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We report a large enhancement of the Hall mobility of a ZnO film (channel) by simultaneously

application of an ultraviolet illumination along with a gate bias in an electric double layer field

effect transistor configuration. The effect arises from a synergy between the illumination and the

field effect (FE), leading to large enhancement of the channel conductivity and the photo response.

We propose that large carrier density created by the simultaneous presence of the illumination and

the FE leads to neutralization of some of the oxygen charged vacancies which in turn reduce

potential scattering leading to the enhanced mobility. V

Control of electronic properties by carrier concentration

as well as mobility modulations in a semiconductor through

various physical processes is an active field of research as

well as a fruitful way to innovate on device applications.1–5

While carrier concentration can be changed by substitutional

doping rather effectively, it has the problem of introducing

additional scattering centres thus leading to reduction of car-

rier mobility. The two other established routes of carrier gen-

eration are through Field effect (FE) by applying a bias on a

gate dielectric that induces majority carriers predominantly

near the gate dielectric/semiconductor interface or through

creation of electron-hole pair by illumination with radiation of

energy more than the band gap of the semiconductor.6

Generally, increase of carrier concentration either by FE or by

illumination leads to decrease of mobility mainly because of

scattering from other carriers.7,8 In this paper, we show that

when the two carrier generation mechanisms act together and

can create large carrier concentration, it can lead to substantial

enhancement of the mobility primarily by passivation of the

charged scattering centers. This leads to substantial enhance-

ment of the UV photo-response of a gated UV detector.

This phenomenon was demonstrated in a n-ZnO film

(used as the channel in a field effect transistor configuration)

using Electric Double Layer (EDL) as gate dielectric and an

UV illumination (wave length� 365 nm). The use of the

EDL as the gate dielectric allows induction of surface carrier

density (ns) larger than 1013 cm�2 with a moderate gate bias

of 10 V. We find that in the presence of even a low illumina-

tion power of 16 lW cm�2, the EDL-gated ZnO channel can

have ns� 1014 cm�2. The observed large enhancement of the

mobility along with large carrier concentration leads to sub-

stantial enhancement of photo-response of the ZnO EDL-

Field Effect Transistor (FET). We propose that this synergy

of the two carrier generation mechanisms that enhances the

mobility along with large carrier concentration mainly arises

due to passivation of charged carrier scattering centres. This

proposed mechanism was validated by a gate controlled

photo-luminescence (PL) experiment, where we find that the

passivation of charged scattering centres leads to reduction

of the PL in visible range when a gate bias is applied. While

the synergy of the two mechanisms of carrier generation (FE

and illumination) leading to enhanced photoresponse in a

ZnO EDL-FET has been reported recently,9 the direct obser-

vation of the enhancement of the mobility and carrier con-

centration in presence of both the stimuli by using photo

Hall effect measurements has not been reported before.

The EDL-FET was fabricated on a 40 nm ZnO film

(patterned as a Hall bar) grown on sapphire with a 10 nm of

Mg:ZnO buffer layer by pulsed laser deposition. Figure 1

depicts a step-by step process for the device fabrication.

The patterning of the films as Hall bar enables Hall effect

measurements. Contact pads of Cr/Au (20 nm/100 nm) were

made by thermal evaporation on selected area as shown in

Figure 1. An extra contact pad was made next to the channel

to be used as the gate electrode. A solution of poly-ethylene

oxide (PEO) and LiClO4 (with weight ratio 10:1) was spread

on the channel as the gate dielectric.4,9,10 Two source meters

were used for electrical measurements. Hall measurements

were carried out with a current bias at room temperature

(300 K) in a field upto 8 T in a superconductor magnet with

room temperature bore. A Light Emitting Diode (LED) was

used for UV illumination(kpeak¼ 365 nm).

