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Chapter 1

Dual-gate thin-film transistors

The first dual-gate thin-film transistor (DGTFT) was reported in 1981 with CdSe as

the semiconductor. Other TFT technologies such as a-Si:H and organic semiconductors

have led to additional ways of making DGTFTs. DGTFTs contain a second gate dielectric

with a second gate positioned opposite of the first gate. The main advantage is that

the threshold voltage can be set as a function of the applied second gate bias. The shift

depends on the ratio of the capacitances of the two gate dielectrics. In this chapter, the

field of DGTFTs is reviewed. The reported operational mechanisms and the application

of DGTFTs in logic gates and integrated circuits is reviewed. The second emerging

application of DGTFTs is sensitivity enhancement of existing ion-sensitive field-effect

transistors (ISFET). The reported sensing mechanism is discussed and an outlook is

presented.

Published as:
M. Spijkman, K. Myny, E. C. P. Smits, P. Heremans, P. W. M. Blom, D. M. de Leeuw, Adv. Mater.
23, 3231 (2011).
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Chapter 1. Dual-gate thin-film transistors

1.1 Introduction

Conventional silicon CMOS integrated circuits, e.g. microchips, are processed in the

substrate itself, typically Si wafers. Thin-film transistors (TFTs) however are field-effect

transistors manufactured by depositing thin films of semiconducting and dielectric ma-

terials, as well as the electrical contacts, on a carrier substrate.1 Applications are in

the field of high-volume large-area electronics where numerous discrete transistors are

required on low-cost substrates. The most common substrate is glass, as the most im-

portant application of thin-film transistors is as pixel engine in active matrix liquid crystal

displays (AM-LCD) and recently in organic light emitting diode (AMOLED) displays. As

compared to passive matrix addressing, the small charge needed to drive a single pixel

reduces the write time of a screen and allows for optically smooth frame rates. In ad-

dition TFTs are used in image intensifiers for medical radiography. When applied on a

mechanically flexible substrate,2,3 TFTs can be processed in a high volume roll-to-roll

process and used in flexible displays,4 RFID tags5,6 and sensors.7

Besides glass, a variety of plastics has been used as carrier substrate. Depending on

the type of substrate, deposition technologies such as plasma-enhanced vapor deposition

(PECVD), sputtering, evaporation, spincoating and ink-jet printing are possible. Because

the substrate is generally incompatible with high annealing temperatures, processing of

TFTs has to be performed at relatively low temperatures.

TFTs can be made from a wide variety of semiconductors. A common material

is amorphous-Si (a-Si:H), but compound semiconductors such as CdS, metal oxides as

ZnO and organic molecules like pentacene have also been used. The main advantages of

organic semiconductors are their easy processing, e.g. spincoating, ink-jet or silk-screen

printing without a temperature hierarchy, and their mechanical flexibility.

A transistor acts as an electrical switch of which the resistance depends on the voltage

applied to the gate electrode. The applied gate bias determines whether charge carriers

are accumulated in the semiconductor (on-state) or if the semiconductor is depleted (off-

state). The threshold voltage8 (Vth) is the gate bias at which the transistor switches

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

any envisioned application, control of the threshold voltage is essential. 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 can be accurately set by the

amount of doping applied by ion implantation.9,10 In thin-film transistors local doping of

individual transistors in a circuit is not an option. To get around this constraint and to
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1.1. Introduction

externally set Vth, several options have been published such as level shifters in circuits,5

modification of the dielectric to set the interface charge11 or the use of a gate metal with

a specific work function.12 An alternative solution to set Vth is a dual-gate transistor,

schematically depicted in the top right inset of figure 1.1. A dual-gate transistor is

comprised of a bottom gate and its dielectric, the semiconductor with source and drain

electrodes and finally the top gate and top dielectric. The second gate electrostatically

modifies the charge carrier distribution in the channel accumulated by the first gate.

Hence the second gate can accurately set Vth, but at the cost of an extra electrical

contact in the circuit and of additional processing steps during fabrication.

Figure 1.1: The absolute value of the drain current of a dual-gate transistor is presented on a
semi logarithmic scale as a function of the bottom gate bias. The top gate bias is varied from left
to right in steps of 5 V starting at +20 V to 20 V. The inset graph shows the measured (circles)
and calculated (line) threshold shift. The other inset is a schematic of a dual-gate transistor. The
transistor consists of a Si bottom gate with thermally annealed SiO2 as the bottom dielectric,
a spincoated layer of p-type polytriarylamine on top of which the top dielectric, poly-isobutyl
methacrylate was applied followed by an evaporated Au top gate.

One of the first dual-gate thin-film transistors (DGTFT) was based on CdSe and

reported in 1981 by Luo et al.13 for use in flat panel displays. In 1982, Tuan et al.14

demonstrated an a-Si:H based DGTFT, which was reproduced by Kaneko et al.15 in 1992.

In 2005, the first organic DGTFT, based on pentacene was reported by Cui and Liang.16

Various papers based on a range of other organic semiconductors were published in the

following years. In 2009, ZnO and GIZO DGTFTs were demonstrated by various groups

from Korea.17–19 Finally, in 2010 the group of Avouris presented graphene based DGTFTs.
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Chapter 1. Dual-gate thin-film transistors

20,21 Advantages reported in almost all papers on DGTFTs are a steeper subthreshold

slope and an increased gate modulation, with a higher on-current and lower off-current

due to decreased leakage current22 and enhanced device stability.15

Amorphous Si (a-Si:H) is an intrinsic n-type semiconductor. The advantage for large

area electronics is the ability to produce thin layers by low-cost processing as PECVD in

combination with a low temperature regime on plastic films. The disordered configuration

of a-Si:H makes it difficult to accurately set Vth, even with doping. Employing a dual-gate

layout in a-Si:H can therefore be advantageous.

The first organic DGTFT was reported in 2005 by Cui and Liang.16 During the same

year, Iba et al.,23 Gelinck et al.24, Chua et al.25 and Morana et al.26 published papers on

dual-gate transistors. Since then, numerous papers on organic DGTFTs have appeared

in literature. Typical semiconductors used are pentacene, poly(9,9-dioctylfluorene-co-

phenylene-(N-4-sec-butylphenyl)-iminophenylene) (TFB) and [9,9]-dioctylfluorene-co-

bithiophene (F8T2). Dielectrics are commodity insulating polymers like divinyltetra-

methyldisiloxanebis (benzocyclobutene) (BCB), parylene, polyimide and polyvinylphenol

(PVP). The multilayer stacks can be quickly manufactured by spincoating, making or-

ganic materials ideally suited for dual-gate transistors. For solution processing, it is

important that the solvents of consecutive layers are orthogonal, i.e. the solvent of the

next layer should not dissolve the previous one. Both rigid substrates such as Si/SiO2

and glass and flexible substrates like polyethylenenaphtalate and polyimide were used.

In this chapter, the field of thin-film organic dual-gate transistors is reviewed. In

section 1.2 the reported operational mechanisms are summarized. The threshold voltage

can be set as a function of the applied biases. The shift depends on the ratio of the

capacitances of the two gate dielectrics. The application of DGTFTs in logic circuits is

reviewed in section 1.3. Besides setting the threshold voltage to improve circuit perfor-

mance, DGTFTs are demonstrated as self-contained logic gates. An overview of DGTFTs

as sensors is given in section 1.4. Amplification of small changes in the surface potential

makes DGTFTs attractive for biosensing applications for which currently ion-sensitive

field-effect transistors (ISFETs) are used. The amplification is due to the capacitive cou-

pling between the two gate dielectrics. A summary and outlook is presented in section

1.5.

1.2 Discrete dual-gate transistor

The schematic layout of a dual-gate transistor is shown in the top right inset of figure

1.1. From top to bottom, the transistor consists of the top gate, top insulator, the

semiconductor with source and drain electrodes, the bottom gate dielectric and finally
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1.2. Discrete dual-gate transistor

the bottom gate. Both gates can deplete or accumulate charges in the semiconductor.

The accumulated charges are concentrated in the first nanometers at the dielectric-

semiconductor interface.27 Hence, when the semiconductor thickness is larger than ten

nanometers, two separate channels are formed, one at the bottom gate dielectric and

one at the top gate dielectric. The current in the DGTFT at a given source-drain bias is

determined by the interplay between the biases on the two gate electrodes.

A typical example of an organic p-type DGTFT is presented in figure 1.1. The linear

transfer characteristics measured at a drain bias of -2 V are presented in figure 1.1 for top

gate biases ranging from -20 V to 20 V in steps of 5 V. The transfer curve for 0 V top gate

bias shows that the transfer curves systematically change with the applied top bias. The

origin of the shift and the relation with the capacitive coupling can be understood from

electrostatics.24,26,28 For a top bias of 0 V, the middle transfer curve in figure 1.1, there

is no charge accumulated at the top gate. The effect of the top gate on the transistor is

negligible when grounded. The DGTFT acts as a conventional single-gate transistor and

charges are only accumulated by the bottom gate at the bottom interface. The drain

current and the threshold voltage are the same as for a conventional single gate thin-film

transistor.

For a positive top gate bias, the curves on the left in figure 1.1, there is an effect

on the transistor behavior. PTAA is a unipolar p-type semiconductor, hence electrons

cannot be accumulated. PTAA is unintentionally doped, so there is no screening of the

top gate bias by the semiconductor. The net effect is that the accumulated charges in

the bottom channel are depleted. The amount of the depleted charges per unit area

depends on the top gate bias (Vtop) and is given by:

Q = CtopVtop (1.1)

where Ctop is the top gate capacitance per unit area. Mobile charge carriers in the

bottom channel are accumulated by the bottom gate, but depleted by the top gate. To

compensate for the top gate bias and to attain the original drain current at 0 V top gate

bias, the bottom gate bias needs to be increased. Effectively the transfer curve is shifted

in figure 1.1 to the left.

When the opposite polarity is applied, a negative top gate bias forms the top gate

channel. The top gate bias is fixed, so an additional constant drain current is added to

the transfer curve of the bottom gate. The top channel is only depleted by the bottom

gate at a positive bias beyond the threshold voltage of the bottom channel. Effectively,

the entire transfer curve is shifted to the right.

The shift in Vth can be quantified from the total charge (Qtotal ) induced by the two
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Chapter 1. Dual-gate thin-film transistors

gates from:

Qtotal = CbottomVbottom + CtopVtop (1.2)

At the threshold voltage of the DGTFT the total induced charge is zero, which implies

that CbottomVbottom = −CtopVtop. If the top gate is fixed and the bottom gate is swept,

the shift in threshold voltage is given by:

∆Vth,bottom = − Ctop

Vbottom
∆Vtop (1.3)

For the situation where the top gate is swept, equation 1.3 can simply be inverted.

Equation 1.3 is a general formula and holds for both unipolar p-type and n-type dual-

gate transistors. The factor Ctop/Cbottom is the capacitive coupling, i.e. the measure by

which the Vth of the bottom gate can be modified as a function of gate bias on the top

gate. For the transfer curves in figure 1.1, the shift in Vth as a function of the applied

top bias is shown in the bottom left inset. For a top gate bias of 20 V, the threshold was

shifted by about 40 V. The capacitive coupling was then roughly two.

A complication has been reported for organic semiconductors.29 The depleted part of

the semiconductor forms a capacitor in series with the gate dielectric. This semiconductor

capacitance cannot be ignored when the semiconductor capacitance is comparable to that

of the gate dielectric. Then, in equation 1.3, Ctop and Cbottom have to be replaced by:

Ceff =

(
1

Cins
+

1

Csc

)−1

(1.4)

for the channel that is in depletion.

The transfer curves for a negative top gate bias, on the right in figure 1.1, exhibit

a distinct hump in the transfer characteristics. The steps in the pinch-off voltage for

negative top bias are also significantly larger than the steps for positive top gate bias.

Maddalena et al. use equation 1.4 to explain the hump in the transfer curves and derive

two distinct regimes for the threshold voltage shift.29 Therefore, the shape of the transfer

curves in figure 1.1 likely has the same origin.

The shift in threshold voltage as a function of the capacitive coupling is generally

observed. Only Gelinck et al. observed that the threshold voltage shift is not due to the

formation of a second channel at the top interface. Precursor pentacene was used as the

semiconductor. The surface is rough, which led to a field-effect mobility which was a

factor of 104 lower than that of the bottom channel. Therefore, the top gate channel had

a negligible influence on the drain current of the total device. Although the capacitive

coupling is about unity, the accumulated charges in the top channel are immobile and do
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1.2. Discrete dual-gate transistor

not contribute to the total current.

Most papers report as a common feature an increased on/off current ratio,16,18,19,23–26

improved mobility16,26 and a steeper subthreshold slope.16,18,24,26 Chua et al. report that

dual-gate transistors can achieve a considerably deeper gate modulation than possible

with single gating. Gelinck et al. also report the capability to provide a higher on-current

and a steeper subthreshold slope. The second gate effectively doubles the width of

the channel, yielding a higher current. Additionally, the opposing gate improves the gate

modulation by deeper depletion of the bulk semiconductor, yielding a steeper subthreshold

slope.

- 4 0 - 2 0 0 2 0 4 0
1 E - 1 2

1 E - 1 0

1 E - 8

1 E - 6

1 E - 4

 V D  =  - 2  V
 V D  =  - 2 0  V

 

 

-I D [A
]

V G  [ V ]
Figure 1.2: Drain current plotted as a function of the top gate bias of a dual-gate SAMFET for
the linear (black lines for -2 V) and saturated (red lines for -20 V) regimes. The bottom gate
bias is varied from left to right in steps of 10 V from 20 V to -20 V.

The thickness of the charge accumulation layer is only several nanometers. DGTFTs

with semiconductor thicknesses of more than about 10 nm therefore contain two chan-

nels which are spatially separated and can be tuned independently. A dual-gate transistor

with a p-channel and an n-channel on opposite sides of a thick singe crystal of tetracene

has been suggested to behave as a solid state injection laser.30 However, for a thick

semiconductor the channels operate independently and are shielded from eachother and

the claim has been retracted.31 Upon reducing the semiconductor thickness, electrostatic

interference between top and bottom channel might be expected. Recently, a dual-gate

self-assembled monolayer field-effect transistor (SAMFET) was reported.32 The semicon-

ductor is only a monolayer thick. The accumulated charges of both the bottom and the
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Chapter 1. Dual-gate thin-film transistors

top gate electrode are both contained inside the single monolayer. In figure 1.2, the

transfer characteristics of the dual-gate SAMFET are presented. The SAM is chemically

attached to a SiO2 bottom dielectric grown on a Si bottom gate. On the resulting SAM-

FET as the top dielectric the insulating polymer poly-isobutyl methacrylate (PIBMA)

was spincoated, followed by evaporation of the Au top gate. Figure 1.2 shows that the

dual-gate SAMFET behaves similarly to the DGTFT described in figure 1.1. The main

difference is the absence of the distinct hump for positive gate bias, as expected because

there is no bulk semiconductor. In a dual-gate SAMFET the accumulated charge carriers

spatially overlap and form a single conduction channel. The transistor however behaves

electrically as a single channel OFET where the effective charge accumulation is a su-

perposition of the two gate biases modified by their capacitances. Distinct evidence of

electrostatic interplay between the top and bottom channel of the dual-gate transistor

was not observed.

1.3 Dual-gate logic gates and integrated circuits

Functional digital integrated circuits, which include a 64 bit code generators for RFID

tags,5,6,33 shift registers for flexible displays34 and driver circuits for actuators35 have

been reported. These complex circuits comprise hundreds to thousands of transistors

combined into logic gates, such as inverters and two input NAND gates. The complexity

leads to an inherent reliability issue. The output of one logic gate is the input of the

next. Hence when one of the logic gates does not function properly, the integrated circuit

usually fails. The larger the population of logic gates, the larger the probability for failure.

A key parameter to define the reliability and robustness of logic gates is the noise margin,

which can be described as the maximum allowable spurious signal that can be accepted

by a gate while still giving correct operation.36 The noise margin is calculated as the

side of the largest square that can be inscribed between the input-output characteristics

of the logic gate and its mirrored image. De Vusser et al.37 calculated the influence of

TFT parameters on the noise margin of unipolar logic gates and made a yield analysis of

unipolar circuitry incorporating the statistical variations of the transistor parameters.

TFT based integrated circuits are typically based on unipolar p-type transistors for

organic circuitry and unipolar n-type transistors for metal-oxide circuitry. For organic

p-type transistors, the threshold voltage is in most cases slightly positive which results

in ’normally on’ characteristics. Therefore, integrated circuits are commonly based on

a zero-VGS -load topology, whereby the gate of the load transistor is connected to its

source. This topology suffers from an inherently small noise margin.33,38 In this section,

the advantages of DGTFTs when incorporated into integrated circuits will be reviewed.
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1.3. Dual-gate logic gates and integrated circuits

One obvious possibility is to adjust the Vth of the transistors in the logic gates and hence

to move the trip point (Vtrip) of the inverter (or another logic gate), leading to an increase

of the noise margin of these unipolar dual-gate inverters.28,33,39,40 DGTFTs can also be

integrated in complementary technologies, to increase the noise margin which conse-

quently can lower the operation voltage of complementary inverters.6 In driver circuits

for actuators,35 DGTFTs are introduced into static random access memory (SRAM) cells

to adjust the threshold voltage and hence to increase the noise margin of these cells. In

analog circuits, advantages of DGTFTs have been found in the increase of the transcon-

ductance leading to an increased gain band width of differential amplifiers.6 Furthermore,

DGTFTs have been implemented to operate as self-contained logic gates.19,20,25 Finally,

DGTFTs in a-Si:H technologies targeting AM-LCD and AMOLED displays are discussed.

The first dual-gate inverter was reported in 2006 by Koo et al.39 They demonstrated

a dual-gate inverter based on pentacene as the p-type semiconductor, with an Al2O3

bottom dielectric and a parylene top dielectric. The transistors were combined into an

inverter using zero-VGS -logic. The driver is a dual-gate transistor, while the load remains

a standard single gate transistor. They showed that the input-output characteristics of

the inverter change upon applying a bias to the top gate of the driver. However, the

trip point of the inverter could not be shifted into the supply range, between ground and

rail bias Vdd , because the original Vth was too positive to compensate for. Hence the

logic gate did not invert. In a subsequent paper40 they reported a functional dual-gate

inverter by replacing the top dielectric parylene with Al2O3. During parylene deposition,

the pentacene layer was affected, leading to a limited depletion performance. The trip

point of the inverter could now be controlled. No values for the noise margin were

reported however.

A dual-gate inverter with back gates on both the load and driver transistor was

reported by Spijkman et al. in 2008.28 The semiconductor was PTAA, with SiO2 and

PIBMA as the bottom and top dielectric respectively. The noise margin is shown in

figure 1.3 as a function of the applied bias to the back gate of the driver transistor,

for different bias voltages to the load transistor. The bias on the load transistor has a

much smaller influence on the noise margin, but during dynamic operation the switching

speed is dominated by the pull-down current flowing through the load transistor. By

advantageously tuning the back gates of both dual-gate transistors in the inverter, the

noise margin could be increased six-fold to almost 6 V, which has to be compared to a

single gate inverter having a noise margin less than 1 V, both at a supply voltage of 20

V.

