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An optimized fabrication process of ohmic contacts is proposed to reduce the source/drain access resistance (RC) and enhance DC/RF
performance of AlGaN/GaN HEMTs with a high Al concentration. We show that source/drain RC can be considerably lowered by
(i) optimally etching into the barrier layer using Ar+ ion beam, and by (ii) forming recessed contact metallization using an optimized
Ti/Al/Ni/Au (12 nm/200 nm/40 nm/100 nm) multilayers. We found that a low RC of ∼0.3 �.mm can be achieved by etching closer
to the 2-Dimensional Electron Gas (2DEG) at an optimum etching depth, 75% of the barrier thickness, followed by a rapid thermal
annealing at 850◦C. This is due to the very small distance between the alloy and the 2DEG (higher electric field) as shown by 2D
drift-diffusion simulations combined with Transmission Line Model (TLM) extractions.
© The Author(s) 2017. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any
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AlGaN/GaN High Electron Mobility Transistors (HEMTs) are sig-
nificantly beneficial to the semiconductor device industry. They have
the potential to replace Si in a range of high-power and high-frequency
applications due to the wide bandgap, high electron saturation veloc-
ity, good thermal conductivity and high piezoelectricity of III-Nitrides
materials.1–4 To fully benefit from the aforementioned material prop-
erties, reduction of extrinsic source and drain access resistances (RC)
of AlGaN/GaN HEMTs is essential to enhance their DC/RF perfor-
mance. To achieve this, several methodologies have been previously
proposed.5–9 Firstly, implanting Si into the AlGaN barrier is known to
reduce ohmic contact, RC. However, annealing contacts at high tem-
peratures, to activate dopants, results in diffusion of the Si dopants
away from the contacts. The result is increased high-frequency (HF)
charge trapping and gate leakage current.10 Secondly, increasing the Al
concentration in the barrier and/or using AlN exclusion layer is known
to increase 2-Dimensional Electron Gas (2DEG) confinement and to
enhance 2DEG density and mobility, which enhances performance.8,9

However, it results in increased RC due to low metal diffusion beneath
the metal contact.11,12

In this work, we propose a fabrication process of ohmic contacts
to reduce RC of AlGaN/GaN HEMTs with a high Al concentration,
while avoiding implantations that cause HF-traps and gate leakage.
This is essential for enhancing device DC and RF performance. For
this new proposal, the outer edges of an AlGaN/GaN HEMT, where
the source and drain ohmic contacts are to be placed, are etched from
the surface of the device down into the AlGaN barrier layer. Contact
metal is then evaporated onto the etched locations and rapidly annealed
under high temperatures. During the annealing process, contact metal
diffuses into the AlGaN barrier layer to form an alloy beneath the
metal contact. The change in RC at different etching depths at various
annealing conditions is investigated to identify the optimal etching
depth given by the lowest RC.

The epi-structure of the investigated devices is presented in Device
structure section of this paper. The source and drain contact metal-
lization multilayer scheme and ohmic contact formation are described
in Ohmic contact formation section. The experimental procedure

zE-mail: S.Duffy@2011.ljmu.ac.uk

describing the barrier etching technique and various configurations
in terms of etched depths and annealing conditions is presented in
Experimental section. In Performance of the contact scheme section,
the optimal fabrication process of ohmic contact is identified and
verified by comparing RC values for each configuration with the
corresponding transfer length (LT), characterized by the current
distribution beneath the contact. Finally, conclusions are drawn in
Conclusions section.

Device Structure

A schematic cross-section of the investigated AlGaN/GaN epi-
structure is illustrated in Fig. 1. This structure is grown by Molecular
Beam Epitaxy (MBE) on a High-Purity (HP) and highly-resistive (ρ >
5 k�.cm) Silicon substrate with [111] orientation. It consists, from the
substrate to the top, of low-temperature AlN/GaN/AlN nucleation lay-
ers for stress accommodation, and a 1 μm Al0.07Ga0.93N back-barrier
to reduce alloy scattering and to improve the carrier confinement of
the 2DEG. A channel is made of a 100 nm thick unintentionally doped
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Figure 1. Schematic cross-section of AlGaN/GaN epi-structures grown on
the Si-HP [111] substrate with Ti/Al/Ni/Au (12 nm/200 nm/40 nm/100 nm)
contact metallization (a) without AlN exclusion layer, (b) with AlN exclusion
layer.
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Figure 2. HRTEM images of ohmic contacts at the Ti/Al0.28Ga0.72N interface
after rapid thermal annealing forming an alloy compositions at (a) 750◦C and
(b) 900◦C.

