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Adding new functionalities or enhancing functionalities

of known materials through synergy is a fruitful approach to

research in materials science. In this paper, we demonstrate

that a synergy between an applied gate bias and illumination

can lead to a substantial enhancement of photoresponse of

ZnO when it is used as a channel in an electric double layer-

field effect transistor (EDL-FET) configuration. The response

is more than simple addition of two effects when they act

individually. A photoconductor is a 2-terminal device without

any need of a gate as in a FET.1 In this case, the illumination

leads to creation of carriers. A gate on a semiconductor chan-

nel in a FET also creates carriers by field effect. Both these

mechanisms can independently lead to carrier creations in the

semiconducting channel of the FET. We demonstrate that

these two independent mechanisms when applied together

can lead to a substantial synergy that enhances the response

many fold compared to that when the two effects are applied

separately. The observed effect is more than simple addition

of the two effects. The phenomenon is shown in an n-ZnO

FET, where the gate is made from an EDL formed by a solid

state electrolyte. The synergy effect makes a generic tool that

has application in substantially enhancing response in a

photo-detector when it is gated.

An EDL sandwiched between an electrolyte and a semi-

conductor surface forms nano-gap capacitor, which gives rise

to large capacitance compared to that obtained in a conven-

tional metal oxide dielectric gate, leading to a large surface

carrier density ð�1014=cm2Þ. EDL gate has been used in the

past to control electronic properties of wide band gap II–VI

semiconductors like ZnO.2,3 However, use of EDL-FET in a

ZnO photodetector to enhance its photoresponse has not been

done before. Particularly, the synergy of gate and illumina-

tion to enhance its response has not been demonstrated.

The EDL-FET formed on ZnO, like all FETs, has a

threshold gate voltage Vth, beyond which the channel current

between drain and source (Ids) increases. The device current

under dark with no gate I0(dark), is enhanced to a much larger

value Iph under UV illumination alone due to photoconductiv-

ity in the ZnO. We show that with an applied gate bias

Vg >Vth under UV illumination, the device current achieved

Ids(UV) can be much larger than Iph, showing that presence of

gate and illumination together enhances the device optical

response many times over the simple photoconductive

response. We establish below that this synergy of light and

gate is brought about by enhancement of the field effect mo-

bility (lFE) in the channel region under illumination and the

bias. The effect has been seen in EDL-FETs fabricated on

three types of samples: bulk single crystal, an epitaxial thin

film of ZnO on Sapphire (0001) substrate with MgZnO buffer

layer, and also a thicker polycrystalline ZnO film on glass sub-

strate. The qualitative nature of the effect reported in this pa-

per is generic and does not depend on specific physical state

of the ZnO used.

The single crystal ZnO (Sample-A) has been commer-

cially obtained and has been characterized before use. Thin

film of ZnO (thickness �40–45 nm) was grown by Pulsed

Laser Deposition (PLD) on a pre-grown thin buffer layer of

MgZnO (12–14 nm) grown on a c-cut Sapphire (0001)

substrate (Sample-B). Synthesis of polycrystalline films

FIG. 1. A schematic diagram of EDL-FETs fabricated on thin film of ZnO

(Sample-B).

We report that photoresponse of ZnO in ultraviolet (UV) can be enhanced substantially by

simultaneously applying a gate bias in an Electric Double Layer Field Effect Transistor

configuration fabricated on ZnO as a channel. The effect arises from synergy between UV

illumination and applied gate bias, which leads to a substantial enhancement in the device current.

We propose that large carrier density created by the illumination and the gate leads to neutralization

of some of the oxygen charged vacancies which in turn reduce potential scattering leading to

enhanced field effect mobility. This is verified by gate bias controlled Photo Luminescence

experiment.
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(Sample-C) with thickness �200 nm on glass was done by

low temperature chemical process. The growth conditions

and details are given in additional information.4

A schematic of the FET device formed on the thin film

(Sample-B) is shown in Figure 1. The source (s) and drain (d)

electrodes were made using Cr/Au (20 nm/100 nm) contact

pads. The gate was made by spin coating a mixture of poly-

ethylene oxide (PEO) and the solid electrolyte LiClO4,5,6

where the electrolyte is dispersed in the polymeric matrix of

PEO. The drain and source regions were protected by a thick

layer of resist from the electrolyte. A thin Cu wire was used

to apply the bias to the electrolyte. The quality of the FET

was checked by measuring the gate current (Ig) for a given

gate voltage Vg. At all values of the Vg used, gate current

Ig � 10�3Ids, ensuring that the device operates as a FET.

