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ABSTRACT: Organic electrochemical transistors (OECTs)
have been successfully employed for a variety of applications ,
especially chemical and biological sensing. Although the device
response to analytes can be directly monitored by measuring
steady-state channel currents of the devices, it is challenging to
obtain stable signals with high signal-to-noise ratios. In this
work, we developed a novel method for electrochemical
sensing by measuring both the transconductance and the phase
of the AC channel current for the first time. Then we
successfully realized highly sensitive ion strength sensors and dopamine sensors based on the AC method. Our results indicate
that the AC method is more sensitive than typical DC methods and can provide more stable data in sensing applications.
Considering that the sensors can be conveniently integrated with AC circuits, this technology is expected to find broad
applications in the future.
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1. INTRODUCTION

Organic electrochemical transistors (OECTs), a kind of organic
thin film transistors operating in aqueous electrolytes, have
exhibited great potential for the applications as biosensors.1,2

Since the demonstration of the first OECT in 1984,3 it has been
extensively investigated as a promising platform for a wide
range of chemical and biological sensing applications, including
ions,4−7 pH,8 glucose,9,10 dopamine,11,12 bacteria,13 cells,14−16

and tissues,17−20 etc. A figure of merit for a biosensor is the
limit of detection (LOD), which is determined by the signal-to-
noise ratio that normally should be higher than 3.21,22

Therefore, an effective method for optimizing the LOD of a
device is to decrease the noise level in the measurement. The
characterization of various OECT-based biosensors reported
before is mainly based on the measurement of DC current
responses of the devices to analytes and the LODs of the
devices are decided at the analyte concentrations when the DC
current responses are 3 times higher than the noise levels of the
channel currents.
AC measurements can effectively alleviate noise by filter

circuits and lead to more stable data than DC approaches,
which, however, have been rarely reported before. The major
reason is due to the long response times (normally ∼10 s) of
OECTs to external signals. In 2013, Khodagholy et al.23

reported the fabrication of high-speed OECT arrays with small
device sizes and performed a detailed investigation into the
steady-state and transient-state characteristics of the OECTs,
indicating the possibility to operate the devices at a frequency
of up to several kilohertz for sensing applications. Tybrandt et
al. successfully integrated OECT into fast scan cyclic
voltammetry for on-site amplification application to character-

ize the concentration of dopamine.24 Then in 2015, Rivnay et
al.25 developed a new technique to combine OECT drain
current measurement with simultaneous traditional impedance
sensing, for in vitro cell based sensing. Ramuz et al.26 also
showed the possibility to use transconductance-frequency
spectrum for monitoring of cell layer coverage and differ-
entiation, indicating the advantage of AC characterization in
noninvasive dynamic assessment of the integrity of cells. More
recently, Gualandi et al.27 introduced a potential dynamic
approach into an all-PEDOT OECT sensor used for dopamine
detection, which shows high selectivity to interferences by
separating the redox waves of the transconductance curves for
each compound. However, the introduction of AC measure-
ments of OECTs in electrochemical sensing has not yet been
systematically investigated until now.
In this work, we demonstrate AC measurements of OECT-

based biosensors that can detect ion strength and chemicals
(i.e., dopamine) with lower LODs. By miniaturizing the
channel area of OECT to tens of micrometers, the device
response time could be decreased to 10−5 s. Compared with
conventional sensing methods based on measuring DC channel
currents, the AC method shows several advantages, such as
more information available (both amplitude and phase of
channel currents), more stable signal, and higher signal-to-noise
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ratio. Therefore, the devices characterized with AC measure-
ments would be very useful in the applications as bioelectronics.

2. EXPERIMENTAL SECTION
2.1. Materials. Poly(3,4-ethylenedioxythiophene)−poly-

(styrenesulfonate) (PEDOT:PSS) (Clevios PH-500) aqueous solution
was purchased from Heraeus Ltd.. Phosphate buffered saline (PBS)
solution (pH 7.4), dimethyl sulfoxide (DMSO), glycerin, and
dopamine were all purchased from Sigma-Aldrich Co. and stored at
4 °C for further use. (3-Glycidyloxypropyl)trimethoxysilane (GOPS)
was purchased from International Laboratory, USA. AZ5214 and SU-8
2002 photoresists were purchased from Microchemicals GmbH.
2.2. Device Fabrication. We developed a novel, convenient, and

