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Abstract 

We report on the analysis of current voltage (I-V) measurements performed on Pd/ZnO 

Schottky barrier diodes (SBDs) in the 80-320 K temperature range. Assuming thermionic 

emission (TE) theory, the forward bias I-V characteristics were analysed to extract Pd/ZnO 

Schottky diode parameters. Comparing Cheung’s method in the extraction of the series 

resistance with Ohm’s law, it was observed that at lower temperatures (T<180 K) the series 

resistance decreased with increasing temperature, the absolute minimum was reached near 

180 K and increases linearly with temperature at high temperatures (T>200 K). The barrier 

height and the ideality factor decreased and increased, respectively, with decrease in 

temperature, attributed to the existence of barrier height inhomogeneity. Such inhomogeneity 

was explained based on TE with the assumption of Gaussian distribution of barrier heights 

with a mean barrier height of 0.99 eV and a standard deviation of 0.02 eV. A mean barrier 

height of 0.11 eV and Richardson constant value of 37 A cm
-2

 K
-2

 were determined from the 

modified Richardson plot that considers the Gaussian distribution of barrier heights. 
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1. Introduction 

In realizing semiconductor-based devices, there are various parameters that need to be taken 

into consideration: surface preparation process, the formation of barrier height between the 

metal and semiconductor and its homogeneity, density of interface states and dislocations, 

applied voltage and series resistance (  ) [1, 2]. Amongst all these, the    is an important 

parameter, which causes the electrical characteristics of devices to be non-ideal [3]. There are 

various techniques to evaluate the main electrical parameters from the forward bias I-V 

measurements such as Cheung and Cheung’s method and the Ohm’s law [4]. Cheung and 

Cheung’s method brings an alternative approach from Ohm’s law to determine the barrier 

height, ideality factor and    from the forward I-V measurements, which are the main 

electrical parameters in the characterization of a SBDs and provide useful information 

concerning the nature of the diodes [5]. 

Analysis of the forward biased I-V characteristics of these devices only at room temperature 

does not give a detailed description about the current conduction mechanism. The 

investigation of the forward bias I-V characteristics in a wide temperature range gives a clear 

understanding of the aspects of the current transport mechanism and the barrier formation. In 

general, the forward bias I-V characteristics of these devices deviate from the ideal TE theory 

[6]. There is still some difficulty in predicting the exact transport phenomenon. A careful 

analysis of the I-V characteristics of the SBDs at different temperatures provides detailed 

information of the conduction process and the nature of the barrier formation at the metal-

semiconductor interface [7]. However, in the case of inhomogeneous barrier potential 

between metal and semiconductor, the structure’s barrier potential is resembled to a barrier 

consisting of higher and lower patches from which current pass through. Thus, it is possible 

to explain it through TE theory with the Gaussian distribution of the barrier potential [8]. 
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In this study, we analyse temperature dependent forward biased I-V measurements on 

Pd/ZnO SBDs in the 80-320 K temperature range. The series resistance, Schottky Barrier 

height and ideality factors were calculated using conventional methods as well as alternative 

methods. Fair correlation is obtained with the alternative methods and the conventional 

methods in certain areas of the plots. The deviation from ideal TE transport mechanism is 

been an issue with ZnO materials. Hence, the TE theory with the Gaussian distribution of the 

barrier potential is used to explain the current transport mechanisms and the determination of 

the Richardson constant. 

 

2. Experiment 

In this study, undoped ZnO samples from Cermet Inc. were used [9]. The samples were 

degreased in acetone, then methanol for five minutes each in an ultra-sonic bath. They were 

annealed in nitrogen gas at 800 
o
C for 30 minutes and they were again degreased in acetone 

and methanol. Then etched in 100
 o

C boiling hydrogen peroxide for three minutes and blown 

dry with nitrogen gas. Ohmic contacts with composition of Al/Au and relative thicknesses of 

65/50 nm were deposited on the Zn polar face using the resistive evaporation technique at a 

pressure of approximately 1 𝗑 10
–6

Torr. Pd Schottky contacts of diameter 0.6 mm and 

thickness of 100 nm were fabricated on the O-polar face of the ZnO samples using the 

resistive evaporation system under a vacuum of approximately 1 𝗑 10
–6

Torr. Temperature-

dependent I-V measurements were performed in a closed cycle Helium cryostat in the 80-320 

K temperature range. 

 

3. Results and discussion  

The current-voltage (I-V) characteristics of Pd/ZnO Schottky barrier diodes in the 80-320 K 

temperature range are plotted in Figure 2(a). The behaviour of the curves shows strong  
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Figure 1: A schematic diagram of Pd/ZnO SBDs. 

  

Figure 2: (a) Semi logarithmic forward current-voltage (IV) characteristics, (b) barrier height and 

ideality factor as a function of temperature for Pd/ZnO SBDs. 

