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Printed electrolyte-gated oxide electronics is an emerging electronic
technology in the low voltage regime (≤1 V). Whereas in the past mainly
dielectrics have been used for gating the transistors, many recent approaches
employ the advantages of solution processable, solid polymer electrolytes, or
ion gels that provide high gate capacitances produced by a Helmholtz double
layer, allowing for low-voltage operation. Herein, with special focus on work
performed at KIT recent advances in building electronic circuits based on
indium oxide, n-type electrolyte-gated field-effect transistors (EGFETs) are
reviewed. When integrated into ring oscillator circuits a digital performance
ranging from 250 Hz at 1 V up to 1 kHz is achieved. Sequential circuits such
as memory cells are also demonstrated. More complex circuits are feasible
but remain challenging also because of the high variability of the printed
devices. However, the device inherent variability can be even exploited in
security circuits such as physically unclonable functions (PUFs), which output
a reliable and unique, device specific, digital response signal. As an overall
advantage of the technology all the presented circuits can operate at very low
supply voltages (0.6 V), which is crucial for low-power printed electronics
applications.
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1. Introduction

Printed solution-processed electronic
devices open the door for new interesting
applications especially where their siliconbased counterparts have limitations as
for instance in soft electronics, disposable electronics, large-area applications,
or highly customizable electronic circuitry
and systems. Therefore, the research area
of printed electronics (PE) is growing
rapidly since the realization of the first
complex circuits in the late 1990s.[1–6]
Currently, most of the devices in PE
are based on organic materials; stateof-the-art printed field-effect transistors
(FETs) consist of lithographically structured or printed electrodes and a printed
organic semiconducting channel. As gateinsulators organic, inorganic, or high-k
dielectrics are very popular in organic
FET (OFET) structures. In general, OFETs
have field-effect mobility values below
5 cm2 V−1 s−1 and most applications based
on OFETs require high supply voltages
(≥5 V).[1,7–12] Nevertheless, rare examples of low voltage applications based on OFETs can be found in the literature.[13,14]
One approach that is recently gaining interest is to replace
the gate dielectric by electrolytes or ion-gels. Herby, the supply
voltage requirements of the printed devices can drastically be
reduced reaching the sub 1 V operation region. A high specific
gate-capacitance value in the range of several tens of µF cm−2 is
expected for electrolyte-gated field-effect transistors (EGFETs),
since a Helmholtz double layer is formed between the gate/electrolyte and the electrolyte/semiconductor interfaces. This high
gate-capacitance is responsible for lowering the supply voltage
requirements. By applying a potential to the gate-electrode, ions
with the opposite sign accumulate at the gate/electrolyte interface. At the same time, the counter ions, inside the electrolyte,
accumulate at the electrolyte/semiconductor interface, causing
accumulation of charge carriers at the surface of the channel.
Both, electronic double layers are known as the Helmholtz
double layer. It is also shown that such semiconductors can be
ion-impermeable excluding the possibility of electrochemically
doping.[15–22] On the other hand, these devices cannot be operated at too high voltages (e.g., >5 V) since high bias stress could
lead to chemical reactions and hence device instabilities. Also
their maximum speed will be limited by the ionic drift time of
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the electrolytes or ion gels, which are however still compatible
with MHz operation frequencies.[15,23,24]
Recent work by Xie et al. includes a D Flip Flop realized in
resistor-transistor logic (TR-logic), which is able to operate in
the sub 2 V regime. All interconnects and source-, drain-, and
gate-electrodes are based on photolithographically patterned gold
structures and the channel is based on an organic semiconductor
(P3HT). The setup time of the D Flip Flop is less than 50 ms
and the operation frequency is only around 5 Hz, however this
example shows the potential of EGFETs for the use in complex
circuits.[25] A DRAM cell based on the same transistor technology
as mentioned before which is able to operate at 1 V supply voltage
is also presented in the literature.[26] The retention time of the
DRAM cell is greater than 1 min when the write pulse is 20 ms
long. The high retention time is related to the fact that EGFETs
have a high gate capacitance. With the same EGFET, also a more
complex circuit using 23 transistors with the functionality of an
H-bridge driver is demonstrated at the supply voltage of 1 V.[11]
In general, the circuit performance is a complex interplay
between the DC performance of the in-build devices as well as
the parasitic capacitances generated by interconnects as well as
the single devices in the particular circuit layout. The choice of the
semiconductor channel material is crucial when determining the
DC performance of single devices. Owing to their high mobility
values, solution processed oxide semiconductors like indium oxide,
indium gallium zinc oxide, and zinc oxide have recently become
popular as channel material in printed FET technology.[15,27,28]
Single crystal oxide semiconductors, for instance, typically show
the highest carrier mobility values, in the case of indium oxide
specifically in the range of several 100 cm2 V−1 s−1.[15,29] Other
favorable properties of these wide bandgap oxide semiconductors
include stability in air over a wide temperature range, optical transperency, mechanical flexability, and their abilitiy to be easily processable in printing techniques.[15,24,30,31] Promising circuits based
on oxide semiconductors have already been successfully measured
and show high stability under ambient conditions, lifetimes over
several months as well as high performance.[17–20,29,32–34]
The great potential of oxide semiconductors is shown in a
ring oscillator based on FETs with indium gallium zinc oxide
channel and aluminum oxide dielectric, which oscillates at a
frequency of 640 kHz, which translates into a propagation delay
of 155 ns per stage. The interconnects and electrodes of the
ring oscillator are based on lithographically structured indium
tin oxide (ITO) patterns. However, the operating supply voltage
is 25 V since a dielectric is used as gate isolator.[35] With the
same channel material, a binary coded decimal (BCD) to sevensegement decoder is implemented with an operating frequency
of 500 Hz and 5 V supply voltage.[36] Owing to the sensitivity
of some oxides to biological components, field-effect-based sensors like electrolyte–insulator–oxide semiconductor structures,
oxides were also integrated in sensor applications for detecting
pH, penicillin, and DNA.[29,37–39]

