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The current-voltage (I-V) characteristics of Ru/n-InP Schottky diodes were measured in the temperature range 200 – 400 K. 
The I-V curves fitted by the equation based on thermionic emission theory has revealed decrease of zero-bias barrier height 
and increase of ideality factor with decreasing temperature. This behavior has been interpreted by the assumption of 
Gaussian distribution of barrier heights due to barrier inhomogeneities that prevail at the metal-semiconductor interface. 
A 0bΦ  versus q/2kT plot was drawn to obtain evidence of Gaussian distribution of barrier heights yielded values of       

0b

−

Φ = 0.79 eV for mean barrier height and 0σ =0.122 eV for standard deviation at zero-bias. The modified Richardson plot 
gives 0b

−

Φ (T=0)=0.81 eV and A**=5.73 A K-2 cm-2. It can be concluded that the temperature dependence of I-V 
characteristics of the Schottky barrier on n-InP can be successfully explained on the basis of TE mechanism with Gaussian 
distribution of the barrier heights.  
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1. Introduction 
 
Indium phosphide (InP) is an attractive III-V 

compound semiconductor for high speed semiconductor 
devices such as metal-semiconductor field-effect 
transistors (MESFETs), optoelectronic applications and 
high-speed electronic devices due to its direct transition 
bandgap and high electron mobility, both of which are 
very important in these devices [1-3]. However, a serious 
drawback of InP is the Schottky barrier diodes (SBDs) 
with low barrier height (BH) and have found applications 
in devices operating at cryogenic temperatures as infrared 
detectors and sensors in thermal imaging [4, 5]. Schottky 
junctions are one of the most widely used rectifying 
junctions in the electronics industry [6-9]. Metal-
semiconductor (MS) structures are important research 
tools in the characterization of new semiconductor 
materials and at the same time, the fabrication of these 
structures plays a crucial role in constructing some useful 
devices in technology [2,6,9,10]. Therefore, there has been 
considerable interest in the study of the Schottky contact 
formation for the characterization of semiconductor 
devices.  

 Analysis of the current-voltage (I-V) characteristics 
of the Schottky diodes obtained only at room temperature 
does not give detailed information about the charge 
transport process and about the nature of the barrier 
formed at the metal-semiconductor interface. In fact it 
neglects many possible effects that cause non-ideality in 
the I-V characteristics of the diode and reduce the barrier 
height. The temperature dependence of the I-V 
characteristics 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 [11]. The current-voltage (I-V) 
characteristics of the real Schottky barrier diodes (SBDs) 
usually deviate from the ideal thermionic emission (TE) 
current transport model [4-9, 11-17]. Generally, the 
Schottky barrier height Φb0 was found to decrease, while 
the ideality factor n increases, with decreasing temperature 
[8, 9, 11-17]. The increase in ideality factor with 
decreasing temperature is known as T0 effect [18]. The 
decrease in barrier height at low temperatures leads to 
non-linearity in the plot of the activation energy ln(I0/T2) 
versus 1/T.  

Temperature-dependent characteristics of Schottky 
contacts in n-type InP has been reported by many 
researchers   [19-22]. Cetin et al [19] studied temperature 
dependence of electrical characteristics of Au/InP 
Schottky barrier diode. They observed that the ideality 
factor decreases while the barrier height increases with 
increase of temperature. Cimilli et al [20] fabricated Au/n-
InP/In Schottky barrier diodes, and reported that the 
barrier height varied from 0.557 eV to 0.615 eV and the 
ideality factor from 1.002 to 1.087. Recently, Ashok et al 
[21] studied the current-voltage-temperature (I-V-T) 
characteristics of Pd/n-InP Schottky diodes and found that 
the barrier parameters vary significantly with temperature. 
More recently, Cimilli et al [22] investigated the 
temperature-dependent electrical properties Ag/n-InP/In 
Schottky diodes in a wide temperature range (30 K to 320 
K). In the present work, the I-V characteristics of Ru 
Schottky contacts on n-type InP substrate are measured in 
the temperature range of 200 – 400 K. The experimental 
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results show that the ideality factor, barrier height and 
series resistances are found to be strongly dependent on 
the temperature. The temperature dependent barrier 
characteristics of the Ru/n-InP Schottky contacts are 
interpreted on the basis of existence of Gaussian 
distribution of the barrier heights around a mean value due 
to barrier height inhomogeneities prevailing at the MS 
interface. 