reproducible approach to prepare OECTs by multilayer photo-
lithography. The device architecture of an OECT is illustrated in
Figure 1. The fabrication process of OECT included the deposition
and patterning of metal electrode, PEDOT:PSS layer, and photoresist
insulating layer in sequence (Supporting Information Figure S1). Glass
substrates were surface polished and cleaned by chemical and plasma
methods. AZ5214 photoresist was spin coated and exposed to UV
light using OAI 800 contact aligner and then developed by AZ 400K
developer. Then Au (∼100 nm)/Cr (∼10 nm) electrodes were
deposited on the glass substrate by magnetron sputtering through a
standard lift-off process. The channel length (L) and width (W) of the
devices were 5 and 22 μm, respectively (Figure 1b). Then a second
layer of photoresist was spin coated on the substrate with electrodes,
and the channel window was opened by alignment photolithography.
For the preparation of PEDOT:PSS film, the aqueous dispersion was
mixed with DMSO and glycerin (both with a volume ratio of 5%) to

improve the conductivity and stability of PEDOT:PSS films. In
addition, the cross-linker GOPS was added to the above dispersion
with a volume ratio of 1% to prohibit PEDOT:PSS dissolution.
PEDOT:PSS was then spin coated on the patterned photoresist and
annealed at 150 °C for 1 h. After that, unwanted PEDOT:PSS with
photoresist were removed by washing with acetone. At last, another
layer of SU-8 2002 photoresist was spin coated and patterned on the
surface of the PEDOT:PSS film, acting as an insulating layer to protect
the Au electrodes from the aqueous electrolyte. The surface
morphology of PEDOT:PSS films before and after the photo-
lithography processes were investigated by atomic force microscopy,
as shown in Figure S2. No difference can be observed in the surface
morphology and roughness before and after the photolithography
processes, indicating that the PEDOT:PSS layer is very stable during
the device fabrication. Devices were subsequently immersed in PBS
buffer solution to remove any excess of low molecular weight
compounds. At last a reservoir made of a poly(dimethylsiloxane)
(PDMS) wall was attached to the substrate to form the aqueous
electrolyte containing cell for characterization and sensing application
of the devices. The gate electrode of OECT was deposited separately
by magnetron sputtering through a shadow mask, resulting in a 3 mm
× 3 mm patterned Ti (∼10 nm)/Pt (∼100 nm) electrode. Then the
electrode was immersed into the PBS solution in the PDMS well for
electrical characterization.

2.3. Device Characterization. The OECT device was immersed
in PBS buffer solution, as shown in Figure 1a. The optical images of
the device were observed by Olympus IX71 inverted microscope. The
output and transfer characteristics of the devices were measured by
two Keithley source meters (Keithley 2400). For transient measure-
ments, an Agilent 33220A waveform generator was used to provide the

Figure 1. Structure of the OECT. (a) Schematic diagram of an OECT cross-section and the wiring system for device operation. (b) Optical
micrograph of an individual transistor and the whole OECT array.

Figure 2. (a) Output characteristics (drain current ID versus drain voltage VD) of an OECT under gate voltage VG varying from 0 to 0.6 V. (b)
Transfer curve (black line, ID ∼ VG) and resulting transconductance (blue symbols) derived from mathematical differential at VD = 0.05 V, together
with transconductance curves derived from AC sweeping of gm over VG bias under various measurement frequencies (from 8 Hz to 80 kHz).
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gate voltage pulse, and the channel current response was recorded by
the Tektronix TDS2000C digital storage oscilloscope. For the small
signal transconductance measurement, the sinusoids gate input (with
the amplitude of 50 mV and a certain bias) was applied by the
waveform generator, and the drain current was converted by SR570
low noise current preamplifier into a voltage signal and then collected
by the SR830 DSP lock-in amplifier, to get the transconductance and
the corresponding phase angle shift. The instruments were connected
and controlled by a customized LabVIEW program. To demonstrate
the advantages of the AC measurements, OECT-based ion sensors and
dopamine sensors were characterized under AC gate voltages. In the
measurement, dopamine aqueous solutions (diluted with PBS) with
designed concentrations were added into the PBS solution in the
PDMS reservoir and mixed by a pipet to measure the change of
transconductance at a fixed gate voltage.

