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based devices†
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Co-integration of gallium nitride (GaN) power devices with Si logic ICs provides a way of applying high

power and high efficiency circuits on a single chip. In order to co-integrate GaN devices with Si ICs, an

ohmic contact for GaN devices has to be Si compatible and durable at the same or higher temperature

of the back-end process in the conventional complementary metal oxide semiconductor (CMOS)

industry. In this work, an Au-free ohmic junction with high thermal stability for AlGaN/GaN high electron

mobility transistors (HEMTs) was presented. The proposed titanium nitride (TiN) contacts on AlGaN/GaN

HEMTs retained their ohmic characteristics and stayed stable at temperatures even higher than 1000 °C.

The interface chemistry analysis using STEM EELS revealed the enhancement of the binding energy of

Ga–N and Al–N and invisible diffusion of Ti during treatment below 1000 °C. This clarifies the origin of

the highly stable ohmic contact. Thus, our work provides a new pathway and thought for forming

reliable contacts for HEMTs or another GaN-based devices.
Introduction

Gallium nitride (GaN) has been dened as a third generation
semiconductor for power devices with a high breakdown voltage
and high-frequency applications.1–3 The heterogeneous inte-
gration of GaN and Si circuits has been achieved by direct
bonding,4–6 while the parasitic components and the
manufacturing cost are high. On the other hand, monolithic
integration of GaN-on-Si technology on 200 mm wafers was
proposed to reduce the parasitic inductance and may further
reduce the cost.7

In order to co-integrate GaN devices with Si ICs, the devel-
opment of an ohmic contact with compatibility with GaN
devices and Si circuits is required. The Au-containing ohmic
contacts were reported on GaN devices,8 but in most of the
cases, Au was an undesirable metal for processing in Si tech-
nology. In addition, the back-end process temperature was
greater than 400 °C in the conventional complementary metal
oxide semiconductor (CMOS) industry,9 so the contacts in the
devices should be stable at least under this temperature.
Considering the Si compatibility and thermal stability, titanium
nitride (TiN) might be a good candidate for the contact metal
layer due to its high thermal stability and low work function.10

Up to now, plenty of research11 has shown that the TiN inter-
layer produced by the solid-state reaction of Ti-based contact
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metals and a GaN substrate would result in the formation of
ohmic contacts. It was hard to obtain a uniform TiN layer by this
method. According to the work done by Zhu et al., the direct
deposition of TiN by plasma-enhanced atomic layer deposition
(PEALD) could form a TiN thin lm with high uniformity and
purity on GaN.12 ALD-TiN has shown ohmic characteristics with
GaN regardless of the annealing temperature.12 In this work, we
explored ALD-TiN as the contact metal with GaN and demon-
strated its high thermal stability during high-temperature pro-
cessing of AlGaN/GaN HEMT devices.
Experimental

The transfer length method (TLM) was applied to determine to
contact resistance between the contact metal and the substrate.
The wafer was diced to 1 × 1 inch2 and the samples were then
cleaned with acetone, isopropanol, and piranha solution
(H2SO4 : H2O2 = 3 : 1) sequentially. We electrically isolated the
TLM components by mesa isolation. Aer that, a 30 nm Al2O3

layer was deposited on a sample by ALD (Cambridge NanoTech
Fiji-202 DCS). To form the contact holes for the source and
drain, the samples were dipped into a 9 : 1 buffer oxide etchant
(BOE) for 50 s. Then, a 50 nm TiN layer was deposited on the
samples by PEALD and the patterns were formed by inductively
coupled plasma reactive-ion etching (ICP-RIE). The samples
were annealed by using a rapid thermal annealing (RTA) system.
For comparison, the samples with conventional Ti/Au (10/60
nm) contacts were also fabricated and tested. Each sample
was annealed from lower to higher temperatures for 30 seconds
each cycle. The I–Vmeasurements were performed and repeated
aer every annealing process. The highest annealing
Nanoscale Adv., 2023, 5, 5361–5366 | 5361
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temperature in this work is 1050 °C due to the limit of the RTA
system we used. The microstructure analysis using scanning
transmission electron microscopy (STEM) images and electron
energy loss spectroscopy (EELS) spectra were carried out in
a JEOL ARM200F and Gatan Image Filter Continuum ER.
Results and discussion

Fig. 1a shows a schematic diagram showing the structure of the
AlGaN/GaN HEMT with a TiN contact. Fig. 1b shows the pattern
of the TLMmeasurement. An Al0.25Ga0.75N/GaN heterostructure
on an 8-inch Si wafer was used in the following experiments.
Fig. 1c and d show the omega–2theta scan (u–2q) of
Fig. 1 The structure and characterization of the AlGaN/GaN HEMTs.
(a) Schematic diagram of the AlGaN/GaN HEMT with a TiN contact. (b)
Plane view of the TLM pattern in our experiments. The channel lengths,
d, of each contact pair are between 3–30 mm. (c) The XRD omega–
2theta scan of a HEMT. (d) STEM HAADF image along with the EDS line
scan profiles of the AlxGa1−xN/GaN substructure of the HEMT.

