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Surface pretreatment using Cl2 plasma was applied to n-type GaN and Ti/Al ohmic contacts with 

resistivity of ~ 10-6 Ω cm2 , realized without annealing. Using synchrotron radiation photoemission 
spectroscopy, it was observed that the Fermi level moved by 0.5 eV toward the conduction band edge 
and the atomic ratio of Ga/N was increased by the treatment. This suggests that a number of N 
vacancies were produced at the treated surface and the Fermi level was pinned at the energy level of 
N vacancies near the conduction band. The N vacancies acting as donors for electrons produced a 
number of electrons, resulting in the near surface region to be in the degenerate state. Both the shift 
of Fermi level and the production of electrons at the treated surface lead to the reduction in contact 
resistivity through the decrease of the effective Schottky barrier for conduction of electrons. 

 

1 Introduction

Ohmic contacts on GaN with a low contact resistivity
attract continuously great interest in improving electri-
cal and optical performance of various GaN-based
devices such as optical devices and high temperature/
high power electric devices  [1] [2] [3] [4] [5] [6] [7].
For n-type GaN, ohmic contacts with contact resistivity

as low as 8 × 10-6 Ω cm2 were achieved using Ti/Al met-
allization after annealing at 900 °C for 30 s  [8]. Due to
the formation of a TiN layer associated with the interac-
tion of Ti with GaN, a high concentration of N vacan-
cies, VN, could be created near the interface, causing the
GaN to be heavily doped n-type. This Ti/Al metal
scheme has been used as the standard ohmic contact on
n-type GaN  [9] [10]. 

In the fabrication of a device, high temperature
annealing degrades the device performance. The devel-
opment of nonalloyed contacts could prevent the device
from such thermal degradation during the fabrication
process. In addition, adopting the nonalloyed contact in
the fabrication process of the device could lead to
improvement in process freedom. The pretreatment of
the surface prior to metal deposition plays a key role in
reducing the contact resistivity on GaN  [11]. A number
of Ga vacancies, VGa, acting as an acceptor for elec-
trons, were found at the surface region of p-type GaN
when the surface of GaN were treated using aqua regia
solution  [12]. Thus, the Fermi level position shifts to an

energy level of acceptor defects, resulting in a decease
of contact resistivity from the decrease of the Schottky
barrier height for hole transport. This suggests that room
temperature ohmic contacts could be achieved through
production of a donor-type defect, VN using proper sur-
face treatment  [13]. It has been shown that reactive ion
etching n-GaN surfaces improves the contact resistance
[9] [13]. However, there is no reported work that would
reveal the mechanism for ohmic contact formation.    

In this work, we report a room temperature ohmic
contact on n-type GaN with low contact resistivity using
inductively coupled plasma (ICP) treatment. Synchro-
tron radiation photoemission spectroscopy (SRPES) was
employed to examine the formation mechanism of the
ohmic contact by plasma treatment on n-type GaN.

2 Experimental details

GaN films used in this work were grown by metal-
organic chemical vapor deposition on (0001) sapphire
substrates. An undoped GaN buffer layer with a thick-
ness of 50 nm was grown, followed by growth of 1-µm-
thick n-type GaN doped with Si. The carrier concentra-

tion was determined to be 1 × 1018cm-3 by Hall mea-
surements. Two types of samples were prepared. One set
was prepared by deoxidizing the grown sample using
HCl solution (HCl-treated) and the other was treated by
ICP with Cl2 gas for 3 min (plasma-treated). In the

plasma treatment, a base pressure of 5 × 10-5 Torr and a
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flow rate of 10 sccm were used. For the measurement by
circular transmission line method (TLM), circular con-
tact pads with a radius of 100 µm were patterned on
both samples using photoresist. This contact design
avoids the need for isolation of the contact structures by
implantation or etching  [14]. The patterned samples
were dipped into an HCl:H2O (1:1) solution for 3 min,
followed by deposition of Ti(300 Å) and Al(1000 Å)
layers in sequence using an electron beam evaporator

under a vacuum condition lower than 4 × 10-7 Torr. A
liftoff process was carried out to form a linear configura-
tion of the TLM pads. Current-voltage (I-V) measure-
ments were carried out by the four-point probe
technique using a parameter analyzer (HP 4156A). 