In this type of devices used by us the contact resistance

may decrease under UV illumination due to increased carrier

density and it can also affect the mobility. Thus, a part of the

photo-response may arise from contact effects. To ensure

that the predominant contribution to the photo-response

arises from the bulk of the channel and not from contacts, we

studied samples that have ohmic-contacts with low contact

resistances (typically <2% of the channel resistance). The

protective thick layer of resist on the electrical contacts (as

stated before) also reduced the illumination intensity falling

on the contact region substantially. In addition, as a confir-

mation of absence of contact contribution, we have measured

the static and the transfer curves as well as the mobilities in

two-probe and four-probe configurations both under dark

and illumination. The data taken by both methods differ by

around 5%. The pre-cautions taken as well as actual meas-

urements thus ensured that observed effects do not have any

substantial contribution (<5%) from the contacts.

All electrical and photo-response measurements were

carried out at 300 K in temperature controlled (60.05 K)

chamber. A source meter was used for the electrical

measurements and an UV light emitting diode (LED)

(kpeak ¼ 365 nm; 16 lWatt=cm2Þ was used for illumination.

Figure 2 shows the transfer characteristics ðIds � VgÞ of

all the samples measured at a drain-source bias Vds of 5 V.

The data for both dark (lower curve) and under illumination

(upper curve) are shown. The dark conductivity (r) obtained

from linear Ids – Vds (without gate) are tabulated in Table I.

The dark r of the single crystal sample is very low due to

paucity of majority carrier concentration. It is relatively low

in the solution grown films (average grain size �50 nm) due

to large scattering at the grain boundaries.

The dark Ids � Vg curves show typical behaviour of a

FET. Application of a positive gate voltage in the electrolyte

induces negative charge in the n-type ZnO channel thus

enhancing the majority carrier density. This enhances the Ids

leading to an ON condition when the bias Vg crosses a

threshold voltage (Vth). Values of Vth are tabulated in

Table I. The value of Vth in dark is similar for the FETs on

single crystal (Sample-A) and PLD grown thin film (Sample-

B) (�3.6 V–4 V) but it is very small for the FET made on a

solution grown film (Sample-C).

Under illumination availability of excess carriers leads

to decrease in Vth and a small but discernible enhancement

of the saturation voltage at which the device current Ids satu-

rates (Table I). A negative shift DVth in the threshold voltage

in an n-channel FET corresponds to an increase in the

amount of negative charge ðDQÞ on the surface of the semi-

conductor channel, where DQ ¼ CinDVth; Cin is the gate ca-

pacitance.7 From the measured value of Cin ¼ 3 lF=cm2

(Sample-B), we estimate DQ=e ¼ 7� 1013=cm2, which is

comparable to the gate induced surface charge density

(�2� 1013/cm2 for Vg¼ 1 V calculated using Cin).

Figure 2 also shows the important result that on illumi-

nation there is substantial photo-response when both gate

FIG. 2. Transfer characteristics (Ids – Vg) of the three samples in dark and under 365 nm UV illumination. Gate bias Vg was cycled at a rate of 1 mV/s.

TABLE I. Summary of the results obtained from the samples.

r I0(dark)

R ¼ IdsðUVÞ
IdsðdarkÞ Vth (V) gmðlSÞ lFEðcm2=VsÞ Saturation bias (V)

Sample (S/cm) (lA) Vg < VthðdarkÞ Vg � VthðdarkÞ Dark UV Dark UV Dark UV Dark UV

A 0.0002 107 1.4 1.7 3.6 2.6 32 62 5.3 10.2 5.4 5.6

B 25 62 2.4 4.5 4.0 0.07 10 40 1.7 6.8 9.2 10.0

C 0.06 0.0005 30 300 0.62 �0.30 0.25 0.75 0.16 0.48 4.5 5.0



and illumination are applied together. As an example in

Sample-B, the dark current with no bias I0ðdarkÞ ¼ 62 lA.

The photoconductive response alone of the ZnO gives rise to

a photocurrent Ipc¼ 88 lA (without any gate bias). On appli-

cation of Vg¼ 10 V, the current in the device

IdsðUVÞ ¼ 330 lA, which is 5 times more than the I0ðdarkÞ
and about 3.75 times of the current Ipc that arises from the

photoconductive response alone. Thus the application of the

gate leads to substantial enhancement of the photoresponse

of the device over that expected from photoconductive

response alone. The enhancements are given in Table I.

The synergy effect can be appreciated as described

below. Under an applied gate bias of Vg¼ 10 V when the

FET is on, in dark IdsðdarkÞ � 110 lA (the numbers quoted

are for Sample-B). When the FET is illuminated with UV, if

the two carrier generation process simply add-up, then at

Vg¼ 10 V, the expected current under illumination, Ids(UV)

should be¼ Ipc þ IdsðdarkÞ � 198 lA. Instead the observed

Ids(UV) under both illumination and gate is �330 lA. The

enhancement observed is much more than the simple addi-

tion of the two effects.