GaN buffer followed by a 1 nm AlN exclusion and a 20 nm undoped
Al0.28Ga0.72N layers to increase the electron density in the 2DEG and
to reduce alloy disorder scattering.13 Finally, a 2 nm GaN cap layer is
grown in order to reduce surface traps. The material growth process
and conditions to form this epi-structure are similar to those given in
previous works by Cordier.14

Ohmic Contact Formation

To optimize the metallization scheme, particularly the Ti/Al ra-
tio, Ti metal is first evaporated on the epi-structure shown in Fig. 1a,
without AlN exclusion layer. The contact is then annealed at two dif-
ferent temperatures, one sample (S1) at 750◦C and another one (S2) at
900◦C. The Ti/AlGaN/GaN interfaces are then examined using High
Resolution Transmission Electron Microscopy (HRTEM) images. The
HRTEM image of S1, annealed at 750◦C, shows few Ti-Al alloy clus-
ters and an abrupt interface (Fig. 2a). Here, the reactivity of Ti with
AlGaN is low and, therefore, the formed alloy is small. However, S2,
annealed at 900◦C, has a larger alloy formation (Fig. 2b). Multiple
compositions of alloy are formed, consisting of (i) Ti-Ga on the top,
(ii) TiN at the interface, and (iii) Al + Ti + N + Ga. The formation
of the alloy stems from N atoms reacting with Ti, to create a TiN
alloy. This is observed below the contact metallization. The greater
reactivity between Ti and N can be seen at high annealing temper-
atures, which produces a greater TiN alloy formation. However, as
a result of higher annealing temperature, a greater void formation is
observed. This void formation can be reduced with incorporation of
Al through the metallization scheme. Al concentration in the barrier
layer also increases reactivity of Ti from the metal contact and N from
the barrier layer to form an AlTi2N alloy.15,16

The addition of Al into the metallization scheme is observed in Fig.
3 with HRTEM imaging at 900◦C annealing temperature to clearly
show alloy formation. At such high temperatures, (i) Al diffuses into
the Ti layer of the metallization to form Ti-Al bonds, and (ii) there
is a high reactivity with oxygen at the Ti/Al interface which causes
an AlOX-TiOX alloy to form. The increase in the Ti/Al ratio allows
the formation of TiN layer, which is favorable to obtain a good ohmic
contact. Decreasing the Ti/Al ratio, however, reduces the reactivity of
Ti at the interface and, consequently, leads to the formation of voids.
Therefore, a compromise between these two has to be find. A Ti/Al
ratio of 6% has been found experimentally to be the best Ti/Al/Ni/Au
(12 nm/200 nm/40 nm/100 nm) multilayers for the ohmic contact
metallization.17

The challenge is how to form a good ohmic contact with a low RC

for the epi-structure shown in Fig. 2b, including the AlN exclusion
layer. We have observed that the presence of high Al concentration
in the barrier and/or AlN exclusion layer, reduces the diffusion of
metal in the barrier and significantly degrades RC. To overcome this
difficulty, we use the same metallization scheme as described above
and recessed the source/drain metallization at different depths to find
an optimum contact as summarized in the following section.

AlGaN

Al

Ti Ti-O
Ti-AlAlOX+TiOX

Figure 3. HRTEM image of ohmic contact at the Al/Ti/Al0.28Ga0.72N inter-
face after rapid thermal annealing forming alloy compositions at 900◦C.

