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A B S T R A C T

The energy distribution and the relaxation time constant of the trap states with respect to conduction bands in
the (Ni/Au) Schottky contact on AlInGaN/GaN heterostructures were investigated using the admittance tech-
nique. The potential dependent capacitance/conductance measurements were done in the frequency range of
5 kHz to 5 MHz at a temperature of 300 K. We found strong frequency dispersions at the accumulation regions
and at the sharp transition regions (depletion region) in the capacitance curves. High frequency dispersion at the
accumulation regions in C-V characteristics indicates that there is a high-density of surface traps between the
metal–AlInGaN quaternary layer interfaces. Furthermore, the frequency dispersion at the sharp transition re-
gions behavior can be attributed to the interface traps state between the AlInGaN quaternary layer and GaN
layer. A detailed analysis of the frequency-dependent capacitance and conductance data was performed, as-
suming the models in which traps are located between the metal–AlInGaN interface (surface traps) and between
AlInGaN/GaN interfaces (interface traps). The trap states density and time constants of the traps states were
calculated as a function of energy separation from the conduction-band edge. The trap states' densities change
between 1.3 × 1011 eV−1 cm−2 and 6.2 × 1011 eV−1 cm−2. Also, 4.8 to 5.3 μs time interval calculated for the
relaxation times.

1. Introduction

In the last decade, nitride-based wurtzite, such as ternary AlGaN,
AlInN, and InGaN alloys as well as quaternary AlInGaN alloy, have
gained considerable interest due to their potential for applications in
many optoelectronic device structures such as high frequency and high
power field effect transistor (FET), laser diodes (LD) and light emitting
diodes (LED) devices [1–8].

Because of their superior properties compared to ternary alloys, the
AlInGaN quaternary alloys have become the focus of interest among the
other ternary alloys [3–8]. The independent control properties of the
lattice constant and energy band gap, by varying the indium (In) and
aluminum (Al) compositions of the AlInGaN alloys, provide additional
freedom to adjust the strain and band gap, and make them attractive
materials as active layers in visible and ultraviolet (UV) LED and LD
[3,7–9]. Also, the spontaneous and piezoelectric polarization field in
pseudomorphically grown AlInGaN quaternary alloys on a GaN tem-
plate layer can be controlled by changing the In and Al composition.

This property applies important opportunity for the growth of the GaN-
based heterostructures with high 2-dimensional electron density when
it is used as a barrier layer [7–9]. Furthermore, the AlInGaN quaternary
alloys can be grown lattice matched to GaN layer with an appropriate In
and Al ratio, which reduces the defect and dislocation densities and
might enhance device reliability [8,9]. Recently, GaN-based HEMT with
an AlInGaN quaternary alloy barrier had been demonstrated with
promising performance in comparison with AlGaN and AlInN barrier
HEMT, which demonstrated the high potential of AlInGaN quaternary
alloy in high-power, high-frequency applications [6,8].

The electrical trap states in the GaN-based HEMTs change the
density of the two-dimensional electron gas (2DEG) in the quantum
well and, therefore, limit the performance of devices in operation mode
[10–12]. The trapping/de-trapping process in HEMTs, currently place a
major limitation on the power performance at high frequencies [10].
For this reason, the characterization and elimination of the trap states
in the GaN-based HEMTs structures are important. There are several
techniques being employed to measure and characterize the trap states
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in a metal-semiconductor (MS) and metal-oxide-semiconductor (MOS)
structure [13,14]. The admittance method is one of the most sensitive
and complete methods in the evaluation of the densities and relaxation
times of the trap states [13,14]. This method is based on the frequency
and voltage dependent capacitance and conductance measurements of
an MS or MOS capacitor and the trap state densities and relaxation
times, in both the depletion and weak inversion portion of the bandgap,
the capture cross-section of the interface and the fluctuation of the
surface potential can be calculated [11–23].

