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We report a low-resistance thermally stable ohmic contagt-type GaN using a promising contact
scheme of Pd/Ni. Specific contact resistance as low as B07° Q) cn? was obtained from the Pd

(30 A)/Ni (70 A) contact annealed at 500 °C under an oxidizing ambient. NiO that formed at the
surface prevented Pd atoms from outdiffusing, promoting the formation of Pd gallidg3c.@ad

GaPd. This reaction produces Ga vacancies below the contact, leading to enhancement of the
thermal stability as well as reduction of the contact resistivity. 2@01 American Institute of
Physics. [DOI: 10.1063/1.1403660

In developing GaN-related devices, low-resistance angvas determined to be 3310'" cm 2 by Hall measurements.
thermally stable ohmic contacts are essential. Rdype  For measurement of the specific contact resistivity using the
GaN, ohmic contacts using Ti/Al-based metallization providetransmission line metho@TLM), an active region was de-
low contact resistivities <10~ ° (2 cn) and long-term ther-  fined by inductively coupled plasma, followed by dipping the
mal stability’ > For p-type GaN, it is difficult to obtain con- samples into boiling aqua regia solution of HCI:HN®: 1)
tact resistivity lower than 10° Q) cn? because of the diffi- to remove surface oxidégormed during MOCVD and/or
culty in activating Mg dopants irp-type GaN and the RTA. The TLM test structure was patterned onto the surface-
absence of suitable metals with work functions higher thanreated samples. Two types of contacts were prepared. One
6.5 eV’ Thus, a number of ohmic contacts have been rewas the deposition of Pd and Ni metals with various thick-
ported, such as Ni/Au, Ni/Pd/Au, Pd/Au, Pd/Pt/Au, Pt/Ni/ nesses in sequence by electron beam evaporation under pres-
Au, and Ti/Pt/Au, using a Au overlay@r® sure of 4< 10~ 7 Torr. The other was the deposition of 5D

Of the above ohmic contacts, Ni/Au and Pd/Au contactsA) and Au(50 A) metals for comparison. After removing the
have been used as a transparent ohmic contagd-type  metals deposited on the photoresist, the remaining metals
GaN because of their low contact resistivity. In Ni-basedwith TLM patterns were annealed for 1 min in temperatures
contacts, Ni is easily oxidized to form NiO above aboutranging from 300 to 600 °C by RTA under air atmosphere.
400°C in an oxidizing ambiert.The NiO layer formed at For evaluation of both contacts, the samples were annealed
the surface could act as a diffusion barrier like it Pd-  at 550 °C up to 24 h. Current—voltage<V) characteristics
based contacts, phase transformation from Pd to Pd gallidesf the contacts were examined by the four-point probe tech-
forming ohmic contacts op-type GaN, was observed after nique.
annealing at 700 °€.Therefore, it is expected that a low- Figure 1@ shows|-V curves of Pd/Ni contacts with
resistance and thermally stable transparent ohmic contagtrious thicknesses and the Pd/Au contact annealed at
could be achieved using Pd/Ni metallization ptype GaN. 500 °C for 1 min, measured between TLM pads with inter-

In this letter, we report a promising contact scheme forspacings of 1qum. Thel -V curve of the Pd50 A)/Au (50
Pd/Ni onp-type GaN. The optimum layer thickness ratio of A) contact is nearly linear, but that of the FED A)/Ni (50
Pd to Ni was chosen by evaluating contact resistivities as &) contact is linear. The contact resistan@)(in units of
function of the annealing temperature. The microstructure a)/mm and the sheet resistandg.) in units of /O] were
the interface of metal contact wifiitype GaN was analyzed determined from the intercept of theaxis and a slope of
by high-resolution x-ray diffractiorXRD) using synchro- resistance of 0 V with the interspacings of the TLM pads.
tron radiation. Depth profiles of elements were obtained fronThe specific contact resistivityp() was calculated ap,
secondary ion mass spectrosca®yMS) measurements. =R?/R,. The contact resistivities of the contacts were plot-

