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A combinatorial library of Ti/Al/Ti/Au metal contacts to n-type GaN thin films was characterized electri-
cally and microstructurally. Various Ti/Al/Ti/Au thicknesses were deposited by combinatorial ion-beam
sputtering (CIBS) on an n-GaN/sapphire substrate followed by rapid-thermal annealing (RTA) at 600°C to
900°C in argon for 30 s. The most Al-rich metallization in the library, Ti(20nm)/Al(170nm)/Ti(5nm)/
Au(50nm), was found to have the smoothest surface morphology (rms roughness = 20 nm), while possess-
ing an acceptably low contact resistivity (2.2x10™ Q-cm”) after RTA at 750 °C. XRD analysis of this com-
position showed that, regardless of RTA temperature, the same two compounds, ALTi and Al Au, were
formed in the contact layer. For all other library elements, the interfacial phases in the metal layers were
subject to continuous transformations as a function of RTA temperature. We surmise that these tempera-
ture-dependent transformations inflicted the excessive surface roughness in the contacts.
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1 Introduction

The performance of GaN-based devices is often limited by the difficulty in making low-resistive, mor-
phologically smooth and thermally stable ohmic contacts to both n- and p-type layers. The optimization
of the metal contact scheme and the processing schedule involves extensive experimentation and is con-
ducted mostly on a trial-and-error basis. In commonly used Ti/Al/Ti/Au metallization to both n-GaN and
n-AlGaN layers, the overall composition, i.e., layer thickness ratio, is not yet optimised and varies from
Al-rich [1-3] to Ti-rich [4] and to Au-rich [5, 6]. The thermal processing limits for enabling ohmic be-
haviour in the contacts also vary. Therefore, the methods of high-throughput experimental research ap-
pear suitable for optimizing electrical contacts in a multivariable space of metal compositions and proc-
essing temperatures. This paper develops a strategy to improve electrical and morphological characteris-
tics of Ti/Al/Ti/Au ohmic contacts by optimizing metal layer thicknesses and rapid-thermal-annealing
(RTA) temperatures using a combinatorial approach. To restrict the combinatorial space to be studied,
we designed the optimum number of library compositions by first plotting the Ti Al Au, compositions of
previously researched Ti/Al/Ti/Au contacts on the ternary Ti-Al-Au composition triangle (not shown
here). We then chose the library matrix that both introduced new compositions and reproduced most
previously reported metallizations. The combinatorial contact library was deposited and annealed incre-
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mentally in the 600 °C to 900 °C temperature interval, followed by electrical and microstructural charac-
terization to identify the most promising ohmic contacts.

2 Experimental

A 35 mm x 35 mm square substrate for the metallization study was cut out from commercial GaN/c-
sapphire wafer. The 7 pm thick Si-doped n-type GaN layer was grown by hydride-vapor-phase epitaxy at
TDI, Inc". Transport properties of the GaN were assessed by Hall measurements prior to metallization in
several locations on the wafer. The GaN parameters were as follows: sheet resistance R, = 17 = 1
Q/square, carrier concentration n=(2.3 = 0.5)x10"cm and mobility p =250 = 50 cm’V's™".

The GaN surface was prepared for metallization by degreasing in boiling organic solvents followed by
sequential etching in boiling NH,OH:H,0,:H,O (1:1:5) mixture and in HCI:H,O,:H,0=1:1:5 mixture for
5 min, and rinsing with de-ionized water after each step. After photo-lithographic processing that defined
the circular transfer length method (c-TLM) pattern for measuring contact resistance, the substrate was
dipped in HF:HCI:H,0=1:1:10 solution for 10 s, then rinsed, blown dry and loaded into the combinato-
rial ion-beam sputtering system [7] for metal deposition. Ti, Al, Ti and Au layers were deposited sequen-
tially at 0.08+£0.02 nm/s onto the GaN surface at room temperature. A shutter system was used to deposit
an array of six rectangular elements with approximate 5 mm x 35 mm dimensions separated from each
other by 0.3+£0.1 mm gaps. Metal layer deposition sequence and thicknesses in each of the six strips, “A”
to “F”, are summarized in Table 1.

Table 1 Metal layer thicknesses (nm) in the Ti/Al/Ti/Au contact library

Metal/Series A B C D E F
Ti 20 20 20 20 20 20
Al 70 120 145 170 85 25
Ti 115 60 30 5 15 75
Au 50 50 50 50 150 150

To limit the number of composition variables, the Ti layer adjacent to the GaN was 20 nm thick in all
samples. The Au layer was 50 nm thick in the “A”-“D” structures and 150 nm thick in the “E” and “F”
structures. Only the Al layer and middle Ti layer thicknesses varied in the test samples.

After metal deposition and a photo-resist lift-off that developed c-TLM test structures on a substrate,
the sample was cut into seven 5 mm-wide strips in the direction orthogonal to the metal deposition direc-
tion. Six of seven strips were annealed at 600 °C, 650 °C, 700 °C, 750 °C, 800 °C and 900 °C in an RTA
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Certain commercial equipment, instruments, or material supplier are identified in this paper in order to specify the experimental
procedure adequately. This does not imply endorsement by NIST
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furnace for 30 s in argon. The processed combinatorial array was composed of thirty-six 5 mm x 5 mm
contact regions (plus one un-annealed reference strip) with each region having different metallization
and thermal processing history as shown in the optical image in Fig. 1.