A comprehensive study of the use of dual-gate transistors to control the threshold

voltage of load transistor and drive transistor of inverters and digital circuits has been
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Chapter 1. Dual-gate thin-film transistors

Figure 1.3: The noise margin of dual-gate inverters as a function of the top gate bias on the
driver transistor for several top gate biases on the load transistor. The supply voltage Vdd , was
set at 20 V. The insets show the schematic of the dual-gate inverter and the improvement gained
in input-output characteristics by using a dual-gate inverter.

performed by Myny et al.33 The authors compare unipolar p-type zero-VGS -load and

diode-load inverters, where all transistors in the inverters are DGTFTs. In a diode-

connected load the gate of the transistor is connected to its drain. The semiconductor

used in this work is pentacene. Two solution-processed organic dielectrics serve as the

bottom and top gate dielectric. The top gate dielectric is coupled much weaker to

the semiconductor. Therefore, the Vth of the transistor shifts with about 35% of the

applied back-gate voltage. By applying different back-gate voltages to the load and

driver transistor, the trip point of the inverters can be shifted towards the ideal position,

resulting in an increased noise margin of 2.8 V and 0.7 V for zero-VGS -load and diode-

load inverters respectively, for a supply voltage of 20 V. As explained above, varying the

back-gate voltage of the load transistor has a much stronger effect on the frequency of

ring oscillators than varying the back-gate voltage of the drive transistor. The authors

also studied an enhanced dual-gate architecture for logic gates, where the back-gate

node of the load-transistor is connected to its source, in this case the output node, as

schematically depicted in figure 1.4a. By means of these enhanced topologies, the noise

margins can be increased to voltages above 6 V and 1.4 V for zero-VGS -load and diode-

load inverters respectively. Another advantage of this enhanced architecture is that only

one additional voltage rail is present, instead of two voltages to control both the Vth of
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the driver and load transistor. In terms of ratio between the sizing of the driver and load

transistor in logic gates, the authors conclude that enhanced zero-VGS -load topologies

can make use of the optimal 1:1 ratio, which is beneficial regarding the consumed area

for integrated circuits. Next, these enhanced dual-gate logic gates were integrated into

ring oscillators and 64 bit transponder chips. Figure 1.4b shows a photograph of a 64 bit

RFID transponder chip, implemented with enhanced dual-gate zero-VGS -load logic gates.

The measured output signal of a 64 bit transponder chip is shown in figure 1.4c, at a 20

V supply voltage. While the onset voltages of all measured single gate 64 bit transponder

chips were situated between 20 V and 26 V, caused by the origin of the Vth of the single

gate TFT, the enhanced zero-VGS -load topology could lower this onset voltage to 10 V

for all measured transponder chips on three different wafers, which is the lowest onset

voltage published for 64 bit organic transponder chips. The authors also demonstrate

that enhanced diode-load topology yields faster circuits than the zero-VGS -load topology.

Figure 1.4: (a) Schematics of an enhanced zero-VGS -load dual-gate inverter. (b) Photograph
of a 64 bit organic RFID transponder chip. (c) The measured output signal of the transponder
chip using the topology of (a), yielding a data rate of 522 bps at a 20 V supply voltage.

All previous papers describe the use of a DGTFT into unipolar inverters and circuits.

Hizu et al.41 have integrated DGTFTs into organic complementary inverters, targeting a
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reduced operation voltage. The technology consists of pentacene as p-type semiconductor

and fluoroalkyl naphthalenetetracarboxylic di-imide (NTCDI) as n-type semiconductor.

The bottom gate dielectric comprises a 500 nm thick polyimide layer, while the top gate

dielectric is a 600 nm parylene layer. The back-gate voltages of the n-type as well as

of the p-type transistor in the inverter can be varied. The inverter without threshold

voltage control is only functional when the applied supply voltage exceeds 15 V. Varying

the back-gate voltage to enable different threshold voltages, then leads to a decrease in

minimum applied supply voltage of 5 V, at which the trip point can also be shifted to its

ideal position of 2.5 V.

Figure 1.5: (a) Braille sheet display. (b) Device structure for the Braille sheet display with the
dual-gate transistor of the SRAM cell on the bottom.

Besides inverters and digital integrated circuits, Takamiya et al.42 reported in 2007

the integration of DGTFTs in organic SRAM cells to increase the static noise margin.

The SRAM cells were afterwards integrated into a Braille sheet display to improve the

display switching speed and to reduce the number of bit lines and cell area. The actuators

have a slow switching speed. Therefore the SRAM cell was used to simultaneously drive

12
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all the actuators. A picture of the Braille sheet display is presented in figure 1.5a. Figure

1.5b shows the device structure and the layer stack of the Braille sheet display. The

whole display including the actuator was manufactured on foil, with DGTFTs based

on pentacene as the semiconductor and with parylene and polyimide as the two gate

dielectrics. The authors did note that controlling the threshold voltage is necessary to

compensate for the large parameter spread in organic transistors. To achieve reliable and

stable SRAM operation, DGTFTs were used to set the threshold voltage. A bias of 30

V was applied to the control gate to define the threshold voltage. The noise margin

could be increased by a factor of 2.6 over the situation with no effective bias applied to

the gate. Moreover, chemical degradation of the semiconductor in ambient atmosphere

leads to a drift in the threshold voltage. Therefore, DGTFTs were used to compensate

for the threshold drift during 15 days of operation. In a second part of the paper, the

authors did use the Vth control gate to tune the oscillation frequency of a 5-stage ring

oscillator. The inverter-stages were realized from a unipolar p-type configuration, where

the front-gate of the load transistor is constantly biased at -20 V. Both the load and

driver transistors share the same back-gate voltage. The obtained frequencies could be

tuned from 62 Hz to 383 Hz, by varying the back-gate voltage.

Recently, Marien et al.43 published the first organic analog circuits using DGTFTs.

The technology used pentacene as p-type semiconductor and consisted of solution-

processed bottom and top gate dielectrics. In analog circuits an important figure-of-merit

of the transistor is the transconductance, which is the increase of channel current with

gate voltage. The threshold-voltage control by the back gate is therefore optimized for

increasing the transconductance. This was realized by permanently connecting the back

gate to the front gate. When varying the gate voltage to increase the channel current,

the threshold voltage of the transistor is then simultaneously shifted to more normally-on.

This boosts the increase of the channel current with gate voltage, i.e. the transconduc-

tance by about 80% as compared to a single-gate transistor. The advantage of this

technique has been demonstrated in a single-stage differential amplifier where all tran-

sistors are DGTFTs. The authors have verified the effect of the DGTFTs by comparing

measurements of the single-stage differential amplifier with and without back gates. This

yielded an increase of the DC gain from 8 dB to 15 dB and an increase of the gain band

width from 3 kHz to 10 kHz for the dual-gate versus the single gate implementation.

Finally, the authors have integrated these amplifiers successfully into a fully integrated,

organic delta-sigma analog-to-digital converter.

DGTFTs can also be used as self-contained logic gates, preferably when the bottom

gate and top gate dielectrics are matched. The first example was reported by Chua

et al. in 2005,25 who demonstrated a logic-AND operation using one single dual-gate
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transistor. The DGTFT consisted of TFB as a p-type semiconductor. The bottom SiO2

gate dielectric and the organic BCB top gate dielectric thicknesses were matched to yield

the same capacitances. The two gates acted as two different input gates. The drain

current was the obtained output signal. On the left side in figure 1.6a is a schematic

of the transistor with the conduction channels depicted as a result of the applied gate

biases to both gates. By switching the opposing gates between accumulation (-60V)

and depletion (20V), they observed AND type logic operation, as depicted on the right

side in figure 1.6a. The two gates acting as the two inputs are shown on top, and the

resulting output current is shown at the bottom. The drain current is only high (> 10−5

A) if both gates are in accumulation. In all other combinations, the current is lower than

∼ 10−8 A, resulting in an on/off current ratio larger than three decades.

Figure 1.6: (a) Left: Operation of a DGTFT operated as a self-contained AND gate. With both
gates ON (-60 V), two separate accumulation channels are formed. If the gate is sufficiently
OFF (+20 V) it depletes both the associated and the opposite channel, resulting in a low drain
current. Right: An AND logic element from a single four-terminal DGTFT. On top the two
input traces of the two gates with input signals of -60 V (accumulation) and 20 V (depletion).
Below the resulting drain current as the output signal, only yielding a high current when both
inputs are ON. (b) NOR logic gate operation using a circuit combining a 22-MΩ load resistor
and a DGTFT, where each of the two gates provides an independent logic input signal. 5 V and
0 V correspond with logical ’1’ and ’0’ respectively.
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Apart from AND gates, self-contained logic NOR-gates have been described by Park

et al.19 In a NOR-gate, the output is ’1’ only when both inputs are ’0’. The input signals

are applied to both gates of the transistor. A load-resistor of 22 MΩ was added to read

out the signal. ZnO is used as the n-type semiconductor, with a 20 nm thick Al2O3

layer for both top and bottom gate dielectric. The circuit schematic and input-output

characteristics are reproduced in figure 1.6b. The input gate biases are 5 V (’1’) and 0

V (’0’). The circuit is a voltage divider, switching the output between the ground and

the supply voltage of 5 V. With the dual-gate transistor in accumulation on one or both

gates, the resistance is low. A large part of the voltage drops over the readout resistance

and the output is 0 V. With both gates in depletion, the resistance of the dual-gate

transistor is higher than the readout resistance, resulting in a 5 V output voltage.

The NOR gate can be transformed into an OR gate by reversing the ground and the

supply bias, as demonstrated by Lim et al.18 The output is ’0’ only when both inputs are

’0’. In this work, InGaZn-oxide (GIZO) has been used as n-type semiconductor and SiO2

for both gate dielectrics. 5 V (’1’) and 0 V (’0’) were used as the input signals. With

both gates at 0 V, the effective resistance was larger than the readout resistance, which

led to an output voltage of 0 V. For one or both gates in accumulation, the voltage drops

over the readout resistance, resulting in an output voltage of 5 V.

Figure 1.7: (a) Extra back-gate implemented as a shield for the back electrode in a a-Si:H TFT.
(b) Cross-section of the layer stack in a a-Si:H process where back gate and pixel electrode are
defined during the same patterning step.

Finally it should be noted that a-Si:H DGTFTs are implicitly and explicitly being used
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in displays. The transistors are the pixel engines that drive the liquid crystals in LCD

and OLEDs in AMOLED displays. The back electrode of the display acts as an effective

back gate of the TFT forming a DGTFT. However, the implicit dual-gate layout causes a

parasitic coupling. To prevent the back electrode from biasing the a-Si:H channel area, an

additional back gate can be added to the TFT, which shields the channel,22,44 as shown

in figure 1.7a. As with organic and metal-oxide DGTFTs, a-Si:H DGTFTs can be used to

actively set the threshold voltage and thereby increase long term display stability,44 or to

provide a higher on-current as compared to single gate TFTs.14,15,45 The higher current

reduces the footprint of the transistors, leading to a larger aperture ratio and to the

ability to defining smaller pixels yielding a higher resolution.44,45 Alternatively, the supply

voltage can be reduced, leading to lower power consumption which is advantageous for

mobile displays. As an example, figure 1.7b shows the cross-section of a pixel where the

back gate is applied without an additional lithographic mask step.45

1.4 Sensing analytes in aqueous solutions

Transistors as sensors were first demonstrated in the form of ISFETs almost forty

years ago46 and are now commercially available as pH-detectors.47 ISFETs are attrac-

tive for sensing applications, because they can respond with a large change in current

to a relatively small change in the threshold voltage. The intended use of ISFETs is

in the field of biosensing for label-free detection of biological analytes,48 but the low

sensitivity of ISFETs imposes a hard limit. To make biosensing possible, approaches

such as carbon nanotubes,49 Si nanowires50 and diamond-based ISFETs51 have all been

tried. Because ISFETs measure a change in the threshold voltage, dual-gate transducers

are a self-evident approach to increase their sensitivity. In this section present ISFETs

will be discussed as a benchmark and SWNT, nanowires and thin-film organic dual-gate

transistors will be reviewed.

ISFETs are standard metal-oxide field-effect transistors (MOSFET) where the gate

electrode has been replaced with an electrolytic gate. ISFETs have been investigated as

biosensors, e.g. for label-free detection of DNA-hybridization,51 negating the need for

costly polymerase chain replication (PCR). It has been shown that direct detection of

protein charges with standard ISFETs is almost impossible.48 Several solutions to increase

the sensitivity have been proposed, such as single-walled carbon nanotubes (SWNT),49

silicon nanowire transistors (NW-FET)50 and diamond based ISFETs.51 A self-evident

improvement is a dual-gate transistor.52–54 The additional gate has been used to enhance

the sensitivity. The operational mechanism and limitations of a standard ISFET will be

examined and the suggested improvements reviewed.
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Figure 1.8: Schematic representation of an ISFET (a) and of a dual-gate transducer (b).

The layout of an ISFET is depicted in figure 1.8a. The transducer is a standard

Si MOSFET gated with an electrolyte, the potential of which is fixed by a reference

electrode.55 Ionic interactions at the interface between the SiO2 gate dielectric and the

electrolyte cause a change in the surface potential, Ψ0. This change is detected as a

change in threshold voltage, Vth, as ∆Vth = −∆Ψ0.55 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

(1.5)

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,55,56 leading to:
δΨ0

δpH
= −2.3

kB T

q
α (1.6)

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 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 0.5;55 slightly higher values have been reported for more reactive oxides, such

as tantalum oxide (Ta2O5) and erbium oxide (Er2O3).57

The detection of biomolecules is limited by the sensitivity. The gate dielectric-solution

interface behaves as a capacitor. The compensating charges are absorbed ions and
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oriented dipoles. The whole array at the gate dielectric-solution interface constitutes

the Helmholtz electrical double layer. The surface potential, Ψ0,58 decays exponentially

with distance. The characteristic length scale is the Debye screening length, which in

physiological solutions is in the order of a nanometer.58,59 A physiochemical change in the

environment is detected as a change in potential at the gate dielectric-solution interface.

Any changes in the physiological solution outside the Debye length are screened. The

size of biomolecules is typically in the order of the screening length. Hence the change

in surface potential is only a few mV.48 A higher sensitivity is needed for the detection

of biochemical analytes.

Several approaches have been reported. SiO2 as gate dielectric has been replaced

with more reactive surface materials such as Er2O3.57 Another option to increase the

ion interaction is surface modification for specific target recognition.51,60 Finally the

sensitivity is enhanced in diamond based ISFETs by using extremely thin dielectrics to

increase the gate capacitance.51 Alternatives to increase the capacitive coupling are the

use of semiconducting nanotubes,49,50 where the Helmholtz double layer itself is used as

gate capacitance, and the use of dual-gate transistors.

Transducers using single-walled carbon nanotubes (SWNT) have been reported. A

comprehensive review has been written by Allen et al. in 2007.49 The nanotubes are

applied onto a standard transistor substrate and immersed in the physiological solution.

The single tubes are contacted at both ends and the SWNT is surrounded by the elec-

trolyte. The gate field is completely screened and gating with the bottom gate is almost

impossible. Instead the Helmholtz double layer is used as the gate capacitance, yielding

a high gate coupling. The small size of the nanotubes combined with the high gate

capacitance yields to a large increase in current for a small change in potential; even

single-molecule events can be detected.61–64 Current emphasis is on functionalization

with antibodies and other specific binding groups.

Other nano-sized semiconductors have been used to enhance the sensitivity. The 3D

structure of a Si nanowire allows for a relatively high sensing area as compared to the

2D surface of thin-film transistors.65 The nanowire can be either p-type or n-type. A

schematic drawing of a Si nanowire sensor, as used by Stern et al.66 is presented in

figure 1.9a. The nanowire was fabricated on top of a SiO2 gate dielectric by e-beam

lithography. The nanowire is covered by a thin layer of oxide acting as a top dielectric,

which can be functionalized for detection of specific analytes. Indium oxide for example, is

used for detection of lipoproteins and cancer antigens.67–69 The Si nanowires have been

used to detect low concentrations of proteins and DNA molecules70 as well as single

virus particles.71 Integration of nanowires into arrays allows for simultaneous detection of

multiple biomarkers.72 Stern et al. performed measurements with a microfluidic system
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Figure 1.9: (a) schematic of a semiconducting nanowire (yellow) between source and drain
electrodes. The inset shows the channel profile. (b) Artist impression of a fluid exchange system
superimposed on optical micrographs of the chip. Fluid flow is indicated by the arrows. (c)
Result of pH measurements performed on the two types of nanowires: a ’large’ (red) device
with w =1,000 nm and t = 80 nm and a ’smal’ device with w = 100 nm and t = 25 nm. (d)
Protein binding sensing with a biotin-avidin/streptavidin system for decreasing concentrations
of streptavidin.

on the nanowire as depicted in figure 1.9b. The NW-FET showed reproducible pH

detection in the range of pH 6 to pH 8, in steps of 0.5 pH, as shown in figure 1.9c.

Protein detection was demonstrated on the biotin-avidin/streptavidin couple, with which

concentrations down to 10 fM could be measured (figure 1.9d). For immunodetection,

in this case performed on two types of mouse immunoglobulin (IgA & IgG), NW-FETs

were first functionalized with the appropriate antibodies. In the experiments of Stern et

al. a reference electrode in the solution was omitted. The authors argue that, since the

signals are all relative potential changes in a short time, grounding the solution is not

necessary.

Knopfmacher et al.52 have reported a nanowire FET with a reference electrode in the

electrolyte. A p-type Si wire is covered by AlOx deposited by atomic layer deposition

(ALD). Contrary to Stern et al., the electrolyte potential was set with a reference electrode

and the bottom gate was swept. For the pH measurements, the observed behavior of the

threshold voltage shift was in agreement with the results obtained by Stern et al.

Knopfmacher et al. noted that the nanowire sensors can be considered as a dual-gate

ISFET. A schematic of a dual-gate transducer is shown in figure 1.8b. The highly doped

substrate acts as a the bottom gate and the electrolyte as the top gate. A dual-gate
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ISFET can be used to increase the threshold voltage shift detected at the electrolyte gate

by the ratio between the two gate capacitances. The capacitive coupling can be used to

amplify the typically small shift in the surface potential, Ψ0, by the capacitive coupling

in the dual-gate transistor analogous to equation 1.3 by:

∆Vth,bottom =
Ctop

Cbottom
∆Ψ0 (1.7)

Knopfmacher et al. have noted that by using an advantageous capacitive coupling, where

the bottom oxide capacitance is lower than that of the combined top oxide and interfa-

cial electric double layer, a pH sensitivity can be obtained with an apparent sensitivity

exceeding the Nernst limit of 59 mV/pH.

The use of DGTFTs to improve the sensitivity of organic sensors is not limited to

sensors in solution. In 2009, Park and Salleo53 described a dual-gate field-effect transistor

for the measuring of the relative humidity. The transistor consisted of a highly doped Si

gate covered with a 200 nm thick layer of SiO2. The organic semiconductors poly (3-

hexylthiophene) (P3HT) and poly(2,5-bis(3-dodecylthiophen-2yl(thieno[3,2-b]thiophene)

(PBTTT) were applied by spincoating and covered with various thicknesses of AlOx

deposited by ALD. The humidity was derived from the threshold shift after exposure to

water vapor. The shift was inversely proportional to the thickness of the AlOx layer, from

which it was concluded that the operating mechanism was based on capacitive coupling

between the top and bottom gate dielectrics. The absorbed water layer then should act

as the top gate. The positive threshold voltage shift was explained as being due to a

negative surface potential arising from oriented water molecules.

Application of organic transistors as sensors in aqueous solution inevitably leads to

Faradaic leakage currents due to electrolysis. Direct contact of both the electrodes and

semiconductor with water has to be avoided. To prevent this contact, the semiconduc-

tor has to be covered with a barrier layer. This additional layer then acts as a second

gate dielectric. The operation mechanism of a dual-gate transistor based on spincoatable

polymers as sensors for analytes in solution has been reported by Spijkman et al.54 The

transducer is schematically depicted in figure 1.8b. The semiconductor polytriarylamine

(PTAA) was spincoated on a Si/SiO2 gate/gate dielectric substrate. For the top dielec-

tric, a dual layer of PIBMA and amorphous Teflon was used. The top gate dielectric

thickness was about 700 nm to prevent water penetrating to the semiconductor layer.

This limited the capacitive coupling to a factor of two. The sensitivity to pH was roughly

100 mV/pH.

To prevent Faradaic leakage currents, the drain bias has to be kept below about 1V.58

To measure drain currents at a low drain bias, high mobility semiconductors are required.
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Figure 1.10: The sensitivity of ZnO/SAM based dual-gate transducers plotted in mV/pH as a
function of the capacitive coupling, the ratio between the top and bottom gate capacitances.
The data points correspond to bottom gate dielectrics of (from left to right) 200, 600 and 1,200
nm SiO2. Each data point is averaged over about 10 measurements. The inset shows the device
layout.