 
 
2. Experimental details 
 
The samples used in this study are LEC grown 

undoped n-InP (100).  The samples are initially degreased 
with organic solvents like trichloroethylene, acetone and 
methanol by means of ultrasonic agitation for 5 min in 
each step to remove contaminants followed by rinsing in 
deionized water and then dried in N2 flow. The samples 
are then etched with HF (49%) and H2O (1:10) to remove 
the native oxides from the substrate. Ohmic contacts of 
thickness 700 Å are formed on the rough side of the InP 
wafer prior to Schottky diode fabricaiton under a pressure 
of 7×10-6 mbar. The samples are then annealed at 350 oC 
for 1 min in N2 atmosphere.  Circular metal contacts,        
1 mm in diameter and 500 Å thick, are deposited on the 
polished side of the InP wafer by evaporating Ru through a 
metal contact mask of 1 mm diameter. In order to reduce 
irradiation by stray electrons during evaporation, the InP 
material was screened from electrons originating at the 
filament of the electron beam evaporator [23]. The I-V 
characteristics were measured in the temperature range 
200 – 400 K in steps of 40 K  using  SEMILAB DLS – 
83D deep level spectrometer. 

 
 
3. Results and discussion  
 
3.1. Analysis of I-V characteristics of Ru/n-InP as a  
       function of temperature 
 
The semi-logarithmic I-V characteristics of the Ru/n-

InP (100) SBDs in the temperature range of 200-400 K in 
steps of 40 K are shown in Fig. 1. Current transport    in 
Schottky contacts is due to majority carriers and it may be 
described by thermionic emission over the interface barrier 
[6]. From thermionic emission theory, the current – 
voltage (I-V) relationship for Schottky barrier diode is 
given by the expression [6,7]. 
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Where V is the applied voltage drop across the 
junction barrier, q is the electronic charge, k is 
Boltzmann’s constant, T the absolute temperature in 
Kelvin, n the diode ideality factor and I0 is the saturation 
current. I0 is derived from the straight line intercept of      
ln[I/(exp(-qV/kT)] versus V at V=0, is expressed 
[2,6,9,10] as 
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where A is the diode area, A** is the effective Richardson 
constant equals to 9.4 Acm-2 K-2 based on effective mass          
(m* = 0.078mo) of n-InP and Φb0 is the apparent barrier 
height. The reverse saturation current I0 decreased sharply 
with the decrease of the temperature as can be seen from 
Fig. 1.  
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Fig. 1.  I-V Characteristics of Ru contacts of Ru/n-InP 
Schottky barrier diode in the temperature range of 200 -

400 K. 
 
A plot of I/ [1-exp (-qV/nkT)] versus V, shown in  

Fig. 2 yields I0 as the intercept. Once I0 is determined, the 
barrier height (Φb0) can be evaluated using 
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Fig.2. Plot of I/ [1-exp (-qV/kT)] versus V for Ru/n-InP 
Schottky contacts as a  function of temperature. 
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The ideality factor n is a measure of conformity of the 
diode to pure thermionic emission and is determined from 
the slope of the linear region of the plot of natural log of 
forward current versus forward bias voltage and is given 
by 
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n =1 for an ideal diode. Nevertheless, ideality factor n has 
usually a value greater than unity. Calculations using Eqs. 
(3) and (4) showed that the values of the apparent barrier 
height and ideality factor have changed from 0.39 eV and 
4.2 at 200 K to 0.60 eV and 2.5 at 400 K respectively. The 
values for the barrier height are effective values and do not 
take into account image force lowering. 

