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Electrical and X-ray Photoelectron Spectroscopy Studies of
Ti/Al/Ti/Au Ohmic Contacts to AlGaN/GaN

Hiroshi OKADA†a), Member, Mao FUKINAKA†, and Yoshiki AKIRA†, Nonmembers

SUMMARY Effects of Al thickness in Ti/Al/Ti/Au ohmic contact on 
AlGaN/GaN heterostructures are studied. Samples having Al thickness of 
30, 90 and 120 nm in Ti/Al/Ti/Au have been investigated by electrical and 
X-ray photoelectron spectroscopy (XPS) depth profile analysis. It is found 
that thick Al samples show lower resistance and formation of Al-based 
alloy under the oxidized Al layer.
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1. Introduction

Wide band gap semiconductors such as GaN and re-
lated materials are promising materials for next-generation 
high-efficiency power electronic devices. Particularly, Al-
GaN/GaN heterostructures for high electron mobility tran-
sistor (HEMT) have the potential for high-speed and low 
sheet resistance devices due to the high mobility and high 
sheet carrier density two-dimensional electron gas (2DEG) 
at the interface. Low resistance ohmic contact formation is 
a crucial aspect in the fabrication of AlGaN/GaN devices 
as parasitic resistance resulting from the contact resistance 
directly affects the on-resistance of HEMTs. Among the 
various metal combinations used for ohmic contacts in Al-
GaN/GaN,[1] Ti/Al/Ti/Au[2] is a widely used combination. 
A critical parameter in determining the characteristics of 
these ohmic contacts is the thickness of the metal layers. 
Thin metal layers offer advantages of cost and productivity, 
however, they may come with the disadvantage of increased 
contact resistance due to the influence of surface oxidation 
on the metal electrodes. In Ti/Al/Ti/Au, the thickness of Al 
seems a key parameter of the contact because a sufficient 
amount of Al-based alloy should be formed with overcom-
ing the Al oxidation during/after the annealing. Due to the 
high-temperature annealing required to achieve good ohmic 
contacts with the AlGaN/GaN, the diffusion and intermix-
ing (alloying) of metals and semiconductor materials are 
inevitable. An approach involving electrical and chemical 
analysis for samples with varying Al thickness is valuable 
for comprehending the formation of low resistance ohmic 
contacts. In this study, we investigate the Al thickness de-
pendence on the Ti/Al/Ti/Au ohmic contact characteristics 
on AlGaN/GaN. Samples having Al thickness of 30, 90, and 
120 nm in Ti/Al/Ti/Au on AlGaN/GaN were fabricated and
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Fig. 1 (a)Cross-section of AlGaN/GaN heterostructure used in this study.
Samples of A30, A90 and A120 having Al thickness of 30, 90 and 120 nm,
respectively, were prepared and characterized. (b)Schematic of sample of
circular transmission line model (c-TLM) structure.

characterized by electrical measurement and X-ray photo-
electron spectroscopy (XPS).

2. Experimental

Figure 1 shows a schematic cross-section of AlGaN/GaN
heterostructure used in this study. AlGaN/GaN heterostruc-
ture grown on Si (111) substrate grown by metal organic
chemical vapor deposition (MOCVD) at NTT-AT was pur-
chased and used. Ti/Al/Ti/Au ohmic electrode pattern was
formed by the photolithography and lift-off process. Be-
fore the ohmic contact evaporation, the samples were treated
with HCl:H2O=1:3 at room temperature for 2 min to remove
native surface oxide followed by a rinse in deionized wa-
ter. Successful evaporation of Ti, Al, Ti and Au was carried
out in this order without breaking the vacuum by a multi
hearth e-beam evaporation system with base pressure below
5 × 10−5 Pa.The evaporation thickness of each metal was
monitored by a quartz crystal thickness monitor, which was
calibrated by measuring the step height of the single layer by
the surface stylus meter. In this study, samples of A30, A90
and A120 having Al thickness of 30, 90 and 120 nm, respec-
tively, were prepared and characterized. All samples have
been thermally annealed at 900◦C for 1 min in N2 ambient
in a rapid thermal annealing (RTA) furnace.