Contact resistance was measured with a 4-point probe method using the standard procedure for ex-
tracting specific contact resistivity as described in [8]. Gap spacing in the c-TLM test structures ranged
from 2 pm to 30 pm. Comprehensive microstructural analysis was performed using a suite of characteri-
zation techniques: a) x-ray diffraction (XRD) in 0-20 geometry to identify phases in the metal layers; b)
optical microscopy and field-emission scanning electron microscopy to assess surface morphology; c)
white-light interferomery to determine rms surface roughness (rms values for each sample were assessed
over 100 pm x 100 pum scan area).

3 Results and discussion

The six experimental library compositions, with relationships to the literature, are: 1) Ti-rich composi-
tion “A” corresponds to that in the Ti/Al/Ti/Au contact from [4]; 2) (Al, Ti)-rich composition “B” is an
average of those from [1-3]; 3) composition “C” (which is slightly richer in Al than “B”) is new with no
corresponding metallization from the literature; 4) Al reach composition “D” is also new; 5) Au-rich “E”
composition is new but relates to metallization from [5]; and 6) Au-rich composition “F” (which is
slightly richer in Ti than “E”) is new but close to that from [6].

The maps of contact resistivity and surface roughness obtained for the library members are shown in
Fig. 2 and Fig. 3, respectively. To select the “best” ohmic metallization in the thirty-six-element library
in Fig. 1, the following two criteria were imposed: the contacts had to possess a) low contact resistivity
with p<3x10” Q-cm’ and b) smooth surface morphology with rms roughness below 40 nm. The rela-
tively high limit for the “cut-off” rms value (40 nm) was dictated by the original roughness of the GaN
surface (20£5 nm), which is typical for thick HVPE-grown GaN films. In general, both p, and rms crite-
ria are relative quantities and depend on electrical and structural properties of the specific GaN substrate
and as-deposited metal film.
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Fig. 2 Specific contact restivity as a function of metal Fig. 3 Roughness (rms) as a function of metal
composition and annealing temperature (“x“ indicates composition and annealing temperature.
non-ohmic behavior in the contacts).

Following the above criteria, samples “D-750 °C”, “D-800 °C”, “D-900 "C” were singled out as optimal
(marked with “+” in Fig. 1) with the “D-750 °C” metallization being the best (p=2.2x10" Q-cm” and
rms=20 nm). Overall, the “D”-series (highest Al-content) was the best in the library since its rms rough-
ness was practically the same as on as-deposited contacts (rms values remained between 15 nm and 28
nm after RTA). The contact resistivities for this series were also low: the contacts became ohmic after
RTA at 650 °C and remained below the p=3x10" Q-cm’ limit even after the 900 °C RTA. The other
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library series, “A”, “B”, “C”, “E” and “F”, were not acceptable primarily due to considerable surface
roughening upon annealing above 700 °C—750 °C. The contact resistivities for these series were also
relatively high, with both Al-low/Au-rich compositions, “E” and “F”, being non-ohmic until high-
temperature annealing (see Fig. 2).

XRD results revealed possible origin for the relative surface smoothness in the “D” series compared to
the other series. In “D” contacts, only peaks from ALTi(m) and ALAu phases were observed after all
annealing temperatures , where Al Ti(m) is a metastable L1, phase that is often observed in Al/Ti films
[9] (importantly, the presence of AL Ti in the contact is considered to be critical for its ohmic behavior
[10]). Unlike the “D” series, other library elements had different phases after different temperature an-
neals. Significant surface roughening correlated with certain phase changes in the metal contacts. For
instance, in the “B” and “C” series, AlAuTi compound was formed after RTA at 600 °C. After RTA at
T>750 °C this phase disappeared and AL Ti(m) phase appeared, and the rms values increased two-fold
(“C-750 °C” vs. “C-700 °C”, Fig. 3) and five-fold (“B-750 °C” vs. “B-700 "C”, Fig. 3).

We also believe that the presence of liquid phase at RTA temperature in some samples caused signifi-
cant surface roughening. For example, at 900 °C, the equilibrium composition “E” should consist of
liquid and AlAu,Ti phases based on the estimated Al-Au-Ti phase diagram. Indeed, the surface of the
“E-900°C” sample was covered with dendritic-like features upon cooling, which adversely affected the
rms roughness of this sample (rms=177 nm).

4 Conclusions

A combinatorial approach enabled optimization of morphology and resistivity of commonly used
Ti/AI/Ti/Au  ohmic contacts to n-GaN. The most Al-rich metallization composition,
Ti(20nm)/Al(170nm)/Ti(5nm)/Au(50nm), produced superior surface morphology with rms of 20 nm and
low contact resistivity of 2.2x10~ Q-cm’ after the 750 °C/30 s RTA anneal in argon. The temperature
dependence of surface roughening correlated with phase transformations in the metal layers. Only D-
series contacts remained fairly smooth after all RTA anneals; the other library elements suffered from
increasing surface roughness with increasing annealing temperature. The superior morphology of con-
tacts in the D-series is explained by the absence of phase transformations in the 600 °C to 900 °C tem-
perature interval after the initial formation of Al,Au and Al Ti(m) phases.
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