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ABSTRACT: We report a comprehensive investigation of the impedance
spectroscopy of nanostructured ZnO films with different morphologies used as
channels in Thin Film Transistor configuration with a gate of Electric Double
Layer dielectric. The different morphologies (achieved by growth on different types
of substrates) range from films with grains of random orientations (grown on Si/
SiO2) to films with nanocrystallites with strong texturing (grown on R-Sapphire
and Kapton). The polymer electrolyte gate dielectric used enables a large carrier
density at the ZnO interface in excess of 1013/cm2 even at a gate bias of 1 V. It has
been shown that even with a moderate gate bias (Vg) of +3 V, the complex
impedance can be severely suppressed, and the frequency characteristics of the
impedance curves can be changed. Application of a negative gate bias similarly
enhances the complex impedance. The observed data were explained as arising
from control of the grain boundary depletion layer and the associated grain
boundary capacitance (CGB) as well as the grain boundary potential barrier (φGB)
by the field induced large charge density. We show that CGB can vary from a small value (large depletion width) when a negative
Vg is applied to a large value (small depletion width) when the large majority charge density is induced by a positive gate bias.

■ INTRODUCTION
In recent years, Thin Film Transistors (TFTs) based on oxide
semiconductors like ZnO, IGZO, etc. have attracted consid-
erable attention.1−4 In some of the TFTs, one can achieve a
large ON/OFF ratio even with moderate threshold voltage.
One of the issues that often limits the applicability of oxide
based semiconductors is the low mobility of the charge carrier.
In polycrystalline or nanocrystalline oxide semiconductor films
that are used as channels, the mobility is limited by the
presence of a large number of grain boundaries (GBs).
Existence of depletion layers at the GBs lead to reduction of
mobility in such films. The GBs thus play a critical role in the
transport properties of nanostructured thin films due to their
localized potential barrier with high density of defect states.5−9

Control of such states would thus lead to control of the grain
boundary (GB) transport. One effective way to control GB
transport in such films is to have an enabling tool that can
control the GB depletion layer. Induction of large surface
charge density (nS) using gate dielectrics can be an effective way
to have a reversible control on the grain boundary depletion
layer. This is because the energy barrier at the GB reduces upon
induction of the majority of the carriers by the gate. The change
in chemical potential due to induced charge is Δφ = (kBT) ln
(n + (δn/n)), where the n is the native volume charge density,
kB is the Boltzmann constant, δn is the change in native volume
charge density, and T is temperature. An increase in charge
carrier density by 1 order can change the chemical potential by
∼0.05 eV.
In the case of oxide semiconductors, the native volume

charge density (n) can be very large (n ≥ 1019/cm3).10,11 As a

result, creating a large enough ns using a field effect (FE) that
can shift the chemical potential and neutralize the depletion
layer considerably would need the application of a large gate
voltage when conventional gate dielectrics are used. An
alternative will be to use dielectrics such as an ionic liquid or
a polymeric electrolyte that can create an Electric Double Layer
(EDL) which induces a large charge density, nS ≥ 1013/cm2

even with a gate bias of Vg = 1 V, which is about 2−3 orders
larger than the nS that can be created by gates with
conventional dielectrics.4,9,12−15 This large charge density on
the TFT channel can lead to control of metal insulator
transition, optical response, and control of optoelectronic
properties like persistent photo conduction by EDL gate.12,16,17