For evaluation of contact resistance of the fabricated
samples based on the circular transmission line model (c-
TLM)[3], a series of two-terminal resistances of various
spacing, 𝑑, between the ohmic electrodes were obtained from
current-voltage (𝐼–𝑉) characteristics measured by Keithley
4200 semiconductor characterization system.

XPS depth profile analysis was performed with the PHI
Quantera SXM-CI (ULVAC PHI) using a monochromatic Al
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K𝛼 (ℎ𝜈 = 1486.7 eV) X-ray source. Focused X-ray beam of 
20 𝜇m diameter irradiated at the center of the ohmic contact 
having 200 × 1000 𝜇m. Sputtering for the depth profile 
analysis was performed with Ar+ at 2 kV in 1 × 1 mm area 
for 90 s for each sputtering step. This sputtering condition is 
capable of an etching rate of 30 nm for the SiO2. Because the 
sputtering rate depends on the target material, the depth may 
not proportional to the sputtering time for complex metal 
alloy, direct interpretation of the sputtering step to the depth 
is difficult. In this study, we estimate only the final etching 
depth roughly based on the appearance of the Ga-N bonding 
components in XPS Ga3d spectra. Since the Ga-N bonding 
components in the Ga3d spectra were observed at the final 
etching steps, a sufficient final etching depth more than 100 
nm can be roughly estimated.

3. Results and Discussion

𝐼–𝑉 characteristics of the fabricated samples were analyzed 
to investigate the dependence of the contact resistance on 
the Al thickness. Figure 2 presents a summary of the total 
resistance, 𝑅T, obtained from the 𝐼–𝑉 measurements plotted 
against the spacing 𝑑 in c-TLM samples of A30, A90 and 
A120. As shown in Fig.2, we observed a reduction of the 
total resistance for the equivalent spacing with an increase 
in Al thickness. Based on the c-TLM model and using 
the sheet resistance of the 2DEG, 𝑅𝑆 = 395 Ω/sq, from the 
same AlGaN/GaN wafer determined using the Van der Pauw 
method, we calculated specific contact resistance of 6×10−4, 
4×10−4, 1×10−5 Ωcm2 for A30, A90 and A120, respectively. 
These results demonstrate that the specific contact resistance 
are dependent on the Al thickness. Thinner Al contacts 
exhibits a disadvantage in achieving low contact resistance. 
This finding is consistent with the observations made by 
Meer et al., who also noted that thicker Al layers result in 
smaller contact resistance.[4]

To further explore the impact of Al thickness in ohmic
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Fig. 2 Total resistance versus spacing (𝑑) in c-TLM structure for sample
A30, A90 and A120. Dashed lines represent fitted line using the least-
square method.
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Fig. 3 Evolution of Au4f spectra of A30, A90 and A120. Each spectrum
was shifted for clarity from lower to upper following the sputtering order.

contacts, we conducted an XPS depth profile analysis. In
XPS measurement, we verified the binding energy (BE) val-
ues by referring the C1s peak at 285 eV of the surface con-
tamination layer. Figure 3 shows Au4f spectra of annealed
samples confirming the reproducibility of peak energy po-
sition. For all the samples, we observed distinct peak for
Au4f7/2 at 84.4± 0.2 eV, accompanied by Au4f5/2 at around
88.1 eV. The slight shift in the peak position of Au4f7/2 from
the BE of pure Au of 83.98 eV is attributed to the pres-
ence of Au-Al alloy[5], a phenomenon also reported in TEM
observations.[6]

In Fig.4, the depth profile of metals (Ti, Al, Au, Ga)
obtained from XPS peak area and the atomic sensitivity
factor is presented. It is worth mentioning that the profile
for A90 (not shown) resembled that of A120. Due to the
thicker Al in A120, there is noticeable increase in the fraction
of Al compared with A30. Interestingly, the order of the
layers observed in the depth profile does not align with the
sequence of evaporation. For instance the top layer of Au
extends into deeper region, a phenomenon attributed to the
dynamic metallurgical process during RTA. Notably, in A30,
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Fig. 5 XPS spectra of Ga3d, Ti2p and Al2p of sample A30, A90 and A120. For clarity, the spectra
are shifted in vertically upward direction following the sputtering order.

a distinct distribution of Ti is observed in both shallower and
deeper regions. However, no such accumulation of Ti in
the deeper region is observed in A120. This observation is
consistent with findings in Refs.[7], [8], which suggest that
Ti-GaN exhibits aggressive reactivity, while the presence of
Al can mitigate this reaction. This aligns with the present
profile of A120, which shows a relatively even distribution
of Ti.

