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The current-voltage (I-V) characteristics of In/p-Si Schottky barrier contact were measured over the 

temperature range 230-360 K with interval of 10 K. The calculated zero bias barrier height ( bo ) and the 

ideality factor (n) using thermionic theory show strong temperature dependence. The experimental values of 

bo  and n for In/p-Si Schottky contact range from 0.70 eV and 1.91 (at 360 K) to 0.49 eV and 2.99 (at 230 K) 

respectively. The conventional Richardson plot exhibits nonlinearity at lower temperature. The Richardson 

constant determined from intercept at the ordinate of this experimental linear portion is the value of  

2.07  10 – 8 A/cm2K2 which is much lower than the theoretical value 32 A/cm2K2 for holes in p-type silicon. The 

temperature dependence of Schottky barrier characteristics of the contact was interpreted on the basis of the 

existence of Gaussian distribution of the barrier height around a mean value due to barrier height 

inhomogeneties prevailing at the metal semiconductor interface. The modified 
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 plot gives bo   1.17 eV and A*  31.16 A/cm2K2 with standard deviation 

0  0.16 V. 
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1. INTRODUCTION 
 

Metal-Semiconductor (M-S) contacts are found to be 

important research activity because the knowledge of 

barrier formation is still far from the complete despite 

the fact that they are work horse at many electronic 

applications like surge protection, high speed 

operation, microwave field effect transistors, radio 

frequency detectors, temperature sensors and solar 

cells etc. [1-4]. Although, M-S contacts have been used 

as research tool in the characterization of new 

semiconductor materials. In the information era, it is 

continuing need faster and complex systems to improve 

in device technology. Usually, the analysis of the 

characteristics I-V are linear in the semi-logarithmic 

scale at low voltages, but deviate noticeably from 

linearity due to the effect of parameters such as the 

series resistance, the interfacial layer and interface 

states [6-9]. The series resistance is only effective in 

the downward-curvature region (non linear region) of 

the forward I-V characteristics at large applied 

voltages but ideality factor and barrier height are 

effective through out the region of characteristics  

[10, 11]. This is because that the lining up process of 

energy bands in M-S junctions after contact are expected 

to depend on various charge transfer mechanisms, e.g. 

intrinsic surface states, metal induced gap states, 

impurities, microstructure defects,, crystallography and 

relative orientations of atoms at contact and across the 

interface [12, 13]. The performance and stability of 

Schottky contact especially depend on the formation of 

insulator between M-S interface, inhomogeneties and series 

resistance. The analysis of the I-V characteristics of the 

Schottky contact based on thermionic emission theory 

typically, reveals an abnormal decrease of zero bias barrier 

height and increase in the ideality factor with decrease in 

temperature. [14-21]. The decrease in the barrier height at 

low temperatures leads to non-linearity in the Richardson’s 

plot, and is found to be non ideal. The theoretical studies 

based on the effect of a Gaussian distribution of Schottky 

barrier on the I-V characteristics have been also reported in 

literature [22-28]. 

In the present study the forward bias I-V characteristics 

of In/p-Si Schottky contact were measured over the 

temperature range of 220-360 K. The temperature 

dependent Schottky barrier height and ideality factor of the 

non ideal In/p-Si Schottky contact modified Richardson plot 

offers a good straight line over the entire temperature 

range [29]. The resultant temperature dependent non ideal 

Schottky contacts have been explained on the basis of the 

existence of a Gaussian distribution of the barrier heights 

around a mean value due to inhomogeneties at the M-S 

interface. 

 

2. EXPERIMENTAL PROCEDURE 
 

In/p-Si Schottky diode was prepared on a well polished 

single crystal of silicon having resistivity (  1 cm) with 

(100) orientations. The sample, p-type silicon wafer was 

ultrasonically degreased by dipping into isopropyl alcohol 
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and washed with de-ionized water. After chemically 

etched with 4 : 1 : 3 solution of HNO3 : HF : NH4OH for 

30 sec. till brown vapour appeared and then it was 

dipped for a minute in dilute solution of 1 : 9 HF : H2O 

[30]. Finally, the wafer was rinsed in deionized water for 

30 sec. The thick aluminum back contact (thickness of 

3000 Å) was thermally evaporated by means of a 

tungsten filament onto the complete back of silicon 

crystal under pressure 1  10 – 6 Torr. The low resistivity 

ohmic back contact was made by using by an annealing 

treatment at 550 oC for 30 minutes in under pressure 

1  10 – 6 Torr. The Schottky contact was formed onto 

front polished surface of silicon by evaporation of high 

purity soft indium metal dots with diameter of about 

0.828 mm. The I-V measurements were performed by 

the use of a Keithly electrometer-614 and a 

programmable power supply in temperature range of 

220-360 K using a temperature controlled cryostat. 

