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Investigation of the inhomogeneous barrier height of

an Au/Bi4Ti3O12/n-Si structure through

Gaussian distribution of barrier height∗
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A Au/Bi4Ti3O12/n-Si structure is fabricated in order to investigate its current–voltage (I–V ) characteristics in a

temperature range of 300 K–400 K. Obtained I–V data are evaluated by the thermionic emission (TE) theory. Zero-bias

barrier height (ΦB0) and ideality factor (n) calculated from I–V characteristics, are found to be temperature-dependent

such that ΦB0 increases with temperature increasing, whereas n decreases. The obtained temperature dependence of

ΦB0 and linearity in ΦB0 versus the n plot, together with a lower barrier height and Richardson constant values obtained

from the Richardson plot, indicate that the barrier height of the structure is inhomogeneous in nature. Therefore, I–V

characteristics are explained on the basis of Gaussian distribution of barrier height.
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1. Introduction

Ferroelectrics have proven to be important ma-

terials in thin film applications due to their proper-

ties of spontaneous polarization which can be reversed

through reversing the applied external electric field.

Bismuth titanate (Bi4Ti3O12) ferroelectric is a typi-

cally ferroelectric material of perovskite oxide struc-

ture. Thin films of Bi4Ti3O12 are ideal materials for

non-volatile random access memories (NVRAMs), op-

tical memories, piezoelectric and electro–optic devices

due to their favourable properties such as high dielec-

tric constants, high polarization charge densities, high

fatigue endurances, and high transmittances.[1−7]

Interfaces between various layers of heterostruc-

tures are important parts of electronic and opto-

electronic devices. One of the most interesting fea-

tures of interfaces is their Schottky barrier height

(SBH), which is a measure of the mismatch of the

energy levels for the majority carriers across the in-

terface. The performance of a heterostructure device

is strongly dependent on the homogeneity of interface

in the structure. Poor interfaces between the insu-

lator film and Si in Schottky barrier diodes (SBDs)

and metal–insulator-semiconductor (MIS) based de-

vices lead to high leakage currents and high defect

trapped charges. When a ferroelectric thin film is

utilized in an SBD and MIS-based device, the leak-

age current under a direct current electric field has a

smaller value. Therefore, using a high-dielectric ma-

terial such as Bi4Ti3O12 at the metal/semiconductor

(M/S) interface improves the performance and relia-

bility of the device.

Generally, the analysis of the forward bias

current–voltage (I–V ) characteristics of an SBD

and/or MIS-based structure only at room temper-

ature does not give detailed information about the

conduction mechanism and barrier formation at the

M/S interface. However, temperature-dependent I–V

measurements allow one to understand different as-

pects of the conduction process in the device.[8−13]

The possible mechanisms of charge carrier transport

through the barrier may be thermionic emission (TE),

thermionic field emission (TFE), recombination–

generation (RG), interface recombination tunneling,

minority carrier injection, and tunneling via interface

states or dislocations.[14,15] The analyses of the I–

V characteristics of SBD- and MIS-based structures,

based on the thermionic emission theory, usually re-

veal an anomalous decrease in the barrier height (BH)

and an increase in the ideality factor (n) with temper-

ature decreasing, which leads to non-linearity in the
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activation energy obtained from the ln(I0/T
2) versus

1/T plot.[12,16,17] This anomalous behaviour can be

understood only on the basis of the spatial distribu-

tion of BH at the contact interface. The distribution

of BH is described mainly by the Gaussian distribu-

tion (GD) function. The GD is believed to be the

only possible model to explain the observed temper-

ature dependence of barrier parameters.[16−18] Over

the last few years, the GD approach to inhomogeneous

barrier height has been used in various studies.[19−22]

The origin of reducing BH and increasing n with tem-

perature decreasing has been successfully explained

on the basis of a TE theory with a GD of BH in some

studies.[9,14,21,22]

In the present study, we fabricate a

Au/Bi4Ti3O12/n-Si structure and study the

temperature-dependent electrical transport behaviour

in order to evaluate the values of BH and n.

The temperature dependencies of ΦB0 and n in

Au/Bi4Ti3O12/n-Si structures are explained on the

basis of the existence of GD of the BH due to BH

inhomogeneity at the M/S interface.