In this paper, we show that in a channel of ZnO, it is possible to
have a large control of the GB depletion layer using EDL as a
gate dielectric. While control of GB transport in polycrystalline
ZnO has been widely investigated,7,12,18−21 control of the
depletion layer at the GB using an EDL as a gate dielectric has
not been previously reported. Charged defect sites on the
individual nanocrystallites surfaces act as trap sites for a
majority of carriers and create a potential energy barrier at the
contact region of the adjacent crystallites. The grain boundary
trap states reduce the mobility of the majority carrier and
reduce the conductivity of the film. Depletion layer forms on
the ZnO surface, in particular on the surface of ZnO
nanoparticles, due to depletion of the majority carriers by
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surface defects (like positively charged oxygen vacancy).
Existence of such depletion layers on ZnO nanoparticles has
been established by measurement of the charge on them and by
photoluminescence spectroscopy.20 In nanostructured ZnO
films, the depletion layers arise from the majority carrier
depleted surface of individual nanocrystallites that make the
film. The work presented has been done in EDL Field effect
transistor configuration (EDL-FET) using a ZnO channel with
different morphologies that give rise to GB with different
extents of depletion layers. We have used frequency-dependent
measurement of the drain-source (DS) impedance (Z) in the
presence of different gate voltage Vg as the tool to investigate
the effect of the gate bias on GB depletion layer. Alteration of
the depletion layer by the induced charge changes the φGB as
well as the depletion width (w). The modified w predominantly
leads to a change in the CGB as well as the GB resistance (RGB)
which leads to changes in the complex impedance Z and its
frequency dependence. We show that the change in Z on the
applied gate bias has a strong dependence on the nature of the
film morphology that determines the nature of the GB.
The transport through GB in polycrystalline films as stated

before is primarily controlled by the following factors: φGB and
w. The effect of these parameters on the transfer characteristics
of TFTs have been addressed before.7,8,12,21 However, the role
of these factors in control of CGB and, in particular, how they
control the complex impedance of such a film when the GB
region is modified by field effect induced charges have also not
been addressed. While the effect of the gate in ZnO-based TFT
has been discussed in models,7,22−24 there are no experimental
studies particularly reporting on the EDL gate to study the GB
depletion layer and the associated resistance and capacitance at
the GB, when a large charge density is induced by a gate with
an EDL dielectric. (Note: The gate capacitance as a function of
applied bias has been measured in EDL-FETs.13,25 However,
there are no published reports of complex drain source
impedance measurement with an applied gate bias in these
types of devices with an oxide semiconductor as the channel
that leads to study of the GB depletion layer.)
In this paper, we use a TFT configuration to study the effect

of applied gate bias on complex impedances of n-type ZnO
films of different morphologies and investigate how induced
charges can control the transport through the GBs.

■ EXPERIMENTAL SECTION

Films and Their Characteristics. For this investigation, we
studied films of wide band gap semiconductor ZnO with
different morphologies.The ZnO films were grown on Si/SiO2,
R-Sapphire (1102), and Kapton substrates by Pulsed Laser
Deposition (PLD) technique. A KrF Excimer laser (λ = 248
nm) was used for the ablation in a vacuum chamber where the
base pressure was 1 × 10−6 mbar. The films grown on the three
substrates lead to different film morphologies that are
qualitatively different. Table 1 gives the details of the films
used for this work. The film thickness shown in Table 1 was
measured by spectroscopic ellipsometry. Figure 1 shows the
XRD pattern of ZnO films on different substrates taken with

Cu Kα radiation. As can be seen, the film grown on the SiO2
(300 nm) on Si is polycrystalline with random grain
orientations and incoherent grain boundaries. The films
grown on R-Sapphire (1102) and Kapton are strongly textured
with growth in the (002) direction.
The micro/nanostructure of the films was characterized

using Atomic Force Microscopy (AFM). Figure 2 shows the
AFM image of films grown on different substrates. The root-
mean-square roughness of the films grown on Si/SiO2, R-
Sapphire (1102), and Kapton measured by AFM are found to
be 4.5, 0.6, and 3 nm, respectively. The average grain sizes of
the films as measured by AFM are 140, 40, and 30 nm,
respectively. The combination of the XRD and AFM data
establish that all the films are nanostructured, although the
grain sizes vary. The nanostructured films also differ in grain
morphologies. While film A has random grain orientations (as
established through XRD), films B and C have oriented grains.
For films A and B, the average grain sizes are comparable to
film thicknesses. This likely makes the film with columnar
growth, and we may think of the GB as arranged in a two-
dimenional network. In contrast, film C has a much larger
thickness than the grain size. This renders the GBs within the
film in a three-dimensional network.