Experimental

In order to identify an optimal contact formation that provides
lowest RC, various ohmic contact configurations are tested. The
GaN/Al0.28Ga0.72N/AlN barrier layers of the epi-structure (Fig. 2b)
are dry etched using an Ar+ ion ebeam evaporation at different depths
ranging from 0% to 100%, as illustrated in Fig. 4. The condition
used for the etching is Ar flow of 12sscm and ion energy of 300
eV. The etching rate of the barrier is around 4 nm/min. The source
and drain contact metallization, which consists of Ti/Al/Ni/Au (12
nm/200 nm/40 nm/100 nm) multilayers, are then evaporated onto this
epi-structure. The metallization for each etched depth is rapidly an-
nealed at various temperatures ranging from 750◦C to 900◦C for 30 s
in a nitrogen atmosphere.

Upon annealing the contacts, an alloy forms due to metal dif-
fusion. The alloy thickness is dependent on the Al volume be-
neath the metal. When the epi-structure is etched further into the
GaN/Al0.28Ga0.72N/AlN layers, there is less Al volume beneath the
metal contact. Here, a greater quantity of alloy, and therefore greater
alloy thickness, is formed during the annealing process; i.e. 75% etch-
ing depth has greater alloy thickness than 0%.

In order to identify and analyze the influence of the etched depth on
alloy thickness and RC, the Transmission Line Model (TLM) model,
illustrated in Fig. 4, is used.18 The sheet resistance beneath the metal
contact (RSK) and the sheet resistance outside of the contact area (RSH)
are also calculated using the TLM approach. RC is extracted for each

RSKRSH

(a) (b) (c)

(d)

0% 25% 50%

75% (e)100%

RSKRSH

RSKRSH

RSKRSH

RSKRSHAlloy

GaN

AlN
Al0.28Ga0.72N

Metal

Figure 4. Illustration of alloy thickness under different etching depths.
Greater quantity of Al beneath the metal results in less alloy thickness (a)
0%, (b) 25%, (c) 50%, (d) 75% and (e) 100% [not to scale]. RSK is the sheet
resistance beneath the metal contact and RSH is the sheet resistance outside of
the contact area.
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Figure 5. (a) Illustration of the TLM model, showing equations for extraction
of its parameters (RC, RSH, RSK, LT). (b) top-down view of used TLM and
dimensions for parameters extraction.

etched depth and at different annealing temperatures ranging from
750◦C to 900◦C. To apply the TLM, the spacing between the ohmic
contacts, d, is varied from 5 μm to 50 μm as shown in Fig. 5a. DC I-V
characteristics of each neighboring contacts are measured. Then, the
slope of the linear region of I-V characteristics are taken to extract the
total resistance (RT) for each TLM, in Fig. 5b. In order to extract RC,
the relationship between RT and d is extrapolated to d = 0 μm where
RT = 2 × RC. Extrapolating further to RT = 0 � extracts LT, which
is later used to analyze the current distributions. RSK is then extracted
through substitution of LT at d = 0 μm. Finally, RSH is extracted
through substitution of RSK and LT into the extracted RT-d.

Performance of the Contact Scheme

Fig. 6 represents the RSK/RSH ratio as a function of RC to denote
the impact of sheet resistance beneath the contact. The different data
points at each recess depth correspond to different annealing tempera-
tures. At recess depth of 0%, 25% and 50%, there is relatively a small
metal diffusion and, consequently, the contact metal is away from the

Figure 6. Ratio of RSK/RSH versus RC. The different data points at each
etching depth correspond to different annealing temperatures. 75% etching
depth provides RSK > RSH whereas other etching provides RSK ≈ RSH. This
is due to (i) minimal diffusion of alloy and a large volume of AlGaN barrier
beneath the contact in 0%, 25% and 50% etching, and (ii) damage to the 2DEG
in 100% etching.

(a)
Alloy

GaN

AlN
Al0.28Ga0.72N

Metal

x=0 x

, x
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i2
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i1(x)

i2(x)(x)

i3(x)(x)

(b)

Figure 7. (a) Lateral current distribution at the alloy/AlGaN interface (i1),
at the metal/alloy interface (i2), and the current entering/exiting in/out of the
contact (i3). (b) Illustration of the corresponding current distributions for i1,
i2, and i3.

