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Abstract— Unlike nanoscale silicon transistors, printed
thin-film fransistors usually rely on micrometer size channel
lengths. The device dimensions, the morphology of the
channel material, and the interface properties strongly influ-
ence important device parameters such as the threshold
voltage (V) and the transconductance parameter (k). In this
article, we analyze and model the dependence of critical
electrical device properties of printed, electrolyte-gated
transistors, based on crystalline indium oxide channel, for
various device geometries. It is shown that the threshold
voltage scales with the charge density at the electrolyte
channel interface and is hence linearly dependent on the
channel length (L). Furthermore, nonlinear scaling effects
in the transconductance parameter and in the on-current are
studied, which turn out to be dependent on both, channel
width and length. Finally, we present a scaling model captur-
ing the width/length dependencies of the studied transistor
technology which enables the correct simulation of logic
gates.

Index Terms—Channel geometry scaling,
electrolyte-gatedtransistors (EGTs), oxide semiconductors,
printed electronics (PEs).
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I. INTRODUCTION

RINTED electronics (PE) technologies offer a variety

of attractive features such as on-demand printing and
realization of circuits and systems on flexible and rigid sub-
strates. All such features are crucial for sensors, Internet of
Things (IoT), and soft robotics [1], [2]. Traditionally, organic
materials are used to develop PE transistors [3]-[5]. How-
ever, due to various challenges including low carrier mobility
and reliability issues associated with such printing technolo-
gies [6], there has been considerable research for processes
based on inorganic materials [7]-[9]. One such technology
is the inkjet-printed electrolyte-gated transistor (EGT) tech-
nology [10] (also referred to as EGFET). Inorganic channel
materials (such as indium oxide) based EGTs have much
higher mobility compared to transistors based on organic
materials and can operate at a very low supply voltage (< 1 V)
due to electrolyte-gating [11]-[14].

EGT technology has improved over time starting from
the initial material based studies [15] to electronic design
automation (EDA) flows [16]. Research on all such topics
has helped to scale the technology from device to circuit
level and to improve the design flow. However, the top-gate
EGT geometry scaling effect on performance parameters has
not been modeled and integrated into the design flow. The
scaling of such parameters is mainly dependent on the device
materials stack and printing process. Thus, the parameter
scaling trend could be different for different technologies.
The effects of geometrical scaling should be systematically
studied and modeled to update the compact models in the
design environment (also referred to as process design kit).
Such predictive models provide a proper interface between
technology and circuit design.

In this study, we perform a comprehensive empirical study
by printing devices with different channel geometry to evaluate
the key performance parameters of the EGT, i.e., threshold
voltage (Vyy), transconductance parameter (k), and ON-current
(Iox). We would like to point out, that we use geometric
scaling of the channel area only to tune the electrical character-
istics using the same fabrication process steps, which allows to
be captured during the circuit design phase. This is in addition
to other work where, e.g., the material stack, channel doping,
and process steps were altered to change the device character-
istics, which yields more fundamental changes in the electrical
transport mechanisms [18], [19]. Usually, charge carrier mobil-
ity is discussed as an important performance parameter and
is calculated by extracting transconductance and estimating



a constant gate-capacitance. As the gate-capacitance and the
effective area of the gate are not straightforward to estimate
in EGTs due to their rough interfaces and voltage-dependent
gate-capacitance [20], instead of electron mobility we report
and discuss transconductance as a performance parameter
that can be extracted from measurement data directly. The
transconductance parameter is the product of mobility (u)
and gate capacitance (C,). It is observed that Vi, scales with
the channel length (L), which resembles in a short-channel
effect observed in MOSFET for channel lengths less than
2 pum [21]-[23]. Interestingly, this effect is visible in EGT
technology for L > 10 gm. On the other hand, k and Iy
scale with channel width (W) and length (L). The parameter k
is limited in the long-channel devices due to the high surface
roughness resulting in voids at the semiconductor—insulator
interface and reduced mobility [24]. The scaling behavior of
the performance parameters is reported, modeled, validated,
and added into the design environment. It will help to provide
more accurate device models to design and optimize circuits
and systems within the optimal range of these parameters in
the future.

This article is organized as follows. In Section II, we discuss
the related work on channel geometry scaling for printed
transistors. In Section III, experimental details and analysis of
the performance parameters for EGT are discussed. Section IV
addresses the modeling of performance parameters and exten-
sion of the EGT dc model. Finally, Section V concludes this
work.