The GaN films used in this work were grown @001  ted as a function of the annealing temperature, as shown in
sapphire substrates using metalorganic chemical vapor deppig. 2(b). The minimum contact resistivities of the contacts
sition (MOCVD). An undoped GaN buffer layer with a thick- are summarized in Table I. Contacts with a Pd/Ni thickness
ness of lum was grown, followed by growth of Lsm-thick  ratio lower than unity exhibited lower contact resistivities
p-type GaN doped with Mg. The samples grown were anthan those with a ratio higher than unity. The lowest value of
nealed at 750 °C by rapid thermal annealiRJA) under N 5.7x 10 > cn® was obtained for the P0 A)/Ni (70 A)
atmosphere to generate holes. The net hole concentratigontact. An order of magnitude improvement in contact re-
sistivity is observed in the Pd/Ni contact relative to in the

dAlso at Knowledg&on Inc., Iksan, Chunbuk 570-210, Korea. Pd/Au contact (6.%10 _Q cn?). This value is the lowest
YElectronic mail: jllee@postech.ac.kr among transparent ohmic contacts reportedpftype GaN.
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4 Pd (50 A)Au (50 A) the Pd/Ni contact.

] Figure 2 displays XRD profiles of both Pd/Au and Pd/Ni
F contacts as a function of the annealing time at 550 °C. For
] the as-deposited condition, the XRD profiles of both contacts
show that all metal layers were deposited along (hl)
direction, which is the preferred orientation of0®01) GaN
epilayer. The epitaxial property of Pd layers in both contacts

103

104 3

Contact resistivity (Q-cm?)

103

' ' ' L was observed using x-ray rocking curve analysis. In the
300 40_0 500 600 Pd/Au contact, the Au peak shifted toward the higher angle
Annealing temperature (°C) and its intensity increased after annealing at 550 °C for 1 h,
whereas the Pd peak showed no change in its peak position.
120 —r—r — T

This means that Pd outdiffusion occurred mainly rather than

- © Au indiffusion during annealing, thus forming a Au—Pd solid

100 [ —@— Pd (50 AyAu (50 A) solution. The increase in peak intensity in both the Au and
—{3— Pd (50 AVNi (50 A) the Pd peaks could be due to strain relaxation because only
80 - one peak along thél1l) direction was found. After anneal-
o ing for 24 h, Pd(111) and Au(111) peaks merged into one
g 60} peak as shown in Fig.(2). This represents the formation of
L complete solid solution between Au and Pd. The XRD pro-
40 L files of the Pd/Ni contact, shown in Fig(l8, were quite
T different from the Pd/Au one. Two metal peaks disappeared
o0 L and new phases, NiO, GRd;, and GaPd, appeared after

annealing. As the annealing time was increased, the peak

— intensity of all phases increased, especially in the epitaxial

10° 101 102 103 GaPd gallide. This suggests that Pd atoms indiffused into

Annealing time (min) the GaN epilayer. By the results in FiggaRand 2b), it is

seen that the NiO layer suppressed the outdiffusion of Pd and

FIG. 1. (@) -V curve of the Pd/Ni and Pd/Au contacts annealed at 550 °C.

Various thicknesses of Pd/Ni contacts were selected so that the total thick-

ness might equal to 100 Ab) Contact resistivity of Pd/Ni and Pd/Au TABLE I. Minimum contact resistivities in Pd/Ni contacts with various

contacts as a function of the annealing temperafajeChange of the ratios,  thicknesses.
pi/po. for both the P50 A)/Ni (50 A) and Pd(50 A)/Au (50 A) contacts

as a function of the annealing time at 550 °C. Annealing temperature  Contact resistivity
Sample (°C) (Qcnmd)

Figure Xc) shows the change in contact resistivity for both pd (25 A)/Ni (75 A) 500 1.5¢10°%

the Pd/Ni and Pd/Au contacts as a function of the annealing Pd (30 A)/N@ (70 A) 500 5.7 10’2

time at 550 °C. The contact resistivities were normalized to Pd (50 ﬁ)"\‘! (50 '2) 500 9.6¢107

that in the annealed sample for 1 mjpy, and plotted as Pd (70 /V/Ni (30 ) 400 3'2’<10,4

. Pd (75 A)/Ni (25 A) 400 4.8<10
pi/po. The value ofp;/p, increased by a factor of 108 for  py 50 Ayau (50 A) 500 6.4¢ 104

the Pd/Au contact after annealing for 24 h, but it increased
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the surface acted as a diffusion barrier of Pd. This acceler-
ated Pd to react with GaN, leading to the formation of Pd
gallides. As a result, Ga vacancies, acting as acceptors for
electrons, were produced below the contact, and played a
role in reducing contact resistivity. During the long-time an-
nealing, Pd gallides were continuously produced, causing the
contact to retain its thermal stability because of the genera-
tion of Ga vacancies. In addition, the NiO layer could sup-
press the outdiffusion of N atoms released from the decom-
posed GaN, and this led to the interfacial region being N
rich, namely, degenerated GaN below the contact. Therefore
good thermal stability and low contact resistivity could be
obtained simultaneously.

