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Nanoscale Operando Characterization of Electrolyte-Gated
Organic Field-Effect Transistors Reveals Charge Transport
Bottlenecks

Shubham Tanwar, Ruben Millan-Solsona, Sara Ruiz-Molina, Marta Mas-Torrent,
Adrica Kyndiah,* and Gabriel Gomila*

Charge transport in electrolyte-gated organic field-effect transistors
(EGOFETs) is governed by the microstructural property of the semiconducting
thin film that is in direct contact with the electrolyte. Therefore, a
comprehensive nanoscale operando characterization of the active channel is
crucial to pinpoint various charge transport bottlenecks for rational and
targeted optimization of the devices. Here, the local electrical properties of
EGOFETs are systematically probed by in-liquid scanning dielectric
microscopy (in-liquid SDM) and a direct picture of their functional mechanism
at the nanoscale is provided across all operational regimes, starting from
subthreshold, linear to saturation, until the onset of pinch-off. To this end, a
robust interpretation framework of in-liquid SDM is introduced that enables
quantitative local electric potential mapping directly from raw experimental
data without requiring calibration or numerical simulations. Based on this
development, a straightforward nanoscale assessment of various charge
transport bottlenecks is performed, like contact access resistances, inter- and
intradomain charge transport, microstructural inhomogeneities, and
conduction anisotropy, which have been inaccessible earlier. Present results
contribute to the fundamental understanding of charge transport in
electrolyte-gated transistors and promote the development of direct
structure–property–function relationships to guide future design rules.
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1. Introduction

Electrolyte-gated organic field-effect
transistors (EGOFETs) are the building
blocks for numerous sensing and bio-
electronic applications[1] that include
biorecognition[2,3] or electrophysiological
recordings.[4,5] Recently, blends of organic
small molecule semiconductors with insu-
lating binding polymers have been consid-
ered as the active channel material, as they
improve the solution processability and an
enhanced microstructure crystallinity of
the thin films, with well-defined crystalline
domains. These improvements lead to de-
vices exhibiting higher operational stability
in comparison to the ones based on the
bare semiconductor thin films.[6,7] How-
ever, understanding the thin film blended
microstructure with two components and
probing its impact on charge transport in
operando across a range of length scales
is challenging. Typically, in these blends,
the organic semiconductor crystallizes
on top of the bottom binding polymer
layer,[8,9] while the charge transport layer is
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confined in a 2D channel top layer at the semiconduc-
tor/electrolyte interface,[10] since the semiconducting film is im-
permeable to ions. Therefore, the morphology and structure of
the top layers of the semiconductor in contact with the electrolyte
play a key role in the charge transport characteristics of these de-
vices. In particular, the local charge transport is expected to be
highly sensitive to grain boundaries and orientation of different
crystalline domains that, under applied biases, absorb significant
potential drops and funnels the charge carriers anisotropically to
different domains, creating inhomogeneous charge distributions
and thus negatively impacting the overall device effective charge
carrier mobility.[11,12] The semiconductor/electrolyte interface, in
addition, can present nanoscale interfacial heterogeneities due
to additional vertical phase separation phenomena of blended
components[6,7,9,13] leading to ultrathin (≈1 nm) skin dielectric
layers of the insulating binding polymers that directly influence
the local charge carrier density.[14] Therefore, determining the
critical aspects of the device’s microstructure and its influence on
various charge transport parameters, such as charge carrier mo-
bility, contact access resistances, inter- and intradomain charge
transport, and conduction anisotropy, is essential for creating sta-
ble and high-performance materials for EGOFET devices. In this
regard, operando scanning-probe-microscopy-based techniques
offer a unique capability to probe these characteristics over a
broad range of scales (from nano- to micrometer device scales)
and to reveal how different transport paths through the device
microstructures are coupled together and linked with the overall
device performance.

In the case of solid-state organic field-effect transistors
(OFETs), Kelvin probe force microscopy (KPFM) is a widely
used technique in air or vacuum environment for measuring
the local electric potential distribution and charge trapping dy-
namics that allow extracting relevant charge transport parame-
ters for establishing structure–function relationships.[15–17] How-
ever, the conventional KPFM technique cannot operate in aque-
ous electrolytes due to strong DC and low-frequency AC-bias-
induced charge screening dynamics and electrochemical pro-
cesses, prohibiting direct access to local electrical properties
in devices like EGOFETs.[18] Recently, in-liquid electrical scan-
ning probe techniques such as scanning electrochemical mi-
croscopy (SECM)[19] and in-liquid scanning dielectric microscopy
(in-liquid SDM)[14] have been proposed as viable options to ad-
dress the local electrical properties of such devices as the probe
can be located above the semiconducting channel at the elec-
trolyte/semiconductor interface and thereby can directly probe
the local electrical properties. Mariani et al. used SECM to mea-
sure the electrochemical potential relative to the quasi-reference-
electrode in millimeter-sized operating organic electrochemical
transistors, enabling microscopic determination of charge car-
rier density and mobility.[19] However, this technique has limited
applicability due to low spatial resolution because of the micro-
metric size of the SECM probe, thereby requiring device chan-
nel footprints that are far from the application-relevant scale. On
the other hand, Kyndiah et al.[14] recently implemented in-liquid
SDM for nanoscale mapping of the electrical properties (conduc-
tivity and interfacial capacitance) in operating EGOFETs via mea-
surement of local electrostatic forces. The measured electrostatic
forces were converted to maps of local conductivity and interfacial
capacitances using finite element modeling approaches.[14] How-

ever, a comprehensive understanding of charge carrier transport
at the nanoscale under different operating conditions and mi-
crostructural thin film arrangements has not been addressed,
primarily because of fundamental and technical challenges in
accessing certain electrical properties, specifically the local elec-
tric potential in a liquid electrolyte environment, and secondar-
ily due to the technical difficulty in gaining quantitative infor-
mation at high throughput. The latter limitation was recently
overcome by developing an automated high throughput in-liquid
SDM setup for the operando nanoscale electrical characteriza-
tion of electrolyte-gated transistors that allows exploring a wide
range of gate and drain voltages.[20] The former primary fun-
damental limitation related to the potential mapping in oper-
ating EGOFETs is addressed and solved here in the present
work.

