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The rapid progress in printed electronics!!®! can be further
accelerated by developing advanced architectures that may
overcome fundamental limitations of the conventional printing
techniques. At present, the performance of the printed field-
effect transistors (FETs) and logic devices is severely impeded by
the low printing resolution, which at best lies in the micrometer
range.”!% In contrast, here we demonstrate an alternative, fully
printable vertical FET (VFET) geometry with <50 nm channel
lengths. In our printed vFETS, this critical device dimension
is not defined by the printing resolution, but determined by
the thickness of a printed porous semiconductor layer that is
sandwiched between the vertically stacked drive electrodes.
Infiltration of the porous channel with a printable composite
solid polymer electrolyte (CSPE)!®®1112] Jeads to fully 3D charge
accumulation in the porous percolating semiconductor network
and results in an unprecedented current density on the order of
MA cm™?, thereby paving the way for printed power transistors.

In silicon electronics, advancements in lithographic tech-
niques have resulted in a continuous miniaturization of
device dimensions, and this scaling process alone, without
major material developments, has driven technological pro-
gress for decades.'¥ In contrast, intensive research efforts
over the past years have produced a large number of solution-
processable and high-performance semiconductors in printed
electronics.'2681419 Ag a result, the DC characteristics of
printed FETS, be it organic or inorganic semiconductor based,
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have long-time outperformed amorphous silicon. However,
the resolution of the present printing techniques, being in the
micrometer range, fundamentally limits the channel length
and thereby device performance. In addition, typically encoun-
tered low intrinsic mobility of printed semiconductors requires
devices with even larger channel widths to attain appreciable
current output, thereby further increasing the device capaci-
tance. This fundamental geometrical constraint has severely
impeded the development of fully printed radio-frequency iden-
tification tags!! or light-emitting diode!?! display backplanes.

Here we show a printed vertical transistor (vVFET) that over-
comes both of these fundamental limitations: we investigate a
vertical channel geometry, which decouples the channel length
from the printing resolution and permits printing of transis-
tors with channel lengths of 50 nm or lower, more than two
orders of magnitude lower than conventional printed FETs. The
printable vFETs combine a porous semiconductor channel with
3D electrolyte gating mechanism. The solid polymer electrolyte
used as a gate insulator exerts strong local fields throughout
the interpenetrating channel/insulator geometry and accumu-
lates charge carriers at every interface with the semiconductor
material. This approach goes beyond prior investigations of ver-
tical field-effect transistors, 224 which either have reported a
90° rotation of the standard thin film transistor geometry,20-22
or achieved vertical electronic transport in vertically aligned
nanowire transistors,?}! or utilized a pseudo-vertical geometry,
where one of the drive electrodes is prepared extremely thin
so that the applied field can penetrate the metal electrode and
polarize the semiconductor.?) While electronic transport is
vertical in all of these devices, the semiconductor geometry is
analogous to the classical thin film geometry, and they retain
the general idea of an interface-controlled, 2D device. In con-
trast, in the present bulk vFET, not only the electronic transport
is vertical, but also the current flow is fully 3D. Consequently,
we observe a staggeringly high current density, almost reaching
MA cm™ level, which is at least two orders of magnitude
higher than the highest reported current density during vertical
transport (e.g., involving a polarization-transparent monolayer
graphene electrode and MoS, semiconductor films),?* along
with a large field-controllable current modulation of up to eight
orders of magnitude (10%).

A representative schematic showing the geometry of the
VFET is presented in Figure 1a—d. The details of the device fab-
rication are described in the Experimental Section. We have
used a metal-organic precursor ink, which transforms upon
annealing into a mesoporous oxide semiconductor (here we
have used SnO,; see Movie S1 in the Supporting Information
for details of the semiconductor morphology). The size of the



Figure 1. a) System comprising the bottom drive electrode along with the printed metal-organic precursor ink that would form the mesoporous semi-
conductor layer upon annealing. b) After structuring and placing the top drive electrode. c) After the annealing process that removes the polymer and
opens the pores; the porous semiconductor channel layer is now sandwiched between the drive electrodes. d) The final vFET geometry after printing
the polymer electrolyte (gate dielectric)that covers the porous channel and the displaced gate electrode. e) SEM image showing the actual porous SnO,
surface morphology; the bright white phase represents the material and the dark regions show the pores. f) 3D surface rendering of the reconstructed
STEM tomography showing the 3D structure of SnO,. All the images were generated from the sample annealed at 550 °C for 5 min.

