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Chapter 8

Dual-gate ZnO ion-sensitive field effect

transistor

The sensitivity of conventional ion-sensitive field-effect transistors (ISFETs) is limited

to 59 mV/pH, which is the maximum detectable change in electrochemical potential ac-

cording to the Nernst equation. Here a transducer based on a ZnO dual-gate field-effect

transistor is demonstrated that breaches this boundary. To enhance the response to the

pH of the electrolyte, a self-assembled monolayer (SAM) has been used as a top gate

dielectric. The sensitivity scales linearly with the ratio between the top and bottom gate

capacitances. The sensitivity of our ZnO ISFET of 22 mV/pH is enhanced by more than

two orders of magnitude upto 2.25 V/pH.

Published as:
M. Spijkman, E. C. P. Smits, J. F. M. Cillessen, F. Biscarini, P. W. M. Blom, D. M. de Leeuw, Appl.
Phys. Lett., 98, 043502 (2011).
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Chapter 8. Dual-gate ZnO ion-sensitive field-effect transistor

8.1 Introduction

Ion-sensitive field-effect transistors (ISFETs) were first reported 40 years ago.1 As

schematically shown in figure 8.1a, ISFETs are based on standard metal-oxide semi-

conductor field-effect transistors (MOSFETs) where the silicon gate electrode has been

replaced by an electrolyte grounded with a reference electrode. Ionic interactions at the

interface between the SiO2 gate dielectric and the electrolyte cause a change in the sur-

face potential, Ψ0. This change in surface potential is detected as a change in threshold

voltage, Vth, as ∆Vth = −∆Ψ0.2 The interface can be modified by applying an ion-

selective membrane to make the ISFET selective to specific target molecules.3 ISFETs

then allow for label-free detection of ions in solution, negating the need to label the target

molecules in a time-consuming polymerase chain reaction (PCR).4 The small device size

allows for easy integration with microfluidics for lab-on-a-chip applications.5

Figure 8.1: Schematic representation of conventional ISFET (a) and a dual-gate transducer (b)
and their corresponding electrical schematics.
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8.2. Dual-gate ISFET

The sensitivity of ISFETs has been optimized for pH detection. The proton activity

at the interface is related to the surface potential Ψ0 by the Nernst equation as:

Ψ0 =
kB T

q
ln

aH+
bulk

aH+
surface

(8.1)

where kB is the Boltzmann constant, q is the elementary charge and the symbol a denotes

the proton activities in the bulk electrolyte and at the gate dielectric-electrolyte interface.

The surface potential can be related to the pH. A detailed analysis has been given by

Bergveld,1,2 leading to:
δΨ0

δpH
= −2.3

kB T

q
α (8.2)

where α is a dimensionless parameter, the so-called proton buffer capacity, that varies

between 0 and 1 and which is a measure for the proton activity of the interface. If α is

1 the ISFET has a so-called Nernstian sensitivity of 59 mV/pH at 25 ◦C, which is also

the maximum achievable sensitivity. In practice, the value of α is smaller than unity. For

SiO2, α is typically 0.52 and slightly higher values have been reported for more reactive

oxides, such as tantalum oxide and erbium oxide.6

8.2 Dual-gate ISFET

To improve the sensitivity beyond the Nernstian response, the layout of the ISFET

was changed by adding a second gate.7–10 A schematic layout of the resulting dual-gate

transducer is shown in figure 8.1b. The current depends on both the bias applied on

the bottom gate and the surface potential at the gate dielectric-electrolyte interface. It

has been shown that a change in the surface potential leads to a shift of the threshold

voltage by:11

∆Vth = − Ctop

Cbottom
∆Ψ0 (8.3)

In comparison with a regular ISFET, the change in threshold voltage is modified by

the capacitive coupling Ctop/Cbottom. Dual-gate ISFETs with a capacitive coupling of a

factor of two have been reported.11 The enhancement was limited due to the use of a

relatively thick top gate dielectric. To increase the coupling a larger top capacitance is

required. Here a self-assembled monolayer (SAM) was used as the top dielectric. The

bottom capacitance was varied by using different thicknesses of the SiO2 bottom gate

dielectric. The response of the dual-gate transducer was determined as a function of the

capacitive coupling and the sensitivity could be enhanced by orders of magnitude.

