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The main parameters of Re/n-GaAs Schottky barrier diodes (SBDs) were investigated at room temperature by the forward 
and reverse bias current–voltage (I– V), capacitance–voltage (C– V) and conductance–voltage (C/ω− V).The diodes were 
fabricated by using PLD technique. Characteristics parameters such as potential barrier height (𝛷𝛷𝐵𝐵), ideality factor (𝑛𝑛) and 
series resistance (𝑅𝑅𝑠𝑠) have been calculated by using different methods and compared. Furthermore, the voltage-dependent 
profile of the resistance (𝑅𝑅𝑖𝑖) and shunt resistance (𝑅𝑅𝑠𝑠ℎ) were obtained for Re/n-GaAs Schottky diodes from the 𝐼𝐼–𝑉𝑉 data using 
Ohm's law. In addition, the influence of frequency on parameters have been investigated. From the reverse bias 𝐶𝐶−2 versus 𝑉𝑉 
plots the Fermi energy level 𝐸𝐸𝐹𝐹, doping concentration 𝑁𝑁𝐷𝐷 and potential barrier height for each frequency have been obtained. 
The dependence of parameters on frequency due to surface state have been revealed. 
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1. INTRODUCTION 

 
Currently, an important element of most 

electronic devices are contact structures based on 
Schottky barriers. In this regard it should be noted that 
the electrical properties and fabrication of SBDs very 
interesting both in electronic applications and in 
understanding other semiconductor devices. It should 
be noted, that basic parameters of electronic devices 
depend on technology of fabrication, choice of 
materials, doping degree and surface states of 
semiconductor [1-4]. Besides the using of different 
theoretic and calculation methods also influence on 
obtained result. 

Shottky barrier diodes on the basis of GaAs are an 
important element in many electronic devices. This is 
determined largely by the relative ease of the 
fabrication of metal-semiconductor contacts and some 
advantages in comparison with p-n junction such as 
high electron mobility, high voltage electrical 
breakdown, high radiation resistance. GaAs has a high 
electrical resistivity as well as a high dielectric 
constant. Unlike silicon devices, devices on the basis of 
GaAs are less susceptible to temperature changes and 
generate less noise when operating at high frequencies. 
Due to these properties, direct-gap semiconductor 
GaAs is widely used in semiconductor lasers, some 
radar systems, in solar batteries, working in space [5-
8]. 

Due to  high melting point, chemical resistance, 
catalytic activity, stability at high temperatures, high 
stability of films, a low temperature coefficient of 
resistance, a slight change in resistance with increasing 
film thickness rhenium is an interesting material  [9-
13]. However, in the scientific literature there is 
practically no information on studying the parameters 

of SBD Re/n-GaAs [14,15]. The aim of this study is 
investigation of main parameters of Re/n-GaAs on the 
basis of measured 𝐼𝐼 − 𝑉𝑉 , C-V and G/ω-V characteristic 
at room temperature. 

 
EXPERIMENTAL PROCEDURE 
 
Investigated Re/n-GaAs SBD-s were fabricated 

using the DSP (double si depolished) method. Single-
crystal n-type GaAs (100) with a thickness of 625 μm 
and carrier concentration (2.2-3.1)1018 cm-3 was used 
as a semiconductor substrate. After numerous 
degreasing and processing steps, the GaAs wafer was 
thoroughly washed in deionized water with a resistivity 
of 18,2 MΩ cm. Low ohmic contacts to the n-GaAs 
wafer were fabricated using high purity (99.999%) Au.  
In a high vacuum system of about 10-6 Torr, Au with a 
thickness of about 2000 Å was deposited on the entire 
back side of the n-GaAs wafer. The ohmic contacts 
were annealed by a temperature treatment at 450 oC for 
5 min [15].  

Rectifying contacts with a thickness of about 
(200-250) nm were deposited by PLD onto the front 
surface of an n-type GaAs wafer.  Rhenium (Re), which 
was used as the target material, was supplied by Good 
fellow with a 99.99% purity.  