Figure 2 shows typical transfer characteristic [Ids–Vg] of

the EDL-FET device in dark and under illumination. In both

cases, the device is in enhancement mode. Application of a

positive Vg>Vth, (Vth¼ threshold voltage) on the gate indu-

ces negative charge in the n-type ZnO channel, thus enhanc-

ing the majority carrier density. The figure shows the

important result that on illumination, there is substantial

device current (Ids) when both gate bias and illumination

are applied together. The dark current with no gate bias

I0
dsðdarkÞ ¼ 180 lA. The photoconductive response alone of

the ZnO gives rise to a photocurrent IPC¼ 40 lA (without

any gate bias). This makes I0
dsðUVÞ ¼ I0

dsðdarkÞ þ IPC

� 220 lA. On application of Vg¼ 10 V in dark, the current in

the device saturates at Ids(dark)� 250 lA. In presence of

illumination, this Ids(UV) is enhanced to � 550 lA at 10 V
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bias and it does not saturate. If the two carrier generation

mechanism would have acted independently, the expected

current (marked in the figure by a horizontal red arrow)

would have been � 250 lAþ 40 lA¼ 290 lA. However, the

observed current is nearly 2 times more. The enhancement

observed is thus much more than the simple addition of the

two effects. This is marked by the vertical dotted arrow.

The Figure 3 shows the measured changes in the Hall

mobility (lHall) and surface charge carrier density (sheet car-

rier density ns) of the ZnO/ZnMgO thin film taken under illu-

mination when it is turned ON/OFF with zero applied gate

bias (Vg¼ 0). The data were taken by digitizing the Photo

Hall voltage as the illumination is turned ON and OFF. The

dependence of lHall as a function of ns is also plotted in

Figure 4. The creation of carriers by illumination causes a

marginal decrease in the Hall mobility (�10%) when the

generated sheet carrier density is �6–7� 1013 cm�2. At very

small change in ns, lHall is nearly constant.

The kinetics of the carrier generation under illumination

shows a stretched exponential behaviour9

ns tð Þ ¼ ns0 þ nsPh 1� e�
t
srð Þ

br

� �
; (1)

where ns0 is the sheet carrier density in the unexposed sam-

ple, nsPh is the Photo created carrier density, sr is the rise

time constant, and br is the exponent of the stretched expo-

nential during the illumination ON state. Kinetics of the

decay of photo-generated carriers also follow a stretched

exponential relaxation with decay time constants sd and

exponent bd. Generally, sd was found to be somewhat larger

than sr but br� bd. sr and sd were found �10 s and �30 s,

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

grown on a Saphire substrate with Mg:ZnO thin film buffer layer.

Successive steps of patterning the ZnO film, depositing contact pads, and

applying electrolyte for the device fabrication are depicted. The contact pads

were protected from the electrolyte by PMMA protective layer.

FIG. 2. Transfer characteristics (Ids–Vg) in dark and under 365 nm UV illu-

mination. Gate bias Vg was cycled at a rate of 1 mV/s. The horizontal arrow

at right shows the expected device current if the two effects (FE and illumi-

nation) simply add. The vertical dotted arrow shows the enhancement

created by the synergy.

FIG. 3. Kinetics of surface charge carrier density(ns) and Hall mobility

(lHall).

FIG. 4. (a) lHall vs ns under illumination, with applied gate bias in dark and

with presence of both gate bias and under illumination. The Inset shows the

time evolution of the stored charge per unit area(Qg/A) at the gate capacitor

when a bias step is applied at the gate.



respectively. For simple relaxation process, bd and br

should be � 1. However, the carrier density build-up when

illumination is turned ON and decay when it is turned OFF

is not a simple process. Often, it is a sequential process that

occurs in presence of traps with distributed trap capture and

release rate leading to bd and br< 1.11

Figure 4 also shows the dependence of lHall on ns where

ns was varied by application of the gate bias. It can be seen

that there is a small enhancement of lHall for small value of

ns. However, there is very little change in lHall when the

induced charge density is varied by the gate bias due to FE.

We find that the FE effect created by the applied bias as well

as the UV illumination separately can create a large value

of ns (�6.5� 1013 cm�2). However, the change in mobility

lHall is very small when they act separately.

Figure 4 shows the interesting result that when these

two effects act together not only one can create a much

larger ns but also the mobility is substantially enhanced.

lHall is enhanced substantially when ns� 7� 1013 cm�2. It

continues to get enhanced without saturation even when the

sheet carrier density ns ! 1� 1014 cm�2. This is the carrier

density at which the device current Ids(UV) reaches a value

of � 550 lA at a gate bias of 10 V. This graph in essence

establishes the main message of this report that when both

gate bias induced FE and the UV illumination act together,

there is a synergy that boosts up the mobility even in pres-

ence of large carrier density. This leads to substantial

enhancement of photoconductivity and the photo response of

the EDL-FET. The photo Hall data (measuring ns and lHall)

clearly establish the physical reason for enhanced optical

response in the gated photo detector.