2. Electrolyte-Gated Field-Effect Transistors Based
on Indium Oxide Channel
In this section, the basic device properties of EGFETs based
on indium oxide semiconductor channel material gated with a
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composite solid polymer electrolyte (CSPE), which combines the
benefits of having high performance devices, good printability
and, when gated with an electrolyte or ion gel also operation at
low supply voltages, are described. The later discussed circuit
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Figure 1. a) Cross section of an EGFET. b) Optical image view of the EGFET. c) Transfer curve: the gate (Ig) and the drain–source (Ids) currents are
plotted against the gate–source voltage (Vgs) at different drain–source voltages (Vds) (denoted in the legend). d) Output curve: drain–source current
(Ids) versus the drain–source voltage at different gate–source voltages (Vgs) (please see the legend).

properties can be deduced on the basis of the transistor properties. In Figure 1, the cross-sectional view of such an EGFET
is displayed, where the channel width (W)/channel length (L)
ratio is chosen to be 600 µm/60 µm. In the past, it has been
shown that these EGFETs perform reliably over a wide temperature range.[40] The EGFETs were also successfully modeled
and integrated into a process design kit (PDK), which supports
the circuit design flow.[16,41–43] To achieve high performance
EGFETs, the indium oxide films need to be annealed at temperatures around 400 °C.[44] By using chemical or photonic
curing methods, the indium oxide film can be cured also at
room temperatures.[45–47] Indeed, EGFETs processed at room
temperatures show lower field-effect mobility values compared
to EGFETs with thermally annealed indium oxide channel.
However, fabrication at room temperatures enables the possibility of printing microelectronic circuits onto flexible substrates like plastic or paper. Nevertheless, the contact quality
between the indium oxide and the ITO-contacts as well as the
interface between the CSPE and the indium oxide needs to
be taken into account to improve the field-effect mobility on
device level and control the threshold voltage, which is crucial
for reliable circuit design. The electrical characteristics of a typical
EGFET shown in Figure 1b are presented as follows. Exemplary transfer and output curves of an EGFET are plotted in
Figure 1c,d, respectively. The threshold voltage (Vt) and the on/
off-ratio of the EGFET are 190 mV and 1.59 × 105, respectively.
The subthreshold slope (SS) is 84.8 mV dec−1. The field-effect
mobility (μeff) in saturation at a gate-source voltage (Vgs) of 1 V
is calculated by using the relation[48]
I ds =