In conclusion, specific contact resistivity as low as 5.7
X 10 °Q cm? was obtained using PB0 A)/Ni (70 A) on
p-type GaN, which is lower by an order of magnitude rela-
FIG. 3. SIMS depth profiles ofa) the Pd/Au contact andb) the Pd/Ni  tive to Pd/Au. The NiO layer formed at the surface promoted
contact annealed at 550 °C for 10 min. the reaction of Pd atoms with GaN to form the Pd gallides,
resulting in achievement of the low contact resistivity. Pd

played a crucial role in producing Pd gallides in the pg/Nj9allides were continuously produced and NiO acted as a dif-
contact. fusion barrier for N outdiffusion, resulting in enhancement of

SIMS depth analysis was carried out to study interfaciafN€ thermal stability.

reac_tions during annealing, as shown in Fig. 3. The depth  This work was performed through the research program,
profile of the annealed Pd/Au contact shows that Pd has oUfyational Research Laboratory, sponsored by the Korea Insti-

diffused through the Au layer and reached the surface, a§e of Science and Technology Evaluation and Planning

shown in Fig. 8a). The predominant outdiffusion of Pd in KISTEP).

the annealed Pd/Au contact is comparable to the result o(f

XRD analysis, resulting in the formation of complete Au—Pd

solid solution. In comparing the Ga profile with the N one, '7 E Fan S. N. Moh 4 W, Kim. O. Aktas. A. E. Botchk dH
. . . L . F.Fan, 5. N. Mohammaad, W. Kim, O. as, A. £. botchkarev, an .

Ga ogtd|ffu§|on_ toward the surfacg is obsgrved. Thls is d.ue to Morkog, Appl. Phys. Lett68, 1672(1996.

Ga dissolution into the Au—Pd solid solution, which provides 2p. p, Luther, S. E. Mohney, T. N. Jackson, M. A. Khan, Q. Chen, and J. W.

relatively easy outdiffusion of N atoms to the surfa@en _Yang, Appl. Phys. Lett70, 57 (1997.

the annealed Pd/Ni contact, the oxygen concentration at thgc-‘l\TA- '-Beeer n‘:‘L‘ge':- B’V-A*;%‘I" Qﬁf;opqisg-o'z‘igséms“(2000-

surface was remarkably high and its depth profile was similars; "1, "c.-s. Jong, C. C. Chiu, C.-N. Huang and K.-K. Shih, Appl.

to the Ni one. This is the evidence of the NiO formation from phys. Lett.74, 1275(1999.

Ni. The NiO prevented Pd atoms from outdiffusing to the °C.-F. Chu, C. C. Yu, Y. K. Wang, J. Y. Tsai, F. I. Lai, and S. C. Wang,

surface. As a result, Pd gallides such as®&hand GgPd @%"22{%‘ LLettJ:é %42\/?/%%29'H E Shin Y. 3. Park and T Kim. Aool

formed betwee_n the NiO an(_JI GaN subs_trates. Note that theppys. Lett73 2053(1998. o ' R

Ga atoms outdiffused more in the Pd/Ni contact than in the®L. zhou, W. Lanford, A. T. Ping, I. Adesida, J. W. Yang, and A. Khan,

Pd/Au contact. Appl. Phys. Lett.76, 3451(2000.

; ; ; °C. C. Kim, W. H. Kim, J. H. Je, D.-W. Kim, H. K. B, and S.-M. Lee,
Based on our experimental observations, the ohmic con- o/ = o0 T b ic o o 335 (2000,

tact formation and good thermal stability in the Pd/Ni contacto; k kim. J. H. Je. J. W. Lee, Y. J. Park, T. Kim, 1.-O. Jung, B. T. Lee, and
on p-type GaN can be explained. The NiO layer formed at J.-L. Lee, J. Electron. Mateg0, L8 (2007).

Intensity (arb. units)

500 1000 1500
Sputtering time (s)

Downloaded 23 Nov 2002 to 128.200.94.53. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