2. Experiment

The studied Au/Bi4Ti3O12/n-Si structure was

fabricated using a n-type (P-doped) single crystal

silicon wafer with ⟨110⟩ surface orientation, 280-µm

thick, 3-mm diameter, and 4.45-Ω·cm resistivity. In

the first step of cleaning, the wafer was ultrasonically

cleaned by acetone, propanol, and de-ionized water,

each for 10 min sequentially. Following the first step,

the piranha solution (3H2SO4:1H2O2) was prepared

for cleaning the organic residues. Then, the wafer

was immersed into the solution for 15 min. In the

last step, the wafer was dipped into the solution of

20% HF to get rid of the oxide layer formed in the

previous step. After each cleaning step, the wafer

was rinsed thoroughly in de-ionized water of 18 MΩ-

cm resistivity. Immediately after surface cleaning,

high-purity Au metal (99.999%) with a thickness of

2500 Å (1 Å=0.1 nm) was thermally evaporated from

the tungsten filament onto the whole back surface of

the wafer in a liquid nitrogen-trapped vacuum system

with a pressure of 1.33×10−4 Pa. In order to achieve a

good Ohmic contact, the evaporated Au was annealed

at 700 ◦C for 20 min. The front side of the wafer

was cleaned with 20% HF solution to remove the thin

oxide layer which had been formed during annealing.

Then, the wafer was cut into a few pieces. In order

to form Au/Bi4Ti3O12/n-Si structure, the Bi4Ti3O12

film was prepared onto the front side of the Si wafer

by the use of magnetron sputtering with the hot com-

pacting of Bi4Ti3O12 powder of a stochiometric com-

position serving as the target material. A mixture of

Ar and O2 was used as a working medium and the

substrate was kept at 700 ◦C. The thickness values

of the deposited BTO thin films were found to av-

erage around 250 Å measured by the Veeco Dektak

6M thickness profilometer. After the Bi4Ti3O12 film

was deposited onto the Si wafer, circular dots 2 mm

in diameter and with 2500-Å thick Au rectifying con-

tacts were deposited onto the film surface of the wafer

through a metal shadow mask by a thermal evapora-

tor vacuum system with a pressure of 1.33×10−4 Pa.

The thickness of the metal layer and deposition rates

were both monitored with the help of a digital quartz

crystal thickness monitor. The deposition rates were

about 1 Å/s–3 Å/s.

The current–voltage (I–V ) measurements of the

Au/Bi4Ti3O12/n-Si structure were performed using a

Keithley 2400 source-meter at various temperatures

ranging from 300 K to 400 K in steps of 10 K.

3. Results and discussion

In general, current passing through the

Au/Bi4Ti3O12/n-Si structure in the forward bias re-

gion can be explained on the basis of the TE theory

where V ≥ 3kT/q. According to the TE theory, the

relationship between I and V is given by[10,21]

I = I0

[
exp

(
qV

nkT

)
− 1

]
. (1)

Here, n, T , k, q, and I are the ideality factor, ab-

solute temperature in Kelvin, Boltzmann constant,

electronic charge, and reverse saturation current, re-

spectively. The reverse saturation current is defined

as[10,21]

I0 = AA∗T 2 exp

(
−qΦB0

kT

)
, (2)

where A∗ and A are the effective Richardson constant

(120 A/cm2·K2 for n-Si) and area of rectifying con-

tact, respectively.

Obtained I–V data are represented in a semi-

logarithmic I–V plot which is given in Fig. 1, and the

data were evaluated by the TE theory. As shown in

Fig. 1, temperature-dependent dispersion behaviour

in the reverse bias region is obvious compared with

that in the forward bias region. Furthermore, the
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leakage current increases as the temperature increases.

However, the leakage current reaches a saturation

value at a lower reverse bias voltage values. This may

be attributed to the space–charge region expanding

as the temperature increases. Also, as explained in

various studies,[10−12,14,23,24] forward bias I–V plots

bend due to the effect of Rs. As to the evaluation of

TE theory, when equation (1) is taken into consider-

ation, the values of n and ΦB0 are extracted from the

slope and intersection point of ln(I)–V plots using the

following equations:[10,19,23−25]

n =
q

kT

(
dV

d(ln I)

)
, (3a)

ΦB0 =
kT

q
ln

[
AA∗T 2

I0

]
. (3b)
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Fig. 1. (colour online) Semi-logarithmic I–V plots of the

Au/Bi4Ti3O12/n-Si structure at various temperatures.
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Fig. 2. (colour online) ΦB0 and n versus T plots of

Au/Bi4Ti3O12/n-Si structure.

The calculated values of n and ΦB0 are given in

Table 1, and they are also given in Fig. 2 each as a

function of temperature. As can be seen in Table 1 and

Fig. 2, the values of n and ΦB0 are both temperature-

dependent such that n decreases and ΦB0 increases

with temperature increasing. According to the TE

theory, the value of n is expected to be close to unity.

However, experimental results show that the calcu-

lated values of n are greater than unity especially at

lower temperatures. This case can be attributed to the

existence of an insulator layer at the M/S interface,

the particular distribution ofNss at the semiconductor

band gap and the image force lowering of the barrier.