The sensors were fabricated on thermally oxidized n-type doped Si as the bottom
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Chapter 8. Dual-gate ZnO ion-sensitive field-effect transistor

Figure 8.2: Transfer curves of a ZnO transistor for five different drain biases between 100 mV
and 2 V. Channel length and width are 10 µm and 10,000 µm respectively. Hysteresis is absent,
the switch-on voltage is about -10 V and the linear mobility is about 1 cm2/Vs.

gate / dielectric. Wafers of various SiO2 thicknesses were used. Au source and drain

contacts were defined by standard photolithography on a Ti adhesion layer. The n-type

semiconductor ZnO semiconductor was deposited on these structured substrates by pulsed

laser deposition (PLD).12 ArF ablation (193 nm, 15 ns) was carried out from high-density

ZnO targets that were prepared from ZnO powder. The powder was high-purity fibre-

grade Ultrex ZnO (J.T. Baker), which was pressed and subsequently sintered at 1300
◦C in air. The PLD off-axis geometry was used in order to increase the area of uniform

thickness of the deposited films. The layer thickness is about 20 nm. Typical transfer

curves for drain biases ranging from 100 mV to 2 V of the resulting ZnO transistor are

presented in figure 8.2. Hysteresis is absent, the switch-on voltage is about -10 V and

the linear mobility increase with gate bias to about 1 cm2/Vs. The transfer curve for a

100 mV drain bias shows that there is negligible contact resistance.

To realize a large top gate capacitance a self-assembled monolayer of octadecylphos-

phonic acid13 was applied on top of the semiconducting ZnO. Prior to applying the

SAM, the surface is cleaned in O2 plasma, after which the SAM was applied from a 3

mM ethanol solution. The SAM passivates the ZnO. Therefore the electrolyte can be

applied without affecting the semiconducting channel between source and drain.
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8.3. Results

Figure 8.3: Expanded part of the transfer curve. Current as a function of applied gate bias for
different external biases on the Calomel reference electrode. The drain bias is set at 0.5 V to
suppress parasitic Faradaic leakage currents. The inset shows the device layout.

8.3 Results

The potential of the electrolyte, Vref , is set by a KCl buffered Ag/AgCl reference

electrode. To determine the capacitive coupling transfer curves were measured as a

function of an externally applied bias on the reference electrode. The current as a function

of the bottom gate bias is presented in figure 8.3. To suppress parasitic Faradaic leakage

currents the drain bias was set at 0.5 V. The transfer curves shift as a function of the

bias on the reference electrode. This shift is due to a change in the threshold voltage

and can be determined at constant current. The capacitive coupling is then the ratio

between ∆Vth and ∆Vref . The value extracted from figure 8.3 is about 18. The thickness

of the bottom SiO2 gate dielectric of 200 nm yields a bottom gate capacitance of 17

nF/cm2. From the capacitive coupling a value of 300 nF/cm2 was extracted for the

top gate capacitance. This capacitance corresponds to an effective dielectric thickness

of approximately 8 nm. The effective thickness is larger than the actual SAM-molecule

length of about 2 nm. This suggests that the passivated top layer of the ZnO acts as

an insulator and contributes to the top capacitance. The origin could be the passivation

procedure that might lead to a minor stoichiometry change of the surface layer.
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Chapter 8. Dual-gate ZnO ion-sensitive field-effect transistor

Figure 8.4: Expanded part of the transfer curves at a drain bias of 0.5 V measured in buffered
electrolytes with pH of 6 and 8. The reference electrode was grounded. The inset shows the
measurement sequence and the drain current at a gate bias of 4 V. The thickness of the bottom
SiO2 gate dielectric is 1.2 µm. The measurements are reproducible, for a fixed pH the currents
are the same.

To measure the sensitivity of the transducer towards the pH of the electrolyte its

surface was covered with different pH buffer solutions. The reference electrode was

grounded. The current in the linear regime as a function of the bottom gate bias is

presented in figure 8.4. Here, the bottom gate dielectric is a 1.2 µm SiO2 layer. The

measurement sequence is shown in the inset. First the transfer curve was measured three

times for pH of 8. Then a new solution with pH of 6 was applied and the transfer

curves were measured three times. The procedure was then repeated for pH of 8. The

inset shows the current at a gate bias of 4 V. The measurements are reproducible, for a

fixed pH the currents are the same. Figure 8.4 shows that the transfer curve shifts as a

function of pH. This shift is due to a change in threshold voltage and can be determined

at constant current. Figure 8.4 shows that for a difference in pH of 2, the threshold

voltage shifts 4.5 V, yielding a sensitivity of 2.25 V/pH, which is orders of magnitude

larger than the Nernstian response of 59 mV/pH.