3. RESULTS AND DISCUSSION

3.1. AC Measurements. Figure 2a shows the output
characteristics of a typical OECT with negative sweeping bias
(0 to −0.6 V) on the drain and stepped gate voltages varied
from 0 to 0.6 V applied from the Pt gate electrode immersed
into the PBS solution. The corresponding transfer curve for VD
= 0.05 V is shown in Figure 2b. The drain current decreases
with the increasing gate voltage, showing the typical low-voltage
operation of OECT in the depletion regime.28 The trans-
conductance (gm = ΔID/ΔVG) derived from the transfer curve
(blue symbols in Figure 2b) reaches a peak value of gm = 0.138

mS at VG = 0.41 V. It is notable that the simultaneously
measured gate current (leakage) of the devices is less than 30
nA throughout the output and transfer characterization (Figure
S3), demonstrating the good insulation performance of the SU-
8 photoresist layer used to package the source and drain
electrodes.
Next, the device was characterized with an AC method. A

small sinusoidal oscillation signal (vg, 50 mV in amplitude) with
the frequency of f is superimposed on the gate bias VG, leading
to an AC channel current of OECT. The AC gate voltage vG
and the induced channel current iDS (consists of DC
component IDS and AC component ids) are given by

ν ν ν= + = + | |

= + = + | |

π

π θ+

V V

i I i I i

e

e

j ft

j ft

G G g G g
2

DS DS ds DS ds
(2 )

(1)

Then the transconductance is defined as

ν ν
=

Δ
Δ

=
| |
| |

θg
i i

e
V

j
m

DS

G

ds

g
DS (2)

Therefore, by superimposing a small sinusoidal signal (with
fixed amplitude |vg|) to the gate voltage, the transconductance
gm with corresponding phase shift angle θ could be collected
simultaneously by the lock-in amplifier.

Figure 3. (a) Channel current response to a VG pulse of 0.2 V, with a drain voltage of VD = 0.05 V, for an OECT operated in a series of KCl
solutions with increasing concentration from 10−5 to 10−1 M. Inset: Channel current response of a device operated in 10−1 M KCl solution, with the
time axis in the millisecond range. (b) Frequency dependence of the small signal transconductance value and (c) corresponding phase angle under
various ionic concentrations of KCl. The device is biased with VD = 0.05 V and VG = 0.2 V. (d) Extracted time constant from pulsed gate voltage
stimulation (red) and cutoff frequency of gm frequency spectrum (black) as a function of KCl concentration. The lines are for double-log linear
fitting.
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By simply sweeping VG from 0 to 0.6 V, the gm − VG relations
under different operation frequencies were obtained, as shown
in Figure 2b. It is reasonable that when operated at relatively
low frequencies, the transconductance curves are quite similar
to the one derived from the transfer characterization at steady
state, all reaching a peak value at around VG = 0.41 V. With the
increase of the operation frequency from 8 Hz to 80 kHz, the
peak value decreases due to the lagged response of the ions
moving between the aqueous electrolyte and the PEDOT:PSS
channel.
3.2. Ion Strength Sensing by OECTs. Although OECTs

have been successfully employed in various kinds of sensing
applications, a major drawback of the devices is the slow device
response. According to the device physics of OECTs,23,25 the
drain current of a device is dependent on the number of ions
that could be injected into the channel, which in turn
determines the time needed for the device to reach the steady
state. We consider that the device response speed is closely
related to the ion concentrations. Therefore, the dynamic
response of OECTs is expected to imply the ion concentrations
in the electrolytes and, consequently, ion strength sensors can
be realized based on this principle.
To characterize the effect of ion strength on the response

speed, the transient behavior of an OECT under the application
of a gate voltage was measured first. Here, a gate voltage pulse
(VG = 0.2 V) is applied through the electrolyte with various
KCl concentrations, as shown in Figure 3a. The channel current
ID is monitored simultaneously with the applied pulsed VG.
When VG was switched from 0 to 0.2 V, a rapid decrease of ID
was observed, followed by nearly steady state behavior after a
certain period of time. According to the Bernards’ model28 and
further investigation by Friedlein et al.,29

τ= + Δ − −I t I I t( ) (0) [1 exp( / )]D D D RC (3)

