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We have investigated the temperature dependent current-voltage (I-V) characteristics of Ti Schottky
contacts to p-type InP. The Ti/p-type InP Schottky diode yielded an ideality factor of 1.08 showing good
rectifying behavior with a barrier height of 0.73 eV at 300 K. The capacitance-voltage (C-V) characteris-
tics of the Ti Schottky contact to p-type InP have been measured at room temperature and at different
frequencies. The barrier heights from C-V measurements are calculated to be 0.71, 0.72 and 0.77 eV at
10kHz, 100 kHz and 1 MHz, respectively. The discrepancy of barrier heights obtained from I-V at 300K
and C-V characteristics measured at f=1MHz at 300K is negligible due to homogenous nature of Schot-
tky diode structures. The characteristic energy of the diode at 300 K showed thermionic emission to be
the dominating current mechanism. The analysis of the reverse current-voltage characteristics of the
Ti Schottky contact to p-type InP reveals that the main process involved in leakage current could be
associated with the Frenkel-Poole emission at 300 K, while at 350 K and 400 K, the Schottky emission.

Schottky emission

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The advancement in the semiconductor technology has exposed
indium phosphide (InP) as a potential material for the development
of optoelectronic and high-speed devices [1]. Over the past few
decades, metal-semiconductor (MS) contacts are one of the most
widely used rectifiers in the microelectronics industry [2,3]. The
fabrication of these MS structures plays a crucial role in develop-
ing some useful devices in technology [4]. Due to the technological
importance of Schottky junctions, a full understanding of the nature
of their electrical characteristics is required [5-7]. Furthermore,
the detailed knowledge about the dependence of Schottky diode
characteristics on temperature is substantially important for prac-
tical applications and for understanding the current conduction
mechanisms involved [8]. Previously, many attempts have been
made to investigate the electrical properties of InP Schottky diodes.
Ejderhaetal. [9] studied the current-voltage (I-V-T) characteristics
of the sputtered Co/p-type InP Schottky diodes in the temperature
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range of 80-400K. They observed a double Gaussian distribution
before making the correction in current-voltage (I-V) character-
istics for the effect of the interfacial layer which was attributed
to the presence of rough and high resistivity-thin native oxide
layer which contains many contacts with low barrier height at the
interface and after correction, the barrier height obeyed the sin-
gle Gaussian distribution model. Singh et al. [10] demonstrated
that the soft reverse current-voltage (I,-V;) characteristics of Au/p-
type InP Schottky diodes with a thin interface layer were well
described by the interface layer thermionic emission theory pro-
posed by Wu [11]. Aydogan et al. [12] investigated the I-V and
capacitance-voltage (C-V) characteristics of polypyrrole/p-type
InP structures fabricated using electrochemical polymerization
of the organic polypyrrole onto the InP substrate. They showed
that the discrepancy between barrier heights obtained from I-V
and C-V measurements could be associated with spatial distri-
bution of barrier heights caused by the presence of an interface
layer and the inhomogeneities of barrier height at the interface
between polypyrrole and InP. Janardhanam et al. [13] investigated
I-V and C-V characteristics of Mo/n-type InP Schottky diodes in
the temperature range of 200-400K. They observed the strong
dependence of barrier height and ideality factor on temperature
and analyzed the I-V characteristics on the basis of thermionic
emission theory and the assumption of Gaussian distribution of
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barrier heights due to barrier inhomogeneities that prevail at the
metal-semiconductor interface. Despite these efforts, however, the
detailed knowledge of carrier transport mechanisms in InP Schot-
tky rectifiers remains still unclear. In this work, Ti has been used
as Schottky contact metal because of its low work function that
can yield Schottky contacts with high barrier heights for p-type
semiconductors. The temperature dependence of the I-V charac-
teristics gives a better understanding of the conduction mechanism
and allows one to understand different aspects that shed light on
the validity of various processes involved. At low temperatures,
electrons are able to surmount the lower barriers and therefore
current transport will be dominated by current flowing through
the patches of lower Schottky barrier height and a large ideality
factor. Generally, low temperature measurements are effective in
revealing the current transport mechanism especially for tunnel-
ing and the effects of inhomogeneity. Many researchers carried out
the temperature dependency of [-V and C-V characteristics at high
temperatures (>300 K) to associate the physical phenomena of the
current conduction mechanism occurring in the devices [14-16].
This implies that high temperature is also of importance in effec-
tively understanding the carrier transport mechanism of Schottky
barrier diodes. In our study, we investigated the current depen-
dence on the reverse bias voltage above room temperatures.

