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Electrical properties and the determination of interface state density
from |-V, C—f and G—f measurements in Ir/Ru/n-InGaN
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The electrical properties of the Ir/Ru Schottky contacts on n-InGaN have been investigated by current-
voltage (1—V), capacitance-voltage (C—V), capacitance-frequency (C—f) and conductance-frequency (G—f)
measurements. The obtained mean barrier height and ideality factor from |-V are 0.61eV and 1.89. The built-in
potential, doping concentration and barrier height values are also estimated from the C—V measurements and
the corresponding values are 0.62V, 1.20 x 10" em™ and 0.79 eV, respectively. The interface state density (Nss)
obtained from forward bias | —V characteristics by considering the series resistance (Rs) values are lower without
considering the series resistance (Rs). Furthermore, the interface state density (Nss) and relaxation time (7) are
also calculated from the experimental C—f and G—f measurements. The Nss values obtained from the |-V
characteristics are almost three orders higher than the Nss values obtained from the C—f and G—f measurements.
The experimental results depict that Nss and 7 are decreased with bias voltage. The frequency dependence of the

series resistance (Rs) is attributed to the particular distribution density of interface states.
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1. Introduction

In recent years, the nitride-based materials have attracted
much attention due to their high thermal conductivity, higher
electron mobility, higher electron saturation velocity, and
large band gap. The nitride-based semiconductors such
as GaN, AlGaN, AlInN, InGaN, and AlGalnN alloys are
very appropriate for the production of visible-light-emitting
diodes (LEDs) covering the entire violet, blue, and bluish-
green region and are capable for short-wavelength laser
diodes (LD) due to their wide and direct-energy band
gap [1-4]. Due to the tunability of the band gap for
InGaN from infrared to ultraviolet (0.7—3.4eV) [5] by
adjusting their In/Ga ratio, it has been widely used in
various optoelectronic and energy applications [6]. However,
it is very difficult to produce high quality Schottky contacts
to InGaN, because InGaN with a high indium concentration
will have low carrier mobility and also have large surface
defects. For that reason, it is very important to fabricate
Schottky contacts on n-type InGaN that have good thermal
stability and large Schottky barriers in the realization of
optoelectronic devices.

Many researchers have investigated the optical properties
of InGaN based structures. However, there are only limited
works on the electrical and structural properties of InGaN
Schottky barrier diodes (SBDs). For example, Sang et
al. [7] investigated the thermally stable high performance
InGaN metal-insulator-semiconductor (MIS) Schottky-type
photodiode by using CaF, as an insulating layer. The
temperature dependent current-voltage (I —V) characteris-
tics were analysed by using the thermionic-field emission
(TFE) and field emission (FE) tunnelling mechanisms from
room temperature to 463 K and concluded that TFE is the
dominant mechanism at high temperatures. Arslan et al. [8]

fabricated the Pt/p-InGaN and Pt/n-InGaN Schottky barriers
in a wide temperature range (80—360K). They reported
that the dominant current transport across the Pt/n-InGaN
and Pt/p-InGaN Schottky diodes are the electron tunnelling
to deep levels in the vicinity of mixed or screw disloca-
tions in the temperature range of 80—360K. Padma et
al. [6] investigated the electrical and structural properties of
Ir/Ru Schottky contacts on n-InGaN at different annealing
temperatures. They demonstrated that the 300°C was the
optimum annealing temperature and also reported that the
Ga—Ir interfacial phases were responsible to increase the
barrier height at 300°C. Padma et al. [9] investigated the
capacitance-frequency (C—f) and conductance-frequency
(G—f) characteristics of Ir/n-InGaN Schottky diodes with
various biases and at different temperatures. They showed
that, at low frequencies, the higher values of capacitance are
due to the excess capacitance resulting from the interface
states in equilibrium with the semiconductor (n-InGaN) that
could follow the alternating current (ac) signal.

