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ICP-induced defects in GaN characterized by capacitance analysis
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Abstract

The defects induced by inductively coupled plasma reactive ion etching (ICP-RIE) on a Si-doped gallium nitride (GaN:Si) surface
have been analyzed. According to the capacitance analysis, the interfacial states density after the ICP-etching process may be higher than
5.4 · 1012 eV�1 cm�2, compared to around 1.5 · 1011 eV�1 cm�2 of non-ICP-treated samples. After the ICP-etching process, three kinds
of interfacial states density are observed and characterized at different annealing parameters. After the annealing process, the ICP-
induced defects could be reduced more than one order of magnitude in both N2 and H2 ambient. The H2 ambient shows a better behavior
in removing ICP-induced defects at a temperature around 500 �C, and the interfacial states density around 2.2 · 1011 eV�1 cm�2can be
achieved. At a temperature higher than 600 �C, the N2 ambient provides a much more stable interfacial states behavior than the H2

ambient.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Gallium nitride (GaN) has been intensively studied
because of its potentials for high-temperature and high-
power electronic device applications [1–4]. Since GaN is
quite hard to etch, inductively coupled plasma reactive
ion etching (ICP-RIE) method is generally applied. Several
groups have carried out studies of defects induced by the
ICP-etching process [5–9]. It is known that ion bombard-
ment in the ICP-etching process may cause material and/
or device damage. The leakage current and breakdown
voltage [10,11] of devices in the reverse bias region are gen-
erally used to characterize ICP-etching GaN samples. On
the other hand, Lee et al. [12] have reported that a high
leakage current for an ICP-etched GaN Schottky diode
can be observed. With the following rapid thermal anneal-
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ing process, the leakage current decrease with the annealing
temperatures increase. Cheung et al. [13] have performed
optical characterization of GaN on RIE-induced effects.
Achouche et al. [14] has reported electrical characterization
of InAlAs with RIE-induced damage. Many groups have
discussed ICP-RIE-induced defect of GaN or other com-
pound semiconductors. However, the interfacial state den-
sity of a GaN Schottky contact with ICP-induced defects
have not been characterized by capacitance–frequency
(C–f) measurements in these reports.

In this work, we study thermal-treated effects of GaN
Schottky contact after ICP-etching. The thermal-treated
effects are analyzed and the defect density is determined
by capacitance–frequency (C–f) measurements over the fre-
quency range (100 Hz–1 MHz) at room temperature. We
find that the defects caused by the ICP-etching process
can be partially eliminated by the annealing process.
Besides the annealing ambient temperature is also impor-
tant to eliminate these defects.
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2. Experiment

In this experiment, samples of Si-doped GaN epitaxial
layers were grown by metal-organic chemical vapor depo-
sition (MOCVD). The structure of the samples consists
of a 2-lm-thick n-type GaN layer followed by a 2-lm-thick
undoped GaN layer on a c-face sapphire substrate. The
effective concentration was approximately 2 · 1017 cm�3

and the mobility was 450 cm2/V-s. The ohmic contacts
were processed by thermal evaporation of Cr/Al/Cr/Au
(150 Å/3000 Å/150 Å/3000 Å) and subsequent annealing
at 600 �C for 20 min in N2 ambient. The specific contact
resistance (qc) was around 1.2 · 10�3 X cm2. Then, samples
were exposed to ICP-RIE with Cl2/Ar (30 sccm/10 sccm)
gases. The pressure was 3 mTorr and the ICP power was
500 W. After the ICP-etching process, certain damages
were expected in GaN. This was followed by the annealing
process at different temperatures in N2 or H2 ambient to
remove the ion damage. After different annealing condi-
tions listed in Table 1, the samples were chemically treated
by a HCl:H2O(1:1) solution for 3 min, followed by Ni/Au
(1000 Å/3000 Å) Schottky contact formation by photoli-
thography. The contact area was 6 · 10�4 cm2. The capac-
itance and conductance measurements were performed
with a Hewlett–Packard 4284 analyzer at room tempera-
ture. The junction capacitance of the Schottky contact
was derived from the series resistance correction of the
measured capacitance and conductance [15,16].

3. Results and discussion

With device capacitance and conductance measurement,
the junction capacitance (C) is calculated according to the
series resistance correction from the relation [17–20]

C ¼ CM=½ð1� Rs � GMÞ2 þ ð2p � f � Rs � CMÞ2�; ð1Þ

where CM and GM are the measured device capacitance and
conductance with simplified parallel equivalent circuit of a
Schottky type contact, respectively, Rs is the series resis-
tance, and f is the frequency.

