
COMPOSITES

Study of enhancement in the dielectric and electrical

properties of WO3-doped LiF nano-composite

Ritu Verma1,2, Surya Prakash Tiwari1, Reena Kumari1, and Ritu Srivastava1,*

1Advanced Material Devices Division, CSIR-National Physical Laboratory, Dr. K. S. Krishnan Road, New Delhi 110012, India
2Academy of Scientific and Innovative Research (AcSIR), CSIR-National Physical Laboratory Campus, New Delhi, India

Received: 9 June 2017

Accepted: 27 November 2017

Published online:

7 December 2017

� Springer Science+Business

Media, LLC, part of Springer

Nature 2017

ABSTRACT

We report the dielectric and electrical behavior of thermally evaporated lithium

fluoride (LiF)–tungsten trioxide (WO3) (x wt% WO3-doped LiF; x = 0, 1, 3, 5, 7,

10) nano-composite thin films at room temperature over a wide range of fre-

quencies from 0.1 Hz to 1 MHz. Among the various doping concentrations of

WO3, the 5 wt% WO3-doped LiF nano-composite thin film reaches to the

maximum dielectric constant * 25, compared with those of pure LiF * 9 thin

film. The electrical studies of the films have been done by complex impedance

spectroscopy and show the presence of grain and grain boundaries contribution

in the films for all doping concentrations. The relaxation behavior in the nano-

composite films has been observed in the dielectric curve at low frequencies

which is superimposed by electrode polarization. The non-Debye type of

relaxation in the films has been observed in the impedance and modulus curve.

The peaks appearing at low frequencies for each doping concentration in loss

tangent spectrum show the presence of relaxing dipoles in the films. An

increment in the ac conductivity has been observed with doping concentration

up to 5%. The ac conductivity curves obey the jump relaxation power law where

an electrode polarization effect can be seen at low-frequency region.

Introduction

Over a past few decades, organic field-effect transis-

tors (OFETs) have attracted attention of the

researchers due to their low cost and large area

electronic applications such as displays [1, 2], sensors

[3, 4] and wearable electronic [5]. Various research

has been investigated to improve the characteristics

of organic semiconductors for their application in

high-performance organic electronic devices [6], but

recently attention has been given toward the devel-

opment of high-k gate insulators to enable low volt-

age operation with low electrical leakage, minimum

density of surface traps and highly smooth surface

for the growth of active organic semiconductor layer

[7]. For OFET applications, many gate dielectrics like

poly(4-vinyl phenol) (PVP), benzocyclobutene (BCB),

poly(methyl methacrylate) (PMMA) have been suc-

cessfully demonstrated; however, the operating

voltages remain high due to their low dielectric
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constant. Poly(vinylidene fluoride) (PVDF) and cya-

noethyl pullulan (CEP) have a high dielectric con-

stant, but suffer from disadvantages of having poor

semiconductor–dielectric interface and high curing

temperature, respectively [7, 8]. Polymer such as

poly(vinyl alcohol) (PVA) and PVP contains hydroxyl

groups which increase the number of trapping sites

at the semiconductor/dielectric interface, which

caused a large hysteresis in the transfer characteris-

tics [9] of OFETs. Hence, to overcome the disadvan-

tages of low dielectric constant and high leakage

current of the gate dielectric, the study of nano-

composite gate dielectrics is necessary due to their

simple processing, low cost and excellent properties,

such as low dielectric loss and low leakage current.

OFETs fabricated with nano-composite gate dielectric

showed improved transistor characteristics com-

pared to the single gate electric devices [10]. Hence,

for the development and practical application of

OFET devices, nano-composite dielectrics which can

provide a high-quality interface, high dielectric con-

stant, low leakage current and low voltage operation

is required.