2
W µeff ⋅C g
(Vgs − Vt )
L
2


(1)

where Cg is the gate capacitance, Ids is the drain–source current, and Vgs is the gate–source voltage.[48] The gate capacitance
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is measured with electrochemical impedance spectroscopy
(EIS) and by shortening the drain- and source-electrodes while
sweeping the gate potential. Extracted from a parallel plate capacitor test structure, the double-layer capacitance is measured to
be ≈4 µF cm−2.[15] However, transferring this measurement
and extraction technique to characterize the presented EGFET
mentioned above leads to overestimated gate-capacitance of
60 µF cm−2 and according to Equation (1) an underestimated
field-effect mobility of 0.73 cm2 V−1 s−1 at a saturation current
of 283 µA and a gate–source voltage of 1 V.
Measuring and extracting the accurate value of the gate
capacitance as well as the concluded mobility are a challenge
in electrolyte gated devices, since many surface effects between
the semiconductor and electrolyte interface, chemical reactions,
parasitic and stray capacitances as well as the effective device
geometries all interfere and determine the capacitance in the
final measurement. Ongoing works employing EIS and cyclic
voltammetry on carefully designed test structures together with
suitable modeling approaches will hopefully shine some light
on this phenomenon in the future.

3. Circuits Based on EGFETs
Indium oxide EGFETs were successfully integrated into several benchmark circuits in the past. The big advantage of
these printed circuits is that they are already able to reliably
operate at supply voltages far below 1 V.[17–20] This voltage
requirement is much lower compared to the state of the art
printed applications.[1] In the following, the electrical characteristics of inverters, ring oscillators, latches, and security
circuits such as physically unclonable functions (PUFs) based
on EGFETs are reported. The presented circuits are designed
in TR-logic and all active materials are inkjet-printed. However, the passive structures (interconnects, source and drain
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logic devices is higher compared to TR logic
designs. The reason for that is that in TRlogic the pull-down FET is not able to compensate the high leakage currents.
At a supply voltage of 1 V, the DC characteristics (transfer curves) show that the
output signal of the inverter based on
TR-logic alternates with respect to the input
voltage between 0.1 and 0.95 V and the
maximum gain is ≈4 (Figure 3a). However,
when the level of the input signal changes
it takes some time until a response is measured at the output of the inverter, since the
Helmholtz double layer of the EGFET needs
Figure 2. a) Schematic and b) optical image of an inverter based on a resistor and EGFET.
to be established or destroyed. The time it
takes for the signal to propagate from the
input to the output is known as the propagation delay time
electrodes) are fabricated with e-beam lithography on sput(tp) and is measured as the time difference between the input
tered ITO on glass but kept within printable dimensions
(line thickness is 40 µm).
and output signals at 50% signal swing. The rise (tr) and fall
times (tf ) are time differences between 10% and 90% swing of
the rising and falling edge of the output signal, respectively.[49]
All the aforementioned times are extracted from the transient
3.1. Inverter
analysis, where a 1 Hz rectangular signal is applied as the
input signal at 1 V supply voltage (Figure 3b). The propagation
Inverters are the most basic logic cells in microelectronics.
delay time of the presented inverter is 19.7 ms, the rise and
The inverter consists of two elements, one to pull-up and the
fall times are 8.6 and 64.4 ms, respectively. The large asymother to pull-down the output signal. Therefore, if “logic 0”
metry between the rise and fall times is related to the fact that
(corresponding to the source voltage level) is applied to the
establishing a Helmholtz layer is much faster than destroying
input of the inverter, the output signal is pulled up to “logic 1”
it. Also the use of a resistor in the pull-up network contributes
(corresponding to the supply voltage level) and vice versa. In
to this asymmetry since the signal can be pulled up very fast
conventional CMOS technology, the pull-up network is realized
but can only be pulled down very slowly, because the EGFET
by a p-type FET and the pull-down network by an n-type FET.[49]
needs to be switched on in order to pull down the signal.
Equally performable p-type FETs are rare in oxide electronics, especially when electrolyte gated, which is the reason
for the use of a resistor instead of a p-type FET in the pull-up
3.2. Ring Oscillator
network.[17,19,20] Figure 2 shows the schematic and an optical
image of an inverter with a resistor of 60 kΩ and an EGFET
Ring oscillator structures are considered to be the key techwith a W/L ratio of 400 µm / 90 µm. The main difference
nology characterization components in microelectronics. The
between the CMOS and TR logic is that static power dissipation
ring oscillator can be characterized with a procedure well
is much higher in the TR-logic, since a conductive path between
known from the literature.[17,50,51]
the pull-up and pull-down is always existent. On the contrary
in CMOS circuits, a conductive path between the pull up and
The oscillation frequency of the ring oscillator is twice
pull down network is only available during the switching from
the sum of the propagation delay (τp) time of each inverter
low to high signals or vice versa. Also the gain of CMOS-based
stages.

