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The degradation mechanism of Ti/Al/Ni/Au-based Ohmic metallization on AlGaN/GaN high
electron mobility transistors upon exposure to buffer oxide etchant (BOE) was investigated. The
major effect of BOE on the Ohmic metal was an increase of sheet resistance from 2.89 to 3.69 Q/[]
after 3 min BOE treatment. The alloyed Ohmic metallization consisted 3—5 ym Ni-Al alloy islands
surrounded by Au-Al alloy-rings. The morphology of both the islands and ring areas became flatter
after BOE etching. Energy dispersive x-ray analysis and Auger electron microscopy were used to
analyze the compositions and metal distributions in the metal alloys prior to and after BOE
exposure. © 2015 American Vacuum Society. [http://dx.doi.org/10.1116/1.4919237]

I. INTRODUCTION

The performance of AIGaN/GaN high electron mobility
transistors (HEMT) has made remarkable progress in recent
years, showing great promise for applications such as mili-
tary radar and satellite-based communications systems. '
Due to the large energy bandgap of GaN (3.26eV) and high
breakdown field, these devices are well-suited to high power
applications. However, due to this large bandgap, it is diffi-
cult to create a low resistance Ohmic metal on nitride
HEMTs. The typical Ohmic contact used is a Ti/Al/Ni/Au
metal stack annealed at 800-850°C in N, ambient. By
changing the annealing temperature or time,’ a contact re-
sistance of 3.22 x 10”7 Q/cm? was achieved for Ti/Al/Ni/Au
metal stacks to AlIGaN/GaN HEMT. These data are reported
for measurement right after annealing and without exposure
to chemicals that are part of subsequent processing steps.
During the fabrication process, these contacts might be
exposed to a number of chemicals, including buffered oxide
etchant (BOE) which is an acidic buffered solution. As a
result, it is important to know the performance change of
Ohmic metal and possible degradation mechanisms after
such BOE exposure.

BOE is a typical etchant to remove the native oxide or
passivation layers such as silicon oxide or silicon nitride.*
It is a mixture of HF and NH4F, which gives a stable etching
performance by acting as a buffering agent to maintain pH.
Based on their standard electrode potentials, most of the
metals including Ti, Al, and Ni are anodic and will react
with acid solution to form hydrogen gas.’® The etching
rate of HF for sputtered Ti was reported to be faster than
101(108/min.6 For another common contact metal, Al, the
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etching rate in 5:1 BOE solutions was reported to be 11 nm/
min.” The etching rate of 5:1 BOE solution for Ni and Au is
almost zero.” During the opening of the passivation layer on
HEMTs, the Ohmic metal is exposed to the BOE solution
and it is inevitable it will react with HF. As a result, care
must be taken to open the passivation window but not dam-
age the Ohmic metal.

There is no study on changes in Ohmic metal perform-
ance of Ti/Al/Ni/Au contacts on nitride HEMTs after BOE
treatment. Therefore, it is important to study this perform-
ance change after BOE treatment. In this work, we moni-
tored the resistance change of Ti/Al/Ni/Au Ohmic metal
when exposed to BOE by four point probe measurements.
After treatment, energy dispersive Xx-ray spectroscopy
(EDX) and Auger analysis were used to quantitatively
determine the composition change. Possible mechanisms
are discussed to explain the performance changes after
BOE treatment.

Il. EXPERIMENT

HEMT structures were grown on Si substrates using a
metal organic chemical vapor deposition system, starting
with a thin AIN nucleation layer followed with a 2 um low-
defect carbon-doped GaN buffer layer, a 23 nm undoped
GaN layer, and a 21.2 nm undoped AlGaN layer with a 18%
Al mole fraction and capped with a 2.5nm undoped GaN
layer. Ohmic contact was deposited with a standard lift-off
e-beam evaporated Ti/Al/Ni/Au (45/125/45/100 nm) based
metallization, and the samples were subsequently annealed
at 850°C for 1 min under N, ambient. After annealing at
850°C for 1 min under a N, ambient, the sheet resistance of

© 2015 American Vacuum Society 031212-1


http://dx.doi.org/10.1116/1.4919237
http://dx.doi.org/10.1116/1.4919237
http://dx.doi.org/10.1116/1.4919237
mailto:fren@che.ufl.edu
http://crossmark.crossref.org/dialog/?doi=10.1116/1.4919237&domain=pdf&date_stamp=2015-04-27

031212-2 Hwang et al.: Degradation mechanisms of Ti/Al/Ni/Au-based Ohmic contacts

4.0

o
c.ln
\

.

=
l\._./n

Rsht (ohm/square)

0 50 100 150 200
Time (sec)

Fic. 1. Sheet resistance of alloyed Ti/Al/Ni/Au-based Ohmic metallization as a
function of BOE treatment time measured with the four point probe technique.

the Ohmic metal from four point probe measurements was
around 2.7 Q/[.