For a Schottky contact with interfacial states, the junc-
tion capacitance, C, is the sum of the space charge capaci-
tance, Csc, and the interfacial states capacitance, Cp. The
interfacial states capacitance Cp is then obtained from
[21,22]
Table 1
Summary of the interfacial states characteristics of samples with different trea

Samples Nss-LF (eV�1 cm�2) s(s) Nss-MF

As-grown – – 5.0 · 1010

As-ICP-etched 4.3 · 1012 1.0 · 10�3 8.2 · 1011

N2 400 3.4 · 1012 2.6 · 10�3 2.6 · 1011

N2 500 1.9 · 1011 2.0 · 10�3 1.1 · 1011

N2 600 3.0 · 1010 1.5 · 10�4 5.8 · 1010

H2 400 2.8 · 1011 1.0 · 10�3 2.5 · 1011

H2 500 5.0 · 1010 6.0 · 10�4 4.2 · 1010

H2 600 1.1 · 1012 5.8 · 10�4 6.8 · 1010
Cp ¼ C � Csc; ð2Þ

The space charge capacitance, Csc, can be obtained by
extrapolating the linear portion of the high-frequency
(1 MHz) C�2–V plot under reverse bias [20]. Fig. 1 shows
the Schottky contact interfacial states capacitance for an
as-grown n-GaN sample (R1) and as-ICP-etched sample
(R2). The frequency dispersion in the interfacial states
can be observed clearly. The interfacial states capacitance,
which depends on the interfacial states density Nss with a
relaxation time s, is given by [19–22]

Cp ¼ qAN ssarc tanðxsÞ=xs; ð3Þ

where q is the electron charge, A is the contact area and x
(=2p Æ f) is the angular frequency. According to Eq. (3),
there is one plateau region in the frequency relation with
a certain relaxation time. Singh [19] has reported Schottky
diodes with different surface treated on the n-type
CdF2:YF3 semiconductor, and defined the interfacial
states density with fast and slow states by capacitance–fre-
quency (C–f) methods. On the other hand, the numerical
results of theoretical simulation of GaN Schottky diodes
with different frequency regions are analyzed by Schmeits
et al. [16]. Yet, in Fig. 1, the data manifest two plateau re-
gions in the frequency range around 100 Hz–2 KHz and
100 KHz–300 KHz, respectively. There may be also differ-
ent types of states in the semiconductor. This interfacial
states capacitance can be considered to be the overall effect
of different kinds of interfacial centers [16,23–25]. We can
do the best fitting procedure in different frequency ranges
[19] to distinguish these states. For each interfacial center,
the interfacial states capacitance can be written as

Cp–i ¼ Cp � Cp–i–0; ð4Þ

where i represent the i-type interfacial states (i = MF,HF)
[16]. Cp–i�0 is the height of the plateaus region in the
Cp-frequency relation. The dotted curves represent the fit-
ting results of the experimental data in Fig. 1. In the fre-
quency range 100 Hz to 2 KHz, the attractive MF-type
interface states density Nss-MF of as-grown samples is
5.0 · 1010 eV�1 cm�2. In the frequency range from
100 KHz to 1 MHz, the associated HF-type interfacial
states density Nss-HF is 1.0 · 1011 eV�1 cm�2. The relaxa-
tion time is 1.9 · 10�5 s and 2.7 · 10�7 s, respectively, as
listed in Table 1. According to the work of Schmeits
et al. [16], a single substitutional atom may act simulta-
tments

s(s) Nss-HF (eV�1 cm�2) s(s)

1.9 · 10�5 1.0 · 1011 2.7 · 10�7

4.0 · 10�5 2.4 · 1011 3.2 · 10�7

6.5 · 10�5 1.3 · 1011 2.7 · 10�7

3.5 · 10�5 6.0 · 1010 2.7 · 10�7

2.4 · 10�5 1.3 · 1011 2.3 · 10�7

7.1 · 10�5 4.8 · 1011 2.7 · 10�7

4.0 · 10�5 1.3 · 1011 2.7 · 10�7

1.0 · 10�5 1.6 · 1011 2.7 · 10�7
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Fig. 2. Frequency dependence of Cp for the ICP-etched n-GaN sample
after thermal annealing at 400 �C, 500 �C and 600 �C in N2 ambient. The
dot curves represent the fitting results of the experiment data.
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Fig. 3. Frequency dependence of Cp for the ICP-etched n-GaN sample
after thermal annealing at 400 �C, 500 �C and 600 �C in H2 ambient. The
dot curves represent the fitting results of the experiment data.
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Fig. 1. Frequency dependence of the interfacial states capacitance of as-
grown sample and as-ICP-etched sample. The dot curve represents the
fitting result of the experiment data.
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neously as dopant and impurity, and two transition fre-
quencies can be expected in theoretical calculations. The
two transition frequencies in our sample may come from
one impurity atom such as Si and/or other impurity and/
or defect state. A detailed study is necessary to investigate
the origin of these states in these samples.