In this work, the I-V characteristics of Ti/p-type InP Schot-
tky diodes have been investigated in the temperature range
(300-400K) in steps of 50K, and C-V characteristics have been
measured at different frequencies at room temperature. The
dependence of the leakage current on electric field at different
temperatures has been presented.

2. Experimental details

Lightly zinc doped p-type InP (1 00) wafers with a resistivity of 0.44-0.58 2 cm
given by the manufacturer were used in this work. Before making the contacts, the
p-InP wafer was dipped in 5H,S04 +H;0; +H,0 solution for 1 min to remove sur-
face damage layer and undesirable impurities. The InP wafers are dipped in HF:H,0
(1:10) solution to remove native oxides from the surface and finally the wafer was
rinsed in deionized (DI) water for 30s. After removing native oxide, 50-nm thick
Pt films are evaporated on the back side of the p-type InP, followed by thermal
annealing at 350 °C for 1 min in N, atmosphere. For Schottky contacts, 30-nm thick
Ti and 30-nm thick Ni films are sequentially deposited using e-beam evaporator
under a vacuum of 7 x 10~7 Torr. Ni films were used as a capping layer in order to
minimize the contamination of Ti Schottky metal films. The Schottky contacts were
defined with an area of 300 wm x 300 wm using lift-off lithography. 60 Schottky bar-
rier diodes have been fabricated and characterized. All of them showed alike I-V and
C-V behaviors. I-V and C-V measurements are carried out using HP4155 parameter
analyzer and HP4284A precision LCR meter, respectively.

3. Results and discussion

Fig. 1 shows the current density-voltage (J-V) characteristics
of Ti/p-type InP Schottky diodes at temperatures in the range
of 300-400K. It is clear that the forward current through the
diodes increase with increasing temperature. The reverse current
increases with the increase of applied voltage at 300K, and how-
ever, at 350K and 400K, the weaker is the voltage dependence. It
can be seen that the I-V characteristics depend strongly on tem-
perature. For example, the forward and reverse current densities
increase with increasing temperatures. This implies that both tem-
perature and voltage can give a significant effect on the carrier
transport through Schottky contact between Ti and p-type InP. The
diode showed good rectifying behavior at all temperatures. Accord-
ing to thermionic emission theory, the variation of current density
with the applied voltage is given by [2,17]:

J=toexp () [1-exp ()] (1)

Fig. 1. J-V characteristics of Ti/p-type InP Schottky diode in the temperature range
of 300-400K.

Fig. 2. In(J)-V plot of Ti/p-type InP Schottky diode in the temperature range of
300-400K.

where ]y, the saturation current density given by

qPro

T (2)
q: electron charge, V: applied voltage, k: Boltzmann constant, n:
ideality factor, A**: Richardson constant (60 A/(cm2 K~2)), T: tem-
perature, and @,: barrier height. A plot of In(J) against V (Fig. 2)
yields Jy as the intercept at V=0V. OnceJ, is determined, the barrier
height (®;) can be evaluated using

2
¢b0: %ll’l (A**T ) (3)

Jo=AxxT? exp

Jo

n, which is a dimensionless parameter and is a measure of the
conformity of the diode to pure thermionic emission, can be deter-
mined from the slope of the straight line region of the forward bias
InJ-V shown in Fig. 2 using:

The barrier heights for hole are measured to be 0.73, 0.74
and 0.76 eV for 300K, 350K and 400K, respectively. The diode at
300K shows ideal behavior with a value of n=1.08. However the
diode is deviating from ideality with increase of temperature with
minute variation. The values of barrier heights and ideality factor
at different temperatures are represented in Table 1. The barrier
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Table 1
The experimentally obtained barrier heights and ideality factors of Ni/Ti/p-InP at
different temperatures.

