Very low resistance multilayer Ohmic contact to n-GaN
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A new metallization scheme has been developed for obtaining very low Ohmic conta€abl.

The metallization technique involves the deposition of a composite metal layer Ti/Al/NLBDI
A12200 A/400 A/500 A on n-GaN preceded by a reactive ion etchifRJE) process which most
likely renders the surface hightytype. Of the several attempts and with annealing at 900 °C for 30
s, contacts with specific resistivity values mf=8.9x10"8 Q cn? or lower for a doping level of

4x 10" cm 2 were obtained. The physical mechanism underlying the realization of such a low
resistivity is elucidated. ©1996 American Institute of Physid$S0003-695(96)02712-3

During the course of the last few years significantlayer was grown. This was followed by the growth of a GaN
progress has been made in the growth and characterization lafyer, 2 um thick, and doped with Si tdly 3 10*® cm™3.
GaN and its alloys with AIN and InN This progress has led Finally a seconch-GaN layer, 5000 A thick, was grown on
to the realization of several electronic and optoelectronic dethe first GaN layer. The doping level of the second GaN layer
vices including metal-semiconductor field-effect transistorsvaried between 0 and 5x 10" cm™ 3. Since the metal sys-
(MESFETS, modulation doped field-effect transistors tem under investigation does not noticeably penetrate and
(MODFETs, metal-insulator field-effect transistor@IS- remains on the surface, the metal semiconductor contact can
FETs, and light-emitting diode$L EDs).1? be considered as that between thd0*” cm 3 layer and

Low resistance Ohmic contacts are imperative in thethe metal.
successful implementation of all these devices, particularly  After the growth of the GaN films, the surface was ex-
high power devices which require high power conversionposed to a reactive ion etchifRIE). This was followed by
efficiency and heat management. Owing to very wide bané mesa structure defined by RIE for transmission line method
gaps of nitrides, these Ohmic contacts must be quite differentrLM) measurements. The mesa etching was performed first
from those of GaAs, InP, and Si. During the past years sewith Cl, for 20 s and next with BGIfor another 20 s. During
eral attempts have been made to obtain low-resistancge RIE process, the flow rate of the etchant was 15 sccm, the
Ohmic contacts to GaR® When Au or Al was used after flow pressure was 50 mTorr, and the power was 150 W. The
annealing at 575 °C, the initial attempt of Foressi andGaN sample was then transferred to the evaporator for met-
Moustakas led to the formation of a metal contactteGaN  allization. The composite metal layer was Ti/Al/Ni/A@50
with a resistivity ofps~10"° Q cn?. The contact was later A/2200 A/400 A/500 A. While Ti and Ni were deposited by
significantly improved by Liret al,* who employed a Ti/Al  electron beam evaporation, Al and Au were deposited by
bilayer deposited via conventional electron beam evaporahermal evaporation. A liftoff process was employed to form
tion onto GaN substrate, and then thermally annealed & linear configuration of rectangular pads of contact area
900 °C for 30 s in a W ambient using rapid thermal anneal- (210x90)um?. The spacing between the contact pads varied
ing (RTA) technique. The Ti/Al metallization yieldegk=8  petween 1 and 16m in 12 steps. The metal liftoff was
X107° Q cn?. This metallization has the characteristic thatfgllowed by RTA annealing which was performed at 900 °C
the annealing process causes the metal to turn to be highfyr 30 s. Two measurements of specific resistivity were con-
resistive, being very sensitive to the anneal temperature. T@ycted, first before RTA, and then after RTA.
circumvent this problem, Wet al® added a second set of  cyrrent—voltage(-V) characteristics of metal contacts
Ti/Al following the annealing step which requires realign- 5 n-GaN before and after alloying are shown in Fig. 1.
ment. This effort brought about an improvement in thecyryes corresponding both to alloyed and nonalloyed cases
Ohmic contact for n-GaN with resistivity ps~3  exhibit near-linear characteristics even at sufficiently large
x10°° O cn?. In this letter we describe a technique, yield- cyrrent levels100 mA). We should note that this metalliza-
ing very low Ohmic contact resistivities, which does not re-ion does not lead to Ohmic behavior when deposited on
qujre realignment and second metgllization step, and is MOrgs-grown GaN and that RIE damage is responsible for the
suitable for high-temperature Ohmic contact to GaN. observed Ohmic behavior. Contact resistances were derived

