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Abstract
Temperature-dependent electrical analysis of the Ti/p-Si/Al Schottky barrier diode was performed by measuring the current–
voltage (I–V) and capacitance–voltage (C–V) properties over a temperature range of 80–300 K in steps of 20 K. Electrical 
parameters including the barrier height ( Φ

b0
 ) and ideality factor (n) were calculated according to the thermionic emission 

(TE) theory. It was determined that the barrier height values increased and the values of the ideality factor decreased with 
the increase in temperature. The temperature-dependent barrier height properties were explained by considering the barrier 
height inhomogeneity using a Gaussian distribution. From the 1/2kT versus Φ

b0
 graph, which shows the Gaussian distribu-

tion, the mean barrier heights and standard deviation were 0.5856 eV and 67 mV (80–160 K) and 1.0443 eV and 129 mV 
(180–300 K),  respectively. The temperature dependence of the Ti/p-Si Schottky barrier diode (SBD) is explained based 
on the TE mechanism and Gaussian distribution of the barrier heights. In addition, the barrier heights determined from the 
C–V measurements are higher than the values obtained from the I–V measurements in conjunction with the formation of an 
inhomogeneous Schottky barrier at the interface.
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Introduction

Metal–semiconductor (MS) contacts are basic devices 
widely used in modern technology, particularly in the elec-
tronics industry. Schottky barrier diodes (SBDs), comprising 
M–S interfaces, are the basis of many electronic devices, 
photodetectors, field-effect transistors, solar cells, and 
microwave diodes. Due to the technological importance of 
SBDs, a thorough understanding of their electrical behavior 
is critical. It is well known that metal–semiconductor inter-
face states have a dominant effect on device performance, 
stability, and reliability.1–4

Furthermore, studies conducted only at room temperature 
or in a small temperature range do not provide detailed infor-
mation about barrier formation or current conduction mech-
anisms at the M–S interface.5–7 On the other hand, knowing 
the temperature dependence of the current–voltage (I–V) 

properties for a wide temperature range allows us to under-
stand different directions of the underlying device proper-
ties and conduction mechanisms.8,9 The thermionic emission 
(TE) theory is normally used to determine diode parameters 
such as zero-bias barrier height ( Φb ), and according to TE 
theory, the ideality factor (n) is expected to be close to unity. 
However, the obtained value of the ideality factor is usually 
greater than 1, especially at low temperatures, which can be 
attributed to the presence of an insulating layer at the M–S 
interface, the spatial distribution of the interfacial states in 
the semiconductor band gap, or the reduction of the image 
force of the barrier.10–13

Additionally, experimental analysis of the I–V proper-
ties based on the TE mechanism often shows an abnormal 
decrease in Φb and an increase in n with decreasing tempera-
ture, resulting in nonlinear behavior of 1/T versus ln (I0/T2) 
in activation energy graphs.12,14–16 In recent studies, the tem-
perature dependence of n and Φb , and the nonlinear behavior 
of the activation graphs at low temperatures have been suc-
cessfully explained by considering the Gaussian distribution 
and TE mechanism.10,15,17,18 Spatial barrier inhomogeneities 
in SBDs are mainly defined by the Gaussian distribution 
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function, which has been widely used for correlating experi-
mental data.10–18

Various elements, including aluminum (Al),1,19 tin 
(Sn),12,20 titanium (Ti),21,22 nickel (Ni),23 lead (Pb),4 and 
silver (Ag),24,25 have been used to produce Schottky con-
tacts on p-Si. For example, Aboelfotoh21 formed the Ti/Si 
structure for both n-Si and p-Si semiconductors and exam-
ined the changes in the barrier height and ideality factor by 
investigating the effects of annealing and temperature. Hav-
ing examined the I–V characteristics using 40 K intervals 
between 95 K and 295 K for p-Si, he found ideality factor 
values between 1.22 (95 K) and 1.13 (295 K) and a bar-
rier height of 0.623 eV (295 K). Aydın et al.20 investigated 
Sn/p-Si in the temperature range of 80–300 K, and the Φb 
and Richardson's constant A* obtained from the modified 
ln(I0/T2) − (q2σ2/k2T2) versus 1/kT graph were 0.95 eV and 
15.6 Acm−2 K−2, respectively. Similarly, Karataş et al.12 
calculated the Φb and Richardson constant A* values as 
1.026 eV and 14.60 Acm−2 K−2 using measurements of the 
Sn/p-Si diode in the temperature range of 150–400 K.