From these measurements the proton buffer capacity, α, could be derived. The

capacitive coupling of this 1.2 µm thick device was measured to be 110. Hence corrected

for the capacitive coupling the surface potential Ψ0 shifts with 22 mV/pH. This yields a
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8.4. Conclusion

value for α of about 0.4, in good agreement with reported values of about 0.5.

Figure 8.5: The sensitivity of dual-gate transducers in mV/pH as a function of the capacitive
coupling, the ration between the top and bottom gate capacitances. The data points correspond
to bottom gate dielectrics of (from left to right) 200, 600 and 1200 nm SiO2. Each data point
is averaged over about 10 devices. The inset shows the device layout.

To demonstrate that the sensitivity of the transducer depends on the capacitive cou-

pling the thickness of the bottom SiO2 gate dielectric was varied. For transducers with

a thickness of 200 nm, 600 nm and 1200 nm the capacitive coupling was determined.

Transfer curves for each transducer were measured as function of pH of the electrolyte.

The extracted sensitivity is presented in figure 8.5 as a function of the capacitive cou-

pling. Each data point is averaged over about 10 devices. A straight line is obtained

in good agreement with equation 8.3. The slope corresponds to a value of α of 0.4 as

derived above.

8.4 Conclusion

In summary a transducer was demonstrated based on a ZnO dual-gate field-effect

transistor in which the electrolyte with reference electrode acts as the top gate. To

enhance the response to the pH a SAM has been used as a top gate dielectric. The

sensitivity scales linearly with the ratio between the top and bottom gate capacitances.

The achieved sensitivity of 2.25 V/pH is orders of magnitude larger than the Nernstian
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Chapter 8. Dual-gate ZnO ion-sensitive field-effect transistor

response of 59 mV/pH. Reliable measurements of for instance DNA hybridization and

protein interactions might be within reach. For instance, the change in surface potential

upon DNA hybridization is typically only tens of millivolts, which hampers the detection

with conventional ISFETs. With a dual-gate transducer the changes can be enhanced to

the order of volts.
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Summary

Conventional silicon CMOS integrated circuits, such as the microchips used in com-

puters and mobile phones, are processed in the substrate itself, typically single crystalline

silicon wafers. The circuits are optimized for high performance as high clock speed and

low power by reducing the minimum feature size. In contrast thin-film transistors (TFT)

are field-effect transistors fabricated on a carrier substrate and used in large area electron-

ics where numerous devices are required on low-cost substrates such as glass or plastic.

The main application is as a pixel engine in active matrix displays. Examples are liquid

crystal displays for monitor and television screens, and organic light emitting diodes for

mobile phone displays. Presently amorphous silicon is used as semiconductor. Current

research effort is on semiconducting metal oxides and organic polymers.

The main advantages of polymeric semiconductors are their ease of processing, for

example by printing, and their mechanical flexibility. In addition the electrical properties

of semiconducting polymers can be tailored by chemical synthesis. In combination with a

flexible plastic substrate, organic TFT’s can be printed on a roll-to-roll process, potentially

leading to extremely cheap electronics. Applications are foreseen in displays, or electronic

paper, contactless RFID tags, or electronic barcodes, and gas sensors, or electronic noses.

For any envisioned application of a thin-film transistor, control of the threshold voltage

is essential. The threshold voltage is the gate bias at which the transistor switches

between the low current depletion regime and the high current accumulation regime. For

logic gates, the threshold voltage determines the trip point, which is the input bias at

which the gate inverts the output signal. For sensing applications, the threshold voltage

signifies the bias at which the largest change in current occurs, i.e. the point of the

highest sensitivity. For standard Si CMOS transistors, the threshold voltage, at the onset
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Summary

of inversion, can be accurately set by the amount of doping applied by ion implantation.

In thin-film transistors however local doping of individual transistors in a circuit is not

an option. To get around this constraint and to externally set the threshold voltage

several options have been reported. In this work, dual-gate transistors are used. The two

gates on either side of the semiconductor can independently tune the charge transport.

The second gate electrostatically modifies the charge carrier distribution in the channel

accumulated by the first gate and, hereby, can accurately set the threshold voltage.

Dual-gate transistors form the basis of the largest organic integrated circuits reported so

far.

