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The current-voltage (I-V) characteristics of Au/n-InP Schottky contacts have been measured in the
temperature range of 70-300K by steps of 10K. Our data of the Au/n-InP Schottky contact strongly
suggest that the temperature-dependent electron transport at the metal-semiconductor interface is
significantly affected by the barrier inhomogeneity. The distribution of local effective SBHs has been
modeled by a summation of existence of double Gaussian barrier heights which represents the high-
and low-barrier of the full distribution in 170-300 and 70-170K ranges.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The wide band-gap III-V compound semiconductors due to the
fabrication of various electronic and optoelectronic devices have
important applications in the last years. Metal film deposition on
InP substrates semiconductor has received much attention for the
fabrication of optoelectronics, microwave devices, and integrated
circuits used in modern high-speed optical communication
system [1-5]. Metal-semiconductor (MS) contact is one of the
most widely used rectifying contacts in the electronics industry
[2-8]. The current-voltage (I-V) characteristics of the MS contacts
usually deviate from the ideal thermionic emission (TE) current
model [6-15]. There are currently a vast number of reports of
experimental studies of characteristic parameters such as the
barrier height (BH) and ideality factor in a great variety of MS
contacts [15-25]. The popularity of such studies, which is rooted
in their importance to the semiconductor industry, does not
assure uniformity of the results or of interpretation. Schottky
diodes (SDs) with low BH have found applications in devices
operating at cryogenic temperatures as infrared detectors and
sensors in thermal imaging [14-30]. Therefore, analysis of the -V
characteristics of the Schottky barrier diodes (SBDs) at room
temperature only does not give detailed information about their
conduction process or the nature of barrier formation at the MS
interface. The temperature dependence of the I-V characteristics
allows us to understand different aspects of conduction mechan-
isms [19-39]. However, a complete description of the charge
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carrier transport through an MS contact is still a challenging
problem.

The BH in Schottky contacts is likely a function of the interface
atomic structure, and the atomic inhomogeneities at MS interface
which are caused by grain boundaries, multiple phases, facets,
defects, a mixture of different phases, etc. [27-40]. Additionally,
there may be doping inhomogeneity at the MS interface, dopant
clustering. Contamination at the MS interface due to undesirable
reaction products or particulates is often present at the MS
interfaces of diodes prepared by the routine processing methods
used in the semiconductor electronics industries. These contami-
nants may act directly to introduce inhomogeneity or they may
simply promote inhomogeneity, through the generation of defects
[26-42]. Apart from the roughness of the interface due to
thickness modulations of the metal as well as atomic steps,
dislocations, and grain boundaries in the metal, these potential
fluctuations may also originate from a local effective barrier
lowering due to field emission at metallic diffusion spikes with
narrow radii of curvature [26,36,37].

In the present study, the I-V characteristics of Au Schottky
contacts on an n-InP substrate were measured over the tempera-
ture range of 70-300K by steps of 10K. The temperature-
dependent barrier characteristics of the Au/n-InP Schottky
contacts were interpreted by means of the TE theory of inhomo-
geneous Schottky contacts suggested by some authors [30-32].

2. Experimental procedure

The SBDs were prepared using n-type InP (100) wafer. The
carrier concentration values of 2.563 x 10'> and 2.594 x 10" cm™3
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for the n-type InP wafer were found from the experimental
reverse bias C~2-V characteristics at 70 and 300K, respectively.
The wafer was degreased consecutively in trichloroethylene,
acetone, and methanol for 5 min. The degreased wafer was etched
with H;S04:H,0,:H,0 (5:1:1) for 1min to remove the surface
damages and undesirable impurities. The back side ohmic contact
was made by evaporating In and annealing at 300°C in N,
atmosphere for 3 min. The Schottky contacts were formed on the
front face of the pieces as dots with diameter of about 1.0 mm by
evaporation of Au (diode area = 7.85 x 10~ cm?). All evaporation
processes were carried out in a vacuum coating unit at about
10~ mbar. The I-V and C—V characteristics of the devices were
measured in the temperature range of 70-300K using a
temperature controlled ARS closed cycle 4K He cryostat, tem-
perature stability for each run was better than 0.1 K. Keithley 6514
electrometer and 2400 sourcemeter used for -V measurements.