In this work, we investigated the structure–electrical property–
function relationships in operating EGOFETs across all opera-
tional regimes (subthreshold, linear, and saturation) using a ro-
bust interpretation framework of in-liquid SDM that effectively
circumvented the current challenge of using KPFM in liquid. We
demonstrate that the local electric potential can be quantitatively
mapped directly from raw experimental electrostatic force data
without requiring calibration or numerical simulations, facilitat-
ing straightforward nanoscale assessment of the various charge
transport bottlenecks. Based on this development, we revealed
the role of the microstructural arrangement of the organic semi-
conductor thin film on the device performance across all oper-
ational regimes and provided a direct comprehensive picture of
the charge carrier transport at the nanoscale. Additionally, sup-
ported by finite-element simulations, we revealed the anisotropy
in the charge carrier transport, which displays a much higher
conductivity in the longitudinal direction along the channel than
in the transversal direction, and which has significant implica-
tions on the access series resistance values and the performance
of the transistor operation.

2. Results and Discussion

We investigated a solution processed EGOFET based on a
blend of the organic semiconducting material 2,8-difluoro-5,11-
bis(triethylsilylethynyl) anthradithiophene (diF-TES-ADT) and
the insulating polymer polystyrene (PS).[21] Previously, we have
used these films to engineer EGOFETs as stable bioelectronic
recording platforms for excitable cells,[5] for the development of
biosensors[22] and as a test platform to demonstrate the capabili-
ties of in-liquid SDM.[14] The structure–property relationships of
this material in solid-state OFETs have been studied with differ-
ent techniques,[16,23] thus providing the foundation for corrobo-
rating the findings in EGOFETs.

2.1. Macroscale Characterization of EGOFETs

The schematic of the measurement approach for both global
and local operando characterization of EGOFETs is shown in
Figure 1a. The SDM conductive probe is biased with an
amplitude-modulated high frequency (megahertz) waveform
(VAM), which is offset by a DC gate voltage (VGS) equal to the one
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Figure 1. Macroscale characterization of EGOFETs. a) Schematics of the simultaneous local and global characterization of operando EGOFETs in an
electrolyte (concentration 1 mm of NaCl) solution by in-liquid SDM. b) Optical microscopy image of the interdigitated device with nominal channel length
L= 30 μm, width W= 19 680 μm (W/L= 656), and thickness hsem = 30 nm. c) Polarized light microscopy image of the region marked with a blue rectangle
in (b). The region marked with the red rectangle and highlighted by the white arrow indicates the location where in-liquid SDM local measurements were
done in this device. d) (continuous lines) Output I–V characteristics of one of the EGOFET analyzed in the present study measured post operando after the
full set of in-liquid SDM measurements. (symbols) Average drain current measured during the operando in-liquid SDM measurements. (dotted-dashed
line) Fitting with the Helmholtz model of the experimental I–V considering series resistance effects. The arrows indicate the approximate voltage VDS at
which the current saturates. e) (symbols) Device conductivity at VDS = 0 V obtained from the I–V output curves as a function of VGS. (continuous line)
Prediction of the Helmholtz model including series resistance with the parameters extracted in (d). (dashed line) Effective semiconductor conductivity
at VDS = 0 V obtained by subtracting the effect of series resistance.

applied to the external platinum gate electrode. The amplitude-
modulated waveform applied to the SDM probe leads to a modu-
lated static bending of the cantilever due to the resulting elec-
trostatic force, which depends on the local electrical proper-
ties of the material underneath at the measuring frequencies
(megahertz).[14] The use of frequencies above the dielectric re-
laxation frequency of the electrolyte is crucial to stabilize the in-
terfacial ionic diffusive layer, preventing it from fluctuating and
absorbing the ac potential applied to the tip, and hence mak-
ing the electric force insensitive to the dynamic properties of the
ionic diffusive space charge layer.[14] Additionally, a voltage VDS
is applied between the source and drain electrodes leading to
the current IDS flowing through the device, which is also mea-
sured. Figure 1b,c shows optical microscopy images of the de-
vice with and without a polarizer, respectively. The device con-
sists of interdigitated source–drain electrodes with a channel
length L = 30 μm, an effective channel width W = 19680 μm
(W/L = 656), and a nominal semiconductor thickness hsem = 30
nm. The device geometry has been optimized for the applica-
tions of these EGOFETs as biosensing and bioelectrical recording
platforms.[5,22] The contrast in the polarized optical microscopy
image results from the birefringence of the semiconducting ma-
terial, depicting the heterogeneity due to different orientations of

the crystalline domains that originate from the pentafluoroben-
zenethiol (PFBT)-coated electrode surface and interleave in the
channel area.[16]

The underlying source–drain electrodes provide a brighter
contrast in the polarized images. The presence of well-defined
domain boundaries in the channel area was observed also in pre-
vious studies and is typical for these type of materials.[7,16,21,23]

The present study aims to understand how these heterogeneous
structures and morphology impact the interfacial charge trans-
port at the electrolyte/semiconductor interface.