The organic semiconductor was therefore replaced by a semiconducting ZnO, deposited

by pulsed laser ablation. To arrive at a high capacitive coupling, an ultrathin SAM of

octadecylphosphonic acid on the ZnO layer was used as top dielectric.73 The sensitivity

to pH as a function of the capacitive coupling is presented in figure 1.10. The bottom

gate SiO2 thickness was varied to investigate the capacitive coupling and a maximum

value of over a hundred was obtained. The scaling of the sensitivity with the capacitance

ratio is linear. A significant amplification of the change in surface potential on top of the

transducer is possible. The maximum achieved sensitivity was roughly 2.5 V/pH.

1.5 Summary and outlook

A dual-gate transistor consists of a single field-effect transistor with an additional

second gate and second dielectric. Each gate induces a channel. The thickness of the

accumulation layer is only several nanometers. For standard semiconductor thicknesses

the channels are spatially separated and can be tuned independently. DGTFTs were

first reported in 1981 for CdSe and in 1982 for a-Si:H. The first organic DGTFTs were

reported in 2005. Since then numerous papers on DGTFTs have appeared in literature.

Commonly reported features are an increased on/off current ratio, improved charge
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carrier mobility and a steeper subthreshold slope. The main difference between single-

gate and dual-gate transistors however is a shift of the transfer curve with applied second

gate bias. The shift in the threshold voltage depends linearly on the capacitive coupling,

i.e. the ratio between the top and bottom gate capacitances.

Tuning of the threshold voltage by the second gate has been applied in logic gates

and integrated circuits. The noise margin for unipolar logic is inherently small. Dual-gate

inverters have been reported. By advantageously adjusting the top gate bias the noise

margin could be increased six-fold. Dual-gate logic gates have been integrated into ring

oscillators and 64 bit RFID transponder chips. Dual-gate digital integrated circuits have

been used to drive actuators in a Braille sheet display. The dual-gates were introduced to

compensate for the large parameter spread and the shift of the threshold voltage during

operation.

DGTFTs have also been applied in analog circuits. A single-stage differential amplifier

with and without back gates yielded an increase of the DC gain from 8 dB to 15 dB

and an increase of the gain band width from 3 kHz to 10 kHz. These amplifiers have

been successfully combined into a fully integrated, organic delta-sigma analog-to-digital

converter.

DGTFTs cannot only be used to adjust the threshold voltage but can also be con-

figured as self-contained logic gates. OR, AND and NOR gates have been reported.

The need for dual-gate transistors in organic logic circuits will diminish with increasing

shelf-life and operational stability of unipolar p-type transistors. Furthermore high per-

formance n-type organic semiconductors are commercially available.74,75 Unipolar logic

will be replaced by complementary logic. The noise margin is inherently larger, reducing

the need for dual-gate organic transistors.

A promising application of dual-gate transistors is in biosensors. The standard sensor

is a silicon based ion-sensitive field-effect transistor (ISFET) introduced more than 40

years ago. However, direct detection of protein charges with standard ISFETs is almost

impossible; the sensitivity is too small. The operation of an ISFET relies on detection of a

current change due to a shift of the threshold voltage. The sensitivity can be enhanced by

using dual-gate transistors. The sensitivity scales linearly with the capacitive coupling. By

using a self-assembled monolayer as gate dielectric a high capacitance was obtained and

the sensitivity could be enhanced beyond the Nernstian limit of 60 mV/pH to roughly 2.5

V/pH. The reported papers indicate that dual-gate transducers are a worthwhile platform

for biosensing.
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Setayesh, E. Cantatore, Appl. Phys. Lett., 92, 143304 (2008).

[29] F. Maddalena, M. Spijkman, J. J. Brondijk, P. Fonteijn, F. Brouwer, J. C. Hummelen, D.
M. de Leeuw, P. W. M. Blom, B. de Boer, Org. Electron., 9, 839 (2008).

[30] J. H. Schön, C. Kloc, A. Dodabalapur, B. Batlogg, Science, 289,599 (2000).

[31] J. H. Schön, C. Kloc, A. Dodabalapur, B. Batlogg, Science, 298, 961 (2002).

[32] M. Spijkman, S. G. J. Mathijssen, E. C. P. Smits, M. Kemerink, P. W. M. Blom, D. M.
de Leeuw, Appl. Phys. Lett., 96, 143304 (2010).

[33] K. Myny, M. J. Beenhakkers, N. A. J. M. van Aerle, G. H. Gelinck, J. Genoe, W. Dehaene,
P. Heremans, IEEE J. Solid-State Circuits, 46, 1223 (2011).

[34] G. H. Gelinck, H. E. A. Huitema, E. van Veenendaal, E. Cantatore, L. Schrijnemakers, J.
van der Putten, T. C. T. Geuns, M. Beenhakkers, J. B. Giesbers, B. H. Huisman, E. J.
Meijer, E. M. Benito, F. J. Touwslager, A. W. Marsman, B. J. E. van Rens, D. M. de
Leeuw, Nat. Mater., 3, 106 (2004).

[35] Y. Kato, T. Sekitani, M. Takamiya, M. Doi, K. Asaka, T. Sakurai, T. Someya, IEEE T.
Electron Dev., 54, 202 (2007).

[36] C. F. Hill, Mullard Tech. Commun., 89, 239 (1967).

[37] S. De Vusser, J. Genoe, P. Heremans, IEEE T. Electron Dev., 53, 601 (2006).

[38] E. Cantatore, E. J. Meijer, Proc. ESSCIRC 2003, 29.

[39] J. B. Koo, J. W. Lim, S. H. Kim, C. H. Ku, S. C. Lim, J. H. Lee, S. J. Yun, Y. S. Yang,
Electrochem. Solid St., 9, G320 (2006).

[40] J. B. Koo, C. H. Ku, J. W. Lim, S. H. Kim, Org. Electron., 8, 552 (2007).

[41] K. Hizu, T. Sekitani, T. Someya, J. Otsuki, Appl. Phys. Lett., 90, 093504 (2007).

[42] M. Takamiya, T. Sekitani, Y. Kato, H. Kawaguchi, T. Someya, T. Sakurai, IEEE J. Solid-
State Circuits, 42, 93 (2007).

[43] H. Marien, M. S. J. Steyaert, E. van Veenendaal, P. Heremans, IEEE J. Solid-State Circuits,
46, 276 (2011).

[44] P. Servati, S. Prakash, A. Nathan, C. Py, J. Vac. Sci. Technol., A, 20, 1374 (2002).

[45] K. H. Moon, Y. S. Cho, H. Choi, C. K. Ha, C. G. Lee, S. Y. Choi, Jpn. J. Appl. Phys., 48,
03B017 (2009).

[46] P. Bergveld, IEEE Trans. Biomed. Eng., 17, 70 (1970).

[47] P. Bergveld, Sens. Actuators, B, 88, 1 (2003).

[48] R. B. M. Schasfoort, P. Bergveld, R. P. H. Kooyman, J. Greve, Anal. Chim. Acta, 238,
323 (1990).

[49] B. L. Allen, P. D. Kichambare, A. Star, Adv. Mater., 19, 1439 (2007).

[50] E. Stern, A. Vacic, M. A. Reed, IEEE Trans. Electron Devices, 55, 3119 (2008).

[51] K. S. Song, G. J. Zhang, Y. Nakamura, K. Furukawa, T. Hiraki, J. H. Yang, T. Funatsu,
I. Ohdomari, H. Kawarada, Phys. Rev. E, 74, 7 (2006).

[52] O. Knopfmacher, A. Tarasov, W. Y. Fu, M. Wipf, B. Niesen, M. Calame, C. Schönenberger,
Nano Lett., 10, 2268 (2010).

[53] Y. M. Park, A. Salleo, Appl. Phys. Lett., 95, 133307 (2009).

[54] M. Spijkman, J. J. Brondijk, T. C. T. Geuns, E. C. P. Smits, T. Cramer, F. Zerbetto, P.
Stoliar, F. Biscarini, P. W. M. Blom, D. M. de Leeuw, Adv. Funct. Mater., 20, 898 (2010).

24



1.5. Summary and outlook

[55] P. Bergveld, ”ISFET, Theory and Practice”, presented at IEEE Sensor Conference, Toronto,
(2003).

[56] G. A. J. Besselink, R. B. M. Schasfoort, P. Bergveld, Biosens. Bioelectron., 18, 1109
(2003).

[57] T. M. Pan, J. C. Lin, M. H. Wu, C. S. Lai, Sens. Actuators, B, 138, 619 (2009).

[58] A. J. Bard, L. R. Faulkner, Electrochemical Methods, John Wiley and Sons, New York
(1980).

[59] E. Stern, R. Wagner, F. J. Sigworth, R. Breaker, T. M. Fahmy, M. A. Reed, Nano Lett.,
7, 3405 (2007).

[60] R. B. M. Schasfoort, C. Keldermans, R. P. H. Kooyman, P. Bergveld, J. Greve, Sens.
Actuators, B, 1, 368 (1990).

[61] R. J. Chen, H. C. Choi, S. Bangsaruntip, E. Yenilmez, X. W. Tang, Q. Wang, Y. L. Chang,
H. J. Dai, J. Am. Chem. Soc., 126, 1563 (2004).

[62] I. Heller, A. M. Janssens, J. Mannik, E. D. Minot, S. G. Lemay, C. Dekker, Nano Lett., 8,
591 (2008).

[63] A. Star, J. C. P. Gabriel, K. Bradley, G. Gruner, Nano Lett., 3, 459 (2003).

[64] F. Wang, H. W. Gu, T. M. Swager, J. Am. Chem. Soc., 130, 5392 (2008).

[65] M. H. Sorensen, N. A. Mortensen, M. Brandbyge, Appl. Phys. Lett., 91, 102105 (2007).

[66] E. Stern, J. F. Klemic, D. A. Routenberg, P. N. Wyrembak, D. B. Turner-Evans, A. D.
Hamilton, D. A. LaVan, T. M. Fahmy, M. A. Reed, Nature, 445, 519 (2007).

[67] C. Li, M. Curreli, H. Lin, B. Lei, F. N. Ishikawa, R. Datar, R. J. Cote, M. E. Thompson,
C. W. Zhou, J. Am. Chem. Soc., 127, 12484 (2005).

[68] M. Rouhanizadeh, T. Tang, C. Li, J. L. Hwang, C. W. Zhou, T. K. Hsiai, Sens. Actuators,
B, 114, 788 (2006).

[69] T. Tang, X. L. Liu, C. Li, B. Lei, D. H. Zhang, M. Rouhanizadeh, T. Hsiai, C. W. Zhou,
Appl. Phys. Lett., 86, 103903 (2005).

[70] J. Hahm, C. M. Lieber, Nano Lett., 4, 51 (2004).

[71] F. Patolsky, G. F. Zheng, O. Hayden, M. Lakadamyali, X. W. Zhuang, C. M. Lieber, Proc.
Natl. Acad. Sci., 101, 14017 (2004).

[72] G. F. Zheng, F. Patolsky, Y. Cui, W. U. Wang, C. M. Lieber, Nat. Biotechnol., 23, 1294
(2005).

[73] 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).

[74] J. E. Anthony, A. Facchetti, M. Heeney, S. R. Marder, X. W. Zhan, Adv. Mater., 22, 3876
(2010).

[75] H. Yan, Z. H. Chen, Y. Zheng, C. Newman, J. R. Quinn, F. Dotz, M. Kastler, A. Facchetti,
Nature, 457, 679 (2009).

25





Chapter 2

Materials & methods

Field-effect transistors can be manufactured from a wide range of materials and with

a variety of processing methods. The materials and methods used depend on the desired

properties of the final device. Even with the same materials, varying processing parame-

ters can greatly affect the device parameters. In the following chapter, the materials and

processing methods of the devices in this thesis are discussed.
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2.1 Introduction

The transistors used in this thesis were fabricated in multiple processing steps. First,

the transistor substrates were manufactured on 150 mm wafers. On a wafer several dozen

substrates are present, each containing multiple transistor structures. The substrates

comprise a common gate, the gate dielectric and lithographically defined Au source and

drain contacts. The large number of identical substrates on a single wafer provides a high

degree of reproducibility for experiments. Semiconductors were applied on the substrates

by spincoating, self-assembly and pulsed laser deposition. Insulating layers used as the top

gate dielectric were applied by spincoating and top gates were deposited by evaporating

Au. All electrical measurements were performed with an Agilent 4155C semiconductor

parameter analyzer. The measurement setup used to characterize the transistors is shown

in figure 2.1.

Figure 2.1: (a) The measurement setup used to characterize the transistors. On the top left
is the Agilent 4155C semiconductor parameter analyzer used for the electrical measurements
and on the bottom left the temperature and vacuum control system for the measurement box.
On the right is the measurement box. (b) A substrate used for semiconductor characterization
covered with PTAA. Three of the measurement probes are shown.

2.2 Transistor substrate

All transistors described in this thesis are processed on pre-fabricated substrates made

in the MiPlaza cleanroom. The substrates are manufactured on 150 mm Si wafers

acquired from Siltronic AG. The wafers are about 675 µm thick and are heavily n-type

doped with As implantation to form a common gate electrode. The SiO2 gate dielectric

of typically 200 nm thickness is formed by wet oxidation in an H2O vapor at 1000 ◦C. Au

electrodes are sputtered on a Ti adhesion layer. The positive photoresist HPR-504 is then
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2.2. Transistor substrate

spincoated on the Au layer and illuminated through a photomask in a wafer stepper at 365

nm at 100 mJ/cm2 to define the source and drain contacts. The crosslinked photoresist

is then removed with the developer PLSI (trisodiumphosphate and sodium metasilicate in

H2O). After O2 plasma, the exposed Au is etched with TFA (trifluoracetic acid) followed

by the Ti with low concentrations of nitric acid (HNO3) and hydrogen fluoride (HF) in

H2O. The photoresist remaining on the gold contacts is subsequently washed away with

acetone. The wafer is diced by sawing to about two thirds of the wafer thickness. Before

sawing, a new protective layer of HPR-504 photoresist is applied to prevent Si particles

on the wafer. Acetone and then fuming HNO3 is used to remove the photoresist and

clean the wafer. Finally, the primer hexadimethylsilazane (HMDS) is applied from the gas

phase. The HMDS forms a hydrophobic monolayer by attaching to the SiOH groups in

the SiO2 surface. The SiOH groups attract water and thereby hamper charge transport

and reduce the operational stability of the transistor.1 By passivating the SiO2 with a

monolayer, the drain current and stability of the transistor can be increased. A completed

wafer with 62 dies is shown in figure 2.2

Figure 2.2: A 150 mm wafer with 62 dies of 4 transistors each. The Au contact pads and the
leads to the source and drain contacts can be observed. The wafer was made in the MiPlaza
cleanroom.
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2.3 Semiconductor

Three different types of semiconductor were used in this thesis. A polymeric p-

type semiconductor, polytriarylamine (PTAA)2 applied by spincoating, a p-type self-

assembling monolayer molecule, chloro[11-(5””-ethyl-2,2’:5’,2”:5”,2”’:5”’,2””-quinquethien-

5-yl) undecyl] dimethylsilane (quinquethiophene - T5),3 was applied from solution and

n-type zinc oxide (ZnO)4 was applied by pulsed laser deposition (PLD).5

PTAA and the T5 derivative are both organic semiconductors.6 In organic semi-

conductors, the conductivity originates from conjugation, alternating single and double

bonds in the carbon backbone. Conventional plastics such as polyethylene have single

bonds and are insulators. Conjugated molecules have a highly localized electron density

in the hybridized π-orbital along the chain. The electron energy levels in the π-orbital

are concentrated in two bands, the Highest Occupied Molecular Orbit (HOMO) and the

Lowest Unoccupied Molecular Orbital (LUMO). Additional electrons added to the system

occupy states in the LUMO, leading to n-type transport. Electron vacancies are called

holes and lead to p-type transport in the HOMO. For transport between the molecules

and across defects in the polymer chain, the charge carriers have to hop across an energy

barrier. This hopping nature of the transport determines the charge transport charac-

teristics in organic semiconductors. Depending on the energy level, or work function, of

the contacts, p-type or n-type transport can be observed in the same organic material.9

The mobility of a semiconductor is a measure for the speed with which a charge carrier

moves through the material. Charge transport in thin-film transistors occurs in the first

few nanometers from the dielectric interface.10 Consequently, the mobility is greatly in-

fluenced by the device geometry11 and physical properties of the gate dielectric.7,8 The

mobility is therefore a device parameter and not just a material property.

PTAA was obtained from Merck-UK (batch no. S1124) and is commercially available

under the brand name Lisicon R©. The polymer is supplied dissolved in toluene in a 5 wt%

concentration. The stock solution was further diluted in toluene to obtain thinner layers.

Spin curves for different concentrations of PTAA and the chemical structure of PTAA are

displayed in figure 2.3. With the right concentration, layers between 20 nm and 300 nm

could be obtained. After spin coating the PTAA layers were first annealed in N2 flow to

remove residual solvents. The typical field-effect mobility obtained from PTAA on SiO2

was 2 · 10−3 cm2/Vs.

The self-assembled monolayer (SAM) semiconducting molecule was obtained from

the Enikolopov Institute of Synthetic Polymer Materials, Russian Academy of Sciences.

The SAM was dissolved in dehydrated toluene and the substrates were typically left in the

solution for two days. The solution was heated to 80 ◦C to accelerate the reaction speed.
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Figure 2.3: Spin curves for polytriarylamine (PTAA). The layer thicknesses are was obtained
after 30 seconds spincoating at the indicated speed. The inset shows the chemical structure of
PTAA.

The chloride reacts with the SiOH groups, allowing the molecule to chemically attach on

the SiO2 surface. To maximize the amount of reactive groups, the SiO2 surface was first

activated with HF before the substrate was inserted in the SAM solution. The molecules

form a closely packed 2D nano-crystal on the SiO2 interface, facilitated by the attractive

π − π interaction between the conjugated T5 groups. The crystalline structure allows

the holes to easily hop between the molecules. The resulting self-assembled monolayer

field-effect transistor (SAMFET) had a mobility of up to 5 · 10−2 cm2/Vs.

In ZnO, oxygen vacancies in the hexagonal crystal structure act as an n-type donor.

ZnO has a large bandgap between the valance and conduction bands of ∼3.3 eV. The

conduction band has an energy level of 4.45 eV, which is accessible with Au electrodes.

The ZnO was ablated by pulsed laser deposition with an ArF laser (193 nm) with 15

ns pulses. The high-density ZnO targets were prepared by pressing and subsequently

sintering high-purity fiber-grade Ultrex ZnO (J.T. Baker, Philipsburg, NJ) at 1300 ◦C in

air. Ablation was performed in an O2 atmosphere at 0.2 mBar on a substrate heated

to 400 ◦C. The PLD was performed with a rotating target in an off-axis geometry to

increase the area of uniform film thickness. The resulting film thickness was about 20

nm. After deposition the substrate was post-annealed in the O2 atmosphere at 400 ◦C

for 1 hour. The transistors were then ready for measurement and a typical mobility of

more than 1 cm2/Vs could be obtained.
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Figure 2.4: Chemical structures of (a) polyisobutylmethacrylate (PIBMA) and (b) the Teflon
derivative AF-1600.

2.4 Top gate and top insulator

In dual-gate-transistors and transducers, an insulating layer was applied on the semi-

conductor to act as the top gate dielectric. The insulator was applied by spincoating.

Two different insulating polymers, of which the chemical structures are shown in figure

2.4, were used. When applying polymers on top of organic layers, it is essential to ensure

the solvent used are orthogonal, meaning that the solvent used for the top layer should

not dissolve the underlying layer. For dual-gate transistors used in the dual-gate inverters

and for the dual-gate SAMFETs a single dielectric layer was used. For the polymeric

dual-gate transducer, a second dielectric layer was used to cover pinholes in the first

insulating layer to prevent shorts by water penetrating to the semiconductor layer.

For the dual-gate inverters and as the first layer of the top dielectric in the polymeric

transducer, polyisobutylmethacrylate (PIBMA) was used. PIBMA has a relative dielectric

constant, εr , of 2.2. The polymer was dissolved in 2-butanol in an 8 wt% concentration.

Spincoating at 1000 rpm for 30 seconds yielded a layer of ∼450 nm.

In the dual-gate SAMFET and as the top layer in the dual-gate transducer on top of

the PIBMA, poly[4,5-difluoro-2,2-bis(trifluoromethyl)-1,3-dioxole-co-tetrafluoroethylene]

(DuPont
TM

Teflon R© AF 1600), with a relative dielectric constant, εr , of 2.1 was used.