oxide ligaments/domains can be tailored either by the choice
of the polymer or by varying the annealing routine (see Section
III in the Supporting Information for details). This specially
designed metal-organic precursor provides a mesoporous net-
work with numerous current percolation paths, and the closely
spaced ligaments offer sufficient strength to the structure to
sustain the semi free-standing top metal electrode and avoid
interelectrode electrical contact; simultaneously, the intercon-
nected pores allow the printable dielectric (CSPE) to have suf-
ficient access to the entire porous mesostructure.[-811]

The morphology of the printed and annealed semicon-
ductor layer perpendicular to the current direction is shown
in Figure le. The representative scanning electron microscopy
(SEM) images reveal the surface morphology of the printed
mesoporous semiconductor layer. The reconstructed and sur-
face-rendered 3D scanning transmission electron microscopy
(STEM) tomography of the printed layer shows near-identical
feature sizes (Figure 1f). The partially interconnected oxide liga-
ments are 20-35 nm in width and the height of the printed layer
is <50 nm (see Section V in the Supporting Information for
details). Consequently, the vast majority of these semiconductor
domains contribute to the vertical electronic transport. On the
other hand, the pores are well-interconnected (Movie S2, Sup-
porting Information), allowing the electrolyte to surround the
SnO, domains completely.

The measured electrical characteristics of a typical vFET
are shown in Figure 2. To ensure a low off-current (pA) and
a high on—off ratio (108), the width of the drive electrodes is
chosen to be 0.25 um, resulting in an overlapping channel area
of 0.25 um x 0.25 um. For devices with a larger overlap area,
the on—off ratio gets reduced to 10° (see Section VI in the Sup-
porting Information). However, as shown in the next section,

the on-off ratio and saturated channel current (Ip ) are strong
functions of the initial doping concentration of the semicon-
ductor and can be controlled either by tuning the oxygen vacan-
cies or by the selection of a suitable alternative material. None-
theless, irrespective of the overlap area, the devices behave as
typical accumulation-mode (threshold voltage, V= 0.6 V) metal
oxide semiconductor FETs (MOSFETs) with an exceedingly high
current density of 0.35 MA cm™. The calculated subthreshold
swing turns out to be 121 mV per decade. An on-current
pushing to MA cm™ may be three to four orders of magnitude
larger than any printed FETs reported till date.?'?4 It is to be
noted that the observed huge on-current is clearly the result of
the device architecture, where about a thousand of semicon-
ductor domains per square micrometer can be switched on
with one applied gate voltage. Interestingly, despite tremendous
current densities, we observe ideal MOSFET output characteris-
tics with a clear current saturation (Figure 2b) and the classical
quadratic relationship between the respective output currents
at different Vgg. In addition, the accumulation layer thickness
inside the semiconductor and the dielectric layer thickness at
the semiconductor/electrolyte interface (which can be approxi-
mated as the thickness of the diffused double layer and is in
the range of 1-2 nm; see discussion below)?! are rather small
compared to the channel length of 50 nm. As a result, the gate
field is always stronger than the drain-source field, and the
gradual channel approximation holds; thus, no indication of
short channel effect has been noticed.

In order to rationalize the performance of the present device
architecture and to estimate the control of the electrical proper-
ties as a function of the device parameters, we have developed a
computational model for the vFET device geometry that is sub-
sequently used to compute the electrical device characteristics.
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Figure 2. a) Transfer characteristics of a VFET showing a drain current
density (Jp) approaching MA cm™2 level; the butterfly curve represents the
leakage current. b) The corresponding output curves have been measured
at different gate bias voltages (Vgs); the dashed line indicates the locus
of the saturation drain current (Ip o) at different drain voltages (Vps).

Next, we have performed Monte Carlo simulations to generate
representative device morphologies with sub-nanometer reso-
lution, which mimic the experimentally observed channel
morphology shown in Figure 1le,f. We then performed drift-dif-
fusion simulations of the electrical properties to quantitatively
elucidate the impact of the overall channel geometry (overlap
area), morphological aspects (ligament and pore size and their
densities), and material aspects (doping concentration and car-
rier mobility of the chosen semiconductor) to model and opti-
mize the FET characteristics.