Fabrication of EDL−TFT. The gate dependence of the
impedance spectroscopy was done on the above-described ZnO
thin films in a TFT device configuration using polymeric
electrolyte as a gate. A schematic of the TFT device is shown in
Figure 3(a). The devices were fabricated on patterned films.
Cr/Au contact pads made by thermal evaporation were used as
source (S) and drain (D) electrodes. A 10:1 mixture of
poly(ethylene oxide) (PEO) and Lithium perchlorate (LiClO4)
was used as a gate dielectric. The dielectric was applied by spin
coating the mixture using methanol as solvent. The electrolyte
at the interface with ZnO forms an electric double layer (EDL).
The D and S contact pads were protected from the electrolytic
gate by a layer of PMMA. The gate dielectric before
evaporation of the solvent flows into the rough regions of the
channel and makes a conformal coating. This leads to inhibition
of roughness induced degradation of field effects seen in gates
with solid dielectric.

Measurements. Complex Impedance (Z(ω) = Z′(ω) +
iZ″(ω)) of the thin film channel between D and S electrodes

Table 1. Morphology and Thickness of the ZnO Films Grown on Different Substrate

sample substrate thickness (nm) average grain size/particle size (nm) nature of film

A SiO2 (300 nm)/Si 140.33 ± 0.01 140 polycrystalline, random grain orientations and incoherent grain boundary
B R-Sapphire (1102) 39.95 ± 0.04 40 strongly textured with coherent grain boundaries
C Kapton 100.28 ± 0.02 30 nanocrystalline but highly textured with well-connected grains

Figure 1. X-ray diffraction of three PLD grown ZnO films used in the
work along with the standard PDF (00−036−1451). Films grown on
R-Sapphire (Sample B) and on Kapton (Sample C) are strongly
textured in the (002) direction. The film grown on the Si/SiO2
(Sample A) is nanocrystalline with random grain orientation.
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(with fixed gate bias (Vg) applied on the EDL gate) was
measured at room temperature in the frequency range 100 Hz
to 100 kHz using a lock-in amplifier technique.26,27 The
schematic of the measurement circuit is shown in Figure 3(b).
The impedance measurement set up had a standard resistor (R)
connected in series with the device (X). The lock-in amplifier
LA1 measures the bias across the terminals D and S for a given
current through the device. Xx And Xy are the in-phase and out-
of-phase voltages across the D−S terminals of the sample
measured by LA1. The second lock-in amplifier LA2 measures
the in- phase (VRx) and out- of- phase (VRy) component of the
voltage across R. LA1 provides the ac excitation and LA2 is
phase-locked with LA1. The complex impedance Z(ω) is given
as follows:26,27
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The observed Z(ω) was analyzed using a model to extract
the lumped parameters such as RGB and CGB (discussed later
on). The bias dependence of the lumped parameters was used
to investigate the bias dependence of the average grain
boundary barriers and the average depletion layer width of
the GB.
In addition to impedance spectroscopy, which is the main

focus of this work, we also carried out dc measurements of the
I−V characteristics of the ZnO thin film channel and also the
transfer characteristics of the EDL−TFT devices using source
meters. The transfer characteristics are presented to show the
basic differences in the transport in the three films in the
presence of the gate bias, when they have different
morphologies.

■ RESULTS AND DISCUSSION
Basic TFT Characteristics. Figure 4 shows the I−V

characteristics for the three samples. The linear behavior of
the I−V curves establishes the ohmic nature of the transport in
the channel as well as that at the contacts.
One of the important characteristics that reflect the different

morphologies of the three films is the transfer characteristics of

the EDL−TFTs. The data are shown in Figure 5. The current
(Id) is shown in the log scale to accommodate the transfer