Figure 3. a) DC characteristics and b) transient analysis of an inverter. Both curves are measured at a supply voltage of 1.0 V.

Adv. Mater. 2019, 1806483

1806483 (4 of 9)

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

f =

1
2 ( 2α + 1) τ p

www.advmat.de

(2)



where 2α + 1 is the number of inverter stages and α a constant.
The propagation delay time can be modeled with an RC-network
at the output of each inverter stage. Before estimating the
switching capacitance (Csw) and switching resistor (Rsw) values,
required for the RC-network, the current flow during switching
(Isw) needs to be quantified, based on the following equation
I sw = I dda − I ddq

2α
2α + 1 

(3)

where Idda is the active and Iddq is the quiescence currents when
the oscillation of the ring oscillator is turned on and off, respectively. With the help of the switching current the switching
capacitance is calculated as
Csw = 2τ p

I sw
Vdd 

(4)

where Vdd is the supply voltage of the ring oscillator. The
switching resistor can be calculated with the following equation
Rsw =

Vdd
2I sw 

(5)

The static power dissipation of the ring oscillator can be estimated by the product of the quiescence current and the supply
voltage (Pstat = Iddq Vdd). In contrast, the dynamic power consumption contains contributions from the switching current
and the supply voltage (Pdyn = Isw Vdd). The total power consumption is the sum of the static and dynamic powers.
Figure 4 shows the analyzed ring oscillators. The resistance
values of all resistors are set to 60 kΩ and the W/L ratios of
all EGFETs are 400 µm/40 µm. However, as can be seen from
Figure 4, the first stage of the ring oscillator is a NAND-gate
instead of an inverter. The NAND-gate is used to turn on and off
the oscillation; if the input signal (Venable) is set to “logic 1” the
oscillation is turned on otherwise is turned off. In addition, an

inverter is connected to the output of the ring oscillator to avoid
inducing noise from the measurements. The power supply of
the ring oscillator (Vddr and Vssr) is also electrically isolated from
the power supply of the output inverter (Vddi and Vssi) to be able
to measure the current flow of the ring oscillator.[17]
The characteristics of the ring oscillator can be seen in
Figure 5. At a supply voltage of 2 V, the ring oscillator oscillates at a frequency of 352 Hz (Figure 5a). The minimum
supply voltage at which the ring oscillator can operate is 0.6 V
with a frequency of 256 Hz as shown in Figure 5b. In general,
the frequency rises as expected with the applied supply voltage
(Figure 5b). The active and quiescence currents increase linearly
with the supply voltage since resistors are used in the pull-up
network (Figure 5c). The main drawback of the transistor–
resistor logic (TR-logic) is the significant static power dissipation, which is in the same range as the active power. The total
power consumption at 2 V supply voltage is 138 µW (Figure 5d).
While the switching-resistance decreases for supply voltages
lower than 0.8 V, the switching capacitance rises in the same
voltage levels. For supply voltages larger than 1 V, the switchingresistance starts to saturate at a value ≈26 kΩ and the switchingcapacitance saturates at a value of ≈17 nF (Figure 5e,f).[17]
By reducing the channel width of the EGFETs to 200 µm, the
same ring oscillators as described above can even operate in the
1 kHz regime. The smaller channel width reduces the parasitic
capacitances of the ring oscillator, since overlap between the
electrolyte and the passive structure is reduced. However, the
other transistor parameters like threshold voltage or field-effect
mobility remain in the same range such that the DC performance is not sacrificed.[18]

3.3. SR-Latch
Latches are fundamental digital elements, which enable
sequential operations in electronic circuits. They are the
building blocks for more complex memory circuits such as Flip
Flops and registers. In this regard, we presented an EGFETbased Set–Reset (SR) latch realized by two cross-coupled NOR
gates (Figure 6).[19]

Figure 4. a) Schematic and b) graphical representation of a three-stage ring oscillator.
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Figure 5. Performance of a three-stage ring oscillator. a) Output voltage (Vout) versus the time at a supply voltage (Vdd) of 2.0 V and a frequency of
352 Hz. b) Frequency, c) current flow, d) power consumption, e) switching-resistance (Rsw) and f) switching-capacitance (Csw) of the three-stage ring
oscillator in dependence of the supply voltage (Vdd). The measurements are replotted from data in the work presented in ref. [17].