In this study, the I–V and capacitance–voltage  (C–V) 
properties of Ti SBDs fabricated on a p-Si semiconductor 
were investigated in the temperature range of 80–300 K. The 
temperature-dependent properties of Ti/p-Si SBDs were 
examined based on a Gaussian distribution of the barrier 
height around a mean value due to the presence of barrier 
inhomogeneities at the M–S interface.

Experimental Methods

The Ti/p-Si Schottky diodes were fabricated using previ-
ously cleaned p-type Si wafers with (100) orientation and 
5–10 Ωcm resistivity. The wafers were chemically rinsed 
using the general RCA cleaning procedure (10 min boil-
ing in NH4 + H2O2 + 6H2O followed by 10 min boiling in 
HCl + H2O2 + 6H2O). The native oxide on the front surface 
of p-Si was removed in HF:H2O (1:10) solution, and finally 
the wafer was rinsed in deionized (DI) water for 30 s. Then, 
a low-resistivity ohmic back contact was made using Al, 
followed by temperature treatment at 570°C for 3 min in 
N2 atmosphere. The Schottky contacts were formed by 
evaporation of Ti dots with diameters of about 1.0 mm 
(diode area = 7.85 × 10−3 cm2). All evaporation processes 
were carried out in a vacuum coating chamber at about 
1.3332 × 10–6 kPa. The I–V and C–V characteristics were 
measured using a temperature-controlled Leybold-Heraeus 
closed-loop helium cryostat over a temperature range of 
80–300 K in steps of 20 K in the dark. The I–V measure-
ments of this structure were performed with a Keithley 487 
picoammeter/voltage source, and the C–V measurements 
were performed at 500 kHz with an HP 4192A LF imped-
ance analyzer.

Results and Discussion

For a nonideal SBD, passage of current is mostly achieved 
by mobile charge carriers and described by TE theory. 
According to TE theory, the passage of current through the 
M–S junction is expressed in Eq. 1.2

Here, k is the Boltzmann constant, q is the electric charge, V 
is the voltage applied across the junction, T is the tempera-
ture in Kelvin, and n is the ideality factor. I0 is the saturation 
current obtained from the straight-line intersection of ln I at 
V = 0. I0 is calculated using Eq. 2.

Here, A is the effective area of the diode, A* is the Richard-
son constant, which has a value for p-Si of 32 Acm−2 K−2,3,26 
and Φb0 is the barrier height at zero bias. The calculated 
I0 value is used to determine the Φb0 of SBDs, and Φb0 is 
obtained by rewriting Eq. 2 as expressed below.

The ideality factor n is calculated from the slope of the for-
ward bias I–V graphs, as expressed below.

The Φb0 and n of SBDs are calculated as a function of tem-
perature using Eqs. 3 and 4.