There are various methods of determining the values

of Nss for an SBD- or MIS-like structure. Among

them, the one proposed by Chard and Rhoderick[26]

can easily be applied using the forward bias I–V data.

The values of Nss of the structure are calculated using

this method and given in Table 1. As can be seen,

the values of Nss decrease as temperature increases.

Such behaviour of Nss is indeed consistent with the

behaviour of n with temperature increasing. On the

other hand, the obtained temperature dependence of

ΦB0 indicates a positive temperature coefficient; this

can be attributed to BH inhomogeneity. Temperature

dependence of BH can be expressed as[1,11,21]

ΦB(T ) = ΦB(T = 0) + αT, (4)

where α is the temperature coefficient of BH and it

is expected to take a negative value according to the

temperature coefficient of the Si band gap. However,

there is an obvious disagreement between the tem-

perature dependence of ΦB0 and the temperature co-

efficient of the Si band gap. This discrepancy which

stems from the inhomogeneity of BH, can be overcome

by eliminating the image force lowering through using

a flat-band barrier height (ΦBf) approach. In this ap-

proach, the semiconductor bands are flat, which elim-

inate the effect of image force lowering that would af-

fect the I–V characteristics, and remove the influence

of BH inhomogeneity.[12,17] ΦBf can be calculated by

using experimental values of n and ΦB0 in the follow-

ing equation:[12]

ΦBf = nΦB0 − (n− 1)
kT

q
ln

(
NC

ND

)
, (5)

where NC is the effective density of states in the Si

conduction band and ND is the donor carrier doping

density of n-Si. The obtained ΦBf values, together

with ΦB0, are given in Table 1, and also the tempera-

ture dependencies of ΦBf and ΦB0 are given in Fig. 3.
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As shown in Fig. 3, ΦB0–T plot gives a single-linearity

with α = 13×10−4 eV/K whereas the ΦBf–T plot rep-

resents double-linearity with α1 = −46 × 10−4 eV/K

and α2 = −12 × 10−4 eV/K for lower and higher

temperatures, respectively. The values of α1 and α2

are found to be negative and are consistent with the

negative temperature coefficient of the Si band gap

(αSi = −4.73× 10−4 eV/K).

Table 1. Electrical parameters of the Au/Bi4Ti3O12/n-Si structure obtained from I–V characteristics at various

temperatures.

T/K I0/A n ΦB0/eV ΦBf/eV Nss/eV−1·cm−2

300 5.60−9 1.68 0.785 1.332 2.9613

310 9.28−9 1.55 0.800 1.251 2.3913

320 1.56−8 1.47 0.813 1.211 2.0713

330 2.60−8 1.41 0.826 1.174 1.7713

340 4.14−8 1.35 0.839 1.141 1.5113

350 6.83−8 1.26 0.850 1.079 1.1213

360 1.13−7 1.21 0.860 1.047 8.9412

370 1.68−7 1.18 0.873 1.034 7.5012

380 2.27−7 1.14 0.889 1.020 5.9712

390 3.32−7 1.12 0.901 1.011 4.8612

400 5.04−7 1.09 0.912 0.996 3.6212
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Fig. 3. (colour online) Plots of ΦB0 and ΦBf versus T of

the Au/Bi4Ti3O12/n-Si structure.

Evaluation of BH can also be made through the

Richardson plot (ln(I/T 2) versus q/kT ) of I0 by ar-

ranging Eq. (2) in the following form:

ln

(
I0
T 2

)
= ln (AA∗)− q

kT
ΦB0. (6)

The Richardson plot of the structure is given in

Fig. 4. The line equation of this plot is also given

in Fig. 4. The values of A∗ and ΦB0 are obtained

from the interception point and slope of this plot are

5.26 × 105 A·cm−2·K−2 and 0.409 eV, respectively.

The obtained value of A∗ is much lower than its the-

oretical value (120 A·cm−2·K−2), also ΦB0 is found

to be less than the experimental value. This implies

inhomogeneous BH and potential fluctuations at the

interface lead to the results of lower and higher patches

of the barrier.[9,12,21]
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Fig. 4. The Richardson plot of the Au/Bi4Ti3O12/n-Si

structure.