Before starting material deposition, vacuum was 
pumped down to a base pressure about 1x10-7mbar 
using a DUO 20M Rotary Vane Pump connected to a 
HiPace 700 turbo molecular pump, both of them made 
by Pfeiffer Vacuum. When deposition was started, the 
chamber pressure was about 1x10-6 mbar. To 
fabrication of rectifying contacts with 1.5 mm 
diameters a metal shadow mask was used. Deposition 
time was about 2 hours depending on the required 
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contact material thickness. A sketch of the obtained 
Schottky diode structure is given in Fig. 1. 

The current-voltage (𝐼𝐼–𝑉𝑉) measurements in the 
range from -5.0 V to +5.0 V with 5 mV steps were 

performed by using a Keithley 2410 Source Meter at 
room temperature. 

 

 
 

Fig.1. Cross-sectional view of Re/n-GaAs (MS) Schottky diodes/structures. 
 

2. RESULTS AND DISCUSSION 
 

The operation of Schottky diodes is determined 
mainly by the height of the potential barrier (𝛷𝛷𝐵𝐵), the 
ideality factor (𝑛𝑛)  and series resistance (𝑅𝑅𝑠𝑠) . It should 
be noted that the deviation of the structure from ideality 
does not allow one to unambiguously determine F and 
n [16-23]. To accurately determine the barrier height 
(BH), three factors need to be taken into account: the 
accuracy of measuring the initial values, the accuracy 
of the approximation method and the accuracy of 
determining the current transfer mechanism. In the 

present work Re/n-GaAs SBD parameters have been 
calculated by the using of various methods that do not 
require measurements at different temperatures from 
measurements of the current-voltage characteristics 
and compared. 

The current-voltage characteristic of Re/n-GaAs 
SBD measured in the forward and reverse bias regions 
(±5 V) was previously analyzed based on thermionic 
emission theory [24]. In the presented article  𝐼𝐼 − 𝑉𝑉 
charactersistic has been analized by the depending 𝐿𝐿𝑛𝑛𝐼𝐼 
vs 𝐿𝐿𝑛𝑛𝑉𝑉 as is shown in Fig.2. [1,16,24,25]. 

 

 
  

Fig.2. Double logarithmic 𝐼𝐼 − 𝑉𝑉 plot of Re/n-GaAs SBD at forward bias. 
 

The above method is very convenient for 
calculating the parameters of a diode with a narrow-gap 
semiconductor (GaAs).  As can be seen from the 
Fig.2. the slope of the characteristic changes. The slope 
1.48 of first region of voltage from 0.66 V to 5 V 
correspond to influence of series resistance. When the 
voltage varying from 0.17 to 0.65 V above-barrier 
current transfer is observed and slope is 5.09. In the 
third section  at voltage (0.01÷0.16)V the slope equals 
1.56 and can be analyzed by the presence of diffusion 
current transfer. Changing the slope of the 
characteristic does not allow to accurately determine 

the height of the potential barrier, ideality factor and 
series resistance.  

To determine 𝛷𝛷𝐵𝐵 and 𝑅𝑅𝑠𝑠 the method (Norde’s 
method) has been used [20]. It is known, that when 
influence of 𝑅𝑅𝑠𝑠 is great at all values of the applied 
voltage Norde’s functions can presented as: 

 

𝐹𝐹(𝑉𝑉) = 𝑉𝑉
𝛾𝛾
− 𝑘𝑘𝑘𝑘

𝑞𝑞
�𝑙𝑙𝑛𝑛 � 1

𝑘𝑘2
� − 𝑙𝑙𝑛𝑛(𝐴𝐴∗𝐴𝐴)�    (1)                   

 
Ф𝐵𝐵𝐵𝐵 = 𝐹𝐹(𝑉𝑉𝑚𝑚𝑖𝑖𝑚𝑚) + 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚

𝛾𝛾
− 𝑘𝑘𝑘𝑘

𝑞𝑞
            (2)                   
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𝑅𝑅𝑠𝑠 = (𝛾𝛾−𝑚𝑚)𝑘𝑘𝑘𝑘
𝑞𝑞𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚

                          (3)                                          
 
where 𝛾𝛾 is a dimensionless integer greater than 𝑛𝑛 [20]. 
In this case, to identification of potential barrier height 
and series resistance at room temperature for the Re/n-
GaAs diode was used the minimum point of 𝐹𝐹(𝑉𝑉) vs 𝑉𝑉 
plot (Fig.3). The Vmin, 𝐹𝐹(𝑉𝑉𝑚𝑚𝑖𝑖𝑚𝑚), 𝛷𝛷𝐵𝐵𝑚𝑚 and 𝑅𝑅𝑠𝑠 values 
were found to be 0.3 V, 5.88x10-1 V, 0.78 eV and 4.13 
Ω, respectively. 
 

 
 

Fig.3. F(V) vs. V(V) plot of Re/n-GaAs SBD. 
 
On the other hand, this method, along with its 

advantages, has some disadvantages.  
The difference between the ideality factor and unity 
affects the calculation results. Besides, according to this 
technique, the calculation is performed at one point of 
the 𝐼𝐼 − 𝑉𝑉 characteristic, which can negatively affect the 
calculation accuracy. 

Another way to solve the identified problem is to 
use the method developed by Cheung [21]. The method 
has been used in order to compute Re/n-GaAs SBD 
parameters like the 𝛷𝛷𝐵𝐵, 𝑛𝑛 and 𝑅𝑅𝑠𝑠 [16,21]. Cheung’s 
functions can be obtained as follows 

 
                   𝑑𝑑𝑉𝑉

𝑑𝑑(ln 𝐼𝐼)
= 𝑛𝑛 �𝑘𝑘𝑘𝑘

𝑞𝑞
� + 𝐼𝐼𝑅𝑅𝑠𝑠                    (4)                             

 
 𝐻𝐻(𝐼𝐼) = 𝑉𝑉 − 𝑛𝑛 𝑘𝑘𝑘𝑘

𝑞𝑞
𝑙𝑙𝑛𝑛 � 𝐼𝐼

𝐴𝐴𝐴𝐴∗𝑘𝑘2
� = 𝑛𝑛𝛷𝛷𝐵𝐵0 + 𝑅𝑅𝑠𝑠𝐼𝐼    (5)                    

 
                𝐻𝐻(𝐼𝐼) = 𝑉𝑉 − 𝑛𝑛 𝑘𝑘𝑘𝑘

𝑞𝑞
𝑙𝑙𝑛𝑛 � 𝐼𝐼

𝐴𝐴𝐴𝐴∗𝑘𝑘2
�              (6)                               

 
Here, 𝐼𝐼𝑅𝑅𝑠𝑠 is the voltage drop across the series 

resistance of the Re/n-GaAs SBD. The plots 
𝑑𝑑𝑉𝑉 𝑑𝑑(𝑙𝑙𝑛𝑛𝐼𝐼) − 𝐼𝐼⁄  and 𝐻𝐻(𝐼𝐼) − 𝐼𝐼 are presented in Fig.4 
Using the slope of 𝑑𝑑𝑉𝑉 𝑑𝑑(𝑙𝑙𝑛𝑛𝐼𝐼) − 𝐼𝐼⁄  has been obtained 𝑅𝑅𝑠𝑠 
and 𝑛𝑛 as 3.27 Ω and 1.43, respectively by using Eq.(4). 
𝐼𝐼–𝑉𝑉 data was analyzed by the well-known equation at 
forward bias Eq. (5). On the basis of 𝐻𝐻(𝐼𝐼) − 𝐼𝐼 plot’s 

has been calculated 𝑅𝑅𝑠𝑠 with the value of 4.04 Ω and 
potential barrier height 𝛷𝛷𝐵𝐵𝐵𝐵ℎ= 0.74 eV (Fig.4).  

