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The feasibility of replacing the Au layer in a conventional ohmic contact of
Ti/Al/Ni/Au for AlGaN/GaN structure with Cu has been investigated. While the
thicknesses of Ti, Al and Cu layers were fixed throughout the study, the
thickness of Ni layer was varied to examine its influence on the Cu-based ohmic
contacts. It is showed that the Ni layer thickness played an important role in the
Ti/Al/Ni/Cu metallization for achieving low contact resistance and smooth
surface morphology. With a 50-A Ni layer, a low specific contact resistag)ce (r
of 1.35<10° ohm-cnf has been realized. This result is comparable with the
conventional ohmic contactc(F 1.1%10° ohm-cnf). High electron mobility
transistor (HEMT) devices fabricated using both Au- and Cu-based ohmic
contact exhibited similar DC characteristics, suggesting that the electrical
performance did not degrade with the used of Cu in the ohmic contact.
Furthermore, in the absence of Au, the surface roughening caused by Au-Al
alloy in the conventional ohmic contact was also prevented. As a result, the root-
mean-square roughness of the optimized Cu-based contact was only 7.62 nm as
compared to 134 nm for the conventional structure.

I ntroduction

Dramatic development in GaN semiconductor materials in the last decade has led to the
rapid development of high performance electronic devices especially high electron mobility
transistors (HEMTS). The most favorable heterostructure for GaN HEMT is AlIGaN/GaN. Due
to its high energy bandgap and high electron saturated velocity, AlGaN/GaN HEMT becomes
an ideal candidate for device operating at high frequency, high output current and high
breakdown voltage applicatiohs. In order to realize the potential of the GaN devices, a good
ohmic contact metallization with both low contact resistance and smooth surface morphology
is required. The most widely used ohmic metal for AIGaN/GaN HEMT devices consist of a
Ti/Al bilayer. Upon high temperature annealing (750~96] Ti and Al will react with GaN to
form low resistance ohmic contatf. On top of the Ti/Al bilayer, an oxidation preventive
layer, also with low resistance, such as Au will be deposited as the contact pads. In order to
prevent the diffusion of Au into the semiconductor, a diffusion barrier layer (such as Ni, Pt, Cr
or Mo) will be inserted in between the Ti/Al and Au layers. By optimizing the thickness of each
metal layer and its annealing condition, low specific contact resistajoé 47 x 10’ Q-cm®
and 7.3x 107 Q-cm® have been realized for ohmic structure of Ti/Al/Mo/Au and Ti/Al/Ni/Au,
respectively.

Gold has been widely used in the semiconductor industry for many years due to its low
resistivity and high resistance to oxidation. However, the high and ever rising of gold price has
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led to the aggressive searching of an alternative material, such as copper (Cu), to replace the
Au as metallization material in the Si VLSI technoldg¥ As compared to Au, Cu has several
advantages including lower resistivity (1.6R2-cm for Cu; 2.2 pQ-cm for Au) > *° better

thermal conductivity (4.01 WciK™ for Cu; 3.18 Wem™ K *for Au) and much lower cost (Cu

is 400 times cheaper than Au). Furthermore, Cu has also been demonstrated to perform well as
the gate™ *?and as the interconnettmaterials on the GaN HEMT devices. Nonetheless, the
main problem of using Cu on semiconductor devices is its high diffusfvilthe diffusion of

Cu into semiconductor material especially GaN is shown to be detrimental to its devices
performance$®*’. This hinders the usage of Cu as the ohmic contact material for GaN HEMT
because high annealing temperature is always required for good ohmic contact formation.
Researchers were looking into ways of making ohmic contact with lower annealing
temperatures. Ohmic structures such as Si/Ti/Al/ICUfAGe/Cu/Ge"® and Ti/Cu/Ge® have

been successfully formed at lower temperature (<°€)0 However, these structure were all
having relatively high contact resistancg ¥r10°> Q-cm) and thus limited their usefulness. In

this study, the structure of Ti/A/Ni/Cu was proposed as ohmic contact material for AlIGaN/GaN
HEMT devices. We replaced the top layer of Au in an conventional Ti/Al/Ni/Au ohmic contact
with Cu but maintaining the Ti/Au bilayer since it is proven advantageous for low resistance
ohmic contact formation. Besides, the role of Ni as a diffusion barrier and the formation
mechanism of Ti/Al/Ni/Cu ohmic contact will also be investigated.