The SR-latch is a level sensitive storage element, which is
capable of storing one bit of information. The information
stored can be read from the differential output pins (Q, Q′ ),
where a high voltage level is associated to 1, and a low voltage
level is related to 0. The outputs are in a constant state when
low voltage is applied to both inputs S (Set) and R(Reset).
By applying the high voltage level to either of the inputs, the
output voltage, and consequently the information stored, is
changed. This typical behavior is also illustrated in (Figure 7a).
As mentioned earlier due to the scarcity of PMOS transistors in metal oxide technology, the pull-up network consists of
two pull-up resistances (TR logic). Nevertheless, a delay of only
about 4 ms is achieved for a supply voltage of 1 V with a power
of only 5 µW. In general, the power versus supply voltage
increases linearly, while the delay decreases quadratically with
supply voltage (Figure 7b). The EGFET-channel used in the
design has a W/L ratio of 575 µm/40 µm with pull-up resistances of 60 kΩ. The resulting area requirement is 7 mm2. The
measurement was repeated for a period of 12 weeks and no
significant performance/power degradation was observed.[19]

3.4. Physically Unclonable Function
Another interesting application for printed electronics are
security circuits, that rely on the intrinsic variations inherent
to the printed devices caused by the ink dispersions, the ink
substrate interaction, the individual printing process, droplet
formation and others. As an example very recent work studies
so called physically unclonable functions (PUFs) that are used
to generate unpredictable secret keys, which are required
for secure data transfer, communication and authentication.
The feature of unpredictability is the result of uncontrolled
process variations of the used devices. The process variation
while the device is printed has a direct impact on material
properties of the EGFETs and causes a variation in the device
electrical parameters such as the threshold voltage, the fieldeffect mobility as well as the device dimensions. Hence even
similarly processed EGFETs with the same channel geometry
display different drain–source currents. The measurements
of our EGFET devices show that the threshold voltage can
vary absolutely in the range of 40–60 mV while the saturated

Figure 6. a) Schematic and b) optical image of a latch consisting of resistors and EGFETs.
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Figure 7. a) Transient characteristics of the latch at a supply voltage (Vdd) of 1.0 V. b) Delay/power characteristics of the latch for different supply
voltages levels.

drain current is varying between 150 and 300 µA for our
chosen PUF transistor geometries. The electrical parameters
of an EGFET, can be modeled through a Gaussian mixture
model and are described in a variability model published earlier.[43] This variability model is also included in our Process
Design Kit and taken into account while designing the PUF.
However, the functioning of the PUF circuit is not affected
by the variations in threshold voltage and saturation current,
because finally one of the two transistors will dominate over
the other pulling the signal to the corresponding voltage level.
Instead the security metrics such as uniqueness and reliability profit from large intrinsic variations.[52] Also theoretical
studies using Monte Carlo (MC) simulations support this
argument.[43]
The input signal of the PUF is referred to as the challenge,
and causes a device specific response based on the inherent
transistor process variations as an output. Hence, each PUF
fabricated in the same manner, responds with a unique,
nonpredictable output response. Various PUFs core circuits
based on inverters or ring oscillators are presented in the
literature.[32,52–54]
We have shown a printed PUF based on a memory circuit
for identification/authentication applications. The memory like
circuit consists of a cross coupled inverter structure and an
enable transistor to activate and deactivate the PUF (Figure 8a).
The resistances of the inverters are chosen to be 40 kΩ and
the W/L ratio of the pull-down EGFETs is 200 µm/40 µm. The
enable EGFET has a W/L ratio of 400 µm/40 µm.[20]

When the circuit is deactivated (Venable is set to “logic 0”)
both outputs (Vout,1 and Vout,2) are at the “logic 1” level. As
soon as the circuit is activated (Venable is set to “logic 1”), one of
the outputs Vout,1 or Vout,2 stays at the “logic 1” level, while the
other is pulled down to the “logic 0” level. The relative drive
strength of the EGFET connected to the respective output determines which output is at the “logic 0” or at the “logic 1” level,
after turning on the circuit. Due to process variation, one of
the EGFETs has a lower threshold voltage (Vt) and higher current than the other; and therefore the stronger EGFET is able
to pull down the output to the “logic 0” level while the other
output remains at the “logic 1” level. From Figure 8b, it can be
seen that the EGFET on the right side is stronger and therefore
the output Vout,2 is pulled down to the “logic 0” level. Also for
the presented PUF it is possible to reduce the required supply
voltages to values around 0.6 V, which is very interesting for
secure data transfer in the Internet of Things (IoT) application
domain.[20] A proper understanding and modeling approach for
variations in printed electronic devices is needed since it would
allow to predict security metrics such as uniqueness and reliability also by simulations in the future.