Tuan et al. [10] fabricated the Pt/SiO,/n-InGaN metal-
oxide-semiconductor (MOS) diodes by RF sputtering and
investigated the electrical properties of as-deposited and
400°C annealed contacts by current-voltage (I—V) and
capacitance-voltage (C—V) measurements. They obtained
the higher barrier height, lower leakage current and better
ideality factor for 400°C annealed contact compared to the
as-deposited contact. Asghar et al. [11] investigated the
| =V measurements of commercially available InGaN based
blue light emitting diode (LED) at different temperatures
(305—170K) by deep level transient spectroscopy (DLTS)
technique. They demonstrated that the barrier height
values were decreased with decrease in temperature and
the ideality factor values were increased with decrease in
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temperature. Also they reported that the higher ideality
factor values are due to the high diffusion or tunnelling
currents.

In our previous work, the detailed electrical and structural
properties of Ir/Ru/n-InGaN Schottky barrier diodes were
investigated at different annealing temperatures.  The
capacitance-frequency (C—f) and conductance-frequency
(G—f) measurements furnish the substantial information
about the interface state density distribution profiles and
relaxation time of the diode. Therefore, the main
focus of this work is to characterize the capacitance-
frequency (C—f), conductance-frequency (G—f) and se-
ries resistance-frequency (Rs—f) measurements and anal-
yse the density distribution and relaxation time of the
interface states for the Ir/Ru/n-InGaN Schottky diodes at
room temperature.

2. Experimental details

The samples used in the work were 2um-thick un-
intentionally doped GaN layer on a 40nm-thick nucle-
ation layer/(0001) sapphire substrate was grown by metal
organic chemical vapour deposition (MOCVD), which
was followed by the growth of 0.25 um-thick n-InGaN:Si
(Ng =7-107cm™3 ) with 10% of indium composition.
Prior to the metal deposition the n-InGaN samples were
ultrasonically degreased with warm organic solvents like
trichloroethylene followed by methanol and ethanol for
S5min in each step and then the samples were rinsed
with deionized (DI) water. To remove the surface oxides,
the degreased layer was dipped into boiling aquaregia
[HNO;:HCl=1:3] for 10min and then rinsed with DI
water. For ohmic contacts, Ti/Al (25/100nm) layers were
deposited on a portion of the sample by electron beam
evaporation technique under a pressure of 5- 10 ®mbar.
Then the samples were annealed at 650°C for 1min in
nitrogen (N;) ambient using rapid thermal annealing (RTA)
system. Finally, for Schottky contacts, Ir/Ru (20/30 nm)
were deposited on the other portion of the sample with
0.7 mm circular dots through stainless steel mask by electron
beam evaporation system with a pressure of 5- 10~¢ mbar.
The schematic diagram of the Ir/Ru/n-InGaN SBD was
shown in Fig. 1. The current-voltage (I —V) and capacitance-
voltage (C—V) characteristics were measured by a Keithley
source measurement unit (Model no: 2400) and auto-
mated deep level transient spectrometer (DLS-83D). The
capacitance-frequency (C—f) and conductance-frequency
(G—Tf) characteristics have been measured using a phase
sensitive multimeter (PSM 1700) at room temperature with
different biases.

3. Results and dicussion

The forward and reverse semi-logarithmic current-voltage
(I-=V) characteristics of Ir/Ru/n-InGaN Schottky barrier
diode (SBD) at room temperature is shown in Fig. 2. The
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Figure 1. Schematic diagram of the Ir/Ru/n-InGaN SBD.
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Figure 2. Forward and reverse bias current-voltage (I—V) cha-
racteristics of the Ir/Ru/n-InGaN SBD at room temperature. The
inset shows the linear | -V characteristics of the diode.

linear | =V characteristic of the Ir/Ru/n-InGaN SBD is also
shown in the inset of Fig. 2. Clearly, it is observed from the
Fig. 2, that the diode shows good rectifying behaviour [12].
The measured leakage current of the Ir/Ru/n-InGaN SBD is
1.003 - 10~* A at —1V. The | -V characteristics of the SBD
can be analyzed by thermionic emission (TE) theory. The
relation between the current and applied forward voltage
(V > 3kT/q) can be expressed as [12,13]

