
tected from oxidation during RTA. In fact, it was indeed contacts Observation of identical trends of the failure
protected until thermal stressing at elevated temperatures emechanism observed during thermal stressing of several dif-
hanced the oxidation reaction of Ti. It is the oxidation reac-ferent Ti microstructures is important in the sense that it
tion kinetics of Ti, which led Ti to be dragged in large provides directions to the designing of thermally stable
amounts to the surface upon thermal stressing. Therefore, tli@hmic contacts. The purpose of the Ni overlayer was to act
very cause of degradation was actually the enhanced diffuas a diffusion barrier against the outdiffusion of Ti and indif-
sivity of Ti through Ni due to increased oxidation of Ti at the fusion of Au. Unfortunately, it performed poorly in both
surface. The immediate consequence of this was the dramatiases. It did not work well in preventing diffusion of Au
failure of the contacts at elevated temperatures. Hence, faoward the M/S interface. The diffusivity of Ti was too high

(a) Applied Bias (Volt)

Current (x107%), Amp

Applied Bias (Volt)
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upon stressing at high temperatures, and Ni could not prebetween Al and Ti, and which consumed essentially the en-

vent it from outdiffusion towards the contact surface. tire Ti layer at high annealing temperatures, is favorable for
good Ohmic contact. A similar study of the Ta-to-Ti ratio
VI. CONCLUSION would shed light on the thermal stability of Ta/Ti/Ni/Au con-
Both the AES depth profile and TEM images for the tacts.
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