 

3. RESULTS AND DISCUSSION 
 

The forward bias I-V characteristics of the In/p-Si 

Schottky contact for wide temperature range of 220-

360 K by step of 10 K are shown in Fig. 1. The forward 

current through a Schottky barrier contact at a 

forward bias (V ≥ 3 kT/q) according to thermionic 

emission (TE) theory, is given by [31, 32] 
 

 exp 1 exps

qV qV
I I

nkT kT

    
      

    
 (1) 

 

where sI  is the saturation current and is defined by 
 

 * 2 exp bo
s

q
I AA T

kT

 
  

 
 (2) 

 

Where A is the effective diode area, A* is the 

Richardson constant for p-type Si (A*  32 A cm – 2 K – 2), 

q is the electronic charge, V is the voltage across the 

diode, k is the Boltzman constant, T is the absolute 

temperature, bo  the zero-bias barrier height and n is 

the ideality factor. The ideality factor is calculated using 

the slope of straight line region of the forward bias 

logarithmic characteristic I-V through relation 
 

 
 ln

q dV
n

kT d I
  (3) 

 

Where n is justified of conformity of pure 

thermionic emission. The variation of the experimental 

ideality factor at different temperatures is plotted in 

Fig. 2. As shown in the figure, an apparent increase in 

the ideality factor has been attributed to the effects 

such as inhomogeneities of thickness, non uniformity of 

the interfacial charges and insulator layer between 

metal and semiconductor. These give rise to an extra 

current such that the over all characteristics still 

remain consistent with the thermionic emission 

processes [33]. 
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Fig. 1 – The forward I-V characteristics for In/p-Si Schottky 

contact at different temperatures 
 

The value of IS saturation current is determined from 

the intercept of the plot lnI versus V in the temperature 

range of 220-360 K shown in Fig. 1. The calculated value Is 

is used to determine zero bias barrier height bo  is 

expressed as [31]: 
 

 
* 2

lnbo

s

kT AA T

q I


 
   

 
 (4) 

 

The barrier height obtained under flat band condition is 

called the flat barrier height 
bF

 . Flat band barrier height 

is considered as the real fundamental quantity since the 

electric field in the semiconductor is zero under flat 

condition unlike in the case of zero bias barrier height. Also 

this eliminates the effect of the image force lowering that 

would affect the I-V characteristics and removes the 

influence of lateral inhomogeneity [34-35]. The flat-band 

barrier height bF  is calculating from the experimental 

ideality factor and zero bias barrier height bo  by the 

following equation [36]: 
 

  1 ln V
bF bo

A

NkT
n n

q N
 

 
    

 
 (5) 

 

Where NV is the effective density of states in the 

valance band and NA is the carrier concentration of the 

semiconductor (1016 cm – 3) used. 

The value of zero bias barrier height ( bo ) and flat band 

barrier height ( bF ) are plotted as function of temperature 

in Fig. 3. The plot shows an increasing trend for bo  with 

increasing temperature of Schottky contact depending on 

the electric field across the contact consequently on the 

applied bias voltage. As shown in Fig. 3 the temperature 
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dependence of the flat band barrier height can be 

expressed as 
 

    0bF bFT T T      (6) 

 

where bF is the flat band barrier height extrapolated to 

T  0 K and   is its temperature coefficient. In Fig. 3, 

the fitting of bF (T) data in equation (6) provides 

bF (T  0)  1.07 eV and    3.130  10 – 4 eV K – 1. This 

experimental value of temperature coefficient of barrier 

height for the In/p-Si Schottky contact is good in 

agreement with temperature coefficient value of 

4.73  10 – 4 eV K – 1 for silicon [37]. 
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Fig. 2 – Ideality factor with temperature for In/p-Si schottky 

contact 
 

The Schmitsdorf, et al. [38] used Tung’s theoretical 

approach that there is a linear relation between the 

apparent zero bias barrier height and ideality factors. The 

variation of the apparent barrier height versus the 

ideality factor is shown in Fig. 4. As shown in the figure, 

there is linear relationship between the apparent effective 

barrier heights and the ideality factor of the contacts that 

can be explained by lateral inhomogeneties of the barrier 

heights in Schottky contacts [39-42]. The extrapolation of 

the apparent barrier height versus the ideality factor plot 

to n  1 has given a homogeneous Schootky barrier height 

of approximately 1.11 eV. Thus, it can be said that the 

significant decrease of the zero bias barrier height and 

increase of the ideality factor towards decreasing 

temperature are possible caused by the barrier height 

inhomogeneties. It is seen to have good linearity and is a 

proof of applicability of the interfacial model [43]. The 

value of flat band barrier heights evaluated from here is 

found to be 1.07 eV. 