The number of studies has been reported in the literature about the
identification and elimination methods of the trap states in the GaN
layer [21], AlGaN/GaN [11,12,16,17,19,20,23,24] AlInN/GaN [18,22],
and AlN/GaN [25] heterostructures using frequency-voltage dependent
capacitance and conductance measurement. Zhu et al. [23] investigated
the trap states in AlGaN/GaN Schottky-gate high-electron-mobility
transistors (S-HEMTs) and Al2O3/AlGaN/GaN metal-oxide-semi-
conductor HEMTs (MOS-HEMTs). They calculated
(1.02–4.67) × 1013 eV−1 cm−2 and (0.09–0.12) μs for the density and
time constant of surface states in S-HEMTs, respectively, and was
concluded that electron tunneling rather than emission was considered
to be the dominant de-trapping mechanism due to the high electric field
in the high Al content barrier. Also, they reported that the Al2O3 gate
insulator slightly reduced the surface states, but introduced a low
density of new traps with the time constant of (0.65–1.29) μs into MOS-
HEMTs.

Semra et al. [25] reported a study on trap states in researching the
gate-source contact on AlGaN/GaN HEMT by performing capacitance
and conductance measurements at a temperature between 83 K and
370 K with the bias voltage maintained at 0 V. The interface trap state
density and time constant were deduced using an analysis of the fre-
quency dispersion in capacitance and conductance data. They estab-
lished a traps state model with two levels of traps at the AlGaN/GaN
interface and one level located in the barrier AlGaN surface with re-
ported trap state values of 1012 cm−2 eV−1 and a time constant varying
between 1 μs and 3 ms.

Kordos et al. [20] published the frequency dependent conductance
measurement results and the effect of annealing on the trap states in the
Al2O3/AlGaN/GaN MOSHFETs. They had shown that a broadening of
the conductance peaks is largely suppressed after the annealing of the
gate oxide. They found that the density of traps in the non-annealed

devices was in the range of 1011 cm−2 eV−1 and it was slightly de-
creased after annealing.

In another study, the results of the trap states investigation in the
AlGaN/GaN HEMTs and Al2O3/AlGaN/GaN MOS-HEMTs obtained by
using the dynamic capacitance dispersion technique were published by
Xiao-Hua Ma et al. [17]. They calculated trap state densities for the
Al2O3/AlGaN interface as 1.4 × 1013 eV−1 cm−2 and approx. twofold
higher values for the surface traps density at the Schottky/AlGaN in-
terface (AlGaN surface).

In our previous study [18], we presented a study on the surface trap
states investigation in unpassivated and SiNx passivated Al0.83In0.17N/
AlN/GaN heterostructures using admittance methods. We found values
of (4 − 13) × 1012 eV−1 cm−2 and (3–7) μs for the surface trap states
densities and time constants in the unpassivated Al0.83In0.17N/AlN/GaN
heterostructures, respectively. The SiNx passivation on the
Al0.83In0.17N/AlN/GaN HEMT decreased the surface state density to the
1.5 × 1012 eV−1 cm−2.

Up to now, there are no reports about the identification of the
trapping effects in AlInGaN/GaN heterostructures. In the present paper,
we have investigated the electrical parameters of the Ni/Au Schottky
contacts on the AlInGaN/GaN heterostructures from the experimental
forward bias current-voltage (I-V) characteristics at a temperature of
300 K. The capacitance-voltage (C-V), conductance-voltage (G/ω-V)
measurements were done at various frequencies (5 kHz–5 MHz).
Frequency dependent dispersion of the admittance was analyzed using
an equivalent circuit model and the energy densities and relaxation
time constants of the trap states were calculated.