For a sample after the ICP-etching process (R2), the
results of the Cp vs. frequency are also shown in Fig. 1.
Comparing to as-grown samples (R1), there are two
plateau regions, indicative of some different types of inter-
facial centers of the GaN after ICP-etching process. Com-
pared to the as-grown sample (R1), the ICP-etched sample
(R2) may have a new interfacial state with low transi-
tion frequency around 300 Hz. Therefore, we assume that
there are three kinds of interfacial states Nss-LF, Nss-MF

and Nss-HF with interfacial states capacitances Cp-LF,
Cp-MF and Cp-HF respectively in the frequency range from
100 Hz to 1 KHz, 1 KHz to 100 KHz and 100 KHz to
1 MHz, respectively. We fit the Cp-frequency for each
range by Eq. (4) with i = LF,MF,HF. The curves in this
figure are the fitting results for each interfacial states capac-
itance. The fitting results are listed in Table 1. There are
different types of interfacial states in the GaN sample after
ICP-etching. In this case, the LF-type of interfacial states
(Nss-LF) becomes dominant, and the density is around
4.3 · 1012 eV�1 cm�2 in our sample (R2).

It is known that the annealing process can reduce defect
density [26]. Fig. 2 shows the results of the Cp-frequency
after ICP-etched samples annealed at different tempera-
tures in N2 ambient for 30 min. We can also distinguish
three types of interfacial states after 400 �C annealing pro-
cess (N2 400 samples). However, the capacitance at low fre-
quency is reduced, and the plateau region is not so clear
after 500 �C annealing process (N2 500 samples). A smaller
amount of the plateau region at low frequency for N2 600
samples is observed, and the calculated LF-type interfacial
states is 3.0 · 1010 eV�1 cm�2. The HF-type interfacial
states are reduced to 1.3 · 1011 eV�1 cm�2 after 600 �C
annealing process (N2600 samples), which is quite near
the value of the as-grown sample (1.0 · 1011 eV�1 cm�2,
R1). The quantities of the LF- and MF-types interfacial
states are less than that of the HF-type interfacial states
for the N2 600 sample. Thus, the N2 annealing process is
effective to remove both the LF- and MF-types interfacial
states. Yet, the amount of HF-type interfacial states is
slightly increased, and it can be observed as the annealing
temperature is increased from 500 �C to 600 �C. The HF-
type interfacial states become dominant for the ICP-etched
sample after annealing in N2 at 600 �C.

Fig. 3 shows the Cp-frequency results for an ICP-etched
sample followed by 400 �C annealing process in H2 ambi-
ent. The interface state capacitance at lower frequency is
lower than that annealed in N2 ambient. Thus, fewer LF-
type interfacial states can be expected. In fact, the quanti-
ties of LF- and MF-types interfacial defects are both below
those of HF-type interfacial states. The HF-type interfacial
states increase with annealing temperature up to 400 �C,
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Fig. 4. Interfacial states density as a function of annealing temperature in
N2 ambient and H2 ambient.
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and decrease after annealing at 500 �C. The HF-type inter-
facial defects are dominant, and the density is around
4.8 · 1011 eV�1 cm�2 for H2 400 samples.

Both LF- and MF-types interfacial states decrease as
the annealing temperature is increased up to 500 �C. How-
ever, as the temperature reaches 600 �C in H2 ambient, a
dramatic increase of the LF-type interfacial states. The
interfacial state of both MF- and HF-type are slightly
increased. In H2 ambient, H2 may diffuse and react chem-
ically [27,28], so some hydrogen related defects may be
formed and thus interfacial states are increased. The
LF-type interfacial defects around 1.1 · 1012 eV�1 cm�2

become dominant.
Fig. 4 shows the interfacial states density with annealing

at different temperatures in N2 and H2 ambient respec-
tively. In N2 ambient, the ICP-induced LF-type and
MF-type interfacial states decrease as the annealing tem-
perature is increased from 400 �C to 600 �C. The HF-type
interfacial states, around 1.0 · 1011 eV�1 cm�2 for as-
grown GaN, decrease slightly as the annealing temperature
is increased from 400 �C to 500 �C, but increase as the tem-
perature is increased from 500 �C to 600 �C. These embed-
ded HF-type interfacial states cannot be reduced effectively
via the annealing process in N2 ambient.