In this work, the MIM device of LiF–WO3 nano-

composite thin films with different doping concen-

tration of WO3 along with its electrical and dielectric

characteristics has been studied for the application of

OFETs. Here LiF has been chosen because it has been

widely used as gate dielectric for OFETs [11, 12] and

can be easily fabricated by thermal evaporation tech-

nique. LiF has a dielectric constant (* 9) and band gap

(13.6 eV) which can provide high capacitance to the

device. In the doping content, WO3 has been chosen

because WO3 is one of the most interesting materials,

which shows a wide variety of novel properties in thin

film formwhich is useful for advancedmicroelectronic

applications [13]. TheWO3-dopedLiF nano-composite

shows enhanced dielectric constant and electrical

properties as compared to pure LiF and can be used in

the field of organic semiconductor devices. The study

of the x wt% WO3-doped LiF nano-composite thin

films has not been done so far in terms of dielectric and

electrical characterization.

Materials and methods

In this study, MIM device has been fabricated on

glass substrate where indium tin oxide (ITO) is con-

sidered as bottom contact where as Al is considered

as top contact and x wt% WO3-doped LiF thin film

was sandwiched between these two contacts. The

ITO-coated glass substrates with sheet resistance of

20 ohms per unit area were purchased from Vin

Karola, USA. The substrates were patterned of 2 mm

wide strip and ultrasonically cleaned by dipping

them into DI Water, Acetone, TCE and propan-2-ol

solvents for 20 min each. Annealing was done after

cleaning of the substrates in vacuum oven at 120 �C
for 30 min. The annealed substrates were immedi-

ately loaded into a thermal evaporation coating unit

by avoiding any exposure to ambient air for fabrica-

tion of devices. The MIM device structure is ITO

(120 nm)/x wt% WO3-doped LiF (120 nm)/Al

(150 nm). After loading the substrate, the dielectric

material and Al film are evaporated by physical

vapor deposition method. The base pressure for the

fabrication of both layers was 5 9 10-6 mbar. The

evaporation rate was 0.5–1 Å/s for the dielectric

layer and 2–4 Å/s for Al. The device area for this

structure was 2 mm 9 2 mm. Thickness of each layer

was measured by quartz crystal thickness monitor

Model DTM-101 and examined by spectroscopy

ellipsometry (Woollam 2000). All materials the WO3

(99.9%), LiF (99.98%) and Al (99.9%) are purchased

from Sigma-Aldrich and were used directly as such.

WO3-doped LiF with different concentration has been

prepared by physical mixing. The electrical proper-

ties of MIM device were determined by ac impedance

spectroscopy using Solartron 1260 impedance ana-

lyzer over a frequency range from 0.1 to 106 Hz. The

crystallite structure of the nano-composite thin films

was examined by grazing incidence X-ray diffraction

(GIXRD) techniques (PANalytical X’Pert PRO MRD

system) with CuKa radiation (k = 1.5405 Å) in a

wide range of Bragg angles 2h (35� B 2h B 70�).
FESEM-Carl Zeiss, Supra 40 VP has been used to

study the surface morphology characterization.

Results and discussion

Figure 1a–g shows the X-ray diffraction of all WO3-

doped LiF nano-composite thin films with different

doping concentration and pure WO3 thin film

deposited on Si substrate at room temperature. For

0 wt% WO3-doped LiF, it is found to be highly

crystalline and reflections corresponding to the LiF

crystal planes (111), (200), and (220) were recognized

at an angle of 38.7�, 45.0� and 65.6�, respectively [14],
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with no detectable crystalline impurity phases pre-

sent. For other doping concentrations (Fig. 1b–f),

same peaks have been observed as 0 wt% WO3-

doped LiF (Fig. 1a) and no peaks have been observed

for 100 wt% WO3-doped LiF (Fig. 1g). A comparison

of all these patterns indicates no extra peak shifts in

the 1 wt% WO3-doped LiF–10 wt% WO3-doped LiF

thin film other then peaks of 0 wt% WO3-doped LiF

thin film. It can be seen that crystalline nature of the

0 wt% WO3-doped LiF thin film decreases by

increasing the doping concentration of WO3 in the

host of LiF (Fig. 1b–f). This reduction in crystalline

nature of the films can be due to the amorphous

behavior of the WO3 film. It is reported that film as-

deposited by thermal evaporation of WO3 shows

amorphous behavior; hence, no peak can be seen in

Fig. 1g for WO3 deposited film [15, 16]. The peak at

52.5� is due to the Si lattice from the substrate.