The forward and reverse bias C–V characteristics of the 
Ti/p-Si SBD in the temperature range of 80–300 K using 
20 K steps are shown in Fig. 1. The calculated I0 of the 
SBDs ranges from 4.49 × 10−13 A (at 80 K) to 8.89 × 10–9 
A (at 300 K) at a voltage of 0.0 V. As seen in Fig. 1, the 
forward current increases exponentially with applied volt-
age and temperature. Therefore, the behavior of the C–V 
curves shows a strong dependence on temperature. C–V 
curves at several temperatures contain more information 
for understanding the important electrical parameters 
of the Ti/p-Si SBD. Using Eqs. 3 and 4, the Φb0 and n 
were calculated and plotted as a function of temperature 
(Fig. 2). As shown in Fig. 2 and Table I, Φb0 increased 
and n decreased with increasing temperature (n = 3.77 and 
Φb0 = 0.267 eV at 80 K, n = 1.43 and Φb0 = 0.738 eV at 
300 K). In other words, both parameters were strongly 
dependent on the temperature. Since current transfer 
across the M–S interface depends on temperature, the cur-
rent flow at low temperatures is generated by the carriers 
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with energy that exceeds lower barriers. Accordingly, the 
barrier height decreases as the ideality factor increases 
at lower temperatures. Still, as more charge carriers gain 
sufficient thermal energy to exceed the barrier at high tem-
peratures, more electrons will have the energy to exceed 

the higher barrier, and the barrier height also increases 
with temperature and forward bias voltage.4,7,8,11,13

Richardson graphs of I0 can alternatively be used to cal-
culate the Φb0 (Fig. 3). To plot this graph, the natural loga-
rithmic of Eq. 2 is taken and rewritten as expressed below.

According to Eq. 5, the ln(I0/T2) versus 1/kT graph is 
expected to yield a straight line, and the point where the 
graph intersects the axis gives the A* values. Furthermore, 
the slope of this graph gives the barrier height at T = 0 K, 
and this value is also called the activation energy ( Φeff ). 
Activation energy can be defined as the energy barrier that 
must be overcome for a chemical reaction to occur, or the 
minimum energy required to initiate a chemical reaction. 
At high temperatures, the activation energy is equal to 
the energy to create holes, which is the sum of the energy 
required for generating holes and the movement of charge 
carriers to those metastable positions.27

As shown in Fig.  3, the temperature dependence of 
ln(I0/T2) versus 1/kT was linear in the two temperature 
ranges, 80–140 K and 160–300 K. By curve fitting the 
experimental data, the Φeff was 0.204 eV at high temper-
atures (160–300 K) and 0.062 eV at lower temperatures 
(80–140 K). The A* values were calculated as 1.60 × 102 
Acm−2  K−2 (160–300  K) and 2.53 × 10−3 Acm−2  K−2 
(80–140 K) for Ti/p-Si. Similarly, the graph of ln(I0/T2) 
versus 1/nkT exhibited a linear behavior in the temperature 

(5)ln

(

I0

T2

)

= ln (AA∗) −
qΦb0

nkT

Fig. 1   The C–V characteristics of the Ti/p-Si SBD as a function of 
temperature.

Fig. 2   The ideality factor and barrier height variation in the tempera-
ture range of 80–300 K for the Ti/p-Si SBD.

Fig. 3   Conventional activation curves of the ln(I0/T2) versus (kT)−1 
and (nkT)−1 for the Ti/p-Si SBD.
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range of 80–300 K, and the Φeff was 0.855 eV and A* was 
6.39 × 108 Acm−2 K−2.

The deviations in Richardson graphs may be due to spa-
tially inhomogeneous barrier heights, potential fluctuations 
at the interface containing low and high barrier regions, 
and differences between the real and calculated effective 
masses.8,24,28

An abnormal behavior observed during temperature-
dependent I–V measurements of SBDs is normally attributed 
to the inhomogeneity of the barrier height. This inhomoge-
neity can be described by the Gaussian distribution, which 
includes the mean barrier height ( Φb0 ) and the standard 
deviation ( �0 ), which represents the homogeneity of the M–S 
interface.10,17,24,29,30 Expressions for apparent barrier height 
( Φap ) and apparent ideality factor (nap) are given below.