Furthermore, Tung[16] introduced an approach

in which a linear correlation between ΦB0 and n is

taken into consideration. Proceeding with Tung’s

study, Schmitsdorf et al.[27] reached the same con-

clusion. Also, the studies in the last decade showed

that the ΦB0–n plot can have more than one linear

region.[10,11,14,21] Figure 5 presents ΦB0 as a function
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of n. As shown in the figure, the ΦB0–n plot depicts

two linear regions, for which line equations are given

in the figure. As explained in Refs. [13], [16], [17], and

[22], BH is a function of atomic structure and inho-

mogeneity at metal–semiconductor interface, and it is

affected by various factors such as interface state, de-

fect, etc. The behaviour of the ΦB0–n plot suggests

that ΦB0 is inversely proportional to n so that ΦB0

is less sensitive to change in n where n > 1.2 holds.

This can be attributed to the lateral inhomogeneity of

BH under the effect of temperature. Such behaviour

together with the changes in ΦB0 and n with tem-

perature shown in Fig. 2, and the inconsistent values

obtained from the Richardson plot shown in Fig. 4,

have been explained on the basis of the TE theory

with a GD of BH by many researchers.[9−12,14,18,21,28]
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Fig. 5. (colour online) ΦB0–n plot of Au/Bi4Ti3O12/n-Si

structure.

As offered by Werner and Güttler,[18] in the case

of barrier inhomogeneity which can be explained by

GD of BH, the current expression of the structure can

be written as

I =

∫ ∞

−∞
I(ΦB, V )P (ΦB)dΦ, (7)

where I(ΦB, V ) is the current as a function of BH and

applied bias voltage and P (ΦB) is the normalization

distribution function which reveals the probability of

accuracy for BH, and it is given by

P (ΦB) =
1

σs

√
2π

exp

[
−
(
ΦB − ΦB

)2
2σ2

s

]
, (8)

with σs being the standard deviation of BH. Solving

Eq. (7) yields the following current expression similar

to Eq. (1):

I = AA∗T 2 exp

(
−qΦap

kT

)[
exp

(
qV

napkT

)
− 1

]
, (9)

where

I0 = AA∗T 2 exp

(
−qΦap

kT

)
, (10)

with Φap and nap being the apparent barrier height

and apparent ideality factor, respectively, and given

as

Φap = ΦB0 −
q

2kT
σ2
s , (11)(

n−1
ap − 1

)
= ρ2 −

q

2kT
ρ3. (12)

Here, ρ2 and ρ3 are the voltage coefficients which

quantify the deformation of BH distribution due to

applied bias voltage, so that ΦB = ΦB0 + ρ2V and

σs = σso + ρ3V . As can be deduced by Eq. (9), the

values of ΦB0 and n which are given in Table 1 actu-

ally represent the values of Φap and nap. Hence, us-

ing these values, Φap –q/2kT and nap–q/2kT plots are

plotted in Fig. 6. It is clear that interception point and

slope of Φap–q/2kT plot reveal Φ̄B0 and σs whereas

those of nap–q/2kT plot reveal ρ2 and ρ3.
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Fig. 6. (colour online) n−1
ap –1 and Φap versus T plots of

the Au/Bi4Ti3O12/n-Si structure.

Considering BH inhomogeneity and using

Eqs. (10) and (11), the Richardson plot can be modi-

fied with the following equation:

ln

(
I0
T 2

)
− 1

2

(qσs

kT

)2

= ln (AA∗)− q

kT
ΦB0. (13)

A modified Richardson plot (ln(I/T 2)–

1/2(qσs/kT )
2 versus q/kT ) is obtained using Eq. (13)

as shown in Fig. 7. A∗ and Φ̄B0 are obtained using

the interception point and slope of this plot, respec-

tively. As shown in Fig. 7, values of A∗ and Φ̄B0

are calculated to be 136 A·cm−2·K−2 and 1.286 eV,

respectively. The value of A∗ obtained from the mod-

ified Richardson plot is close to the theoretical value

of A∗ for n-Si. Moreover, the values of Φ̄B0 obtained

128502-5



Chin. Phys. B Vol. 21, No. 12 (2012) 128502

from Figs. 6 and 7 are in very good agreement with

each other.
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Fig. 7. (colour online) Modified Richardson plot of the

Au/Bi4Ti3O12/n-Si structure.

4. Conclusions

The I–V characteristics of a Au/Bi4Ti3O12/n-Si

structure were investigated in a temperature range of

300 K–400 K. Barrier height (BH) and ideality factor

(n) calculated from I–V characteristics based on TE

theory, were found to be temperature-dependent so

that BH increases and n decreases with temperature

increasing. The obtained temperature dependence of

BH and linearity in BH versus n plot, together with

lower BH and A∗ values obtained from the Richardson

plot indicate that BH is inhomogeneous in nature. In-

homogeneous behaviour of BH is approached with the

Gaussian distribution of BH, thus a modified Richard-

son plot yields BH and A∗ values that are close to

theoretical ones.
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