2DEG. This is due to the large Al volume beneath the metal contact,
which induces less reactivity in Ti as described in Ohmic contact
formation section. Therefore, the AlGaN barrier layer is the limiting
factor for current to flow and hence RSK≈RSH. RSK > RSH only at 75%
etching depth, where only 25% of the barrier is left. This occurs due to
bombardment of Ar+ ions that partially destroys the crystal alignment
near the 2DEG during the etching process.17 However, in this case,
there is a small distance between the diffused metal and the 2DEG due
to the large alloy thickness that has formed. Hence, there is an overall
reduction of RC. Like all etching depth configurations, the ohmic con-
tacts for ‘75% etching depth’ are annealed at different temperatures
(circle symbols in Fig. 6). As annealing temperature increases, the
alloy thickness increases as well as the void formation. This results
in poorer alloy quality which increases RSK but the alloy becomes in-
creasingly closer to the 2DEG, reducing RC further. For ‘75% etching
depth’ configuration, the optimal annealing temperature, to provide
lowest RC ≈ 0.3 �.mm, that forms an alloy close enough to 2DEG
with less crystal alignment damage, is found to be 850◦C. It is noted
that the annealing temperature has a greater impact on ‘75% etching
depth’ devices, when excluding the non-ohmic contacts.

One could expect that at 100% etching depth there would be
the lowest RC and RSK > RSH, which is not the case. As the
GaN/Al0.28Ga0.72N/AlN layers are completely etched at the contact
locations (see Fig. 4e), the 2DEG at the contact is destroyed. On top
of this, current flow can only access the contact at its inner edge as
opposed to the whole contact width of the alloy/AlGaN interface.
These contribute toward the significant increase of RC. To note, RSK

is slightly larger than RSH for 100% etching as the AlGaN barrier has
been completely etched. Therefore, in this instance, RSK only con-
siders the sheet resistance of the alloy and GaN buffer layer; both of
which have higher resistance than AlGaN.

The current distributions in the contact of ‘75% etching depth’
with the lowest RC is calculated using TLM model. Fig. 7 presents
the lateral current distributions at the alloy/AlGaN interface (i1), the
metal/alloy interface (i2), and the current collected by the metal layer
of a contact (i3). These results show an exponential decrease in current
dispersion which occurs in i1 as the majority of current enters the inner
edge of the contact. Here, the current density at the inner edge is at
its peak across the lateral span of the contact. The high resistance
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Figure 8. 2D current density distributions of two ohmic contact configura-
tions, 0% and 75% etched barrier depths. The LT decrease as etching depth
increases is caused by larger electric field between the contact metal and 2DEG.

alloy limits the current flowing through to the metal contact at the
inner edge. Current flows laterally away from the inner edge in the
alloy/AlGaN interface to where less high resistance alloy clusters have
formed. Then current is able to flow vertically through the metal layer.
Therefore, an exponential increase in i3 occurs. The transfer length
(LT), that characterizes the current distribution beneath the contact,19

is found to be ∼0.6 μm for the lowest RC configuration.
To illustrate the relationship between LT and etched barrier depth,

2D drift-diffusion simulations have been carried out. 2D distributions
of the current density for 0% and 75% etched barrier depths are shown
in Fig. 8. This shows that with increased etching depth (e.g. 75%)
then LT reduces. With deeper etching depth, a greater electric field is
induced between the metal/alloy and the 2DEG and more energy is
induced for charge carriers to enter/exit into or out of the contact at
its inner edge, not shown. Hence, the current density at the inner edge
of the contact will be higher, reducing RC.

Using the TLM model, LT is extracted and compared with RC

for each ohmic contact configuration, etching depth and annealing
temperature, in Fig. 9. As expected, LT is generally proportional to
RC, independently of the contact configuration. However, a significant
issue may occur with low LT. A high current density at the inner edges
of the contact could result in a large increase in self-heating at this
location. The heat dissipates throughout the device and contributes to
degradation and potential failure of the device.20 This issue will be
investigated in future works.

Conclusions

We have experimentally shown that the contact resis-
tance, RC, of AlGaN/GaN HEMTs with AlN exclusion layer
(GaN/Al0.28Ga0.72N/AlN) can be significantly reduce to 0.3 �.mm.