Figure 2a–f shows the FESEM images of all WO3-

doped LiF nano-composite thin film with different

doping concentration deposited on Si substrate. It can

be seen from the images that WO3 content increases

in LiF with doping of WO3 up to 5%, which can be

the possible reason for the increment behavior of

electrical and dielectric properties of nano-composite.

Hence 5 wt% WO3-doped LiF thin film nano-com-

posite shows the best composite for our analysis. It

has also been seen that with further increment of

WO3 content (i.e., [ 5 wt%), the grain size of WO3

transformed into bulk form and gets agglomerated in

the matrix and this agglomeration can be the possible

reason for the reduction in electrical and dielectric

properties of nano-composite. This agglomerated

matrix can be seen the inset image of Fig. 2f. Hence,

the interfacial area per unit volume and inter-particle

distance may decreases. This decreases the average

polarization associated with the particles resulting in

the further decrement of dielectric constant and ac

conductivity as well as increment of tangent loss.

Figure 3 shows the capacitance value of LiF–WO3

nano-composite thin films at different doping con-

centration as a function of frequency. It can be seen

that capacitance of the LiF has been increased with

increase in doping concentration up to 5%. The

dielectric constant of the films has been calculated by

the following formula, and the calculated values of

dielectric constant are shown in Table 1

Ci ¼
ke0A
d

; ð1Þ

where Ci is the measured capacitance of the specimen

in Farad (F), d is thickness of the film, e0 is the per-

mittivity of free space (8.85 9 10-12 F/m), A is the

area of the device, and k is dielectric constant of the

material.

The e0 and e00 are the real and imaginary part of the

dielectric constant, which represents the amount of

energy stored in a dielectric material as polarization

and energy loss, respectively. The frequency-depen-

dent real part of the dielectric constant (e0) and

imaginary part of the dielectric constant (e00) can be

calculated as follows:

e0 ¼ Cd

e0A
; ð2Þ

e00 ¼ e0 tan d; ð3Þ

where tan d is called as the dielectric loss tangent

which is proportional to the loss of energy dissipated

as heat from the applied field into the device. The

variation of real (e0) and imaginary (e00) components of

dielectric constant as a function of frequency of LiF–

WO3 nano-composite thin films with different doping

concentration of WO3 at room temperature is shown

in Fig. 4. Strong frequency dispersion can be seen at

low frequency for all doping concentrations, and this

dispersion increases with increase in doping con-

centration of up to 5%, whereas a frequency inde-

pendent behavior can be seen above 100 Hz for all

doping concentrations. The responsible factor for the

dielectric constant of any material is polarization

Figure 1 XRD pattern of the WO3-doped LiF nano-composite

thin films at different concentrations of WO3: (a) 0%, (b) 1%,

(c) 3%, (d) 5%, (e) 7%, (f) 10%, (g) 100%.
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behavior shown by materials, namely bipolar, elec-

tronic, atomic, and space charge polarization which is

operative at low frequencies [17]. The space charge

polarization can be the reason behind frequency

independent behavior of the curve. At high-fre-

quency dipoles cannot orient themselves within time

limit in the applied field direction due to which the

interfacial polarization decreases with increase in

frequency, results decreases the dielectric constant.

Similarly at low frequencies, the dipoles follow the

field rapidly and create maximum polarization value,

resulting in high value of dielectric constant [18].

The frequency dependence behavior of the dielec-

tric curve can be explained by Maxwell–Wagner

model [19]. According to this model, it can be

assumed that the dielectric material is made up of

Figure 2 FESEM images of WO3-doped LiF nano-composite thin films at different concentrations of WO3: a 0%, b 1%, c 3%, d 5%,

e 7%, f 10%.

Figure 3 Capacitance as a function of frequency of WO3-doped

LiF nano-composite thin films at different concentrations of WO3.