The AF 1600 was dissolved in the fluorinated compound FC-40 (a mixture of aliphatic

perfluoro compounds, 3M) in a 5 wt% concentration. Spincoating was performed in two

steps: first 3 sec at 1500 rpm to spread the highly viscous solution, then 25 sec at 2500

rpm to produce a layer thickness of about 350 nm.

The Au top gate for dual-gate transistors was applied by evaporation in an Edwards

E306 evaporator at a pressure of about 10−6 mbar. The Au was applied at a rate of

roughly 0.5 nm/s to a typical thickness of 50 nm.
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Chapter 3

Charge-carrier distribution in organic

field-effect transistors

Numerical simulations were used to model the charge transport in organic field-effect

transistors. A charge density dependent mobility based on variable range hopping is

used. For an undoped transistor, the agreement between the measurements, numerical

simulations and analytical methods indicates that the 2D charge carrier density can be

accurately described with a 1D approximation. The occurrence of weak inversion was

experimentally investigated with doped semiconductors. The numerical calculations only

yield a good fit if the electrons are completely suppressed, indicating that experimentally

the steady state is not reached. The role of charge carrier distribution is elucidated from

analysis of dual-gate transistors. By varying the thickness of the semiconductor layer,

the origin of the atypical shoulder in the transfer curves is explained as a crossover from

two spatially separated channels into a single channel.

To be published.
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3.1 Introduction

Organic field-effect transistors (OFETs) have received great interest due to their po-

tential use in low-cost, low-end circuit applications including radio frequency identification

(RFID) tags, pixel engines in active matrix displays and sensors.1–4 The main advantage

of semiconducting polymers over conventional semiconductors is that they can be pro-

cessed from solution using large area deposition techniques such as spin-coating or ink-jet

printing.5–7

Processed films are typically amorphous, yielding a large spatial and energetic spread

of charge transport sites. Electrical conduction occurs by thermally activated hopping of

charge carriers between localized sites at the Fermi level. The density of the localized

states (DOS) can be approximated by a Gaussian or an exponential energy distribution.

The Fermi level determines the local occupation of the DOS, i.e. the charge carrier

density. With increasing carrier density, hopping becomes more favorable. Hence, the

mobility is not constant but increases with charge carrier density.

In a field-effect transistor, the carrier density in the semiconductor is controlled by

the gate electrode. The local charge carrier density upon accumulation is not constant

throughout the semiconductor layer. The density is high at the gate-dielectric semi-

conductor interface but decreases with the distance squared. The current between the

source and drain electrodes depends on the charge carrier density and the corresponding

mobility. At each point in the semiconductor the applied gate bias determines the local

carrier density and the resulting local mobility. The distribution of density and mobility

prevents a straightforward calculation of the source-drain current. Approximations are

needed to arrive at an analytical solution. Typically the gradual channel approximation is

used, where the electric field perpendicular to the film is much larger than in the source

drain direction. In this way the transport can effectively be treated as a 1D problem. To

avoid the approximations and to verify the analytical solutions 2D numerical simulations

are indicated.

Software packages to numerically calculate electrical transport in microelectronic de-

vices are commercially available.8–13 Most packages are designed for conventional crys-

talline semiconductors, i.e. the underlying physics is based on band transport. In organic

semiconductors however, charge transport is by hopping. A software package is required

where a charge carrier dependent mobility, any injection model and bulk doping can eas-

ily be implemented. Here the CURRY package, previously developed at Philips Research

Eindhoven, was used because it offers the required flexibility to implement user defined

functions.14–18

To study the influence of the charge distribution on the electrical transport unipolar p-
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type field-effect transistors with an undoped semiconductor were fabricated and measured

as a function of gate bias and temperature. The current in depletion is measured and

calculated to be negligible. To answer the question if an inversion layer is formed, or due

to a high charge injection barrier the steady-state is not reached, the charge transport in

deliberately doped semiconductors was studied by using oxidizing agents. To investigate

the role of charge carrier distribution the thickness of the semiconductor layer in dual-

gate transistors was varied. The origin of the atypical shoulder in the transfer curves is

elucidated by going from two spatially separated channels to a single channel.

This chapter is organized as follows. In section 3.2 the transport physics of organic

semiconductors and numerical methods are presented. Reported analytical solutions are

discussed. In section 3.3 the measured charge transport is compared to numerical sim-

ulations. The calculated charge distributions are used to derive approximations for the

charge profile in the semiconductor. These approximations are used to extend analytical

models to thick and intentionally doped semiconductors. The absence of weak inversion

is related to the time scale of the measurements. Summary and conclusions are presented

in section 3.4.

3.2 Computational details

Numerical model

The electrical transport in semiconductor devices is governed by Poisson’s equation,

the continuity equations and the drift-diffusion equations. Poisson’s equation relates the

local potential to the charge density:

−ε∇2Ψ = e(p − n + ND − NA) (3.1)

where Ψ is the electrostatic potential, p and n are the hole and electron densities, ND

and NA are the ionized donor and acceptor densities which induce doping, ε denotes the

permittivity and e the elementary charge. The electron and hole density can vary with

time due to recombination or due to a gradient in the current. The changes are expressed

in the continuity equations as:

e
∂p

∂t
= −∇Jp − e R (3.2a)

e
∂n

∂t
= −∇Jn − e R (3.2b)
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where Jp and Jn are the local hole and electron current density and R the recombination

rate. The current densities depend on the local electric field and gradients in the density

of holes and electrons. The corresponding drift and diffusion currents then follow from:

Jp = eµp(pE − kB T

e
∇p) (3.3a)

Jn = eµn(nE − kB T

e
∇n) (3.3b)

where µp and µn are the hole and electron mobilities, kB is the Boltzmann constant and

E is the electric field. The electric field is the gradient of the electrostatic potential,

implying that equations 3.1-3.3 are coupled. They are solved self-consistently yielding

locally p, n and Ψ. In the insulator regions, only Poisson’s equation needs to be solved.

To find the current in a transistor, coupled to the solution for p, n and Ψ, the device has

to be divided in discrete points. A steady-state solution was found iteratively, using the

Newton method.15 An expression for the mobility is required and boundary conditions

for the contacts have to be imposed.

A 2D rectangular mesh was used to map a bottom-gate bottom-contact transistor,

schematically depicted in the inset of figure 3.1. The transistor channel length is indicated

by L and the semiconductor thickness by dsc . Scaling with the third dimension, the

transistor width W , was implicitly assumed. Parallel to the gate, the mesh spacing in

the semiconductor was several nm. To accurately calculate the large gradient in carrier

density close to the gate-dielectric interface, the spacing in this region was exponentially

reduced to 0.01 nm at the interface. In the perpendicular direction the mesh lines had a

spacing of 250 nm. Close to the source and drain contacts the spacing was exponentially

reduced to 2 nm. To account for interface charge density, Qi , at the dielectric interface,

a thin layer with a fixed space charge density was defined in the dielectric at the interface.

The charge density in this layer was calculated by Qi/t, where t is the thickness of the

charged layer and chosen to be 1 nm.

Contrary to typical inorganic semiconductors the charge carrier mobility in organic

semiconductors depends on the charge carrier density. Various temperature, density and

field dependent mobility models have been reported.19–26 It is assumed that the charge

transport is described by variable range hopping in an exponential density of localized

states.19 The hole mobility then reads:

µp =
σ0

e

[
T 4

rel sin( π
Trel

)

(2α)3BC

]Trel

pTrel−1 (3.4)

where σ0 is a conductivity prefactor, α−1 is an effective overlap parameter and BC is
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related to the onset of percolation and given by 2.8 for 3-dimensional systems. Trel =

T / T0, where T0 is a characteristic parameter describing the width of the density of

states. A similar expression holds for electrons.

The calculated current strongly depends on the boundary conditions at the contacts.

Several models for charge injection into organic semiconductors have been reported in

literature.27–31 Because a decisive model is still lacking, the calculations were restricted

to Ohmic contacts for holes, implemented by defining a fixed hole density at the contact

using Boltzmann statistics, pc = NV exp[−Ebar/kB T ]. NV is the effective density of

states of the valence band that was taken equal to the monomer density of about 1021

cm−3. The exact value has negligible influence on the calculated current.8,12 Ebar is the

hole injection barrier taken equal to the energy difference between the workfunction of the

metal and the highest occupied molecular orbital (HOMO) energy of the semiconductor.
32 For injection barriers smaller than 0.3 eV, the calculated current was not injection

limited. Thermal equilibrium is imposed at the contacts, so the electron density at the

contact follows from the pn-product as nc = NC exp[(Ebar − Egap)/kB T ]. The effective

density of states of the conduction band, NC , was taken equal to NV . Egap is the bandgap

energy, i.e. the energy difference between the HOMO and LUMO of the semiconductor.

For a typical bandgap of 2 eV nc is negligible.

Analytical model

Analytical descriptions for the charge transport in disordered organic field-effect tran-

sistors have been reported.33–35 The derivation typically starts with the gradual channel

approximation i.e. the transport in the lateral x direction and the perpendicular y di-

rection can be treated independently. Contact resistances are ignored and the acceptor

density in the semiconductor is disregarded. The distribution of accumulated charges

in the y -direction, perpendicular to the channel, has been calculated for an exponential

DOS using the Poisson equation as:36,37

p(y) =
2ε0εsc kB T0

e2(y + y0)2
(3.5)

with

y0 = −2ε0εsc kB T0

eCi Vx
(3.6)

where Vx is the local effective potential at point x in the channel, ε0 is the vacuum

permittivity and εsc the relative permittivity of the semiconductor. Calculations of the

effective accumulation layer thickness, y0, show it is typically at most a few nanometers.

Equation 3.5 shows that the charge carrier density decreases with the distance squared
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from the gate dielectric-semiconductor interface. The local mobility is calculated from

percolation theory and depends on the local charge carrier density as given by equation

3.4. The source-drain current follows from integration over the length of the transistor

and over the source and drain bias yielding:35

Id =
W

eL
σ0fVM C 2Trel−1

i

1

2Trel − 1

1

2Trel

(
1

2kB T0ε0εsc

)Trel−1

× (‖ Veff ‖2Trel − ‖ Veff + Vd ‖Trel ) (3.7)

with the prefactor fVM as:

fVM =

(
T 4

rel sin( π
Trel

)

(2α)3BC

)Trel

(3.8)

where Veff = VSO − Vg is the effective gate bias, with Vg as the gate bias and VSO

as the switch-on voltage, i.e. the gate bias at the onset of charge accumulation.34 Ci

is the capacitance per unit area. To account for the bias polarities, ‖ u ‖ defined as

‖ u ‖= 1
2 (|u|+ u) is included. The drain current given by equation 3.7 has been used to

calculate all regimes in unipolar as well as in ambipolar organic transistors.35
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Figure 3.1: Transfer curves of an MDMO-PPV transistor as a function of temperature measured
at a drain bias of -2 V. The channel width and length are 2500 µm and 10 µm and the
semiconductor thickness is 80 nm. The measurements (symbols) are plotted together with
numerically (solid lines) and analytically (equation 3.7, dashed lines) calculated currents. The
inset shows a schematic representation of a bottom-gate bottom-contact transistor.
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3.3 Charge distribution

To study the influence of the charge distribution in the semiconductor on the electrical

transport, first transistors with an undoped semiconductor were examined. The descrip-

tions are based on a 1D approximation of the 2D charge distribution in the semiconductor

layer. To verify the approximations made, numerical simulations were compared with ex-

perimental transfer curves.

Transistors with a bottom-gate/bottom-contact configuration were made with MDMO-

PPV selected as the semiconductor to allow comparison of electrical transport with lit-

erature reports.20 Au was used for the source and drain contacts. At negative gate bias

holes are accumulated and form a p-type conducting channel. Linear transfer curves mea-

sured as a function of temperature are presented in figure 3.1. The electrical transport

increases both with temperature and gate bias.

Numerical calculations were performed as described in section 2. Ohmic contacts for

holes were defined. The only fit constants are the parameters describing the hole mobility

as a function of charge carrier density and temperature, the conductivity prefactor σ0,

the reduced temperature T0 and the overlap parameter α−1. The solid lines in figure

3.1 show that a good agreement is obtained using σ0 = 6.5 × 105 S/m, T0 = 420 K,

α−1 = 1.6 Å and VSO = 1.5 V. The values derived are similar to previously reported

numbers.20 Because the mobility is temperature dependent, measurements at different

temperatures are needed to correctly determine the parameters. The parameter set is

unique, it is not possible to exchange σ0 and α.

The transfer curves were modeled analytically using equation 3.7. The dashed lines in

figure 3.1 are indistinguishable from the numerically calculated currents. The extracted

parameter values are exactly the same. In the numerical calculations the exact charge

distribution is calculated from 2D simulations as function of applied bias and tempera-

ture. The analytical model however is based on a 1D approximation of the charge carrier

distribution. In both cases the functional dependence of mobility on charge carrier den-

sity and temperature is the same. The agreement between numerically and analytically

calculated currents with identical values for the mobility parameters therefore indicates

that for undoped disordered field-effect transistors the 1D approximation37 is valid.

In figure 3.1 no current is measured at positive gate bias. Holes are depleted and

electrons do not contribute to the charge transport. The lack of electron current can

be due to either injection limited contacts or low electron mobility. In the first case

the electron density is negligible while in the second case the accumulated electrons are

immobile.

The numerical calculations predict inversion; a high accumulated electron density
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Chapter 3. Charge-carrier distribution in organic field-effect transistors

at positive gate bias. The calculated current however is negligible, irrespective of the

electron mobility. The origin follows from the contact definition. In the simulations

Ohmic contacts for holes were defined, resulting in a high hole density at the contacts.

The corresponding electron density therefore is negligible. The injection of electrons

from the contact is completely suppressed and the electron current is blocked by the

high contact series resistance. The negligible experimental current in depletion cannot

unambiguously be assigned to a lack of inversion.

Hence the question remains if an inversion layer is formed, or that due to a high in-

jection barrier for electrons the steady-state is not reached. To address this question the

charge transport in semiconductors deliberately doped with oxidizing agents was stud-

ied.38 Typically doping experiments are performed in solution. Here the semiconductor

was doped in situ by exposing the transistor to a trichlorosilane, TCFOS, vapor. As a

semiconductor P3HT was used because it has been reported that the doping level can

be varied deliberately by changing the exposure time.39–41
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Figure 3.2: Linear transfer curves of a P3HT transistor doped with TCFOS as a function of
exposure time, measured at a drain bias of -2 V. The P3HT film thickness was 205 nm and the
channel width and length were 2500 µm and 10 µm. Measurements (symbols), numerical cal-
culations (lines) and analytical calculations (dashed lines) are presented. The electron densities
were artificially suppressed. The inset shows the bulk acceptor density NA versus the calculated
surface charge density Qi .

Linear transfer curves as a function of exposure time are presented in figure 3.2.

With increasing exposure time the transfer curves shift towards positive gate bias and

a shoulder appears in the subthreshold region. There is hardly any hysteresis. Gate
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3.3. Charge distribution

bias stress can be disregarded on the timescale of the experiment. Each transfer curve

represents a single doping level. The shift upon exposure can be divided in two separate

voltage shifts.The current in accumulation can be matched by a shift of the switch-on

voltage, ∆VSO . The shift is due to the formation of charged interface states.10,12,42,43

There is an additional shift of the pinch-off voltage, ∆Vpinch, due to bulk doping. From

∆Vpinch the acceptor density NA can be derived as described previously.41,44 Assuming a

uniform doping profile, NA follows from:

NA =
∆Vpinch

edsc ( dsc

2ε0εsc
+ 1

Ci
)

(3.9)

where dsc is the semiconductor thickness.

To numerically model the transfer curves of figure 3.2, values for the mobility pa-

rameters, the interface charge density and the acceptor density are required. The values

for the mobility parameters follow from the fit of the pristine, undoped transistor. The

black line in figure 3.2 shows that a perfect fit is obtained with σ0 = 1.58 × 107 S/m,

T0 = 371 K, α−1 = 1.6 Å and VSO = 3 V. The values agree with reported numbers, and

are frozen in the calculations of the doped transistors. The acceptor density follows from

the change in pinch-off voltage. The switch-on voltage is modeled by introduction of an

interface charge density as Qi = (VSO + ∆VSO)Ci/e. The inset of figure 3.2 shows that

Qi scales linearly with NA. This relation can be expected because TCFOS oxidizes the

semiconductor, changing NA, as well as the interface states, changing Qi .

The calculated transfer curves show a good agreement in accumulation. At high

positive gate bias however, a gate independent bulk current is calculated. When a pos-

itive gate bias is applied holes are depleted. The space charge of the ionized acceptors

compensates the applied gate bias. Upon increasing the gate bias weak inversion is calcu-

lated.43 The change in gate bias is not compensated for by further depletion of holes, but

by accumulation of electrons. The hole profile then remains constant and consequently

the hole current remains constant. The calculated electron current is negligible. The

Ohmic contacts for holes lead to a high series resistance at the contacts for electrons.

Hence the total current is only the hole current that cannot be depleted and is gate bias

independent.

Experimentally the current in depletion is completely pinched off. The whole semi-

conductor is depleted of holes. An inversion layer is not formed and screening does not

occur. The relaxation times associated with drift and generation of electrons are much

larger than the measurement time. The formation of an inversion layer is too slow to

be observed during the measurement. Steady-state is not reached. This interpretation

is supported by calculations that predict that inversion layers are not formed when the
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Chapter 3. Charge-carrier distribution in organic field-effect transistors

band gap of the semiconductor is larger than 1.25 eV.45,46

To prevent the steady-state in the calculations the electron density has to be artifi-

cially suppressed. The electron density in the semiconductor follows from the Boltzmann

relation, given by:

n = ni exp(
e(ψ − φn)

kB T
) (3.10)

where ni is the intrinsic carrier concentration and φn is the quasi Fermi level for electrons.

In steady-state calculations, φn is solved. To prevent screening in the steady-state φn

is manually fixed at 500 V. The electron density, n, is then negligible. The calculated

currents are presented as the solid lines in figure 3.2. A perfect agreement is obtained.

In the calculations a single expression for the charge dependent mobility was used. The

values of the parameters were fixed. The good fits therefore indicate that bulk mobility

and channel mobility have the same functional charge density dependence. This is in

contrast with previously reported semiconductor-dopant systems,38,44,47 where the bulk

mobility was found to depend much stronger on density than the channel mobility.

The current in a doped transistor can be approximated analytically. The current

consist of the channel current and the bulk current in the undepleted part of the semi-

conductor. The channel current is given by the standard equation for hopping transport

in an undoped disordered semiconductor, equation 3.7. To calculate the bulk current the

depletion depth, ddepl , can be expressed as a a function of Vg and NA by:43

ddepl =
ε0εsc

Ci

(
−1 +

√
1 +

2C 2
i ‖ −Veff ‖
eNAε0εsc

)
(3.11)

where Veff = −Qi e/Ci−Vg . The bulk current is then the Ohmic current in the undepleted

region of the semiconductor:

Ibulk =
W

L
Vd NAeµp ‖ dsc − ddepl ‖ (3.12)

evaluated for p = NA. The calculated total transfer curves are presented as the dashed

lines in figure 3.2. A good agreement with experimental measurements and numerically

calculated current is obtained. The approximation for the charge density profile, implicitly

a step function in the hole density, is crude but sufficient.

Dual-gate transistors can be used for sensing applications2 and as elements in logic

circuits.48–50 The second gate can be used to adjust the switch-on voltage and hence

the noise margin.48 Furthermore, the current modulation and the steepness of the sub-

threshold slope are improved.51 Transfer curves of organic dual-gate transistors show an

atypical shoulder shape which is especially pronounced for relatively thick semiconducting
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films. The origin is not fully understood; it might originate from the depletion capacitance

of the semiconductor layer.52 To explain the origin the charge distribution in dual-gate

transistors was studied as a function of the layer thickness of the semiconductor.
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Figure 3.3: Linear transfer curves of a dual-gate transistor with a 40 nm thick semiconducting
MEH-PPV layer. Measurements are presented as symbols and numerical calculations as solid
lines. The drain bias was 5 V and the channel width and length were 20000 µm and 20 µm. (a)
Top-gate scans at fixed bottom gate biases and (b) bottom-gate scans at fixed top gate biases.