Figure 1d (continuous lines) shows the output characteristics
of the device in a 1 mm NaCl aqueous solution measured under
the same configuration as used later for the nanoscale electrical
measurements with in-liquid SDM. The output I–V characteris-
tics show the typical behavior of EGOFETs depicting subthresh-
old, linear, and saturation regimes and can be described quantita-
tively using our recently proposed analytical EGOFET Helmholtz
model considering series resistance effects.[24] The Helmholtz’s
model assumes a voltage-independent electrolyte dielectric layer
capacitance, thus indicating that in the devices studied, the volt-
age dependence of the interfacial ionic diffusive space charge
layer does not play a significant role. The model perfectly fits the
output characteristics, as shown with the dotted-dashed lines in
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Figure 1d, providing the following device parameters: intrinsic
threshold voltage without series resistance effect VTH = −0.51 V,
mobility–capacitance product μpcH = 1.9 μS V−1 and series resis-
tance Rs = 5 kΩ. The mobility–capacitance product agrees well
with the values reported in the literature,[25] indicating an ac-
ceptable level of intrinsic performance despite a relatively large
threshold voltage. The series resistance probably stems from the
staggered configuration of the device,[24] the polycrystalline na-
ture of the semiconducting thin film material, the vertical phase
separation of the semiconductor and the insulating layer, and the
low transversal conductivity of this material owing to inferior out-
of-plane 𝜋-orbital overlap[23] leading to high access resistance, as
we will show later from the nanoscale SDM measurements.

Figure 1e (black dots) shows the effective device conduc-
tivity calculated from the output characteristics at VDS = 0 V
as 𝜎0(VGS) = (L∕Whsem)𝜕IDS∕𝜕VDS|VDS = 0 V. The continuous red
line represents the prediction of the Helmholtz model consid-
ering the series resistance effect,[24] which is in excellent agree-
ment, while the dashed red line indicates the effective semicon-
ductor channel conductivity after suppressing series resistance
effects. The effective channel conductivity reaches >10 S m−1,
showing a readily remarkable value for a polycrystalline mate-
rial, which is at the basis of the robust performance of these
EGOFETs.[5,22]

2.2. Nanoscale Probing of Different Operating Regimes of
EGOFETs by In-Liquid SDM

In-liquid SDM measurements were performed by means of an
automated setup recently developed (see the Experimental Sec-
tion and Ref. [20]) with a much-improved throughput as com-
pared to our earlier approach.[14] Nanoscale measurements were
performed on the region marked with a red rectangle and white
arrow in Figure 1c. At each pixel in the scan region, approach
curves of the cantilever deflection and oscillation amplitude were
measured, from which topographic and local electrostatic force
images were constructed. The measured electrostatic force en-
codes the information about electrically relevant local properties
like conductivity and compact interfacial capacitances, which are
generally extracted by modeling the tip–sample interactions us-
ing the finite element method after following the appropriate data
calibration procedure.[14,26] Figure 2a shows a zoomed version of
the polarized light microscopy image of the region analyzed (64×
16 μm2) spanning a source–channel–drain area, where different
crystalline domains of the semiconductor thin film are distinctly
visible. The choice of this specific region for local measurements
is based on its composition, which includes a homogeneous top
section comprising a single crystalline domain linking the source
and drain electrodes (upper ≈4 μm segment of the image) and a
bottom region where multiple domains intersect (lower ≈12 μm
segment of the image). Figure 2b shows the topographic image of
the same region, showing relatively uniform thin-film morphol-
ogy with few structural features matching the optical polariza-
tion image in Figure 2a highlighted by the black, red, and white
arrows. Notably, not all structural features displayed in the polar-
ized optical image give rise to topographic variations. The height
difference between the channel and electrodes is ≈ 55± 10 nm, as
depicted by the superimposed cross-section profile, in reasonably

Figure 2. Revealing microstructure impact on transport with local elec-
trostatic forces. a) Polarization light microscopy image of a 64 × 16 μm2

area of the EGOFET transistor (red rectangle region with white arrow in
Figure 1c), including source, channel, and drain regions. b) AFM topogra-
phy of the same area as in (a) with the topographic profile superimposed.
c) Relative electrostatic force lift-mode images (Zlift = 100 nm and Zref =
2000 nm) for VGS = −0.8 V and VDS = 0, −0.2, and −0.4 V. Experimental
parameters for in-liquid SDM measurements: electrolyte = 1 mm NaCl,
gate = Au SDM probe (HQ:NSC19/Cr–Au) + Pt external electrode, fel =
25 MHz, fmod = 10 kHz, Vac = 2 VPP, pixels 64 × 16, k = 1.097 N m−1, fres
= 34.90 kHz (cantilever).

good agreement with the nominal thickness of the electrodes (≈
45 nm). Figure 2c shows lift-mode relative electrostatic force im-
ages with Zlift = 100 nm and Zref = 2000 nm, for VGS = −0.8 V
and VDS = 0, −0.2, and −0.4 V. In the present work, following
Ref. [20], we use relative electric force variations rather than abso-
lute values,[14] as it provides significant advantages and accurately
captures the local trends by effectively removing high-frequency
artefacts (see the Experimental Section and Ref. [20]).

