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Temperature-dependent current-conduction mechanisms
In Au/n-InP Schottky barrier diodes (SBDs)
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In this study, we have investigated the forward bias current-voltage (I-V) characteristics of Au/n-InP Schottky barrier diodes
(SBDs) in the temperature range of 160-400 K. Experimental results show that the values of ideality factor (n), zero-bias
barrier height ®g.(l-V) were found strongly temperature dependent and while the ®g,(I-V) increases, the n decreases with
increasing temperature. Such behavior of ®ge(l-V) and n is attributed to Schottky barrier inhomogeneities by assuming a
Gaussian distribution (GS) of barrier heights (BHs) at Au/n-InP interface. We attempted to draw a ®g, vs q/2kT plot to
obtain evidence of a GS of the BHs , and the values of ®g,=0.89eV and c,= 0.137 V for the mean barrier height and
standard deviation at zero bias, respectively, have been obtained from this plot. Thus, a modified In(lo/T?)-q°®so 2/2(kT)* vs
g/kT plot gives ®g, and Richardson constant A" as 0.904 eV and 10.35 A/cm’K? respectively, without using the
temperature coefficient of the barrier height. This value of the Richardson constant 10.35 Alcm?®K? is very close to the

theoretical value of 9.8 A/lcm?K? for n-InP. Hence, it has been concluded that the temperature dependence of the

forward

I-V characteristics of the Au/n-InP SBDs can be successfully explained on the basis of TE mechanism with a Gaussian

distribution of the BHs.
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1. Introduction

Indium Phosphide (InP) is increasingly a promising
material for high speed digital, optoelectronic and
microwave applications, is also usefulness in radiation
detector, semiconductor lasers, solar cells. Besides it has
been reported that InP is more resistant to radiation as
compared with Si and GaAs  [1-5]. However one of the
major problems on n-type InP for its application in
electronic devices arises from a low metal- semiconductor
barrier height which in turn leads to difficulty in making
low leakage current Schottky diodes [6]. Also III-V
semiconductor technology is faced with new difficulties
respect to standard semiconductor such as Si and Ge.
Unless specially fabricated, a SBD possesses a native
insulator layer between metal/semiconductor (M/S)
interfaces. The existence of such an insulator layer
converts MS diodes into metal-insulator-semiconductor
(MIS)-type diodes and raises the BH at M/S interface
[7-9].

Analysis of the forward bias /-V characteristics of the
SBD measured only at room temperature does not give
detail information about the current-conduction
mechanisms and nature of the BH formed MIS interface.
On the other hand, when these measurements carried out at
wide temperature range allow us to understand different
aspects of current-conduction mechanism. Therefore, we
have investigated the forward bias I-V characteristics of
Au/n-InP (SBDs) in the temperature range of 160-400 K.

In this work, temperature dependent experimental
analysis of the /-V data of SBD based on Thermoionic
Emission (TE) theory usually exhibits an abnormal
increase in barrier height BH @3, and an decrease in the
ideality factor » with a increase in the temperature which
lead to non-linearity in the activation energy In(I/T?) vs.
I/T plot. Similar results have been reported in the
literature [10-15]. The high values of ideality factor and
barrier height can be ascribed to the existence of insulator
layer at M/S interface, the image force lowering of the
barrier and particular distribution of interface states at
semiconductor band-gap [11,13-19]. Some researcher have
been successfully explained the change in the BH and n
with a changing temperature on the basis of a TE
mechanism with a Gaussian distribution of the BHs [20-
24]. The current transport mechanisms are dependent on
several parameters such as inhomogeneity of the barrier
height at M/S interface, surface preparation processes,
insulator layer thickness at the metal/semiconductor
interface, and density of interface states at insulator
layer/semiconductor interface and series resistance of
device [25-27]. Two main approaches have been proposed
by Tung [12] and by Werner and Giitter [20] which
assume a Gaussian distribution of the barrier height values
on the metal/semiconductor interface. Also Werner and
Giitter [20] assume a continuous spatial distribution of the
BH, and the total current across a diode is obtained by
integrating the TE current with an individual BH and
weighted by using the GD function. According to this
approach, the pinch-off effect related to the interaction
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between adjacent regions with different barriers and the
effective barrier are always lower than the mean value of
the barrier distribution.