Experimental

The Ti/AlI/Ni/Cu ohmic contact was formed on the GaN HEMT structure grown on 6-
inch Si (111) substrate. The structure of the epitaxial layer is illustrated in Figure 1. Before
ohmic metal deposition, the wafers were first rinsed in acetone and isopropanol to remove
organic contaminants and then followed by buffer hydrofluoric acid solution to etch away the
native oxide. Standard optical I-line exposure process was used to define the pattern for ohmic
metal depositionFour samples with different Ni layer thicknessesslagwn in Table | were
prepared to investigate the role of Ni played in Ti/Al/Ni/Cu ohmic structure. The thicknesses of
Ti and Al layers for these samples were fixed at 200 A, and 1200 A, respectively. Furthermore,
both the Cu and Au layer thicknesses were also kept the same at 1000 A. In fact, the sample D
used a standard ohmic metal scheme with gold metallization and thus acted as a control
sample. All the ohmic metals were deposited using an E-beam evaporator except the copper
layer which was deposited using a sputtering machine. Annealing process was performed in a
rapid thermal annealing (RTA) system at 9@D for 30 s under pressure otB)° torr in N,
ambient. Finally, mesa isolation was achieved witliAClinductively coupled plasma etching
to a depth of approximately 200 nm, which is well below the 2-dimensional electron gas
(2DEG) channel. Two set of samples were prepared: one for electrical properties measurement
and the other for material characterization. The specific contact resistances of these samples
were measured with an Agilent E5270 system using transmission line model (TLM) method.
The contact pads on the TLM pattern were separated by various spacing (3, 5, 10, 20 and 36
um). HEMT device were also fabricated on selectedpéasnto check their DC performances.

The HEMT devices fabricated in this study had @n7source-drain spacing and ai gate
length. The gate contacts were formed byNV{200A)/Cu (1000A) metal deposition using a
sputtering system. The \N is a stable material for gate contact as studied in a previous work
2L An optical microscope (OM) and an atomic force microscope (AFM, Digital Instrument,
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D3100) were used to examine the surface morphology of the ohmic structure after high
temperature annealing. Besides, depth profiling Auger electron spectroscopy (AES, Microlab
350) was performed to investigate the intermixing of metal layers. Grazing incident angle X-
ray diffraction (XRD, Bede D1) and cross-sectional transmission electron microscopy (TEM,
JEOL 2100F) were also employed to investigate the formation of various metallic compounds
and their microstructures, respectively, in the ohmic metal. The chemical elements presented in
the metallic microstructure were determined by an energy-dispersive X-ray spectroscopy (EDS,
Link ISIS 300) attached to the TEM system.

GaN (2nm)

Alo'szaolysN (20 nm)

GaN (1.6um)

Buffers

Si(111)

Figure 1. Schematic diagram of AIGaN/GaN HEMT structure on Si substrate.

TABLE I. Ohmic contact structures with different Ni layer thicknesses.

Sample Ohmic Structure Ni Thickness
A Ti/Al/Cu 0
B Ti/Al/Ni/Cu 50 A
C Ti/Al/Ni/Cu 250 A
D Ti/Al/Ni/Au 250 A