As we mentioned above, the variations measured in the local
(relative) electrostatic force as a function of bias voltages are di-
rectly related to local conductivity variations, since the local con-
ductivity is the sole sample electrical property affected by bias
voltages that directly affects the electrostatic force. Due to the
high frequency (megahertz) of SDM measurements, above the
dielectric relaxation frequency of the electrolyte, the interfacial
diffuse ionic layer does not fluctuate and hence its capacitance
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Figure 3. Nanoscale probing of different operating regimes of an EGOFET by in-liquid SDM. a) Lift-mode relative electrostatic force images (Zlift = 100
nm and Zref = 2000 nm) for VGS and VDS voltages covering all operating regimes, which are highlighted by the thick dashed lines (black for subthreshold,
blue for linear, and red for saturation regime). The scale bar corresponds to 10 μm. b–d) Relative electrostatic force profiles along scan line 15 for the
different VGS and for VDS = 0,−0.2, and−0.4 V, respectively. e–g) Idem for scan line 4. The location of scan lines 4 and 15 is shown in (a) for VDS = −0.1 V
and VGS = −0.6 V. The black dashed profiles in (b–g) represent the sensitivity limits of the electrostatic force on the local conductivity for high (top
line) and low (bottom line) conductivities. Experimental parameters are the same as in Figure 2.

is not directly detected through the electric force measurement
at megahertz frequencies, while the Stern interfacial capacitance
generally remains constant as a function of bias voltages. Fur-
thermore, we did not observe any relevant variation in the topog-
raphy of the semiconductor thin film obtained simultaneously
to the electrical images (see Figure S1 in the Supporting Infor-
mation), discarding relevant modification in its microstructure
due to its interaction with the electrolyte and variations in ap-
plied voltages. A noticeable contrast between the source/drain
and channel regions is observed in the measured electrostatic
force maps, attributed to the underlying substrate (metal elec-
trode vs an insulating substrate), as discussed elsewhere.[14] At
zero drain voltage (VDS = 0 V), the electrostatic force image ap-
pears symmetrical, as both the source and drain display similar
values (top image in Figure 2c). Contrarily, increasing the drain
voltage introduces an asymmetry in the electrostatic force distri-
bution (middle (VDS =−0.2 V) and bottom (VDS =−0.4 V) images

in Figure 2c), resulting in lower values at the drain, representing
lower local conductivities,[14] which is compatible with the pres-
ence of space charge transport, characteristic of FET devices. Ad-
ditionally, some of the microstructural features of the material
become apparent as the drain voltage increases, particularly in
the channel region where the presence of a grain only manifests
at relatively high drain voltages (red arrow in the bottom image
in Figure 2c). These results show that electrostatic force images
can reveal the inhomogeneous conductivity distributions along
the channel and microstructure material effects when measured
in operating EGOFETs.

Figure 3a shows the nanoscale evolution of the electrostatic
force images as a function of drain and gate voltages, encompass-
ing subthreshold, linear, and saturation regimes. Only a subset
of the more than 300 images acquired is shown here due to lim-
ited space, while the complete dataset is available in Figure S1
(Supporting Information). Figure 3b–d (res. Figure 3e–g shows
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relative electrostatic force image profiles along scan line 15 (res.
scan line 4) for different VGS (−0.3 to −0.8 V in steps of 0.02 V)
and VDS = 0, −0.2, and −0.4 V, respectively. Scan line 15 traverses
the region where a single crystalline domain bridges the source
and drain, while scan line 4 traverses an area containing inter-
secting crystalline domains (see the location of the scan lines in
Figure 3a for the case of VDS = −0.1 V and VGS = −0.6 V). The
different transport regimes in Figure 3a are denoted with thick
dashed lines overlaying the images according to the output I–V
characteristics shown in Figure 1d. In the subthreshold regime,
the conductivity is too low to be detected in the SDM measure-
ments; therefore, the measured electrostatic force reflects the in-
teraction of the conductive tip with an insulating material and
thus stays low. As the gate voltage surpasses the threshold volt-
age, the conductivity is high enough to be detected by the SDM
probe. When VDS = 0 V, the force increases uniformly across the
device with increasing gate voltage, as shown in Figure 3b,e. The
black dashed lines in Figure 3b,g correspond to the condition
where the electric force becomes insensitive to the local conduc-
tivity, either because it is too high (top dashed line) or too low (bot-
tom dashed line). The application of a drain voltage in the linear
regime leads to an asymmetry in the spatial distribution of the
electrostatic force along the channel, with its value decreasing to-
ward the drain electrode, see Figure 3c,f, as pointed out above. For
high enough drain voltages, the electrostatic force over the drain
is not modulated by the gate voltage any further and takes values
similar to the subthreshold regime, indicating a local off-state and
denoting the occurrence of a pinch-off in the saturation regime,
as shown in Figure 3d,g. An important observation is that elec-
trical features correlating with the polycrystalline microstructure
of the semiconductor film start appearing in the channel with in-
creasing drain voltages, as also pointed above. Surprisingly, the
local extension of the pinch-off in the channel can be promoted
by the semiconductor microstructure, as indicated by the blue
arrows in Figure 3g for scan line 4. By contrast, for scan line 15
in Figure 3d, the pinch-off is mostly restricted only to the drain
electrode.

Similar measurements were performed on various devices and
regions exhibiting unique multiscale structural features to com-
prehensively assess the diverse influence they have on the evo-
lution of local electrical properties. For instance, Figure S2 (Sup-
porting Information) shows the case where the Atomic Force Mi-
croscopy (AFM) topography of the grain boundary consists of a
pattern of open gaps and closed smooth boundaries between ad-
jacent grains, topographically similar to the one reported for the
diF-TES-ADT and poly(triarylamine) (PTAA) blend thin film.[27]

In this case, the microstructure is visible at high drain voltage,
although subtle compared to the one in Figure 3, representing a
moderately restricting grain boundary. Figure S3 (Supporting In-
formation) shows a subtle grain boundary effect at intermediate
gate voltages; however, a pronounced impact is observed at high
gate voltages with a sudden massive drop at the grain bound-
ary, even for VDS = 0 V. Figure S4 (Supporting Information) il-
lustrates a case where part of the channel is decorated with 3D
textured crystallites, suspected in the literature to be detrimen-
tal to charge transport;[16] indeed, we observed that the electro-
static force evolution in this region is limited as a function of
gate voltage compared to the homogenous region. Finally, Figure
S5 (Supporting Information) illustrates the impact of the orienta-

tion of the grain boundaries with respect to the source and drain
electrodes. Grain boundaries parallel to the current path bridging
the source and drain electrodes show relatively little impact in the
electric force distribution, while grain boundaries perpendicular
show an important detrimental effect. Therefore, formulating the
device fabrication strategy that results in a particular dominating
orientation of the crystalline domain across the device area could
improve its characteristics.