2. Experimental procedure

A low-pressure metalorganic chemical vapor deposition (MOCVD)
reactor (Aixtron 200/4 HT-S) was used for the growth process of the
AlxInyGa1-x-yN/GaN heterostructures. The trimethylaluminum (TMAl),
trimethylindium (TMIn), triethylgallium (TEGa), and ammonia pre-
cursors were used as Al, In, Ga, and N source, respectively. In the be-
ginning of the growth process, the surface of the c-plane (0001) single-
polished 2″ diameter sapphire (Al2O3) substrate was baked under H2

ambient at 1250 °C for 12 min. After the baking process, the growth was
continued with the growth of a nominally 50 nm thick, low-tempera-
ture (515 °C and 100 mbar) GaN nucleation layer and the nominally

Fig. 1. (a) The schematic diagram of the present Al0.84In0.13Ga0.03N/GaN heterostructure grown on sapphire substrate with LT-GaN buffer and GaN template layer,
(b) circular Schottky and square Van Der Pauw ohmic contact on the Al0.84In0.13Ga0.03N epilayer surface.
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3 μm thick unintentionally doped (UID) GaN template layer grown at
1040 °C and 300 mbar pressures conditions. The GaN template layer
was followed by 118 nm thick UID AlxInyGa1-x-yN quaternary epilayers
that were grown at a temperature of 1150 °C and 30 mbar (Fig. 1a). The
atomic ratio of the indium and the aluminum in AlxInyGa1-x-yN epi-
layers were determined using X-ray Photoelectron Spectroscopy (XPS)
and X-ray diffraction (XRD) methods.

The spectra reveal a (0002) plane peak of the GaN layer at 34.913°.
Besides the (0002) diffraction peak of GaN, the diffraction from
AlxInyGa1-x-yN epilayers was also observed at a higher angle side of GaN
(0002) diffraction peak at the 35.923°. The rocking curve (ω-scan) of
the (0002) symmetric and (10–12) asymmetric plane were done for the
AlxInyGa1-x-yN epilayers. The full width at half maximum (FWHM) va-
lues of X-ray rocking curve are 269 arcsec and 327 arcsec for the (0002)
and (10–12) plane, respectively.

The Al and In compositions have been determined by the fitting of
2θ-scans at an AlInGaN (0002) diffraction pattern using the Global Fit
software. The Al, In, and Ga incorporations of the sample have been
approximately found to be 84% (Al), 13% (In), and 3% (Ga), respec-
tively. XPS measurement has been used to confirm the Al and In content
in the AlInGaN layers.

After the determination of the Al, In, and Ga ratio in the AlInGaN
layer, the wafers were cut into several piece of 7 × 7 mm for ohmic and
Schottky contact fabrication. Prior to the contact formation, samples
were cleaned with acetone in an ultrasonic bath and then treated with
isopropyl alcohol and rinsed in deionized (DI) water that had 18 MΩ
resistivity. After DI rinsing, in order to remove the surface oxides, the
sample was dipped in HCl:H2O (1:1) solution for 30 s and then rinsed in
DI water again for a prolonged period.

After sample cleaning, the process was continued with metalliza-
tion, the Ti/Al/Ni/Au (45/120/55/300 nm) metals were deposited on
the AlInGaN surface in square Van Der Pauw geometry under a vacuum
of 10−7 Torr (Fig. 1b). In order to form ohmic contacts, samples were
annealed at 800 °C for 45 s in N2 ambient. After the formation of ohmic
contacts, 1 mm diameter circular dot Schottky contacts were formed by
the evaporation of 40 nm Ni and 250 nm Au metals one after another
under a vacuum of 10−7 Torr (Fig. 1b).

The current-voltage (I-V) characteristics were measured with a
Keithley model 199 dmm/scanner. The capacitance–voltage (C-V) and
conductance-voltage (G/ω-V) measurements were performed by the use
of an HP 4192A LF impedance analyzer in the frequency range of
5 kHz–5 MHz. An AC signal was attenuated to amplitude of 50 mVrms in
order to meet the small signal requirement. All of the measurements of
I-V, C-V, and G/ω-V were done at a temperature of 300 K. The carrier
mobility and the carrier density were measured using low magnetic
field (0.5 T) Hall Measurement System between the temperature ranges
of 12 and 300 K.