In this study, the forward bias current-voltage (I-V)
characteristics of the Au/n-InP Schottky barrier diode have
been examined in the temperature range of 160-400 K.
The experimental analysis of the I-V-T in the temperature
range of 160 400 K reveals an increase of BH but a
decrease in n with increase in temperature. Such behavior
of BH and n are interpreted based on the existence of
Gaussian distribution (GD) of the BHs around a mean
value due to BH inhomogeneities prevailing at the Au/n-
InP. In addition, capacitance-voltage (C-V) measurement
was performed at room temperature and 1 MHz.

2. Experimental procedure

In this study, Si doped n-type InP having thickness of
7000 A° was grown on n-InP(100) substrate using the
VG80H solid source molecular beam epitaxy (MBE)
system. Before contact process, the n-InP wafer was
dipped in 5 H,SO,4+H,0,+ H,0 (1:1:300) solution for 1.0
min to remove surface damage layer and undesirable
impurities and then in H,0+HCI solution and then
followed by a rinse in de-ionized water. The wafer has
been dried with high purity nitrogen (N,) and inserted into
the vacuum chamber immediately after the etching process
then high purity gold (Au) metal (99.999%) with a
thickness of 1020A° was thermally evaporated from the
tungsten filament onto the whole back surface of the wafer
in the pressure of ~.107° Torr. The ohmic contact was
formed by sintering the evaporated Au contact at 400 °C
for 90 min in flowing dry nitrogen ambient at a rate of ~.
2 I/min. After finishing this process, temperature was
reduced to 300 °C and sample was annealed during 10
minutes. Then the sample was cooled to room temperature.
To make Schottky contact on epilayer section, circular dot
shaped Au Schottky contacts with a thickness of 1000 A
were formed by evaporating Au in the pressure of -~
107 Torr. After this process Au/n-InP SBDs have been
fabricated. Then the sample was removed from system and
was soldered with silver pleat and then Schottky contacts
were connected with conductor fiber by assistance of
silver pleat. After fabricated of the Au/n-InP SBD, The
current-voltage (/-V) characteristics have been measured in
the temperature range of 160-400 K. C-J measurement has
been carried out at room temperature in dark.

I-V and C-V measurements of Au/n-InP SBDs have
been performed by using a Keithley 2400 Sourcemeter and
a HP model 4192A LF impedance analyzer, respectively.
I-V measurements have been carried out in the temperature
range of 160-400 K using a temperature controlled Janes
vpf-475 cryostat, which enables us to make measurements
in the temperature range of 77-450 K. The bias voltage is
swept from — 1.5 to +1.5 V. The sample temperature was
always monitored by wuse of a copper-constant
thermocouple close to the sample and measured with a
Keithley model 199 DMM/scanner and Lake Shore model

321 auto-tuning temperature controllers with sensitivity
better than 0.1 K.

3. Results and discussions

3.1. Current-Voltage- Temperature (I-V-T)
Characteristics

When the applied bias voltage V>3kT/qg , the forward
bias current- voltage (I-V) relation according to thermionic
emission (TE) theory for a Schottky barrier diode (SBD)
with the series resistance can be written as follows when
[25]

I=1, exp(%j [l—exp(—@j] (1)

where I, is the reverse saturation current derived from the
linear region of the intercept of Lnl vs V at zero bias, and
is given by Eq. (2), ¢g is the electron charge, V is the
voltage applied across the diode, /Rs is the voltage drop
across the series resistance, k& is the Boltzmann constant, T
is the absolute temperature in K, R, is the series resistance
of diode, 7 is the ideality factor.

