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In this work, the electrophysical properties of metal-ferroelectric-semiconductor structures — Cu/LiNbO3/Si and

Ag/LiTaO3/Si — with a ferroelectric layer thickness of 200 nm have been studied. The ferroelectric layers were

deposited by RF magnetron sputtering. A topography study of thin film surface revealed a grain structure. The

electrical conductivity mechanisms in Cu/LiNbO3/Si and Ag/LiTaO3/Si were considered. In a dependence of bias

voltage value, there are a space charge-limited current, hopping conduction, and Schottky emission in Cu/LiNbO3/Si

structures. For Ag/LiTaO3/Si structures, the space charge-limited current and hopping conduction were observed.

An asymmetry of the current-voltage characteristics may indicate the presence of a potential barrier at the interface.

For the studied structures, the value of the potential barrier was determined
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1. Introduction

Lithium niobate, (LiNbO3 — LN) and lithium tantalate

(LiTaO3 — LT) are ferroelectric materials with ilmenite

structure [1]. However, lithium tantalate with its higher

melting temperature (about 1650◦C for LT and about

1255◦C for LN) and lower Curie temperature (about 600◦C
for LT and about 1050◦C for LN) remains less investigated

material than lithium niobate [1–3]. Currently, the most

promising is the use of ferroelectric materials, in particular

LiNbO3 and LiTaO3, not in the form of bulk crystals but

in the form of thin-film structures applied on substrates.

This is of relevance due to the possibility to use thin films

in microelectromechanical systems, microelectronic devices

and optical devices [4]. Thin films of lithium niobate and

lithium tantalate can be used in thin-film waveguide optical

modulators, in surface acoustic wave devices, in random

access memory devices, in pyroelectric detectors, etc. [5,6].

The most common are metal–ferroelectric–semiconductor

(MFeS) heterostructures based on thin films of ferroelectric

materials. The study should take into account that their

electrical and physical properties are affected by interface

phenomena [7].

This study investigates topography of surface, electrical

conductivity and barrier properties on interfaces of thin-film

MFeS-heterostructures based on lithium niobate and lithium

tantalate. It continues the investigations previously published

in [8,9]. This study considers in detail the conduction

mechanisms and determines magnitudes of the barriers.

2. Experimental part

Subjects of this study are thin-film metal–ferroelectric–
semiconductor heterostructures based on lithium niobate

and lithium tantalate. A thin ferroelectric layer was applied

on (111)-oriented silicon substrates with p-type conductivity
(p-Si) by RF magnetron sputtering in a SUNPLA-40TM

vacuum chamber (the Republic of Korea). Before the

application of the ferroelectric layer, the silicon substrates

were cleaned by ion gun for 5min.

LN samples were synthesized with a Z-cut LiNbO3 plate

as a target. The sputtering was conducted in the atmosphere

of argon. Pressure was 0.5 Pa, magnetron power was

60W. The post-growth annealing was performed in the

air atmosphere at a temperature of 700◦C for 120min.

Thickness of the LN layer was 200 nm. Copper round

electrodes with a diameter of 2.45 ± 0.21mm were applied

on the free surface of the film. Thus, the samples have a

MFeS-structure — Cu/LiNbO3/Si.

LT samples were produced with a Z-cut LiTaO3 plate

as a target. The synthesis was carried out in the plasma

of oxygen (40 vol%) and argon (60 vol%). Pressure

was 0.57 Pa, magnetron power was 150W. The post-growth

annealing was performed twice in the air atmosphere: at a
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temperature of 550◦C for one hour and at a temperature

of 700◦C for one hour. Thickness of the LiTaO3 layer

was 200 nm. Silver round electrodes with a diameter of

4.5± 0.3mm were applied on the free surface of the lithium

tantalate film. The samples have a MFeS-structure —
Ag/LiTaO3/Si.

The surface of samples was investigated in the Laboratory

of Magnetic Materials of the Scientific Instruments and

Equipment Sharing Center of the Tver State University using

a SolverNext scanning probe microscope (by
”
NT-MDT SI“

LLC, the Russian Federation) in the mode of atomic-force

microscopy (AFM). The dependence of current flowing

through the structure on the applied bias voltage (current-
voltage characteristics, IU-curves) was investigated using

a E7-20 LCR meter (by
”
MNIPI“ JSC, the Republic of

Belarus) in the voltage range from −5 to 5V. The voltage

applied to the structure is considered as positive if positive

potential is applied to the top electrode, and the voltage

is considered negative in the case of reverse polarity. The

experiment was conducted at room temperature.