The wafer with Ti/Al/Ni/Au Ohmic metal was diced into
several pieces and treated in BOE at different time, with the
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FiG. 2. (Color online) Percentages of metal elements in alloyed Ti/Al/Ni/Au
metallization prior to and after 200 s of BOE treatment, measured by EDX
spectroscopy.

sheet resistance being monitored by four point probe meas-
urements. Scanning electron microscope (SEM) with either
backscattering electron detector or secondary electron detec-
tor was used to examine the surface morphology change

FiG. 3. (Color online) Morphologies of alloyed Ti/Al/Ni/Au metallization (a) prior to and (b) after 200 s of BOE treatment examined with optical microscopy.
SEM pictures of alloyed Ti/Al/Ni/Au metallization (c) prior to and (d) after 200 s of BOE treatment using a secondary electron detector. SEM pictures of
alloyed Ti/Al/Ni/Au metallization (e) prior to and (f) after 200 s of BOE treatment using a backscattering electron detector.
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before and after BOE treatment. EDX was used to quantify
the composition change before and after BOE treatment.
Finally, Auger depth profiling was used to analyze the com-
position within the metal film.

lll. RESULTS AND DISCUSSION

Figure 1 shows the sheet resistance (Rsh) of alloyed Ti/
Al/Ni/Au Ohmic metallization as a function of BOE treat-
ment time. The metal sheet resistance gradually increased
from 2.7 to 3.7 /1 after 200 s of BOE treatment. The BOE
solution was composed of a 6:1 volume ratio of 40% NH4F
in water to 49% HF in water. Au should be inert in BOE.
However, since the standard reduction potentials of Ti, Al,
and Ni are all negative, oxidation and dissolution processes
are favorable for these three metals and thus increase metal
sheet resistance after treatment in BOE.
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Broad area EDX scan was used to estimate the rough
composition change of alloyed Ohmic metallization after
BOE treatment, as shown in Fig. 2, and the composition of
each element was averaged for individual content across an
area of 30 um x 30 um. For EDX analyses, the intensity of
the x-ray beam generated is proportional to the incident
electron beam current and the atomic mass of an element.
Heavier elements, such as Au, are much easier to detect
than lighter elements (Al) and will have a higher x-ray
yield. Therefore, Au would be overestimated in this mixed
metallization. However, as shown in Fig. 2, Au unexpect-
edly decreased by around 7% and Ga increased by 4%. The
content of Ti decreased by 0.1% and the contents for the
rest of elements, Al, Ni, and N, increased by 0.2%, 1.3%,
and 0.6%, respectively. For EDX, the x-rays are generated
in a region about 2 um in depth of the sample. The thickness
of the Ti/Al/Ni/Au Ohmic metallization was around 0.3 um,
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FiG. 4. (Color online) EDX elemental mappings of alloyed Ti/Al/Ni/Au metallization prior to and after 200 s of BOE treatment.
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and thus, the EDX signals of Ga and N should be dominated
by the bulk GaN even with some Ga or N out-diffusing
through the alloyed Ohmic metallization. Thus, it is reason-
able to assume that the Ga and N contents did not change
significantly. The percent increases of Ga and N content af-
ter BOE treatment were due to the decrease of the Au con-
tent. By comparing the increases of percent content of Al, it
was less than the percent increase of Ga or N. Therefore,
besides Ti and Au, the content of Al also decreased after
BOE treatment. However, the increase of Ti/Al/Ni/Au
Ohmic metallization sheet resistance should be mainly
caused by the decrease of Au content in the BOE treated
sample. Although Au is inert to BOE, Au in the ring area
could be removed by the etching of Al underneath this
layer.

Figure 3 shows optical microscope pictures of alloyed
Ohmic metallization before and after BOE treatment, and
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Fic. 5. (Color online) Auger surface scan analyses of island, ring and field
regions for (a) untreated sample and (b) BOE treated sample.
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pictures for the same samples taken with SEM using a sec-
ondary electron detector as well as a backscattering electron
detector. There were no clear differences for the pictures
taken with the optical microscope between [Fig. 3(a)] the
reference and [Fig. 3(b)] BOE treated sample, and both pic-
tures exhibited very rough surface morphology across the
entire alloyed Ohmic metallization. However, the SEM pic-
tures using the secondary electron detector clearly exhibited
three distinct regions on the alloyed Ohmic metallization.
There were islands bulging up and surrounded by a ring, and
there was a flat surface between these islands. The SEM pic-
tures also revealed a couple of distinct differences between
Fig. 3(c) the reference and Fig. 3(d) BOE treated samples.
First, the surface of the islands was etched and became
rougher after BOE treatment. Besides etching the surface of
islands, those rings surrounding the islands also got etched
and became narrower. The height of islands was reduced
from around 300 to 200-250 nm after BOE treatment meas-
ured from the field region on the Ohmic metal with an
Alpha-Step profiler. Further, SEM pictures taken with back-
scattering electron detector also exhibited three distinct
regions on the alloyed Ohmic metallization; dark color black
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Fic. 6. (Color online) Auger depth profile of the island area on (a) untreated
sample and (b) BOE treated sample.
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FiG. 7. (Color online) Auger depth profile of the ring area (a) untreated sam-
ple and (b) BOE treated sample.