I, =AA*Tzexp£—q;€D—TB"j )

where A is the rectifier contact area of the diode, A" is the
effective Richardson constant of 9.8 A/em™K? for n-
type InP [28] and @, is the zero bias barrier height of the
diode and their values were calculated from Eq.(2). From
Eq. (1), ideality factor n can be written as

nzi[ dv j 3)
kT \ dLnl

Fig.1. shows the forward and reverse bias semi-
logarithmic Lnl-V characteristics of the Au/n-InP SBDs in
the temperature range of 160-400 K. As seen in Fig.1, the
Ln I-V plots for each temperature give a straight line at
high bias voltage region but it deviates considerably from
linearity due the effect of series resistance at high bias
region. Also, the dark reverse current increases with
increasing the applied reverse bias and does not show any
effect of saturation. This lack of saturation for Au/n-InP
SBD under reverse bias can be explained in the terms of
the spatial inhomogeneity of BH [11,12], the existence of
the insulator layer between metal and semiconductor and
image force lowering in the barrier height. The other
explanation of such behavior may be due to generation of
electron-hole pairs in the depletion region as generation
current is more pronounced at low temperatures than high
temperatures [27-31].

The experimental values of @, and n for the Au/n-InP
SBD were determined from Eq. (2) and Eq. (3),
respectively, and are given in Table 1 and Fig.2. As seen
in Table 1, the values of @, and n for the Au/n-InP SBD




Temperature-dependent current-conduction mechanisms in Au/n-InP Schottky barrier diodes (SBDs) 43

ranged from 0.41eV and 1.82 (at 160 K) to 0.71eV and
1.35 (at 400 K), respectively. Such behavior of n was
attributed to the existence of a thick insulator layer at
metal/semiconductor  interface and to  particular
distribution of interface states [14, 25, 32].

The ideality factors greater than unity are also
ascribed to secondary mechanisms at the interface [33,
34]. As explained in refs. [17,21,35], since the current
transport on the diode is a temperature-activated process
carriers especially at low temperatures are able to
surmount the lower barriers. Therefore the current
conduction will be dominated by the current through the
patches of lower SBH [14,17,18,25] and this situation will
be lead to the increase of ideality factor. The possible
mechanisms of current transport across the barrier are
thermionic emission (TE), thermionic field emission
(TFE), field emission (FE), recombination-generation,
interface recombination tunneling, minority carrier
injection, and multistep tunneling [25,27,36]. Which of
these mechanisms dominate over others depends on the
sample temperature, applied bias voltage, the formation of
barrier height at M/S interface, the doping concentration,
densities of surface states and series resistance of sample
[36].

As can be seen in Table 1, the values of # are higher
than unity for each temperature and decrease with
increasing temperature. Also the values of n are not
constant with temperature. The high values of the ideality
factor show that there is a deviation from TE theory in the
current conduction mechanism.

Fig.1. Temperature - dependent experimental forward
and reverse bias semi-logarithmic current-voltage (I-V)
characteristics of the Au/n-InP SBD.
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Fig. 2. Temperature dependent @g,and n of the Au/n-
InP SBD.

Moreover the ideality factor varies almost linearly
with the inverse temperature (Fig. 3) as:

n(T) = n,+T,/T 4)

where the n, and 7, are constant which were found to be
1.04 and 131.52 K, respectively. In order to understand the
dominant current transport mechanisms, the ideality factor
is analyzed by plotting nkT/q vs. kT/q in Fig.4 which
shows both the experimental and theoretical results of this
plots. As shown in Fig 4, experimental and theoretically
curves are linear and parallel. Such behavior of 7 is known
as a T, anomaly.