characteristics of all three EDL−TFTs. The TFT made on film
grown on R-Sapphire that has oriented grains with coherent
GBs shows maximum current. However, it has a very low ON/
OFF ratio, and it starts to conduct at Vg = V*= −1.5 V and has
a threshold voltage Vth ≈ −1.2 V (see inset of Figure 5 for more
details). This film, as we will see below, does not have much
contribution from GBs that get tuned by the gate bias. In
contrast, film A is grown on Si/SiO2, has nanograins with
random GBs (although with somewhat larger grain size), and
shows much larger ON/OFF ratio ∼102−103. This film shows
onset of transport at V* = −1 V and a threshold Vth ≈ −0.3 V.
In this film, the GBs are more depleted of majority carriers
compared to those in film B, as can be concluded from the
values of Vth and V*. Film C is grown on Kapton, has
nanostructured films with strongly oriented grains, and has a
very large ON/OFF ratio, reaching a value close to 106. The
GBs in this film appear to be more depleted as apparent from
the values of V* = −0.5 V and Vth ≈ 1.75 V. The transfer
characteristics and the ON/OFF ratio in these TFTs critically
depend on the GBs and the depletion layer on them as well as
the trap states. We show below that control of these parameters
by the gate bias arise primarily due to change in the depletion
layer at the GBs, which leads to a change in the barrier potential

Figure 2. AFM micrographs of the films grown on different substrates (a) Si/SiO2, (b) R-Sapphire (1102), and (c) Kapton.

Figure 3. (a) A schematic of the ZnO TFT with EDL gate. (b)
Schematic of the impedance measurement circuit used.

Figure 4. I−V characteristics of the films measured with the Cr/Au
contact pads showing their Ohmic nature.

Figure 5. Transfer characteristics of the gated TFT. The inset shows
the characteristics of the Sample B (grown on R-Sapphire) in linear
scale.
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as well as the characteristic capacitance and resistances at the
GB.
Frequency Dependent Impedance Z(ω) with Varying

Gate Bias. The frequency dependent impedance data Z(ω) on
the three films taken with varying gate bias Vg are shown in
Figures 6−8. The data have been taken over the range f = 100

Hz to 100 kHz (ω = 2πf). Application of gate bias has a large
effect on the impedance of samples A and C and negligible
effect on that of sample B. In particular, in sample C (the
oriented nanostructured film), the gate effect on the impedance
is so large that we have plotted both Z′ and Z″ for 0 and 3 V in
the inset as well. The observed behavior reflects the different
nature of the GBs in the films arising from different
morphologies. The change of the gate bias from negative to
positive makes the n-type films go from highly depleted
conditions (due to induction of positive charge by gate) to the
accumulation region (due to induction of negative charge). The
gate bias also changes the frequency dependence of both Z′ and
Z″.The change in the frequency dependence on application of
gate bias arises largely due to changes in the GB capacitances
with additional contribution from changing GB resistances,
which we will discuss later on.
The relative changes in Z′ and Z″ on application of gate bias

have been parametrized by two quantities, namely ξ′= −(1/
Z0′)(ΔZ′/ΔVg) and ξ″ = −(1/Z0″)(ΔZ″/ΔVg), where the
negative sign reflects the negative changes ΔZ′ and ΔZ″ in Z′
and Z″, respectively, for a positive swing in gate bias ΔVg that

drives the gate from negative to positive, which makes the film
go from depletion to accumulation regimes (Z0′and Z0″
represent values of Z′ and Z″, respectively, at Vg = 0). For
the swing of the gate bias from −0.5 V to +0.5 V (ΔVg = 1 V),
the change in carrier surface charge density (ΔnS) at the EDL−
ZnO interface is given by the gate capacitance Cgate, ΔnS = Cgate
ΔVg/q. From the measured gate capacitance ∼4 μF (Sample
A), one can estimate that for ΔVg = 1 V, ΔnS ≈ 2.5 × 1013/cm2.
The value of ξ′ and ξ″ evaluated at two frequencies 100 Hz and
10 kHz are shown in Table 2.