The values of the ideality factor n and barrier height 
Φb0 of the diode at different temperatures are plotted as a 
function of temperature in Fig.3.  The barrier height Φb0  
and ideality factor n are found to be a strong function of 
temperature. The plot shows that the ideality factor n 
exhibits an increasing trend with decreasing temperature, 
whereas the zero-bias barrier height Φb0 shows decreasing 
trend as temperature decreases. 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, current transport will be 
dominated by current flowing through the patches of lower 
SBH and a larger ideality factor. As temperature increases, 
more and more electrons have sufficient energy to 
surmount the higher barrier. As a result, both Φb0(I-V) and 
n are strongly dependent on temperature. 
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Fig.3. Temperature dependence of the ideality factor and 
zero-bias apparent height for Ru/n-InP Schottky barrier 

diode in the temperature range 200 – 400K. 
 
 The large values of the ideality factor show that there 

is a deviation from TE theory for current mechanism. It 
can be attributed to the presence of the interfacial thin 
native oxide layer between the metal and semiconductor 
[24]. Only the barrier inhomogeneities are very important 
for explaining the higher values of the ideality factor. The 

variation of ideality factor with temperature is shown in 
Fig. 3.  As shown the ideality factors n are not constant 
with temperature. Such behaviors of the diode ideality 
factor have been attributed to particular distribution of 
surface states [25].  The ideality factor of the diodes varies 
with temperature as 
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where n0 and T0 are constants which were found to be 1.50 
and 566 K respectively. The increase in ideality factor 
with decreasing temperature as shown in Fig. 4 is known 
as T0 effect. Explanations of the possible origin of such 
cases have been proposed taking into account the interface 
state density distribution, quantum mechanical tunneling 
and image force lowering [7]. 
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Fig.4. Temperature dependence of the ideality factor for 

Ru/n-InP Schottky barrier diode in the temperature range 
200 – 400K. 

 
3.2.  Flat-band barrier height 
 
The barrier height, which decreases with decreasing 

temperature obtained from Eq. (3) is called apparent or 
zero-bias barrier height. The barrier height obtained under 
flat-band condition is called flat-band barrier height and is 
considered to be real fundamental quantity. Unlike the 
case of the zero-bias barrier height, the electric field in the 
semiconductor is zero under the flat-band condition. This 
eliminates the effect of tunneling and image force 
lowering that would affect the I-V characteristics and 
removes the influence of lateral inhomogeneity [14,26].  
To find the value of bfΦ , the following expression is 
used [27,28]:  
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where NC is the effective density of states in the 
conduction band and ND the carrier concentration. Fig. 5 
shows the variation of flat-band barrier height bfΦ as a 
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function of the temperature. bfΦ is always larger than 
zero-bias barrier height 0bΦ  and appears at first glance to 
be nearly constant with a slight variation. However, 

bfΦ is obtained to increase with decreasing temperature in 
a manner similar to those reported by the others [26-30]. 
Furthermore, the temperature dependence of the flat-band 
barrier height can be expressed as 
  

          bfΦ ( )T  = bfΦ ( )0=T  + Tα            (7) 

where bfΦ ( )0=T  is the zero-temperature flat-band 
barrier height and α is the temperature coefficient of  

bfΦ . In Fig. 5, the fitting of bfΦ (T) data in Eq. (7) 
yields bfΦ (T=0) = 1.04 eV and α = -18.1 meVK-1.   
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Fig .5. Temperature dependence of the zero-bias barrier 
height, flat-band barrier height  for the Ru/n-InP 
Schottky  barrier  diode. The  circles   represent  Φb0   and  
                            squares represent Φbf.. 
 
 
Where NC and ND are respectively the effective 

density of states in the conduction band and the donor 
density. NC is defined as 2(2πm*kT/h2)3/2 with m* being the 
majority carrier effective mass, m* = 0.077 me for n-InP 
[3]. Assuming the effective mass m* and donor 
concentration ND do not change with temperature, then the 
effective density of states NC will change with temperature 
according to the relation  

 
                NC (cm-3) = 1.8519×1017 (T)3/2 cm-3                    (8) 

 
The temperature dependent NC and ND values are used 

in calculating Φbf values. The values of NC are          
5.2379×1020   cm-3 at 200K to 14.8152×1020 cm-3 at 400K, 
respectively. 