I =lpexp (WT'I!RSU [1 — exp (—q(vk;.rle)ﬂ )

where q is the charge of electron, n is the ideality factor,
k is the Boltzmann constant, V is the applied bias voltage,
T is the absolute temperature in Kelvin and the term IRg
is the voltage drop across the series resistance (Rs). The
reverse saturation current (lo) can be determined from the
intercept of the linear region of the Inl—V plot at zero bias
and it can be expressed as

lp = AA"T? exp (‘Ei’b") : (2)

where A* is the Richardson constant (23 A/cm?K? for n-type
InGaN), A is the diode area and @y is the zero-bias barrier
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Figure 3. Gaussian distribution of the barrier heights and ideality factors estimated from forward bias |-V characteristics of

Ir/Ru/n-InGaN SBD.

height which can be calculated from Eq. (2). One of the
other important parameters is the ideality factor n, which
can be evaluated from the slope of the linear region of the
In1—V plot and can be expressed as follows

Ten Ir/Ru/n-InGaN Schottky barrier diodes (SBDs) are
fabricated and measured | —V characteristics for each diode
at room temperature. Results showed that the barrier height
(BHs) of Ir/Ru/n-InGaN SBDs varied in the range from 0.58
to 0.63 eV, and ideality factor values range from 1.8 to 1.94.
Fig. 3,a and b show the statistical distribution of the BHs
and ideality factors for the Ir/Ru/n-InGaN SBD estimated
from the | —V characteristics. The experimental distributions
of the BHs and ideality factor values are fitted by the
Gaussian function. The statistical analysis of the diodes
has yielded a mean BH value of 0.61eV with a standard
deviation of 0.017eV, and mean ideality factor value of
1.89 with a standard deviation of 0.029. The ideality factor
mentioned is estimated in the voltage range 0.032 to 0.524 V.
Usually n =1 for ideal diode, so the high value of ideality
factor can be attributed to the effect of series resistance,
voltage dependence of the BH and the voltage drop across
the interfacial layer. Such type of interfacial layer is formed
while fabricating the device by using conventional methods
and before the process of the evaporation of the metals on
the front surface of the n-type InGaN substrate [14-16].

The series resistance (Rs) and shunt resistance (Rsp) are
also other important parameters which are influenced on the
diode characteristics. The values of Rs and Rg are deter-
mined from the plot of diode junction resistance (R;) versus
applied voltage as shown in Fig. 4, where R; = dV/0l
which have been extracted from the |-V characteristics.
For ideal diodes the series resistance as low as zero, ensures
that high current will flow through the device whereas shunt
resistance reaching to infinity, indicates small leakage current
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Figure 4. Plot of junction resistance for the Ir/Ru/n-InGaN SBD
at room temperature.
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in the device. It is observed that the junction resistance
approaches to a constant value at higher voltages in the
forward bias and this value is taken as Rs, while in the
reverse bias the maximum value of the junction resistance is
equal to the diode Rgh. From Fig. 4, the values of Rs and Ry
are found to be 4.80 €2 and 55.87 k€2 for the It/Ru/n-InGaN
SBD, respectively.

The capacitance-voltage (C—V) measurement has a sig-
nificant importance for the SBDs. In the case of reverse
bias voltage, the dependence of capacitance on the voltage
could be given some diode parameters such as diffusion
or built-in potential, carrier concentration and BH of the
device. The capacitance of the depletion region under a
reverse bias in the metal-semiconductor (MS) contacts and
it can be expressed [17] as

12 -V) "
C?2  AleseogNg’

where A is the diode area, &g is the dielectric constant of the
semiconductor (es = 8.4&y), & is the dielectric constant of
the vacuum, Ny is the donar concentration, V is the applied
bias voltage and Vj,; is the built in potential which could be
calculated from the extrapolation of the linear part of the
1/C%—V plot to the x-axis. The barrier height ®p, can be
deduced by the following relation,