Here, �2 and �3 are the voltage coefficients that can be 
temperature dependent and determine the amount of volt-
age deformation of the barrier height distribution. However, 
the mean value of the standard deviation and the Schottky 
barrier height are assumed to be linearly related to the 
Gaussian parameters. The mean value of the Schottky bar-
rier height and standard deviation are generally written as 
Φb = Φb0 + �2V  and �s = �0 + �3V  , where �2 is the tem-
perature-dependent voltage coefficient and �3 is the coef-
ficient determining the amount of voltage deformation on 
the barrier height.31,32 Figure 4 shows the experimental Φap 
versus 1/2kT graph. The standard deviation of the distribu-
tion and the mean barrier height values were calculated from 
the point where the graph intersects the axis and the slope 
with the help of Eq. 6, respectively. Two different distribu-
tions were observed for Φap and σ0 values, in the temperature 
ranges of 80–160 K and 180–300 K. The Φap and σ0 values 
were determined as 0.5856 eV and 67 mV (Distribution 
2) in the temperature range of 80–160 K, and 1.0443 eV 
and 129 mV (Distribution 1) in the temperature range of 
180–300 K. The (1/n − 1) versus 1/2kT graph should be a 
straight line giving the voltage coefficients �2 and �3 from 
the intersection and slope, respectively. According to the 
graph given in Fig. 5, �2 = 0.1878 and �3 = −0.0083 V. If 
the Richardson graph is rewritten by combining Eqs. 2 and 
6, then we get the expression below.

(6)Φap = Φb0 −
q�2

0

2kT

(7)
1

nap
− 1 = −�2 +

q�3

2kT

(8)ln

(

I0

T2

)

−

(

q2�2
0

2k2T2

)

= ln (AA∗) −
qΦb0

kT

The poin t  where  the  g raph  of  modi f ied 
ln(I0/T2) − (q2σ2/k2T2) versus 1/kT, according to Eq.  8, 
intersects the axis (ln AA*) is the Richardson constant A* 
and its slope represents the average Φb0 . The values of the 
term ln(I0/T2) − (q2σ2/k2T2) were calculated for the two σo 

Fig. 4   The zero bias apparent barrier height (Φap) versus (1/2kT) plot 
for the Ti/p-Si SBD.

Fig. 5   The ideality factor versus (1/2kT) plot for the Ti/p-Si SBD.
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values obtained for the temperature ranges of 80–160 K 
and 180–300 K. From the graph in Fig. 6, the Φb0 was 
observed to be 1.2118 eV (180–300 K: (1) Y equation) and 
0.4279 eV (80–160 K: (2) Y equation), which are close to 
the values of Φb0 obtained from the Φap versus 1/2kT graph 
in Fig. 4. Likewise, A* values were 136,503.1 Acm−2 K−2 
in the 180–300 K range and 1.069 × 10–5 Acm−2 K−2 in the 
80–160 K range.

Tung's theoretical approach11,33 suggests that there is a 
linear relationship between ideality factors and experimen-
tal zero-bias barrier heights, i.e., n and Φb0 . The graph of 
Φb0 versus n for the Ti/p-Si SBD is given in Fig. 7, which 
indicates that the two variables are inversely proportional. 
Between the values of Φb0 and n, there are two linear regions 
that can be explained by the lateral inhomogeneity of the 
barrier heights. In region I (160–300 K), the barrier height 
value from extrapolation to n = 1 was 0.883 eV, which is 
close to the band gap of Si, and in region II (80–140 K), 
the barrier height was 0.514 eV, approximately half of the 
Si band gap. This result indicates that, under forward bias, 
the current flow is controlled by TE for the temperature 
range T ≥ 160 K and by thermionic field emission (TFE) for 
T ≤ 160 K.2,3 These findings confirm that the dominant cur-
rent flow is based on TE and a double Gaussian distribution 
of the barrier height can be observed in SBDs.6,34

Moreover, C–V measurements are widely relied upon 
to determine the fundamental properties of SBDs such 

as barrier height, diffusion potential, semiconductor car-
rier concentration, and Fermi level. The depletion region 
capacitance on a p-type semiconductor structure for C–V 
measurements can be expressed as shown in Eq. 9.24,35

Here, Vd is the diffusion potential, V is the applied volt-
age, and NA is the acceptor concentration of the Si semi-
conductor. The x-intercept of the graph of C−2 versus V 
represents the diffusion potential. The barrier height cal-
culated from the C–V measurement, Φ(C−V), at different 
temperatures is expressed below.

