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from a channel of a nanostructured film of a hole doped manganite using an electric double layer

(EDL) gate. The EDL gate controls the depletion layer in the grain boundary region, leading to a

control of the tunnelling process. A gate bias ðVG � 65VÞ modulates the IDS at room temperature

by nearly 640%. Correlation of the transient response of the gate and channel currents on

In recent years, use of ionic liquid or solid electrolyte

gate to control physical properties of functional oxides has

become an active field of research. The formation of the

Electric Double Layer (EDL) at the solid electrolyte surface

leads to a large specific capacitance often in excess of

1 lF cm�2 that can give rise to surface charges more than

�1013 cm�2 for moderate gate bias of �1 V. This is orders

of magnitude higher than that induced by conventional oxide

gate insulators like—SiO2, SrTiO3, etc. In this paper, we

report how a bipolar control can be achieved in the nonlinear

transport of a nanostructured film of a functional perovskite

oxide using an EDL gate. The control has been achieved by

modulating the depletion layer of the grain boundary (GB)

region by the gate induced charge.

The induction of large surface charge by EDL gives rise

to interesting properties like gate induced insulator-metal

transition and superconductivity,1,2 EDL gate tuned magne-

tism in nanoparticles,3 gate enhanced photocurrent and per-

sistent photoconductivity, when an appropriate functional

oxide is made a channel in an EDL-Field Effect Transistor

(FET) configuration.4 The oxides studied range from binary

oxides like ZnO and VO2
2,4,5 to strongly correlated perov-

skite oxides with ABO3 structure like SrTiO3, KTaO3,

La0.75Sr0.25MnO3, NdNiO3, Ca1�xRxMnO3, etc.1,3,6–8

In this paper, we would like to explore whether a

nanoscopic control can be obtained on the transport in such

EDL-FET devices by using nanostructured films instead of

an epitaxial film. The main motivation is to control the

depletion region at the GBs of a nanostructured film through

the EDL gate. In such a film, the depletion layer in the GB

regions controls the current transport through the film and is

predominantly responsible for the non-linear transport that is

often observed in them.9,10 The effect of the gate appears to

be the modification of the band-bending voltage Vbi and the

depletion width t at the GB region. The response of the chan-

nel to the applied gate bias is distinct from that seen in an

epitaxial film because the change occurs primarily in the

non-linear transport that is controlled by tunnelling at the

GB region. The nanostructured nature of the films also helps

in enhancing the gate effects as the electrolyte (while settling

from liquid to the gel state) can flow around the nano-

crystallites and create an all around gate condition. We show

that an effective bipolar control of transport at room temper-

ature can be obtained in EDL-FET made from a nanostruc-

tured film of a manganite where the conductivity at room

temperature can be modulated by nearly 640% with a mod-

erate gate bias of 65 V.

For our investigation, we have chosen a hole doped

manganite La1�xCaxMnO3, where x¼ 0.15. The hole doped

manganite La1�xCaxMnO3 evolves from an insulating orbi-

tally ordered Anti-ferromagnetic (AFM) phase for x¼ 0 to a

ferromagnetic (FM) metallic phase for x� 0.22 through an

intermediate ferromagnetic insulating (FMI) phase that typi-

cally occurs for 0.13< x< 0.22. In our case, sample shows a

FMI state at T� 150 K. In this region of composition, the

conductance of the material is not too high or too low and

also it has a large sensitivity to the degree of hole doping (x)

even at room temperatures. It is expected that such depend-

ence will make it more susceptible to gate induced carriers

in the EDL-FET configuration and there are no reports in

which the grain boundary region was modulated by EDL

gate to control the non-linear transport in the channel.