The ionic RC time constant τRC is the key factor limiting the
response speed of the device. Then a first order exponential
decay (ID(t) ∼ exp(−t/τRC)) is applied on the fitting of the
responding drain current curve in Figure 3a to extract the
transient response time τRC. Then this response time is plotted
as a function of the KCl concentration and a linear fitting is
applied on the double-log axis in Figure 3d. The response time
is shortened by 4 orders of magnitude, from 0.32 to 5.58 × 10−5

s, as the result of increasing KCl concentration from 10−5 to
10−1 M. The result indicates that the response time has a good
linear relationship with the ion concentrations in electrolytes,
under a log−log plot, indicating that the response time of
OECT can be used to identify the ion concentrations in the
electrolytes. By fitting the data in Figure 3d, the relationship
between the response time and the ion concentration can be
presented in the following power function:

τ = − −c10RC
5.15

ion
0.409

(4)

where cion represents the ion concentration in an electrolyte.
It is more convenient to characterize the response time of a

device by AC measurements. The frequency-dependent
transconductance was characterized in electrolytes with differ-
ent ion concentrations. Figure 3b shows the tendency of gm
versus KCl concentration in the frequency range from 1 to 105

Hz. The corresponding phase angle shift is also shown in Figure
3c. When the ion concentration is higher than 10−3 M, the
phase angle keeps at a constant value in the low-frequency
region, and only the shift of the curves along the x-axis could be
observed for varying concentrations.

The decrease of gm with increasing frequency here provides
another method to extract the response time of the OECT
device. The cutoff frequency is defined at the point when the gm
value decreases to 0.707 of the maximum value (−3 dB).30,31

So the response time is the reciprocal of the cutoff frequency,
and again the relationship between the response time and the
concentration is plotted in Figure 3d. By fitting the
experimental results, we can get the following power function
relation between response time and ion concentration, which is
similar to that obtained from the transient measurements.

τ = − −c10RC
4.95

ion
0.423

(5)

Therefore, both the transient and the AC methods can be
used to characterize the response time of an OECT and used to
decide the ion concentrations in electrolytes.
According to previous investigation by Khodagholy et al.,23

the response time of OECT is majorly limited by the ion
transport in the ionic circuit (between the aqueous electrolyte
and PEDOT:PSS film), considering that the hole transport in
the PEDOT:PSS channel is a much faster step. Therefore, this
relationship between the response time and the ionic
concentration could be explained by simplifying the ionic
circuit as a resistor (with the resistance R) and capacitor (with
the capacitance C) in series. According to the definition, the
conductance G of the electrolyte solution is given by

κ= = = ΛG
R

A
l

c
A
l

1
m ion (6)

where κ is the electrolyte conductivity, l and A are the length
and the cross-section area of the ionic circuit, and Λm
represents the molar conductivity. Therefore, the resistance is
given by

=
Λ

R
l
c Am ion (7)

For the discussion of capacitance in PEDOT:PSS film, recently
Proctor et al.32 carried out a simple model by describing the
capacitance in terms of the sites where holes are replaced by the
ions injected from the electrolyte. Therefore, the capacitance
per unit volume, which is called the volumetric capacitance C*,
is given by

α
* =

′
C

C DL
(8)

where C′DL is the conventional double layer capacitance from
the Helmholtz model and α is the average distance between
sites. The volumetric capacitance could then be further derived,
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where ε0 and εr are the vacuum and relative permittivity, d is
the thickness of the electric double layer, F is the Faradaic
constant, Rg is the gas constant, and T is the absolute
temperature. Then the response time is given by the RC time of
the circuit:33
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This equation indicates that, under an optimum condition, the
time constant τRC is proportional to cion

−1/2. The experimental
results from both the transient and the AC measurements show
the same power function relationship between τRC and cion with
the exponent of around −0.41. This can be ascribed to the fact
that the molar conductivity Λm is also concentration dependent
(in diluted solution, Λm decreases with increasing ionic
concentration). For the concentration varying in such a wide
range, deviation from the idealized model may be present.
3.3. Dopamine Sensors. It is expected that AC measure-

ments of OECT-based biosensors can lead to better sensitivity
and LOD since the noise levels of the devices can be greatly
decreased by filters. Therefore, we developed an AC method
for characterizing an OECT-based dopamine sensor. As
reported before, an OECT with Pt gate electrode is sensitive
to dopamine in solution because the reaction of dopamine at
the Pt gate electrode may modulate the effective gate voltage
VG

eff applied on the device and the relationship between VG
eff

and the concentration of dopamine [Cdopamine] is given by11

γ= + + +V V
kT

q
a2.30(1 )