3. Results and discussions

3.1. Current-voltage (I-V) measurements

The carrier density and the mobility of quaternary AlInGaN alloy
were determined using low magnetic field Hall measurements. The
mobility and carrier density results were calculated between 12 and
300 K at a magnetic field of 0.5 T using standard square Van der Pauw
geometry. The mobility and carrier density versus temperature curves
was given in Fig. 2. The negative Hall voltage sign showed that the
current conductions in the unintentionally doped quaternary
Al0.84In0.13Ga0.03N epilayer is determined by n-type carriers.

As can seen from Fig. 2, the Hall mobility for Al0.84In0.13Ga0.03N/
GaN heterostructures sample increases from 883 cm2 V−1 s−1 at 300 K
to values 458 cm2 V−1 s−1 at 12 K. From Fig. 2, it can be seen that, the
mobility values increase with decreasing temperature from room tem-
perature to the 12 K, but shows leveling out at low temperatures. This
behavior provides that the n-type carriers in the channel between the

AlInGaN layer and GaN layer shows 2-dimensional (2D) character. The
electron concentration calculated as 1.7 × 1013 cm−2 at 12 K and in-
creases monotonically with increasing temperature and approaches to
values of 2.15 × 1013 cm−2 at 300 K.

In Fig. 3, we show the forward and reverse bias lnI vs. V char-
acteristics of the Ni/Au Schottky contacts on the AlInGaN/GaN het-
erostructures measured at 300 K. The measured currents at forward and
reverse bias voltages of ± 2 V showed a large rectification ratio of
7878, indicating that good Schottky contact could be fabricated on
AlInGaN quaternary alloy using Ni metal. The reverse bias current sa-
turates nearly at the reverse bias voltage value of −9.5 V. For this
reason, typically saturation of the current which occurs when 2DEG is
depleted cannot be seen in the investigated range.

In Schottky contacts, the ideality factor (n), zero bias Schottky
barrier height (SBH) (ΦB0), series resistance (Rs), and Richardson con-
stant (A*) parameter dependent to the contact and material properties
which govern current transport by the thermionic emission (TE) model
[26]. It is possible to extract the values of this parameter from analyzing
current versus voltage curves [26].

The TE model gives the relationship between I and V can be ex-
pressed with an equation given below [26];

=I I q V IR
nkT

exp ( ) 1S
S

(1)

=I AA T q
kT

expS
B2 0

(2)

Fig. 2. Hall mobility and carrier density versus temperature behavior for the
Al0.84In0.13Ga0.03N/GaN heterostructure.

Fig. 3. The forward and reverse-bias current-voltage characteristics of the Ni/
Au Schottky contacts on the AlInGaN/GaN heterostructures measured at 300 K.
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In the Eq. (1), A⁎ were calculated using the A⁎ = 4πm*qk2/h3 rela-
tion, where m* is the effective electron mass for the quaternary
Al0.84In0.13Ga0.03N epitaxial layer and were estimated that
m* = 0.36m0 by a linear extrapolation from the measured values of
AlN, InN, and GaN [27]. Thus, the Richardson constant can be calcu-
lated to be 42.8 Acm−2 K−2. The q, k and h are the parameters given in
formula that defined for A⁎ and named as electron charge, Boltzman
constant and Planck constant, respectively. The other terms in Eq. (1) of
T and A is the temperature in Kelvin and contact area, respectively
[26].

The contact parameters of Is, ΦB0, and n can be calculated by the
linear fitting of the lnI vs V plots. The Is saturation current value was
extracted by extrapolating the straight line of lnI to intercept the axis at
zero voltage. After the calculation of the Is, the ΦB0 parameters can be
obtained using Eq. (2).