3. Results and discussion
3.1. Temperature dependence of the forward-bias I-V characteristics
To understand whether or not a SD has the ideal diode

behavior we analyze its experimental I-V characteristics by the
forward-bias TE theory given as follows [2]:

_ qV - IR q(V —IR)
I_Ioexp<T) {1fexp(fT>} (1)
where

_ *2 _qéeff
Iy = AA'T exp( T ) (2)

is the saturation current derived from the straight line intercept of
Inlat V=0, q is the electron charge, V is the forward-bias voltage,
A is the effective diode area, k is the Boltzmann constant, T is the
absolute temperature, A* is the effective Richardson constant of
9.8 Acm~2K~2 for n-type InP [4], R; is the series resistance of the
neutral region of the semiconductor bulk (between the depletion
region and ohmic contact), IR; is the voltage drop across the series
resistance, @ is the experimental zero bias BH (apparent BH) and
n is the ideality factor. From Eq. (1), ideality factor n can be written
as

q ([ dv

n=gr (m) 3)

The semilog-forward and reverse bias I-V characteristics of the
Au/n-InP SBDs are shown in the temperature range of 70-300K by
the steps of 10K in Fig. 1. The experimental values of @
(apparent BH) and n have been determined from intercepts and
slopes of the forward-bias In! vs. V plot at each temperature using
the TE theory, respectively. That is, @.and n have been evaluated
from the upper part of the temperature-dependent forward-bias
I-V characteristics from 70 to 240K. The experimental values of
. and n for the device range from 0.57 eV and 1.07 (at 300K) to
0.20eV and 3.03 (at 70K), respectively. @, and n plots as a
function of temperature are presented in Fig. 2. In this figure, the
values of n are indicated by the open triangles and the values of
@5 by the closed triangles. As can be seen in the figure, both
parameters exhibit strong temperature dependence. That is, the
apparent BH decreased and n increased with a decrease in
temperature. Since current transport across the MS interface is a
temperature activated process, electrons at low temperatures are
able to surmount the lower barriers and therefore, the current
transport will be dominated by current flow through the patches
of lower SBH and a larger ideality factor. As the temperature
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Fig. 1. Experimental forward-bias current-voltage characteristics of an Au/n-InP/
In Schottky contact at various temperatures.
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Fig. 2. Temperature dependence of the ideality factor (the open triangles) and
barrier height (the filled triangles) for Au/n-InP/In Schottky diode.

increases, more and more electrons have sufficient energy to
surmount the higher barrier [35-38].

The slope of the activation energy In(Io/T?) vs. 1/kT plot allows
the determination of the effective SBH according to Eq. (2). This
plot is indicated by the closed triangles in Fig. 3. The significant
deviation from linearity of the experimental In(Io/T?) vs. 1/T plot at
low temperatures in Fig. 3 demonstrates that the fit of the
experimental data is impossible for the determination of the
effective SBH, independent of temperature. The significant
deviation from linearity of the experimental In(Io/T?) vs. 1/T curve
is caused by the temperature dependence of the BH and ideality
factor. As will be discussed below, the deviation in the Richardson
plots may be due to the presence of the spatially inhomogeneous
BHs and potential fluctuations at the interface that consist of low-
and high-barrier areas [26,35-39], that is, the current through the
diode will flow preferentially through the lower barriers in the
potential distribution [26,35-39]. Likewise, the activation energy
In(Io/T?) vs. 1/nkT plot (open triangles) with the ideality factors
was drawn, and this plot yielded a straight line with an activation
energy value of 0.53eV. This value is in agreement with a
homogeneous BH value of approximately 0.524eV from the
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Fig. 3. Richardson plots of the In(Io/T?) vs. 1/T plot (the filled triangles) and
In(Io/T?) vs. 1/nT plot (the open triangles) for Au/n-InP/In Schottky diode.
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Fig. 4. Temperature dependence of the ideality factor for Au/n-InP/In Schottky
diode. The continuous curves show estimated values of ideality factor using Eq. (5)
for two Gaussian distributions of barrier heights with p, = —0.277, p, = —-0.0175V
in 170-300K and p, = 0.0497, p, = —0.0077V in 70-170K.