It can be seen form Table 2 that in the samples A and C, the
parameters ξ′ and ξ″ are relatively larger and both show a
strong dependence on measurement frequency f. On the
contrary, sample B shows very small values of ξ′ and ξ″, and the
parameters are mainly frequency independent. The different
values of the parameters as well as their frequency dependence
reflect the grain morphologies and the resulting GBs that get
controlled by the charge induced (nS) by the gate.
The impedance spectroscopy data are often plotted as

Nyquist plots shown in Figure 9. As expected, the Nyquist plots

show strong dependence on the gate bias for samples A and C
and have negligible dependence for sample B. The Nyquist data
show that there is at least one prominent relaxation time in the
films which gets tuned by the gate bias. Although the Nyquist
plots do not show closure of the semicircles in most of the data
regions (except that in strongly depleted film C), it may be
noted that the relaxation is non-Debye type.
The qualitative differences in the impedance data and their

gate bias dependences in the three films presented above, along
with the transfer characteristics of the TFT made from these
films, very clearly establish the role of the grain morphology
and GBs. In the following analysis and the accompanying

Figure 6. (a) Real (Z′) and (b) imaginary (Z″) parts of impedance of
Sample A for different gate bias.

Figure 7. (a) Real (Z′) and (b) imaginary (Z″) parts of impedance of
Sample B for different gate bias.

Figure 8. (a) Real (Z′) and (b) imaginary (Z″) parts of impedance of
sample C for different gate bias.

Table 2. Parameters ξ′ and ξ″ at 100 Hz and 10 kHz

sample with gate swing with gate swing

100 Hz 10 kHz 100 Hz 10 kHz

ξ′ (V−1) ξ′ (V−1) ξ″ (V−1) ξ″ (V−1)

A (ZnO/SiO2/Si) 2.00 0.43 5.31 1.89
B (ZnO/R-Sapphire) 0.03 0.027 0.028 0.023
C (ZnO/Kapton) 5.11 0.408 10.41 16

Figure 9. Nyquist plots for the three films taken with different gate
bias (a) sample A, (b) sample B, and (c) sample C.

http://dx.doi.org/10.1021/acs.jpcc.5b08761


discussion, we would like to bring out the quantitative changes
that the gate bias do to the GB parameters (and the suggested
mechanisms) that lead to these changes.
The main effect that this paper investigates is the effect of the

GBs and CGB that can be changed by the gate bias due to
modification of the GB depletion region caused by large
induced charges that an EDL gate dielectric can induce.
The data presented above establish a strong connection of

the gate bias dependence of impedances of films with different
morphologies. In the following part of the paper, we first extract
out parameters such as RGB and CGB from the data. Next, the
effect of gate bias on these parameters is discussed, and it is
established that the modification of the GB depletion region by
the gate induced charges is a prime factor that leads to changes
in RGB and CGB. The data above show that the changes occur at
a low gate voltage Vg < 3 V. This is possible by induction of
large surface charge density (nS) by the applied gate bias using
the EDL as a gate dielectric.
A simple schematic model of the potentials, length scales,

and relevant energy levels is shown in Figure 10, parts (a) and
(b) (Note: The figure shown is adapted from ref 7 and
modified.) The φGB at GB and w are marked. The defect states
like those arising from oxygen vacancy are shown within the
band gap. Induced charges by gate bias shift EF. The GB region
is generally considered as a Double Schottky-like junction with
a barrier potential (φGB) caused by the band bending in the
depletion region. There is a distribution of trap states (areal
density Nt) at the surface of the GB. The gate bias, by inducing
charges in the interface region (extending to a depth of few
Debye length, λD) changes the electron concentration (n) in a
grain. Enhancement of n raises the Fermi level, EF, and fills up
the traps located just below the conduction band.
The induced negative charges also change the w at the GB

interface which is given as follows:7,21−24

ϕ
=

ϵ′⎡
⎣⎢

⎤
⎦⎥w

qn
GB

1/2

(2)

where ϵ′ represent permittivity of ZnO.
In general, the depletion width becomes important if the

barrier potential φGB > kBT/q. For φGB < kBT/q, the length

scale for potential change and charge distribution from the GB
to inside a grain is determined by λD (=(ϵ′kBT/q2n)1/2. The
depletion width w determines the CGB since CGB is ∼1/w. The
applied gate bias tunes the CGB primarily by tuning w. Current
through the film (which in the TFT configuration is the drain
current Id) is governed by the barrier φGB and Id ≈ exp(−q
φGB/kBT). A small reduction in φGB by the gate bias will cause a
substantial enhancement in Id and will increase the effective
mobility. The filling up of the traps when EF is raised reduce the
number of ionized donors (Nd