The experimental and simulated transfer characteristics at
Vps = 0.5 V are shown in Figure 3a, which is described by a drift-
diffusion model with a gate electrode work function @ =5.95 eV,
where experimental values of @ =5.65 eV have been reported.2®!
The doping concentration considered in the model is ny = 5.4 X
10'® cm~3 which lies at the higher end of the previously reported
values for SnO, (1 x 107-1 x 10" cm™).””28 The electron
mobility yt, = 3.0 cm? V1 s71 is at the lower end of the experi-
mentally determined range of 5-30 cm? V7! 571281 due to the
lack of order in the metal-organic ink derived extremely small
nanocrystals. The effective dielectric constant of the electrolyte,
€ = 4, is about an order of magnitude smaller than the bulk
value due to local microscopic effects.?>3% Using these values,
the simulated current follows the experimental curve for nearly
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Figure 3. a) Modeled transfer characteristics (solid lines) as a function
of the doping concentration show good agreement with the experimental
data (dashed line) for Ny = 5.4 x 10'® cm™. All other parameters of the
modeled curves are given in the text. b) On—off current ratio (black line)
and integrated electron density (n) at a height of 25 nm (red line) as a
function of the initial doping concentration, ng. The solid symbols repre-
sent the experimental values. c) The influence of morphology on transfer
characteristics: smaller domains decrease the off-current and improve
the on—off ratio, whereas larger domains increase the off-current and
decrease the on—off ratio.
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the entire range of the current modulation (approximately
eight orders of magnitude). Thus, the chosen model describes
all the relevant effects except the gate leakage, which may be
responsible for the observed deviation at low gate voltages. As



shown in Figure 3b, the doping concentration of the chosen
semiconductor can influence the on—off ratio; e.g., decreasing
the doping concentration may further increase the already
large value of 108 The integrated electron density at a height
of 25 nm increases as a superlinear function of the doping con-
centration, leading to a superlinear behavior of the on-current at
higher gate voltages (Figure 3a at a gate voltage of 2 V).

Further optimization of the current density and the on—off
ratio can be achieved by modulation of the doping concentration
and the semiconductor—electrolyte interface area via the semi-
conductor domain size. The latter can be varied by the choice
of the polymer used in the metal-organic precursor ink or by
adjusting the annealing protocol accordingly. Figure 3c shows
the dependence of the transfer characteristics on the semicon-
ductor structure at a constant semiconductor volume. First, the
smaller domain sizes result in larger interface areas between
the semiconductor and the electrolyte, thereby increasing the
fraction of the semiconductor volume that can be controlled
by the gate bias and thus enhancing the on-currents. However,
the off-current at zerogate is mainly determined by the intrinsic
charge density of the bulk semiconductor. At the interface, the
difference in work functions leads to a depletion of the charge
carriers and an increase of the interface area enlarges the deple-
tion volume and, therefore, reduces the off-current (Figure 3c).
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Consequently, both the on-current and the on—off ratio can be
improved by decreasing the domain size of the semiconductor
material. However, it should be noted that at very small domain
sizes, the cross-talk between the domains and the corrections to
the drift-diffusion model may become relevant.

We find that the device will operate at an optimum efficiency
when a surface charge double layer forms at every available
semiconductor—electrolyte interface; i.e., interdomain cross-
talking should be minimized. Therefore, the decay length of
the diffused double layer at the semiconductor—electrolyte
interface, which is a function of the ion concentration and the
gate voltage, must be small compared to the distance between
individual domains, which is governed by the pore size. To
test the assumption of lack of cross-talking domains, first a 3D
drift-diffusion model is used to obtain the local charge density
in the semiconductor ligaments only (Figure 4a). Next, a typical
semiconductor domain, as shown in Figure 4b, is modeled in a
drift-diffusion/Poisson—Boltzmann simulation (see the Experi-
mental Section for details) for the charge density in the semi-
conductor domain as well as in the electrolyte. Using the
charge concentration in the semiconductor from the drift diffu-
sion model (Figure 4a) we find a diffuse double-layer thickness
in the electrolyte of 0.180 £ 0.006 nm (Figure 4c); within 1 nm
from the interface, the concentration becomes numerically
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Figure 4. a) The modeled electron density distribution within the semiconductor at Vs =2V and Vps = 0.5 V. b) Schematic of a semiconductor domain
and the surrounding electrolyte; the magnified section shows the net electron concentration in the semiconductor (left) and the net ionic concentration

in the electrolyte (right).