4. Conclusions
In the past years, printed single devices such as field-effect transistors have proven to be capable to be integrated into printed
circuits, although, strictly speaking, most works still include

Figure 8. a) Schematic of an EGFET-based PUF in TR logic. b) Measurement of a PUF at a supply voltage of Vdd = 1.0 V.
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lithographically structured interconnects or electrodes. In the
present report focused on work performed at KIT, electrolytegated field-effect transistors (EGFETs) with an n-type indium
oxide channel material are integrated into circuits by lithographically structured ITO interconnects, source, and drain
electrodes sputtered on glass substrates and are well within the
feature size typical for printing processes. Circuits discussed in
this report include ring oscillators with a digital performance
in the range of 350 Hz up to 1 kHz, memory elements in form
of an SR-latch as well as security primitives such as physical
unclonable functions which rely on the intrinsic device variations to generate a unique and reliable digital output response.
Due to the high mobility of the n-type channel and the high
gate capacitance developed via the Helmholtz double layer in
the described devices all circuits shown here provide ultralow
voltage operation down to 0.6 V giving rise to novel low power
applications in fields like security, IoT, smart sensors, and
wearables. Hence the EGFET technology in combination with
appropriate circuit design methodologies could pave the way for
high performance and low voltage applications in printed electronics. A challenge to be addressed in the future which is not
discussed in this report are printable or solution processable
interconnects that are able to form high quality, ohmic contacts
with the semiconductor channel material. Furthermore, electrolyte-gating introduces high parasitic capacitances, since it is
challenging to print the electrolyte just on top of the channel.
The electrolyte drop spreads during printing over the passive
structures and forms in accordance with the applied bias a
Helmholtz double layer with the passive structures. To enhance
the performance of EGFET-based circuits, it will be essential for
future work to reduce the unwanted electrolyte area to a minimum. Experiments also showed that the electrolyte is reactive
with silver, which can become an issue for highly integrated
electronics, especially when the passive structures are printed
with commercial silver inks. Future work should include new
electrolytes that are silver compatible and some of very recent
developments suggest their feasibility and reliability.

Acknowledgements
This work was partially supported by the Helmholtz Association through
the Helmholtz Virtual Institute under Grant VI530 and by the Ministry of
Science, Research and Arts of the State of Baden-Württemberg through
the MERAGEM Doctoral Program.

Conflict of Interest
The authors declare no conflict of interest.

Keywords
electrolyte gating, memory circuits, oxide electronics, printed electronics,
ring oscillators
Received: October 7, 2018
Revised: December 6, 2018
Published online:

Adv. Mater. 2019, 1806483

1806483 (8 of 9)

