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We report a flexible thin film transistor (flex-TFT) fabricated on a commonly available polyimide

(Kapton
VR

) tape with a channel of highly textured nanocrystalline ZnO film grown by pulsed laser

deposition. The flex-TFT with an electric double layer (EDL) gate insulator shows a low threshold

for operation (Vth� 1 V), an ON/OFF ratio reaching �107 and a subthreshold swing �75 mV/dec.

The superior performance is enabled by a high saturation mobility (ls� 70 cm2/V s) of the highly

textured nanocrystalline channel. The low Vth arises from large charge density (�1014/cm2) induced

Thin film transistors (TFT) fabricated on flexible sub-

strates at low processing temperature form an important

component for wearable and stretchable electronic devices,

flat panel displays, sensors, etc.1–9 These devices based on

low cost biodegradable flexible substrates such as cellulose

papers and textiles have the advantages such as low profile,

small size and mechanical flexibility.10 Flexible field effect

transistor (Flex-FET) using the channels of low cost and

easy to fabricate ZnO have many advantages over those fab-

ricated using materials like amorphous silicon or organic

thin films as channels.4,9,11–15 It is thus most desirable for

flexible electronics that a flex-TFT can be fabricated on a

commonly available flexible substrate, using ZnO as a chan-

nel that shows very high current ON/OFF ratio, a low thresh-

old gate voltage (Vg) and a small subthreshold swing (SS).

This paper reports such a high performance flex-TFT fabri-

cated on a commonly available polyimide (Kapton) tape

whose ON/OFF ratio can reach 107 with an SS� 75 mV/dec

and a Vth� 1 V.

Generally, the fabrication of flex-TFT using oxide chan-

nels uses low temperature chemical synthesis routes such as

sol-gel or chemical solution deposition and low annealing

temperature2,14–18 to make them compatible with flexible

substrates. In the context of ZnO, several groups have used

different types of flexible substrates to realize the flexible

TFT based on solution growth nanostructured ZnO chan-

nels.3,15,19–24 The low temperature processing, though cost

effective, has the limitation that it gives rise to poor crystal-

line quality of the film, which in turn leads to low field effect

mobility (�20 cm2/V s). The low value of carrier mobility

limits the ON/OFF ratio as well as gives rise to relatively

large subthreshold swing (SS) of 200 mV/dec or even more.

In this work, we used a pulsed laser deposition (PLD)

technique to grow a highly oriented nano-crystalline film on

polyimide substrate like Kapton tape at a temperature as low

as �100 �C. These films showed an effective field effect

mobility lFE� 80 cm2/V s (saturation mobility ls� 70 cm2/

V). Under a small gate bias (�3 V), the films show a Hall

mobility lHall� 100 cm2/V s, which is a very high mobility

compared to many materials used in making flexible TFTs.

Such a high mobility as we show also leads to an excellent

current switching ratio and a small SS. We note that the past

investigations reported the growth of textured polycrystalline

films of ZnO on polyimide substrates. There are also attempts

to make flexible TFT using conventional oxide gates like

SiO2. However, till date, there is no report of a flexible TFT

based on a textured nanocrystalline film of ZnO with electric

double layer (EDL) as a gate dielectric that can show such

high performance characteristics, as mentioned before.

In oxide based TFT, when conventional oxides are used

as gate insulator, the threshold voltage Vth is often very high

and can be tens of volts unless the gate dielectric is too

thin.3,19–22 In this investigation, we used a polymeric electro-

lyte as a gate dielectric. Polymeric electrolyte as the gate

dielectric forms an electric double layer (EDL), leading to a

very large charge accumulation at the surface of the channel

at a low gate voltage.25 This in turn leads to substantial low-

ering of the Vth to �1 V.

The highly textured ZnO thin films (thickness� 100 nm)

were grown by pulsed laser deposition (PLD) using the KrF

excimer laser on a flexible polyimide tape commonly avail-

able as Kapton. During the PLD growth, the tape was fixed

on a glass substrate. The film was characterized by X-ray dif-

fraction (XRD), atomic force microscopy (AFM) and photo-

luminescence (PL) measurement techniques.