The layer structure of the GaN films grown for this study .o the plot of the measured resistance versus gap spacing
by molecular beam epitaxMBE) method on(011) sapphire T M. Note that mesa structure prevented current flow at
substrates~400 um) and the growth procedure are as fol- he contact edge. The resistariRegbetween the two contacts
lows: The substrates were cleaned by hydrogen plasma tredlz,s measured at 300 K using a four-point probe arrange-
ment prior to the growth. After cleaning, the substrates werg,ant The contact resistivity, was derived from a plot of
transferred to the MBE chamber, and an undoped AIN buffehT versus gap length. The method of least-squares was used
to fit a straight line to the experimental data. These straight
30n sabbatical at Wright Laboratory. lines, and the actual experimental results for both alloyed
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contacts remains unchanged. With alloying procedure

1.0 T T T T I

) 2 though, the semiconductor sheet resistance under contacts
1: Before alloying . . . .
2: After alloying may change. This may lead to some inaccuracy in determin-
S 051 ] ing the resistivity of alloyed Ohmic contacts using the TLM
i method. Although, in the strict sense, the semiconductor re-
£ o0 sistance remaining unchanged is true for nonalloyed con-
:‘5 tacts, this assumption has been very successfully applied to
3 05k N alloyed contacts as well. Generally resistivities down to
10~ 7 Q cn? can be determined fairly accurately using this
1ok Ny = 4x1017 em3 _| technigue. This is the reason behind our motivation of not
/4 | I S emphasizing the obtained specific contact resistivities in the
1.0 -0.5 0.0 0.5 1.0 10°° O cn? range.

Voltage ( V) The cause for such low Ohmic contact resistances hinges

in part on the damage caused by the RIE process employed
FIG. 1. Current—voltage characteristics of metal contacts on GaN sampleﬁrior to deposition of the contact metallization. Unless metal
before and after annealing at 900 °C for 30 s. . . . .

semiconductor interaction takes place and/or the semicon-

q loved h N | hductor itself is altered with damage such as increased elec-
and nonalloyed contacts are shown in Fig. 2. In general, thgo ooncentration due to, e.g., nitrogen vacancy formation,

higher the doping concentration, the lower the contact resisg; it is difficult to form an Ohmic contact to a wide band-
tivity. 7Wh”?3thls resistivity foEr;-GaN with QOpmg level 2 gap GaN with energy band gap of 3.42 eV, generally because
><.1h01 cm '317’)3: 11910 Q crrf-é ;;“Sn:g)r r;{GaITI a metal does not exist with a low enough work function
W't. Ng=4x1 em s 95_8'9X 10 22 e T.at' al- ¢ to yield a low barrier to current transport. This excludes
loying led to a significant lmprovem_ent_m the resistivity is the possibility of thermionic emission to be a mechanism for
apparent from curves 2 and 3 of this flgure.nggth Ofsthesecarrier transport through the contact. Tunneling of carriers
curves cgrrgspond to the GaN doping Ieve_'{ cm = through this contact may, however, take place if GaN in the
Curve 2 indicates that for nonalloyed Ohmic contact the "®heighborhood of metal-semiconductor interface is so heavily

- . . _ 76 - -
sistivity ps=3.8X10"° Q cn?. Similar attempts for alloyed doped that there occurs a significant band bending of the

contacts led to even lower specific contact resistivities, in th%onduction band. Such a band bending causes the semicon-
10°° Q cnv range, which are well beyond the accuracy of Juctor region at the interface to be very thin allowing easy

the TLM method which is reasonably accurate down to assage of electrons via tunneling. If the damage causes the

1h0 ? cn. O"[fher m,eth‘?‘?'s Wh'CT) are morle agcura(’;e a[Fs)emiconductor surface electron concentration to increase, as
these low speciiic resistivities are being explorec 10 deteryy, qeq 1o earlier, tunneling can be the primary transport

mine the exact resistivity values. In any event, it allowed USyechanism through the contact in which case the total con-
to confidently state that the Ohmic contact resistivities We”tact resistanc®; would be given by

below 107 Q cn? can be obtained which bode well with
high power applications.

Resistanc& includes the resistance of the contact met-
allization, the semiconductor layer underneath the contacts, R~R.. ex qéen 2\esm* | g
and the actual specific contact resistivity for the metal- Ten Egn h Ny
semiconductor interface. In the TLM method and thus the
present study, the contact resistivity is calculated by assum-

ing that the semiconductor sheet resistance underneath th . . . . .
9 w(?”nere ¢pn IS the metal-semiconductor barrier heighg, is

the dielectric constantm* is the effective mass of electrons,
h=h/27, andh is the Planck’s constant. From E(.) it is

: thus apparent that resistivity; depends inversely on the

| @ Alloyed:iNy = 4x1017 cm-3 square root of the doping concentration. That this is indeed
] B Aloyed:N, = 2x1017 em3 the case in the present investigation is evident from our ex-
: 0 Non-Alloyed: Ny = 4x1017 cm3 perimental data, albeit only two different doping levels in-
|

I

|

|

[
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vestigated, which demonstrates that increases with de-
crease in doping concentration.