Table 1 Fitted parameters of LiF–WO3 nano-composite thin films obtained after the utilization of model equivalent circuit in Nyquist

plots

Doping concentration (%) Grain-boundary resistance, Rgb (X) Bulk resistance, Rb (X) Capacitance (nF) Dielectric constant (k)

0 1.2 9 106 4.6 9 106 2.62 8.89

1 850000 3.9 9 106 3.56 12.08

3 550000 2.0 9 106 4.67 15.84

5 300000 1.4 9 106 7.42 25.2

7 450000 1.7 9 106 6.22 21.10

10 700000 2.4 9 106 4.44 15.06
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grain and grain boundaries, where less conducting

grain boundaries situated between two highly con-

ducting grains. When an external electric field is

applied to the dielectric material, the electric charges

can easily travel through the grains, but it cannot

cross grain boundaries and gets accumulated on

grain boundaries and create large polarization in the

form of high dielectric constant at low frequencies.

The electrical and dielectric properties of materials

can be investigated by the complex impedance anal-

ysis technique. This technique provides us the capa-

bility to find out the overall electrical properties

contribution, originated by grain (bulk), grain

boundary or polarization phenomenon in a material

[20]. Figure 5 shows the Nyquist plots of LiF–WO3

nano-composite thin films for different doping con-

centrations of WO3 over a wide range of frequency at

room temperature. The characterization of an

impedance spectrum can be characterized by a

semicircular arc. The appearance of a single semicir-

cle indicates that the electrical process obeys a single

relaxation mechanism [21]. If a semicircular arc

comes at high frequency, then it represents a bulk

contribution, whereas the intermediate frequency

semicircle arc represents a grain-boundary contribu-

tion. The value of interception of the semi circular arc

with the real axis (Z0) gives us an estimate value of

bulk resistance (Rb) of the material [22]. From Fig. 5,

it can be observed that the size of semicircular arc

decreases with increase in WO3 doping concentration

up to 5% and then it increases again. Hence, the size

of the semicircles depends on the resistive responses

of the material. It has also been observed from Fig. 5

that the impedance plot consists of depressed semi-

circular and the center of arc lies below the real axis

that shows the presence of a non-Debye type of

relaxation phenomenon in the film and this behavior

indicates that there is a distribution of relaxation time

instead of a single relaxation time in the film.

The fitting of the Nyquist plot for all doping con-

centration is done by z-view software, and the best fit

is obtained when employing an equivalent circuit

formed by a parallel combination of resistance R1

(bulk resistance Rb) and capacitance C1 (bulk capac-

itance Cb) in series with a parallel combination of

resistance R2 (grain-boundary resistance Rgb) and

capacitance C2 (grain-boundary capacitance Cgb). The

equivalent configuration is of the type [(R1||C1) ?

(R2||C2)], as shown in the inset of Fig. 5. The

Figure 4 Variation of real (e0) and imaginary (e00) components of

dielectric constant as a function of frequency at room temperature.

Figure 5 Nyquist plot of LiF–WO3 nano-composite thin films at

room temperature.
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calculated parameters by fitting and the calculated

dielectric constant using capacitance are given in

Table 1.

Figure 6 shows the imaginary part of the impe-

dance (Z00) as a function of frequency (loss spectrum)

of LiF–WO3 nano-composite thin films with different

doping concentration of WO3 at room temperature.

The characterization of loss spectrum is done by

appearance of broad peak at a particular frequency,

also known as relaxation frequency. Only one elec-

trical response can be seen in Fig. 6, and this may be

due to the grains boundary contribution in the film

[23]. For all concentrations, the electrical response

reduces with the increase in doping concentration up

to 5% and then it increases again. The grain response

is expected to be appeared at high-frequency regions,

which are limited to our frequency regions of inves-

tigations. It can be seen that the peaks pattern is

asymmetric in loss spectrum and their positions

shifted toward the higher-frequency region with

increase in doping concentration of WO3 up to 5%.

The peak broadening suggests a spread of the relax-

ation time [24].

Figure 7 shows the real part of the impedance (Z0)

as a function of frequency of LiF–WO3 nano-com-

posite thin films with different doping concentration

of WO3 at room temperature. It is observed that the

magnitude of Z0 (i.e., resistance) decreases with

increase in WO3 doping concentration up to 5% and

after that increases again. Hence decrease in magni-

tude of Z0 up to 5% doping can be the possible factor

for the increase in the ac conductivity. It can also be

seen that the Z0 values for all the concentrations

merge in the higher-frequency region (C 100 Hz).