The above results demonstrated the impact of diverse struc-
tural signatures on the evolution of the local conductive prop-
erties of the device in operando, including on the extension of
the pinch-off into the channel. If a single domain exists between
the source–drain electrode, the pinch-off is mostly limited to
the drain electrode. However, if there are multiple domains, the
pinch-off may extend to the channel, with the extent depending
on the distribution of the grains.

2.3. Local Potential Mapping of Operating EGOFETs

In order to provide a quantitative evaluation of the influence of
the thin film microstructure and heterogeneity on the device per-
formance, it would be desirable to map the local electric potential
distribution within the source–channel–drain region, similar to
what is done with conventional KPFM in solid-state OFETs.[15–17]

Since conventional KPFM cannot be operated in the aqueous
electrolyte environment, we have developed a novel strategy to
achieve it.

To map the local electric potential from the local electrostatic
forces measured by in-liquid SDM, we took advantage of the de-
pendence of the local conductivity on the local electric potential.
We assumed that i) the voltage dependence of the local electro-
static force at a given position (x, y) is univocally determined, to
a good approximation, by the local semiconductor sheet conduc-
tivity, i.e.

Felec

(
x, y, z; VGS, VDS

)
= F

[
𝜎
(
x, y; VGS, VDS

)
, z
]

(1)

and that ii) the local conductivity in the on-state at nonzero VDS
can be related to a good approximation to the conductivity at zero
source–drain voltage evaluated at the local effective gate voltage,
VGS′ = VGS − V(x, y), i.e.

𝜎
(
x, y; VGS, VDS

)
= 𝜎0

[
x, y; VGS − V

(
x, y; VDS

)]
VDS < 0 (2)

where, V(x, y) is the local potential drop along the channel at po-
sition (x, y) for the given VGS and VDS. Under these assumptions,
which are reminiscent from the gradual channel approximation
used in the modeling of field-effect transistors,[28] one has

Felec

(
x, y, z; VGS, VDS

)
= Felec,0

[
x, y, z; VGS − V

(
x, y; VDS

)]
(3)

i.e., the local electrostatic force measured at a given position (x, y)
and bias potentials (VGS and VDS) is equal to the local electrostatic
force measured at the same position for VDS = 0 V and at the local
effective gate potential VGS′ = VGS − V(x, y). Therefore, the local
electric potential V(x, y) at a given VGS and VDS can be obtained
by comparing the (relative) electrostatic force measured at these
voltages with those measured at VDS = 0 V and identifying the
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Figure 4. Local potential mapping of an operating EGOFET. a) Electric potential maps V(x, y) corresponding to VGS = −0.8 V and VDS varying from −0.1
to −0.5 V. Each map is linked to the corresponding point in the associated output I–V curve for VGS = −0.8 V. b) Potential profiles along the dashed lines
in (a) corresponding to scan lines 15 and 4. Inset in scan line 4 graph shows the local potential evolution in the crystalline domain attached to the drain
electrode at the location highlighted by the dotted green line. The stripped gray regions in the background represent source/channel and channel/drain
interfaces. c) Resistances associated with source, channel, and drain (R = ΔV/IDS) calculated as a function of drain voltage obtained from the potential
profiles for the scan line 15 in (b) with ΔV highlighted for source, channel, and drain. The error bars for the source curve are derived from the standard
deviation of the electric potential over the source region. In the channel and drain regions, the calculation is done using only two data points across
their respective lengths/interfaces, so error bars are not plotted. Inset: schematic of the charge carrier transport path from source to drain with different
resistances and voltage drops identified.

gate potential shift that make them equal (see the Experimental
Section and Figure S6 in the Supporting Information).

Figure 4a shows the local electric potential maps obtained fol-
lowing this procedure for VGS = −0.8 V and VDS varying from
−0.1 to −0.5 V, spanning linear to saturation regimes as defined
in the associated output I–V curve (see Figure S6 in the Support-
ing Information for the potential maps for all drain and gate volt-
ages).

Figure 4b shows the potential profiles along scan lines 15 and
4, representing, respectively, regions with single and multiple ac-
tive grains in the channel region, as mentioned before. For scan
line 15, most of the potential drops at the contacts so that the elec-
tric potential in the channel looks relatively uniform for low VDS
(the small slope leading to the local electric field is not detectable),
while it develops a significant nonlinearity at higher VDS, consis-
tent with the development of a space charge limited transport in
the semiconductor. On the contrary, in scan line 4, the potential
drops mostly at the contacts and at the grain boundary, with only
a very small drop occurring in the remaining part of the channel.

In particular, the local voltage in the channel grain connected to
the drain electrode increases and then saturates with increasing
drain voltage (see inset of Figure 4b for scan line 4), thus lead-
ing to the extension of the pinch-off into the channel region. The
above results show that the crystalline domains show excellent
conductive properties with minimal voltage drop within them,
while grain boundaries and contacts absorb most of the applied
potential, hence severely reducing the performance of the device.