 
 
 

3.3. Temperature dependent series resistance 
 
Temperature dependency and the series resistance 

effect on the I-V characteristics of the Ru/n-InP Schottky 
diodes were investigated in the range 200-400 K. The 
resistance of the Schottky diode is the sum of the total 
resistance value of the resistors in series and resistance in 
semiconductor device in the direction of current flow. The 
series resistances were evaluated from the forward bias I-
V data using the method developed by Cheung [31]. The 
forward bias current-voltage characteristics due to 
thermionic emission of a Schottky contact with the series 
resistance can be expressed by Cheung’s function [6, 7, 
32]: 
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Fig. 6 shows the plot of dV/d (lnI) versus I as a 
function of temperature. Eq. (9) should give straight line 
for the data of downward curvature region in the forward 
bias I-V characteristics. Thus the slope of the plot of dV/d 
(lnI) versus I gives RS as the slope and n(kT/q) as the y-
axis intercept. The values of RS obtained from the plots are 
given in Table.1.  
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Fig. 6. Plot of dV/dln(I) vs I for Ru/n-InP Schottky 
barrier diode. 

 
Table 1. The experimentally obtained characteristic 
parameters  of  Ru/n-InP  Schottky barrier  diodes  in  the  
              temperature range of 200 – 400K. 
 
 

T(K) Φb0 (eV) Φbf (eV) n Rs (Ω) 
200 0.39 1.014 4.2 1070 
240 0.40 0.893 3.8 798.22 
280 0.47 1.042 3.7 392.43 
320 0.51 1.046 3.4 253.12 
360 0.56 1.087 3.2 38.31 
400 0.60 0.846 2.5 31.56 
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Fig. 7 shows the experimental series resistance values 
from forward bias I-V characteristics as a function of 
temperature. The series resistance Rs obtained for each 
temperature using (Eq. (9)) of the I-V data is increasing 
with decrease of temperature. The increase of RS with the 
fall of temperature is believed to be due to factors 
responsible for increase of nIV and lack of free carrier 
concentration at low temperatures [5].  
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Fig.7. Temperature  dependence  of series  resistance  of 
Ru/n-InP Schottky barrier diode in the temperature range 

of 200 – 400 K. 
 
3.4. Richardson plot 
 
The barrier height can be determined in another way 

by rewriting  Eq. (2) as  
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The Richardson constant is usually determined from 
the intercept of ln(I0/T2) versus 1000/T plot. Fig.8 shows 
the plot of ln(I0/T2) against 103/T or 103/nT. The plot 
between ln(I0/T2) versus 1000/T is found to be non-linear 
in the temperature measured. However, the dependence of 
ln(I0/T2) versus 103/nT gives a straight line. The non-
linearity of  ln(I0/T2) versus 103/T is due to the temperature 
dependence of the barrier height and ideality factor. 
Similar results have also been reported by several authors 
[15,29,30,33]. The experimental data are shown to fit 
asymptotically with a straight line at higher temperatures 
only. An activation energy value of 0.61 eV is obtained 
from the slope of this straight line. The values of A** 
obtained from the intercept of the straight line portion at 
the ordinate of the experimental ln(I0/T2) versus 1000/T 
and ln(I0/T2) versus 1000/nT plot in Fig.8 are equal to 
5.4×10-5 A K-2 cm-2 and 2.02×10-2 A K-2 cm-2  
respectively. The value of A** for electrons in n-type InP is 
much lower than the theoretically calculated value (9.4 A 
K-2 cm-2 for n-type InP). The deviation in the Richardson 

plots may be due to the spatially inhomogeneous barrier 
heights and potential fluctuations at the metal-
semiconductor interface that consist of low and high 
barrier areas [5,13-15,25,33-35]. That is the current 
through the diode will flow preferentially through the 
lower barriers in the potential distribution [5,13-15,25,33-
35]. 
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Fig.8. Richardson plots of ln(I0/T2) vs 103/T for Ru/n-InP 
Schottky diode. 