 

temperature dependence and a deviation from the ideal Schottky barrier diodes. Assuming 

standard thermionic emission (TE) theory, the barrier height (Фbo) and ideality factor (n) are 

extracted using Eqs. (1) and (2) and a linear fit to the I-V data [10]. 

     
  

 
  *

     

  
+     (1) 

and 

   
 

  
(

  

    
)      (2) 

where    is the saturation current, k is the Boltzmann constant, q is the electronic charge,   is 

temperature in Kelvin,   is the diode area in square centimetres,     is barrier height in eV 

and    is the Richardson constant, evaluated at 32 A cm
-2

 K
-2

 for n-ZnO [2]. 
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From Eqs. (1) and (2) the values of    and   of the Pd/ZnO in the 80-320 K temperature 

range are plotted in Figure 2(b). The behaviour of the curves show that the     increases and 

the   decreases with increasing temperature. This explains the deviation of the I-V 

characteristics from the pure TE mechanism, in which the     and the   should remain 

constant with temperature. The higher values of n can be attributed to the presence of barrier 

height inhomogeneities at the interface, minority carrier injections, the image force effect and 

the formation of a particular distribution state at the semiconductor band gap [11]. Several 

researchers [8, 12] reported a similar behaviour of the barrier height, which disagree with the 

negative temperature coefficient of resistance in II-IV metal-semiconductors (MS). Another 

possible explanation of the observed behaviour is the temperature-activated current transport 

of charge carriers across the MS interface [13]. At low temperatures, electrons are able to 

surmount the lower barrier through tunnelling [8]. Therefore, tunnelling will be the dominant 

transport mechanism of charge carriers through the patches at lower    . As temperature 

increase, more electrons access sufficient energy to surmount the barrier height areas through 

TE, explaining the behaviour of barrier height increasing with increasing temperature [14]. 

From Figure 2(a) the forward bias current voltage (I-V) characteristics are linear on the semi-

logarithmic scale from 0.0 V to 0.5 V then deviate due to   . Hence, it is of vital importance 

to determine the    using a variety of methods. The simplest way to determine the    values 

is Ohm’s law, which yields    as dV/dI in the forward bias region and another way of 

determining the    is by Cheung and Cheung’s method [1, 3]. The forward bias I-V 

characteristics due to TE theory of Schottky diodes with the    can be expressed as Cheung’s 

functions [4]: 

  

      
      (

  

 
)     (3) 

and 
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Figure 3: (a) & (b) Cheung and Cheung’s functions against the forward current characteristics of 

Pd/ZnO SBDs. 

 

From Figure 3(a), the plot is linear with    as the gradient and      as the y-axis intercepts 

derived from Eq. (3). The insert in Figure 3(a) shows a plot of the whole range of the forward 

bias I-V data, which can be divided into two regions. In region I, the ideality factor is similar 

to that obtained using ohm’s law, with high values of   , where the    determined from 

region II are in good agreement with those of obtained from the I-V curves. The observed 

behaviour can be attributed to the existence of the   , interface states and to the voltage drop 

across the interfacial layers. Furthermore, the plot of H(I)-I is linear, with the gradient of this 

plot providing a different determination of   . Thus, by using the value of the   obtained 

from Eq. (3) the value of      can be calculated from the y-axis intercept of the H(I)-I plot. 

Similar observations were reported by Durmus et al [15] on Au/n-Si SBD  and Kinaci et al 

[5] on Au/TiO2/n-Si SDB. 

The    obtained from the three different techniques were plotted in Figure 4(a). Mtangi et al 

[16] observed a similar trend of series resistance obtained from lnI-V plots on Pd/ZnO SBD 

in the 60-300 K temperature range. They explained the observed trend to be related to bulk 

resistivity of the sample determined from the Hall effect measurements, where a transition in  
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Figure 4: (a) ) Series resistance as a function of temperature using 3 different methods and (b) 

Richardson plot, ln (Is/T
2
) versus 1000/T for Pd/ZnO SBDs. 

the conductivity occurs near 180 K. From Figure 4(a) shows that at lower temperatures (T< 

180 K), the    decreases with increase in temperatures, while showing an absolute minimum 

near 180 K and increases linearly with temperature at high temperatures (T> 200 K). 