      

 
 
Fig.4. The plots of 𝑑𝑑𝑉𝑉/𝑑𝑑𝑙𝑙𝑛𝑛𝐼𝐼 versus 𝐼𝐼 and 𝐻𝐻(𝐼𝐼) 

versus 𝐼𝐼 at room temperature. 
 
Another method for the obtaining of series 

resistance and ideality factor is Verner’s method [22]. 
In this method differential conductance (𝐿𝐿 = 𝑑𝑑𝐼𝐼/𝑑𝑑𝑉𝑉) of 
real diode at 𝑉𝑉 > 3𝑘𝑘𝑘𝑘/𝑞𝑞 is described by the relation 
(Fig.5): 

 
                    𝐿𝐿

𝐼𝐼
= 𝑞𝑞

𝑚𝑚𝑘𝑘𝑘𝑘
(1 − 𝑅𝑅𝑠𝑠𝐿𝐿)                         (7)                  

 

 
 

Fig.5. The plots of L/I versus L for Re/n-GaAs SBD at    
          room temperature 

 
Eq.7 shows that a plot of 𝐿𝐿/𝐼𝐼  versus 𝐿𝐿 yields a 

straight line with slop   𝑅𝑅𝑠𝑠. From 𝑦𝑦-axis intercept one 
can determine the ideality factor 𝑛𝑛. We have compared 
the result of different methods to tested of the 
characteristic parameters of Re/n-GaAs SBD on the 
basis of experimental 𝐼𝐼 − 𝑉𝑉 curve measured at room 
temperature.  One can see that the different techniques 
give almost similar meanings of the parameters. 
Exception is 𝑛𝑛 determined by Verner’s method. 

The calculated values of characteristic parameters 
( 𝛷𝛷𝐵𝐵, 𝐼𝐼𝑜𝑜, 𝑛𝑛 and 𝑅𝑅𝑠𝑠)  of  Re/n-GaAs SBD experimentally 
obtained at room temperature are given in Table 1.  
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Table 1. 
 

ФB0 
(eV) 

n Rs 
(Ω) 

Rsh(Ω) Norde Cheung Cheung Verner 
dV/dlnI H(I)   

ФBN 
(eV) 

RsN 
(Ω) 

RsCh1 
(Ω) 

n RsCh2(Ω) ФBCh(eV) Rsv(Ω) n 

0,61 1,84 3,92 2,19Е+1 0,78 4,13 3,28 1,43 4,04 0,74 3,13 4,52 
       

The obtained result indicates the difference 
between the selected and ideal model. To explain the 
obtained results, it should be taken into account that the 
ratio of the lattice parameters of the metal and 
semiconductor plays a significant role in the formation 
of a contact [26]. It is known,  that lattice parameters 
are a = 0.565nm for GaAs and  a=2.761nm, c=4.456 nm  
for Re, respectively [27]. Due to lattice mismatch 
between the metal and GaAs in the subsurface region 
of semiconductor elastic stresses can be appear. At 
metal deposition on the semiconductor surface is 
possible a mutual diffusion of metal and semiconductor 
atoms, which affects the formation of a barrier and 
surface states [28-30]. The obtained difference between 

values of parameters 𝛷𝛷𝐵𝐵, 𝑛𝑛 and 𝑅𝑅𝑠𝑠,  calculated with the 
using of different methods can be attributed to 
formation of barrier and surface states due to influence 
of lattice mismatch between Re and GaAs. In 
connection with this goal, the Re/n-GaAs SBD were 
studied by the impedance method at frequencies of the 
test signal (50 mV) 10 kHz - 5 MHz. So, figure 6 shows 
for Re/n-GaAs SBD the dependence of C(a) and G/ω 
(b) value vs. frequency at fixed voltage and room 
temperature. It should be noted, that decreasing of 
values of C and G/ω at height frequencies can be 
attributed to the carrier charges at surface states/traps 
and their relaxation time (τ ). 