The thermionic field emission (TFE) theory requires a
change in tunneling current parameter £, with temperature
according to relation

E = nk—T =E, coth(@) )
q kT

where E,, is the characteristic tunneling energy that is
related to tunnel effect transmission probability as

EOO(T):i(ND_(DJZ:msxm—M [ND_(T)JZ v (6)

4 *
4 me glnP me glnP

where /#=6.626x10>* J.s, in the case of our n-type InP,
Np(T) value obtained from the slope of the linear plot of C°
2V curve at 300 K (Fig. 8) is 4.63x10% m>,

m, =0.077m, (m, is the effective mass of electron)

and g,=12.56¢, (g,p 1is the permittivity of InP), the
corresponding E,, values turn out to be 4.06 meV.
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The FE mechanism becomes important when
tunneling current parameter E,, >>kT/q (E,, is the
characteristic tunneling energy), whereas, the TFE
dominates when E,, = kT/q. Therefore both the TFE and
FE are unlikely current transport mechanisms. On the
other hand, FE would predominate only at quite low
temperatures and high doping concentrations, which is not
the case for the InP substrate in the present study.
Tunneling current can be important only highly doped
semiconductor (Np> 1x10'"7" cm™). In addition, the
minority carrier diffusion is also unlikely mechanism for
our sample in the intermediate bias region, since it would
be expected to be significant only for the diode having
very high effective BH value near to band gap of InP and
very low reverse saturation current [25].

Table 1. Temperature dependent values of various
parameters determine from forward bias I-V
characteristics of the Au/n-InP SBD.

T Io n Dg,
8] (A) (eV)
160 | 1,71x 10" | 1,82 | 0415
200 | 3,33x 107 | 1,71 | 0,475
240 | 2,86x10% | 1,63 | 0,533
280 | 2,77x107 | 1,60 | 0,574
300 | 5,46x107 | 1,53 | 0,601
320 | 1,08x10° | 1,47 | 0,626
340 | 1,98x10° | 1,40 | 0,651
360 | 3,76x10° | 1,37 | 0,673
380 | 6,66x10° | 1,36 | 0,695
400 | 1,37x10° | 1,35 | 0,711
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Fig. 3. nvs I/T for Au/n-InP Schottky barrier diode.
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Fig. 4. The plot E,(=nkT/q) vs kT/q of the Au/n-InP SBD.

3.2 The Analysis of the Inhomogeneous Barrier
and Modified Richardson Plot

In order to evaluate the BH, one might also use the
conventional activation energy plot of the reverse
saturation current /,. Therefore, Eq. (2), can be rewritten
as

I qD,,
h{T—‘;j = In(44*) — k—TB (7

Fig. 5 shows the Richardson plot of Ln(l,/T’) vs 1/T
and Ln(I/T°) vs 1/nT for the Au/n-InP SBD. Both of the
plots were found to be linear in the measured temperature
range. The values of activation energy (£,) and
Richardson constant (4") were obtained from the slope and
intercept of this straight line of Ln(I,/T*) vs 1/T as 0.217
eV and 3.87.10° Acm™ K7, respectively, while in the
Ln(I,/T°) vs 1/nT plot the values of E, and A™ were found
as 0.52 eV and 5.68.10" Acm™ K7 respectively. These
A* values are much lower than the known value of 9.8
Acm™ K7 for n-type InP [25]. In addition, especially the
value of 0.217 eV obtained form the slope of Ln(I/T°) vs
1/T plot is lower than half of the energy band gap of InP.
On the other hand the value of 0.52 eV obtained form the
slope of Ln(I,/T°) vs 1/nT plot is close to the half of the
energy band gap of InP. These results confirm that the
predominant current conduction mechanism is not only the

TE.
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Fig.5. Richardson plots of the In(Io/T) vs 1/T or 1/nT for
Au/n-InP SBD.