2
log[C ]G

eff
G dopamine

(11)

where γ is the capacitance ratio, defined as CC/CG, in which CC
and CG are the channel/electrolyte capacitance and gate/
electrolyte capacitance, respectively; k is the Boltzmann’s
constant, T is the temperature, and a is a constant. Moreover,
since gm changes with the gate voltage, different concentrations

of dopamine can lead to the change of gm of the device. Based
on this principle, an OECT was characterized by AC
measurements in PBS solution with the addition of dopamine
with different concentrations. Both the transconductance gm
and the phase of the device were characterized simultaneously,
as shown in Figure 4.
During the measurements, VD = 0.05 V and VG = 0.2 V with

the addition of 50 mV sinusoidal signal were applied on the
device and the response of the OECT to continuous addition of
dopamine is reflected by the real-time response of both gm and
phase angle. As shown in Figure 4a, the device starts to exhibit
an obvious signal response to the addition of 1 nM dopamine,
which is lower than the LOD of DC measurements previously
reported.11,34 A DC measurement was also carried out (shown
in Figure S4) with the same device, and LOD could only reach
10 nM. The DC response of the device to the addition of 1 nM
is not obvious in comparison with the variation of the channel
current under constant voltages.
Further into the mechanism, the change of gm and θ can be

attributed to the change of effective gate voltage due to the
oxidation reaction of dopamine at the surface of the Pt gate
electrode. This will further result in the horizontal shift of the
gm−VG curve. As indicated in Figure 4c, the curve shows a shift
of about 150 mV to lower gate voltage when the device is
characterized in 10 μM dopamine PBS solution, compared to
the blank PBS solution. The same behavior is observed for the
θ−VG curve (Figure S5). By addition of 10 μM dopamine, a

Figure 4. (a) Channel transconductance (gm) response and (b) associated phase angle change of the OECT to additions of dopamine with different
concentrations. VD = 0.05 V; VG = 0.2 V. (c) VG dependent transconductance (gm versus VG, VDS = 0.05 V) of an OECT measured in PBS solution
(pH = 7.4) before and after the addition of dopamine with the concentration of 10 μM. (d) Change of effective gate voltage (ΔVG

eff) as a function of
dopamine concentration.
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shift to lower gate voltage is also available due to the change of
effective gate voltage. This could explain the similar response of
gm and θ to the addition of dopamine solution, as shown in
Figure 4a,b.
Figure 4d shows the relationship between the variation of

ΔVG
eff and [Cdopamine]. We can find that ΔVG

eff is proportional
to log[Cdopamine] in the range of 1 × 10−7 to 1 × 10−5 M, across
2 orders of magnitude, which is consistent with eq 11. The
slope value (45.2 mV/decade) of the fitting curve (dashed line
in Figure 4d) indicates the response of the device toward the
target analyte and could also be used to derive the capacitance
ratio γ = 0.53 in eq 11. The relatively small value of γ can be
explained by the influence of device geometry, according to the
definition

γ = =
C

C
c A
c A

channel

gate

ch ch

g g (12)

where cch and cg are the channel and gate capacitances per unit
area and Ach and Ag are the areas of channel and gate electrode,
respectively. The capacitance ratio is tunable and proportional
to Ach/Ag. As we patterned the channel area into tens of
micrometer size by photolithography, Ach/Ag is significantly
reduced, which then decreases the value of γ, and consequently
the slope of the fitting curve in Figure 4d.

4. CONCLUSIONS
In conclusion, we have systematically developed AC measure-
ments for OECT-based biosensors. The AC method could be
introduced to characterize not only the behavior of ionic
motion and the ion concentrations in aqueous electrolytes but
also an electrochemical sensing process for highly sensitive
(detection limit down to 1 nM) and rapid detection of
dopamine. The main advantages of the AC method over a
traditional DC method include the ability to collect a more
stable and accurate signal in a broad frequency range and the
low noise level by introducing a lock-in amplifier. Therefore,
the AC method would be a promising approach for further
applications of OECTs in a noisy environment and complex
biological systems.
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