[1] J. S. Chang, A. F. Facchetti, R. Reuss, IEEE J. Emerging Sel. Top.
Circuits Syst. 2017, 7, 1.
[2] J. Krumm, E. Eckert, W. H. Glauert, A. Ullmann, W. Fix, W. Clemens,
IEEE Electron Device Lett. 2004, 25, 399.
[3] C. J. Drury, C. M. J. Mutsaers, C. M. Hart, M. Matters,
D. M. de Leeuw, Appl. Phys. Lett. 1998, 73, 108.
[4] S. Elsaegh, H. Zappe, Y. Manoli, H. Klauk, U. Zschieschang, in
Proc. 43rd IEEE European Solid State Circuits Conf., IEEE, Piscataway,
NJ, USA 2017.
[5] H. Maien, M. Steyaert, P. Heremans, Analog Organic Electronics Building Blocks for Organic Smart Sensor Systems on Foil, Springer,
New York 2012.
[6] H. Yoo, S. B. Lee, D.-K. Lee, E. C. P. Smits, G. H. Gelinck, K. Cho,
J.-J. Kim, Adv. Electron. Mater. 2018, 4, 5.
[7] H. Sirringhaus, Adv. Mater. 2014, 26, 1319.
[8] Z. Cui, Printed Electronics - Materials, Technologies and Applications,
Wiley, Singapore 2016.
[9] A. Facchetti, M.-H. Yoon, T. J. Marks, Adv. Mater. 2005, 17, 1705.
[10] H. Matsui, K. Hayasaka, Y. Takeda, R. Shiwaku, J. Kwon, S. Tokito,
Sci. Rep. 2018, 8, 8980.
[11] M. Ha, W. Zhang, D. Braga, M. J. Renn, C. H. Kim, C. D. Frisbie,
ACS App. Mater. Interfaces 2013, 5, 24.
[12] E. Stucchi, G. Dell’Erba, P. Colpani, Y. –H. Kim, M. Caironi,
Adv. Electron. Mater. 2018, 4, 1800340.
[13] H. Klauk, U. Zschieschang, J. Pflaum, M. Halik, Nat. Lett. 2007,
445.
[14] Y. Jang, D. H. Kim, Y. D. Park, J. H. Cho, M. Hwang, K. Cho,
Appl. Phys. Lett. 2006, 88, 7.
[15] S. K. Garlapati, M. Divya, B. Breitung, R. Kruk, H. Hahn,
S. Dasgupta, Adv. Mater. 2018, 30, 1707600.
[16] G. Cadilha Marques, S. K. Garlapati, D. Chatterjee, S. Dehm,
S. Dasgupta, J. Aghassi, M. B. Tahoori, IEEE Trans. Electron Devices
2016, 64, 1.
[17] G. C. Marques, S. K. Garlapati, S. Dehm, S. Dasgupta, H. Hahn,
M. Tahoori, J. Aghassi-Hagmann, Appl. Phys. Lett. 2017, 111, 10.
[18] T. T. Baby G. Cadilha Marques, F. Neuper, S. A. Singaraju,
S. Garlapati, S. Dasgupta, B. Breitung, P. A. Sukkurji, B. Sykora,
U. Bog, R. Kumar, H. Fuchs, T. Reinheimer, M. Mikolajek,
J. R. Binder, M. Hirtz, M. Ungerer, N. Mishra, P. Gruber, L. Koker,
U. Gengenbach, M. Tahoori, J. Aghassi-Hagmann, H. von Seggern,
H. Hahn, unpublished.
[19] D. Weller, G. C. Marques, J. Aghassi-Hagmann, M.B. Tahoori, IEEE
Electron Device Lett. 2018, 39, 831.
[20] A. T. Erozan, G. C. Marques, M. S. Golanbari, R. Bishnoi, S. Dehm,
J. Aghassi-Hagmann, M. B. Tahoori, IEEE TVLSI 2018, 26, 2935.
[21] S. H. Kim, K. Hong, W. Xie, K. H. Lee, S. Zhang, T. P. Lodge,
C. D. Frisbie, Adv. Mater. 2012, 25, 13.
[22] F. Z. Biodky, W. J. Hyun, D. Song, C. D. Frisbie, Appl. Phys. Lett.
2018, 113, 5.
[23] F. Biodky, C. D. Frisbie, ACS Appl. Mater. Interfaces 2016, 8, 40.
[24] S. Dasgupta, G. Stoesser, N. Schweikert, R. Hahn, S. Dehm,
R. Kruk, H. Hahn, Adv. Funct. Mater. 2012, 22, 23.
[25] Y. Xia, W. Zhang, M. Ha, J H. Cho, M. J. Renn, C. H. Kim, D. Frisbie,
Adv. Funct. Mater. 2010, 20, 587.
[26] W. Zhang, M. Ha, D. Braga, M. J. Renn, C. D. Frisbie, C. H. Kim, in
Proc. 2011 IEEE International Solid-State Circuits Conference, IEEE,
Piscataway, NJ, USA 2011.
[27] I. Valitova, M. M. Naatile, F. Soavi, C. Santato, F. Cicoira, ACS Appl.
Mater. Interfaces 2017, 9, 37013.
[28] B. K. Sharma, A. Stoesser, S. K. Mondal, S. K. Garlapati,
M. H. Fawey, V. S. K. Chakravakhanula, R. Kruk, H. Hahn,
S. Dasgupta, ACS Appl. Mater. Interfaces 2018, 10, 26.
[29] P. Barquinha, R. Martins, L. Pereira, E. Fortunato, Transparent Oxide
Electronics: From Materials to Devices, Wiley, Hoboken, NJ, USA
2008.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