 
3.5. Barrier height inhomogeneities  
 
The ideality factor is simply a manifestation of the 

barrier uniformity and it increases for an inhomogeneous 
barrier [36]. An apparent increase in ideality factor and 
decrease in barrier height at low temperature are possibly 
caused by some other effects such as inhomogeneities of 
thickness and composition of the layer, non-uniformity of 
the interfacial charges or the presence of a thin insulating 
layer between the metal and the semiconductor 
[14,17,24,33,34]. Since current transport across the MS 
interface is a temperature-activated process, at low 
temperature, the current will be dominated by the current 
through the patches of low barrier height. Moreover, 
simulation studies of Freeouf et al [37] on mixed-phase 
Schottky contact reveal that, below a critical size, low 
barrier height region pinched off and only high barrier 
remains effective. Similar results obtained for the PtSi/Si 
diodes have been explained with an analytical potential 
fluctuation model for the interpretation of current-voltage 
and capacitance-voltage measurements on spatially 
inhomogeneous Schottky contacts proposed by Werner 
and Guttler [27,38]. According to Henisch [10], 
fluctuations in barrier heights are unavoidable, as they 
exist even in the most carefully fabricated systems. 

Schmitsdorf et al [39] used Tung’s theoretical 
approach and they found a linear correlation between the 
experimental zero-bias barrier height and the ideality 
factors. Fig. 9 shows a plot of the experimental SBH as a 
function of the ideality factor. As can be seen from Fig.9, 
there is a linear relationship between the experimentally 
effective barrier heights and the ideality factors of the 
Ru/n-InP Schottky barrier diodes that is explained by 



740                                   V. Janardhanam, A. Ashok Kumar, V. Rajagopal Reddy, P. Narasimha Reddy 
  
lateral inhomogeneities of the BHs in the Schottky barrier 
diodes [39]. The extrapolation of the experimental 
Schottky barrier height versus ideality factor plot to n=1 
has given a homogeneous barrier height of approximately 
0.83 eV. The other barrier height values deviate from this 
value due to local inhomogeneities.  
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Fig.9. The zero-bias barrier height versus Ideality factor 
for the Ru/n-InP Schottky barrier diode. 

 
In order to explain the abnormal behavior between the 

theoretical and experimental values of Richardson 
constants, let us assume that the distribution of the barrier 
heights has a Gaussian distribution with a mean values 

bΦ  and a standard deviation Sσ in the form of [34]:  
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The total current across the diode under the forward 

bias V is given by :  

        I(V) = ∫
∞

∞−

(I bΦ ,V) P( bΦ ) dΦ           (12) 

where I( bΦ ,V) is the current at a bias V for a barrier of 

bΦ based on the thermionic emission model. Substituting 
equations (1) and (11) into equation (12), and performing 
the integration it becomes 
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where apΦ and nap are the apparent barrier height and 
apparent ideality factor respectively and are given by: 
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It is assumed that the mean SBH (
−

Φ b ) and 0σ are 
linearly bias dependent on Gaussian parameters such as 

20 ρ+Φ=Φ
−−

bb V and 30 ρσσ +=S V where 2ρ and 
3ρ  are the voltage coefficients which may depend on 

temperature and they quantify the voltage deformation of 
the barrier height distribution. The temperature 
dependence of Sσ  is usually small and can be neglected. 

Fitting of the experimental data in Eqs. (2) or (14) and 
in (4) gives apΦ and nap respectively which obeys Eqs. 
(15) and (16).  Thus the plot of apΦ  versus 1/T (Fig.10) is 
a straight line that gives 0b

−

Φ (T=0) and 0σ from the 
intercept and slope respectively. The values obtained for 

0b
−

Φ (T=0) and 0σ (the zero-bias Standard deviation) are 
0.79 eV and 0.122 eV respectively. Thus, the standard 
deviation is ~ 15.3 % of the mean barrier height. As 
reported, the barrier inhomogeneities can occur as a result 
of inhomogeneities in the composition of the interfacial 
oxide layer, non-uniformity of interfacial charges and 
interfacial oxide layer thickness [27,34]. The 0σ  is a 
measure of the barrier homogeneity. The lower value of 