As discussed earlier, temperature influences     (Figure 2(b)). Another way of determining 

the     and the Richardson constant in a range of temperatures, Eq. (1) can be rewritten as, 

  (
  

  
)          

    

  
    (5)  

Figure 4(b) shows a plot of the conventional energy variation of ln (Is/T
2
) against 10

3
/T in the 

180-320 K temperature range. Although the entire study of temperature dependent I-V 

measurements were conducted in the 80-320 K temperature range, a non-linear behaviour 

was observed at lower temperatures. Hence, linear region of 180-320 K was plotted in Figure 

4(b). The non-linearity of the plot can be attributed to the dependence of the barrier height 

and the ideality factor on temperature. The     and Richardson constant were determined 

from the gradient and the y-axis intercept in Figure 4(b), respectively. The Richardson 

constant was determined as 3 𝗑 10
–9

A cm
–2 

K
–2

 in the180-320 K temperature range. These 

values are much lower compared to the theoretical value of 32 A cm
–2 

K
–2

 in n-ZnO. The 
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effective barrier height is 0.26 eV in the 180-320 K temperature range. The deviation in the 

Richardson plot may be due to the presence of the spatially inhomogeneous barrier height and 

the potential fluctuations at the interface that consists of low and high barrier areas, i.e. when 

the temperature is lowered, the current will flow preferentially through the lower barriers in 

the potential distribution [17-19].  

An analytical potential fluctuation method on spatially inhomogeneous SBD can be used to 

quantitatively explain the non-ideal I-V behaviour of Pd/ZnO Schottky diode, by assuming 

the Gaussian distribution of the SBH with the mean value of SBH ( ̅       ) and a 

standard deviation (   ) of the SBH distribution. The total current in a given forward bias V 

is then given by 

        (
  

     
) *     (

   

  
)+   (6) 

with 

           (
    

  
)     (7) 

Where     and Ф   are the apparent ideality factor and apparent Schottky barrier height, 

respectively, given by [17] 

      ̅        
    

 

   
    (8) 

(
 

   
   )        

   

   
    (9) 

Here    and    are voltage coefficients, which may depend on temperature, used to quantify 

the voltage deformation of the SBH distribution [20]. Figure 5(a) shows a linear plot of 

barrier height vs. q/2kT, (Ф̅       ) and    , which were extracted using Eq. (8) as the y-

axis intercept and the gradient obtained as 0.99 eV and 0.02 V, respectively. The smaller the 

value of the    , the more homogeneous the barrier height is and the better the diode. A linear  
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Figure 5: (a) Zero-bias apparent barrier height and the inverse ideality factor versus q/2kT and (b) 

Modified Richardson plot for the Pd/ZnO SBDs according to the Gaussian distribution of the barrier 

heights. 

 

 

plot of ideality factor vs. q/2kT, using Eq. (9) shown in Figure 4(a) gives the voltage 

coefficients    and    as the intercepts and gradient, respectively, are obtained as 0.03 and -

0.01 eV, respectively. The linear behaviour of the plot shows that the ideality factor expresses 

the voltage deformation of the Gaussian distribution of the SBD. 

The Richardson constant extracted from the conventional activation energy        
   vs. 

1000/T plot was much lower than the theoretical value due to the lateral inhomogeneity of the 

Schottky barrier. A more reliable value of the Richardson constant can be determined using 

modified Arrhenius plot by eliminating the effect of the inhomogeneity. A modified 

expression according to the Gaussian distribution of the SBHs can be obtained by using Eqs. 

(8) and (9) in Eq. (5) as 

  (
  

  
)  (

    
 

     
)           *

    

  
+  (10) 

The modified        
        

           vs. 1000/T plot shown in Figure 5(b) should 

yield a straight line following the Eq. (10) with the gradient directly yielding the mean     

and the intercept at the y-axis yielding the modified Richardson constant (   ). The values of 

       
        

           were calculated using the value of    . From the plot, the 
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mean     and A** were determined to be 0.99 eV and 37 A cm
-2

 K
-2

 without using the 

temperature coefficients of the barrier heights, respectively. The mean     extracted using 

the modified Richardson plot was identical to 0.99 eV obtained from the plot of barrier height 

vs. q/2kT as shown in Figure 5(a). Furthermore, the modified Richardson constant of 37 A 

cm
-2

 K
-2

 is very close to the theoretical value of n-ZnO of 32 A cm
–2

 K
–2

, implying the 

validity of the analytical model predicting the Gaussian type of the barrier height distribution 

in Pd/ZnO Schottky diode. 

 

4. Conclusion 

Analysis of the forward bias I-V measurements of Pd/ZnO Schottky barrier diodes were 

investigated in a wide temperature range of 80-320 K. The series resistance obtained in this 

study are in good agreement with literature and with each other. The current transport 

mechanism at lower temperature is dominated by the current flow through the low Schottky 

barrier areas and tunnelling. Meanwhile at high temperatures, TE is the dominant current 

transport mechanism. Barrier height and the ideality factor decreased and increased, 

respectively, with decreasing temperature, attributed to the existence of barrier height 

inhomogeneity. Such inhomogeneity has been successfully explained based on TE with the 

assumption of Gaussian distribution of barrier heights with a mean barrier height of 0.986 eV 

and a standard deviation of 0.015 V. A mean barrier height of 0.994 eV and Richardson 

constant value of 37 A cm
-2

 K
-2

 were determined from the modified Richardson plot that 

considers the Gaussian distribution of barrier heights. 
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