 

a)                b) 
 
            Fig. 6. The dependence of C(a) and G/w(b) value vs. frequency  at fixed voltage for Re/n-GaAs SBD (T=300K). 
 
 

 
 

Fig.7.  C−2–V plot of Re/GaAs Schottky diode  at various frequencies (10kHz-5MHz). 
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Table 2.   
Various parameters for Re/GaAs Schottky diode obtained on the basis of the of C-V and G/ω –V characteristics 

measured at the frequencies in the range of from 10kHz to 5MHz (50mV) 
    

f, 
x103

Hz 

V0 
(V) 

NDx 
1017 (cm-

3) 
 

EFx10-2  

(V) 
ΦB (eV) Vmax, 

(V) 
G/ωmax 
(F) 

Cm, 
(F) 

Nss, 
(eV-1 sm-2) 

Rs max,  
(Ω) 

10 0,61 1,68 2,43 0,63 0,23 1,90E-5 2,30E-6 6,48E+13 3,01 
20 0,67 2,18 1,77 0,68 0,25 3,01E-6 6,35E-7 3,18E+13 6,64 
30 0,63 1,82 2,23 0,65 0,26 3,60E-6 2,68E-7 2,04E+13 5,33 
50 0,69 1,75 2,32 0,72 0,28 2,12E-6 1,00E-7 8,25E+13 14,02 
70 0,71 1,95 2,15 0,72 0,29 1,09E-6  6,20E-8 4,41E+13 11,46 
100 0,72 2,09 1,88 0,74 0,35 5,42E-7 3,00E-8 1,83E+12 15,94 
200 0,73 1,98 2,01 0,75 0,41 1,45E-7 1,06E-8 7,02E+11 20,95 
300 0,73 1,98 2,01 0,75 0,53 1,66E-8 6,50E-9 4,73E+11 38,57 
500 0,75 1,88 

 
2,14 0,77 0,54 2,38E-8 4,11E-9 3,39E+11 38,5 

700 0,77 1,93 2,07 0,79 0,56 1,22E-8 3,42E-9 2,74E+11 38,30 
1000 0,82 2,06 1,91 0,84 0,58 6,66E-9 2,91E-9 3,14E+11 32,7 
2000  0,83 1,72 2,37 0,85 0,63 1,89E-9 2,74E-9 2,30E+11 17,83 

(≠f(V) 
3000  0,85 2,02 1,97 0,86 0,68 9,1E-10  3,42E-9 1,84E+11 5,28 

(≠f(V) 
5000  
 

0,83 1,81 2,23 0,85 0,74 4,62E-10 2,21E-8 1,21E+11 0,21 
(≠f(V) 

 
The procedure of investigation of parameters 

Re/n-GaAs SBD by considering the Rs and Nss effect 
begins by looking for 𝑉𝑉0,  𝐸𝐸𝐹𝐹 𝑁𝑁𝐷𝐷,𝛷𝛷𝐵𝐵values that can be 
extracted from dependence of capacitance on voltage [ 
31-35] 
 

  𝑑𝑑�1 𝐵𝐵2⁄ �
𝑑𝑑𝑉𝑉

= 2
𝜀𝜀𝑠𝑠𝜀𝜀0𝑞𝑞𝐵𝐵𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐴𝐴2

               (8) 
 
where 𝜀𝜀𝑠𝑠 is the permittivity of the semiconductor (12,9 
for GaAs), 𝜀𝜀0 𝑖𝑖𝑖𝑖 the permittivity of free space charge 
(𝜀𝜀0= 8.85x10-14 F/cm). 𝑁𝑁𝐷𝐷  is the concentration of 
doping (charge concentration) of the semiconductor 
(GaAs), 𝐴𝐴 is the contact area of the diode. 

