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By using temperature-dependent Hall, variable-frequency capacitance–voltage and cathodoluminescence (CL) mea-

surements, the identification of inductively coupled plasma (ICP)-induced defect states around the AlxGa1−xN/GaN

heterointerface and their elimination by subsequent annealing in AlxGa1−xN/GaN heterostructures are systematically

investigated. The energy levels of interface states with activation energies in a range from 0.211 to 0.253 eV below

the conduction band of GaN are observed. The interface state density after the ICP-etching process is as high as

2.75×1012 cm−2·eV−1. The ICP-induced interface states could be reduced by two orders of magnitude by subsequent

annealing in N2 ambient. The CL studies indicate that the ICP-induced defects should be Ga-vacancy related.
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1. Introduction

Because of the inherent chemical stability of GaN,
the device fabrication process involving a GaN-based
material system usually relies on dry etching, which
is known to cause surface damage.[1] In particular,
the surface damage induced in a recessed gate process
in the fabrication of AlxGa1−xN/GaN heterostructure
field effect transistors (HFETs) can drastically lower
the Schottky barrier heights of the gate metals and
reduce the gate breakdown voltage unless a very low
plasma power is used.[2−4] Dry etching-induced dam-
age is attributed to the formation of a nonstoichio-
metric surface due to preferential loss of one of the
elements.[5] Another possible origin of the degradation
is the generation of trapping centres on the etched sur-
face. A number of research efforts have been made to
identify and eliminate the dry etching-induced dam-
age on n-type GaN.[6,7] In deep-level transient spec-
troscopic (DLTS) measurements on n-type GaN, the
shallow levels with activation energies ranging from
0.18 to 0.22 eV are commonly observed and sug-
gested to be related to the N vacancy (VN). How-
ever, little work has been done on the elimination of

dry etching-induced damage in AlxGa1−xN/GaN het-
erostructures.

There is no well-known and tested proce-
dure for the analysis of the variable-frequency
capacitance–voltage (C–V ) method from a metal/
insulator/AlxGa1−xN/GaN (MIS) structure to ex-
tract the interface state densities and the interface
state energy levels at the insulator/AlxGa1−xN and
the AlxGa1−xN/GaN interfaces. For Si3N4-passivated
AlxGa1−xN/GaN heterostructures, the related DLTS
results showed a remarkable decrease in state den-
sity at the Si3N4/AlxGa1−xN interface (ranging from
1×1011 to 5×1011 cm−2·eV−1).[8,9] In this work,
we focus on the identification of inductively cou-
pled plasma (ICP) induced interface states around
the AlxGa1−xN/GaN interface and their elimination
by subsequently annealing the AlxGa1−xN/GaN MIS
structure samples.

2. Experiments

The Al0.25Ga0.75N/GaN heterostructures were
grown on the (0001) surface of sapphire sub-
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strate using metal-organic chemical vapour deposition
(MOCVD). A nucleation GaN buffer layer was grown
at 530 ◦C followed by a 2.2-µm-thick unintention-
ally doped GaN (i-GaN) layer deposited at 1070 ◦C.
The temperature was then increased to 1090 ◦C to
grow an approximately 1-nm-thick AlN interlayer and
a 25-nm-thick unintentionally doped Al0.25Ga0.75N
barrier. The room temperature (RT) Hall mobil-
ity and density of the two-dimensional electron gas
(2DEG) in the heterostructures were 1490 cm2/V·s
and 9.350×1012 cm−2, respectively.

After the MOCVD growth, samples with van der
Pauw configurations and MIS structures were fabri-
cated. Ti/Al/Ti/Au (20/180/55/45 nm) Ohmic con-
tacts was deposited in sequence using an electron
beam evaporator, followed by rapid thermal anneal-
ing in a N2 ambient at 850 ◦C for 30 s. After-
wards, the ICP etching and subsequent annealing
were performed on the samples. The surfaces of the
Al0.25Ga0.75N/GaN heterostructures were etched us-
ing ICP with a mixture of Cl2 (10 sccm) and BCl3
(2 sccm) at the inductive power of 180 W and the
rf chuck power of 2 W for 20 s. The etching depth
for each sample was 5–6 nm, which is an accurate
and repeatable value for the gate recess process. Af-
ter ICP etching, the samples were annealed in a N2

ambient at 350 ◦C, 650 ◦C and 850 ◦C for 30 s, sepa-
rately. Five sets of samples were prepared. For refer-
ence, the first set was without ICP etching and sub-
sequent annealing (as-prepared); after ICP etching,
the second set did not undergo subsequent anneal-
ing (as-etched); the three other sets were annealed
at 350 ◦C (ICP350), 650 ◦C (ICP650) and 850 ◦C
(ICP850), separately. The Si3N4 (100-nm-thick) insu-
lating layer was deposited by plasma-enhanced CVD
on the surface of the AlxGa1−xN barrier layer. Finally,
the Ni/Au (40/150 nm) electrode was evaporated on
the top of the Si3N4 insulating layer.