GB controlled transport in manganites is distinct from

bulk transport which been realized before when enhanced

grain boundary contribution to magnetoresistance (MR) was

found in manganites La1�xCaxMnO3 (x¼ 0.33) with grain

size down to 15 nm.11 Subsequent investigations on transport

through artificial GB junctions in films of La1�xCaxMnO3

and La1�xSrxMnO3 with x¼ 0.3–0.33 showed that the grain

boundary regions in manganites act like hole depleted region

with low conductance9,10,12 and gives rise to non-linear

transport. The hole-depleted region in the GB region is not

sharp and is generally diffused. The non-linear transport

through grain boundary regions in polycrystalline mangan-

ites in the FM state of La1�xCaxMnO3 with x¼ 0.30–0.33

has been investigated. At temperature ranges >10 K, the

transport through the grain boundary is governed by tunnel-

ling (elastic process) as well as multi-step inelastic tunnel-

ling which gives rise to non-linear conductivity.13,14 At

much lower temperatures (T< 10 K), elastic tunnellinga)Electronic addresses: rajibnath.bu@gmail.com and arup@bose.res.in
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through the barrier becomes the dominant mode of conduc-

tion.15 Inspite of the extensive investigations that exist on

GB transport in manganites, it has never been investigated

whether the GB transport can be modulated by a gate, partic-

ularly at room temperature. The observation reported in this

paper thus allows a voltage controlled nanoscopic control of

the GB transport in such materials.

EDL-FET with effective channel length of 1 mm with

Au/Ti contact pads as Source(s) and Drain (d) was fabricated

on La0.85Ca0.15MnO3 (LCMO) thin film grown on a SiO2/Si

substrate. The thin film channel of thickness �10 nm and

width 300 lm was grown by pulsed laser deposition (PLD)

method with a fluence of 1 J/cm2 using a Si hard mask for

patterning. Schematic of the EDL-FET and the biasing

arrangement are shown in Fig. 1(a). Atomic force micros-

copy (AFM) image of the nanostructured film (see Fig. 1(c))

shows island type growth pattern with bimodal distribution

of grain size. One distribution is narrow with an average size

of �3 nm and the other is a broad distribution with average

grain size �22 nm (see Fig. 1(d)). The film has a low surface

roughness of 0.5 nm. The composition of the film was

checked with Energy Dispersive X-ray Analysis (EDAX).

The film has the desired composition that is close to the bulk

pellet from which it was grown.

The FET device was fabricated with LiClO4 as the gate

material. The d and s pads were protected from the polymer

electrolyte by a thick layer of e-beam resist (PMMA) which

is baked for 3 min at 180 �C. A window was opened in the

resist layer on the channel for applying the gate.

PEO/LiClO4 polymer-electrolyte made of 10:1 ratio of

(-CH2CH2O-)n and LiClO4 was used as the gate dielectric

which was applied to the exposed region of the channel. A

thin metal wire was used as the gate contact. Measurements

of the I–V curves with different applied gate bias VG was

done using Sourcemeters at room temperature.

A typical I–V curve with no gate bias taken on the de-

vice is shown in Fig. 1(b). The I–V curve is non-linear but

symmetric. The symmetric nature is expected because of the

identical electrodes at the s and d. The effect of the gate bias

VG on the device current has been demonstrated through the

static characteristic curve (IDS–VDS) taken with different gate

biases. The data are shown in Fig. 2(a). We have scanned the

VDS from 0 to 1 V with different VG (þ5 V to �5 V). A neg-

ative gate bias (that induces more holes) enhances the

current IDS, while the positive bias (that compensates

holes in the channel) reduces IDS for the same VDS. The

change in IDS with gate has a bipolar effect. For both

maximum negative and positive VG, the change in IDS at

VDS¼ 1 V is nearly 40%, which is quite large compared

to reported gate effects in manganite based EDL-FET at

room temperature.

We also measured the gate current IG during measure-

ment of the IDS–VDS for a given gate bias VG. The magnitude

of the gate current IG, even at the highest gate bias used

(65 V) does not exceed 0.5% of IDS ensuring a proper FET

operation.