extrapolation of the experimental SBHs vs. ideality factors plot to
n =1 given for Au/n-InP SBDs in Ref. [3].

The commonly observed deviation from classical TE theory, as
will be discussed below, can be explained by a recent model based
on the assumption of a spatial fluctuation of the BH at interface
[6-8,19-35]. The continuous curves in Figs. 2,4-6 and the linearity
of the ideality factor vs. 1/T curve in Fig. 4 show that the
temperature dependence experimental data of the Au/n-InP
Schottky contact are in agreement with the recent model
[30-34] which is the related to TE over a Gaussian BH distribution.
The BH has a Gaussian distribution with the zero bias mean BH
&y, [8,10,15-17]. The Gaussian distribution of the BH yields the
following expression for the BH [31-33]:

_ g2
(pap = ¢bo - 2’(?1? (4)
where @, is the apparent BH measured experimentally and oy,
is the zero bias standard deviation of the BH distribution.
The temperature dependence of oy, is usually small and can
be neglected. The standard deviation is a measure of the
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Fig. 5. Temperature dependence of and barrier height for Au/n-InP/In Schottky
diode. The continuous curve related to the filled circles represents estimated
values of @, using Eq. (4) for two Gaussian distributions of barrier heights with
Dy, = 0.77eV and o5, = 103mV in 170-300K and &, = 0.56eV and o5, = 68 mV
in 70-170K (the curve 1).
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Fig. 6. Richardson plot of the In(lo/T?) vs. 1/T plot (the open triangles) and
modified Richardson In(Io/T*)—q? 62,/2k*T? vs. 1/T plot for the Au/n-InP/In Schottky
diode according to two Gaussian distributions of barrier heights. The open squares
represent the plot calculated for g5, = 69 mV (the straight lines 2) in temperature
ranges of 70-170K and the open triangles represent the plot calculated for
0so = 103 mV (the straight lines 1) in temperature ranges of 170-300K.

barrier homogeneity. The above expression for the apparent BH
construction was used already by Song et al. [30] and also by
Werner and Giittler [31]. The observed variation of ideality factor
with temperature in the model is given by [31]

L Yoy 4903

where ng, is apparent ideality factor, and the coefficients p, and p,
quantify the voltage deformation of the BH distribution, that is,
the voltage dependencies of the mean BH and the barrier
distribution width are given by coefficients p, and p,, respectively.