Dpoc—vy = Vbi + Vh, (5)
where V, is the potential difference between the Fermi
energy level and the bottom of the conduction band in the
neutral part of the semiconductor (n-InGaN) and it can be

given as
Vnzl%—ln(l:lj> (6)

where Nc is the density of the states in the conduction band
edge and is given by N¢ = 2(2zm*kT/h?)*/2, m* = 0.19my
and its value was 7 - 107 cm™> for InGaN at room tempe-
rature. The plot of 1/C?—V curves at room temperature for
the Ir/Ru/n-InGaN SBD at 1 MHz frequency is shown in
Fig. 5. The inset of Fig. 5 shows the capacitance-voltage
curve of the Ir/Ru/n-InGaN SBD at room temperature.
From Fig. 5, the built-in potential, carrier concentration
and BHs the Ir/Ru/n-InGaN SBD are found to be 0.62V,
1.20- 10" cm~3 and 0.79eV. The BH extracted from the
C—V measurements is higher than the BH obtained from
| -V measurements. These results may be expected
for non-ideal Schottky diodes. This discrepancy can be
explained due to the excess capacitance and the interfacial
layer or barrier inhomogenities [17]. Such differences in the
BHs determined from the |-V and C—V measurements
are caused by the existence of the spatial inhomogenities at
the metal-semiconductor (MS) interface of abrupt Schottky
contacts suggested by Werner and Guttler [18]. Another
reason may be the inhomogeneities affect on apparent BH
since current across interface depends exponentially on BH
and the current is sensitive to barrier distribution at the
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Figure 5. Plot of 1/C? versus V for the Ir/Ru/n-InGaN SBD at

room temperature. The inset shows the capacitance-voltage (C—V)
curve of the diode.

interface. The BH estimated from C—V method includes an
average value of BHs of patches existing in the contact [19].

The interface state density (Nss) plays an important
role for the understanding of the electrical properties of
rectifying MS structures. The energy distribution profiles
of Nss are also determined from the forward bias |-V
characteristics, by taking into the effective BH (®¢) and
the voltage dependent ideality factor (n(V)). The quantities
of n(V) and @, can be expressed by the following equations,
respectively [20]

V)= )
De = O + B(V — IRg) = Dy + ( > —IRs),
)

where B[= d®e/dV = 1 — 1/n(V)] is the voltage coefficient
of the effective BH (®¢) used in the place of zero-bias BH
®yy [20]. For Schottky diodes having interface states in
equilibrium with the semiconductor, the ideality factor n
becomes greater than unity as proposed by Card and
Rhoderick [20] and is given by the relation

)
nv)=1+— |— +adN 9
V=142 [ s o ©)
The expression for interface state density (Nss) as deter-
mined by Card and Schroder [21,22] is reduced to

& Es

Nss== [=(NV)—-1) — —]|, 10
s=g 20— o
where & and es are the permittivity of the interfacial layer
and semiconductor, respectively. 6 is the thickness of the
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interfacial layer and Wp is the width of the depletion layer,
which are calculated from the reverse bias C—V character-
istics at 1 MHz. Furthermore, for n-type semiconductors,
the energy of interface states Ess with reference to the
bottom of the conduction band edge Ec, at the surface of
the semiconductor is given by [20]

Ec — Ess = q(®e — V). (11)

Fig. 6 shows the plot of voltage dependent ideality factor
(n(V)) and effective BH (®g) as function of applied forward
bias voltage. As can be seen from the Fig. 6 both are
voltage dependent, which may be due to the presence of
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0 0.5 1.0 1.5 2.0

Voltage, V
Figure 6. The voltage dependent ideality factor n(V) and

effective barrier height (®e) versus applied forward bias voltage
for Ir/Ru/n-InGaN SBD at room temperature.
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Figure 7. The interface state density distribution (Nss) as

a function of Ec — Ess for the Ir/Ru/n-InGaN SBD at room
temperature.
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Figure 8. The energy level band diagram of the Ir/Ru/n-InGaN
SBD with interface states at room temperature: where Py is
the metal work function, ®py is the barrier height, ys is the
semiconductor electron affinity, V, is the potential difference
between the Fermi level and conduction band and Vy; is the built-in
potential, respectively.