The TFT was made by patterning the ZnO film, as

shown in Fig. 1, where the Hall bar geometry was made to

measure the Hall mobility. The Au/Cr (100 nm/10 nm) films

were used as contact pads. The gate dielectric uses polyeth-

ylene oxide (MW 100 000) and lithium perchlorate (LiClO4)

gel. Al was used as gate electrode. The gate dielectric was

applied using a solution of the PEOþLiClO4 in a solvent.

The liquid, while drying due to solvent evaporation, fills the

contours of the surface. The electrical measurements were

into the channel by EDL gate insulator. The large charge density induced by the EDL gate dielectric

also enhances the Hall mobility in the film and brings down the sheet resistance by nearly 2 orders,

which leads to large ON/OFF ratio. The flex-TFT operation can be sustained with reproducibility

when the TFT is bent down to a radius of curvature �2 cm.
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done using a sourcemeter at room temperature. The Hall

voltage was measured with a constant current at room tem-

perature with a magnetic field up to 4 T in a superconducting

magnet with room temperature bore.

The inset of Fig. 1(b) shows the AFM image taken in

Lateral Force Microscopy (LFM) mode, which shows a

dense growth pattern of the ZnO film with nanoscopic grains.

The XRD data (Fig. 1(b)) show only one peak along (0002)

direction that indicates a highly textured nature of the film

with c-axis perpendicular to the substrate. The photolumines-

cence (PL) spectra of the film (see supplementary material,

Fig. S1) have a sharp band edge peak around 375 nm and a

broad small hump around 500 nm, which in ZnO originate

from defects like charged oxygen vacancies.26 The ratio of

the intensities between UV and visible (IUV/Ivisible) is �8–10

indicates reasonable good quality of the film with low defect

oxygen vacancies that contribute to less visible emission

(low Ivisible).

The induced surface charge carriers (Dns) at the surface

of semiconducting channel for different gate bias (Vg)

obtained from the Hall data and the Hall mobilities (lH) are

shown in Fig. 2. The Hall voltage VH as a function of

the magnetic field (B) is shown in the inset for different Vg.

For the device shown, Dns ’ 0.37� 1014 cm�2 for Vg¼ 1 V.

Fig. 2 also shows the sheet resistance Rs that decreases

appreciably with an increasing carrier concentration on

the application of Vg. lH increases appreciably with Vg. It

changes from nearly 1.5–2 cm2/V s at Vg¼ 0 V to a saturation

value of �100 cm2/V s for Vg¼ 3 V, which is comparable to

that seen in single crystals and epitaxial films. The large rise

in lH with Vg enables sharp turn on of the TFT, which will

be shown later on.

Fig. 3 shows the transfer characteristics of the device

taken at a drain-source voltage Vds¼ 1 V. The drain current Id

increases with increasing Vg, which is expected of a TFT with

an n-type channel. Id saturates for Vg� 2 V at 0.4 mA. The

device behavior is similar to that of an n-channel depletion

mode field effect device. For the particular device shown, the

ON/OFF current ratio (ION/IOFF)� 107, at Vds¼ 1 V, which is

a very high performance index that has not been reported in

ZnO based Flexible-TFTs before.3,7,11,17,19,20,22,27 Oxide

based TFT with ON/OFF ratio �105–107 has been fabricated

with indium tin oxide (ITO), indium gallium zinc oxide

(IGZO) channels and proton conducting EDL as gate dielec-

tric. However, these have been made on non-flexible sub-

strates.28–30 There are few reports of flexible TFT with ion gel

as gate dielectric7,27 with ON/OFF ratio of �105 and rela-

tively large subthreshold swing.