The following picture emerges from the previous analysis: for
zero drain voltage and increasing gate voltages, the channel is
formed at the electrolyte/semiconductor interface that also occu-
pies the area above the electrodes and all the grains present in the
channel. Then, as the drain voltage increases, the electric poten-
tial starts redistributing according to the presence of grain bound-
aries, space charge effects, and contact effects, thereby changing
locally the conductivity. For instance, the area above the drain
starts depleting, and the applied drain voltage defines the local
potential over the drain electrode. Similarly, at some grain bound-
aries, significant drops in potential may occur, resulting in the

Adv. Mater. 2024, 36, 2309767 2309767 (7 of 11) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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depletion of some of the grains and giving rise to low conductiv-
ity grain regions, which were, instead, highly conductive at low
drain voltages. Finally, we note that the potential on the source
electrode (which is at ground) slightly decreases as the drain volt-
age is increased. This fact can be due to the presence of series
resistance effects (Rsource) since the charge carriers need to travel
from the source to the conduction channel, and hence face the
source contact resistance that includes the charge injection re-
sistance at the source/semiconductor interface and the semicon-
ductor bulk transversal access resistance (see inset in Figure 4c).
After reaching the channel, the charge carriers traverse the chan-
nel (Rchannel) and reaches the drain electrode edge (Rdrain) follow-
ing the least resistance path (see inset Figure 4c). Figure 4c shows
the different resistances determined from the electric potential
profiles for scan line 15 (R = ΔV/IDS), as a function of drain
voltage. The source resistance remains relatively constant as a
function of drain voltage (RS ≈ 6–8 kΩ), and its magnitude is
consistent with the one obtained from the Helmholtz model fit-
ting at VDS = 0 V depicted in Figure 1e where Rs = 5 kΩ. On
the other hand, the drain resistance RD initially shows a value
similar to RS for low drain voltages but later it shows significant
drain voltage dependence, thereby absorbing most of the poten-
tial drop at high drain voltages and prohibiting the pinch-off from
extending into the channel, as observed in Figure 3d. A similar
lack of pinch-off in the channel due to the strong dependence
of the drain resistance on drain voltage is reported in the n-type
OFETs based on N,N’-bis-(1H,1H-heptafluorobutyl)-1,7-dicyano-
perylene-3,4:9,10-tetracarboxylic diimide (PDI-FCN2) in the lim-
iting case of a thin (6 nm) semiconducting layer using gated four-
probe measurements.[29] The relatively low channel resistance
in the homogeneous section (scan line 15) suggests efficient in-
tradomain charge transport. However, significant voltage drops
at the contacts and grain boundaries act as bottlenecks for charge
transport.

2.4. Conduction Anisotropy

The PFBT-treated source–drain electrodes are known to enforce
<001> crystallites of the diF-TES-ADT, where molecules pack
cofacially with their aliphatic side chains oriented perpendicu-
lar to the substrate.[23,27] The <001>-textured film exhibits op-
timal in-plane 𝜋-stacking, benefiting longitudinal charge car-
rier transport in the transistor channel. However, this arrange-
ment reduces out-of-plane 𝜋-orbital overlap and thus suppresses
transversal charge carrier transport over the electrodes. This con-
duction anisotropy has significant implications for the injec-
tion/extraction of charge carriers into/from the transistor chan-
nel. In-liquid SDM measures the electrostatic forces between the
tip and the sample. Since electrostatic forces are long-ranged,
they probe a certain volume of the material under study, which
in the case of the semiconductor thin films of the EGOFETs of
the present study (≈30 nm thick) comprises the whole semicon-
ductor thickness. Therefore, in-liquid SDM can probe the con-
duction anisotropy, since it probes the transversal conductivity
(𝜎⊥) when the probe is on the electrodes, due to the presence of
a metallic substrate, whereas it probes mainly the longitudinal
(𝜎∥) conductivity when in the channel, due to the presence of the
insulating substrate (see Figure S8 in the Supporting Informa-

Table 1. Local mobility–capacitance product and threshold voltages at four
locations along scan line 4 indicated in Figure 2b, and global values.

Location [μpcDL] Product VTH

Device∥-Global 1.9 μS V−1 −0.51 V

Source⊥-Local (8, 4) 11.4 ± 0.3 nS V−1 −0.38 ± 0.03 V

Channel∥-Local (31, 4) 9.3 ± 0.5 μS V−1 −0.48 ± 0.07 V

Channel∥-Local (40, 4) 3.3 ± 0.1 μS V−1 −0.48 ± 0.03 V

Drain⊥-Local (54, 4) 13.8 ± 0.3 nS V−1 −0.47 ± 0.03V

tion). The quantitative analysis of the local conductivity in four
locations along the scan line 4, highlighted in Figure 2b, has been
carried out by using the numerical model presented elsewhere[14]

(see Figure S9 in the Supporting Information). The conductivity
shows the characteristic linear dependence on the gate voltage in
the on-state, i.e.

𝜎 (x, y) ≈

[
𝜇pcDL

]
(x, y)

hsem

[
−VGS + VTH (x, y)

]
; VGS < VTH (x, y) (4)

where [μpcDL](x,y) and VTH(x, y) are the local mobility–capacitance
product and threshold voltage, respectively. Table 1 shows the lo-
cal mobility–capacitance product and threshold voltage obtained
from this analysis for VDS = 0 V at the four locations consid-
ered (see Figure S9 in the Supporting Information). Table 1 also
shows for comparison the global values obtained from the analy-
sis of the I–V characteristics with series resistance subtracted in
Figure 1d,e.