6000

islands surrounded by a brighter ring, and islands connected
with a gray color area, as shown in Figs. 3(e) and 3(f). The
signal intensities detected by the backscattering electron de-
tector are proportional to the atomic numbers; the brighter
areas are dominated by heavier elements, such as Au in our
system, and the darker areas should comprise lighter ele-
ments, such as Al. Thus, those darker color islands ranging
from 3 to 5um must have Al, Ni and Ti bounded by a
~1pum wide ring containing Au. The gray color region,
defined as the field region, could have both a heavier ele-
ment, Au, as well as lighter elements, Al, Ti, and Ni. It was
reported that Ni-Al intermetallic phases react to form bumps
and are bounded by Au-Al intermetallic phases.8 Based on
these results, some of the Al and Ga were etched off by
BOE. Au in the ring area could be removed by the etching of
Al underneath this layer.

Figure 4 illustrates the EDX mapping of Au, Ga, Al, Ti,
and Ni for reference and BOE treated samples. Al and Ni are
mainly located in those islands, and Au and Ga mostly con-
tained in the ring and field areas, respectively. Ti, on the
other hand, is uniformly dispensed in the ring and field areas
and scattered in the islands. After BOE treatment, the con-
trast between Au-based rings and the island areas became

031212-5

less obvious, which was consistent with the results obtained
by SEM. The intensities of the Ga signal in the ring areas
also decreased after BOE treatment. The Al signal generally
decreased for the entire areas, which was in line with Auger
surface scan result shown in Fig. 5. For the as-alloyed sam-
ple, Ti, Al, carbon (C), and oxygen (O) were present on the
surface for all three regions. After BOE treatment, Al was
removed and Ga was detected in the island areas.

To investigate the depth-dependent composition of
alloyed Ti/Al/Ni/Au Ohmic metallization in island, ring and
field regions between islands, Auger depth profiling analyses
were performed. Figure 6(a) shows the Auger depth profiling
of the island area on the untreated sample. The surface
region consisted of C, O, Ti, and Al, followed with a 40 nm
Ti layer and a layer of 200 nm Ni-Al alloy. Ga clearly dif-
fused throughout the Ni-Al alloy and Ti layer. It has previ-
ously been reported that a Ni-Al intermixing layer in these
types of contacts was formed after annealing to minimize the
interfacial energy.”'” After BOE treatment, the surface Al
was removed, as shown in Fig. 6(b). There was no clear
effect of BOE treatment on both Ti and Ni-Al alloy layer.
However, there was a Ti peak appearing at the Ni-Al alloy
and GaN interface for the reference sample, which was not
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FiG. 8. (Color online) Auger depth profile of the field region of (a) an
untreated sample and (b) BOE treated sample.
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observed for the untreated sample. Zhou et al. reported that
TiN-based contact inclusion (ClIs) form at the GaN surface.®
The diameter and density of CIs were around 100nm and
2 x 107 "/em?, respectively. The Auger beam spot size used
in this study was around 35 nm. Thus, it is possible that the
CI region might be missed during the Auger depth profiling
for the untreated sample.

Figure 7(a) shows Auger depth profile of the ring area for
the untreated sample. There was a surface layer containing
C, O, Ti, and Al, followed with a Ti layer mixed with Au-Al
alloy layer, a thicker Au-Al layer, and an interface layer
between Au-Al-Ti alloy layer and GaN. After BOE-
treatment, not only was the surface Al was removed, but also
some Ti and Au-Al alloyed layers were etched off, as shown
in Fig. 7(b). This is consistent with EDX data which Au
decreased around 7%. Although Au is quite stable with acid
solution, the etching of surface Al and Al in Au-Al alloy
layers might take away Au. The removal of Au on these sur-
face layers increased the Ohmic metallization sheet
resistance.

Figure 8 shows the Auger depth profiles of the field
region of (a) an untreated sample and (b) BOE treated sam-
ple. There was a similar surface layer as the one on island
and ring areas, containing C, O, Ti, and Al, followed with a
Ti layer mixed with Au-Al alloy layer, a Ti layer on the top
of GaN. After treatment, the surface Al was etched off.
There were no changes on the other layers.

IV. CONCLUSIONS

The degradation of Ohmic metallization dipped in BOE
was studied. The sheet resistance of Ohmic metallization
increased significantly after treatment in BOE for 3 min.
Moreover, after annealing, there were island-like structures
surrounded by Au-Al alloy rings and a field area between the
islands. The BOE etching occurred mainly at the island and
ring areas instead of the field area between the islands. The
increase of sheet resistance was due to the etching of surface

J. Vac. Sci. Technol. B, Vol. 33, No. 3, May/Jun 2015
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Al and Ti and the loss of Au in the island and ring areas. To
minimize BOE exposure time, CF,/O, plasma can be used to
etch off the majority of the dielectric, then use BOE treat-
ment to remove the rest of the dielectric to prevent plasma
ion bombardment damage.
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