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ABSTRACT

Electrochemical reduction and oxidation of PEDOT:PSS are used to modulate the channel current in organic
electrochemical transistors (OECTs). In addition to changing PEDOT conductivity over more than 4 orders of
magnitude, these redox reactions cause a shift in the PEDOT:PSS absorption spectrum. In this work we have used this
shift in the absorption spectrum to make spatially and temporally resolved measurements of the redox state of
PEDOT:PSS. By applying these measurements to the PEDOT:PSS in an OECT channel, we have shown that the redox
state of the PEDOT:PSS is not constant along the channel during transistor operation. Furthermore, we have shown that
the time constant of the optical transition is significantly larger near the transistor source than it is near the transistor
drain. These results are not considered in existing models of the OECT transient response, and they may lead to a better
understanding of geometry-performance relationships in OECTs.

Keywords: Organic electrochemical transistors, PEDOT:PSS, electrochromism, organic electronics, iontronics,
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1. INTRODUCTION

The biocompatibility' and exceptional transconductance of OECTs” make these devices promising for a number of high
sensitivity biosensing applications. For instance, they have been used in vitro to detect epithelial cell integrity after
exposure to various toxins’, complementary DNA strands with concentrations down to 10 pm* and acetylcholine
concentrations’. Additionally, they have been used in vivo as bioresorbable electrocardiographic recording devices® and
as sensors to detect epileptic activity in rat brains’. For such applications, both high transconductance and high speed
operation are needed. Therefore, a detailed model of the transient response of an OECT is necessary in order to correctly
interpret the measured signal. However, such a model does not currently exist in the literature. In this paper, we will
demonstrate a method that can be used to obtain data that will inform such a model. To demonstrate this method, we will
begin with an introduction about OECT operation, modeling, and characterization. Then we will discuss our methods for
making spatially and temporally resolved measurements of the hole density in OECTs. And, finally, we will discuss our
results obtained using this method.

1.1 OECT operation

The functional element of an OECT is a conducting channel made of poly(3,4-ethylene-
dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), a highly-conductive, degenerately doped organic semiconductor.
PEDOT:PSS can have conductivities greater than 1000 S/cm®; however, when the PEDOT is electrochemically reduced
to its neutral state, according to equation (1), its conductivity can drop by more than 4 orders of magnitude.
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In an OECT, equation (1) is driven to either the right or left side by the application of a positive or negative gate
voltageg. In the OFF state, a positive gate voltage is applied, and cations drift into the PEDOT:PSS channel; whereas, in
the ON state, the gate voltage is set to 0 V, and the cations are allowed to diffuse out of the channel, as shown in Fig. 1.

PEDOT":PSS + Na" + ¢ - PEDOT’ + Na":PSS (D)

Vgats = 0 MV Vgate = 300 mV

|_

(a) _ (b)

Figure 1. (a) Schematic of an OECT in the ON state. The gate voltage is at 0 V, and there are almost no cations in the OECT
channel. (b) OECT in the OFF state. The gate voltage has been stepped to a positive value, and a large number of cations are in the
OECT channel. The PEDOT is electrochemically reduced to its neutral state and becomes insulating.

1.2 Existing models of OECT transient response

Although several authors have shown that OECTs with shorter channels are faster than long channel devices'®'", the
OECT literature still lacks a systematic empirical study of response speed as a function of channel length. Moreover,
there is a dearth of papers presenting models of the transient response of OECTs. To our knowledge, the only model of
OECT transient responses was presented in the seminal paper on modeling OECTs by Bernards and Malliaras. This
work points out the importance of the interplay between two time constants in OECTs’. The electrical time constant,
which describes the amount of time it takes a hole to traverse the OECT channel, is determined by the hole mobility,
channel length, and source-drain voltage. The ionic time constant describes how quickly cations can be injected into the
transistor channel from the electrolyte, and it is determined by the RC time constant of the ionic circuit linking the
transistor gate to the transistor channel. This model shows that there will be two regimes of operation, one in which
device speed is limited by the ionic circuit and one in which it will be limited by the transit time of holes. However,
because the model assumes a spatially uniform hole density along the channel, it fails to predict a response speed that
depends on channel length — even in the case when the electrical time constant is larger than the ionic time constant.
Other work reiterates the importance of the interplay between the electronic and ionic time constants in electrolyte-gated
field effect transistors'?. The authors of that work show that long-channel devices operate at speeds slower than the ionic
time constant, and that their switching speeds vary with channel length. For devices with channels shorter than a
characteristic length, the ionic time constant dominates, and the response speed no longer depends on channel length.
Interestingly, even the long-channel devices do not obey the expected relationship between channel length and response
time; rather, they follow a 1 o< L' relationship instead of the expected T oc L?. Because the existing models fail to
satisfactorily explain the relationship between channel length and switching speed, a better model is needed. However,
before we can develop such a model, we need to better understand both spatial and temporal variations in the hole
density in the OECT channel. Unfortunately, obtaining such data is difficult with electrical measurements, which cannot
spatially resolve conductivity in the channel, but by capturing channel current, perform a weighted spatial averaging
across the entire OECT channel.
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1.3 Optical methods for measuring hole density in PEDOT:PSS