The transport through the channel region is strongly

non-linear, which shows up as a bias (VDS) dependent differ-

ential conductance G(VDS) (¼dIDS/dVDS). G(VDS) is plotted

vs. V
4=3
DS (reason explained later) in Fig. 2(b) shows the nature

of non-linear conduction. The data also show how the bias

dependent G(VDS) depends on the applied gate bias VG. For

�5V � VG � þ5V; GðVDSÞ increases monotonously with

VDS. For VG � �5V, when the conductance G(VDS) becomes

larger the bias dependence of the channel conductance satu-

rates. This generally occurs for VDS > 0:5V. The important

observation is that the non-linear component of the transport

is strongly affected by the gate bias. As discussed before, the

transport in the channel is predominantly controlled by the

FIG. 1. (a) The schematic diagram of the EDL-FET device. (b) I–V curve of

the device with LCMO channel without any gate bias. (c) Surface topogra-

phy of the LCMO film taken by AFM. (d) Grain size distribution of the film.

FIG. 2. (a) Static characteristic of the EDL-FET device with nanostructured

LCMO channel. (b) The conductance G(VDS)¼ dIDS/dVDS of the channel as

a function of VDS for different applied gate bias. The lines through the data

are fitted to the equation G¼G0 þ G2 V4=3.



depletion region in the grain boundaries. Application of the

gate bias modulates the potential barrier in the depletion

region leading to a large effect on the current through the

channel. Analysis of the effect, as done below, will show

that the non-linear component of the transport, which is

related to the tunneling in the grain boundary of the nano-

structured film, is enhanced/reduced significantly with the

applied VG.

The observed data have been quantitatively analyzed

based on the nature of the GB controlled transport and its

modification by the applied gate bias has been obtained. In

our case at room temperature where the barrier has a width

that is much larger than the elastic tunnelling length, multi-

step inelastic tunnelling is the dominant mode of trans-

port.9,16 In this case, the conductance G as a function of the

source-drain bias V¼VDS is given as

G ¼ G0d þ
X
n¼1

GnVn� 2
nþ1 ¼ G0 þ G2V4=3 þ G3V5=2 þ :::;

(1)

where the direct tunnelling term G0d and the first term in the

summation (n¼ 1) are both bias independent. They are taken

together in the term G0¼G0d þ G1. The term with coeffi-

cient G2 is for multi-step tunnelling with n¼ 2 and that with

coefficient G3 is for multi-step tunnelling with n¼ 3. The

coefficients Gn’s become smaller as the value of n increases.

They are related to the depletion width t and the inverse tun-

nelling length v by the relation

Gn ¼ An exp
�2vt

nþ 1

� �
; (2)

where the depletion width t ¼ ð2�0�rVbi=e2nhÞ1=2
and inverse

tunnelling length v ¼ ð2mVbi=h2Þ1=2
. Vbi is the built-in

potential at the depletion region, nh is the hole density, and

�r is the dielectric constant. An is a constant independent of v
and t.

The observed G(VDS) was fitted to Eq. (1) as shown in

Fig. 2(b). In the region of low bias where the conductance

variation does not saturate, we could fit the data using the

relation GðVDSÞ ¼ G0 þ G2V4=3, which is Eq. (1) for n � 2

(reason for x-axis in Fig. 2(b) being plotted as V
4=3
DS ). The

higher order terms make very small contributions and are not

considered. The values of the terms G0 and G2 are obtained

from the fit. In Figs. 3(a) and 3(b), we show the dependence

of G0 and G2 on VG as obtained from the analysis of the data.

The coefficients have dependence on VG and lead to the gate

bias dependence of the conductance. Most part of the change

occurs due to change of the term G2 when VG is applied,

establishing that the gate effect is more on the non-linear

conductivity. (Note: the gate induced effect occurs within a

layer of thickness �Debye-length. The film thickness is

more than that. It thus may happen that there will be a paral-

lel layer that is not affected by gate. Such a layer can lead to

saturation in IDS at higher VDS.) The term G0 which is inde-

pendent of VDS and leads to a linear IDS–VDS enhances line-

arly with VG. However, the coefficient G2 enhances

exponentially with the gate bias VG, contributing most to the

gate induced effect. The exponential dependence on the gate

bias is an important observation which we have explained

below.

The coefficients of the multi-step tunnelling term Gn

has an exponential dependence on the vt product

vt ¼ ð4m�0�r=e2nhh2Þ1=2Vbi. Thus, a change in Vbi and nh on

application of the gate bias can substantially change G2.