Figure 9. Transfer length (LT) versus RC. Device with 75% etching depth has
the lowest RC at 850◦C annealing temperature.

This has been achieved by (i) etching 3
4 of the barrier using Ar+ ion

beam dry etching, (ii) using an optimized Ti/Al/Ni/Au (12 nm/200
nm/40 nm/100 nm) multilayer metallization scheme and (iii) rapid
annealing temperature of 850◦C. Despite the possible partial damage
of 2DEG due to Ar+ bombardment during etching process, the very
small distance between the alloy and the 2DEG has led to an over-
all reduction of RC. The TLM model extraction combined with 2D
drift-diffusion simulations have shown that small RC leads to a small
transfer length, LT. This could be an issue in terms of thermal man-
agement. With the small LT, a high current density at the inner edges
of the contact could results in a large increase in self-heating at this
location.

Acknowledgments

This research is partially funded by National Research Network in
Advanced Engineering and Materials [grant code: NRN081].

References

1. M. Ishida, Y. Uemoto, T. Ueda, T. Tanaka, and D. Ueda, “GaN power switching
devices”. The 2010 Int. Power Electronics Conf. – ECCE ASIA – 1014–1017 (2010).

2. D. W. Runton, B. Trabert, J. B. Shealy, and R. Vetury, “History of GaN: high-power
RF gallium nitride (GaN) from infancy to manufactural process and beyond,” IEEE
Microw. Mag., 14(3), 82 (2013).

3. J. J. Komiak, “GaN HEMT: dominant force in high-frequency solid-state power
amplifiers,” IEEE Microw. Mag., 16(3), 97 (2015).

4. M. Asif Khan, A. Bhattarai, J. N. Kuznia, and D. T. Olson, “High electron mobility
transistor based on a GaN-AlxGa1 – xN heterojunction,” Appl. Phys. Lett., 63(9), 1214
(1993).

5. R. S. Balmer, K. P. Hilton, K. J. Nash, M. J. Uren, D. J. Wallis, A. Wells, M. Missous,
and T. Martin, “AlGaN/GaN microwave HFET including a thin AlN carrier exclusion
layer,” Phys. Status Solidi., 7, 2331 (2003).

6. T. Li, R. P. Joshi, and R. D. del Rosario, “Requirements for low intermodulation
distortion in GaN-AlxGa1-xN high electron mobility transistors: a model assessment,”
IEEE Trans. Electron Devices, 49(9), 1551 (2002).

7. H. Yu, L. McCarthy, S. Rajan, S. Keller, S. Denbaars, J. Speck, and U. Mishra, “Ion
implanted AlGaN-GaN HEMTs with nonalloyed ohmic contacts,” IEEE Electron
Device Letters, 26(5), 283 (2005).

8. R. S. Balmer, K. P. Hilton, K. J. Nash, M. J. Uren, D. J. Wallis, D. Lee, A. Wells,
M. Missous, and T. Martin, “Analysis of thin AlN carrier exclusion layers in Al-
GaN/GaN microwave heterojunction field-effect transistors,” Semicond. Sci. Tech-
nol., 19(6), L65 (2004).

9. T. Sadi and R. W. Kelsall, “Theoretical Study of Electron Confinement in Submi-
crometer GaN HFETs Using a Thermally Self-Consistent Monte Carlo Method,”
IEEE Trans. Electron Devices, 55(4), 945 (2008).

10. K. Nomoto, T. Tajima, T. Mishima, M. Satoh, and T. Nakamura, “Remarkable Re-
duction of On-Resistance by Ion Implantation in GaN/AlGaN/GaN HEMTs With
Low Gate Leakage Current,” IEEE Electron Device Lett., 28(11), 939 (2007).

11. C. Wang and N. Y. Kim, “Electrical characterization and nanoscale surface morphol-
ogy of optimized Ti/Al/Ta/Au ohmic contact for AlGaN/GaN HEMT,” Nanoscale
Res. Lett., 7(1), 107 (2012).