It is known that, for Ohmic contacts totype semicon-
ductors, pre-metal-deposition ion etching can result in a low
metal-to-semiconductor contact resistivity g removing
the surface oxide layer on the semiconduétéh) forming a
donorlike layer in the ion-damaged regidmnd (c) in the
case of compound semiconductors such as GaAs, preferen-
tially sputtering As, thus generating As vacancies with donor
characteristicS. Although surface analysis technique is re-
FIG. 2. Least-squares linear regression of the multiple-layer Ohmic contactduired to determine if mechanisie) operates, preferential
on GaN. sputtering of N from TiN thin films has been report€d.
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We carried out measurements of contact resistivities ohigher annealing temperature. Notably, a thicker 1000 A Au
900 °C annealed-GaN samplesfrom the same wafemith of the first layer contact had the marginal effect of the low-
and without RIE treatment, and found that the resistivity ofering of the contact resistivity.
the n-GaN contacts with RIE treatment is 2—5 times lower  The main drawback of our earlier Ohmic contact, as also
than the resistivity of the sammeGaN contacts without RIE  5teq by Wuet al.? is that at high temperature Al melts and

treatment. These measurements strongly demonstrated thadhys o pall up, resulting in a rough surface. Even when the
is mechanisa), rather than mechanisfe), which renders temperature is not very high the Al surface oxidizes resulting

the §urface h|ghly conductive. If the mecha_lm_sq_:)! would most likely in the formation of AIO;. Consequently, the less
dominate, the difference observed in the resistivities of the as . . .

) . : caonductive A}O; layer creates a coating on Al, leading to an
deposited samples would vanish after the annealing, because

the donor-rich surface region of the RIE treated Sampleéncrease in the contact resistivity. Thgre is anpthgr drawback
would either recover to its pre-etch states after anneling S Well- As the Al layer was not sufficiently thigkhickness:
or be consumed by Ti/GaN reactions. The difference in connly 100 nm, it had some intrinsic resistance. The main
tact resistivities of the two samples persisted even after thadvantage of the present Ohmic contact over our previous
annealing plausibly because the surface oxide layer was br@n€' is that the AuNi alloy formed over the AlTi layer is very
ken by the reactions due to RIE treatment at least at som@bust. This allows the Ohmic contact to be excellent even at
localized weak points. very high temperature. Furthermore, it eliminates the possi-
There may also be another kind of mechanism. X-raybility of the formation of an oxide layer with the deleterious
diffraction (XRD) and Auger electron spectroscOES)  effect of increasing the resistivity of the contact. The TLM
data indicatetithat prior to annealing there occurs marginal patterns taken before and after alloying indicate that plausi-
interaction between Al and Ti. However, due to annealingply, due to the formation of a TiN, the quality of the interface
for example, at 900 °C for 30 s, Al and Ti generate substanpanveen the metal and GaN improves after RTA. This may

tial interaction for each other leading to the formation of i
: .. . be the cause of why the contact resistivity decreases due to
face-centered tetragonal TiAl crystal. The AES analysis indi- y y

) L . . annealing.
cated that TiAl layer is slightly Al rich. As the Al layer is L .
2000 A thick, it prevents an outdiffusion of Ga from the In conclusion, it has been demonstrated that by using a

metal-semiconductor interface to the top Au layer. TogetheFOMPOSite metal layer Ti/Al/Ni/Au(150 A 2200 A/a00
with Ti, it prevents also the indiffusion of excess Ni and A/500 A) and a RIE exposure prior to metallization, excel-
possibly Au from the top layer to the metal-semiconductor’€nt Ohmic contacts to GaN with specific resistivitiespQf
interface. As a result, there occurs a right amount of Au and=8.9X107% Q cn, or much lower, can be achieved.
Ni interdiffusion leading to the formation of a TiAl/AuNi While the TLM method is reasonably accurate down to about
phase in contact with GaN, a lower contact resistance, and 20°7 Q cn?, we can confidently state that extremely low
better surface morphology. The plausible scenario underlyin@hmic contact resistance is now possible on GaN which can
the observation that AlTi/GaN interface was not, howeverpave the way for the exploitation of this material for high
completely abrupt is that the interface layer contains reactiofower/high efficiency amplifiers.

product involving all of the speciedi, Al, Ga, N). As sug- The research is supported by ONR and BMDO.

gested earliet, this reaction product may be TiN, which is

formed when N is extracted from GaN without decomposing

the GaN structure. The outdiffusion of N from the GaN lat- 1 . ) .
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