EF is the potential difference between the valence band 
edge and the Fermi level in the neutral region of p-type 
Si, and ΔΦb is the image force barrier, which is calculated 
using Eq. 11.

(9)1

C2
=

2
(

Vd + V
)

�0�sqA
2NA

(10)

Φ(C−V) = Vi +
kT

q
+ kT ln

(

NV

NA

)

− ΔΦb = Vd + EF − ΔΦb

(11)ΔΦb =

√

qEm

4��s�0

Fig. 6   Modified activation energy (ln(I0/T2) – q2σ2/2k2T2 versus 1/ kT) 
plots for the Ti/p-Si SBD according to Gaussian distribution of the 
barrier height.

Fig. 7   The zero-bias barrier height versus ideality factor for the 
Ti/p-Si SBD.
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Here ,  E m  i s  t he  maximum e lec t r ic  f ie ld , 
Em =

√

2qNAVd∕�s�0 . The C−2 versus V graph is shown in 
Fig. 8. The experimental dopant density values, NA, used 
in the calculations were determined from the slope of this 
graph. The temperature-dependent EF values are obtained 
from the following expressions.

Here, NV is the effective density of states in the valence 
band of the Si semiconductor, m∗

h
= 0.16 m0 is the effec-

tive mass of the holes,12 and m0 is the remaining mass 
of the electron. As seen in Table II and Fig. 9, the NV 
was strongly dependent on temperature. The NV values 
ranged from 2.210 × 1017 to 16.048 × 1017  cm−3 in the 
temperature range of 80–300 K, and the carrier density 
increased with increasing temperature. The acceptor con-
centration values, NA, ranged from 77.692 × 1015 cm−3 to 
7.601 × 1015  cm−3 and decreased with decreasing tem-
perature. In addition, the temperature-dependent values 
of the EF, Vd, ΔΦb and Φ(C−V) are listed in Table II. The 
graph of Φ(C−V) versus temperature, obtained from the 
reverse bias C−2–V curves as a function of temperature 
and using Eq. 10, is presented in Fig. 10. From the experi-
mental Φ(C−V) curve, Φ(C−V)(T = 0) was 1.35 eV and the 

(12)EF =
kT

q
ln

(

Nv

NA

)

(13)NV = 4.82 × 1015T3∕2

(

m∗
h

m0

)3∕2

temperature coefficient (α) was −1.03 meV/K. Close 
examination of Tables  I and II shows that the Φ(C−V) 
values obtained from the C–V characteristics are higher 
than the Φb values obtained from the I–V characteristics. 
Differences in Φb values calculated from I–V and C–V 
measurements may be due to the presence of an insulating 

Fig. 8   C−2–V characteristics of the Ti/p-Si SBD in the temperature 
range of 80–300 K.

Fig. 9   The variation in carrier density with temperature for the 
Ti/p-Si SBD.

Fig. 10   Temperature dependence of barrier height for the Ti/p-Si 
SBD obtained from C–V measurements.
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layer or charges at the M–S interface, deep contamination 
levels, leakage currents, and lowering of the image force 
barrier.27