www.advmat.de

[30] W. H. Lee, J. Park, Y. Kim, K. S. Kim, B. H. Hong, K. Cho, Adv. Mater.
2011, 23, 30.
[31] A. Tari, W. S. Wong, Appl. Phys. Lett. 2018, 112, 073506.
[32] A. T. Erozan, M. S. Golanbari, R. Bishnoi, J. Aghassi-Hagmann,
M. B. Tahoori, in Proc. Int. Symp. Quality Electronic Design, IEEE,
Piscataway, NJ, USA 2018.
[33] M. J. Chow, B. Sun, Y. He, M. M. Payne, J. E. Anthony, Y. Li,
P. M. Levine, W. S. Wong, IEEE Electron Device Lett. 2016, 37, 1438.
[34] N. P. Papadopoulos, C.-H. Lee, A. Tari, W. S. Wong, M. Sachdev,
J. Disp. Technol. 2016, 12, 1539.
[35] A. Suresh, P. Wellenius, V. Baliga, H. Luo, L. M. Lunardi, J. F. Muth,
IEEE Electron Device Lett. 2010, 31, 317.
[36] J. Y. Hwang, J. K. Kim, S. J. Moon, M. T. Hong, E. J. Yun, B. S. Bae,
Electron. Lett. 2016, 52, 1952.
[37] P. Bergveld, IEEE Trans. Biomed. Eng. 1970, BME-17, 70.
[38] R. Branquinho, B. Veigas, J. V. Pinto, R. Martins, E. Fortunato,
P. V. Baptista, Biosens. Bioelectron. 2011, 28, 44.
[39] C. V. Dang, K. A. O’Donnell, K.I. Zeller, T. Nguyen, R. C. Osthus,
F. Li, Semin. Cancer Biol. 2006, 16, 4.
[40] F. von Seggern, I. Keskin, E. Koos, R. Kruk, H. Hahn, S. Dasgupta,
ACS Appl. Mater. Interfaces 2016, 8, 46.
[41] G. Cadilha Marques, F. Rasheed, J. Aghassi-Hagmann,
M. B. Tahoori, in Proc. 23rd Asia and South Pacific Design Automation Conf. (ASP-DAC), IEEE, Piscataway, NJ, USA 2018, pp. 658–663,
https://doi.org/10.1109/ASPDAC.2018.8297397.
[42] F. Rasheed, M. S. Golanbari, G. Cadilha Marques, M. B. Tahoori,
J. Aghassi-Hagmann, IEEE Trans. Electron Devices 2018, 65, 667.

Adv. Mater. 2019, 1806483

1806483 (9 of 9)

[43] F. Rasheed, M. Hefenbrock, M. Beigl, Mehdi. B. Tahoori,
J. Aghassi-Hagmann, IEEE Trans. Electron Devices 2018, 66, 146.
[44] S. K. Garlapati, N. Mishra, S. Dehm, R. Hahn, R. Kruk, H. Hahn,
S. Dasgupta, ACS Appl. Mater. Interfaces 2013, 5, 11498.
[45] S. K. Garlapati, G. Cadilha Marques, J. S. Gebauer, S. Dehm,
M. Bruns, M. Winterer, M. B. Tahoori, J. Aghassi-Hagmann,
H. Hahn, S. Dasgupta, Nanotechnology 2018, 29, 235205.
[46] S. K. Garlapati, J. S. Gebauer, S. Dehm, M. Bruns, M. Winterer,
H. Hahn, S. Dasgupta, Adv. Electron. Mater. 2017, 3, 1600476.
[47] T. T. Baby, S. K. Garlapati, S. Dehm, M. Häming, R. Kruk, H. Hahn,
S. Dasgupta, ACS Nano 2015, 9, 3075.
[48] S. M. Sze, K. K. Ng, Physics of Semiconductor Devices, Wiley,
Hoboken, NJ, USA 2007.
[49] Y. Taur, T. H. Ning, Fundamentals of Modern VLSI Devices, Cambridge
University Press, New York 2009.
[50] M. Bhushan, M. B. Ketchen, Microelectronic Test Structures for
CMOS Technology, Springer, New York 2011.
[51] M. Bhushan, M. B. Ketchen, CMOS Test and Evaluation, Springer,
New York 2015.
[52] L. Zimmermann, A. Scholz, A. Sikora, J. Aghassi-Hagmann, in
2018 Int. Conf. on Electronics Technology (ICET), IEEE, Piscataway, NJ,
USA 2018, https://doi.org/10.1109/ELTECH.2018.8401395.
[53] C. Herder, M.-D. Yu, F. Koushanfar, S. Devadas, Proc. IEEE 2014, 5,
22.
[54] M. Rostami, J. B. Wendt, M. Potkonjak, F. Koushanfar, in Proc.
Conf. on Design, Automation & Test in Europe, European Design and
Automation Association Leuven, Belgium 2014, 352.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