Figure 5 presents the evolution of XPS spectra for Ga3d,
Ti2p and Al2p from samples A30, A90 and A120. For clar-
ity, the spectra are shifted in a vertically upward direction
following the sputtering order. In the case of Ga3d, all sam-
ples exhibit a distinct peak at 19.8 eV in the spectra from the
deeper region, indicating Ga-N bonds. Notably, during the
middle of the evolution of Ga3d peak in A30, as shown in
Fig.5(a), an pronounced peak at 18.6 eV emerges. This peak
is attributed to Ga metal out diffusion from AlGaN/GaN
structure during the RTA process.[7], [9], [10] In Figs.5(b)
and (c), Ga3d spectra of A90 and 120, respectively, also sug-
gest the presence of Ga metal in deeper region, as indicated
by the broadened signal. However, the signal attributed to
Ga metal components is less pronounced compared with the
A30 in Fig.5(a).

In Figs.5(d), (e), and (f), the spectra of Ti2p exhibit a
similar feature with peak around 455 eV, as well as its spin
splitting peak at around 463 eV. These peaks are charac-
terized by their broad nature and higher BE side tail. It is
apparent that these spectra consist of multiple components,
including Ti-N at BE of 456 eV, Ti-O at 458 eV[7] together

with TIAlN at 455 eV[11]. These components appear con-
sistently across all samples, regardless of the Al thickness.

In Figs.5(g), (h) and (i), the spectra of Al2p close to the
surface showed a peak at 74.6 eV for all the samples, suggest-
ing the presence of Al oxidation in the form of AlO𝑥 .[9],
[12]. Particularly, the Al2p peak in A30 remained at the
same BE, while the peak from the deeper region almost dis-
appeared in the spectra near sputter #9. This is consistent
with the higher resistance in A30, where the Al oxide is the
dominant phase in the contact. On the other hand, thicker Al
samples exhibited a departure from the BE peak at 74.6 eV
towards lower BE values in the deeper region, as indicated
by the arrow in Fig.5(h). This behavior is more pronounced
in A120, as shown in Fig.5(i). For the thick Al samples, Al
alloys are thought to be formed in the deeper region, where
the influence of surface oxidation is less pronounced. Garbe
et al.[13] reported that the formation of the metallic Al3Ti
alloy in annealed Al/TiN on GaN with thick Al, as observed
in their TEM and XPS characterization with appearance of
BE peak at 72.4 eV, which is 2 eV lower than that of Al ni-
tride/oxide at 74.5 eV. TiAl alloy formation is also reported
in TEM observation.[14] However, in the present study, the
BE shift of 0.5 eV from the Al oxide peak position in A90
and A120 cannot be explained by the formation of Al3Ti.
A plausible explanation for observed BE shift in A90 and
A120 is the formation of TiAlN. Greczynski et al.[15] have
reported that Ti1−𝑥Al𝑥N BE varies slightly from 74.1 with
𝑥 = 0.25 to 74.4 eV with 𝑥 = 0.83. Chawla et al.[16] have
described that Ti1−𝑥Al𝑥N exhibits lower resistivity for the
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film with 𝑥 < 0.83 due to the insulating nature of AlN. Fur-
ther detailed studies are needed for the exact identification of
the Al alloy under the oxidized surface, however, the forma-
tion of observed Al alloy in thick Al samples A90 and A120
plays an important role in reducing the contact resistance.
The present results indicate that Ti/Al/Ti/Au ohmic contacts
with thin Al have a disadvantage for achieving low contact
resistance, and the situation improves with an increase in Al
thickness.
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