3. Results and discussion

Images of thin film surfaces of LN and LT obtained with

the use of AFM are shown in Fig. 1. It can be seen from

Fig. 1, a that thin-film samples of LN have a grain structure.

Diameter of grains varies in the interval from 100 to 300 nm.

It can be seen from Fig. 1, b, that the surface of LT samples

has a two-level structure. The top level is represented by

grains with sizes of 3−4µm. The bottom level (Fig. 1, c)
has a grain structure with a mean roughness of up to 2.5 nm.

Surface effects can influence electrical conductivity of the

MFeS-structure.

Also, it is known [10], that conductive properties of thin

dielectric films are strongly dependent on the film com-

position, its thickness, the level of energy and the density

of traps. In most cases, current-voltage characteristics of

MFeS-structures are complex. At low fields the density

of current through the thin film is low and often can be

described by the Ohm’s law

J = σE = qn0µ
V
d
, (1)

where J is current density, σ is electrical conductivity,

E is electric field, q is elementary charge, n0 is free

carrier concentration in the state of thermal equilibrium,

µ is electron mobility, V is applied bias voltage, d is film

thickness.

As the strength of the external field increases, the

conduction current becomes significant due to different

conduction mechanisms [11]. According to [11], main con-

duction mechanisms in the metal–dielectric–semiconductor

structure (MDS-structure) and, as a consequence, in the

MFeS-structure include the following: Schottky emission,

Fowler–Nordheim tunneling, direct tunneling, Pool–Frenkel
emission, hopping conduction, space-charge-limited current

(SCL-current). The key mechanism for a given voltage

range can be determined by replotting IU-curves in the

coordinates that allow identifying linear sections corre-

sponding to a particular conduction mechanism.

Taking into account that this study investigates films

with a thickness of 200 nm and that most often the direct

tunneling is only possible in films with thicknesses less

than 2−3 nm and the Fowler–Nordheim tunneling is only

possible in films with a thickness of an order of magnitude

of several nanometers, these conduction mechanisms can be

excluded from the consideration [12,13]. In [14,15] authors
reported about the possibility to describe electric conduc-

tivity of lithium niobate films using the Ohm’s law (at low
fields), the Pool–Frenkel emission, the Schottky emission

and the hopping conductivity.

Fig. 2 shows typical dependencies of current density

on the bias voltage for thin films of lithium niobate

(Fig. 2, a) and thin films of lithium tantalate (Fig. 2, b). The
dependencies of J on V have a behavior of diode curves.

IU-curves for thin films of lithium niobate and lithium

tantalate have been discussed by us previously in [8,9].
Fig. 3 shows IU-curves of LN samples replotted in

the coordinates that allow identifying the linear sections

corresponding to a particular conduction mechanism. It can

be seen from Fig. 3, a, that with the forward bias several

linear sections are observed on the dependence of J on V
on a logarithmic scale. Such behavior of the dependence of

current density on the bias voltage is typical for the space-

charge-limited current. If there are no traps, the SCL-current

can be described by the following relation [11]:

J =
9

8
µε0εs

V 2

d3
, (2)

where ε0 is vacuum permittivity, εs is static permittivity.

If there are traps, the following relationship is true:

J =
9

8
µε0εsθ

V 2

d3
, (3)

where θ is the ratio of free carrier density to density of

total quantity of carriers. Within section I in Fig. 3, a

the IU-curve follows the Ohm’s law. The electrical

conductivity calculated at low fields from the slope of

straight line on the dependence of J on V (Fig. 2, a)
is ∼ 1.02 · 10−9 �−1 ·m−1; and value calculated at the

intersection of the straight line (section I in Fig. 3, a) with

the ordinate axis on the dependence of J on V on a

logarithmic scale is ∼ 1.21 · 10−9 �−1 ·m−1. In section II

at a bias voltage from VT ≈ 0.46V to VTFL ≈ 0.78V a trap-

limited space-charge conduction takes place. VTFL voltage is

the trap-filled limit voltage, after which a quick increase

in the current density starts (section III). In section IV

a trapless SCL-current is observed. With known trap-

filled limit voltage VTFL, the density of traps NT can be

determined from the following relationship [16]:

NT =
2εsε0VTFL

qd2
. (4)
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Figure 1. Topography of the surface obtained by the method of atomic-force microscopy for samples of lithium niobate (a) and lithium

tantalate (b, c).
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Figure 2. Current density as a function of bias voltage for thin films of lithium niobate (a) [8] and lithium tantalate (b) [9]. The

inserts show scaled-up reverse bias.
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Figure 3. Current-voltage curves of the MFeS-structure based on lithium niobate with forward bias, which are typical for the SCL-current

mechanism (a), as well as IU-curves with reverse bias, which are typical for the hopping conduction (b) and the Schottky emission (c).
Straight lines are linear approximations.

Taking into account that VTFL ≈ 0.78V, the density of

traps is ∼ 9.55 · 1022 m−3. The εs for lithium niobate in the

calculation was taken equal to ∼ 44.29 [1].
With a reverse bias for the MFeS-structure based on

LiNbO3 the linear section on the dependence of J on V
(Fig. 2, a) is observed in the range of voltages from 0 to

0.22V, which is indicative of the fact the IU-curve follows

the Ohm’s law at these voltages. The electrical conductivity

calculated from the slope of the straight line at this section

is ∼ 0.79 · 10−9 �−1 ·m−1. With increase in bias voltage

above 0.22V and up to 0.96V, the linear section is observed

in the dependence of ln J on V (Fig. 3, b), which is indicative

of the fact that hopping conduction is the main mechanism

here. The hopping conduction is described by the following

relationship [11]:

J = qaneν exp

[

qaE
kT

− Ea

kT

]

, (5)

where a is mean hopping distance, ne is electron concen-

tration in the conduction band of the ferroelectric, ν is

frequency of the thermal vibration of electrons at trap sites,

k is the Boltzmann constant, T is absolute temperature,

Ea is activation energy. According to (5), the slope of

the straight line in the graph of ln J as a function of V
can be used to calculate the mean hopping distance a ,
that corresponds to the mean spacing between trap sites.

In our case: a ≈ 21.46 nm. On the other hand, mean

spacing between trap sites can be determined from the

density of traps, taking into account that a3 = N−1
T is

the volume attributable to one trap. The a calculated in

this way is ∼ 21.88 nm, which is well consistent with the

value determined from the slope of the straight line in the

dependence of ln J on V . Further increase in the bias voltage

results in transition to the Schottky emission. The expression

for Schottky emission is as follows

J = A∗T 2 exp

[−q(ϕb −
√

qE/4πε0εr )

kT

]

, (6)

where A∗ = 4πqk2m∗/h3 is the effective Richardson con-

stant, ϕb is the Schottky barrier height, εr is optical

Physics of the Solid State, 2023, Vol. 65, No. 4
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Figure 4. IU-curves of the MFeS-structure based on lithium tantalate with forward bias, which are typical for the SCL-current

mechanism (a), as well as IU-curves with reverse bias, which are typical for the hopping conduction (b) and the SCL-current (c).
Straight lines are linear approximations.

dielectric permittivity, m∗ is effective electron mass in the

ferroelectric, h is the Planck constant. The dependence of

ln J on V 1/2 is linear in the case of Schottky emission. It is

shown in Fig. 3, c. By formula (6), from the slope of the

straight line in the dependence of ln J on V 1/2 the refraction

index nr =
√
εr can be calculated. The calculation gave

nr ≈ 2.8, which is well consistent with the values presented

in literature: at a wavelength of ∼ 0.4−0.6µm the refraction

index of LiNbO3 is ∼ 2.3−2.4 [17,18].