Because electrochemical oxidation (reduction) creates (removes) midgap polaron energy levels on the PEDOT chain,
changes in oxidation state are directly related to changes in PEDOT color. As the PEDOT is oxidized, polaron levels are
introduced in the HOMO-LUMO band gap; this causes both an increase in hole concentrations and a shift of the
absorption spectrum peak from the red to the infrared'®. Therefore, the optical and electrical responses of PEDOT:PSS
are directly linked, and we can use optical measurements to monitor the conductivity of PEDOT:PSS'>'*. Unlike
measurements of channel current in OECTs, these optical measurements do not necessitate spatial averaging over the
entire OECT channel. In fact, it has been shown that such methods can be used to track electrochemical dedoping fronts
in polypyrrole:dodecylbenzenesulfonate and PEDOT:PSS films'>'®. Furthermore, it has been shown that UV-vis-NIR
spectroscopy can be used to confirm electrochemical dedoping in PEDOT:PSS-based devices'”'®. However, in these
studies, the electrochromic response was averaged over a large area, and spatial gradients in the hole density were not
measured. To our knowledge, no spatially and temporally resolved studies of hole density in OECTs have been made.
However, such a study is precisely what is needed in order to develop a better model for OECT transient responses.
Therefore, in this work, we have measured local hole densities throughout an OECT channel during device switching,
and we have demonstrated that these measurements can be used to advance our understanding of OECT transient
responses.

2. METHODS

In this study, lateral OECTs were fabricated as follows: First, Cr (5 nm)/Au (100 nm) source, drain, and gate electrodes
were patterned on glass substrates using thermal evaporation and standard photolithographic liftoff techniques. Next, the
chip was cleaned via sonication in isopropanol and a 5 min. 150° C dehydration bake in ambient conditions. Then, a
PEDOT:PSS formulation was spun-cast on the chip. After baking for 10 min. at 150° C in ambient conditions, the
PEDOT:PSS was patterned by scratching away the polymer with a 5 um radius tungsten probe tip controlled by a
micropositioning system. After the PEDOT:PSS was patterned, a sodium-based gel electrolyte solution was drop cast
over the entire chip and allowed to dry at room temperature for more than 24 hours. An image of one of the resulting
devices is shown in Fig. 2.

SOURCE

Figure 2. Optical microscope image of an OECT.

The electrical characterization of the devices was performed with a Keithley 2636A source meter unit with custom-
written control code that executed a 5 ms measurement trigger model. The optical measurements were taken
simultaneously with the electrical measurements. The chip was illuminated from the bottom by a ThorLabs MCWHL?2
white LED, and the images were captured from above the chip through a 10x/0.25 NA objective. The camera used for
the characterization was a monochrome, high-speed, global shutter CMOS sensor. After the optical measurements were
made, the 8-bit images were convolved with a 5 pixel x 5 pixel Gaussian kernel with a standard deviation of 10. Because
we used transmission mode illumination, and because the spectrum of the illumination source did not contain any
infrared, oxidation resulted in a brightening of the captured image; whereas, reduction caused a darkening of the
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captured image (see Fig. 3). In agreement with past studies'’, we have assumed a linear relationship between optical
intensity change and change in conductivity.

(a) (b)

Figure 3. Unprocessed images of an OECT channel during device operation. (a) an optical microscope image with all electrodes
floating. (b) an image with Vgguce = 0 V, Vppin = -300 mV, Vg, = 300 mV. The gate is not in the captured frame. It is 120 um
away from the OECT. Scale bar is 50 um.