The mobility enhancement can also be observed in the

Field effect mobility (lFE), which can be measured from the

Ids–Vg data using the trans-conductance. The observed lFE

expectedly is much less than lHall because the former, being

mostly controlled by near interface carrier transport, is less

due to the scattering by surface scattering states.12,13

The gate bias leads to the charging of the gate capacitor,

and the charge in the ZnO channel is induced electrostati-

cally. To establish the electrostatic nature of the process, we

measured the transient gate current Ig(t) for a step change of

the gate bias Vg. The stored charge Qg(t) at a time t can be

obtained by integration of Ig(t) (QgðtÞ ¼
Ð t

0
Igdt). Qg saturates

to a constant value (Qs) in the long time limit (see inset of

Figure 4). The stored charge per unit area Qs /A, as measured

from the integration of the charging current, matches well

with ns obtained independently by the Hall measurement.

This establishes that the gate enabled process is an electro-

static process. From the analysis of the transient gate current

Ig(t) (Ref. 14) and its time constant, we obtain a specific gate

capacitance Cg� 3 lF cm�2.

The main result of the investigation that a simultaneous

presence of both gate bias and illumination enhances the mo-

bility can be explained by the following model, where we

propose that the mobility enhancement occurs due to control

of defect states by passivation of charged defect states.4 In

the surface region of the channel that limits the mobility of

carriers, there exists a strong depletion region. This region is

depleted of the majority carriers (electrons) due to existence

of positively charged oxygen vacancies which can be both in

singly and doubly charged state.10,15–17 These charged defect

states act as strong scattering centre of electrons and reduce

the mobility. The depletion region is reduced when the

charged vacancy states are passivated by electron capture.

Creation of large carrier density ns (as measured by photo

hall effect) can indeed be large enough that a fraction of the

charged defects can be passivated by these carriers leading

to reduction of potential scattering and enhancement of the

mobility. As can be seen from Figure 4, the rise in lHall

occurs when ns exceeds a critical value� 7� 1013 cm�2. It

is likely that the critical value is determined mainly by the

density of trap states, so that higher (lower) the density of

trap states at the surface region of the channel, higher (lower)

will be the critical value for ns needed for enhancing

the lHall.

The model proposed above has been validated by mea-

surement of photoluminescence (PL) from the ZnO channel

in the EDL-FET under an applied gate bias. The gate bias de-

pendence of the visible emission can be seen in Figure 5. It

can be seen in Figure 5 that while the near band edge

emission near 400 nm remains unaltered, the emission in the

500–550 nm region has been reduced by the gate bias.

It is argued that passivation of charged oxygen vacancy

by carriers will reduce visible emission in the blue-green

region (500 nm–550 nm). This is because the visible PL in

blue-green region occurs due to presence of these charged

defect states. Filling of these positively charged oxygen va-

cancy defect states (at least a fraction of them) by the excess

electrons created by FE and illumination will convert the

doubly charged states into singly charged ones and the singly

charged ones into neutral states. This reduces the electron

scattering enhancing the mobility as stated earlier and also

reduces the effective number of states that take part in the

visible emission. Thus, the application of the gate bias leads

to reduction of the visible PL as shown in Figure 5, validat-

ing our proposed physical model.

In summary, we have shown that large charge carrier

density, generated under illumination in simultaneous pres-

ence of the carriers generated by FE when a gate gate bias is

applied in the EDL-FET, can lead to large enhancement of

the Hall mobility (lHall) as measured by the Photo Hall

effect. The enhancement of lHall and the large carrier density

FIG. 5. PL intensity at gate voltage at 0 V and 7 V. PL intensity in the visible

(500–550 nm region) reduced after gate bias is applied.



enhances the effective photoconductivity of the ZnO channel

leading to large photoresponse in the UV in the EDL gated

detector. The synergetic association of the two carrier gener-

ation mechanisms has been shown to arise from passivation

of charged defects by the excess carriers which reduces the

potential scattering enhancing the mobility. The proposed

mechanism has been validated by observation of reduction in

defect induced visible PL by an applied gate.
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