Linear transfer curves of dual-gate transistor with a 40 nm thick MEH-PPV film are

presented in figure 3.3. In figure 3.3a the top gate is swept at fixed bottom gate biases,

while in figure 3.3b the bottom gate is swept at fixed top gate biases. The transfer curves

shift with applied fixed gate biases. The shift in switch-on voltage, ∆VSO , depends on
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the capacitive coupling between the gate dielectrics as:49,52–55

∆VSO,bot = −Ctop

Cbot
Vtop (3.13)

where Ctop and Cbot are the top and bottom gate dielectric capacitances per unit area.

Figure 3.3 shows a shoulder in the transfer curve at negative fixed gate bias. The

semiconductor thickness of 40 nm is orders of magnitude larger than the thickness of the

accumulation layer, estimated to be about 2 nm.56 Therefore the dual-gate transistor

can be described with a spatially separated top and bottom channel. Separate mobility

parameters were derived for the top and bottom channel. The mobility parameters and

switch-on voltage of the bottom channel were determined by fitting the transfer curves

at a fixed top gate bias of 0 V. Similarly the key device parameters for the top channel

were derived by fitting the transfer curve at a fixed bottom gate bias of VSO . The

mobility of the top channel is a factor of five lower than that of the bottom channel.

The difference can be due to differences in interface roughness and morphology49,54 or

to different dielectric constants of the gate dielectrics.57 The switch-on voltages of the

bottom and top channel are +10 V and 0 V. The difference is due to fixed interface

charges. With the key parameters derived, the transfer curves can be calculated for all

combinations of gate biases. The calculated currents are presented as the solid lines in

figure 3.3. Without any other additional parameters a good fit is obtained. The transfer

curves shift over the gate bias axis according to the capacitive coupling, equation 3.13,

and the atypical shoulder is reproduced.

Figure 3.3 shows that the shoulder appears at biases where one channel is on, in

accumulation, and the other channel switches from on to off. The scanned channel is

depleted first followed by depletion of the fixed channel. Around the cross-over bias

charge is consecutively depleted from two different charge carrier densities. The mobility

is charge carrier density dependent yielding a shoulder in the transfer curve. This expla-

nation is verified by simulations. The depletion capacitance of the semiconductor can

be disregarded, because it is much larger than the gate capacitances. Only when the

mobility is charge carrier density dependent a shoulder is obtained.

To investigate the role of charge carrier distribution we varied the thickness of the

semiconductor layer. As semiconductor we used a monolayer self-assembled on the bot-

tom gate dielectric. Subsequently a top gate dielectric and top gate was applied. The

transfer curves of the resulting dual-gate SAMFET are presented in figure 3.4. In figure

3.4a the top gate is swept at fixed bottom gate biases, while in figure 3.4b the bottom

gate is swept at fixed top gate biases. The transfer curves shift with applied fixed gate

bias in agreement with the capacitive coupling. The solid lines in figure 3.4 are calculated
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Figure 3.4: Linear transfer curves of a dual-gate SAMFET transistor. Measurements are pre-
sented as symbols and numerical calculations as solid lines. The drain bias was 2 V and the
channel width and length were 10000 µm and 10 µm. (a) Top-gate scans at fixed bottom gate
biases and (b) bottom-gate scans at fixed top gate biases.

using a single parameter set for the mobility function. A good agreement is obtained.

The small deviations in accumulation in figure 3.4a are due to a limited injection caused

by geometrical effects.58 The parameter values are comparable to those derived for other

organic semiconductors. The source drain current is a monotonic function of gate biases.

No shoulder is observed while the mobility still depends on the carrier density. The dual-

gate SAMFET does not contain two spatially separated channels. The thickness of the

semiconductor of 2 nm is equal to that of the accumulation layer. Hence there is only
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one channel and a single charge carrier density that monotonically changes with applied

gate biases.

3.4 Conclusion

To numerically calculate electrical transport in organic field-effect transistors the

CURRY package was used because it allows implementation of a charge carrier depen-

dent mobility. A mesh is defined and at each point Poisson’s equation, the continuity

equations and the drift-diffusion equations are iteratively solved. The calculations are

restricted to Ohmic contacts for holes implemented by defining a fixed hole density at

the contact using Boltzmann statistics.

To study the influence of the charge distribution on the electrical transport unipolar

p-type field-effect transistors with an undoped semiconductor were measured as a func-

tion of gate bias and temperature. A good agreement with numerical calculations has

been obtained. The only fit constants are the parameters describing the hole mobility as a

function of charge carrier density and temperature. The unique values derived are similar

to reported numbers. The transport has been modeled analytically using the standard

equation for hopping transport in disordered organic semiconductors. The agreement

between numerically and analytically calculated currents with identical values for the mo-

bility parameters indicates that the 2D charge carrier density can be accurately described

with a 1D approximation.

The measured and calculated currents in depletion are negligible. To investigate if

the origin is lack of inversion or a low electron mobility, deliberately doped transistors

were investigated. Doping has been performed using oxidizing agents in the gas phase.

From the switch-on voltage and the pinch-off voltage the interface charge density and

the bulk acceptor density have been derived. The mobility parameters follow from fitting

the charge transport in the undoped transistor. The transfer curves of the doped tran-

sistors can then only be quantitatively modeled when the electron density is artificially

suppressed. On the time scale of the measurements no inversion layer is formed. Steady

state has not been reached. This interpretation is supported by reported calculations

that predict that inversion layers are not formed when the band gap of the semiconductor

is larger than 1.25 eV. The transfer curves of the doped transistors can be described

analytically. The approximation for the charge density profile, implicitly a step function

in the hole density, is crude but sufficient.

To investigate the role of charge carrier distribution on electrical transport the thick-

ness of the semiconductor layer in dual-gate transistors was varied. The transfer curves

can quantitatively be described. For thick semiconductor films an atypical shoulder in the
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transfer curves is measured. The origin is not due to a depletion capacitance as previously

suggested; the anomaly is a clear signature of a charge carrier density dependent mobil-

ity and a switchover between two spatially separated channels. This interpretation has

been verified by ultrathin dual-gate SAMFET transistors that can only contain a single

accumulation layer. No switchover is possible and no shoulder appears in the transfer

curves.
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[13] K. Maturová, M. Kemerink, M. M. Wienk, R. A. J. Janssen, D. S. H. Charrier, Adv. Func.
Mater., 19, 1379 (2009).

[14] D. Fokkema, J. Comput. Appl. Math., 71, 125 (1996).

[15] S. J. Polak, C. den Heijer, W. H. A. Schilders, P. Markowich, Int. J. Numer. Meth. Engng,
24, 763 (1987).

[16] W. H. A. Schilders, COMPEL, 10, 439 (1991).

[17] A. Heringa, M. M. A. Driessen, J. M. F. Peters, W. H. A. Schilders, COMPEL, 10, 621
(1993).

[18] H. H. P. Gommans, M. Kemerink, W. H. A. Schilders, Phys. Rev. B, 72, 165110 (2005).

[19] M. C. J. M. Vissenberg, M. Matters, Phys. Rev. B, 57, 12964 (1998).

[20] C. Tanase, E. J. Meijer, P. W. M. Blom, D. M. de Leeuw, Phys. Rev. Lett., 91, 216601
(2003).

[21] N. I. Craciun, J. J. Brondijk, P. W. M. Blom, Phys. Rev. B, 77, 035206 (2008).

49



Chapter 3. Charge-carrier distribution in organic field-effect transistors

[22] M. Kemerink, M. Lee, T. Hallam, N. Zhao, M. Caironi, H. Sirringhaus, Phys. Rev. B, 80,
115325 (2009).

[23] W. Pasveer, J. Cottaar, C. Tanase, R. Coehoorn, P. A. Bobbert, P. W. M. Blom, D. M.
de Leeuw, M. Michels, Phys. Rev. Lett., 94, 206601 (2005).

[24] B. Limketkai, P. Jadhav, M. Baldo, Phys. Rev. B, 75, 113203 (2007).

[25] S. Scheinert, G. Paasch, J. Appl. Phys., 105, 014509 (2009).

[26] I. Fishchuk, V. Arkhipov, A. Kadashchuk, P. Heremans, H. Bässler, Phys. Rev. B, 76,
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Chapter 4

Increasing the noise margin in organic circuits

using dual-gate field-effect transistors

Complex digital circuits work reliably when the noise margin of the logic gates is

sufficiently high. For p-type only inverters the noise margin is typically about 1 V. To

increase the noise margin inverters with dual-gate transistors were fabricated. The top

gate is advantageously used to independently tune the threshold voltage. The shift can

be quantitatively described by Vth = (Ct/Cb)Vtop gate where Ct and Cb are the top and

bottom gate capacitances. It is shown that by adjusting the top gate biases, the noise

margin of dual-gate inverters can be significantly improved up to about 5 V.
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4.1 Introduction

Organic integrated circuits are being developed for application in contactless radio-

frequency identification transponders.1 The most complex reported digital integrated

circuit is a functional 64 bit code generator comprising 1888 field-effect transistors.2

Complex circuits face a reliability issue. An integrated circuit usually fails if only one of

the logic gates does not function properly. The larger the population of logic gates, the

larger the parameter spread, and the larger the probability for failure.

The noise margin is defined as “the maximum allowable spurious signal that can be

accepted by a gate while still giving correct operation.”3 The noise margin is calculated

as the side of the largest square that can be inscribed between the input-output charac-

teristics and its mirrored image. Due to statistical variation of the threshold voltage and

of the other transistors parameters, the noise margin in one or more actual logic gates

can become too small. This may result in a failure of the logic gates with insufficient

noise margin and may cause a failure of the entire circuit. If hard faults are neglected,

to ensure robust circuit functionality and, hence, effective yield, the noise margin of each

gate must be above a certain minimum value.4,5

The threshold voltage has a very strong influence on the noise margin of an organic

inverter.4 For a given gate oxide-semiconductor system the threshold voltage is normally

fixed. To independently tune the threshold voltage a second gate is applied.6–8 The re-

sulting dual-gate transistor then combines a single semiconductor layer, a top and bottom

gate dielectric and shared source and drain electrodes. These transistors have previously

been used to increase the on/off current ratio and subthreshold slope. Furthermore dual-

gate transistors are reported to operate as single AND gates.9 Here dual-gate transistors

are applied to optimize the noise margin of logic gates.

4.2 Discrete transistors

As a semiconductor poly-(tri-aryl-amine) (PTAA) was used. The chemical structure

is depicted in figure 4.1. Dual-gate transistors were fabricated using heavily doped p-type

Si wafers as bottom gate electrode with a 1000 nm thermally oxidized SiO2 layer as the

bottom gate dielectric. Au source and drain electrodes were defined by photolithography.

A 10 nm Ti layer was used for adhesion. The SiO2 layer was passivated with hexamethyl-

disilazane prior to semiconductor deposition. PTAA films were spin coated from toluene

with a layer thickness of approximately 80 nm. On the PTAA, the top gate insulator

polyisobutylmethacrylate was spin coated from a butanol solution. This resulted in a

layer of about 400 nm, on which the top gate gold electrode was evaporated through
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Figure 4.1: Linear and saturated transfer characteristic of a poly-(tri-aryl-amine) (PTAA) field-
effect transistor measured using drain biases of -2 V and -20 V. The channel length and width
are 10 µm and 10,000 µm respectively. The inset shows the chemical structure of PTAA.

a shadow mask. All devices were annealed for two hours in dynamic vacuum of 10−5

mbar. The electrical measurements were performed in vacuum at 40 ◦C using a HP4155B

semiconductor parameter analyzer.

The transfer characteristics for a PTAA transistor are presented in figure 4.1. There is

hardly any hysteresis. The linear and saturated mobility derived from the corresponding

transfer curves amounts to 1.7 · 10−3 cm2/Vs and 1.9 · 10−3 cm2/Vs. The threshold

voltage as obtained from a linear extrapolation of the transfer curve is -2.6 V and the

pinch-off voltage, i.e. the onset of accumulation, is +2 V. Figure 4.1 shows that the

channel is already accumulated at 0 V gate bias, i.e. the transistors are ”normally ON”.

4.3 Inverters

Discrete transistors were combined into inverters. Because the pinch-off voltage is

positive ’Vgs = 0’ logic is used.10 The circuit schematic is presented in figure 4.2. The

gate of the load is shorted with the source, hence Vgs=0. The inverter operates as a

voltage divider controlled by the input voltage. To convert a logic ”1” into a logic ”0”

the output voltage, Vout , should be close to the negative supply voltage, Vdd , when

there is 0 V applied to the driver gate, Vin. The resistance of the load should be much

smaller than that of the driver. This is realized by increasing the W /L of the load by
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Figure 4.2: Input-output characteristics of a typical Vgs = 0 inverter. The inset shows the
inverter schematic. The black square represents the noise margin as obtained by maximizing the
square between the input-output characteristics and its mirror image.

a factor rw = (W /Lload )/(W /Ldriver ). When the input voltage is low, Vin = Vdd , the

driver transistor is turned on. The output voltage is pulled up from a logic ”0” to a logic

”1”. The operation is demonstrated by the experimental input-output characteristics as

presented in figure 4.2.

As already noted, logic gates that have too small a noise margin because of spread in

the transistor parameters may cause failure of the whole circuit. Neglecting hard faults,

thus, the yield of a digital circuit can be assumed to be the joint probability that all logic

gates have a noise margin larger than an acceptable minimum. To ensure yield while

increasing the number of gates, the ratio between average noise margin and its standard

deviation has to increase.11 A ratio of four will ensure good yield in a 104 gates circuit,

while a ratio of five is enough to get good yield in a 106 gates circuit.11 Figure 4.2 shows

that the noise margin of the inverter, indicated as the black square, is about 0.6 V. This

is a typical value for p-type only logic10 when using these supply voltages. The voltage

at which the input voltage is identical to the output voltage is the trip voltage. In an

ideal inverter the trip point should be at the center of the supply range. Figure 4.2 shows

that the trip point is close to 0 V input bias. The asymmetric position severely limits the

noise margin.1,10
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Figure 4.3: The absolute value of the drain current of a dual-gate transistor is presented on a
semilogarithmic scale as a function of the bottom gate bias. The top gate bias is varied from left
to right in steps of 5 V starting at +20 V to -20 V. The inset graph shows the measured (black
circles) and calculated (red line) threshold shift. The other inset is a schematic of a dual-gate
transistor.

4.4 Dual-gate inverters

To increase the noise margin dual-gate transistors were used. The transfer charac-

teristics measured at a source-drain bias of -2 V are presented in figure 4.3 for top gate

biases ranging from -20 V to 20 V in steps of 5 V. The transfer curve at 0 V top gate

bias is similar to the one from a single gate transistor. Figure 4.3 shows that the transfer

curves systematically change with the applied top bias. In first order approximation the

shift of the transfer curve, ∆Vth, can be described by:

∆Vth =
Ct

Cb
VG ,top (4.1)

where Ct and Cb are the top and bottom dielectric capacitances per unit area, and

VG ,top is the applied top gate potential. The inset of figure 4.3 shows that equation 4.1

perfectly describes the change in threshold voltage. A positive top gate bias partially

depletes the bottom accumulation channel. To compensate the depletion, the bottom

gate bias has to be adjusted by an equivalent shift as given by equation 4.1. The transfer

curve shifts to the left. A negative top gate bias creates a second accumulation channel

at the top interface. This creates an additional current that effectively shifts the transfer

characteristic to the right. The transfer curves at negative top gate biases of -5 V through
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-20 V show a ’hump’ at bottom gate bias of about 10 V. This hump resembles a cross-

over from a field-dominated current to a bulk dominated current as explained for single

gate field-effect transistors.12 At these bias conditions the top channel is accumulated

while the bottom channel is depleted. With increasing bottom gate bias the depletion

depth increases towards the top channel. The charge density in the accumulated top

channel is much larger than in the bulk semiconductor. An extra voltage is thus needed

to deplete the top channel. Therefore a hump is obtained in the dual-gate transfer curve

for negative top gate biases. Finally, the off-currents in figure 4.3 are comparable to the

top gate currents. Hence the off-current is a parasitic top gate leakage current.

Figure 4.4: The noise margin of dual-gate inverters as a function of the top gate bias on the
driver transistor for several top gate biases on the load transistor. The supply voltage, Vdd ,
was set at -20 V. The insets show the schematic of the dual-gate inverter and the improvement
gained in input-output characteristics by using a dual-gate inverter.

Subsequently inverters using the dual-gate transistors were fabricated, according to

the same schematic presented in figure 4.2. The supply voltage was set at -20 V. For each

value of the top gate biases of the driver and the load, the noise margin was determined

form the static input-output voltage characteristics. The noise margin is presented in

figure 4.4 as a function of the top gate bias of the driver transistor, for several values of

the top gate bias on the load transistor. Figure 4.4 shows that the noise margin can be

greatly improved by using dual-gate transistors. The noise margin increases from about

0.5 V for the single gate inverters to about 5.9 V for the dual-gate inverters. As shown in

figure 4.2 the noise margin is severely limited by the asymmetric position of the trip point.
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Ideally this should be at the center of the supply range, Vin = Vdd/2 and Vout = Vdd/2.

The asymmetry is due to the fact that the load and the driver transistor have the same

pinch-off voltage. Altering the geometry factor rw , (W /Lload )/(W /Ldriver ), only shifts

the position of the logic 0. The pinch-off voltage of the driver determines the input

voltage at which the inverter switches from Vdd to ground. To optimize the trip voltage,

the pinch-off voltage of the driver therefore has to be shifted to the left, to more negative

values. As can be seen in figure 4.3 the shift can be realized in dual-gate transistors by

applying a positive top gate bias. Consequently the noise margin increases with positive

top gate bias on the driver as shown in figure 4.4. The bias on the load transistor hardly

influences the noise margin. However, the load dominates the switching speed during

dynamic operation, as its small current pulls down the output node very slowly compared

to the large on-current supplied by the driver when the output is pulled up. By applying

a negative bias to the top gate of the load the pull-down current, and hence the speed,

can be increased without compromising the noise margin.

4.5 Conclusion

Dual-gate transistors were fabricated based on an organic semiconductor and top

dielectric applied by spincoating. The top gate can advantageously be used to change

the threshold voltage. The shift is quantitatively described by equation 4.1. By adjusting

the top gate biases in dual-gate inverters the noise margin can be brought from a typical

value of less than 1 V to about 5 V. This drastic improvement will pave the way to the

fabrication of large, complex and robust organic circuits.13,14
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Chapter 5

Monolayer dual-gate transistors with a single

charge transport layer

A dual-gate transistor was fabricated using a self-assembled monolayer as the semi-

conductor. A dielectric was processed on top of the self-assembled monolayer without

deteriorating the device performance. The two gates of the transistor accumulate charges

in the monomolecular thick transport layer and artifacts caused by the semiconductor bulk

are negated. The electrical transport in a dual-gate self-assembled monolayer field-effect

transistor was investigated and a detailed analysis of the importance of the contact ge-

ometry in monolayer field-effect transistors is presented.
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Chapter 5. Monolayer dual-gate transistors with a single charge transport layer

5.1 Introduction

Organic flexible integrated circuits are in development for applications such as dis-

plays,1 sensors2 and contactless radio-frequency identification transponders.3 For unipo-

lar organic circuits, the performance is severely limited by the parameter spread inherent

to organic semiconductors. The important parameter is the threshold voltage (Vth) of

the individual transistors, which is crucial to ensure low power operation and an accept-

able noise margin for the logic gates.4,5 As a remedy, dual-gate transistors are used to

increase the noise margin of logic gates by changing the threshold voltage of organic

transistors.6 These dual-gate transistors can also be used to improve the current drive

and sub-threshold slope.7 Other potential applications include various types of sensors

and the integration of a logic gate into a single transistor.8

Organic dual-gate transistors generally have semiconductor layers thicknesses in the

order of tens of nanometers. Charge transport in organic transistors takes place in the

first few nanometers from the dielectric interface in the semiconductor.9 Conventional

dual-gate transistors have two conducting channels, one for the top and one for the

bottom gate. When the semiconductor is thicker than approximately ten nanometers,

the individual transport channels are spatially separated. Only when the semiconductor

is a single layer, the two transport channels will have a spatial overlap and the charges

are confined to a single monolayer.