The local threshold voltages show similar values to the one ob-
tained from the macroscopic analysis of the I–V curve. However,
the local mobility–capacitance product on the source and drain
(which reflects the transverse conduction properties) is two or-
ders of magnitude smaller than the ones obtained in the channel
region (longitudinal conduction properties), reflecting quantita-
tively the anisotropic charge transport properties of the organic
semiconducting material. The low mobility–capacitance prod-
uct in the transversal direction could explain the relatively high
source (access) resistance values obtained above in Figure 4c. On
the other hand, the mobility–capacitance products for two dif-
ferent grains within the channel are similar, indicating that the
grains’ intrinsic transport properties are comparable. This result
further supports the observation that at VDS = 0 V, the semicon-
ductor microstructure did not provide any contrast in Figure 3.
With an applied drain voltage, the microstructure becomes visi-
ble due to a local potential drop at the grain boundary in the chan-
nel, giving to the grains different local gate potentials, and hence
conductivities, thus limiting the charge carrier transport. The nu-
merical analysis for the nonzero VDS concurrently supports the
observations (see Figure S9 in the Supporting Information). The
effective longitudinal device mobility–capacitance product, with
series resistance subtracted, ≈1.9 μS V−1 is 2–5 times lower than
the one measured locally in the channel in the specific positions
analyzed (see Table 1). Our previous work[14] reported a similar
factor, and several possible explanations, although the exact ori-
gin of this quantitative discrepancy was not clear at that time. The
extended data analysis of the potential maps obtained for all drain
and gate voltages indicates that the origin of the reduction in
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the effective longitudinal channel mobility–capacitance product
is due to the decrease in effective channel mobility owing to the
polycrystalline microstructure nature of the channel, see Figure
S10 in the Supporting Information. This result again highlights
the importance of nanoscale operando characterization in pin-
pointing charge transport bottlenecks.

The results presented in the present work can be extended, in
principle, to other types of electrolyte-gated field-effect transis-
tors (EGFETs) based on ion impermeable semiconductor materi-
als, such as amorphous oxides, transition metal dichalcogenides,
graphene, or nanotubes.[1] In all these cases, the electrolyte di-
electric plays a crucial role in determining the device electrical
performance, as it facilitates the migration of ions from the elec-
trolyte to the semiconductor material interface, forming the elec-
tric double layer (EDL), which presents a very large capacitance
(in the ≈μF cm−2 range). This large interfacial capacitance en-
ables the modulation of the free charge carriers concentration
in the semiconductor by the field effect with relatively low ap-
plied voltages (typically below 1 V), a significant advantage when
dealing with biosensing and biorecording applications.[1–5] Elec-
trolyte dielectrics also enable a fast enough response of EGFETs,
leading to cutoff frequencies up to some kilohertz, essential
for tailoring EGFETs to specific applications requiring relatively
rapid switching (e.g., bioelectronic recordings). In-liquid SDM
constitutes an ideal technique to probe the nanoscale electrical
properties of EGFETs in operando, as it uses frequencies well be-
yond the cutoff frequency of the transistors and is sensitive to
voltage variations of only the local semiconductor material con-
ductivity. Other properties showing voltage dependencies, like
the ionic diffusive interfacial capacitance of the EDL, are not di-
rectly probed, thus providing a relatively simple and transparent
interpretation of the measurements, which is at the basis of the
direct derivation of electric potential maps, essential to identify
charge transport bottlenecks.

3. Conclusions

In summary, nanoscale operando characterization of EGOFETs
has been performed in different operating regimes and for dif-
ferent microstructural signatures of the semiconducting thin
film through a robust interpretation framework of in-liquid
SDM that enabled quantitative local electric potential mapping of
EGOFETs. Local electric potential maps have been extracted di-
rectly from the raw experimental data without requiring any prior
calibration or numerical simulations, which constitutes a major
advantage of the presented approach. The electric potential maps
obtained under different biasing conditions provided direct infor-
mation on the main charge transport bottlenecks present in the
device. We showed that the device’s macroscopic I–V character-
istics are heavily dominated by the grain boundaries and series
access resistance effects and, thus, do not reflect the true perfor-
mance that can be achieved with this semiconducting material.
The individual crystalline domains of the semiconducting mate-
rial possess far better characteristics (reaching 40 S m−1 intrin-
sic conductivity); however, the less than 4 S m−1 effective con-
ductivity observed from the global I–V characteristics indicates
that the device is dominated by various bottlenecks. It thus de-
mands developments of chemical design strategies that target
improving the series access resistance and grain boundary char-

acteristics instead of intrinsic charge carrier mobility of the semi-
conducting crystalline domains. In this regard, the relatively low
transversal conductivity identified in the present study due to the
anisotropic molecular packing[23,27] explains the relatively large
series access resistance observed. Resolving the limitation in-
duced by this molecular packing, for example, through molecular
contact doping, as recently reported in OFETs,[8,30] could signifi-
cantly improve the characteristics of devices based on this semi-
conducting material. Furthermore, increasing the grain sizes or
decreasing the channel length would allow single grains con-
necting the source and drain electrodes and hence will reduce
the impact of grain boundaries, and improve the device perfor-
mance. The approach reported here opens new routes to ob-
tain comprehensive quantitative insights into the charge carrier
transport in electrolyte-gated transistors and pinpoint various
bottlenecks. The straightforward approach to obtain quantitative
electric potential maps from in-liquid SDM, which in principle
cannot be obtained with the conventional KPFM technique in
operando, is expected to provide an essential standard character-
ization methodology for probing charge transport mechanisms
in electrolyte-gated transistors.