c) A cross-section through (b) is shown, where the solid points represent the results of simulation, on the simulation mesh,

and the solid lines stand for the exponential fits. The decay length in the electrolyte is 0.180 £ 0.006 nm. The sign of the charge carrier concentration
represents the sign of the respective majority carrier. The doping concentration in the semiconductor (Ngq = 5.4 x 10'® cm™3) is plotted as a reference.



indistinguishable from the bulk value. As expected, the net
charge in the semiconductor and electrolyte cancel each other
out and we find a stable mean electron density at the electro-
lyte—semiconductor interface (Figure 4b). Because the Poisson—
Boltzmann equation is a mean-field approach and neglects the
explicit Pauli repulsion between the ions, the computed ion
density at the electrolyte—semiconductor interface constitutes
an upper bound of the decay length. Nevertheless, the simu-
lations show that the charge distribution does not depend on
the local curvature of the interface. Molecular dynamics simula-
tions including explicit Pauli repulsion performed by Bourg and
Spositol?’! with a similar ion concentration also found that the
ion concentration deviates from the bulk value no further than
1.5 nm from the interface. These distances are substantially
smaller than the typical pore size of =15-20 nm; consequently,
one may expect no interference between the neighboring semi-
conductor domains and no suppression of the gating effect.

In summary, we have experimentally demonstrated and
quantitatively modeled printable vFETs with channel lengths of
less than 50 nm, which decouples the channel length from the
printing resolution. The simulations permit extraction of key
device parameters in agreement with complementing experi-
mental data. Unlike traditional thin film field-effect devices, the
3D bulk-channel vFET geometry allows charge accumulation in
bulk volume of the porous semiconductor materials, resulting
in orders of magnitude higher saturated on-currents than typ-
ical printed FETs. Consequently, this device type may find novel
applications beyond those conventionally considered for printed
FETS, e.g., all-printed power electronics useful for balancing cir-
cuits associated with energy-storage devices. Moreover, because
of the enormous surface area of its active component and a short
distance of electronic transport, the printable vertical device
architecture can be quite attractive for a range of novel devices,
where an amplification of the output signal or an improved sen-
sitivity toward various analytes is of interest, for example, ion-
sensitive FETS, high precision sensors, and biosensors.

Experimental Section

Ink Preparation: A specially designed metal-organic precursor ink
was developed to print the porous semiconductor layer that combines
a selectively chosen polymer with typical metal oxide semiconductor
precursors. The selected polymer with the formula [(CH,CH,)q¢s
(CH,CHCH,CH3).33]30(OCH,CH,;)7,50H, known as poly(ethylene-co-
butylene)-block-poly(ethylene oxide) (referred to as P(E/B)-b-PEO), was
chosen because it forms a regularly ordered mesoporous nanostructure
with average ligament and pore widths of 15-20 nm. The formation
process of the oxide layer after printing, during the evaporation of the
solvent, is closely related to the so-called evaporation-induced self-
assembly process as described elsewhere. The polymer was prepared
by the anionic polymerization of ethylene oxide using a “Kraton
Liquid”-type @-hydroxypoly(ethylene-co-butylene) precursor polymer
as a macroinitiator as described elsewhere.’"] For the printable ink,
a homogeneous solution was first prepared by dissolving SnCl,
(285.5 mg) and 75 mg of P(E/B)-b-PEO-polymer in (3.2 mL) of ethanol.
Subsequently, after adding (0.3 mL) of water (to initiate the hydrolysis
reaction) under stirring, the resulting mixture was aged for =24 h
before being used for printing. The entire process was conducted under
ambient conditions.*2

Characterization of the Printed Mesoporous Semiconductor Layer:
A Dimatix 2831 ink-jet printer was used to print the semiconductor