=

Teflon

n++ Si

SiO2

Au Au

Au

top gate

bottom gate

bottom gate dielectric
source drain

top gate dielectric

Figure 5.1: A schematic of the dual-gate SAMFET is provided on top with a SEM image
(20,000 x magnification) of a FIB cross section of the actual device below. The holes in the
Teflon layer in the SEM image are an artifact caused by the high energy ions used for milling in
the FIB process. The chemical structure of the self-assembling molecule is shown on the right.
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5.2 Dual-gate SAMFET

To study the interplay between the top and bottom channel of a dual-gate transistor,

an ultra-thin semiconductor is required. Up to now the fabrication of such a transistor

was hampered by the morphology of the first monolayers. Effective charge transport was

hindered by the lack of in-plane order of the ultra-thin semiconductor on the dielectric

interface that prevented detailed study of the transport through the first interface layer. In

a self-assembled monolayer field-effect transistor (SAMFET) the semiconductor consists

of only a single sheet of molecules.10 The layer thickness is comparable to that of the

accumulation layer, i.e. ∼3 nanometers. The electrical transport is then by definition two-

dimensional. By using a monolayer semiconductor in a dual-gate transistor, it is possible

to simultaneously accumulate charges from the top and bottom gate in one monolayer

thick charge transport layer. A prerequisite is then that a dielectric can be processed on

top of a SAMFET without deteriorating the charge transport through the monolayer. An

additional advantage of monolayer dual-gate transistors is that the capacitance of the

depleted semiconductor can be neglected for calculating the effective threshold voltage

shift.11 Here the electrical transport in a dual-gate SAMFET is investigated and a detailed

analysis of the importance of the contact geometry is presented.

Dual-gate transistors were fabricated on heavily n-type doped Si wafers as the bot-

tom gate electrode. The bottom gate dielectric was a 1.2 µm thermally oxidized SiO2

layer. The Au source and drain electrodes were defined by photolithography on a 5

nm Ti adhesion layer. The length and width of the resulting finger transistors were

10 µm and 10 mm respectively. A 1% HF dip was used to activate the SiO2 sur-

face prior to applying the SAM molecule. The semiconducting monolayer of chloro[11-

(5””-ethyl- 2,2:5’,2”:5”,2”’:5”’,2””-quinquethien-5-yl)undecyl] dimethylsilane was self-

assembled from a toluene solution. On the SAM-layer, the top gate insulator AF-1600

(amorphous Teflon derivative, Sigma-Aldrich), was spincoated from the fluorinated sol-

vent FC-40 (3M). The resulting layer had a thickness of approximately 350 nm. The top

gate Au electrode was evaporated through a shadow mask and had a thickness of roughly

140 nm. After each step the bottom gate transistors were measured to look for signs

of degradation, but none were found. Hence it is indeed possible to process additional

functional layers on top of a self-assembled monolayer without affecting the transistor

performance. A schematic of the dual-gate transistor layout is presented in figure 5.1

together with a scanning electron microscopy (SEM) image of the actual device. From

the bottom to the top, the heavily n-doped Si, SiO2, Au source and drain contacts,

Teflon, Au top gate and a layer of sputtered Pt can be identified. The Teflon contains

holes, which is an artifact in the image due to damage caused by the focused ion beam
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(FIB) milling. Since the holes are also present above the gold electrodes and at the top

of the Teflon layer, dewetting can be excluded as the origin of the irregularities.
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Figure 5.2: Transfer characteristics for the top (above) and bottom (below) gate are presented
for a drain bias of -2 V. The channel length and width are 10 µm and 10,000 µm respectively.
For both gate sweeps, the opposite gate is swept in steps of 3 V from -6 V to +6 V. The inset
shows the resulting threshold voltage shift versus the applied bias on the opposite gate.

5.3 Results

The electrical transport was determined in vacuum (∼ 10−5 mbar) at room temper-

ature using an HP-4155C semiconductor parameter analyzer. The resulting bottom and

top gate transfer curves are presented in figure 5.2a and 5.2b respectively. For both gates

the opposite gate was fixed at -6,f -3, 0, 3 and 6 V bias, yielding a linear shift in the

threshold voltage according to:

∆Vth =
Ct

Cb
Vg2 (5.1)
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where C1 and C2 are the dielectric capacitances per unit area for the swept gate and the

opposite gate respectively, and Vg2 is the applied bias to the opposite gate. The transfer

curves of the bottom gate shift more than the top gate, because the top gate capacitance

is larger than the capacitance of the bottom gate. From the threshold voltage shift as

depicted in the inset of figure 5.2 and equation 5.1, a value of 4.6 nF/cm2 for Ct was

extracted, given the known value of 2.8 nF/cm2 for Cb. The latter value was calculated

from the layer thickness and dielectric constant of SiO2. The capacitance of the top gate

is in agreement with the capacitance derived from the measured thickness of the Teflon

layer. Figure 5.2 shows that the shape of the transfer curves does not change with the

variation of the top gate. The main effect of the top gate bias is a shift of the threshold

voltage. The transfer curves are parallel. In a SAMFET the semiconductor capacitance

can be disregarded and therefore the transfer curves show an equidistant shift.6,11

The top gate yields a higher current and steeper sub-threshold slope, both asso-

ciated with the higher gate capacitance. However, the top gate also shows a higher

contact resistance than the bottom gate. This is illustrated in figure 5.3a by plotting

the IV-characteristics versus the total accumulated charge calculated by multiplying the

capacitance of the gate dielectric with the applied gate bias. For the linear regime, at a

drain bias of -2 V, the top gate shows a significantly lower current than the bottom gate

for the same accumulated charge. In the saturated regime, where the drain bias is -20 V,

the two gates show the same normalized transfer curves. The converging currents for the

top and bottom gate for higher drain bias are indicative for a contact resistance. To con-

firm the presence of a contact resistance, the output curves for both gates were measured,

as shown in figure 5.3b. The output curves for both gates are presented for similar drain

currents by tuning the opposing gate bias, to ease comparing the two measurements.

The top gate drain sweep shows a clear S-curve in the output curve, indicating a larger

contact resistance for the top gate transistor than for the bottom gate transistor.12 This

is highly remarkable since the charges are injected in both cases from the same electrode

into the same charge transport layer. Even more striking is that for previously reported

organic field-effect transistors,13,14 a top gate - bottom contact layout generally shows a

lower contact resistance than a bottom gate - bottom contact design. This is because

for transistors with the gate and electrodes on opposite sides of the semiconductor, the

effective injection region is orders of magnitude larger than for devices with the gate and

contact on the same side of the semiconductor, where the injection region is only the

side of the contact next to the nm-scale transport channel.15

In the dual-gate SAMFET, a higher contact resistance is counterintuitively observed

for the top gate. To elucidate the controversy, the contact was imaged using TEM as
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Chapter 5. Monolayer dual-gate transistors with a single charge transport layer

Figure 5.3: (a) The drain current of the transistor is plotted versus the accumulated charge for
both the bottom (solid line) and top (dashed line) gate. For the linear regime, at -2 V drain
bias (black lines), the top gate yields a lower current than the bottom gate for the same induced
charge. In the saturated regime, at -20 V (red lines), both gates show the same current for
equivalent charge. (b) Output curves of the top and bottom gate. For both gates, the gate
voltage was varied in 5 V steps from 5 V to -20 V. For the gate drain sweeps, the bottom gate
bias was at -5 V and for the bottom gate drain sweeps the top gate bias was -10 V. The output
curves for both gates are presented for similar drain currents by tuning the opposing gate’s bias,
to ease comparing the two measurements.

depicted in figure 5.4 and its magnification in the inset. A cross section of the dual-gate

SAMFET is presented near a contact. It shows that the electrode is under-etched as

reported previously.16 The injection region for the top gate is then shielded by the over-

hanging part of the electrode, preventing field-enhanced injection. The depleted region

of the semiconductor near the electrode causes an additional resistance for the charges

accumulated by the top gate, as evidenced by the transport measurements.
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5.4. Conclusion

Figure 5.4: A transmission electron microscope (TEM) image of a cross section of the dual-gate
SAMFET. The dark field image depicts the electrode as a black line protruding from the left
side of the picture. The Teflon has varying shades of grey because of the damage it received
from the focused ion beam used to drill the slice from the substrate. The two arrows in the inset
indicate the SAM layer, which is visible as a faint grey line on the surface of the SiO2 dielectric.
The layer has a thickness of (3 ± 1) nm, which is in good agreement with the calculated length
of the molecule. The injection region for the top gate is shielded by the overhanging part of the
electrode, hampering charge accumulation.

5.4 Conclusion

A dual-gate transistor is demonstrated where the semiconductor is only as thick as the

charge transport channel. Previous dual-gate transistors contain two channels which are

spatially separated and are tuned independently. In a dual-gate SAMFET the accumulated

charge carriers spatially overlap and form a single conduction channel. The transistor

behaves electrically as a single channel OFET where the effective charge accumulation is

a superposition of the two gate biases modified by their capacitances. Distinct evidence

of electrostatic interplay between the top and bottom channel of the dual-gate transistor

was not observed. Additionally, for monolayer transistors, a bottom contact - top gate

layout is disadvantageous because the contacts screen the gate field of the top gate.
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Chapter 6

Gas sensing with self-assembled monolayer

field-effect transistors

A new sensitive gas sensor based on a self-assembled monolayer field-effect transistor

(SAMFET) was used to detect the biomarker nitric oxide. A SAMFET based sensor

is highly sensitive because the analyte and the active channel are separated by only one

monolayer. SAMFETs were functionalized for direct NO detection using iron porphyrin as

a specific receptor. A threshold voltage shift towards positive gate biases with increasing

NO content was observed. The sensor response was examined as a function of NO con-

centration. High sensitivity has been demonstrated by detection of ppb concentrations

of NO. Preliminary measurements have been performed to determine the selectivity.
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Chapter 6. Gas sensing with self-assembled monolayer field-effect transistors

6.1 Introduction

Human noses can perceive hundreds of thousands of different odor molecules.1 The

olfactory system consists of an array of receptors, each of which detects a limited num-

ber of substances. This complex system warns about dangers such as fire, air pollutants

or spoiled food. In the past decades electronic noses have been developed that mimic

the human olfactory system.2 An electronic nose comprises a gas sampling unit and an

array of chemical sensors. Various transducers can be used like carbon black or con-

ducting polymer based chemiresistors, metal oxide semiconductor field-effect transistors,

and surface or bulk acoustic wave resonators.3 The sensors themselves are not selective;

a fingerprint of the smell is obtained and a neural network is incorporated for pattern

recognition.

An emerging application is the detection of the biomarker nitric oxide (NO). NO plays

an important role in biological functions by acting as a neurotransmitter and by regulating

the relaxation of blood vessels.4 Furthermore NO is a marker for airway inflammations

such as asthma.5 Measurement of the NO concentration in exhaled breath is applied to

diagnose and monitor the inflammation and the obtained information is used as a tool

to manage the asthma treatment. NO detection is based on electrochemical, optical or

electrical techniques.6,7 Typically, NO is detected indirectly since NO is first converted

into NO2 by e.g. CrO3 or ozone.8 Although NO sensors are commercially available,9

there is a demand for small, sensitive NO transducers for point of care use.10,11

gate

dielectric

DS
++++++++++++

gate

dielectric

DS
++++++++++++

analyte

semiconductor

Figure 6.1: Schematic representation of the operation principle of a SAMFET sensor. The
transistor consist of an organic semiconductor, a source and drain electrode, a gate dielectric
and a gate. A conducting channel is formed at the semiconductor gate dielectric interface. On
the left side, analyte molecules are absorbed on top of a thick semiconductor layer. The current
modulation is limited by the thickness of the semiconductor. The electrostatic interactions are
stronger when the distance between the analyte and the channel is decreased. Hence a monolayer
thick semiconductor (right) yields the ultimate sensing performance.
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6.2 Self-assembled monolayer field-effect transistor

Here a new sensitive gas sensor based on self-assembled monolayer field-effect transis-

tors (SAMFET) is introduced. The proof-of-principle is demonstrated by direct detection

of NO. The operation principle is elucidated in figure 6.1. The left side shows a standard

organic field-effect transistor consisting from top to bottom of an organic semiconductor,

a source and drain electrode, a gate dielectric and a gate. Upon applying a bias to the

gate, charge carriers are accumulated at the gate dielectric-semiconductor interface. A

conducting channel is formed with a thickness of approximately 1 - 2 nm.12 Analyte

molecules absorbed on top of the semiconductor can modulate the charge transport in

the channel by electrostatic interactions. However, it has been demonstrated by Huang

et al.13 that the sensitivity of such a sensor is dependent on the thickness of the active

layer. The response of organic transistors to nerve agent simulants increased dramatically

with decreasing layer thickness, due to the strong distance dependence of the electro-

static interactions. Torsi et al.14 have reported chiral sensors and argue that the sensing

is restricted to the conducting channel. The sensitivity did not increase with decreasing

layer thickness but this could be due to the granular nature of the semiconducting films.

Finally, sensitivity enhancement of up to an order of magnitude has been reported in

transistors by using ultra thin semiconducting films.15 Hence a semiconductor of only

one monolayer thickness should yield the most sensitive gas sensor, as shown in figure

6.1 on the right.

A SAMFET has recently been reported by Smits et al.16 The monolayer consists

of molecules with a semiconducting quinquethiophene core and an aliphatic spacer that

is attached to the gate dielectric with a monofunctional anchoring group. The chemi-

cal structure of chloro[11-(5””-ethyl-2,2’:5’,2”:5”,2”’:5”’,2””-quinquethien-5-yl)undecyl]

dimethylsilane is shown in the inset of figure 6.2. The SAMFETs were fabricated on heav-

ily doped n-type Si wafers, acting as common gate electrode, with a 1000 nm thermally

oxidized SiO2 layer as gate dielectric. Au source and drain electrodes were defined by con-

ventional photolithographic methods, resulting in ring transistors with a channel length

of 10 µm and a width of 2500 µm. Semiconducting monolayers were self-assembled

from a toluene solution on a HF activated SiO2 dielectric, as described in the previous

chapter. The SAMFETs were annealed in vacuum at 110 ◦C for one hour to remove

residual water and solvents. Electrical measurements were performed under vacuum us-

ing an HP 4155B semiconductor parameter analyzer. Possible gate bias stress effects in

the electrical measurements were prevented by using a short integration time of less than

1 ms per step. A typical transfer curve is presented in figure 6.2. The mobility is about

0.01 cm2/Vs and the current modulation 6 decades, in good agreement with previous

71



Chapter 6. Gas sensing with self-assembled monolayer field-effect transistors

Figure 6.2: Transfer characteristics of a typical SAMFET in vacuum with a 1 µm SiO2 gate
dielectric in the linear and saturated regime. The device exhibited p-type behavior with a pinch
off voltage around 0 V. The inset shows a schematic cross-section of the SAMFET sensor. The
chemical structures of the SAM molecule (left) and the NO receptor Fe(TPP)Cl (above) are
shown.

reports.

6.3 Results and discussion

The response of the SAMFETs was measured by admitting small amounts of NO,

diluted in nitrogen carrier gas, to the closed chamber. The gas pressure in this static

system was used to calculate the partial NO concentration at 1 bar. The response of the

SAMFET itself to NO is indistinguishable from random drift of the threshold voltage.

To make the SAMFET specific for NO, a porphyrin receptor was used. Porphyrins

are known to bind NO in e.g. biological systems.17 Here iron(III) tetraphenylporphyrin

chloride (Fe(TPP)Cl, Sigma Aldrich) was applied, that was previously used to detect

NO in solution with a molecular controlled semiconductor resistor.18 In the ideal case

this receptor is grafted on, or incorporated into, the monolayer. Here, to demonstrate

the concept, a thin spin coated film was used. The porphyrin receptor was dissolved in
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toluene, 1.6 mg/ml, and thin layers were spincoated at 800 rpm. The films are only 10

nm thick and they contain a lot of pinholes. Therefore the diffusion of the nitric oxide

is not limiting the detection rate. The addition of porphyrin on the SAMFET had no

significant influence on the performance of the SAMFET. The chemical structure and the

device lay-out are schematically depicted in the inset of figure 6.2. The transfer curve of

the SAMFET with the porphyrin shifts upon exposure to NO. The field-effect mobility

remains unaffected; the only effect is a change in the threshold voltage towards positive

gate bias. This clearly points to an increase of fixed negative interface charges upon

exposure to NO. However, the reaction is not instantaneous, the threshold voltage shifts

with time. A typical example is presented in figure 6.3. A possible reason might be the

slow supply of negatively charged minority carriers needed to convert NO into NO−x , an

effect that is presently under study. The threshold voltage shift takes about half an hour

to saturate. Hence, in order to arrive at a dose response curve, the transfer curves were

measured 30 minutes after NO exposure. To exclude any influence of competing charging

effects, the threshold voltage of the SAMFET was monitored in the absence of NO. This

measurement did not reveal a change of threshold voltage in time. The response to NO

of the SAMFET without porphyrin was also investigated. These reference measurements

are shown in figure 6.3. Only the combination of the SAMFET and the receptor in NO

atmosphere yields a shift in threshold voltage.

Figure 6.3: The response of the SAMFET sensor as a function of time for a fixed NO concen-
tration (2.7 ppm). The threshold voltage shifts towards more positive voltages and saturates
after approximately 30 minutes. Reference measurements of the SAMFET without the porphyrin
in NO (2.7 ppm) and the SAMFET with porphyrin in absence of NO are included. Only the
combination of the SAMFET and the receptor in NO shows a threshold voltage shift that stands
out over random drift.

Many sensors were made and their response to NO was investigated. Figure 6.3
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Chapter 6. Gas sensing with self-assembled monolayer field-effect transistors

discussed above showed a typical measurement for 2.7 ppm NO. Concentrations in the

ppm regime can reproducibly be detected. In exceptional cases however a much higher

sensitivity has been measured. An example is presented in figure 6.4 where the transfer

curves measured in the linear regime are presented on a linear scale as a function of

the NO concentration. The transfer curve systematically shifts to positive gate biases

with increasing NO content. The relative threshold voltage shift, Vth, was determined

by taking the gate biases yielding a fixed source drain current of 60 nA, as indicated by

the arrow in figure 6.4. The shifts are used to construct a dose response curve. The

inset shows the threshold voltage shift as a function of the NO concentration. The dose

response curve shows that with the SAMFET sensor ppb concentrations of NO can be

detected. The achieved sensitivity compares favorably with an earlier reported detection

limit of an NO sensor based on a field-effect transistor.19

The magnitude of the shift and the functional dependence such as the apparent sat-

uration at high NO content are not yet quantitatively understood. Various operation

mechanisms have been reported. For instance Fe(TPP)Cl has been attached to function-

alised GaAs surfaces.18 The current was measured upon exposure to NO in aqueous buffer

solution. The current did increase with NO content. The change in current was explained

as originating from a change in dipole moment of the Fe(TPP)Cl complex. However a

threshold voltage shift in a field-effect transistor cannot be explained with only a change

in surface dipole moment.20 A different reaction mechanism was proposed by Lin and

Farmer.21 In solution NO forms a complex with Fe(TPP), NO-Fe(TPP). Catalytic re-

action of this nitrosyl-complex with free NO then yields amongst others NO2 which is

known to cause a shift in threshold voltage22 presumably by formation of negative sur-

face charges. Recently, ZnO chemiresistors have been functionalised with a comparable

iron(III)porphyrin, viz. ferriprotoporphyrin IX chloride.23 NO could be detected down to

the ppm range. The operation is reported to be due to electron transfer from ZnO to

the receptor. In summary, iron porphyrins could selectively react towards NO, but the

microscopic mechanism is unknown.