(Note: the change in G0 is much suppressed compared to that

in G2 because of the likely contribution of the parallel layer

that is unchanged by the gate bias.) Application of the gate

bias will change the carrier concentration of the channel.

The hole concentration of the LCMO film with x¼ 0.15 is in

a region where its conductivity is susceptible to even a small

change in the hole concentration that can be brought about

by the gate. Application of negative gate bias induces more

holes in the channel which will lead to enhancement of its

conductivity. The enhancement in the conductivity in the

neighbouring grains will lead to reduction of the barrier

potential at the grain boundary and reduction in Vbi. This

will reduce the vt product and enhancement of the term G2.

This enhancement will be further strengthened by enhance-

ment of nh which will occur due the negative bias also in the

GB region. Positive gate bias that reduces the hole concen-

tration has an opposite effect.

The response of the IDS and IG for a given source-drain

bias VDS for a step change in the gate bias VG has been inves-

tigated to correlate the time response of the EDL gate and

the response in the nanostructured channel. It is to be noted

that analysis of the transient response has not been done in

such EDL-FET devices before. The data are shown in Fig. 4.

The top panel shows the step change in the applied gate bias

from 0 V to �5 V to 0 V with a 50% duty cycle. The gate

current in response to the step change to the gate bias (the

charging and discharging current of the gate capacitor) are

shown in the bottom panel of the Fig. 4. The magnitude of IG

is lesser than that of IDS showing a proper FET operation.

The growth and decay curves of IG follow two time scales.

The fast time scale sg1 (�3 s) is the same for the growth and

decay curves for the IG. This part of the transient response of

the gate current is the charging and discharging of the EDL

FIG. 3. Dependence of (a) G0 and (b) G2 on gate bias VG.



capacitor. From the maximum gate charging and discharging

current, we find that the gate charging occurs through an

equivalent resistance of RG � 200MX. From the fast time

constant of the charging and discharging current, we find an

equivalent specific gate capacitance CG � 5lF=cm2.

The slow component of the charging part of IG has two

time scales, one exponential component with sg2 � 200 s and

the other a creep like behavior over a longer time scale. The

longer time scale occurs only when VG is ON and it can arise

from movement of ions in the gate electrolyte under the

applied bias. In case of discharge part, that occurs with

VG¼ 0 V, sg2 is nearly of same order �150 s but there is no

creep like behavior in absence of a gate bias.

The response of the channel IDS current to the gate bias

at VDS¼ 0.4 V is shown in the middle panel. In the figure IDS

has been normalized to the maximum channel current). The

growth and decay curves of IDS mirror (qualitatively) the

time response of IG and also follow two characteristic time

scales s1 and s2. The fast time constant s1 is the same for the

growth and decay curves (�6 s) and is similar to the fast

time scale sg1 for the IG. IDS also has a slow component s2

which is qualitatively similar to sg2 of IG and in this time

scale IDS saturates to its maximum value. The slow compo-

nent s2 is about an order larger than s1 for the growth curve

(�60 s) and even larger for the decay curve (�150 s) which

exactly follow the slow component of IG. The initial

response of the channel current is thus a reflection of the

charging/discharging of the capacitor. This confirms that the

changes occurring in the gate region control the transport in

the channel region.

In conclusion, we have shown that non-linear transport

of a nanostructured perovskite manganite film can be sub-

stantially modulated at room temperature by applying a

moderate gate bias using an EDL gate. The non-linear trans-

port in such films can occur due to tunneling through the bar-

rier in the depletion layer in the GB region. Application of

gate bias in the EDL layer leads to change in hole concentration

in the channel which increases its conductance and decreases

potential Vbi in the depletion layer of the GB. This leads to the

modulation in the nonlinear conduction. A change in channel

conductance by nearly 640% can be achieved at room tempera-

ture with a gate bias of VG¼65 V.

To make a correlation of the gate modulation with the

drain-source response, we also studied the time responses of

the drain current as well as the gate current when there is a

step change in the gate bias. The two responses were found to

be correlated. The observation reported in the paper has impli-

cation in such devices that use nanostructured films as channel,

where a nanoscopic control of the grain boundary transport

can be achieved by moderate gate bias using such EDL gate.
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