With the using Eq.8 the experimental value of 𝑁𝑁𝑑𝑑 
has been calculated for low (10kHz) and high values 
(5MHz) of frequency (Fig.7) 
 

𝑁𝑁𝑑𝑑 = 2𝑑𝑑𝑉𝑉
𝜀𝜀𝑠𝑠𝜀𝜀0𝑞𝑞𝑑𝑑(𝐴𝐴2 𝐵𝐵2⁄ )

                (9) 
 
For Re/n-GaAs SBD by the using the intercept  C-2-V 
plot the value of potential barrier height ( 𝛷𝛷𝐵𝐵) has been 
calculated at room temperature (500kHz, 50mV) [31-
36] 
 
                 𝛷𝛷𝐵𝐵 = 𝑞𝑞(𝑉𝑉0 + 𝐸𝐸𝐹𝐹)                      (10)                 

 
 

 
 

Fig.8.  The dependence of potential barrier height (  𝛷𝛷𝐵𝐵 ) on frequency for Re/GaAs SBD. 
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Where 𝑉𝑉0 is diffusion potential, the value of which 
from intersection of linear part of (1/𝐶𝐶)2−𝑉𝑉 
characteristics was determined. Besides, the Fermi 
energy level (𝐸𝐸𝐹𝐹) in the neutral region of n-GaAs was 
obtained as: 

 

𝐸𝐸𝐹𝐹 = 𝑉𝑉𝑚𝑚 = 𝑘𝑘𝑘𝑘
𝑞𝑞
𝑙𝑙𝑛𝑛 �𝐵𝐵𝑐𝑐

𝐵𝐵𝐷𝐷
�                 (11) 

 

𝑁𝑁𝑐𝑐 is the effective density of states in non-
degenerated conductance band of GaAs,   

 

𝑁𝑁𝑐𝑐 = 2,5Е + 19 ∗ (𝑘𝑘/300)3 2� �𝑚𝑚𝑒𝑒
∗

𝑚𝑚0
�
3
2�    (12) 

 

where 𝑚𝑚𝑒𝑒
∗  =0,068m0 is the effective mass of the 

electron in GaAs [2,3] and m0 (9.1×10−31 kg) is the rest 
mass of the electron. 

The values of the barrier height obtained from the 
dependence С-2-V differ from the values obtained from 
the 𝐼𝐼 − 𝑉𝑉 characteristic. This discrepancy can be 
explained by the existence of an interfacial layer or 
surface states. 

As is shown from Fig.8 the value of the potential 
barrier height dependent on frequency of test signal. 
Apparently, this dependence is due to the influence of 
the recharging of surface states [36]. 

CONCLUSION 
 
 
The main parameters of the diode were studied 

based on the I-V, C-V and G/w-V characteristics 
measured at room temperature. The dependence I-V 
was measured in the voltage range ±  5V, the 
dependence of capacitance and conductance on voltage 
have been measured in the frequency range 10kHz- 
5MHz.The basic characteristics parameters such as 𝛷𝛷𝐵𝐵, 
𝑛𝑛 and 𝑅𝑅𝑠𝑠, 𝑅𝑅𝑖𝑖 , 𝑅𝑅𝑠𝑠ℎ have been calculated by using 
different methods (Cheung’s, Norde’s and Verner’s 
methods) at room temperature and compared. The 
values of the parameters calculated by using different 
methods are slightly different, which indicates the 
difference between the selected and ideal model. 
Obtained result was attributed to the influence of lattice 
mismatch between the Re and GaAs on the formation 
of the barrier and surface states. On the basis of the 𝐶𝐶 −
𝑉𝑉 and 𝐺𝐺/𝜔𝜔 − 𝑉𝑉 characteristics measured in a bias 
voltage 2V÷+5V and wide frequency range of test 
signal from 10kHz to 5000 kHz (50 mV) has been 
determined 𝐸𝐸𝐹𝐹, 𝑁𝑁𝐷𝐷 ,  𝛷𝛷𝐵𝐵,𝑅𝑅𝑠𝑠 𝑁𝑁𝑠𝑠𝑠𝑠  and dependence on 
frequencies. It was revealed the contribution of surface 
states at low frequencies.  
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