The parameter of n is generally used to measure the deviation of
practical diodes from the ideal thermionic emission model. In the ideal
thermionic emission model, n values have been taken as 1. However, in
some cases, the n values may be higher than 1, in which case different
current mechanisms must be investigated. For example, thermionic
field emission and tunneling mechanisms can be the current-transport
of the Schottky contacts on the AlInGaN quaternary alloy [25,26,29].
The n value was calculated from the slope of the linear region of the lnI-
V plot given in Fig. 4(a) using Eq. (3) [26].

=n q
kT

V
I(ln ) (3)

The least square fitting was performed in the linear region of ex-
perimental data on the lnI-V plot as seen in Fig. 4(a). The value of n, Is,
were determined from the slope and the y-axis intercept of the fitted
straight line. The n, Is and ΦB0 were determined as 5.6, 9.5 × 10−10 and
0.80 eV, respectively, at a temperature of 300 K. The value found for n
in the calculation result is higher than 1. This means that there may be
trap centers that set the tunneling current at the contact point
[25,26,29].

The TE model works for the zero or low Rs which can be neglected
in the low forward region of I-V curve. However, Rs influences the
electrical characteristics of the Schottky contact so we used the Cheung
method as an efficient method to evaluate Rs. The forward bias I-V
characteristics due to the thermionic emission model of a Schottky
contact with Rs can be expressed as Cheung's functions given below
[28];

= +dV
dln I

n kT
q

IRS (4)

As given in Fig. 4(b), the dV/d ln I vs. I plot of measured I-V char-
acteristics of Ni/Au Schottky contact on AlInGaN/GaN heterostructures
at the temperature of 300 K is given in a straight line. According to Eq.
(4), its slope and y-axis intercept will give a determination of n and Rs

values. The n and Rs values were obtained as 17.4 and 3231 Ω, re-
spectively. Because of Rs effects, we obtained higher n values from
Cheung's function than when calculated using Eq. (3).

3.2. Capacitance-voltage (C-V) and conductance-voltage (G/ω-V)
measurements

The capacitance-voltage (Cm-V) and conductance-voltage (Gm/ω-V)
measurements were done between the frequency of 5 kHz and 5 MHz, at
room temperature, for Ni/Au Schottky contact on the AlInGaN/GaN
heterostructures, as shown in Fig. 5(a) and (b), respectively. The DC
bias voltage was swept from −8.5 to +0.5 V. Featuring one capaci-
tance plateaus around −1.5 V along with one sharp transition from
accumulation to the depletion region (nearly from −2.5 to −7 V).

Also, the strong dispersions in the capacitance curves at the accu-
mulation regions (around −1.5 V) can be seen when looking the
Fig. 5(a). The frequency dispersion of the admittance curves strongly
depends on the external bias at low-frequency, while a change in ca-
pacitance at high-frequency becomes very small. This behavior can be
attributed to the surface trap sates between the metal-AlInGaN layers.
In addition, there is strong frequency dispersion at the sharp transition
regions (depletion region) that became significant, which was reflecting
that there are interface trap states between the AlInGaN and GaN layer.
Furthermore, sharp peaks, the position of this peak strongly depends on
the bias voltage, in the beginning of the accumulation regions (at
−3.3 V for the frequency of 5 kHz) of the measured C-V curve at low
frequency values were detected [11–14,16,18–20,30].

On the other hand, these peaks disappeared between the frequencies
of 30 kHz and 5 MHz and that is shows that there is a considerable
amount of traps between the AlInGaN quaternary layer and GaN layer
interfaces. These results indicated that the measured C-V curves contain
the total effect of the interface trap states and the effect of the surface
trap states in the Ni/Au Schottky contact on the AlInGaN/GaN het-
erostructures. At lower frequencies, the trap states (interface and sur-
face trap) can follow the A.C. signal and yield an excess capacitance
that depends on the frequency. However, in the high-frequency case,
the trap states cannot follow the AC signal and consequently do not
contribute appreciably to the capacitance [14,15].