layers for characterization and device fabrication. The height of the
printed layers after the annealing steps was examined with a Dektak
6M stylus profilometer equipped with the N-Lite low-force package
(Veeco) (see Section V in the Supporting Information). The surface
morphology of the printed and annealed porous semiconductor layer
was investigated with a Leo 1530 SEM. The metal-organic precursor
ink was printed on precleaned Si/SiO, substrates, and different
annealing routines were followed to optimize the preferred porosity and
morphology. Transmission electron microscopy (TEM) characterization
was performed using an aberration-corrected Titan 80-300 TEM
(FEI Company) operated at an acceleration voltage of 300 kV and
equipped with a US1000 slow scan charge-coupled device camera
(Gatan) for TEM imaging and a high-angle annular dark field (HAADF)
detector (Fischione) for STEM imaging. The tomographic analysis was
performed in HAADF-STEM mode with a nominal beam diameter of
0.14 nm using the Xplore3D package (FEI Company). A series of STEM
images were collected with one-degree steps over a tilt angle range of
+60° with a pixel size of 0.23 nm. The images were aligned by cross-
correlation using IMOD V4.7 and reconstructed using 20 iterations
of the simultaneous iterative reconstruction technique algorithm
implemented in Inspect3D (FEI Company). The resulting image stack
was de-noised using the nonlinear anisotropic diffusion implemented
in IMOD and rebinned by a factor of two. The final data analysis was
performed using Amira 5.6 (FEI Company) by manually segmenting the
data stack. The resulting binarized volume was visualized by surface
rendering and centerline tree analysis to reveal the pore connectivity.
Additional material characterization is presented in Section IV in the
Supporting Information.

Device Fabrication and Characterization: To create an accurately
defined overlap region to facilitate precise parameter calculations,
e-beam lithography was used to structure the drive electrodes (5 nm
indium-tin-oxide/100 nm Pt). The metal-organic ink was printed on top
of the bottom drive electrode (i.e., the source), and then the top drive
electrode (drain) was structured. As the semiconductor channel area was
not prestructured, the printed metal-organic ink actually got spread over
a larger area than the cube-shaped form shown in Figure 1. As a result,
the stray currents along the edges had to be considered. This has been
calculated and presented in Section VII in the Supporting Information.
After the top electrode was placed, the complete assembly was annealed
at 550 °C for 5 min to oxidize the polymeric Sn-precursor and to open
the pores. After the annealing step, the mesoporous semiconductor layer
was ready to be infiltrated with our electrolytic dielectric; accordingly, as
the last step of device fabrication, the CSPE was printed carefully on the
porous channel while minimizing the overlap with the drive electrodes
(to reduce parasitic capacitive currents). The synthesis procedure of
the CSPE was explained in the previous publications.**34 The electrical
characterization was conducted using an Agilent 4156C semiconductor
parameter analyzer and SiissMicroTec EP6 probe station. All the
electrical measurements were performed under ambient conditions.

Morphology Generation for the Drifi-Diffusion-Model Solver: To generate
the 2D domain/ligament structure of the porous SnO, network, a
Metropolis Monte-Carlo-based simulated annealing algorithm was
used. The ratio of the semiconductor to the pore area, extracted from
the STEM tomography, was used as an input for the simulation. The
simulated annealing algorithm was based on the minimization of the
interface area between the semiconductor and the pores. The cooling
rate utilized in the simulated annealing process determined the final
domain size of the mesoporous structure.

3D Drifi-Diffusion Model: The 2D images generated by the Monte Carlo
algorithm or directly extracted from the SEM images were extruded to a
layer thickness of 50 nm to construct a 3D geometry, which was then used
as the geometry for a numerical 3D drift-diffusion-model solver based on
the semiconductor equations and the finite volume method (COMSOL
5.1). The upper and lower surfaces of the semiconducting particles were
assumed to be connected to the electrodes through ohmic contacts.l?l
As the initial input, an n-type doping concentration of ny (bulk carrier
concentration) and an electron mobility of u. were considered for the
porous semiconductor channel region. The accumulation/current of



minority carriers (holes) is considered negligible for the gate and drain—
source voltages applied in the study. The electrolyte was modeled as a
thin (2 nm) insulator layer with a dielectric constant, ¢; the gate electrode
was assigned a work function, .

2D Dirift-Diffusion Model Coupled to Poisson—Boltzmann Solver. To
simulate the charge density in the electrolyte, the electrolyte was
modeled by a Poisson—Boltzmann solver connected to the drift-diffusion
model, which solves the electron density and the electric potential within
the semiconductor. The electrolyte was connected to the gate electrode
with a work function (@) from outside. Here, the electrolyte was
simulated with a coupled Poisson—Boltzmann drift-diffusion model. Two
types of singly charged ions (Li* and ClO,") were assumed to be present
in the electrolyte region at a concentration of 1 mol L™. A negative
space charge density was assigned to the semiconductor domain and
relaxed in the presence of positive ion density, which accumulated at the
electrolyte—semiconductor interface. All the calculations were performed
using COMSOL Version 5.1.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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