4. Experimental Section
Device Fabrication: Heavily doped n-type silicon wafers (purchased

from Si-Mat) featuring thermal SiOx (200 nm) were employed. Source and
drain electrodes (5 nm of Cr and 40 nm of Au) were fabricated by pho-
tolithography (MicroWriter ML Laser Lithography System) and thermal
evaporation (System Auto 360 from BOC Edwards).[5,21] The electrodes
were modified with a self-assembled monolayer of PFBT. Subsequently, a
2 wt% blend solution in chlorobenzene composed of diF-TES-ADT and PS
in a ratio 4:1 was deposited on top of the substrates using the bar-assisted
meniscus shearing technique at a rate of 10 mm s−1 and at 105 °C, as pre-
viously reported.[6,21] The semiconductor film entailed a very low number
of complete molecular layers (around 3–5 monolayers).[9] Hence, in these
films, there were no multilayers of crystals (with different internal grains)
as often observed in evaporated thin films. Instead, the films prepared
here consisted of a continuous polycrystalline thin film layer and, hence,
with the optical microscopy images, one saw the crystalline domains of
the whole film, not just the surface domains. The printing methodology
employed to deposit the organic semiconductor layer ensured the prepa-
ration of highly homogeneous films with very high reproducibility[21] and
improved performance and stability compared to the ones based on only
the bare semiconductor.[5,21,22] Further details on the material preparation
and fabrication process are provided elsewhere.[14,21]

Polarized Optical Microscopy: Optical microscope images were ob-
tained using an Olympus BX51 equipped with a polarizer and analyzer
at 90° in reflection mode.

Operando Local Characterization of EGOFETs by In-Liquid SDM: The
nanoscale operando characterization of EGOFETs was done by in-liquid
SDM following the principles originally presented in Ref. [31], further
adapted to the specific case of EGOFETs in Ref. [14] and finally optimized
in Ref. [20] (see Figure 1 therein). The measuring setup included auto-
mated functionalities and high throughput capabilities, as described in
Ref. [20]. In a nutshell, it consisted of a JPK Nanowizard 4 BioAFM system
mounted on a Nikon Eclipse optical microscope and integrating a point
probe station (EverBeing EB-700) connected to an Agilent B2912A source
measuring unit. The amplitude-modulated AC voltage of amplitude Vac,
electrical frequency in the range 1–30 MHz and modulating frequency of
2–10 kHz was applied by means of the Keysight 33622A function waveform
generator, while the photodiode oscillation signal was processed with an
external lock-in amplifier (eLockin 204/2, Anfatec). The use of frequencies
in megahertz range (above the dielectric relaxation frequency of the elec-
trolyte) prevented the screening of the applied AC potential by the ionic

Adv. Mater. 2024, 36, 2309767 2309767 (9 of 11) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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diffusive interfacial layer and enabled obtaining local electrical informa-
tion in electrolyte solutions. The use of lower frequencies resulted in a
systematic loss of locality and the impossibility to obtain nanoscale electri-
cal images (see Figure S11 in the Supporting Information). The operation
of the setup was automated by using custom Python-based automated
workflow running on an external computer.[20] The AFM data acquisition
was done in advanced Quantitative Imaging (JPK) mode. HQ:NSC19/Cr–
Au (k ≈ 1 N m−1, fres ≈ 35 kHz in liquid) and PPP-CONTSCPt (k ≈ 0.5 N
m−1, fres ≈ 10 kHz in liquid) AFM tips were used as indicated in the re-
spective figure captions. The data analysis of the measured electric force
was performed using custom Python scripts that essentially generated rel-
ative electrostatic force curves by simply taking the relative changes of the
recorded raw electrical oscillation amplitudes.[20] The use of relative elec-
trostatic force values in the present work was motivated by the fact that the
tip–sample system comprising a SDM probe with an EGOFET represented
a dynamic impedance as a function of bias voltages and, due to opera-
tion at high frequency, this impedance also exhibited spatial variability as
the probe traversed the source–channel–drain region, which could cause a
measurement artefact by influencing the total applied tip–sample AC volt-
age, which was typically assumed to be constant. Previous approaches
addressed this issue through renormalization factors.[14,26] However, ap-
plying the same method to a dynamic system like an EGOFET was im-
practical, primarily due to spatial variability mandating different factors
for each electric force approach curve and for each operating point. Here,
the robust and straightforward method was used to remove this artefact
entirely during data processing introduced in Ref. [20], which involved sim-
ply taking the relative electrostatic force variation with respect to far-away
reference tip–sample distance in an electric force approach curve, i.e.,
(Fel|Zlift

− Fel|Zref
)∕Fel|Zref

, allowing fast qualitative and quantitative analy-
sis (see Figure S12 in the Supporting Information for further details). The
use of the relative electric force also eliminated the need for calibration
and knowledge of various factors such as the cantilever spring constant,
AFM optical system deflection sensitivity, lock-in amplifier gains, applied
AC potential amplitude, and the renormalization factor. For obtaining po-
tential maps from relative electrostatic force approach curves, a Python al-
gorithm was developed that essentially implemented the process depicted
in Figure S6 (Supporting Information).

For the local operando characterization of the EGOFETs, both an ex-
ternal gate electrode and the conductive tip of the SDM were used. The
rationale behind this approach was to allow the flexibility of using the ex-
ternal gate electrode of any material to gate the transistor and not be lim-
ited by the availability of an appropriate AFM cantilever as in the previous
implementation.[14] The use of two gate electrodes could shift the thresh-
old voltage, but it did not affect the intrinsic performance or stability of the
semiconducting material. Operando measurements were performed in a
voltage range in which the EGOFET remained stable. The stable gate volt-
age window was from +0.2 to −0.8 V (step size = 0.02 V, # = 51) and drain
voltage from 0 to −0.5 V (step size = 0.1 V, # = 6) covering all transport
regimes, giving rise to 306 different operating points and electrical images
(1 min 46 s per image). The simultaneously recorded drain current versus
time measurements during operando in-liquid SDM were used to recon-
struct an output curve (see Figure S13 in the Supporting Information and
Figure 1d).

In-Liquid SDM Numerical Simulation: Local conductivity values were
extracted by comparing the measured relative electric forces to the predic-
tions of finite element numerical calculations. The physical model used,
and its numerical resolution, were the same as those detailed in Ref. [14].
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