The temperature-dependent Hall measurements
were performed on an Accent HL5500 Hall measure-
ment system with an HL5550 liquid N2 stage in vac-
uum and a temperature ranging from 90 to 450 K.
An Agilent 4155C semiconductor parameter analyzer
and an Agilent 4294A precision impedance analyzer
with a 100 mV test signal were used for current–
voltage (I–V ) and C–V measurements, respectively.
The cathodoluminescence (CL) spectra wave investi-
gated at RT with an electron beam accelerating volt-
age of 2 kV in a scanning electron microscope (SEM)
equipped with an Oxford Mono-CL3.

3. Results and discussion

Figures 1(a) and 1(b) show the temperature de-
pendences of the mobility and density of the 2DEG in
Al0.25Ga0.75N/GaN heterostructures for as-prepared,
as-etched, ICP350, ICP650 and ICP850 samples, re-
spectively. The 2DEG mobility decreases with the in-
crease of temperature, indicating that the 2DEG mo-
bility is limited primarily by ionized impurities scat-
tering at lower temperatures and longitudinal opti-
cal phonon scattering at higher temperatures.[10,11]

The 2DEG density remains almost unchanged with
the temperature increasing from 90 to 300 K and
begins to decrease with the temperature increasing
above 300 K. It is believed that the decrease of the
Al0.25Ga0.75N/GaN heterostructure conduction band
offset accounts for the decrease of the 2DEG density
as the temperature increases[12] From Fig. 1, we can
also see that both the mobility and the density of the
2DEG decrease remarkably after the ICP etching pro-
cess, and then gradually climb back to the as-prepared
sample level after the subsequent annealing.

Fig. 1. Temperature dependences of (a) mobility and (b)

density of 2DEG in Al0.25Ga0.75N/GaN heterostructures

for as-prepared, as-etched, ICP350, ICP650 and ICP850

samples.

There are three main reasons for the change of the
2DEG density: 1) ICP etching-induced crystal lattice
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damage weakens the polarization in the AlxGa1−xN
layer, which leads to a decrease in the 2DEG den-
sity, and the annealing-induced recovery of the crys-
tal lattice damage promotes the increase of the 2DEG
density; 2) considering the surface donor model, the
2DEG density decreases with the thinning of the
AlxGa1−xN barrier due to ICP etching (5–6 nm);[13]

3) ICP etching induces lattice defects which generally
behave as deep level states. When the AlxGa1−xN
barrier layer contains ICP induced defects distributed
around the Fermi level, some channel electrons will be
captured. However, subsequent annealing at higher
temperature (ICP850) can cause the defects to con-
gregate around the AlxGa1−xN/GaN heterointerface
and make the mobility and density of the 2DEG de-
crease again.[14]

Figure 2 shows the 100 kHz C–V characteristics
for as-etched, ICP350, ICP650 and ICP850 samples
at RT. Because the 2DEG densities are different from
each other for these samples, the applying negative
bias voltage values of the 2DEG complete depletion
are different. It is worth noting that an obvious peak
located at the negative bias voltage of about −25 V
appears for the as-etched sample. This peak corre-
sponds to the ICP-induced defect state. We can also
observe that the peaks related to the ICP-induced de-
fect states become less prominent with the increase
of the subsequent annealing temperature for ICP350,
ICP650 and ICP850 samples. This peak position is
around the complete depletion region of the 2DEG,
and so the ICP-induced defect states should be lo-
cated near the AlxGa1−xN/GaN heterointerface. The
trapped electrons will sweep out from the metal/Si3N4

interface, the Si3N4 layer and the Si3N4/AlxGa1−xN
interface at this large negative bias voltage, as shown
in Fig. 3(b). The fact that the amplitude of the peak
lowers obviously with the increase of subsequent an-
nealing temperature indicates a pronounced decrease
of the ICP-induced defect states.