Results and discussion

Figure 2 summarized the values of sample A to D. The result shows that the Ni layer
thickness played an important role for the ohmic contact structure of Ti/Al/Ni/Cu. Sample B
with a 50-A Ni has the lowest among the Cu-based ohmic contact samples with a value of
1.35¢10° Q-cn?. This value is comparable with that of a conventional ohmic contact scheme
(sample D, with ancrof 1.19<10° Q-cn?). On the other hand, thgincreased by almost 1 and
2 orders of magnitudes higher for sample without the Ni layer (sample A) and for sample with
a 250-A thick Ni layer (sample C), respectively. Furthermore, the sample A also has the worst
surface morphology, as shown in figure 3 (a), with serious metal peeling problem. Due to this
problem, the sample A was omitted for further investigation. The thin Ni layer is seemed to be
able to avoid the formation of intermetallic compound and cavities following a direct contact of
Cu and Al% The peeling problem reduced the contact area between the ohmic metal and
semiconductor and thus increased the contact resistance. For sample with thicker Ni layer
(sample C), the increased @fmay be due to the increased of metal resistance for a thicker
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metal layer. This result is also observed in the conventional Ti/Al/Ni/Au strutture

A Ti/Al/Ni(0)/Cu

» B Ti/AI/Ni(50)/Cu
C Ti/Al/Ni(250)Cu
D Ti/Al/Ni(250)/Au
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Figure 2. Specific contact resistance of different onmic metal structures. The numbers in the
legend are the Ni layer thickness in angstrom.

Besides contact resistance, the surface morphology of the ohmic contact is also
investigated. It is known that the Ti/Al/Ni/Au ohmic contact has a very rough surface, which
may be induced by the formation of Au-Al and NiAl alldysAs shown in Figure 3 (c) and 3
(f), the Ti/Al/Ni/Au has a root-mean-square (rms) roughness of 134 nm. The rough surface of
ohmic contact may cause poor edge acuity, which is undesirable for short-channel device
fabrication. In contrast, the surfaces of the Ti/Al/Ni/Cu structures were relatively smooth
(Figure 3 (b), 3 (d) and 3 (e)). Sample B, with 50-A Ni, not only has the lowest contact
resistance but also the smoothest surface morphology (rms = 7.62 nm). The surface roughness
of sample C, with a much thicker Ni layer (250 A), increased slightly to 12.50nm. This result
suggested that the Au-Al, rather than the NiAl, played a much more significant role in the
roughening of Ti/Al/Ni/Au ohmic contact.

. *
Figure 3. Optical microscopy images of (a) Ti/AliCu, (b) Ti/Al/Ni (50A)/Cu, and (c)

Ti/Al/Ni(250R)/Au. AFM images of 1Qum x 10 pm area for ohmic contact with (d) Ti/Al/Ni
(50R)/Cu, (e) Ti/Al/Ni(250A)/Cu and (f) Ti/Al/Ni(250A)/Au structure.
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Figure 4 shows the depth profiling AES analyses of the sample B (Ti/Al/Ni(50-A)/Cu)
before and after annealing. Before annealing, all the deposited metal layers had a clear
boundary with minimum inter-diffusion. The small Ni spectrum that seemed embedded in that
of Cu and Al is because it was very thin (5 nm) and its boundaries could not be resolved by the
AES. On the other hand, intermixing of various metal layers was clearly observed for sample
after annealing (Figure 4 (b)). Even though the Cu diffused towards the semiconductor but was
seen stopped at a depth corresponding to the initial Ti thickness. All other elements including
Ga, which originated from the semiconductor layers, out-diffused towards the surface. The thin
Ni did not seem to be an effective diffusion barrier for Cu. It is believed that the formation of
various compounds in the metal stack had prevented the in-diffused of Cu. XRD and TEM
analyses shown in Figure 5 would support this hypothesis.
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Figure 4. Depth profiling Auger results of Ti/Al/Ni (50A)/Cu ohmic contact (a) before and (b)
after annealing.