Il. RELATED WORK ON GEOMETRICAL SCALING EFFECT

Multiple studies were reported in the past for the geomet-
rical scaling effect in printed transistors. The performance
parameters trends were analyzed for organic thin-film transis-
tors (OTFTs) [25], indium-zinc-oxide (a-InZO) TFT [26] and
in-plane EGTs [27]. In all aforementioned studies, the thresh-
old voltage (Vi) and mobility (u) trends are studied and
reported. Liu et al. [25] claim that for small channel devices
carrier mobility transport is limited by contact injection. Addi-
tionally, u increases while Vi, decreases with the increase in
channel length (L). However, for L > 40 um, both parameters
saturate. Lee ef al. [26] claim that x is independent of channel
length. However, Vj, increases with L due to intrinsic voltage
stress instabilities. The work by Mondal et al. [27] is the clos-
est compared to our study, where the authors have analyzed
the performance parameters scaling for in-plane EGTs. The
authors claim that the mobility decreases with the increase in
L due to high trap charge densities and nonuniform channel
surface for long-channel devices. On the other hand, they also
reported Vi, scaling with L but there is no discussion on the
trend.

It can be concluded from all studies that the trends of device
parameters are dependent not only on channel geometries but
also on the device fabrication process and materials stack. That
is why a systematic study and modeling of such geometrical
effects is required to account for them in the simulation
environment.

I1l. EXPERIMENTAL DETAILS

Different EGTs with various channel widths and lengths
are evaluated to study the scaling behavior of performance
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Fig. 1. (a) Cross section view, (b) top view, and (c) optical image of
printed EGTs.

parameters. The channel length is varied from 10 to 100 zm
and the channel width is varied from 200 to 600 xm. From
the characterization data we extract and report the threshold
voltage (Vy), transconductance parameter (k) and ON-current
(Iox) in linear and saturation regimes. Finally, we analyze and
discuss these parameters with their dependence on channel
geometry scaling.

A. Device Fabrication and Characterization

The EGTs are printed on a glass substrate sputtered with
indium tin oxide. First, drain-, source- and gate-electrodes are
structured using electron-beam lithography. Next, the indium
precursor is printed as a channel between drain- and
source-electrodes. After that, the substrate is annealed at
400 °C for 2 h. Then, the composite solid polymer elec-
trolyte (CSPE) is printed on top of the channel, and finally,
the poly(3,4-ethylenedioxythiophene) (PEDOT):polystyrene
sulfonate (PSS) based top-gate is printed. All materials are
printed using a Dimatix DMP-2831 ink-jet printer. Detailed
information about the EGT structure and materials is provided
in [10]. Fig. 1 shows the side- and top-view of the EGT and
optical pictures of the printed EGTs with different channel
widths.

For this work, we printed top-gate EGTs with dif-
ferent channel geometries. The channel lengths (L) are
10, 20, 40, 60, 80 and 100 #m while channel widths (W) are
200, 400 and 600 gm for each channel length. In total, transis-
tors with 18 unique channel geometries are printed. Ten EGTs
are printed for each geometry making it 180 transistors in total.
For all devices, the current—voltage (/-V) characteristics are
measured using a Keysight 4156C precision semiconductor
parameter analyzer. The results for a total of 90 devices (five
transistors per geometry) are used in our analysis. The rest of
the transistors were discarded due to unstable electrical charac-
teristics, bad pin contacts and/or gate leakage paths. The small
hysteresis does not have an impact on device characteristics
(not shown). The measurements were performed at a relative
humidity level of 50% and room temperature. The electrical
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Fig. 2. Measured transfer characteristics of EGT with channel width (W) = 200 um and channel length (L) = 10 to 100 um. (Vgs = —11t0o 1 Vand

Vps = 0.01 to 1 V) [17].

le=4

measurements of the devices for W =200 gm and L = 10 to
100 gm are shown in Fig. 2. The gate—source voltage (Vgs)
is swept from —1 to 1 V for drain—source voltage (Vps) of
00ltol V.

B. Parameters Extraction

The I-V characteristics of the transistors are used to extract
the performance parameters The parameters are extracted in
the linear (Vps = 0.2 V) and saturation (Vps = 1.0 V) regimes
to observe their trend in both operating regimes of the EGT.
The Vi is extracted using the H-integral function which is the
typical method for TFTs [28]. The H-integral function is given
by the following equation:

I Ips(Vos)
Ins(Vas)
The transconductance parameter (k = u x C,) is extracted

by extending the slope of the linear part in the /Ipg ver-

sus Vgs measurements. [,y is extracted from the transfer

characteristics at maximum applied gate—source voltage (i.e.,

Vos = 1.0 V). The measured electrical characteristics of an
EGT and extraction of the Vi is shown in Fig. 3.