native interfacial insulator layer and interface states located
between the interfacial layer and the semiconductor [23].
The plot of Nss with and without considering the series
resistance (Rs) as a function of Ec — Ess by Egs (10)
and (11) at room temperature is shown in Fig. 7. From
Fig. 7, it is clear that the exponential growth of the Nss
towards the bottom of the conduction band is very apparent,
which indicates the continuum of the interface states. The
magnitude of Nss for the Ir/Ru/n-InGaN SBDs without and
with taking into account the Rs are in the range from
2.19-10" to 1.03-1083eV~—lem™2 and from 1.12-10"3
to 1.03 - 10 eV~lem=2 at (Ec — 0.27) to (Ec — 0.57) eV,
respectively. From the above experimental results, it is noted
that the Nsg values with considering the Rgs values are lower
than that of without considering the Rs. These results
clearly demonstrated that the Rs value is very important
and must be taken while calculating the density distribution
profiles of Nss. Fig. 8 shows the energy level band diagram
of the Ir/Ru/n-InGaN SBD with an interface states at room
temperature.

Fig. 9 shows the measured capacitance-frequency (C—f)
characteristics of the Ir/Ru/n-InGaN SBD at room temper-
ature at different biases from 0.0 to 0.5V with steps of
0.1 V. From Fig. 9, it is clearly seen that, the capacitance
decreases with increase in the frequency and reached to a
constant value. The higher value of capacitance at lower
frequencies is due to the excess capacitance consequential
from the interface states in equilibrium with the n-InGaN
that can follow the alternating current signal. Whereas,
at higher frequencies the capacitance is not dispersive and
thus, the interface state in equilibrium with the n-InGaN
do not contribute to the capacitance, because the charges
at the interface states cannot follow the alternating current
signal. Therefore at lower frequencies, the total capacitance
is equal to the sum of the space charge capacitance and
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Electrical properties and the determination of interface state density from |-V, C—f...

1703

25

Capacitance, pF

—_ [\

W (e
|
i
i
o
w
<

—_
(=]

/
/

5 I
103 104 105 100

Frequency, Hz

Figure 9. Experimental C—f characteristics of the Ir/Ru/n-InGaN
SBD with various biases (0.0—0.5V with steps of 0.1 V) at room
temperature.
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Figure 10. Experimental G—f characteristics of the

Ir/Ru/n-InGaN SBD with various biases (0.0—0.5V with steps of
0.1 V) at room temperature.

excess capacitance, while at higher frequencies the total
capacitance is due to almost only from the space charge
capacitance [24,25]. It means that at higher frequencies, the
interface state capacitance does not make any contribution
to the total capacitance. The experimental conductance-
frequency (G—f) characteristics of the Ir/Ru/n-InGaN SBD
(0.0-0.5V with steps of 0.1 V) at room temperature is
shown in Fig. 10. As can be seen from Fig. 10, at
lower frequency scale the experimental conductance value
is almost constant up to a certain frequency value. Further,
if the frequency increases the conductance continuously
increased for all the applied voltages.
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It is also possible to calculate the density distribution of
the interface states from experimental capacitance-frequency
(C—f) and conductance-frequency (G— f ) characteristics of
the Ir/Ru/n-InGaN SBD at room temperature. The interface
state conductance (Gss) can be deduced by Nicollian and
Goetzberger [20] is given as

_ AdNss

Gss In(1 + w?7?), (12)

where w(= 27 f) is the angular frequency and 7 is the time
constant of the interface states which can be written by the
following equation

T =

1 gvd
UthO'Nd xPp (ﬁ) ’ (13)

where A is the diode area, Nss is the interface state
density, o is the capture cross-section of the interface
states, Vin is the thermal velocity of the carrier, Ng is the
doping concentration, K is the Boltzmann constant, T is the
temperature in Kelvin and 7 is the relaxation time of the
interface states.

The conductance of the interface states Gsg is given by
the relation [27,28]

C2G

G = € _CP 1 Gla)

(14)

Furthermore, in n-type semiconductor the density of
states Ess with respect to the bottom of the conduction
band is given by

Ec — Ess = q®, — GV. (15)