Temperature (K) Barrier height (®p) (eV) Ideality factor ‘n’

300 0.73 1.08
350 0.74 1.18
400 0.76 1.16

height increases with increase of temperature. As the temperature
increases, more and more carriers have sufficient energy to sur-
mount the higher barriers. As a result, the dominant barrier height
will increase with the temperature and bias voltage. The diodes
showed nearly ideal behavior at all temperatures with an ideality
factor of 1.08 at 300 K with a barrier height of 0.73 eV. These values
are comparable to the values reported by Asubay et al. for Ti/p-InP
Schottky diodes at 300 K where the low and high barrier heights
are obtained as 0.69 and 0.92 eV and the ideality factors as 1.12 and
1.16 for the identically prepared diodes on the same sample [18].

The C-V measurements can be used to determine the interface
quality as well as Schottky barrier height. Fig. 3 shows the forward
and reverse bias C-V characteristics of Ti/p-InP Schottky struc-
tures measured with different frequencies at room temperature
(T=300K). It is clear that the capacitance is low at high frequencies
(100kHz, 1 MHz as observed from Fig. 3) and high at low frequency
of 10 kHz. Usually, there are various kinds of states at the semicon-
ductor interface [12]. The capacitance is high at low frequencies
because all the interface states are affected by the applied signal
and are able to give up and accept charges in response to this sig-
nal. The interface state capacitance appears directly in parallel with
the depletion capacitance and results in a higher total value of the
capacitance at low frequencies. At high frequencies, the capacitance
is low since the interface state charges do not contribute to the
diode capacitance. The depletion layer capacitance per unit area
can be expressed as [17]:

1 2 kT
= (—= N v._% _vy
c2 (EsqNAAz) ( Ty ) 5)

where V), is built-in potential. Ny, A, and &g are carrier concen-
tration, area of the Schottky contact, and the permittivity of the
semiconductor (&5 =12.5¢,), respectively. Fig. 4 shows the reverse
bias C~2-V characteristics for different frequencies measured at
300K. The x-intercept of the plot of (1/C2) versus V gives V,. The V,
is related to V}; by the equation V,; =V, + kT/q, where T is the abso-
lute temperature. The barrier height @c_y, is given by the equation
D(c_vy=Vpi + Vn, where Vi, = (kT/q)In(Ny/N, ). The density of states in

Fig. 3. Capacitance-voltage (C-V) characteristics of Ti/p-type InP Schottky diode at
different frequencies at room temperature.

Fig.4. The reverse bias 1/C2-V characteristics of Ti/p-InP Schottky diode at different
frequencies at room temperature.

the valence band edge is given by Ny=2(2wm x KT/h?)3/2, where
m*=0.078m, and Ny =1.1 x 101° cm~3 for InP at room temperature
[12,19]. The barrier height values are calculated from C-V measure-
ments at room temperature for different frequencies and are 0.71,
0.72and 0.77 eV at 10 kHz, 100 kHz, and 1 MHz frequencies, respec-
tively. The barrier height obtained from the I-V characteristics at
300K islower than that obtained from C-V characteristics at proper
high frequency of f=1MHz which is measured at same tempera-
ture of 300K since the C-V method averages over the whole area
and measures Schottky barrier diode, whereas the barrier height
extracted from the I-V method includes any barrier lowering effect
due to the interfacial oxide layer or the interface states and yields
an effective barrier height. However, the discrepancy between the
barrier height obtained at room temperature (300 K) from C-V mea-
surement at a proper high frequency of f=1MHz and the I-V barrier
height obtained at 300K is very small and negligible. This implies
that the Schottky contacts are expected to be homogeneous, which
is also confirmed from the ideality factor of the diode obtained
from I-V characteristics at 300K. The characteristic energy Egg is
a property of the bulk semiconductor related to the transmission
probability of the carrier through the barrier given by [20]:

Eoo = - [ Na
0= 27\ mes

(6)

Nj,: carrier concentration whose value is 1.24 x 1017 cm~3 deter-
mined from the C-V measurements, h: Planck’s constant,
m*=0.078m,, and &5 =12.5¢,. The doping values affect directly the
Egp values according to Eq. (6). The value of characteristic energy
Ego is calculated to be 6.3 meV at 300K. According to transport
theory, since Eqg < kT (kT: thermal energy which is 25.8 meV at
300K), thermionic emission is the dominating current mechanism
at 300 K. The thermionic emission current permits a crossing over
the barrier and dominates in semiconductors with weak doping
Np<10'7 cm—3.