12. W. Yan, R. Zhang, W. Han, and F. Yang, “Analysis of the ohmic contacts of
Ti/Al/Ni/Au to AlGaN/GaN HEMTs by the multi-step annealing process,” J. Semi-
cond., 33(6), (2012).

13. A. Soltani, J. C. Gerbedoen, Y. Cordier, D. Ducatteau, M. Rousseau,
M. Chmielowska, M. Ramdani, and J. C. De Jaeger, “Power performance of Al-
GaN/GaN High-Electron-Mobility Transistors on (110) Silicon Substrate at 40 GHz,”
IEEE Electron Device Lett., 34(4), 490 (2013).

14. Y. Codier, M. Hugues, F. Semond, F. Natali, P. Lorenzini, Z. Bougrioua, J. Massies,
E. Frayssinet, B. Beaumont, P. Gibart, and J.-P. Faurie, “Structural and electrical prop-
erties of AlGaN/GaN HEMTs grown by MBE on SiC, Si(111) and GaN templates,”
J. Cryst. Growth, 278(1), 383 (2005).

15. S. Ruvimov, Z. Liliental-Weber, J. Washburn, D. Qiao, S. S. Lau, and P. K. Chu,
“Microstructure of Ti/Al ohmic contacts for n-AlGaN,” Appl. Phys. Lett., 73(18),
2582 (1998).

16. B. Van Daele, G. Van Tendeloo, W. Ruythooren, J. Derluyn, M. R. Leys, and
M. Germain, “The role of Al on ohmic contact formation on n-type GaN and Al-
GaN/GaN,” Appl. Phys. Lett., 87(6), 061905 (2005).

17. J. C. Gerbedoen, A. Soltani, M. Mattalah, A. Telia, D. Troadec, B. Abdallah,
E. Gautron, and J. C. De Jaeger, “Study of ohmic contact formation on AlGaN/GaN
HEMT with AlN spacer on silicon substrate”. 2009 Euro. Microwave Integrated
Circuits Conf. (EuMIC), 136–139 (2009).

18. G. K. Reeves and B. Harrison, “An analytical model for alloyed ohmic contacts using
a trilayer transmission line model,” IEEE Transactions on Electron Devices, 42(8),
1536 (1995).

19. W. Shockley, Research and investigation of inverse epitaxial UHF power transistors.
Rep. No Al-TOR-64-207 Air Force At. Lab. Wright-Patterson Air Force Base Ohio
(1964).

20. B. Benbakhti, A. Soltani, K. Kalna, M. Rousseau, and J. C. de Jaeger, “Effects of
Self-Heating on Performance Degradation in AlGaN/GaN-Based Devices,” IEEE
Trans. Electron Devices, 56(10), 2178 (2009).

http://dx.doi.org/10.1109/MMM.2013.2240853
http://dx.doi.org/10.1109/MMM.2013.2240853
http://dx.doi.org/10.1109/MMM.2014.2385303
http://dx.doi.org/10.1063/1.109775
http://dx.doi.org/10.1002/pssc.200303310
http://dx.doi.org/10.1109/TED.2002.802626
http://dx.doi.org/10.1109/LED.2005.846583
http://dx.doi.org/10.1109/LED.2005.846583
http://dx.doi.org/10.1088/0268-1242/19/6/L02
http://dx.doi.org/10.1088/0268-1242/19/6/L02
http://dx.doi.org/10.1109/TED.2008.916677
http://dx.doi.org/10.1109/LED.2007.906930
http://dx.doi.org/10.1186/1556-276X-7-107
http://dx.doi.org/10.1186/1556-276X-7-107
http://dx.doi.org/10.1088/1674-4926/33/6/064005
http://dx.doi.org/10.1088/1674-4926/33/6/064005
http://dx.doi.org/10.1109/LED.2013.2244841
http://dx.doi.org/10.1016/j.jcrysgro.2005.01.037
http://dx.doi.org/10.1063/1.122512
http://dx.doi.org/10.1063/1.2008361
http://dx.doi.org/10.1109/16.398670
http://dx.doi.org/10.1109/TED.2009.2028400
http://dx.doi.org/10.1109/TED.2009.2028400