Also, the prevailing conduction mechanisms were de-

termined for MFeS-structures based on lithium tantalate,

and IU-curves in appropriate coordinates are shown in

Fig. 4. With the forward bias, the most probable is that

the carrier transfer can be characterized by the space-

charge-limited current. This is evidenced by several linear

sections in the dependence of J on V on a logarithmic

scale shown in Fig. 4, a. Section I in Fig. 4, a corresponds

to the observance of the Ohm’s law at voltages from 0

to VT ≈ 0.38V. The electrical conductivity at this section

is ∼ 4.87 · 10−12 �−1 ·m−1 as determined from the slope

of the straight line in the dependence of J on V (Fig. 2, b)
and ∼ 7.34 · 10−12 �−1 ·m−1 as determined from the in-

tersection of the straight line with the ordinate axis in

Fig. 4, a (section I). Section II in Fig. 4, a corresponds to

the SCL-current with traps. The density of traps NT for

this structure calculated at VTFL ≈ 0.50V by formula (4) is

∼ 5.89 · 1022 m−3 (εs for lithium tantalate was taken equal

to ∼ 42.60 [1]). Further increase in the bias voltage results

in a sharp growth of the current density (section III) and

transition to the trapless SCL-current (section IV).
With a reverse bias for the MFeS-structure based on

LiTaO3 the linear section corresponding to the Ohm’s law

in the dependence of J on V is observed up to the voltage

of 1.46V. The electrical conductivity determined for this

section from the slope of the straight line in the dependence

of J on V (Fig. 2, b) is ∼ 2.20 · 10−12�−1 ·m−1. In the

voltage range from 1.48 to 2.20V, hopping is the most

probable conduction mechanism (Fig. 4, b). The mean

spacing between trap sites calculated from the slope of the

straight line in the dependence of ln J on V is ∼ 24.93 nm;

Physics of the Solid State, 2023, Vol. 65, No. 4
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the a calculated with the use of trap density determined

for the direct bias is ∼ 25.71 nm. It is the most probable,

that further increase in the reverse bias demonstrates a trend

of transition to the space-charge-limited current (Fig. 4, c).
And this current is not a trapless space-charge-limited

current, because the slope coefficient of the straight line

is α ≈ 4.6. This is indicative of the trap-limited current,

which has the following dependence of current density on

the bias voltage for the exponential distribution of traps over

energies: J ∼ V α, where α > 2 and depends on the trap

density [19,20].
One of characteristics of the film structure that has an

effect on its electrical conductivity is the magnitude of the

potential barrier arising at the interface. This parameter

heeds to be accounted for when selecting a particular model

to describe contact properties [21]. IU-curves shown in

Fig. 2 are asymmetrical, which may be indicative of the

presence of potential barrier at interfaces [22].
Magnitude of the potential barrier at an interface can be

determined by the I−V -method [23–25]. This method has

been applied for ferroelectric materials in [26]. With low

bias voltages the current density J in Schottky diodes can

be described as follows:

J = J0

[

1− exp

(

−qV
kT

)]

exp

(

qV
nkT

)

, (7)

where n is ideality factor (for the ideal diode n = 1,

however, usually n is greater than unit), J0 is saturation

current density determined by the following relationship:

J0 = A∗T 2 exp

(−qϕe

kT

)

, (8)

where ϕe is effective potential barrier height at a zero bias.

ϕe can be calculated by formula (8)

ϕe = (lnA∗T 2 − ln J0)
kT
q
. (9)

ln J0 is determined by the point of intersection of the

ordinate axis and the straight line in the dependence of

ln
[

J/{1− exp(−qV/kT)}
]

on V with a direct bias. Also,

from the slope of this straight line (slope coefficient is β) the
ideality factor can be determined by the following formula:

n =
q

kT
1

β
. (10)

Dependencies of ln[J/{1− exp(−qV/kT)}] on V for

the samples of LN and LT are shown in Fig. 5. To

calculate the barrier height, values of the effective electron

mass m∗ were taken from [27]: for lithium niobate m∗

was taken equal to 0.058m0, for lithium tantalate it was

taken equal to 0.098m0, where m0 being electron mass

in vacuum. According to calculations, for a thin film of

LiNbO3 ϕe ≈ 0.84 eV, n ≈ 1.16, for a thin film of LiTaO3

ϕe ≈ 1.01 eV, n ≈ 2.81. The high ideality factor for LT

film may be due to additional effects related to the two-

level structure of the film surface, grain boundaries and the

influence of the series resistance [24].
Another method to determine the potential barrier height

has been suggested in [28]. To describe the effect of the

series resistance on the electrical conductivity, it is suggested

to represent the Schottky diode as a diode and a Rs resistor

connected in series [24,28]. In this case density of the

current flowing through the structure is described as follows

J = J0 exp

(

q(V − SRs J)

nkT

)