The reliability of organic integrated circuits, especially when using unipolar logic,

is severely limited by the spread in the threshold voltages of the individual transistors.

The spread causes a small margin for error in the logic gates. This so-called noise

margin is the maximum allowed spurious signal that can be applied to the logic gate

without resulting in erroneous behavior. A basic logic gate, the inverter, was used to

demonstrate improved reliability when using dual-gate transistors. By advantageously

tuning the threshold voltage of the driver transistor in the inverter, the noise margin

could be increased by an order of magnitude, paving the way for large organic integrated

circuits.

Crucial for the design of organic integrated circuits is a model describing the electrical

transport in a TFT. Both analytical and numerical models have been reported. Gener-

ally a two-dimensional approximation of the actual three-dimensional device structure

is assumed; the effect of the semiconductor thickness is ignored. Existing models are

insufficient to accurately describe the transport in dual-gate transistors. In this work

it is shown that a numerical program, with the required flexibility to approximate the

behavior of organic semiconductors, such as their charge-density dependent mobility, can

accurately describe the charge transport in dual-gate transistors.

The dual-gate transistors often show a distinct hump in the transfer characteristics.

To investigate the origin the semiconductor thickness has been varied. Spincoated semi-

conducting films generally have a thickness of tens of nanometers. To minimize the

thickness, a dual-gate transistor has been fabricated with a self-assembled monolayer

semiconductor. The monolayer is chemically attached to the gate dielectric and the

top gate dielectric can be applied without deteriorating the performance. The transistor

behaves as a single-gate transistor where the effective gate bias is the superposition of

the gate biases of the top-and bottom gate. No interplay between the top and bottom

channel was observed. The distinct humps in the transfer curves are only present for

thick semiconducting layers; they are absent when using a monolayer semiconductor.

The self-assembled monolayer transistors can be used as a gas sensor. By function-

104



Summary

alizing the monolayer with an additional layer of porphyrin molecules nitric oxide (NO)

can be detected. The NO molecules react with the porphyrine molecules, creating neg-

atively charged NO−X ions which cause a change in the threshold voltage. Because the

semiconductor is only one molecule thick, very low concentrations of NO in N2 of only

a few parts per billion could be detected. The demonstrated sensitivity represents a new

milestone for NO detection with field-effect transistors.

Transistors as sensors in solution were first demonstrated in the form of ion-sensitive

field-effect transistors (ISFET) almost forty years ago and are now commercially available

as pH-detectors. ISFETs are standard MOSFETs where the gate has been replaced with

an electrolytic gate. The maximum achievable sensitivity is determined by thermody-

namics and limited to 60 mV/pH.

ISFETs are being targeted as label-free biosensors for the detection of biological

analytes. The electrical response of large molecules such as DNA however is screened

by a charged double layer of ions at the interface. The sensitivity of existing ISFETs is

too low. A wide variety of approaches, such as carbon nanotubes, silicon nanowires and

diamond-based ISFETs is being investigated to enhance the sensitivity.

In this work a breakthrough in sensitivity has been realized. The capacitive coupling

in a dual-gate transistor can be advantageously used to convert the measured change in

threshold voltage at the electrolytic gate into a much larger shift at the other gate. The

sensitivity increases linearly with the capacitive coupling between top and bottom gate

dielectric. Initially, a polymer-based dual-gate thin-film transistor was used to make a

dual-gate transducer. A second polymer top gate dielectric was applied by spincoating.

Because polymers have pinholes through which water can penetrate into the semicon-

ductor, a second hydrophobic insulating polymer was applied on the first dielectric layer.

In addition the source and drain contacts were passivated with photoresist to prevent

parasitic Faradic leakage currents. The resulting sensors were stable in solution at high

drain biases. The capacitive coupling was limited by the thickness of the top capacitor

which consisted of two polymer layers. The sensitivity could be increased but only to

about 100 mV/pH.

To drastically increase the sensitivity the capacitive coupling has been optimized. An

ultrathin second gate dielectric of only a single monolayer yielded a capacitance coupling

of almost two orders of magnitude higher than by using a bulk polymer second gate

dielectric. The monolayer however is unable to completely prevent water from penetrating

into the semiconductor. To prevent electrolysis a low drain bias is required. To reliably

measure the current a semiconductor with a high mobility has to be used. By using zinc

oxide transducers with a record high sensitivity of 2.5 V/pH have been realized. This

demonstration paves the way for label free biosensors.
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