This may happen due to reduction in barrier prop-

erties of the material with the rise in concentration

results releases space charges and this may enhance

the ac conductivity of the material at higher fre-

quencies [25, 26].

The electrical modulus analysis of any material

helps us to study the parameters such as electrical

conductivities, electrode polarization, relaxation

time, grain and the grain-boundary conduction effect

of the material. The complex electric modulus,M*(x),
is defined as the inverse of the complex permittivity,

e*(x):

M� ¼ M0 þ iM00 ¼ 1=e�; ð4Þ

where M0 is the real part of the electric modulus and

can be calculated by using following equation:

M0 ¼ e0= e02 þ e002
� �

; ð5Þ

and M00 is the imaginary part of the electric modulus

and can be calculated as follows:

M00 ¼ � e00= e02 þ e002
� �

; ð6Þ

Figure 8 shows the variation of the real (M0) part of

the dielectric modulus as a function of frequency of

LiF–WO3 nano-composite thin films with different

doping concentration of WO3 at room temperature. It

can be seen that M0 is having very low value at the

low-frequency region and then there is a sigmoidal

increase in the value of M0 with increasing frequency.

A continuous dispersion can be seen in the curve

with increasing frequency which may be due to an
Figure 6 Imaginary part of the impedance (Z00) as a function of

frequency at room temperature.

Figure 7 Real part of the impedance (Z0) as a function of

frequency at room temperature.
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induced electric field driven short-range mobility of

charge carriers [22].

Figure 9 shows the variation of the imaginary (M00)

part of the dielectric modulus as a function of fre-

quency of LiF–WO3 nano-composite thin films with

different doping concentration of WO3 at room tem-

perature. This curve is characterized by a peak

appearing at a particular frequency. It can also be

seen that the magnitude of the peaks and peak

position shifts toward the high-frequency side with

increase in doping concentration up to 5%. The M00

peak appearing at the low-frequency side represents

the range of frequencies in which charge carriers can

travel from one site to the neighboring site over a

long distance. The M00 peak appearing at the high-

frequency side indicates the frequency range in

which the charge carriers cannot cross their potential

wells and their motion could be within the well [24].

Therefore, long-range to the short-range mobility of

charge carrier transition can be seen in our investi-

gation with increase in frequency. The peak broad-

ening with different time constant indicates the

spread of relaxation time, and hence a non-Debye

type of relaxation is observed in the material [27].

Figure 10 shows the variation of dielectric loss

(tan d) as a function of frequency of LiF–WO3 nano-

composite thin films with different doping concen-

tration of WO3 at room temperature. The generation

of heat in the form of energy loss after applying

electric field can be measured as a dielectric loss

tangent. The loss spectra characterized by peak

appearing at a particular frequency, which suggest

the presence of relaxing dipoles in the films. The

dielectric loss of the film increases with increase in

doping concentration up to 5% at low frequency. It

can also be seen that the dielectric loss of the film has

been decreased exponentially with increasing fre-

quency and showed the frequency independent

behavior at higher frequency. This may happen due

to the orientation of dipole polarization which fol-

lows the electric field at lower frequencies resulting

high dielectric loss. Similarly, at higher frequencies,

the dipole response is limited and the dielectric loss

decreases [28, 29].

The loss tangent behavior can also be explained by

Koop’s model [30]. According to this model, at lower

frequency grain boundaries play a dominant role due

to which material shows high resistivity; hence, the

electrons need much more energy to travel from one

Figure 8 Variation of the real (M0) part of the dielectric modulus

as function of frequency at room temperature.

Figure 9 Variation of the imaginary (M00) part of the dielectric

modulus as function of frequency at room temperature.

Figure 10 Variation of dielectric loss (tan d) as a function of

frequency at room temperature.
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conducting grain to another. So, high energy dissi-

pation can be seen at the low-frequency region. At

high frequency, grains play a dominant role due to

which material shows low resistivity. Therefore, less

energy is required for the electrons to travel from one

conducting grain to another resulting loss tangent

decrease.