In order to determine the interface state density of the
Ir/Ru/n-InGaN SBD at room temperature the curves of
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Figure 11. Gss/w versus frequency characteristics of the
Ir/Ru/n-InGaN SBD depending on the bias voltage (0.0—0.5V with
steps of 0.1 V) at room temperature.
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Gss/w versus log(f) are plotted and is shown in Fig. 11.
From Fig. 11, it is noted that a peak is observed in the
curves and the peak position shifts from lower frequency
to higher frequency with the applied bias. The presence
of peak confirms the existence of the interface traps.
The maxima of the Gss/w plot (Fig. 11) will give the
interface state density (Nss) and relaxation (7) time. The
curves go through maximum at wr = 1.98 with the value
of (Gss/®)max = 0.40A0Nss [26,27]. The dependence of
interface state density and relaxation times are converted
as a function of Ess by using Eq. (15). The energy
distribution profiles of the interface states and their relax-
ation times are obtained from Gss/w versus f plot of the
Ir/Ru/n-InGaN SBD at room temperature as a function of
Ec — Ess are shown in Fig. 12. The magnitude of interface
state density and relaxation times are in the range of
1.02-10eV~lem=2 and 1.45-107%s in (Ec — 0.61)eV
t07.91-10°eV~—lem2 and 5.89 - 1077 sin (Ec — 0.11) eV,
respectively. Both the interface state density and relaxation
times slightly rise from the mid gap to the bottom of the
conduction band.

Furthermore, the interface state density curves obtained
from the C—f and G—f characteristics (Fig. 12) are
compared with the interface state density extracted from
the forward bias |-V characteristics (Fig. 7). As can
be seen clearly from Figs. 7 and 12, the interface state
density obtained from the C—f and G—f characteristics
are much smaller than that are obtained from the forward
bias | —V characteristics. This difference is almost three
orders in the magnitude. These results are more consistent
with the results achieved by Victorovitch et al. [29] and
Ayyildiz et al. [30]. Based on the explanation reported
in references [29,30], the large differences between the
interface state density values obtained from the C—f,
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Figure 12. The variation of interface state density (Nss)

and relaxation time (7r) as a function of Ec — Ess for the
Ir/Ru/n-InGaN SBD at room temperature.
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Figure 13. Rs—f characteristics of the Ir/Ru/n-InGaN SBD

with various biases (0.0—0.5V with steps of 0.1 V) at room
temperature.

G—f and |-V characteristics may be due to the local
trap-density effect at the oxide-semiconductor interface. The
traps are effectively concentrated across the current parts;
| -V characteristics provide the determination of the local
density of traps in the areas crossed by the current. Hence,
the average density of traps determined from admittance
measurements can be significantly lower than the local
density [29,30] (by about three orders of magnitude).

The other important parameter for the Schottky devices
is series resistance (Rs). The frequency dependence of
the series resistance for the Ir/Ru/n-InGaN SBD at room
temperature at different biases is shown in Fig. 13. The
series resistance for the diode can be evaluated from the
C—V—f measurements as

G

R = &1 (@op

(16)
where C and G are the measured capacitance and conduc-
tance values. The series resistance of the Ir/Ru/n-InGaN
SBD can be calculated by Eq. (16). From Fig. 13, it is
observed that the series resistance is almost constant at
lower frequencies and decreases at higher frequencies. The
frequency dependence of series resistance is attributed to
the particular distribution density of interface states [31].

4. Conclusions

The electrical properties of a fabricated Ir/Ru/n-InGaN
SBD have been investigated by | -V, C—V, C—f and G—f
characteristics at room temperature. The Ir/Ru/n-InGaN
SBD shows good rectifying behaviour. The mean barrier
height (BH) and ideality factors are found to be 0.61eV
and 1.89, respectively. Also, the BH is calculated from
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C—V method and value is 0.79 eV. The discrepancy between
the BHs obtained from |-V and C—V is also discussed.
Furthermore, the interface state density (Nss) is also
determined from the forward bias | -V characteristics with
and without taking into account the Rs. The measured
capacitance decreases with increasing the frequency. At
lower frequencies higher values of capacitance are due to
the excess capacitance resulting from the interface states
that can follow the alternating current signal. Moreover, the
energy distribution profiles of the interface states and their
relaxation times are also evaluated from C—f and G—f
measurements. The Nss values determined from C—f and
G—f are much smaller than the Ngg values determined from
the forward bias | —V characteristics. The Ngg and 7 values
slightly rise from the mid gap towards the bottom of the
conduction band.
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