The experimental ng, vs. 1/T (Fig. 4) and @, vs. 1/T (Fig. 5) plots
drawn by means of the experimental data obtained from Fig. 1
respond to two lines instead of a single straight line with
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transition occurring at 170K. The linearity of the apparent BH or
ideality factor vs. 1/T curves in Figs. 4 and 5, and the continuous
curves in Fig. 2 show that the temperature-dependent experi-
mental data of the Au/n-InP Schottky contact are in agreement
with the recent model which is related to TE over two Gaussian
distributions of BHs in the contact area [12-17]. The values of p,
obtained from the intercepts of the experimental ng, vs. 1/T plot
are —0.277 in 170-300K range and 0.0497 in 70-170K range,
whereas the values of p3; from the slopes are —0.0175V in
170-300K range and —0.0077V in 70-170K range. The intercept
and slope of the straight line have given two sets of values of @,
and oy as 0.77eV and 103mV in the temperature range of
170-300K, and as 0.56 eV and 68 mV in the temperature range of
70-170K. Furthermore, the @4, and ng, values estimated from
Egs. (8) and (9) over the entire temperature range of 70-300K
using the @y, g5, and p,, p, values obtained for these two regions
are shown by the continuous curves in Fig. 2. That is, the
continuous solid lines related to the open triangles in Fig. 3
represent the data estimated using Eq. (4). The linear behavior of
this plot demonstrates that the ideality factor indeed expresses
the voltage deformation of the Gaussian distribution of the
Schottky BH. The continuous solid lines in Fig. 2 represent data
estimated with the above values of p, and p, using Eq. (5). As can
be seen, the computed values exactly coincide with the experi-
mental results in the respective temperature ranges for two
different distributions. This is actually clear from the determined
values of the mean BH and the standard deviation of distributions
1 and 2 which are given above. In addition to the explanations
above, the regions with two different mean BHs exist for all
temperatures investigated by us. Thus, it can be indicated that
now these two regions have different area ratio. From the data it
seems clearly that the total area of regions with the lower mean
BH must be lower than that of the regions with higher mean BH.
Therefore, we have found that the region with higher BH is
dominant for higher temperatures (which would be impossible if
the area ratio of regions with different BH was 1, in that case, the
region with lower BH would dominate current transport).

The conventional activation energy In(Io/T?) vs. 1/T plot has
showed nonlinearity at low temperatures. To explain these
discrepancies, according to the Gaussian distribution of the BH,
it can be rewritten as

I 22 . D
(%) - G) ~ e - ®
and a modified activation energy plot from this expression is
obtained. Using the experimental I data, a modified In(lo/T?)—
q%05,2[2k?T> vs. 1/T plot can be obtained according to
Eq. (6) and should give a straight line with slope directly yielding
the mean @,, and the intercept ( =InAA*) at the ordinate
determining A* for a given diode area A. The In(lo/T?)—q?02/
2k>T? values were calculated for both two values of ¢ obtained for
the temperature ranges of 70-170 and 170-300K. Thus, the open
triangles and open squares in Fig. 6 have given the modified
In(Io/T?)—q?63[2Kk>T? vs. 1/T plots for both two values of ¢,,. The
best linear fitting to these modified experimental data are
depicted by solid lines in Fig. 6 which represent the true activation
energy plots in respective temperature ranges. The calculations
yielded zero bias mean BH &,, of 0.55eV (in the range of
70-170K) and 0.78 eV (in the range of 170-300K). These values
match exactly with the mean BHs obtained from the @, vs. 1/T
plot in Fig. 5. The intercepts at the ordinate give the Richardson
constant A* as 6.22A/cm?K? (in 70-170K range) and 16.90A/
cm?K? (in 170-300K range) without using the temperature
coefficient of the BHs.

In conclusion, the apparent BH, ®,, from the current-voltage
(I-V) characteristics of the Au/n-InP Schottky contact decreases

while the ideality factor n increases with a decrease in
temperature due to the barrier inhomogeneity or to local
enhancement of electric field which can also yield a local
reduction of the BH. The activation energy In(lo/T?) vs. 1/nkT plot
yielded a straight line with an effective BH value of 0.53 eV. It has
been seen that under the Gaussian distribution of BH model or n
vs. 1/T plot shows a two slope behavior and serves as the basis for
the proposal of the presence of a double Gaussian distribution of
BHs at the MS interface. The modified In(lo/T?)—q%s2[2Kk*T? vs.
1/T plots yielded zero bias mean BH ®,, of 0.56 eV (in the range of
70-170K) and 0.78 eV (in the range of 170-300K). These values
match exactly with the mean BHs obtained from the @, vs. 1/T
plot. The modified activation energy plot from the barrier
inhomogeneity model have given the Richardson constant A* as
16.90 and 6.22A/cm?K2. It has been seen that the obtained
Richardson constant values are in close agreement with the
known value of 9.8 A/cm?K? for n-type InP.
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