The selectivity of the SAMFET sensor versus other vapors was investigated. Prelimi-

nary experiments show that the sensor is not sensitive to a variety of gases. No threshold

voltage shift was observed for non oxidizing agents as toluene (8 ppm), methanol (%) and

ammonia (2 ppm). Even for oxidizing agents as O2 and SO2 the threshold voltage shift

is negligible showing the selectivity of the porphyrin towards these gases. Reversibility of

the sensor after NO detection was also examined. Full recovery of the sensor is achieved

by annealing under vacuum condition at 110 ◦C for 1 hour. Under those conditions the

threshold voltage returns to its pristine value. Our explanation is that the threshold volt-

age shift upon NO exposure is due to the formation of NO−x . At elevated temperature the

74



6.4. Conclusion

Figure 6.4: Linear plot of the transfer characteristics of the SAMFET sensor. The measurements
performed in vacuum and nitrogen were identical. The transfer curve measured 30 minutes after
exposure is shifted towards positive values for increasing NO concentrations. The inset shows
the threshold voltage shift as a function of NO concentration. The detection limit is as low as
sub 100 ppb NO.

equilibrium shifts to neutral nitrogen oxides that subsequently desorb from the surface.

This could explain the full reversibility. A major problem still to be resolved is that a

significant spread in the NO response was found for the numerous investigated SAMFET

sensors. The differences can be due to imperfections in the monolayer, variations in

the porphyrin converter deposition, or parasitic reactions with residual water. The latter

becomes more important at lower NO content.

6.4 Conclusion

The response of a field-effect sensor is dominated by the electrostatic interactions

between analyte and the conducting channel. In a self-assembled monolayer field-effect

transistor the semiconductor is only one molecule thick, making it highly suited for sensing

applications. SAMFET sensors were fabricated using iron porphyrin as a specific receptor

for the biomarker NO. The transfer curve systematically shifts to positive gate biases with

increasing NO content. Dose response curves were obtained by plotting the threshold

voltage shift as a function of NO concentration. High sensitivity was demonstrated by

detecting parts per billion concentrations NO.
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Chapter 7

Dual-gate organic field-effect transistors as

potentiometric sensors in aqueous solution

Measurement of analytes in aqueous solution is important for monitoring industrial,

bio-agricultural and medical processes. These applications require disposable sensor ar-

rays that are sensitive and can be fabricated on a large scale at low cost. Organic

transistors are increasingly being investigated as label-free biosensors because of their

compatibility with flexible, large area substrates, simple processing and the tunability

of the active materials. In direct contact with water redox reactions occur that lead to

Faradaic leakage currents and hysteresis in the electrical transport. Here these challenges

are solved by the use of buried electrodes and protection of the semiconductor with a

thin passivation layer, yielding dual-gate organic transducers. The process technology

was scaled up to 150-mm wafers. It is shown that the transducers are potentiometric

sensors where the detection relies on measuring a shift in threshold voltage caused by

changes in the electrochemical potential at the second gate dielectric. Analytes can only

be detected within the Debye screening length. The mechanism is assessed by pH mea-

surements. The threshold voltage shift depends on pH as ∆Vth = (Ctop / Cbottom)*58

mV/pH, indicating that the sensitivity can be enhanced with respect to conventional ion-

sensitive field-effect transistors (ISFETs) by adjusting the ratio of the top and bottom

gate capacitances. Remaining challenges and opportunities are discussed.
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Chapter 7. Dual-gate transistors as potentiometric sensors in aqueous solution

7.1 Introduction

The prospect of label free sensing of sub-pico molar concentrations of bio-molecules

has motivated intense research in organic field-effect transistors operating under water.

The target is to develop a disposable platform capable of sensitive, selective and reli-

able detection for biological and biomedical applications. Most biosensors are based on

ion-sensitive field-effect transistors (ISFETs).1 ISFETs are attractive because detection

does not require labeling of the molecules and the small sensors can be integrated with

microfluidics for lab-on-a-chip applications.2

ISFETs are potentiometric sensors that detect, within the Debye length, changes in

the dielectric-electrolyte interface potential. The modulation of the interface potential

is reflected in a modulation of the channel current. The first ISFET was reported by

Bergveld in 1970.3 The sensor was initially optimized for pH detection and applied for

instance in catheters. Later the scope was expanded to e.g. immunosensors,4 where by

applying an enzyme-entrapping membrane on top of the ISFET gate, the enzyme can be

detected. Current focus is on the use of ISFETs for direct DNA detection circumvent-

ing the multiplication by the time consuming polymerase chain reaction (PCR).5 Other

application areas include ISFETs modified to specifically detect proteins (ImmunoFET),

and ISFETs adapted for gas detection (ChemFET).6,7

The first ISFETs were fabricated using single crystalline silicon. As with other elec-

tronic applications such as solar cells and light emitting diodes, there is a wish to man-

ufacture disposable sensor arrays on a large scale at low cost. For this purpose, organic

electronics is indicated because of its compatibility with flexible, large area substrates,

simple processing by spin-coating or printing, and the tunability of the active materials.

Various papers on the development of biological sensors using organic transistors have

already been reported.8–13

The challenges in applying organic transistors as sensors in aqueous solution are

reproducibility and operational stability. Considering the voltages commonly applied,

measurement of transistors in water inevitably leads to Faradaic leakage currents due to

electrolysis. Furthermore, the operational stability is severely hampered by huge hysteresis

in the electrical transport. Hence, direct contact of both the electrodes and semiconductor

with water has to be avoided. To prevent this contact buried electrodes were used and

the semiconductor was protected with a hydrophobic barrier layer. The additional layer

then acts as a second gate dielectric. The final device is actually a so-called dual-gate

transistor that can be used as a sensor.

Below, first the operating mechanism of classical ISFETs is elucidated followed by

an explanation of organic dual-gate transistors and transducers. It is shown that the
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transducer acts as a potentiometric sensor. The detection relies on measuring a shift

in threshold voltage due to changes in the electrochemical potential at the second gate

dielectric caused by e.g. changes in adsorbed ions. The shift can only be reliably detected

by including a reference electrode14 to fix the potential of the fluid. The theoretical

sensitivity of the dual-gate transducer is then compared to that of a standard silicon

ISFET. Subsequently details of the fabrication technology of the organic sensors and

the microfluidic channel used to confine the fluid are presented. Then, as a proof of

principle, the sensors were investigated as a function of the pH of the electrolyte. The

shift of the threshold voltage could be quantitatively assessed. The sensitivity of the

sensor is enhanced by the ratio of the top and bottom gate capacitances of the dual-gate

transducer. Remaining challenges and opportunities are discussed.

Figure 7.1: (a) Schematic representation of a MOSFET and the corresponding ISFET. (b)
Schematic representation of a dual-gate field-effect transistor and the corresponding transducer.
PTAA stands for the organic semiconductor polytriaryalamine. The top dielectric consists of
a stack of polyisobutylmethacrylate (PIBMA) and the Teflon derivative AF-1600. The gate
dielectrics are highlighted in yellow. It shows that the dual-gate transducer is a classical ISFET
with an additional gate dielectric to enhance the sensitivity.
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Chapter 7. Dual-gate transistors as potentiometric sensors in aqueous solution

7.2 Operational mechanism of dual-gate transistors

Response of an ISFET

The first ion sensitive field-effect transistor (ISFET) was based on single crystalline

silicon.3 The operation can be described by comparison with its purely electronic ana-

logue, the metal oxide semiconductor field-effect transistor (MOSFET). A schematic

representation of a MOSFET and the corresponding ISFET is presented in figure 7.1a.

The ISFET is a potentiometric sensor that responds to changes in electrical potential at

the dielectric-electrolyte interface.1,2,15 The changes in this oxide interface potential, Ψ0,

are reflected in the flat band voltage, VFB , by:16

VFB = EREF −Ψ0 + χsol −
ΦSi

q
− Qss + Qox

Cox
(7.1)

where EREF is the potential of the reference electrode, χsol the surface dipole potential

of the solution, ΦSi the silicon work function, q is the elementary charge, Qss the surface

state density at the silicon surface, Qox the fixed oxide charge and Cox the gate insulator

capacitance per unit area. All terms are constant except the interface potential Ψ0.

The ISFET senses changes in the interface potential Ψ0. The changes are due, for

instance, to differences in protonation of the SiO2 interface as a function of pH. The

mechanism can be described by the site-binding model17 that describes the equilibrium

between the amphoteric silanol SiOH surface sites and the protons in solution by:

SiOH ⇔ SiO− + H+ and SiOH+
2 ⇔ SiOH + H+ (7.2)

The proton activity at the interface is then related to Ψ0 by the Nernst equation as:

Ψ0 =
kB T

q
ln

aH+
bulk

aH+
surface

(7.3)

where kB is the Boltzmann constant and the symbol a denotes the proton activities.

The surface charge on the oxide is balanced by an equal but opposite charge in the

electrolyte. The position of the compensating charge in the solution defines the so-called

double layer capacitance that can be calculated using the Gouy-Chapman-Stern model.

In this model the double layer capacitance consists of a series network of a Helmholtz-

layer capacitance, or Stern capacitance, and a diffuse-layer capacitance. The Helmholtz

layer models that ions in solution have a finite size and that they cannot approach the

surface any closer than their ionic radii. The diffuse layer starts from this plane of closest

approach and contains the same amount of charge as the oxide surface charge, because
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7.2. Operational mechanism of dual-gate transistors

the Helmholtz layer by definition is electrically neutral. The potential decays exponentially

with distance.18 The characteristic length scale is the Debye length, λD , given by:

λD =

√√√√√ εε0kB T

NAq2
∑

i

z2
i Ci

(7.4)

where ε is the dielectric constant of the electrolyte (for water 78 at 25 ◦C), ε0 is the

permittivity of vacuum, NA is the Avogadro constant, Ci is the concentration of species i

in the electrolyte (mol L−1) and zi the corresponding ionic charge. For dilute symmetrical

aqueous electrolytes with z = 1 at 25 ◦C the Debye length reads:

λD =
3√
C

[Å] (7.5)

A physical-chemical change in the environment can only be detected when it leads to

a change within the Debye length and, hence, of the electrochemical interface potential.

Outside the Debye length the interface potential is screened. In physiological solutions

the Debye length is small. According to the assumptions of the Gouy-Chapman-Stern

diffuse double layer model, detection of biomolecules whose size exceeds the Debye length

would be severely hampered.

By immobilizing antibodies on the gate dielectric, ImmunoFETs can be made that

sense the affinity of the corresponding antibodies. The sensor is complicated because the

charge of the protein itself is a function of pH. A detailed analysis is given by Schasfoort

et al.19 Importantly, the dimensions of the macromolecules are larger than those of the

double layer. In physiological solutions the protein charge will be at a distance larger

than the Debye length. Only in low ionic strength electrolytes the protein charges might

be statically detected.19 To circumvent this limitation, dynamic detection techniques

such as the ion-step approach have been introduced.4,20–22 The operation then relies on

release or uptake of protons by bound protein molecules when the ionic strength of the

electrolyte is changed.

The sensitivity of ISFETs has been optimized for pH detection. The change in oxide

interface potential with pH of the bulk electrolyte could be derived starting from equation

7.3. A detailed analysis has been given by Bergveld,3,16 leading to:

δΨ0

δpH
= −2.3

kT

q
α (7.6)

where α is a dimensionless parameter that varies between 0 and 1, depending on the

proton buffer capacity of the SiO2 interface and the differential double layer capacitance.
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Chapter 7. Dual-gate transistors as potentiometric sensors in aqueous solution

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.

The threshold voltage is equal to the flat band voltage apart from small offset po-

tentials caused by e.g. differences in the Fermi level between the contacts and the

semiconductor. Hence, the shift in threshold voltage is given by

∆Vth = −∆Ψ0 (7.7)

Figure 7.2: Transfer curves of a polytriarylamine dual-gate field-effect transistor. The channel
length and width are 10 µm and 10,000 µm respectively. The absolute value of the drain current
is presented on a semi-logarithmic scale as a function of the bottom gate bias. The top gate
bias is varied from left to right in steps of 10 V starting at +20 V to -20 V. The inset shows
that the threshold voltage depends on top gate bias as ∆Vth = Ctop/CbottomVtopgate , where Ctop

and Cbottom are the top and bottom capacitances per unit area.

Dual-gate transistor and transducer

For single crystalline silicon ISFETs the threshold voltage in equation 7.7 is defined as

the onset of strong inversion.23 The difficulty of defining a threshold voltage in disordered

organic transistors was already pointed out by Horowitz et al.24 Most organic transistors

only operate in the accumulation regime and no channel current in the inversion regime

is observed.25 The threshold voltage is typically taken as the intercept from a linear

extrapolation of the linear transfer curve.

Organic transistors have been explored for analyte detection in electrolytes. In most

of those studies a reference electrode was not applied. However, a reference electrode
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7.2. Operational mechanism of dual-gate transistors

has to be included to fix the potential of the electrolyte and hence to minimize drift.

Furthermore, to minimize parasitic Faradaic currents, buried electrodes were used and

an insulating polymeric stack with on top a hydrophobic dielectric was applied on the

semiconductor. The resulting dual-gate transistor and the corresponding transducer are

schematically depicted in figure 7.1b.

In a dual-gate transistor the voltages on both top and bottom gates can be varied

independently. As an illustration experimental transfer curves are presented in figure 7.2.

The transfer curves are measured by scanning the voltage on the bottom gate for various

fixed top gate voltages. The measurements show that the threshold voltage shifts with

applied top gate bias.26–30 To explain this, the case that both top and bottom channel

are operated in accumulation is analyzed. The total device current in the linear regime

is then given by:

Itot =
W

L
µVsd [Cbottom(VG ,bottom − Vth,bottom) + Ctop(VG ,top − Vth,top)] (7.8)

where Cbottom and Ctop are the bottom and top gate capacitances per unit area, Vsd is

the applied source-drain bias, µ is the field-effect mobility taken equal for both top and

bottom channel, Vth are the threshold voltages, and L and W the channel length and

width respectively. For a constant top gate bias, the total current can be regarded as

originating from a single overall channel by:

Itot =
W

L
µVsd Cbottom(VG ,bottom −Vth) with Vth = Vth,bottom −

Ctop

Cbottom
(VG ,top −Vth,top)

(7.9)

The transfer curves therefore shift over an amount given by:26,28,30

∆Vth = − Ctop

Cbottom
∆VG ,top (7.10)

An analysis of other operating regimes leads to the same expression for the shift in

effective threshold voltage, ∆Vth.

In a dual-gate transducer the top gate is replaced by an electrolyte. The applied top

gate bias is then replaced by the top gate - electrolyte interface potential, Ψ0, leading

to:

∆Vth = − Ctop

Cbottom
∆Ψ0 (7.11)

This implies that the sensitivity for detection of threshold voltage shifts due to changes

in the interface potential is enhanced with respect to classical ISFETs by a factor of Ctop

over Cbottom. The enhanced sensitivity is advantageous because changes to be detected

are small. For example a shift in threshold voltage of 50 mV has been reported for
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the detection of horseradish peroxidase and green fluorescent protein with amorphous Si

based ISFETs.2 DNA hybridization was shown to yield 20 mV changes in surface charge

density.5 Dual-gate transducers are indicated because they have the capability to amplify

these small shifts. Ctop is a convenient experimental handle that could be optimized by

choice of dielectric constant or by reducing the film thickness. Finally it should be noted

that operation of organic transducers is severely hampered by instability. The drift should

be at least an order of magnitude smaller than the change in threshold voltage, meaning

a few mV at most. Therefore any method to improve the sensitivity like the dual-gate

transducer approach is worthwhile.

Other approaches have been reported to enhance the sensitivity. However, the op-

erating principle in all cases is the same. Diamond field-effect transistors or so-called

solution-gate FETs (SGFETs) are basically ISFETs where SiO2 is replaced by a thin in-

sulating top layer. The higher capacitance yields a steeper sub-threshold slope, but for

the same surface charge a similar threshold voltage shift is obtained.5 Carbon nanotube

sensors are ISFETs as well. The high surface-to-volume ratio might be advantageous

for fast detection.31 The silicon nanowire sensors as reported by Stern et al.32,33 can be

regarded as dual-gate ISFETs similar to the dual-gate transducers described above.

7.3 Fabrication of dual-gate transducers and microfluidics

The transducers consist of a dual-gate field-effect transistor that can be integrated

with a microfluidic channel. Pictures are presented in figure 7.3. The field-effect transis-

tors are fabricated on heavily n-type doped 150-mm silicon wafers acting as a common

bottom gate. Thermally oxidized SiO2 with various layer thicknesses was used as bottom

gate dielectric. Au source and drain electrodes were defined on top by photolithogra-

phy, details on the passivation will be discussed below. A 10 nm Ti layer was used for

adhesion. The SiO2 layer was treated with hexamethyldisilazane prior to semiconductor

deposition. The microfluidic set-up made from polymethylmethacrylate is fixed on the

middle of the die using pre-cut double-sided tape to make a watertight seal. Tubes are

attached to supply and confine the electrolyte to the sensing area. There are four in-

terdigitated transistors on each die that can be measured simultaneously. A Pt wire is

inserted as a reference electrode.

In order to address the transistors, the contact pads are located outside the microflu-

idic chamber. The long leads yield a large surface area in contact with the electrolyte.

The direct contact causes electrolysis of water occurring at a potential of 1.23 V at all

pHs.34 To minimize the Faradaic currents that dominate the charge transport at higher

applied drain biases, passivation of the electrodes is necessary. Two technologies have
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Figure 7.3: Dual-gate transducer with microfluidic channel. (Top left) Optical photograph of
a die, 13 mm by 17 mm, with 4 interdigitated transistors. The channel length varies between
5 µm and 40 µm and the channel width is 1 cm. The central purple area shows the structured
polytriarylamine semiconductor. (Top right) Picture of a finished dual-gate transducer. The
microfluidic channel is attached on top with double-sided tape. The contact pads remain ac-
cessible. Fluid can be pumped via the tubes through the channel. (Bottom) Schematic of a
dual-gate transducer with the components indicated.

been investigated, lift-off and dry etching. The lift-off technology did lead to high contact

resistances and was therefore abandoned.

Passivated electrodes however could be realized using a dry etching procedure schemat-

ically presented in figure 7.4. First Ti and Au are sputtered on the bare SiO2 wafer. A

positive photoresist is applied, patterned and developed. Then exposed Au is removed us-

ing Ar ion bombardment, using the undeveloped photoresist as a self-aligned etch mask.

The etching is stopped at the Ti layer to prevent damaging the underlying SiO2 interface.

The Ti is subsequently wet etched, a standard procedure that does not damage the SiO2

interface. The self-aligned etching results in electrodes where the top is passivated. Only

the 50 nm sides are bare Au and permit efficient charge injection into the semiconductor.

As a semiconductor polytriarylamine (PTAA) was used because this semiconductor is
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Figure 7.4: Buried electrode process. (a) A titanium and gold layer are sputtered on a bare SiO2

wafer. (b) A positive photoresist is spincoated, patterned and developed. (c) Gold is removed
by argon ion etching. (d) Removal of the titanium adhesion layer by wet etching.

stable at ambient conditions and yields reproducible transistors with a mobility of 10−3

cm2/Vs.35 PTAA films were spincoated in air from toluene with a layer thickness of

approximately 60 nm. To prevent parasitic leakage current, the semiconductor area was

patterned using masking with Scotch tape. To remove solvent residues the transistor was

annealed in nitrogen for 1 hour at 110 ◦C.

In order to prevent electrical contact between the PTAA semiconductor and the elec-

trolyte in the microfluidic channel an insulating stack is applied on top of the PTAA. First

a 400 nm thick polyisobutylmethacrylate (PIBMA) layer was spincoated from butanol.

One layer is typically not sufficient to eliminate leakage currents because of pin holes.

Hence on top a second layer of 300 nm of a Teflon derivative (AF-1600) was spincoated

from a fluorinated solvent (FC-40). Finally the resulting dual-gate transistor was an-

nealed in nitrogen for 1 hour at 110 ◦C. The transducers were completed by inserting a

reference electrode and sealing the microfluidic channel.
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Figure 7.5: Faradaic leakage current using bare electrodes without passiviation. The inset shows
the transfer curves of a dual-gate transistor at various drain biases. The reference electrode is
grounded. For positive gate bias in depletion, the drain current is much higher than expected
for a unipolar transistor, due to electrolysis of water. The current in depletion is plotted as a
function of drain bias. An exponential behavior is found that can be explained with the Tafel
equation.