According to Tung’s theoretical approach there is a
linear correlation between the experimental zero bias BHs
and ideality factors. Horvath [35] explained that the A*
value may be affected by the lateral inhomogeneity of the
barrier. Also Song et al. [37] suggested that the contact
area A is composed of many sub-areas, each having a
definite BH and a definite area a being isolated from each
other. They show that in Schotky barrier (SB) contacts
variations of the BH over the contact area can occur as a
result of inhomogeities in the interfacial oxide layer
composition, non-uniformity of the interfacial layer
thickness and distributions of interfacial charges. Fig.6
shows a plot of experimental ®p, vs n for various
temperature. As can be seen in Fig.6, there is a linear
relationship between the @, and » that was explained by
lateral inhomogeneities of the BHs in the Au/n-InP SBD.
The extrapolation of the @g, vs n plot to n=1 has given a
homogeneous BH of approximately 0.905 eV. Thus it can
be said that the significant decrease of the zero-bias BH
and increase of n especially at low temperature are
possibly caused by the BH inhomogeneities.

0,75
0,65
E L
0,55
[ @so(n) = (-0,591n + 1,496) eV
045 @ hom (N=1) = 0.905 eV
0,35

1,20 1,30 1,40 1,50 1,60 1,70 1,80 1,90
Ideality factor, n

Fig.6. Temperature-dependent experimental @g,vs. n
plot of the Au/n-InP SBD.

The Gaussian distribution of the BHs with a mean
value @, and standard deviation o, yields the following
expression of the BH as [16,19,37]

2
o

q)ap ZEBO(TZO)_ 2kT

where the temperature dependence of 0, is usually small

and can neglected [14,17,38]. The observed variation of
ideality factor with temperature in the model is given by
[11,13, 18-20]

1 qp;
=0 - 9
" P2 = o )

where N, is apparent ideality factor and p, and p; are

voltage coefficients, which may depend on temperature,
quantifying the voltage deformation of the BH distribution
[13,39,40].

The experimental O 8o VS ¢/2kT and ny, vs q/2kT plots

in Fig. 7 were drawn to obtain evidence of a GD [10-16]
of BHs. Thus, the plot of @,, vs ¢/2kT (Fig.7) should be a
straight line that with the intercept at the ordinate

determining the zero-bias mean BH QBO (7=0) =0.89 eV
and a slope giving the standard deviationo,= 0,137 V. It

was seen that the value of 0 ,= 0, 137 V is not small

compared to the mean value of @Bo =0.89 eV, indicating

the presence of the interface inhomogeneties. Similarly, as
can be seen from Fig.7, the value of p, obtained from the
intercept of the experimental n,, vs g/2kT plot is -0.1426
and the value of p; from the slope is — 0.092 V. These
results indicate that the presence of single GD BHs in the
Schotky contact area.
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Fig.7. @y, (I-V) and (1/n-1) vs q/2kT plots for Au/n-InP
SBD according to GD of barrier heights.
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Furthermore, as indicated above, the conventional
activation energy In(Iy/T°) vs q/kT plot, to explain these
behaviors, the combination of Egs. (2) and (8) according
to GD of the BH, the modified Richardson plot can be
rewritten as

2 2 5
11{1—0]—[ 9% ]:ln(AA*)—q;q:% (10)

T? 2k2T2

modified In(I/T’)-
q ag /2I°T 2 vs q/kT plot according to Eq.(10) should
give a straight line with the slope directly yielding the

As can be seen in Fig. 8,

mean barrier height @, and the intercept (=In44*) at
the ordinate determining A* for a given diode area 4. The
values of @ ,, and A* were obtained as 0.904 eV and

10.35 Acm? K?, respectively, without using the
temperature coefficient of the BHs. Interestingly, the value
of A* is in reasonable agreement with the theoretical value
of 9.8A ¢cm™ K™? for electrons in n-type InP. Also, the

value of 630 =0.90 eV from this plot is in close

agreement with the value of 630 =0.89 eV from the plot

of @,, vs q/2kT. Hence, it has been concluded that the
forward bias /-V characteristics of Au/n-InP Schottky
barrier diode can be successfully explained on the basis of
TE theory with a GD of the BHs.
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Fig. 8. Temperature dependence of In(lo/T*)-((qo0)*/(2k’
T2) vs q/kT for Au/n-InP SBD.