In the Al0.84In0.13Ga0.03N/GaN heterostructure, the
Al0.84In0.13Ga0.03N barrier layer has a very high energy band gap

Fig. 4. (a) ln I-V vs. I and (b) dV/dlnI vs. I plot of the Ni/Au Schottky contacts on the AlInGaN/GaN heterostructures measurement. The line is the least square fit of
the linear function to the experimental data.
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(≈5.4 eV) and a metal-AlInGaN/GaN structure can be treated as a MS
capacitor. Under a large reverse bias voltage, the capacitance is small
and the corresponding boundary of the depletion layer is in the GaN
template layer. As the reverse voltage decreases, a capacitance plateau
appears, corresponding to the depletion of the two dimensional electron
gas (2DEG) located at the 2DEG channel (Al0.84In0.13Ga0.03N/GaN in-
terface). Further decrements in the voltage cause a new transition re-
gion, wherein the capacitance increases rapidly with decreasing reverse
voltage. Moreover, another sharp capacitance slope appears on the
right side of the plateau, which indicates that the depletion layer is in
the AlInGaN layer. The interface and surface trap states on the
AlInGaN/GaN interface and between metal-AlInGaN interface (surface
state) cause a deviation between both of the curves.

The capacitance of an ideal Schottky contact on the AlInGaN/GaN
heterostructures contains AlInGaN barier layer (CAlInGaN) and the ca-
pacitance of the depletion region of GaN template layer (CGaN). Despite
the AlInGaN quaternary alloy having strong potential for applications
in optoelectronic devices, the development of high quality AlInGaN
epilayer is still a challenging task due to the phase separation, alloy
fluctuations, large thermodynamic miscibility gap of the binary com-
pound and differences in the lattice constants of the binary compounds
(AlN, GaN, and InN) [31]. Moreover, the composition pulling effects
and strain in the epilayer become dominant with increasing epilayer
thickness. The compositional non-uniformity in the AlInGaN barrier
layer that is caused by alloy segregation and V-shaped pits in the sur-
face morphologies can generate a considerable amount of trap states at
the AlInGaN/GaN interface. The electrical behavior of the interface trap
states (between AlInGaN and GaN layer) can be modeled as capacitive
(Cit) and associated resistance terms for the traps (Rit) component in
parallel connection with the GaN depletion region capacitor (CGaN). In
addition to the interface trap states, surface states are present at any
metal–semiconductor interface and it can be modeled as surface-trap-
related resistance (Rsurf) and capacitance (Csurf) [15,18,30]. Both of the
interfaces trap states and surface trap states can be modeled as a serial
combination of the Rst and Rit and capacitance of Cit and Cst in parallel
connection with the AlInGaN barrier layer (CAlInGaN). The equivalent
circuit model of a Schottky contacts on AlInGaN/GaN heterostructures
were used by taking into account the effect of the interface trap state
between the AlInGaN and GaN interface and surface trap states present
at the metal–AlInGaN layer. Furthermore, in addition to the interface
and surface traps, there might also be traps that are related to the
crystal defects such as point defects (vacancies, interstitials and sub-
stitutional atoms), line defects (dislocations), planar defects (grain
boundaries, stacking faults, twins and inversion domain boundaries) or
volume defects (voids, cracks and nanopipes) within the bulk GaN and/
or AlInGaN layers [32]. However, the bulk states are deep below the

conduction band edge and have time constants as large as milliseconds,
and their effects could not observable with admittance methods [30].
For these reasons, the bulk states were not considered in this analysis.