H(Vgs) = (1

GS-

C. Analysis and Discussion

The extracted threshold voltage (Vy,), transconductance
parameter (k) and ON-current (Ioy) for different channel
geometries are shown in Fig. 4. It can be observed that all
such parameters show a clear trend with respect to channel
geometry. Vi is dependent on channel length (L) while there
is no clear trend for Vi, dependence on channel width (W).
We attribute the Vj, scaling to a low charge density at the
electrolyte-channel interface for long-channel devices, in addi-
tion to, e.g., morphological arguments [29] which remain unaf-
fected by the model presented here. On the other hand, k and
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Fig. 3. (a) Measured transfer characteristics of an EGT and

(b) extraction of threshold voltage (V;,) through H-integral function ((1))
from the measured current-voltage (/~V) characteristics in saturation
regime (Vps = 1.0 V).

Ion scale with both W and L. Both parameters are influenced
by the channel surface roughness and large crystallites in
the channel material. Further discussion regarding the scaling
behavior of each performance parameter is as follows.

1) Threshold Voltage Scaling: As Vi, increases with an
increasing channel length L up to 100 zm without saturation,
we rule out conventional short-channel effects originating
from the source/drain electrodes. Instead, we propose a model
that takes the interface capacitances between the electrolyte
and the other transistor materials (such as channel, top-gate,
drain- and source-electrodes) into account. We assume the ions
to be mobile throughout the whole electrolyte. Additionally,
we assume a double layer build-up at its interfaces. Due to low
voltage operation, we neglect redox reactions at the electrolyte
interfaces, i.e., the charge is conserved in the electrolyte. For
simplicity, we assume the drain—source voltage (Vpg) to be
small compared to the gate—source voltage (Vgs), but note
that this is not a limitation of the model presented.
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Substrate

(b)
Fig. 5. Conceptual cross section view of the channel area (not to
scale), including the charge carrier accumulation in the electrolyte and
electrodes for a positive gate voltage. “SC” denotes the semiconductor
channel. (a) shows the charge distribution for a smaller channel length
compared to (b), this implies a smaller charge density at the electrolyte-
channel-interface in the latter case (S = source, D = drain).

In Fig. 5(a), a conceptual cross section of the transistor
and the net charge distribution in the electrolyte is shown.
If the top-gate is, e.g., positively charged, negative ions accu-
mulate in the electrolyte near the top-gate, i.e., that interface
capacitance is charged. The accumulation of negative ions at
the top-gate leads to an excess of positive ions in the rest
of the electrolyte. As the bulk of any electric conductor in
equilibrium has to be field free, there may be no field in the
electrolyte and positive and negative charge has to compensate
each other. The excess positive ions repelled by the top gate
have to accumulate at the other interfaces.

The charge density at the electrolyte-channel interface
changes if we increase the channel length and keep all
other dimensions fixed, as depicted for a longer channel in
Fig. 5(b). As the channel area increases with its length and
the top gate size and gate voltage being fixed, the charge
density at the electrolyte-semiconductor interface decreases.
This implies that for the transistor in Fig. 5(b), a higher gate
voltage is needed to induce the same charge carrier density
in the semiconductor as in the transistor in Fig. 5(a). This
immediately relates to a higher threshold voltage for a long
channel device.

This model applies to the presented EGTs due to the
limited resolution in printing the top gate. The top-gate is

supposed to cover the whole channel and overlap with the
source/drain-electrodes as little as possible (see Fig. 1). How-
ever, the width of the top-gate measures at least &~ 40 um,
which is defined by the printer resolution and positioning
position accuracy as well as the ink. This implies that the
size of the top gate is constant for channel lengths from
10 to 40 x«m and covers a larger area as desired. Top gate size
increases for longer channels, but its accuracy remains limited
since the channel length is in the same order of magnitude
as the minimum possible printing size of the top gate. We,
therefore, assume the top gate size increases sublinearly with
the channel area. However, we may assume a linear correlation
of the top gate width and the channel width, as the channel
width is one order of magnitude larger than its length. This
matches our observation that Vi, does not depend on W.

2) Transconductance Parameter Scaling: As can be seen in
Fig. 4, in both operating regions, the transconductance
parameter value decreases with the increase in channel length.
This can be attributed to channel surface roughness due to the
formation of large crystallites when the printed oxides (such as
InyO3) are heated at high temperatures. The surface roughness
causes gaps/voids at the semiconductor—electrolyte interface
leading to charge traps and reduced mobility values [24].
Mondal et al. [27] have confirmed this behavior by estimating
the interfacial trap charge densities. The scanning electron
microscope (SEM) image ! of an EGT’s cross section is shown
in Fig. 6. where the crystalline structure formed in the channel
material (indium oxide) are clearly visible.