To investigate the chemical bonding state at the
treated surface, SRPES was employed. Four types of
samples were prepared for SRPES. One set was an as-
grown sample, the second one was the plasma-treated
sample, and the third and last set were prepared by dip-
ping the as-grown and the plasma-treated samples into
the HCl solution before loading to a UHV chamber.
These schemes are consistent with the main steps in the
preparation of both the HCl-treated and the plasma-
treated samples for the electrical measurements. The
change of stoichiometry at GaN surface after the plasma
treatment was measured using angle resolved SRPES
analysis. 

3 Results and Discussion
3.1 Electrical properties

Resistances between pads for the HCl-treated and
plasma-treated samples, measured at a voltage of 0 V
between the ohmic pads, are summarized in Table I. The
contact resistivity was determined from the linear plot of
the measured resistance with gap spacing using the
least-squares linear regression fitting method. The con-
tact resistivity for the HCl-treated sample was as high as

~10-1 Ωcm2, but it was decreased to 9.4 x 10-6 Ωcm2 by
the plasma treatment. To the best of our knowledge, the
contact resistivity obtained at room temperature is the
lowest reported and is comparable to previous results
achieved through high temperature annealing  [8]. 

3.2 Surface analysis

Figure 1(a) shows the deconvoluted Ga 3d spectra with
the type of surface treatment of n-type GaN, character-
ized using SRPES. The peak for the Ga-N bond shifted
by 0.16 eV toward higher binding energy after the Cl2
plasma treatment, while no peak shift was observed
after the HCl treatment. The peak shift in Ga-O bonds
exhibits the same trend. The full-width-at-half-maxi-
mum (FWHM) of Ga-O bond is listed in Table II. The
FWHM was decreased with the plasma treatment. This
suggests that the chemical composition in Ga oxides on

the plasma-treated surface should be different from that
on the as-grown one. SRPES spectra of O 1s are shown
in Figure 1(b). The peak intensity corresponding to O 1s
photoelectrons was increased after the Cl2plasma treat-
ment. The area of O 1s peak in the plasma-treated sam-
ple is larger by 1.37 times than that in the as-grown one.
This suggests that Ga oxides were produced during the
plasma treatment, mainly composed of Ga and O atoms.
When the as-grown sample was treated with the HCl
solution, the peak area of O 1s was reduced by the factor
of 0.88. Only a small decrease (1.5%) of the O 1s peak
in the ICP+HCl treated sample was found. The results in
Figs. 1(a) and (b) show that the Ga oxide was uninten-
tionally formed during the plasma treatment and its
chemical composition was changed, that is, the surface
oxide produced during the plasma treatment might be
composed of Ga-N bonds as well as Ga-O bonds. Figure
1(c) shows valence band spectra. The Fermi level was
determined by linearly extrapolating the sloped region
with the base line in the valence band spectrum of Au
foil, which is defined as the level of zero binding energy.
The Fermi level in the plasma-treated sample shifts
toward conduction band by 0.5 eV relative to that in the
as-grown one, but there is no considerable shift after
HCl treatments in both samples. The Fermi level shift
implies the generation of surface states at the plasma-
treated surface, which lead to a decease of surface band
bending. Thus, this provides evidence that the plasma
treatment leads to the decrease in an effective Schottky
barrier height at the interface of Ti with n-type GaN. 

Angle resolved analysis was employed to measure
the stoichiometry of the GaN at the near-surface region.
Varying the angle of detection, è, yields non-destructive
depth information for the GaN samples  [15]. At largeè,
the photoelectron signal is mainly contributed from the
bulk GaN, while the contribution from the surface
region becomes dominant at the smaller è. The Ga/N
ratio was calculated by integrating the Ga 3dand N 1s
photoelectron peaks. The variation of the Ga/N ratio
with the different surface treatment steps was plotted, as
shown in Figure 2. The value of the Ga/N ratio at è =
90° was set to 1.0 for reference. The Ga/N ratio changes
with è in the same trend. At è = 30°, the increase in the
Ga/N ratio is more pronounced after the plasma treat-
ment. This implies that nitrogen atoms preferentially
outdiffused during the Cl2 plasma treatment, resulting in
the production of N vacancies at the near surface region. 