Analysis of the device current under illumination and

under different gate bias has been done to understand the

effectiveness of simultaneous presence of the two excita-

tions. The photo current under gate bias Vg¼V is defined as

DIg
pcðVÞ � IdsðUVÞ � IdsðdarkÞ, where both Ids(UV) and

Ids(dark) have been measured at V. (In this definition,

Ipc ¼ DIg
pcðV ¼ 0Þ). The data are shown in Figure 3 for the

two films devices (Sample-B and C) plotted as a function

equivalent gate voltage Vge¼Vg – Vth (V). When Vge > 0,

the gated photocurrent DIg
pcðVÞ is enhanced over, the current

that originates from the photoconductivity alone. For Vge

< 0; DIg
pcðVÞ is nearly gate bias independent and

Ipc ¼ DIg
pcðVÞ. If the two ways of carrier generation (e.g.,

photo generation and field effect) would have been inde-

pendent of each other then the photo generated DIg
pcðVÞ

would be independent of the gate bias. Thus, the two effects

do not act independently; instead they build a synergy when

the FET is in the ON state.

The relative photoresponse R (defined as ¼ IdsðUVÞ
IdsðdarkÞ)

measured for a given gate bias, is maximum when bias

Vg � VthðdarkÞ. Beyond Vth, R decreases as Ids(dark) also

increases. The maximum enhancement in R occurs in the

window VthðUVÞ < Vg < VthðdarkÞ. In Sample-B, for

instance, the maximum R � 4.3, while in Sample-C maxi-

mum R can reach a value of 300 for a Vg¼ 0.5 V.

The extent of hysteresis in the transfer curves differ in

the three samples. In both Sample-A and Sample-B, the hys-

teresis with gate bias are substantial. It is much less in the

Sample-C. The value of Ids in the gate bias increasing cycle

is always less than that in the decreasing cycle. The hystere-

sis can arise from the polymeric nature of the electrolyte.

The gate input impedance being high (low Ig) and the gate

capacitance Cin being large due to the EDL nature, the

response time will be large and finite. Under illumination the

hysteresis is large. This may arise from the gate bias electro-

statically holding the induced charges. Such effects have

been seen before where EDL-FET was found to give large

gate controlled persistent photoconductivity.5

The observed synergy in the gated photo detector occurs

independent of the physical form of ZnO, although the quan-

titative magnitudes differ. One would expect some generic

cause that is operational in all three forms of ZnO. We find

that the observed effect arises from the enhancement of the

field effect mobility (lFE) under illumination and gate that

create large carrier density in the channel region. Larger lFE

will enhance Ids for a given Vg. lFE is related to the transcon-

ductance (gm) of the FET in linear region of the curve

through the relation2

gm ¼
dIds

dVg
¼ W

L
CinlFEVds: (1)

Here, W and L are the width and length of the channel,

respectively. gm obtained from the Ids – Vg data are tabulated

in Table I. The single crystal being the most pristine sample

(Sample-A) has the highest mobility and it decreases as the

sample quality progressively decreases. Under illumination

the enhancement of gm arises from enhancement of lFE for

all the samples (see Table I). There is no enhancement of Cin

under illumination. Thus the enabling physical parameter

that builds this effect is lFE that is enhanced under illumina-

tion and the gate.

We propose an explanation, elaborated below, as a plau-

sible mechanism for the enhancement of lFE. Briefly, the

carriers created by illumination as well as by gate, if they

have a sufficient density, will passivate a cross-section of the

ionized defects that act as electron scattering centres. The

passivation will lead to reduction of potential scattering of

electrons, thus enhancing the mobility.

The model proposed is shown schematically in Figure 4.

The defect states in n-type ZnO are primarily oxygen

FIG. 3. Current responses as a function

of the equivalent gate bias Vgeð¼ Vg

�VthÞ for the Sample-B and Sample-C.

The graphs show device currents

IdsðUVÞ; IdsðdarkÞ, and the photo cur-

rent generated by illumination with

a gate bias Vg; DIg
pcðVÞ � IdsðUVÞ

�IdsðdarkÞ. Ids(dark) is the device cur-

rent with gate bias under dark and

Ids(dark) is the total current with gate

and illumination on. The inset shows

the ratio Rð¼ IdsðUVÞ
IdsðdarkÞ Þ as function of

the gate bias.



vacancies or Zn interstitials that contribute to the visible

emission of ZnO.6,8,9 The samples used show blue-green

emission on illumination. A fraction of the electron-hole

pairs, created by the illumination, will recombine by exci-

tonic mechanism giving rise to the emission at near band

edge region. However, a fraction of the electrons and holes

will recombine at defect centres like singly ðVþO Þ and doubly

charged ðVþþO Þ oxygen vacancies leading to emission in the

blue green region (centered around 2.2 eV and 2.2 eV

region). The singly charged VþO centre captures an electron

from the conduction band and becomes neutral oxygen va-

cancy (VOx). Some of these electrons combine with holes in

the valence band giving rise to the emission at 2.5 eV (P1).