Conclusion

Forward and reverse bias I–V and C–V properties of 
Ti/p-Si SBD were measured in the temperature range 
of 80–300 K. With increasing temperature, the ideality 

factor values decreased from 3.77 to 1.43, and the val-
ues of I–V barrier heights increased from 0.267 eV to 
0.738 eV. The nature of the temperature-dependent behav-
iors of ideality factor and barrier height in Ti/p-Si SBDs 
was explained based on Gaussian distributions of the bar-
rier heights and thermionic emission theory. The results 
suggest that the presence of deep energy levels near the 
Ti/Si interface is responsible for creating stored charge 
and compensates for some of the doping atoms in this 
region.36 Gaussian distribution of the barrier height was 
implemented, and we calculated the mean barrier height 
values and standard deviation from the graph of Φap ver-
sus 1/2kT as Φb0 = 0.5856 eV and σ0 = 67 mV (80–160 K) 
and Φb0 =1.0443 and σ0 = 129 mV (180–300 K). Accord-
ing to the modified ln(I0/T2) − (q2σ2/k2T2) versus 1/kT 
graph, Richardson constant A* and mean barrier height 
values are A* = 136,503.1 Acm−2 K−2, Φb0 = 1.2118 eV 
(180–300 K) and A* = 1.069 × 10–5 Acm−2  K−2, Φb0 = 
0.4279 eV (between 80 K and 160 K). The barrier heights 
(at n = 1) obtained from the linear relationship between 
the barrier height and the ideality factor were found to 
be 0.514 eV and 0.883 eV for the temperature ranges 
of 80–140 K and 160–300 K, respectively. Additionally, 
the Φ(I−V) values obtained from the forward bias I–V plot 
are smaller than the Φ(C−V) values determined from the 
reverse bias C–V properties. The inconsistency between 
I–V and C–V barrier height values may be due to the pres-
ence of an insulating layer or stored charges at the M–S 
interface, deep contamination levels, leakage currents, or 
the image force barrier.

Table I   Temperature-dependent values of various diode parame-
ters determined from I–V characteristics of Ti/p-Si Schottky barrier 
diodes

T (K) I0 (A) n Φb (eV) ln(I0/T2) (A/
K2)

(2kT)−1 (eV)−1

300 8.89 × 10−9 1.43 0.738 −7.13 19.341
280 4.16 × 10−9 1.57 0.704 −8.03 20.722
260 1.79 × 10−9 1.59 0.669 −9.02 22.316
240 7.14 × 10−10 1.55 0.633 −10.10 24.176
220 3.94 × 10−10 1.69 0.588 −10.87 26.374
200 1.45 × 10−10 1.68 0.549 −12.06 29.011
180 9.92 × 10−11 2.04 0.497 −12.65 32.235
160 2.43 × 10−11 2.07 0.459 −14.29 36.264
140 6.80 × 10−12 2.19 0.412 −15.83 41.445
120 3.43 × 10−12 2.66 0.357 −16.82 48.352
100 1.18 × 10−12 3.15 0.304 −18.26 58.023
80 4.49 × 10−13 3.77 0.267 −19.67 72.528

Table II   Temperature-dependent 
values of various electrical 
parameters determined from 
C–V characteristics of Ti/p-Si 
SBD

T (K) Diffusion 
potential (V)

Fermi 
energy 
(eV)

Carrier concentra-
tion 1017 (cm−3)

Acceptor concen-
tration 1015 (cm−3)

Image force 
barrier (meV)

Barrier 
height 
(eV)

80 1.217 0.023 2.210 7.692 0.808 1.240
100 1.204 0.032 3.089 7.662 0.805 1.236
120 1.176 0.041 4.060 7.661 0.800 1.218
140 1.185 0.051 5.116 7.595 0.800 1.236
160 1.137 0.061 6.251 7.629 0.793 1.198
180 1.124 0.071 7.459 7.641 0.791 1.195
200 1.070 0.082 8.736 7.634 0.781 1.151
220 1.027 0.093 10.078 7.624 0.773 1.119
240 0.995 0.104 11.483 7.611 0.766 1.099
260 0.971 0.115 12.949 7.613 0.762 1.086
280 0.944 0.127 14.471 7.594 0.756 1.071
300 0.870 0.138 16.048 7.601 0.741 1.008
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