The Ga/N ratio in the samples treated with ICP+HCl
is higher than that in the samples treated with ICP, as
shown in Figure 2. This might be due to the chemical
composition in surface oxides produced during the
plasma treatment being different from the that of ther-
mally grown oxides in as-grown sample. During the
2  MRS Internet J. Nitride Semicond. Res. 6, 8 (2001).
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plasma treatment, oxides composed of Ga-rich and N-
containing Ga oxides could be produced at the plasma-
treated surface. If the subsequent HCl treatment was
effective in selectively removing the N-containing Ga
oxide, this could cause the increase of the Ga/N ratio. It

was also observed that the Ga/N ratio obtained at 60o is
lower than 1.0. This also might be related to changes of
chemical composition in the surface oxide with the type
of surface treatment. However, further work is needed to
clarify this.   

3.3 Mechanism for ohmic contact formation

The creation of N vacancies at the plasma-treated sur-
face could be explained through the formation of Ga
oxides during the plasma treatment. In Figure 2(b), the
peak intensity of the O 1s spectra was increased after the
Cl2 plasma treatment. This means that Ga oxides were
produced during the treatment. The binding energy of
the Ga-O bond is higher than that of Ga-N. Thus, the
vaporization of Ga atoms could be suppressed due to the
formation of Ga-O bonds, leading to the predominant
release of N atoms. Consequently, the surface of n-type
GaN becomes Ga-rich by the treatment, resulting in the
production of N vacancies at the near surface region.

The dramatic improvement in contact resistivity
owing to the pretreatment using Cl2 plasma is explained
with the energy band diagram below the interface of Ti/
n-type GaN. The Schottky barrier height of Ti contacts
on n-type GaN is high as about 0.58 eV  [16], which is
not enough to yield a room temperature ohmic contact
[17]. Thus, the contact formed after the pretreatment
using HCl solution results in a rectifying contact, as
shown in Figure 3(a). When the surface is treated with
the Cl2 plasma, a number of N vacancies are created at
the treated surface. The N vacancies are located at the
shallow level with an energy about 30 ~ 40 meV below
the conduction band edge  [18]. Thus, Fermi level shifts
to the energy level of N vacancies via the decrease of
band bending, as shown in Figure 3(b), leading to the
reduction of SBH for transport of electrons. In addition,
the N vacancies produced during the treatment could be
autoionized immediately into a hydrogenic configura-
tion due to the atmospheric temperature of about 500 K
in the ICP chamber. The electron concentration near the
surface becomes high. Thus, both a reduction of SBH
and an increase of the electron concentration lead to the
dramatic decrease in the contact resistivity.

Although Ga oxides exist between the Ti layer and
the n-type GaN, one can obtain this low contact resistiv-
ity on n-type GaN. In previous work on GaO on GaN, it
was found that only 30-Å of GaO  [19] was formed even
after annealing at 800 °C for 5 h under dry O2 atmo-
sphere. The oxides produced by the plasma treatment

might be much thinner than the thermally grown one,
which is enough to transport electrons by thermionic
field emission at the interface of Ti on n-type GaN.
However, further work is needed on this. 

4 Conclusions

A room temperature Ti/Al ohmic contact on n-type GaN
was demonstrated through the surface treatment using
the Cl2 inductively coupled plasma. A specific contact

resistance around ~ 10-6 Ω cm2 on n-type GaN was
obtained by pretreatment of the surface before deposi-
tion of the metals. From the SRPES, it was found that a
number of N vacancies were produced during the
plasma treatment. This plays a critical role in reducing
contact resistivity dramatically because of self-genera-
tion of electrons as well as Fermi level shifting to the
higher energy level. 
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FIGURES

TABLES

Figure 1. SRPES spectra: (a) Ga 3d photoelectrons, (b) O 1s
photoelectrons and (c) valence bands with surface treatments.
The position of valence band maximum was determined by the
linear extrapolation as shown in (c). 

Figure 2. Change of Ga/N atomic ratio with the detection angle.
The surface normal of sample was defined as 90°. 

Figure 3. Schematic of energy band diagrams below the
interfaces of Ti/n-type GaN: (a) the HCl-treated contact and (b)
the plasma-treated contact. 

Table I. Resistances as a function of distance of ohmic pads for
both HCl-treated and plasma-treated samples. 

Distance (µm) HCl-treated (Ω) Plasma-treated (Ω)

3 2.14 × 106 0.88

6 2.30 × 106 1.12

9 2.78 × 106 1.28

12 3.11 × 106 1.44

15 3.56 × 106 1.65

18 3.82 × 106 1.88

Table II. FWHMs of the Ga-O bonds with the type of surface
treatment

Sample As-grown HCl ICP ICP+HCl

FWHM (eV) 0.97 0.96 0.83 0.77
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