Bias-and frequency-dependent capacitance and conductance mea-
surements were carried out simultaneously, assuming a parallel com-
bination of Cm and Gm. In these studies, the equivalent circuit, which
includes the total effects of the trap states (interface and surface traps),
were used to analyze the location with respect to the conduction band
edge, distribution, and relaxation time of trap states in (Ni/Au)-
AlInGaN/GaN heterostructures. The parallel capacitance (Cp) and
conductance (Gp/ω) can be obtained from measured Cm, Gm/ω curves
and calculated Rs values using equations given below [14,15,18];

= +
+ + + +

C C C C C G
C C R C R G C C C R G C C G

[( ) ]
( 2 2 )p

b m m b m

m b s b s m m b b s m m b m

2 2 2

4 2 2 2 2 2 2 2 2 2 2 2

(5a)

= +
+ + + +

G C R C R G G
C C R C G C C C R G C C G

( )
( R 2 2 )

p b s m s m m

m b s b s m m b b s m m b m

2 2 2 2

4 2 2 2 2 2 2 2 2 2 2 2

(5b)

In Eqs. (5a) and (5b), ɷ = 2πf is the radial frequency. The barrier
capacitance (Cb), in Eqs. (5a) and (5b), was taken as the capacitance of
the AlInGaN layer and the value was determined from the plateau in the
C-V curve associated with the accumulation of electrons in the two-
dimensional electron gas channel. It is a value taken as 8 pF that is
measured at zero-bias voltage and at 5 kHz. The Rs parameter in Eqs.
(4), (5a) and (5b) is the series resistance of the Schottky contact on the
AlInGaN/GaN heterostructures and the values calculated as 3231 Ω
using a method developed by Cheung and Cheung given in Eq. (4).

The trap (interface + surface trap) states density (Dts) and relaxa-
tion times of those states (τts) can be extracted by fitting the equations
derived by AC analysis to the Cp-ω and Gp/ω-lnω curves. The equivalent
parallel capacitance Cp and conductance Gp/ω as functions of fre-
quency, by assuming a continuum of trap levels, can be expressed as
[11,18,20];

= +C C qD
tan( )p barier

ts

ts ts (6a)

= +
G qD

2
ln(1 )p ts

ts
ts

2 2
(6b)

The calculated Gp/ω vs. ln(ω) curves using Eq. (5b) for the Ni/Au
Schottky contact on the AlInGaN/GaN heterostructure for a different
bias voltage are given in Fig. 6. The Gp/ω-ln(ω) curves gives a peak for
each bias voltage values due to the Dts contribution. It can be clearly
seen that the peak amplitude of Gp/ω increases and the peak position

Fig. 5. (a) C-V and (b) G/ω-V characteristics of the Ni/Au Schottky contacts on the AlInGaN/GaN heterostructures for the frequencies range of 5 kHz and 5 MHz
measured at 300 K.
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shifts to lower frequency values when the bias voltage is varied from
−5.1 V to −2.2 V values. The only one peak is clearly visible in the Gp/
ω curves in Fig. 6 for each voltage values. The radial frequency values
of peak position, for each voltage values, changed between 3 × 106 s−1

and 4 × 105 s−1. The obtained radials frequency interval, at which
peaks appear, indicates that only fast trap states were measured in In-
AlGaN/GaN heterostructures.

The Dts and τts were calculated by fitting the Eq. (6b) to the ex-
perimental Gp/ω vs. ln(ω) curves. The Dts and τts parameters as a
function of the energy difference between the conduction band edge
(Ec) and the trap states energy (Ets) can be calculated using the Equa-
tions given in the references [14, 15]. The Dts and τts values as a
function of energy separation from the conduction-band edge (Ec-Ets)
were given in Fig. 7. The obtained Dts values change between
1.3 × 1011 eV−1 cm−2 and 6.2 × 1011 eV−1 cm−2. On the other hand,
the values found for the τts vary between 4.8 μs and 5.3 μs intervals. The
measured τ values confirm that in InAlGaN/GaN heterostructures only
fast trap states were detected. However, in literature they reported
results for trap states investigation in AlGaN/GaN (HFETs), SiO2/
AlGaN/GaN as well as Al2O3/AlGaN/GaN/Si (MOSHFETs) where both
slow and fast tarps states have been observed [11,23].