3. RESULTS

Figure 4 shows a typical series of frames during the switching event in our OECTs. It is clear from these images that the
channel changes color and reaches a steady state in less than 50 ms after the gate voltage is stepped. Furthermore, it is
clear that the conductivity decrease is more intense near the drain electrode than it is near the source electrode. To
emphasize this second point, we have taken a single image from the sequence of images and plotted the color change
profile along the length of the channel. This result is shown in Fig. 5. Although fitting a model to these data is not within
the scope of this paper, the nonlinear decrease in conductivity suggests a Poisson-Boltzmann distribution, balancing the
drift and diffusion of cations in the OECT channel®.

Not only did we use our optical data to obtain a spatial conductivity profile at a snapshot in time, we also used it to find
how channel conductivity evolved with time. To obtain this result, we averaged 30 pixel columns (~ 15 pm) of the
OECT channel near the drain electrode. Similarly, we found the transient response near the source electrode. As shown
in Fig. 6, both the amplitude of the change in channel conductivity and the speed of this change are faster near the drain
electrode than they are near the source electrode. Furthermore, if we compare these responses to the electrical response,
we see that optical response is significantly slower. To see if the results shown in Fig. 6 are part of a larger trend, we
have plotted the time constant of the optical response at 30 pixel intervals along the OECT channel. In Fig. 7, we can see
a clear trend of increasing time constant with increasing distance from the drain electrode.

4. DISCUSSION

As mentioned above, the results shown in Fig. 5 may follow a Poisson-Boltzmann model, and they are not terribly
surprising. Because the drain voltage is negative with respect to the source, there is a stronger field between the gate and
drain than there is between the gate and source. This larger field near the drain tends to push more sodium ions toward
the drain, thus reducing its conductivity more noticeably than that near the source. While the results in Fig. 5 confirmed
our existing expectations, those shown in Fig. 7 did not follow existing models. In particular, according to the Bernards
and Malliaras model, we’d expect the time constant for the conductivity change to be given by the RC time constant of
the ionic circuit linking the gate and OECT channel’. However, due to the geometric symmetry of the OECT, we’d
expect the RC time constant to be the same at the drain as it is at the source, yet this is not what we observe. One reason
for this departure from the expected behavior might be that the capacitance between the OECT channel and the gate
electrode is voltage dependent. Because this capacitance arises from electrolytic double layer capacitances, such a
voltage dependence would agree with existing models®'. Another peculiar result found in our work is the fact that the
electrical time constant is shorter than any of the measured optical time constants. One possible explanation for this is
that the electrical response is dominated by a small region immediately adjacent to the drain electrode. If dedoping
happens very quickly there, a depletion region can form in series with the rest of the OECT channel and greatly decrease
the overall channel conductance. With the existing experimental setup, we are not able to monitor the optical response
within a few micrometers of the electrodes because of shading and diffraction around the electrode edges. In future
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studies, we will work to overcome these limitations in order to measure the response of the regions closest to the
electrodes.

-

-AC (a.u.)
<

]}
<0 0.5 1

Figure 4. From top to bottom and left to right, a series of images showing the conductivity decrease after the gate voltage is stepped
to 300 mV. In all frames, the source and drain electrodes are a 0 V and -300 mV, respectively. In the upper left frame the gate
electrode is at 0 V, but in all other frames it is at 300 mV. Higher values on the color scale correspond to larger differences in pixel
intensity after subtracting from the baseline image. (All electrodes are floating in the baseline image.)
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Figure 5. Conductivity profiles along the OECT channel. The conductivity change is measured by subtracting the steady state
intensity profiles (after stepping the gate voltage) from the intensity profile of the initial image (with all electrodes floating). The
two-dimensional intensity maps are reduced to one-dimensional profiles by averaging along pixel columns in the captured images.
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Figure 6. (a) The time response of the conductivity decrease near the drain electrode. (b) The time response of the conductivity
decrease near the source electrode. Data, axes, and fits shown in red correspond to optical measurements while those shown in

black correspond to electrical measurements.
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Figure 7. Time constants of optical response at different locations along the OECT channel.
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5. CONCLUSION

In conclusion, we have demonstrated a novel method for characterizing OECTs. We have shown that we can use
spatially and temporally resolved optical measurements to obtain conductivity profiles along the OECT channel and that
the conductivity change occurs faster near the source than it does near the drain. Although we have not associated our
results with a quantitative model, we have shown the utility of using these methods. Ultimately, these methods will be an
important tool in improving our existing understanding of OECTs because they provide data that cannot be obtained via
electrical measurements alone, and they will help inform an improved model of the transient response in OECTs.
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