Fig. 2 I–V characteristics of AlGaN/GaN HEMTs using TiN as the contac
after high temperature annealing treatments between 700 and 1050 °C.

5362 | Nanoscale Adv., 2023, 5, 5361–5366
Al0.25Ga0.75N by XRD and STEM EDS line scan prole along the
interface of TiN, Al0.25Ga0.75N, and GaN, respectively. The
composition of Al can be determined by using eqn (1),13

x ¼ cAlGaN � cGaN

cAlN � cGaN

(1)

where x, cAlGaN, cGaN, and cAlN represent the composition of Al
and the lattice constants of AlxGa1−x, GaN, and AlN along the c-
axis obtained by using the value of 2q in the u–2q scan. The
STEM EDS line scan prole also showed that the composition of
Al is about 0.25. The thickness of Al0.25Ga0.75N was 15 nm and
the elemental distribution along the HEMT device was
conrmed by the cross-sectional scanning transmission elec-
tron microscopy high-angle annular dark eld (STEM-HAADF)
image and line scan prole shown in Fig. 1d.

Fig. 2 shows the current–voltage (I–V) characteristics of the
AlGaN/GaN HEMTs with TiN as the contact metal aer various
annealing temperature treatments at as high as 1050 °C. The
devices exhibited ohmic contact characteristics because the
work function of TiN was close to GaN electron affinity.14,15 The
ohmic characteristic retained aer high temperature treat-
ments between 700 and 1050 °C, which were typical processing
temperatures required for GaN device. The consistent ohmic
characteristics in the range of the temperatures displayed the
good thermal stability of TiN on AlGaN/GaN HEMTs. The
contacts still remained ohmic even aer 1050 °C annealing
where the lowest contact resistivity was about 8 × 10−5 U cm2

aer 900 °C RTA. Even though the contact resistance was not as
low as that in other reported cases (e.g. 2 to 5 × 10−6 U cm2 for
Ti/Al), the TiN contacts were highly compatible to Si technology
and highly stable during high temperature processing for GaN-
related devices.

In conventional cases, Au-containing Ti-based metal
contacts were used to form ohmic contacts for GaN-based
devices. During annealing, Ti in the metal contact and
t metal, including measurements from as-fabricated devices and those

© 2023 The Author(s). Published by the Royal Society of Chemistry
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nitrogen in GaN form a thin TiN layer at the contact interface. It
caused the generation of high-concentration N vacancies at the
interface, and thus the contact resistance was reduced.16

However, these contact metals could not sustain high temper-
atures since annealing caused out-diffusion of Ti, followed by
the formation of oxides.17 Au capping was applied to avoid such
issues, while Au was unfavorable in CMOS technologies because
it acted as deep-level traps in Si18 and was very mobile at low
temperature (say 500 °C). For the unavoidable high processing
temperature for GaN technology, TiN therefore provided an
alternative choice to form a highly stable and reliable ohmic
contact on GaN with reasonable contact resistance in a wide
range of temperatures up to 1050 °C.

To make a comparison with a standard layout using Ti/Au as
the contact material, we investigated the electrical properties
and the interface microstructure of the devices with TiN and Ti/
Au contacts as shown in Fig. 3. Fig. 3a and b present the I–V
characteristics of devices aer 1050 °C annealing where both of
them exhibited ohmic contact characteristics. Fig. 3c and
d reveal the large eld of view of the morphology of the devices
in an optical microscope. The illumination of the Ti/Au metal
contacts and pads, shown in Fig. 3d, became darker aer
annealing with a small portion of the area remaining gold in
color. This might indicate that most parts of Ti/Au diffused
away and/or the surface became rougher. In contrast, the illu-
mination form of TiN contacts aer annealing looked similar
(Fig. 3c) to its as-fabricated form. This demonstrated that the
GaN device with TiN contacts behaved stably at high
Fig. 3 Thermal stability of TiN and Ti/Au contacts by comparison of the
acteristics of (a) TiN (b) Ti/Au contacts on AlGaN/GaN HEMTs after 105
contacts. The Ti/Au contact metal surface became rough after 1050 °C an
after 1050 °C annealing. Au diffused away from the Ti/Au contact due to t
as a protection layer during TEM sample preparation.

© 2023 The Author(s). Published by the Royal Society of Chemistry
temperatures even at 1050 °C. From the cross-sectional STEM-
BF images of the two devices with TiN and Ti/Au contacts on
the GaN substrate (Fig. 3e and f), the TiN layer was stable and its
thickness had no visible change aer 1050 °C annealing, while
the Au layer disappeared from the Ti/Au contact and only a thin
layer of Ti or TiN, whichmight be produced by the reaction of Ti
and GaN, was le at the interface. Therefore, aer high
temperature treatment, the total resistance from devices with
Ti/Au was relatively high. While the annealing temperature
reached of the RTA system is limited at 1050 °C, we suspect that
the TiN contacts will be stable above 1050 °C because there was
no visible thickness reduction or diffusion of the TiN contact at
1050 °C, and the melting point of TiN is higher than 2000 °C.