, (11)

where S is area of the electrode. It is easy to derive from

this the following:

dV
d(ln J)

= SRs J +
nkT

q
. (12)

The dependence of dV/d(lnJ) on J has a linear section

at low bias voltages. Slope coefficient of the straight
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line approximating the linear dependence is SRs , and

the intersection with the ordinate axis takes place at

dV/d(lnJ) = nkT/q. To determine the barrier height, the

H(J) function is considered:

H(J) = V − nkT
q

ln

(

J
A∗T 2

)

. (13)

On the other hand, according to [28]:

H(J) = SRs J + nϕe . (14)

The intersection between the straight line in the graph

H(J) and the ordinate axis gives nϕe . By calculating n
using relationship (12), the height of potential barrier can be

determined. Also, the slope of the straight line in the graph

of H(J) allows determining the value of Rs and verifying the

value obtained from (12). This method has been applied for

ferroelectric materials in [29,30].
Dependencies of dV/d(lnJ) and H on J for thin films

of lithium niobate and lithium tantalate are shown in

Fig. 6. For a lithium niobate thin film, the following values

were obtained by this method: n ≈ 3.06, ϕe ≈ 0.80 eV;

Rs from (12) is approximately equal to 25.19M�, Rs

from (14) is approximately equal to 21.65M�. For

a MFeS-structure based on lithium tantalate: n ≈ 2.66,

ϕe ≈ 1.02 eV; Rs from (12) is approximately equal to

2.83M�, Rs from (14) is approximately equal to 2.62M�.

Potential barriers determined by this method are well

consistent with the values determined with the use of the

dependence of ln[J/{1− exp(−qV/kT )}] on V .

Another way to determine Rs and ϕe has been suggested

in [31]. To solve the problem of the series resistance, the

following function is introduced

F(V ) =
V
2
− kT

q
ln

(

J(V )

A∗T 2

)

, (15)

where J(V ) is current density as a function of bias voltage.

The F(V ) dependence has a peak at a certain value

of V = V0. The potential barrier height can be determined

from the following relationship:

ϕe = F(V0) +
V0

2
− kT

q
. (16)

The series resistance can be determined from the following

relationship:

Rs =
kT

qJZS
, (17)

where JZ is current density at V0.

It can be seen, that this method does not allow determin-

ing of the ideality factor n. To determine n, it is necessary

to use a modified version of this method [32]: a constant γ

with an arbitrary value greater than n is introduced into the

F(V ) function:

F(V, γ) =
V
γ
− kT

q
ln

(

J(V )

A∗T 2

)

. (18)

By setting two different values of γ , two systems of

equations can be obtained

ϕe1 = F(V01, γ1) +

(

1

n
− 1

γ1

)

V01 −
(γ1 − n)kT

nq
, (19)

ϕe2 = F(V02, γ2) +

(

1

n
− 1

γ2

)

V02 −
(γ2 − n)kT

nq
(20)

and

Rs1 =
(γ1 − n)kT

qJZ1S
, (21)

Rs2 =
(γ2 − n)kT

qJZ2S
. (22)

By solving equations (19) and (20) together, the ideality

factor can be determined:

nV =

(

V01 −V02 +
γ2kT

q
− γ1kT

q

)

/

(

F(V02, γ2) − F(V01, γ1) −
V02

γ2
+

V01

γ1

)

, (23)
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Figure 7. Dependencies F(V, γ) at different values of γ for MFeS-structures based on lithium niobate (a) and lithium tantalate (b).

or n can be determined from (21) and (22):

nJ =
γ1JZ2 − γ2JZ1

JZ2 − JZ1
. (24)

Fig. 7 shows F(V, γ) dependencies for the non-modified

method (γ = 2) and for the modified method. By applying

the non-modified method to heterostructures based on

lithium niobate, we get ϕe ≈ 0.83 eV, Rs ≈ 23.11M�,

for heterostructures based on lithium tantalate we get

ϕe ≈ 1.33 eV, Rs ≈ 13.38M�. In the case of modified

method γ was varied from 2.1 to 3.5. For the lithium niobate

sample at different combinations of γ1 and γ2 values of ϕe

fluctuate in the range from 0.81 to 0.82 eV; values of nV vary

from 1.17 to 2.56; values of nJ vary from 1.04 to 2.57. For

LiTaO3 at different combinations of γ1 and γ2 the ϕe has

values in the range from 1.00 to 1.30 eV; values of nV vary

from 1.23 to 3.36; values of nJ vary from 1.11 to 3.33.