The XRD result shown in Figure 5 (a) reveals that various alloys, especially Al-Cu and
Ti-Cu based alloys were formed upon high temperature annealing. A strong XRD peak
appeared at around 44%26uld probably be attributed to the,8Ly (20 = 44.22), AINi (20 =
44.37°), and CuGa (20 = 44.39) (inset of Figure 5 (a)). The Cu@aas associated with the
out-diffusion of Ga as shown in the AES spectrum. Other Cu-based compounds found included
CuTi (20 = 41.12) and CuyTiz (20 = 75.64). Besides this, compounds that normally occurred

333
Downloaded on 2014-12-24 to IP 140.113.38.11 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

ECS Transactions, 61 (4) 329-336 (2014)

in a Ti/Al-based ohmic contact such as AlITH(2 38.72) and TiN (® = 36.62) ** were also
observed. In additional to the XRD result, the cross-sectional TEM image shown in Figure 5
(b) reveals the distribution of various compounds in the Ti/Al/Ni/Cu ohmic contact. Generally,
the chemical compositions of these compounds, as determined by EDS, were in good
agreement with the XRD result. The,8L, alloys dominated the Cu-based ohmic metal
compounds. Besides, the out-diffusion of Ti and Al atoms had led to the formation of CuTi (at
the surface) and AINi (near the initial location of Ni layer). Similar to the case of Ti/Al/Ni/Au
ohmic contact, a thin polycrystalline TiN layer was also clearly observed at the Ti-GaN
interface when Ti was first deposited on the GaN matefidfs > This layer played an
important role in achieving low contact resistance for the Ti/Al-based ohmic contact because
the formation of TiN could lead to the supersaturation of nitrogen vacancies at the
semiconductor surface to generate a highly N-doped f8y&t The EDS performed on the
AlGaN layer near to the metal/semiconductor interface also shows that no Cu diffused into the
semiconductor layer (inset of Figure 5 (b)). Both XRD and TEM results suggested that no
evident of Cu diffusion into the semiconductor layers. Furthermore, no pure metallic XRD
peak or TEM microstructure were detected. This implied that all the deposited pure metals,
including Cu, had been transformed into various alloys especially the Al-Cu and Ti-Cu based
alloys. These alloys were thermally more stable than the pure Cu and thus formed stable ohmic
contact for GaN devises.
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Figure 5 (a) XRD result and (b) TEM image of Ti/Al/Ni(50A)/Cu ohmic contact structure.

Finally, AlIGaN/GaN HEMT devices were also fabricated using the ohmic contact of
Ti/Al/Ni(50-A)/Cu and the gate contact of JW/Cu. The DC characteristic of the HEMT device
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is shown in Figure 6. It has a maximum drain curremn of 370 mA/mm, a
transconductance (Gm) of 128 mS/mm and an off-state breakdown voltggeofV136 V.

This result is comparable with HEMT device fabricated using the conventional ohmic contact
of Ti/Al/Ni/Au (not shown here). Besides the material analyses, the good ohmic contact and
DC performances of the HEMT device also supported the idea that the Cu had been completed
consumed and no trace was left to contact with or diffuse into the semiconductor. The current
study suggested that the Cu can be used to replace the Au layer as ohmic contact material for
AlGaN/GaN structure if the device reliability issue can be addressed in the future.
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Figure 6 DC performance of HEMT device fabricated using Ti/Al/Ni (50A)/Cu ohmic contact
(a) Ib-Vps curves, (b) Gm ang,lversus \s curves, and (c) off-state breakdown characteristic.

Conclusion

The feasibility of using Ti/Al/Ni/Cu as ohmic contact for AlIGaN/GaN HEMT device
has been investigated. The Ni layer played an important role to avoid the direct contact of Cu
with the Al layer. By optimizing the Ni layer thickness (50 A), ohmic contact with low specific
contact resistance of 1.850° ohm-cnf and smooth surface morphology of 7.62 nm had been
achieved. The low contact resistance could be attributed to the formation of TiN alloy as for the
case of Ti/Al/Ni/Au structure. Furthermore, in the absence of Au, the formation of Au-Al
alloys, which caused the roughening of Ti/Al/Ni/Au ohmic contact, was also prevented. Both
material and electrical analyses suggested that no Cu diffused into the semiconductor layer. All
the Cu had been consumed to form a more stable Al-Cu and Ti-Cu based alloys. This study
implies that the Ti/Al/Ni/Cu structure has a great potential to be used as ohmic contact for
AlGaN/GaN HEMT devices.
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