On the other hand, the doubly charged VþþO centre, which is

created by a hole capture by the VþO centre, can combine

with an electron in the conduction band leading to the 2.2 eV

(P2) emission.6,9,10 The above discussion summarizes the

pathways by which illumination created charges will relax

and combine with defect centres. The model can be utilized

to explain a number of observed effects,6,11,12 where control

of the filling of oxygen vacancy centres appear to be the ori-

gin of the phenomena.

The mobility of electrons in the channel is limited by

scattering from charged defects. If the rate of charge carrier

creation is more than the relaxation by recombination, a frac-

tion of the charged defects will be neutralized. As shown in

Figure 4, the excess carriers will change the band bending

(from depleted condition near the surface) and will accumu-

late in the surface region.10 The change in band bending will

reduce the number of charged defects, which will lead to

reduction of potential scattering of electrons substantially

and enhance the mobility. The proposed model thus makes a

clear link of the defect states in n-type ZnO with the

observed phenomena. To check whether the proposed hy-

pothesis is indeed correct that the generated carriers neutral-

ize some of charged defects that take part in emission, we

argue that carriers created by the gate can neutralize some of

the charged defects through the path ways described above.

This reduction in the charged state will then reduce the emis-

sion in the blue-green region. To test this hypothesis, we did

an independent experiment where we studied the PL from

the samples in the FET configuration under a gate bias

described below.

For this experiment, the FET was illuminated from back

side at a wavelength of 340 nm. The schematic is shown in

the inset of Figure 5(a). Emission around 530 nm was

observed (Figure 5(a)). When Vg is increased, there is a grad-

ual decrease of blue-green emission. However, there is no

noticeable change in the near band edge emission around

400 nm. The change in the PL intensity saturates beyond

Vg¼ 9 V, where the Ids also saturates. For positive bias, the

photo-excited electrons get attracted to the surface region

and accumulate on it. This fills charged oxygen vacancies

which are predominantly near the surface (see Figure 4).

This leads to decrease of the visible PL intensity. In Figure

5(b), it can be seen that there is seven fold decrease in the in-

tensity of visible emission, when Vg is changed from 0 V to

9 V. This shows that the observed phenomena have a direct

link to the charged defect states. Both illumination and the

gate generated carriers can “tune” the occupation of the

defect states leading to a synergy of both them. A bias

induced intensity change of the visible emission has been

observed in n-type ZnO in a diode junction configuration

where the electrolyte was one of the electrodes of the diode.6

In summary, we have observed that applying a bias

using an EDL gate to a n-channel ZnO FET, one can enhance

the photoresponse of the ZnO substantially over that which

arise from the photoconductive response alone. Synergy

between the field effect induced carriers and those produced

by illumination, enhances the device current which is more

than the current obtained from the device when illumination

and the gate act independently. We propose that the charged

defect states in n-ZnO (like singly and doubly charged oxy-

gen vacancy) are at the origin of the synergy. The carriers

created by illumination as well as gate bias change the

FIG. 4. The proposed model that shows how gate bias can tune the band

bending on charge accumulation and occupancy of defects states by filling

the oxygen vacancies.

FIG. 5. (a) Control of PL of the ZnO

thin film in visible region by an applied

Vg in the EDL-FET configuration. The

PL intensity is shown as detector

counts. Configuration used for the

experiment is shown in the inset. (b)

Dependence of the maximum of PL in-

tensity in the blue-green region as a

function of the gate bias.



occupancy of the charged defect states and some of them can

even become neutral. This reduces the electron (majority

carrier) potential scattering leading to an enhancement of the

field effect mobility under illumination. This in turn enhan-

ces the transconductance and the device current. The synergy

that is created between the two stimulants when they act to-

gether, leads to control of defect states. As a support of the

hypothesis, we showed how the carriers created by field

effect can change the occupancy of the defect levels, there

by modifying the defect related blue-green emission under

an applied gate bias. The observed phenomena show how in

ZnO one can get a “handle” to control the native defect states

by an applied gate bias and one obtains a gate controlled

photo detector. The effect reported here is not specific to

ZnO alone and has a generic nature that gives rise to a class

of gated photodetectors.
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