Values determined by this method are consistent to the best

extent with the data obtained by methods of [23,28]: at

γ1 = 2.5, γ2 = 3.1 for LiNbO3

ϕe1(nV ) ≈ ϕe2(nV ) ≈ ϕe1(nJ) ≈ ϕe2(nJ) ≈ 0.81 eV,

nV ≈ 1.69, nJ ≈ 1.73, Rs1(nV ) ≈ 22.83M�,

Rs2(nV ) ≈ 22.37M�, Rs1(nJ) ≈ Rs2(nJ) ≈ 21.79M�;

at γ1 = 2.8, γ2 = 3.4 for LiTaO3

ϕe1(nV ) ≈ ϕe2(nV ) ≈ 1.02 eV,

ϕe1(nJ) ≈ ϕe2(nJ) ≈ 1.01 eV,

nV ≈ 2.55, nJ ≈ 2.70, Rs1(nV ) ≈ 2.44M�,

Rs2(nV ) ≈ 1.21M�, Rs1(nJ) ≈ Rs2(nJ) ≈ 1.00M�.

To analyze current-voltage characteristics, let use consider

the energy band diagram of the metal–ferroelectric–p-Si

Vacuum level

Fermi level

Cu/Ag LN/LT p-Si

Fm
c( )f

c(Si)

E( )f
g

E( )f
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Figure 8. Energy band diagram of MFeS-structures under study:

8m is work function of the metal, χ is electron affinity, Eg is band

gap, Ec is energy corresponding to the bottom of the conduction

band, Ev is energy corresponding to the top of the valence band.

heterostructure shown in Fig. 8. This diagram was built

in an assumption that prevailing charge carriers at low

temperatures in lithium niobate and lithium tantalate are

electron polarons [33,34].
A barrier of Schottky type is formed at the metal–

ferroelectric contact, which magnitude is determined by the

work function of the metal, as well as by the electron affinity

and positions of the Fermi level of the ferroelectric material.

In the vicinity of the opposite surface the bending of bands

in the ferroelectric from the side of the ferroelectric–p-Si
heterojunction is due to the electron affinity of the materials

and the position of Fermi level before the contact. At the

contact, Fermi levels in the media are equalized and charge

carriers are injected into the ferroelectric. The Fermi level

in silicon crosses the bottom of the conduction band, and in

the near-contact area silicon is a degenerate semiconductor

of n--type. Thus, the silicon substrate from the side of
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ferroelectric material can be considered as a material with

high electrical conductivity, which is close to conductivity

of metals. Based on IU-curves, a conclusion can be made

that the energy barrier height for charge carriers is mainly

contributed from the metal–ferroelectric interface.

4. Conclusion

The topography of thin-film MFeS-heterostructures based

on lithium niobate and lithium tantalate is investigated. It

has been found that samples have a grain structure. The

dependence of current flowing through the structure on the

applied bias voltage is investigated. It has been found that

IU-curves of MFeS-structures based on LiNbO3 and LiTaO3

follow the Ohm’s law at low bias voltages. As the voltage

increases, the most probable conduction mechanisms in thin

films of lithium niobate are SCL-current for the forward

bias and hopping conduction and Schottky emission for

the reverse bias; in thin films of lithium tantalate the

most probable conduction mechanisms are SCL-current for

the forward bias and hopping conduction and SCL-current

for the reverse bias. IU-curves demonstrate asymmetry,

which may be indicative of the presence of potential barrier

at the interfaces. By means of methods based on IU-

curves, the barrier height is determined: for the LN thin

film it is from 0.80 to 0.84 eV, for the LT thin film it is

from 1.01 to 1.02 eV. Electrical conductive properties of the

studied heterostructures are analyzed on the basis of energy

band diagrams. It is shown that the observed effects are

mainly contributed by the barrier at the metal–ferroelectric
interface.
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