+) and also reduce scattering and
hence enhance mobility leading to large ON/OFF ratio in the
nanostructured films as has been seen in sample A and
particularly sample C.
The morphology of the film, determined by the deposition

conditions as well as the substrate, controls occupied acceptor
like trap density (na) and unoccupied donor like trap density
(nd). These in turn determine the net negative charge (ne= na −
nd) in the GB region. These parameters in turn control the
charge distribution in the GB region through the self-
consistency relation.7 Basic physics of the control of the
depletion width w, the CGB and the barrier arise from this. It is
thus expected that the morphology and the details of the GB
region will determine these parameters like CGB and the barrier.
The above brief discussion is used below to analyze and
understand the impedance data.

Model Analysis to Extract the GB Parameters. The
impedance data with different gate bias have been analyzed
using a simple model. The films can be considered as a network
of capacitance as well as resistances in series and parallel
combinations, representing the crystalline grains as well as the
grain boundaries. A schematic is shown in Figure 11. The grains
in the films (the crystallites) will depend on the substrates on
which they are grown. However, the major differences are
expected to arise from the GB regions that are qualitatively
different in the three films. A detailed networked model
encompassing the distribution in the grains as well the GB
parameters would have been the best to analyze the data.
However, to capture the essential physics, we used a simple
lumped circuit model where the crystallite grains have been
represented by the Grain resistance (RG) and capacitance (CG),
and the GB region represented by the parameter’s GB

Figure 10. (a) Schematic of GB in accumulation region and (b) depletion region.

Figure 11. Network of grains and grain boundaries with model used for fitting.
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resistance (RGB) and capacitance (CGB) (see Figure 11). The
relaxation has been assumed as non-Debye type and given by
following equation:28,29

ω
ω ω

=
+

+
+ βZ

R
j R C

R
j R C

( )
1 1 ( )

G

G G

GB

GB GB (3)

where the factor β (<1) signifies non-Debye relaxation. The
factor β has been obtained from the fit to the data and was
found to be ≈0.5.
A typical example of the fit of the model to the data

(Complex impedance) is shown by solid lines in Figure 6, parts
(a) and (b). An example of the fit to the Nyquist plots is shown
in Figure 9. The data clearly show that while the model gives
satisfactory fit to the data both in regions of strong depletion
(negative Vg) as well as accumulation (positive Vg) for the
nanostructured films A and C, it deviates at the high frequency
end for film B that has very little GB contribution.
The important parameters obtained from the model fits and

their variations as a function of Vg are shown in Figures 12 and

13. These two figures clearly bring out the extent of control on
these parameters (and hence the complex impedance Z) by the
applied gate bias and also the role of the film morphologies. It
can be seen from Figure 12, the parameter RGB in film B is
almost independent of the gate bias Vg, showing that the
exposure of the GB region to the induced charge is minimal.
Although the film has well-defined grains, the fact that they are
well connected and the GB region is not depleted ensures that
RGB has very little dependence on gate bias. Film C, which has
the same oriented grain as that in film B, has very similar RGB as
that of film B, but it has a large enhancement by nearly a factor
of 30 when a gate bias of only −1 V is applied where the GB
region gets strongly depleted. The GB morphology allows
strong exposure to the gate dielectric and a small Vg = −1 V can
create rather pronounced depletion. For film A, which has
randomly oriented grains (with somewhat larger size), RGB
decrease gradually as the bias Vg is changed from −1 V to +1 V,
and the GB region is taken from depletion to accumulation. At