0σ  corresponds to a more homogeneous barrier height. It 
is observed    that the value of 0σ = 0.122 eV is not small 
compared to the mean value of 0b

−

Φ (T=0) = 0.79 eV and 
it indicates greater inhomogeneities at the interface. 
Nevertheless, this inhomogeneity and potential 
fluctuations dramatically affect low temperature I-V 
characteristics. It is responsible, in particular, for the 
curved behavior in the Richardson plot in Fig.10. [34]. 
Again, the plot of nap versus 1/T should be a straight line 
that gives voltage coefficients 2ρ and 3ρ  from the 
intercept and slope respectively (Fig.10). The values of 

2ρ = 0.533 V and 3ρ = 0.0088 V were obtained from the 
experimental nap versus 1/T plot. The linear behavior of 
this plot demonstrates that the ideality factor does indeed 
express the voltage deformation of the Gaussian 
distribution of the Schottky barrier height. Furthermore, 
the experimental results of nap fit very well with theoretical 
Eq.(16) with 2ρ =0.533 V and 3ρ = 0.0088 V. The 
continuous solid line (squares) in Fig. 3. represents data 
estimated with these parameters using equation (16). Now, 
combining Eqs. (14) and (15), we get 
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Fig.10.  The zero-bias barrier height and Ideality factor 
vs 1/2kT curves of  the  Ru/n- InP Schottky  barrier  diode  
   according to guassian distribution of barrier heights. 
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Fig. 11. Modified Richardson ln(I0/T2) – q2 2

0σ /2k2T2 vs 
1/T plot for the device Ru/n-InP Schottky diode 
according to Gaussian distribution of the barrier heights. 
 
A modified ln(I0/T2)- ( )222

0
2 2/ Tkq σ  versus 1/T 

plot according to Eq. (17) should give a straight line with 
the slope directly yielding the mean 0b

−

Φ (T=0) and the 
intercept (=lnAA**) at the ordinate, determining A** for a 
given diode area A. Fig.11 shows this plot. The modified 
ln ( )2

0 /TI – ( )222
0

2 2/ Tkq σ  versus 1/T plot gives 
0b

−

Φ (T=0) and A** as 0.81 eV and 5.73 A K-2 cm-2 
respectively without using the temperature coefficient of 
the flat-band barrier height α . As can be seen, the value 
of 0b

−

Φ (T=0)  = 0.81 eV from this plot is approximately 

the same as the value of 0b
−

Φ (T=0) = 0.79 eV from the 
plot of apΦ versus 1/T. 

 
 
4. Conclusions 
 
The current-voltage (I-V) characteristics of Ru/n-InP 

Schottky diodes were measured in the temperature rang 
200 – 400 K. While the zero-bias barrier height ΦI-V 
increased, ideality factor n and series resistance Rs 
decreased with increasing temperature. The changes are 
quite significant at low temperature due to the current 
transport can be controlled by the thermionic-field 
emission (TFE) theory.  The origin and the nature of the 
increase in the ideality factor and decrease in the barrier 
height with decreasing temperature in the Ru/n-InP 
Schottky barrier diodes have been successfully explained 
on the basis of the thermionic emission with Gaussian 
distribution of the barrier heights 0b

−

Φ (T=0) = 0.79 eV 
and the S.D of 0.122 eV. The behavior is attributed to 
spatial inhomogeneities at the interface. The laterally 
homogeneous SBH value of approximately 0.83 eV for the 
Ru/n-InP (100) Schottky barrier diodes has been deduced 
from the linear relationship between the experimental 
barrier heights and ideality factors. The mean barrier 
height and the Richardson constant values were obtained 
as 0.81 eV and 5.73 A K-2 cm-2 respectively by means of 
the modified Richardson plot ln ( )2

0 /TI –( )222
0

2 2/ Tkq σ  versus 1/T which is in close agreement 
with the theoretical value of 9.4 A K-2 cm-2 for n- InP.  
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