3.3. Capacitance-Voltage (C-V) Characteristics at
Room Temperature

The measured capacitance-voltage(C-V) and C? vs V
at 1 MHz for Au/n-InP SBD are shown in Fig. 9 at the
room temperature. When the measurements are carried out
at high frequency (f > I MHz) the charge at the interface
states cannot follow an ac signal [25,41]. Therefore, the C-
V measurement was performed at 1 MHz. As can be seen

in Fig. 9, the value of capacitance gives the peak at
forward bias about 0.2 V bias. We think that the series
resistance and surface states of the SBD are responsible
for such anomalous peak in the forward bias. When a
small ac voltage of a few mV is applied to a reverse biased
diode the depletion region capacitance C is given by a
relation

- 2
szquN(VU‘FV) an
s D

where 4 is the area of the diode, & is the permittivity of
semiconductor, Np is the carrier doping density of donors,
V' is the magnitude of the applied bias and ¥, is the

intercept of C 2 with the voltage axis and is given by
Vo=V, +kT/q (12)
As shown in Fig. 9, the C*-V plots at 1 MHz are
linear lines at wide voltage. The linear plot C*-V is very

useful for analyzing the experimental C-V characteristics.
Thus, the value of barrier was obtained from Fig. 9 as

O, (C-V)=V +kT/q+E.=V,+E,. (13)
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Fig.9. Plots of forward and reverse bias C vs V and C*
vs V of the Au/n-InP SBD at room temperature.

where V) is the diffusion potential and Er is the energy
difference between the Fermi level and conductance band

edge, and obtained N, =4.82x10°T*(m, /m )"
with (m, / m,)=0,077

E, :k—Tln(ND/NC) (14)
q

Here, N, is the effective density of states in the InP
conductance band, m: is the effective mass of electrons

and m, is the rest mass of the electron. Thus, the values of
Np, Er and @y (C-V) were obtained from the reverse bias
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C>-V plot as 4.63x10” m>, 0.135 eV and 1.02 eV,
respectively. This value of ®g,(C-V) obtained from the
reverse bias C-J measurement is greater than the value of
®g,(I-V) obtained from forward bias /-J" measurement at
room temperature and this discrepancy can be attributed to
the natural of /-V and C-V measurement techniques. Song
et. al [37] have shown that an inhomogenous barrier also
leads to a ®p,(I[-V) and Dg,(C-V) difference. This
discrepancy could be explained due to an interfacial layer
or trap states in the semiconductor, the tunneling through
the barrier top, the effect of the image force and the
existence of Schottky barrier height inhomogeneity
[16, 20, 37].

4. Conclusions

The forward bias /- characteristics of the Au/n-InP
Schottky barrier diodes were measured in the temperature
range of 160-400 K. Using the evaluation of the
experimental forward bias I-V characteristics based on TE
mechanism reveals an increase of ®p, and a decrease of
the ideality factor with increasing temperature. It is clear
that such behavior of @,(I-V) is an obvious disagreement
with the reported negative temperature coefficient of the
barrier height (BH). Such behavior of @p,(I-V) and n is
attributed to Schotky barrier inhomogenities by assuming
a Gaussian distribution of barrier heights (BHs) due to
barrier inhomogeneties that prevails at M/S interface.
Therefore, we attempted to draw a @p, vs ¢/2kT plot to
obtain evidence of a GS of the BHs , and the values of

@3,=0.89 eV and 0,=0.137 V for the mean barrier height
and standard deviation at zero bias, respectively, have
been obtained from this plot. Thus, a modified /n(l,/T’)-
qG’0,%/2(kT)’ vs q/kT plot gives @, and Richardson
constant 4~ as 0.904 eV and 10.35 A/cm’K?, respectively.
This value of the Richardson constant 10.35 A/ecm’K? is
very close to the theoretical value of 9.8 A.cm™K™ for n-
InP. In summary, the temperature dependence of the
forward I-V characteristics of the Au/n-InP SBDs can be
successfully explained on the basis of TE mechanism with
a Gaussian distribution of the BHs.
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