7.4 Results

Transducer with bare electrodes

Measurement of transistors without passivated electrodes, immersed in aqueous solu-

tion, suffers from parasitic Faradaic leakage currents due to electrolysis. Figure 7.5 serves

as an illustration of the occurrence of high leakage currents when using dual-gate tran-

sistors where the electrodes are in direct contact with the electrolyte. The inset shows

the transfer curves at various drain biases in the linear regime. The reference electrode

is grounded. At negative gate biases the drain current shows the standard accumulation

behavior of a normally-on p-type transistor.36 The field-effect mobility is about 10−3

cm2/Vs, a typical value for PTAA.35 In depletion at positive gate bias however, contrary

to what is expected for a unipolar p-type transistor, the drain current cannot be ignored.

The current is not due to leakage to either the gate or the reference electrode. The

current in depletion is plotted as a function of drain bias and an exponential behavior is

found. The origin is parasitic Faradaic leakage current due to electrolysis of water that
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can be described with the Tafel equation:18

i = i0 exp(αη) (7.12)

where η is the electrode overpotential, the coefficient α is the Tafel slope and i0 the

exchange current density, which is the background current already present in the absence

of any overpotential. The electrolysis is a direct consequence of the contact between the

electrolyte and the bare source and drain electrodes.
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Figure 7.6: Buried electrodes. Transfer curves for dual-gate transducers using buried electrodes.
The leakage current has been completely eliminated. The fabrication is presented in section 3
and has been upscaled to 150-mm wafers. The inset shows a final wafer containing 62 dies,
each with four transducers.

Dual-gate transducer with buried electrodes

In order to reduce the leakage currents transducers were fabricated with buried elec-

trodes as described in section 7.3. The transfer curves are presented in figure 7.6, the

reference electrode is again grounded. The only difference with the transducer presented

in figure 7.5 is the use of buried electrodes. The important result is complete elimina-

tion of the parasitic Faradaic leakage currents. The drain bias can be increased even

up to -50 V without deteriorating the transducer. The fabrication has been upscaled to

150-mm wafers. The inset of figure 7.6 shows a final wafer fabricated with established

semiconductor processing technologies. Each wafer contains 62 dies.
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Figure 7.7: Dual-gate transduction in aqueous solution. The linear transfer curves of dual-
gate transducers measured at a drain bias of -1 V by scanning the voltage on the bottom gate
electrode. The curves are measured as a function of the potential on the reference electrode.
The transfer curves shift with the applied reference potential, which sets the potential of the
electrolyte and, hence, the surface potential.

First, whether the transducers could sense the surface potential at the top dielectric -

electrolyte interface was investigated. Therefore the transfer curves were measured in so-

lution for various values of the potential applied to the reference electrode. Linear transfer

curves were measured using a drain bias of -1 V by scanning the bottom gate electrode

and are presented in figure 7.7. Due to the use of buried electrodes, the leakage currents

can be disregarded. The transfer curves shift with the applied potential on the reference

electrode, similar to the behavior of dual-gate transistors with a metallic top gate. In this

case the metallic top gate is replaced by an electrolyte. The potential on the reference

electrode sets the potential of the electrolyte and, hence, the surface potential Ψ0 shifts

with the same amount. The corresponding shift in threshold voltage is given in equation

7.11 as ∆Vth = −(Ctop/Cbottom)∆Ψ0. The shifts in threshold voltage and surface po-

tential are approximately equal, which indicates a capacitive coupling, Ctop/Cbottom, of

about unity in agreement with the layer thicknesses in the transducer. The capacitive

coupling can be tuned by varying the thickness of the bottom gate dielectric. In the next

paragraph ratios up to 2 are demonstrated.
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pH sensing

To demonstrate the functionality of the transducers, their response as a function of

the pH of the electrolyte was investigated. The shifts in threshold voltage to be detected

are relatively small, in the order of 10 - 100 mV. Therefore statistics are required to

accurately determine the threshold voltage. To that end the transfer curves at a certain

pH were measured several times in succession. Then an electrolyte with a different pH

was applied and the measurements were repeated. For each measurement the threshold

voltage was determined. By plotting the threshold voltages versus time, the drift as

well as the change in threshold voltage due to the change in pH could be extracted. A

typical example is presented in figure 7.8 where electrolytes with pH of 10 and 2 were

used. The transfer curves are presented on a linear scale to show the threshold voltage

shifts. The inset shows the threshold voltage with time. The drift of about 100 mV

per minute is remarkably small when taking into account that the operational lifetime of

organic transistors is dominated by the presence of water.37 The drift can be due to e.g.

residual stress, photoconduction and thermo-electricity. The shift in threshold voltage

due to change in pH is 500 mV leading to a change of about 60 mV per pH unit.

Figure 7.8: pH detection with organic dual-gate transducers. Linear transfer curves of dual-gate
transducers in electrolytes of pH 10 and 2. For statistical analysis at each pH the measurement
was repeated several times in succession. The inset shows the change in threshold voltage with
time. The drift is about 100 mV per minute. The shift in threshold voltage due to the change
in pH is 500 mV leading to a change of about 60 mV per pH unit.

The transducers detect changes in the surface potential at the second gate dielectric,

Ψ0. This potential has to be corrected for by the potential of the electrolyte. A Pt
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wire was used as a reference electrode. Its electrode potential is given by the externally

applied bias and any redox potential in the electrolyte. A typical redox reaction that

occurs in the pH buffers used is O2 + 4H+ + 4e− ↔ 2H2O. The redox potential follows

from equation 7.3 which yields a change in redox potential of 59 mV per pH unit for an

ideal Nernstian behavior.18,38 This dependence was experimentally verified with separate

Kelvin probe measurements on the Pt wire immersed in the buffer solutions. Hence the

electrolyte potential changes with the applied bias and the redox potential of the pH

buffer, Vref - 0.059 V/pH.

Ψ0 can vary due to changes at the second gate dielectric for which a fluorinated,

hydrophobic polymer was used. Due to the absence of hydroxyl groups, a change in pH

hardly affects its surface charge density, that is, in equation 7.6 α ∼ 0. The dielectric

behaves similar as parylene, a site-free and ion-blocking membrane that does not show

any ion- and proton response.11 The potential at the second gate dielectric interface

therefore in this case is set mainly by the potential of the electrolyte.

Hence upon changing the buffer solution, the surface potential at the second dielec-

tric interface of the transducer, Ψ0, is expected to shift with 59 mV per pH unit. To

demonstrate that the sensitivity can be tuned by the capacitive coupling as described

by equation 7.11, a series of transducers were fabricated and their sensitivity was deter-

mined. The top and bottom gate capacitances were deliberately varied by varying the

layer thicknesses. Then for each transducer the capacitive coupling, Ctop/Cbottom, was

derived from the threshold voltage as function of externally applied bias on the refer-

ence electrode. The coupling values obtained were in good agreement with the expected

values based on layer thickness and dielectric constant. Subsequently, the threshold volt-

age of the transducers was measured as a function of the pH of the electrolyte. The

procedure was the same as used in figure 7.8. The experimentally determined threshold

voltage shift per pH is presented in figure 7.9 as a function of the capacitive coupling.

The solid line in figure 7.9 shows that the sensitivity linearly depends on the coupling as

∆Vth = (Ctop/Cbottom)× 58 mV/pH. By using a coupling above unity, the response can

be enhanced to above the 60 mV/pH of conventional ISFETs, demonstrating the proof

of principle of the fabricated organic dual-gate transducers. Alternatively, the calomel

electrode can be used to fix the electrolyte potential and the Teflon dielectric can be

replaced with other polymers that have strong interactions with a variety of charged

analytes. The response of the transducer then is different but the operation principle

remains the same.
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Figure 7.9: Sensitivity of dual-gate transducers. The shift in threshold voltage in mV/pH as a
function of the capacitive coupling, Ctop/Cbottom. The inset shows the experimental geometry.
The solid line shows that the sensitivity increases linearly with capacitive coupling as ∆Vth =
(Ctop/Cbottom)× 58 mV/pH.

7.5 Conclusion

Application of organic transistors as sensors in aqueous solution inevitably leads to

Faradaic leakage currents due to electrolysis. Direct contact of both the electrodes and

semiconductor with water has to be avoided. To prevent this contact buried electrodes

were used and the semiconductor was protected with a hydrophobic barrier layer. This

additional layer then acts as a second gate dielectric. The final device is a dual-gate or-

ganic transducer. The fabrication has been scaled up to 150-mm wafers using established

semiconductor processing technologies. A microfluidic set-up is fixed on each die using

pre-cut double-sided tape to make a watertight seal with tubes for electrolyte supply. The

transducers are potentiometric sensors and in this respect similar to classical ISFETs. The

detection relies on measuring a shift in threshold voltage, ∆Vth, due to changes in the

surface potential of the second gate dielectric, ∆Ψ0. Charge density changes can only

be detected when they occur within the Debye length. Outside the Debye length the

interface potential is screened.

The change in threshold voltage is given by ∆Vth = −(Ctop/Cbottom)∆Ψ0, which

implies that the sensitivity of the dual-gate transducer can be tuned with respect to

classical ISFETs by the ratio of the top and bottom gate capacitances. An enhanced
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sensitivity is advantageous because changes to be detected are small, in the order of 10

mV.

Transducers were investigated as pH sensors. The use of a reference electrode is

essential to fix the potential of the electrolyte and to eliminate hysteresis in the electrical

transport measurements. A statistical measurement protocol was used to minimize the

drift to less than 100 mV per minute. The threshold voltage shift depends linearly on pH:

∆Vth = (Ctop/Cbottom)×58 mV/pH, in good agreement with the 59 mV as expected for

an ideal Nernstian redox reaction. An enhanced sensitivity is realized by using a capacitive

coupling larger than unity. The measurements demonstrate the proof of principle of the

fabricated organic dual-gate transducers.

For application as label-free biosensors the second gate dielectric of the dual-gate

transducers should be functionalized with the appropriate antibodies. DC detection mea-

surements remain problematic however. In physiological solutions the Debye length is

small. According to the analysis detection of biomolecules whose size exceeds the Debye

length will be severely hampered. To circumvent the screening by the electric double

layer AC detection measurements are indicated.
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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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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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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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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-
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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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Samenvatting

Conventionele op silicium gebaseerde gëıntegreerde elektronische circuits, zoals de

microchips die worden gebruikt in computers en mobiele telefoons, worden gemaakt in het

substraat zelf, meestal een monokristallijne silicium wafer. De circuits zijn geoptimaliseerd

voor hoge prestaties, zoals een hoge kloksnelheid en een laag energiegebruik, door het

zo veel mogelijk verkleinen van de afmetingen van de individuele transistors. Thin-film

transistors (TFTs) worden daarentegen boven op een substraat gemaakt en toegepast in

elektronica over grotere oppervlaktes op goedkope substraten zoals glas en plastic. De

belangrijkste toepassing is in de pixelaansturing van actieve matrix schermen, zoals in

LCD monitoren, televisies en mobiele telefoons. Tegenwoordig wordt amorf silicium veelal

gebruikt als halfgeleider in TFTs. Huidig onderzoek is erop gericht om metaaloxides en

organische polymeren als vervangende halfgeleiders te gebruiken.

De belangrijkste voordelen van halfgeleidende polymeren zijn het gemak waarmee ze

kunnen worden verwerkt en hun buigbaarheid. Verder kunnen de elektrische eigenschap-

pen worden aangepast door middel van chemische synthese. In combinatie met een flex-

ibel plastic substraat kunnen organische TFTs worden geprint, waardoor extreem goed-

kope plastic elektronica mogelijk kan worden. Er zijn meerdere toepassingen voorzien,

waaronder de aansturing van beeldschermen, met als mogelijk resultaat elektronisch pa-

pier, elektronische barcodes en in elektronische neuzen als gassensoren.

Onafhankelijk van de toepassing waarin TFTs zullen worden gebruikt, is het noodza-

kelijk om de drempelspanning te controleren. De drempelspanning is de gate spanning

waar de transistor schakelt tussen het accumulatieregime, waar de stroom hoog is, en

het depletieregime, waar de stroom laag is. In logische poorten bepaalt de drempelspan-

ning het schakelpunt, dat de ingangsspanning is waarbij de poort het uitgangssignaal
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inverteert. Als de transistor gebruikt wordt als sensor bepaalt de drempelspanning het

punt met de hoogste gevoeligheid, omdat daar de verandering in de stroom het grootst

is. Voor standaard op silicium gebaseerde CMOS transistors kan de drempelspanning,

waar de transistor van en naar inversie schakelt, nauwkeurig worden ingesteld door de

hoeveelheid dotering aangebracht door ionenimplantatie. In TFTs is lokale dotering van

de individuele transistors in een circuit echter geen optie. Om deze beperking te omzeilen

en om de drempelspanning extern in te stellen zijn meerdere benaderingen

gerapporteerd. In dit werk zijn dual-gate transistors gebruikt om de drempelspanning

goed in te stellen. De twee gates, aan weerszijden van de halfgeleider, kunnen on-

afhankelijk van elkaar het ladingstransport bëınvloeden. De eerste gate accumuleert

ladingsdragers die een geleidend kanaal vormen, dat door de tweede gate zo kan worden

bëınvloed dat de drempelspanning precies vastgelegd kan worden. Dual-gate transistors

vormen de basis voor de grootste organische circuits die tot nu toe zijn gerapporteerd.

De betrouwbaarheid van organische gentegreerde schakelingen is zeer beperkt door

de spreiding in de drempelspanningen van de individuele transistors, vooral als er unipo-

laire logica wordt gebruikt. Deze spreiding leidt tot een zeer kleine foutmarge in de

logische poorten. Deze zogenaamde noise margin is het maximaal aanvaardbare ruissig-

naal dat opgelegd kan worden aan de logische poort zonder dat er fouten optreden in

het schakelgedrag. Door het gebruik van dual-gate transistors kan de noise margin van

een logische poort significant worden verhoogd. Om dit te demonstreren zijn dual-gate

transistors gëımplementeerd in een eenvoudige logische poort, de inverter. Door de drem-

pelspanning van de driver transistor in de inverter gunstig in te stellen is de noise margin

met een orde van grootte verhoogd, waardoor grote organische gëıntegreerde circuits een

stap dichterbij zijn gekomen.

Van cruciaal belang voor het ontwerpen van organische gëıntegreerde schakelingen is

een goed theoretisch model om het elektrische transport in een TFT te beschrijven. Er zijn

zowel analytische als numerieke modellen gerapporteerd. Doorgaans wordt er een tweedi-

mensionale benadering van de echte driedimensionale structuur van de TFT aangenomen.

Het effect van de halfgeleider dikte wordt hierdoor genegeerd. De bestaande modellen zijn

niet geschikt om het ladingstransport in dual-gate transistors nauwkeurig te beschrijven.

In dit werk is een numeriek programma gebruikt dat, met de benodigde aanpassingen om

het gedrag van organische halfgeleiders te benaderen, een dual-gate transistor nauwkeurig

kan beschrijven.

Dual-gate transistors vertonen vaak een opvallende bult in de gemeten stroomcurves.

Om de oorzaak hiervan te onderzoeken is de dikte van de halfgeleider gevarieerd. Door

spincoaten aangebrachte halfgeleiderlagen hebben normaliter een dikte van tientallen

nanometers. Om de dikte te minimaliseren is een dual-gate transistor gemaakt met een
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zelfgeassembleerde monolaag halfgeleider. De monolaag is chemisch gebonden aan het

bodem gate diëlektricum en het top gate diëlektricum kan er op worden aangebracht

zonder de prestaties te verminderen. De transistor gedraagt zich dan als een single-gate

transistor waarbij de effectieve gate spanning een superpositie is van de spanningen van

de top en de bodem gate. Er is geen wisselwerking geobserveerd tussen de twee door

de gates geaccumuleerde kanalen in de halfgeleider. De opvallende bulten in de stroom

curves zijn alleen geobserveerd bij dikke halfgeleiderlagen en afwezig bij de monolaag

halfgeleider.

De transistors gebaseerd op zelfgeassembleerde monolagen kunnen worden gebruikt

als gassensoren. De monolaag kan worden gefunctionaliseerd met een extra laag porfyrine-

molekulen zodat stikstofmonoxide (NO) kan worden gedetecteerd. De NO molekulen rea-

geren met de porfyrinemolekulen, waardoor negatief geladen NO−X ionen worden gecreëerd

die verschuiving van de drempelspanning veroorzaken. Omdat de halfgeleider maar een

enkel molekuul dik is, konden zeer lage concentraties NO in stikstof van slechts enkele

moleculen per miljard stikstof molekulen worden gedetecteerd. Deze gedemonstreerde

gevoeligheid is een nieuwe mijlpaal voor NO detectie met veld-effect transistors.

Transistors die als sensor in vloeistof worden gebruikt zijn al veertig jaar geleden

gedemonstreerd in de vorm van ionen-gevoelige veld-effect transistors (ISFETs) en zijn

nu commercieel verkrijgbaar als pH detectoren. ISFETs zijn standaard MOSFETs waarbij

de gate electrode is vervangen door een elektrolytische gate; een vloeistof met daarin

een referentie-elektrode. De maximaal haalbare gevoeligheid van ISFETs wordt bepaald

door thermodynamica en is beperkt tot een verschuiving van de drempelspanning van 60

millivolt per pH.

ISFETs worden onderzocht als potentiële biosensoren waarbij biomolekulen direct

elektrisch kunnen worden gedetecteerd zonder dat de moleculen eerst hoeven worden

gelabeld met een fluorescerend molekuul voor optische detectie. Het elektrische signaal

van relatief grote molekulen zoals DNA wordt echter afgeschermd door een geladen

dubbellaag van ionen op het grensvlak tussen de oplossing en het gate diëlektricum.

De gevoeligheid van bestaande ISFETs is te laag voor praktisch gebruik. Een grote

verscheidenheid aan mogelijkheden, zoals koolstof nanobuizen, silicium nanodraden en

op diamant gebaseerde ISFETs, wordt onderzocht om de gevoeligheid te vergroten.

Dit werk beschrijft een doorbraak in de gevoeligheid. De capacitieve koppeling in een

dual-gate transistor kan worden gebruikt om de gemeten verandering in drempelspanning

aan de elektrolytische gate om te zetten in een veel grotere verschuiving aan de andere

gate. De gevoeligheid neemt lineair toe met de capacitieve koppeling tussen de top en

bodem gate diëlekrica. Eerst werd een polymere dual-gate TFT gebruikt om een dual-gate

ISFET te maken. Enkele uit twee verschillende polymeerlagen bestaand top diëlektricum
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is gebruikt, omdat er door de losse structuur in een polymeerlaag altijd kleine gaten

zitten. Door een tweede polymere laag aan te brengen worden de gaten in de eerste laag

afgedekt door de bovenliggende laag. Verder zijn de source en drain elektrodes door een

laag fotolak gepassiveerd om lekstromen veroorzaakt door elektrolyse te voorkomen. De

uiteindelijke sensoren waren stabiel bij hoge drain spanningen. De capacitieve koppeling

werd beperkt door de dikte van het top gate diëlektricum, dat uit twee lagen bestond.

De gevoeligheid van de sensor kon worden verhoogd, maar slechts tot 100 millivolt per

pH.

Om de gevoeligheid significant te verhogen is de capacitieve koppeling geoptimaliseerd.

Door het gebruik van een ultradun top gate diëlektricum van slechts een enkele mono-

laag werd een capacitieve koppeling bereikt die bijna twee ordes hoger was dan voor het

polymere gate diëlektricum. De monolaag is echter niet in staat om al het water uit de

halfgeleider te houden, dus is het nodig om de drainspanning zeer laag om electrolyse

te voorkomen. Om toch nog een betrouwbare meting te kunnen doen is een halfgelei-

der nodig met een hoge mobiliteit, zodat er bij een lage drain spanning toch nog een

goed meetbare stroom loopt. Als halfgeleider is daarom zinkoxide gebruikt, waardoor

een gevoeligheid van 2.5 volt per pH kon worden behaald. Dit resultaat maakt het mo-

gelijk om betrouwbare biosensoren te maken waarbij de moleculen op een eenvoudige

manier elektrisch kunnen worden gedetecteerd en niet meer biochemisch hoeven worden

gelabeld.
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