Vg = 0 V, the RGB in all three films are similar to within a factor
of 2. However, as stated before, the response of RGB to Vg
differs qualitatively as the film morphologies change.
The RGB is determined primarily by the GB potential barrier

φGB, RGB ∝ exp(−q φGB/kBT). The gate induced changes in
RGB thus can be interpreted as changes in φGB caused by change
in the depletion layer by the induced charges. Each grain
boundary has its own localized potential barrier (φGB), which is
related to the acceptor surface density and carrier concentration
(n) is given by the following:21,23,24

φ =
ϵ ϵ
qN

n8
s

r
GB

2

0 (4)

where Ns, ϵ0, and ϵr are the acceptor surface density,
permittivity of free space, and relative permittivity of ZnO,
respectively.
Relative enhancement in the RGB by a factor or 30 in film C

by a negative Vg can be caused by an enhancement in GB
barrier by ∼0.085 eV. For positive Vg, the surface charge
induced in the channel lowers the acceptor surface density (NS)
on the grain surface as well as increases the carrier density (n)
within a grain and vice versa. This results in reduction of barrier
potential and hence reduces depletion width.
The decrease in CGB values for negative Vg and an

enhancement for positive Vg have been observed for all the
devices, as shown in Figure 13. The changes in depletion width
of the channel control CGB as given by the following:29
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⎤
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Application of negative bias creates depletion and hence
reduces n and enhances Ns, leading to a decrease in CGB.
The ZnO channel in Sample A is polycrystalline in nature

with high surface roughness, and has a large number of grain
boundaries. CGB in this film is enhanced by ∼2 orders. In
Sample B, the CGB is fairly constant with Vg. It can be
understood in terms of less GB contribution and absence of
depletion in GB regions. Sample C has oriented nanostructured
with moderate roughness and GB’s can be controlled
considerably by applied gate bias which results in a large
change by nearly 3 orders in CGB. Most of the change in CGB
occurs (2 orders) when Vg changes from −1 V to 0 V. This
change in Vg causes a large change in RGB as noted before. The
overall experiment concludes that higher modulation of CGB is
obtained on films with highly oriented grains and with
moderate roughness.
In all the films, it is to be noted (see Figure 13(a)) that for

the positive gate bias the value of CGB approaches a single
limiting value, which is comparable to the gate bias
independent value of CGB observed for Sample B. It is likely
that this value of CGB is reached when the w on large charge
accumulation reaches the value comparable to the Debye
length.
The CG is mainly decided by the size of the crystallites/

grains. There are other factors like morphology and porosity in
films that affect it.30 For an individual grain of radius a, the
capacitance of the grain is ∼a. The value of CG is thus expected
to increase as the average grain size increases. Although film C
has a smaller grain size compared to film B, it shows a higher
value of CG. It can be seen that the grains in this film are well
connected (Table 1), i.e., a dense matrix of grains which leads

Figure 12. Obtained parameter RGB as a function of Vg.

Figure 13. Obtained parameters (a) CGB and (b) CG as a function of
Vg.
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to increase in CG and is reflected in Figure 13(b). Since this
part of the capacitance is mainly determined by the size of
grains and morphology, the gate bias Vg has essentially no effect
on it.

■ CONCLUSIONS

Impedance spectroscopy of nanostructured ZnO films with
different morphologies have been carried out in TFT
configuration with EDL as a gate dielectric. The induction of
large surface charge in the film by EDL gate leads to large
modulation of the complex impedance by moderate gate bias
Vg. The observed data were explained as arising from control of
the GB depletion layer and GB potential barrier by the field
induced large charge density that leads to a large change in CGB
as well as RGB. The work carried out shows how the gate with
the EDL dielectric can be an enabling tool to reversibly control
the complex impedance of a thin film. The investigation is not a
study of the TFT device from the viewpoint of device
performance. However, the lesson obtained from this paper
will have implications for such TFTs. In particular, control of
the CGB by gate bias has been shown in the paper to allow
control of the device response time as well capacitance.
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