To determine barrier height in another way by use 

of Richardson plot for reverse saturation current by 

taking natural logarithm of equation (2) rewritten as 

The Richardson constant is usually determinate from the 

intercept of 
2

1
ln sI vs

TT

 
 
 

 plot. The conventional energy 
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Fig. 3 – Zero bias barrier height and flat band barrier height for 

In/p-Si schottky contact 
 

ideality factor (n)

1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4

a
p

p
e

a
ra

n
t 

b
a

rr
ie

r 
h

e
ig

h
t

0.4

0.5

0.6

0.7

0.8

y = - 0.218x + 1.1136

 
 

Fig. 4 – Linear variation of apparent barrier height vs ideality 

factor at different temperatures for In/p-Si Schottky contact 
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variation of 
2

1
ln sI vs

TT

 
 
 

 plot is found to be non linear in 

the temperature-range measured as shown in Fig. 5. However, 

the
2

1
ln sIn vs

TT

 
 
 

 gives a straight line as shown in Fig. 6. The 

activation energy from the experimental data are shown in 

Fig. 5 gives 0.12 eV and Richardson constant A* (2.07  10 –

 8 A/cm2 K2) which is much lower than the known value of p- 

type silicon 32 A/cm2 K2. The deviation in the Richardson plots 

may be due to the spatial inhomogeneous barrier heights and 

potential fluctuations at the interface that consist of low and 

high barrier areas. [44-47]. In other words, the current of the 

diode will flow preferentially through the lower barriers in the 

potential distribution. Horvath [47] explained that the A* 

value obtained from the temperature dependence of the I-V 

characteristics may be affected by the lateral inhomogenity of 
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the barrier. The plot of modified 
2

1
ln sIn vs

TT

 
 
 

 gives an 

activation energy of 1.5 eV and Richardson constant 

25.58 A/cm2 K2. 

In real Schottky contact, the barrier heights vary 

over the contact area because of variations in the 

interfacial layer thickness and/or composition and also 

because of interfacial charges. For the correction the 

barrier height inhomogeneties have been obtained a 

modified value of the Richardson constant closer to the 

known value 32 A/cm2 K2. The inhomogeneous barrier 

behaviour can be explained using an analytical 

potential fluctuation model [48-55]. The decrease in the 

barrier height with a decrease in temperature can be 

explained by the lateral distribution of barrier height if 

the barrier height has a Gaussian distribution analysis 

of the barrier height values with a mean value
_

b  and 

standard deviation s which can be given by [54, 55] 

 

  

2

2

1
exp

22

b b
b

ss

p
 


 

  
     
    

 (8) 

 

Where 
1

2s 
 is the normalization constant of the 

Gaussian barrier height distribution. The total value 

I(V) across Schottky contact containing a barrier 

inhomogeneties can be expressed as  
 

      ,b b bI V I V P d  




   (9) 

 

Where  ,bI V is the current at a bias V for a barrier 

of height based on the ideal thermionic emission–

diffusion theory and  bP  is the normalized 

distribution function giving the probability of accuracy 

for barrier height. Substituting Eq. (2) for  ,bI V  and 

Eq. (8) for  bP   in Eq. (9), obtain the current I(V) 

through the Schottky barrier at a forward bias V but 

with a modified barrier as [3] 
 

   exp 1 exps

ap

qV qV
I V I

n kT kT

    
           

  

With 

 * 2 exp
ap

s

q
I AA T

kT

 
  

 
 (10) 

 

Where apn  and ap  are the apparent ideality factor 

and the apparent barrier height respectively. With 

Gaussian distribution of barrier height at the interface 

due to homogeneities have shown that temperature 

variation at zero bias respectively is given by [56-58]. 
 

  
2_

0
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 (12) 

 

It is believed that the mean value
_

b  and standard 

deviation s are linearly bias dependent of Gaussian 

parameter such that 2b bo V    and 3s so V    , 

where 2  and 3  are the voltage coefficients that may 

depend on temperature and they measure the voltage 

deformation of the barrier height distribution. Using the 

experimental data calculate apn  and bo  by Eqs. (3) and (4) 

at zero bias respectively, which should obey Eqs. (10) and 

(11). The plot of ap versus 1/T (Fig. 7) should be a straight 

line that gives bo   1.06 eV and o   0.16 V from the 

intercept and slope respectively. The standard deviation is 

a measure of the barrier inhomogenity. The lower value of 

o corresponds to more homogeneous barrier height [59]. 