While annealing in H2 ambient, both LF-type and MF-
type interfacial states decrease dramatically as the anneal-
ing temperature reached from 400 �C to 500 �C. Even the
annealing temperature is as low as 400 �C in H2 ambient,
the LF-type interfacial states can be reduced to around
one order of magnitude. In H2 ambient, ICP-induced
damage may be reduced to a lower level by H2 diffusing
and reacting chemically with the defects [26,29]. Thus,
annealing under H2 ambient is more effective to reduce
the defects than under N2 ambient. Yet, some hydrogen-
related interfacial defects may arise in H2 ambient as the
temperature is increased from 500 �C to 600 �C. The
LF-type interfacial states increase around one order of
magnitude.
4. Conclusion

In conclusion the effects of thermally treated Schottky
contact after ICP-etching were investigated. Due to ion
bombardment, the ICP-etching process causes some dam-
age. New interfacial state with low transition frequency
around 300 Hz are found for an ICP-etched sample (R2).
The overall interfacial states density of an as-grown sample
(R1) and that of ICP-etched sample (R2) are around
1011 eV�1 cm�2 and 1012 eV�1 cm�2, respectively. After
ICP-etching, three kinds of interfacial states were observed
and characterized. The ICP-induced defects could be
reduced by more than one order of magnitude after a sub-
sequent annealing in N2 ambient at 600 �C for 30 min or in
H2 ambient at 500 �C for 30 min. The H2 ambient is more
effective in removing these defects at temperature up to
500 �C. Additional defects may arise in H2 ambient while
the temperature is increased to 600 �C, whereas N2 ambient
shows good thermal stability with the annealing tempera-
ture up to 600 �C.
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thick SiO2 films on nondegenerate Si. Solid-State Electron 1972;
15:221–37.

[18] Deneuville A. Characterization of the interface states at a Ag/Si
interface from capacitance measurements. J Appl Phys 1974;45
:3079–84.

[19] Singh A. Characterization of interface states at Ni/nCdF2 Schottky
barrier type diodes and the effect of CdF2 surface preparation. Solid-
State Electron 1985;28:223–32.

[20] Singh A, Cova P, Masut RA. Energy density distribution of interface
states in Au Schottky contacts to epitaxial In0.21Ga0.79As:Zn layers
grown on GaAs by metalorganic vapor phase epitaxy. J Appl Phys
1993;74:6714–9.

[21] Tseng Hsun-Hua, Wu Ching-Yuan. A simple technique for measuring
the interface-states density of the Schottky barrier diodes using the
current-voltage characteristics. J Appl Phys 1987;61:299–304.
[22] Chen Zhi, Park Dae-Gyu, Stengal Francke, Noor Mohammad S,
Morkoc Hadis. Metal-insulator-semiconductor structures on p-type
GaAs with low interface states density. Appl Phys Lett 1996;69:230–2.

[23] Roberts GI, Crowell CR. Capacitance Energy Level Spectroscopy of
Deep-Lying Semiconductor Impurities Using Schottky Barriers. J
Appl Phys 1970;41:1767–76.

[24] Beguwala M, Crowell CR. Characterization of multiple deep level
systems in semiconductor junctions by admittance measurements.
Solid-State Electron 1974;17:203–14.

[25] Fernandez-Canque HL, Allison J, Thompson MJ. The capacitance of
rf sputtered hydrogenated amorphous silicon Schottky barrier diodes.
J Appl Phys 1983;54:7025–33.

[26] Cao XA, Zhang AP, Dang GT, Cho H, Ren F, Pearton SJ, et al.
Inductively coupled plasma damage in GaN Schottky diodes. J Vac
Sci Technol 1999;B17:1540–4.

[27] Kim J, Ren F, Gila BP, Abernathu CR, Pearton SJ. Reversible
barrier height changes in hydrogen-sensitive Pd/GaN and Pt/GaN
diodes. Appl Phys Lett 2003;82:739–41.

[28] Sawada Masakazu, Sawada Takayuki, Yamagata Yuji, Imai
Kazuaki, Kimura Hisahito, Yoshino Masaki, et al. Electrical char-
acterization of n-GaN Schottky and PCVD-SiO2/n-GaN interfaces. J
Cryst Growth 1998;189–190:706–10.

[29] Deal BE, MacKenna EL, Castro PL. Characteristics of fast
surface states associated with SiO2–Si and Si3N4–SiO2–Si structures.
J Electrochem Soc 1969;116:997–1005.


	ICP-induced defects in GaN characterized by capacitance analysis
	Introduction
	Experiment
	Results and discussion
	Conclusion
	References