In order to investigate the dependence of reverse current (Ig)
of the Schottky contacts on the electric field (E), Frenkel-Poole
and Schottky emission model are considered [21]. The plots of
In(Iz/E) and In(Ig/T?) versus E'/2 are shown in Figs. 5 and 6. The
Poole-Frenkel barrier lowering leads to the reverse leakage current
given by

1 E
IxaE exp (kﬂ / ;) (7)
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Fig. 5. Electric field dependence of Ti/p-type InP Schottky diode in reverse bias
region: Ig/E versus E!/2 plot for the Poole-Frenkel barrier lowering.

and the contribution to reverse current by Schottky lowering is

given by
1 qE
2T\ e (8)

where g: electronic charge, k: Boltzmann’s constant, £: permittivity
and E: maximum electric field in the junction [22,23]. The plot gives
the linear curve for the Frenkel-Poole and Schottky emission and
the slope can be expressed as [21]:

-1 /49
S_nkT e )

where n =1 for Frenkel-Poole emission and n = 2 for Schottky emis-
sion. The theoretically calculated slopes and the slopes obtained
from the fits for both Frenkel-Poole emission and Schottky emis-
sion for different temperatures are represented in Table 2.

At 300K, the slope determined from the fit to the data is slightly
larger than the theoretical value for Frenkel-Poole emission. There-
fore the result is more consistent with Frenkel-Poole emission and
that the primary field enhanced carrier transport for the junction
reverse current at 300K is dominated by Poole-Frenkel barrier
lowering in which the carrier transport from the metal into the con-

IraT? exp

Fig. 6. Electric field dependence of Ti/p-type InP Schottky diode in reverse bias
region: Ig/T? versus E!/2 plot for the Schottky barrier lowering.

Table 2
The calculated and experimental values of Frenkel-Poole emission and Schottky
emission values.

Temperature Frenkel-Poole Schottky emission
(K) emission (V/cm)~1/2 (V/em)~1/2
Calculated From the fit Calculated From the fit
300 0.0088 0.0130 0.0044 0.0190
350 0.0075 0.0038 0.0037 0.0055
400 0.0066 0.0094 0.0035 0.0039

ductive dislocation must occur via a trapped state rather than by
direct thermionic emission from the metal [24]. In this mechanism,
the defect states control the conduction. However, at 350K and
400K, the slopes determined from the fit are close to the theoretical
value for Schottky emission. Thus, the result is more consistent with
Schottky emission at 350K and 400K where the carrier absorbs
thermal energy and then emitted over the potential barrier at the
interface [24]. The electric field and temperature dependence of the
current demonstrates a transition of the dependence of junction
reverse current from Poole-Frenkel emission to Schottky emission
as the temperature is elevated from 300K to 400 K.

4. Conclusions

The I-V characteristics of the Ti/p-type InP Schottky diode have
been measured in the temperature range of 300-400 K. The diode
showed a near ideal behavior with an ideality factor value of 1.08
at 300K and deviates from ideality with increase of temperature. It
is found that the barrier heights extracted from I-V characteristics
increased with measured temperature in the range of 0.73-0.76 eV.
The C-V characteristics of Ti/p-type InP Schottky diode have been
measured at different frequencies at room temperature. At high
frequencies, the capacitance is low since the interface states can-
not follow the changes in the applied voltage. The barrier heights
calculated from the C-V measurements increased with increasing
frequency. The variation in the barrier height obtained from I-V
characteristics at 300K and C-V measurements at a frequency of
1MHz at 300K is negligible indicating the contacts to be more
homogeneous. The diode showed the thermionic emission to be
the dominating current transport mechanism at 300 K. The analy-
sis of reverse current-voltage characteristics showed that reverse
leakage current of the diode could be attributed to Poole-Frenkel
barrier lowering at 300 K where the defect states control the con-
duction of current and due to Schottky barrier lowering at 350 Kand
400K. Schottky emission contributes to the conduction current as
the temperature is elevated.
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