Fig. 2. The 100 kHz C–V characteristics for as-etched,

ICP350, ICP650 and ICP850 samples at RT.

Figure 3(a) shows the frequency dependences of
the interface state capacitance for as-etched, ICP350,
ICP650 and ICP850 samples at RT, with the ap-
plied voltage value selected at the corresponding bias
voltage where the relevant ICP-etching peak shown
in Fig. 2 appears. Figure 3(b) shows the schematic
energy-band diagram of the Al0.25Ga0.75N/GaN MIS
structure at the negative bias voltage. Figure 3(c)
shows the equivalent circuit and the simplified equiv-
alent circuit of the Al0.25Ga0.75N/GaN MIS structure
at the negative bias voltage.

Fig. 3. (a) Frequency dependence of the interface state

capacitance with different bias voltages for as-etched,

ICP350, ICP650 and ICP850 samples at RT (the applied

voltage value is selected at the corresponding bias volt-

age where the relevant ICP-etching peak appears); (b) the

schematic energy-band diagram of Al0.25Ga0.75N/GaN

MIS structures at negative bias voltage (EFm is the Femi

level of metal and EFn is the Femi level of GaN); (c)

the equivalent circuit and simplified equivalent circuit of

Al0.25Ga0.75N/GaN MIS structures at negative bias volt-

age.

Described in the following parts is the measure-
ment method to extract defect state parameters from
the variable-frequency C–V characteristics.[15−18]

Measurements of the device conductance GM and
the device capacitance CM each as a function of fre-
quency f ranging from 100 kHz to 7.5 MHz were per-
formed. The full circuit model of Al0.25Ga0.75N/GaN
MIS structure employed in our analysis is shown in
Fig. 3(c), where Cix is the insulating layer capaci-
tance, Ciy is the AlxGa1−xN barrier layer capacitance,
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Cp is the interface state equivalent capacitance, Gp is
the interface state equivalent conductance and CD is
the depletion region capacitance. The analysis of the
interface state density may be performed on the as-
sumption that the interface state is comprised of a
continuum of levels. Cp and Gp are given by

Cp = C0
p

arctgωτ

ωτ
, (1)

Gp = ωC0
p

ln(1 + ω2τ2)
2ωτ

, (2)

where

C0
p = q2ANss. (3)

Here, ω is the circular frequency of the test signal and
τ is the interface state time constant, with q being
the electronic charge, A the contact area and Nss the
interface state density. We can obtain Cp from the
measured device capacitance CM by

Cp = Ci

 1
Ci

CM
− 1

− 1
Ci

CM,HF
− 1

 , (4)

where

1/Ci = 1/Cix + 1/Ciy, (5)

where CM,HF is the high-frequency capacitance. The
interface state capture cross section σn is given by

σn = (τvthND)−1 exp(−qVs/kT ), (6)

where vth is the thermal velocity of electrons, ND is
the ionized impurity concentration, Vs is the semicon-
ductor surface potential, k is Boltzmann’s constant
and T is the absolute temperature. The interface state
energy level is given by

Ec − ET = q(VS + VB), (7)

where VB is the potential difference between the
conduction-band edge and the Fermi level. We ob-
tain qVB = 0.03 eV from the temperature-dependent
Hall measurements. By plotting Cp and Gp each as a
function of frequency and fitting the resulting curves
to Eqs. (1) and (2), the interface state density Nss and
the interface state time constant τ may be extracted.
Based on the work of Nakamura et al.,[19] σn is given
to be 5.8 × 10−15 cm2. We obtain the semiconduc-
tor surface potential Vs from Eq. (6) and the interface
state energy level from Eq. (7). Here, the analysis
of capacitance–frequency (C–f) characteristics cannot
strictly describe an interface effect. It can be best de-
scribed as the overall effect including the real inter-
face states at the AlxGa1−xN/GaN interface and the

trap states inside the AlxGa1−xN barrier layer and
the GaN layer which are close to the AlxGa1−xN/GaN
heterointerface (near-interface states). Table 1 shows
the simulation results of the defect states located
around the AlxGa1−xN/GaN heterointerface for as-
etched, ICP350, ICP650 and ICP850 samples.

Table 1. Simulation results of the interface state density

Nss, the interface state time constant τ and the interface

state energy level EC−ET for as-etched, ICP350, ICP650

and ICP850 samples.