3) on-Current Scaling: ON-current (Ioy) is dependent on
multiple physical parameters such as Vi, k, W and L. The
trend for Iox is also shown in Fig. 4 where it can be seen that,
similar to transconductance, the Ion decreases for long-channel
devices. This is mainly due to the increased channel resistance

'The SEM images is adapted from Figure S9b in the supporting information
of [9].
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Fig. 6. Cross section SEM image of indium oxide-dielectric interface
(annealing temperature = 400 °C). Reproduced with permission [9].
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regime.

and reduced mobility in long-channel devices. Additionally,
the disproportionate decrease in Ipy (with the increment in L)
is attributed to the high probability of encountering defects in
the channel for long-distance transport [27].

IV. PARAMETERS MODELING

The channel geometry dependence for Vi, and k, being the
crucial performance parameters of the EGT, should be mod-
eled to reflect their behavior in the simulation environment.
It is important to optimize such parameters during the design
cycle, for device/technology development as well as for circuit
design. As Iy is dependent on multiple parameters, the model
for Vi, and k can be added to the EGT dc model to capture the
Ioy trend. Before discussing the modeling procedure, we give
a short introduction of the EGT dc model in Section IV-A.

A. EGT DC Model

The EGT dc model was proposed in the past [30]. The drain
current equation for the EGT dc model is given by

fos = lo(ln(f3 -I-ezpzi)7 - ln(f3 +ez";ﬁ)7)

where
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Fig. 8. (a) TT logic-based inverter circuit. The comparison of measured
and simulation of (b) voltage transfer characteristic of an inverter, (c) tran-
sient behavior of NAND, and (d) NOR TT-based logic gates (VOUT (M) is
the measured output voltage).

drain, and source potentials, which are normalized by the
thermal voltage ¢. The threshold voltage (Viy), power-law
parameter (y), and subthreshold slope (SS) are extracted
empirically by extrapolating the linear regions of the measured
characteristics curve. The rest of them are fitting parameters
(f1, fo, f» and f3), which are extracted by minimizing the
relative error between the measured and model generated
transistor characteristics curve. Parameter f; is referred to a
fitting parameter in the EGT dc model [30] as it was not
extracted from the measurement data. However, it is the sum
of multiple parameters and the transconductance parameter (k)
is one such parameter. In this study, the k is extracted from the
measurement data before calculating the fitting parameter fi.
Hence, k and f; are treated as two separate model parameters.

B. Channel Geometry Scaling Model

The EGT dc model is extended by accounting the channel
geometry scaling effect on Vi and k. As discussed earlier
in Section III-C, k is dependent on W and L both while
Vin is dependent on L only. Least absolute shrinkage and
selection operator (LASSO) regression [31] is used for the
model parameter extraction. The model equations are updated
as

Io = 2nfik¢?, k=gi(W,L), Vi = g2(L) 3)

where g1 and g; are the polynomial functions obtained through
LASSO regression. These functions are used to calculate
the Vi, and k based on the channel geometry. The model
and measurement comparison for parameters in saturation
regimes are shown in Fig. 7. The R? error for the Vy model
is 0.96 while for k it is 0.97. For circuit level validation,
we design the transistor-transistor (TT) based logic gates



[see Fig. 8(a)] and compare the measurements with simulation
results. In the TT-logic design, the pull-up logic is realized
through a normally-on EGT (Vi < 0 V) while pull-down
logic is realized using a normally-off EGT (Vi > 0 V). The
detailed information about the EGT-based TT-logic design is
given in [29]. Fig. 8 shows the measurement and simulation
results comparison for the TT-logic based inverter, NAND and
NOR gates (pull-down logic: W = 200 gm,L = 90 um,
pull-up logic: W = 400 gm, L = 10 gm). It is shown that
the proposed model matches very well with the measurement
(output voltage) with negligible difference for the output
voltage levels.

V. CONCLUSION

In this study, we have measured, analyzed, and modeled the
critical performance parameters of thin-film, electrolyte gated
indium oxide channel transistors (EGTs). In partic-ular, we
have studied the effect of channel length scal-ing on transistor
performance parameters. We observe an increase of the
threshold voltage Vi, with the channel length, which we
attribute mainly to a lower ion density at the electrolyte-
channel interface. The transconductance k decreases with
channel length due to larger crystallites and therefore increased
surface roughness and more voids. The ON-current Ipy
decreases for longer channels due to the decrease of k and the
higher resistance of long-channel devices. This enables us to
tune the performance parameters of the devices. In addition,
we have modeled the performance parameters trend and
included it into EGT’s dc model. The model is validated by
comparing the simulation results with measurement data of
devices and logic gates, which match very well.
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