The AC electrical conductivity (rac) of the prepared
sample has been calculated from the following

equation:

rac ¼ xe0e0 tan d; ð7Þ

where x (= 2pf) is the angular frequency and f is the

applied frequency. Figure 11 shows the log–log scale

plot of the variation of calculated ac conductivity as a

function of frequency of LiF–WO3 nano-composite

thin films with different doping concentration of

WO3 at room temperature. It can be seen that at low

frequencies ac conductivity show a frequency inde-

pendent plateau and at the higher frequencies it

shows dispersion. A small deviation in the plateau

region can be seen at low frequencies which is the

evidence of electrode polarization effect on the curve.

The ideal model to fit experimental conductivity data

is Jonscher’s universal power law [31, 32]

r xð Þ ¼ r0 þ Axn; ð8Þ

where r0 is the dc conductivity, the exponent n can

have a value between zero and one, and mobile ions

and lattice interaction can be found out with this

value, whereas A determines the strength of polar-

izability. However, this model does not fit to our

data; hence, we have used double exponential power

law [jump relaxation model (JRM)] [33, 34] to fit the

data.

rac xð Þ ¼ rdc 0ð Þ þ A1x
n1 þ A2x

n2 ; ð9Þ

where rdc(0) corresponds to the long-range transla-

tion hopping which gives the DC conductivity of the

systems. The second factor A1x
n1 is used for the

short-range translational hopping motion, where the

exponent n1 values should be between zero and one.

The third factor A2x
n2 is associated with a localized

hopping motion and the exponent n2 values should

be between one and two.

According to jump relaxation model, dc conduc-

tivity contribution at low frequencies can be consid-

ered because of the successful transition of an ion

from one site to its neighboring vacant site. At higher

frequencies, the forward–backward hopping proba-

bility of an ion to its initial site increases due to the

availability of short time periods and this can be the

responsible factor for the high-frequency conductiv-

ity dispersion [35]. The values of rdc(0), A1, A2, n1 and

n2 obtained by the jump relaxation model are tabu-

lated in Table 2. From the table, it is clear that the dc

conductivity increases with increase in doping con-

centration up to 5%.

Figure 11 Dotted curve denotes the experimental data for the

variation of ac conductivity as a function of frequency. The

continuous solid line denotes the fit of experimental data to double

exponential power law.

Table 2 Fitted ac

conductivity parameters of

x wt% WO3-doped LiF nano-

composite thin films by double

exponential power law

X wt% doping (%) rdc (0), (Scm
-1) A1 A2 n1 n2

0 3.9 9 10-9 5.5 9 10-10 3.8 9 10-15 0.61 1.85

1 6.5 9 10-9 8.4 9 10-10 5.6 9 10-15 0.59 1.83

3 1.4 9 10-8 9.6 9 10-10 9.4 9 10-15 0.58 1.82

5 4.7 9 10-8 4.5 9 10-9 1.5 9 10-14 0.57 1.73

7 1.6 9 10-8 2.02 9 10-9 7.09 9 10-14 0.59 1.75

10 8.05 9 10-9 9.04 9 10-10 7.5 9 10-14 0.60 1.76
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Conclusion

In conclusion, we have fabricated a MIM device of

LiF–WO3 nano-composite thin films and its electrical

and dielectric properties of the films have been

investigated. The analysis of the dielectric nature of

the doped films was done by the space charge

polarization and Maxwell–Wagner model. The

appearance of semicircle arc shows the characteristic

of impedance spectrum, and the electrical properties

of the films exhibit both grain and grain-boundary

conduction which showed relaxation in the films to

be of non-Debye type. The study of electrical trans-

port process has been done by modulus analysis, and

this indicates non-Debye type conductivity relaxation

in the film which is also evidenced by the impedance

spectroscopy. With the help of Koop’s model, the loss

tangent analysis has been performed. The frequency

dependent of ac conductivity follows double expo-

nential power law feature and the low-frequency

dispersion indicating the presence of electrode

polarization phenomena in the materials. From all the

analysis, we can conclude that the electrical and

dielectric properties of LiF–WO3 nano-composite thin

films have been modified with doping concentration

of up to 5%.
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