Nss/1012 cm−2·eV−1 τ/10−7 s EC − ET/eV

as-etched 2.75 1.75 0.237

ICP350 1.04 1.43 0.232

ICP650 0.028 0.637 0.211

ICP850 1.07 3.18 0.253

According to the variable–frequency C–V analy-
sis, interface state energy levels with the activation
energies in a range between 0.211 and 0.253 eV are
obtained, and the interface state density after ICP-
etching has reached as high as 2.75×1012 cm−2 eV−1.
After ICP-etching and subsequent annealing, three
kinds of interface state densities are obtained and
characterized. The ICP-induced interface states could
be reduced two orders of magnitude by annealing at
650 ◦C.

A series of CL spectra was obtained for as-
prepared, as-etched, ICP350, ICP650 and ICP850
samples at RT, as shown in Fig. 4. The penetration
depth of 2 kV incident electrons into nitride mate-
rial is about 23 nm, according to Monte Carlo simula-
tions using a single scattering model. The detected
CL signals carry the information coming from the
regions including the AlxGa1−xN barrier layer, the
AlxGa1−xN/GaN interface and the GaN layer (about
23 nm in depth from the AlxGa1−xN surface), which
are the same as the depletion regions at the negative
bias voltage of the complete depletion of the 2DEG in
C–V measurements. The CL spectra are normalized
to maintain the same integral intensity of the near-
band edge (NBE) emissions centred at about 3.4 eV
(365 nm) from GaN layer. A sharp peak appears at
about 3.8 eV (329 nm) in the CL spectrum, which is
ascribed to the AlxGa1−xN NBE emission. A broad
deep-level emission at about 2.23 eV (556 nm) is de-
tected separately from as-etched, ICP350, ICP650 and
ICP850 samples, which is ascribed to the yellow lu-
minescence (YL) band of GaN.[20] It is generally at-
tributed to the transition from a shallow donor to a
deep acceptor (VGa). It is noted that the intensity
of the YL band lowers with the increase of the subse-
quent annealing temperature. The variation trend of
YL intensity is consistent with that of the amplitude
of the peak corresponding to ICP-induced defect state.
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It indicates that the CL measuring results referring to
the YL band should be proof that the ICP-induced
defect state is VGa related.

Fig. 4. Typical CL spectra for as-prepared, as-etched,

ICP350, ICP650 and ICP850 samples at RT, respectively.

The BCl3 bombarding plasma is effective in re-
moving native surface oxides on the AlxGa1−xN sur-
face and enhancing dissociation among Al, Ga and N,
and the Cl2 etching plasma is an effective etcher for
the AlxGa1−xN and GaN layers because of the high
volatilities of AlClx and GaClx. So a mixture of Cl2
and BCl3 was used to achieve the accurate and repeat-
able control of etch depth with time.[21] The effective
removal of Al and Ga from the AlxGa1−xN surface ap-
pears to be important for the forming of ICP-induced
defects.

Trap D, with EC − ET = 0.17 − 0.27 eV and
σn = (1 − 6) × 10−15 cm2, has been observed in thin
GaN layers by many groups, using various growth
techniques, including hydride vapour phase epitaxy
(HVPE),[22,23] MOCVD [24−27] and molecular beam
epitaxy (MBE).[28,29] Our experimental results show
that the interface state densities within the activation
energy range between 0.211 and 0.253 eV are greatly
enhanced by the ICP-etching process. Compared with
as-etched samples, the ICP350, ICP650 and ICP850
samples show a pronounced decrease in ICP-induced
defects, owing to the subsequent annealing. The en-
ergy levels in the range between 0.211 and 0.253 eV, as
electron traps, might well be related to a defect com-
plex involving VGa (such as VN–VGa), because their
activation energies and capture cross sections are very
close to those of trap D.[23,24]

4. Conclusion

The identification of ICP-induced defect states
around the AlxGa1−xN/GaN heterointerface and
their elimination by subsequent annealing in the

AlxGa1−xN/GaN heterostructures are systematically
investigated by means of temperature-dependent Hall,
variable-frequency C–V and CL methods. The inter-
face state levels with the activation energies in a range
between 0.211 and 0.253 eV are observed, and the in-
terface state density after the ICP-etching process is as
high as 2.75×1012 cm−2·eV−1. The ICP-induced de-
fect states can be reduced by two orders of magnitude
by subsequent annealing in a N2 ambient at 650 ◦C.
The CL studies indicate that the ICP-induced defects
might be Ga-vacancy related.
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Morkoç H 1998 Appl. Phys. Lett. 72 2277

077303-6