The value of mobility (field effect and saturation) of car-

riers in the channel and the threshold voltage Vth of the TFT

have been calculated using the following conventional

equations:9,31

lFE ¼
gm

Ci
W

L
Vds

; (1)

Id ¼ lsðWCi=2LÞðVg � VthÞ2; (2)

where L and W are length and width of device, respectively,

Ci is the specific gate capacitance and gm (@Id

@Vg
) is the transcon-

ductance. A plot of I
1=2
d vs. Vg is shown in Fig. 3. Ci has been

obtained from the charging time of the gate in response to a

step change in gate bias that has been discussed below. The

value of carrier mobilities (lFE� 80 cm2/V s and ls� 70 cm2/

V s) and a Vth� 0.3 V are calculated from the transfer

FIG. 1. (a) Schematic of the flex-TFT

and (b) XRD and Lateral Force micro-

scope (LFM) data on the ZnO film

used as channel.

FIG. 2. Dependence of Hall mobility and sheet resistance on carrier concen-

tration. Inset shows the Hall voltage vs. magnetic field. FIG. 3. Transfer characteristics of the ZnO TFT at Vds¼ 1 V.
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characteristic shown in Fig. 3. The large switching ratio thus

is linked to the high lFE, which is one of the highest values

reported for ZnO channel grown on a flexible substrate. The

threshold voltage has also been brought to below 1 V by the

use of the EDL gate dielectric.

Another important performance parameter of the TFT is

the subthreshold swing (SS) defined as S � ½dðlog IdÞ
dVg
jmax	

�1
,

which has been calculated from the data for V�Vth (see

supplementary material, Fig. S2). For the devices with the

ON/OFF ratio 107, the SS value �75 mV/dec. This is better

than that of oxide non-flexible TFTs that generally have

SS� 100 mV/dec.32 In the supplementary material, we pro-

vide Table S1 that compares the characteristics of some

reported ZnO based flex-TFT with the device of the present

investigation. It can be seen from the table that the flex-TFT

device reported here has much better performance and it has

one of the best reported performances for the flex-TFT

devices.

The gate current Ig was found to be about 3 orders less

than the drain current Id ensuring a proper electrostatic behav-

iour, where charges in channel are induced by a field effect.

We have measured the transient response of gate current

(Ig(t)) for a step change of the gate bias (see supplementary

material, Fig. S3). From the exponential decay of Ig(t), a time

constant sg has been obtained. From the initial charging cur-

rent of the gate capacitor,33 the gate resistance Rg was

obtained. This gives the gate capacitance Cg¼ (s/Rg), and the

specific gate capacitance (Ci) was calculated from Cg using

the gate area.

The results presented above clearly establish that a flexi-

ble TFT can be fabricated on a polyimide substrate, on which

a textured nanocrystalline film of ZnO with high electron

mobility was grown by PLD. The observed mobilities are

much larger than those reported on films grown by sol-gel or

chemical deposition.

The efficacy of the flex-TFT to perform in a bend condi-

tion has been tested to ensure that the flex-TFT indeed meets

the criterion of use that needs the flexibility. The transfer

characteristic of the device was measured under bending

with different radii of curvatures (see Fig. 4; Table I). The

bending is such that the TFT is under a tensile stress. For

radius of curvature down to 2 cm, there is not much degrada-

tion of performance except a small decrease in lFE and

enhancement of SS. The ON/OFF ratio remains unchanged.

For radius of curvature of 1 cm, the degradation of perfor-

mance starts with ON/OFF ratio reducing by an order of

magnitude and the Vth enhanced by more than a factor of 1.5.

Down to this radius of curvature, the device performance

remains recoverable when the bending is removed.

The large ON/OFF ratio and the relatively small SS seen

in the TFT originate predominately from the high mobility

of nanocrystalline ZnO film, which is substantial when com-

pared with the most reported nanocrystalline or polycrystal-

line ZnO films. The device performance is strongly sensitive

to the mobility of carriers. We find that a small decrease in

mobility reduces ON/OFF ratio by the orders of magnitude

and increases the SS significantly. The dependence on ls

was tested by changing some of the deposition conditions

(e.g., oxygen pressure) of the channel. The data are shown in

supplementary material, Fig. S4.