Fig. 4a shows the relationship between the total resistance
and channel length of the AlGaN/GaN HEMTs with TiN
contacts. The slope and vertical intercepts of tting lines indi-
cated the sheet resistance and the contact resistance. We found
that the TiN contacts aer 900 °C annealing had the lowest
contact resistance. Fig. 4b shows the contact resistivity of the
TiN and Ti/Au contacts on AlGaN/GaN HEMTs aer annealing
at different temperatures. In our case, the Ti/Au contacts were
not ohmic when annealed below 1000 °C (ESI Fig. S1†). The
contact resistivity with TiN was much lower than that with Ti/Au
when annealing temperatures were higher than 1000 °C, which
was consistent with the STEM images shown in Fig. 3e and f.

Besides, the TiN contacts presented better uniformity aer
high temperature treatments which could be attributed to its
superior stability. Table 1 shows the comparison of the contact
contact resistivity of TiN and Ti/Au on AlGaN/GaN HEMTs. I–V char-
0 °C annealing and the top-view morphology of (c) TiN and (d) Ti/Au
nealing. (e) and (f) show the cross-section TEM images of TiN and Ti/Au
he high annealing temperature. Note that the SiOX layer was deposited

Nanoscale Adv., 2023, 5, 5361–5366 | 5363
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Fig. 4 The contact resistivity of TiN and Ti/Au contacts on AlGaN/GaN
HEMTs. (a) The total resistance of TiN contacts versus channel length.
The vertical intercepts correspond to 2RC. (b) The contact resistivity of
TiN and Ti/Au contacts on AlGaN/GaN HEMTs after the high
temperature annealing.

Table 1 Comparison of contact resistivity of a TiN-based contact with
that in other studies

Contact
metals Thickness

Annealing
T (°C) rc (U cm2) Reference

TiN 50 nm 900 8 × 10−5 Our result
Ti/TiN 20/100 nm 850 1.8 × 10−5 21
TiN 180 nm 400 5.9 × 10−4 14
TiN 200 nm 800 4 × 10−5 22

Fig. 5 STEM EELS showing chemistry of the interfaces of TiN/GaN and
TiN/AlGaN after heat treatment at 1050 °C. ELNES of the (a) Ga-L3
edge and (b) Al-K edge. The blue arrows indicate the position of the
edges. Both of them have a positive chemical shift at the interface. (c)
The line profiles of the density of Ti and N atoms extracted from EELS
at the interface.
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resistivity of TiN contacts on GaN-based devices reported in
other papers and our work. Our result showed the same order of
resistance even aer processing at higher temperatures.

Compared to research on another contact metals for GaN
devices,11,19,20 the resistivity of a TiN contact was a little higher.
The higher resistance would cause the decay of device perfor-
mance. Thus, to reduce the total resistance for the GaN device
with a TiN contact metal, increasing TiN thickness or
combining it with other refractory metal stacks might be the
5364 | Nanoscale Adv., 2023, 5, 5361–5366
solutions. Even so, the TiN contact has high potential because it
is highly compatible to Si technology and highly stable during
high temperature processing for GaN-related devices.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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To explore the chemistry of the contact interfaces, we fur-
therly carried out STEM EELS to characterize the TiN/GaN and
TiN/AlGaN interface aer 1050 °C annealing. Fig. 5a and b show
the energy loss near edge structure (ELNES) of Ga-L3 and Al-K at
the TiN/GaN and TiN/AlGaN interface. Compare to bulk GaN
and AlGaN, the ELNES at the interface shows a positive chem-
ical shi. This might be caused by the increase in the binding
energy of Ga–N and Al–N bonds, which resulted in the decrease
in Schottky barrier height, and therefore, the contacts were
ohmic. For TiN grown by PEALD, the as-grown TiN/GaN showed
an increase in the binding energy.12 In our results, the ELNES
might also indicate an increase in the binding energy even when
the annealing temperature was as high as 1050 °C. Fig. 5c shows
the line proles of the density of Ti and N atoms extracted from
EELS at the interface. This illustrated that there was no Ti
diffusion and the TiN layer stayed stable at 1050 °C.

Conclusions

In conclusion, a high-thermal stability ohmic contact metal,
TiN, for high-processing temperature AlGaN/GaN HEMTs and
related devices was reported. The lowest measured contact
resistivity of TiN with GaN-based devices was 8 × 10−5 U cm2

aer 900 °C annealing. Even though it was higher than that of
other conventional devices, it provided excellent thermal
stability at a series of high processing temperatures for GaN and
compatibility with current Si technologies. The top-view
morphology and cross-sectional STEM images showed that
the TiN contacts were much more stable than the conventional
Ti/Au contacts especially at temperatures higher than 1000 °C.
In addition, it prevented Au contamination. The interface
chemistry was analyzed using STEM EELS which showed the
enhancement of the binding energy of Ga–N and Al–N and
invisible diffusion of Ti during treatment below 1000 °C. This
claries the origin of the highly stable ohmic contact. Thus, our
studies on TiN contact material provide a new pathway and
thought for forming reliable and thermally stable contacts for
HEMTs or another GaN-based devices.
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