The obtained Dts values for the (Ni/Au) Schottky contacts on
AlInGaN/GaN heterostructures are one or two orders of magnitude
smaller than the other published values for trap states density in
AlGaN/GaN and AlInN/GaN heterostructures. For example, we calcu-
lated the values of (4 − 13) × 1012 eV−1 cm−2 and (3 − 7) μs for the
surface trap states densities and time constants in the Al0.83In0.17N/
AlN/GaN heterostructures, respectively, and the surface state density
decreased to a value of 1.5 × 1012 eV−1 cm−2 by SiNx passivation [18].
Xiao-Hua Ma et al. [17] reported trap state density values for the
Al2O3/AlGaN interface as 1.4 × 1013 eV−1 cm−2 and about two orders
of magnitude higher values for the surface traps density at the
Schottky/AlGaN interface (AlGaN surface). The
(1.02–4.67) × 1013 eV−1 cm−2 and (0.09–0.12) μs values for the den-
sity and time constant of surface states in Schottky-gate on the AlGaN/
GaN HEMTs were published by Zhu et al. [23]. Miller et al. [16] used
the various models in order to determine the density and the relaxation
time of the trap state in the AlGaN/GaN heterostructure field-effect
transistor. They found values of 1012 eV−1 cm−2 and 1 μs for the trap
state densities and the relaxation time. However, they could not be
determined unambiguously regarding the location of the traps. On the
other hand, Chu et al. [30] found higher values (1013–1014 eV−1 cm−2)
and smaller time constant values (0.1–1 μs) for the trap states in the
AlGaN/GaN heterostructures. Stoklass et al. [11] exposed two different
types of trap sates, slow (8 ms) and fast (0.1–1 μs), which are in the
AlGaN/GaN (HFETs) as well as MOSHFETs. They attributed the slow
traps to the surface states and they assumed that the fast traps were
related to the bulk states. However, we attributed the measured trap
states in the (Ni/Au) Schottky contact on the AlInGaN/GaN hetero-
structures as the total of the surface state between the Ni/Au contact
and AlInGaN layer and the interface state between the AlInGaN layer
and GaN layer. The external bias and frequency dependent dispersion in
the deep accumulation regime (at zero or near very small reverse vol-
tage) indicates that there are surface trap states between the metal-
AlInGaN layers, and the frequency dispersion at sharp transition regions
became significant, which reflected that there are interface trap states
between the AlInGaN and GaN layer.

4. Conclusion

The trap states in the AlInGaN/GaN Schottky contact (HEMTs) were
investigated using frequency-dependent capacitance and conductance
measurements. The measured C-V-f curves contain frequency depen-
dent dispersion in the deep accumulation regime (at zero or near very
small reverse voltage) as well as dispersion at the sharp transition re-
gions. This indicates that there are trap states (surface trap states) be-
tween the metal-AlInGaN layers and interface trap states between the
AlInGaN and GaN layer. The C-V data show that both metal-
Al0.84In0.13Ga0.03N/GaN surfaces trap states and the
Al0.84In0.13Ga0.03N/GaN interface states are a dominant trapping me-
chanism in the 5 kHz–5 MHz frequency range. The equivalent circuit
model was used by taking into account the effect of interface trap states
surface trap states, and the densities and relaxation times of the trap
states were calculated as a function of energy separation from the
conduction-band edge. The Dts and τts of the trap states were found as
Dst ≅ (1.3 − 6.2) × 1011 eV−1 cm−2 and τst ≅ (4.8 − 5.3) μs, respec-
tively. The obtained Dts and τts results are one or two orders of mag-
nitude smaller than the other published values for trap states density in
AlGaN/GaN and AlInN/GaN heterostructures.
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Fig. 6. Conductance versus radial frequency of the Ni/Au Schottky contacts on
the AlInGaN/GaN heterostructures calculated from measured data for selected
gate voltages. The solid lines are the best fit of Eq. (6b) to the experimental
data.

Fig. 7. Extracted densities and the relaxation time of the trap states in the
AlInGaN/GaN heterostructures as a function of conduction band edge. The line
is given for eye guide.
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