A comparison of devices with different mobilities for the

channel shows that the largest switching ratio and smallest SS

are obtained in films with largest Rs but with highest carrier

mobility. This can be explained from the fact that the charged

oxygen vacancy in the ZnO acts as a source of scattering as

well as a source that contributes carriers in the conduction

band. The balance of these two opposing factors determines

the charge transport and switching characteristics.

The ZnO film as can be seen from the XRD data has only

one peak, showing that it is highly oriented along c-axis

(0002). The grains in the film have an average size of 30 nm.

The oriented (textured) nature of the film has crystallites that

have aligned crystallographic axis. This gives rise to small

angle grain boundaries (GBs). This is unlike polycrystalline

films that have grains with random crystallographic orienta-

tions. Such small angle GBs reduce the depletion layer leading

to the lowering of the potential barrier at the GBs. This reduces

the grain boundary resistance and enhances the mobility com-

pared to those reported in the most polycrystalline/nanocrystal-

line ZnO films. The depletion layer in the GB regions contains

charged oxygen defects. These charged defects act as scatter-

ing centre. The application of gate bias induces charge carriers

that lead to the passivation of charged oxygen defects at the

GBs, which in turn enhances the mobility significantly.

The performance of TFT with ZnO channel depends on

the control of grain boundary potential barrier as well as the

depletion layer by the induced charge.34,35 The TFT action

depends on the enhancement of carrier concentration by gate

FIG. 4. Transfer characteristics of flex-TFT for convex bending of different

radius of curvatures. Inset shows the bending of as grown ZnO film on polyi-

mide Kapton substrate.

TABLE I. Change in performance parameters with bending radius.

Bending radius (cm) ls (cm2/V s) Vth (mV) ON/OFF SS (mV/dec)

Before bending 70 300 107 75

10 70 300 107 75

5 70 300 107 75

2 66 300 107 100

1 60 500 106 125

After bending 65 300 106 100
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bias as well as on how the large charge density induced by

the gate tunes the transport in the film. Fig. 2 shows that a

change in the gate bias by about 3 V changes lH by more

than a factor of 50. The role of large induced charge in bring-

ing about a change in mobility had been investigated by our

group in our previous studies.26,33 In those previous studies,

we established that the induced charges can passivate a

cross-section of the charged oxygen vacancies that act as

scattering centres that leads to the enhancement of the mobil-

ity. This large change in the mobility of the film enabled by

the gate induced charge makes the sharp turn on of the TFT

and gives rise to a small SS.

The accumulation of a large induced surface charge at a

small Vg arising from the EDL formed in the gate region also

enables the reduction of Vth to sub 1 V region. This is an

attractive feature because it allows the use of the flex-TFT in

the batteries operated systems. The previous investigations

of such TFT with conventional gate oxides reported much

larger Vth that was a hindrance for their use.

In summary, we have fabricated flex-TFT using the ori-

ented nano crystalline film of ZnO grown on the Kapton tape

as a flexible substrate. The TFT uses electric double layer as

gate dielectric that shows high carrier mobility �70 cm2/V s,

current ON/OFF ratio� 107, small SS (�75 mV/dec) and a

small Vth (�1 V). The observed characteristics of the flexible

TFT are better than most of the characteristics of the previ-

ously reported flexible TFT using ZnO channel. The perfor-

mance is strongly dependent on the quality of the ZnO film.

The operation of such a high performance TFT is predomi-

nantly driven by the ability of the gate dielectric (EDL) in

inducing large charge density, which passivates a large

cross-section of charged oxygen vacancy that acts as carrier

scattering centres to limit lFE. We have shown that it is pos-

sible to fabricate a flexible TFT by using a highly textured

nanocrystalline film of ZnO as a channel that has been grown

on biodegradable flexible substrates such as cellulose papers

and textiles at low temperature.

See supplementary material for PL spectra, SS calcula-

tion, gate capacitance measurement, mobility dependence

performance parameters and comparison table for perfor-

mance parameters.
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