The value of voltage coefficients 2  and 3  are obtained 

from the intercept and slope of the plot (Fig. 8) ( 2   1.11 V 

and 3   – 0.017 V ). The linear behavior plot (Fig. 7 and 8) 

show that the ideality factor expresses the voltage 

deformation of the Gaussian distribution of the Schottky 

barrier contact. The value of standard deviation o from 

slope of this line is found to be 0.16 V. 

The conventional Richardson plot is now modified by 

combining Eqs. (11) with (12) as follows 
 

  2 2 2 2 *
02

ln 2 lns boI q
q k T AA

kTT




 
   

 
 (13) 

 

The plot of a modified  2 2 2 2
02

1
ln 2sI q k T vs

TT


 
 

 
 

according to Eq. (13) should give a straight line with the 

slope directly yielding the mean bo (T  0) and the 

intercept (  lnAA*) at the ordinate determining Richardson 

constant A* for a given diode area A. 

Fig. 9 shows this modified plot gives values of bo (T  0) 

and A* as 1.17 eV and 31.16 A/cm2K2 respectively, without 

using  the temperature coefficient of the flat band barrier 

height. The value of bo (T  0)   1.17 eV from this plot is 

nearly same as the value of bo (T  0)  1.06 eV from the 

plot of 
1

ap vs
T

 . However, Bhuiyan, Martinez and Esteve 

[60] give a new Richardson plot of 
2

1
ln sIn vs

TT

 
 
 

 for non 

ideal Schottky contacts and it gives a good straight line 

with bo   1.56 eV (Fig. 5). 

http://www.scielo.br/scielo.php?pid=S0103-97332008000500011&script=sci_arttext#fig06#fig06
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Fig. 5 – Richardson plot of the 
2
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ln sI vs
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 for In/p-Si 

Schottky contact 
 

1/T

0.0026 0.0028 0.0030 0.0032 0.0034 0.0036 0.0038 0.0040 0.0042 0.0044 0.0046

n
 l
n
 (

I s
/T

2
)

-90

-80

-70

-60

-50

-40

y = -17490 x + 0.323

 
 

Fig. 6 – The modified Richardson plot n 
2

1
ln sI vs
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 for  

In/p-Si Schottky contact 
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Fig. 7 – Apparent barrier height vs 1/T for In/p-Si Schottky 

contact 
 

It is found that the barrier height has a value of 

around 1.06 eV from the plot of 
1

ap vs
T

  which is 

compared with the flat band barrier height 1.07 eV and 

the barrier height obtained from the modified 

Richardson plot 1.17 eV and the standard deviation in 

barrier height is 0.16 V. Thus, the conformity to be quite 

satisfactory. 
 

1/T

0.0026 0.0028 0.0030 0.0032 0.0034 0.0036 0.0038 0.0040 0.0042 0.0044 0.0046

n
-1

-1

-0.70

-0.65

-0.60

-0.55

-0.50

-0.45

 

Fig. 8 – Variation 
1 1

( 1)n vs
T

   for In/p-Si Schottky contact 
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Fig. 9 – The modified Richardson plot 

2

2

1 1
ln

2
s oI q

vs
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 for 

In-pSi Schottky contact according to Gaussian distribution of 

barrier heights 

 

4. CONCLUSION 
 

Evaluation of non ideal Schottky contact is very complex. 

The I-V characteristics of In/p-Si Schottky contact were 

measured over the temperature range of 220-360 K. It can be 

interpreted on the basis of the TE theory with Gaussian 

distribution of the barrier height of bo (T  0)  1.17 eV and 

standard deviation o  is found to be 0.16 V. The lower value 

o  corresponds to more homogenous barrier height. In 

addition, the inhomogenity and potential fluctuations may be 

occurring as a result of inhomogeneties in the composition of 

interfacial oxide layer or thickness and non uniformity of 

interfacial charges. Furthermore, the experimental results of 

ap  and nap fit very well for the theoretical equation related to 

the Gaussian distribution of ap  and nap. Again the 

2

1
ln sI vs

TT

 
 
 

 plot gives an unfair effective Richardson 
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constant, but used Richardson Plot of  
2

1
ln SIn T vs

TT

 
 
 

 

and modified Richardson plot obtained A*  25.58 A/cm2 

K2 and 31.16 A/cm2K2 respectively Thus, modified 

Richardson plot using Gaussian distribution of the barrier 

height is very nearer to the theoretical value 32 A/cm2K2 

of holes in p-type silicon. 
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