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ermination of the lateral
resolution of surface electric potential
measurements by Kelvin probe force microscopy
using biased electrodes separated by a nanoscale
gap and application to thin-film transistors

Mélanie Brouillard,†ab Nicolas Bercu,†a Ute Zschieschang,b Olivier Simonetti,a

Rakesh Mittapalli, a Hagen Klauk b and Louis Giraudet *a

A method is proposed to estimate the lateral resolution of surface potential profile measurements using

Kelvin probe force microscopy (KPFM) on operating electronic devices. De-embedding the measured

profile from the system response is required for various applications, such as contact characterization of

thin-film transistors, or local longitudinal electric field measurements. A method is developed based on

the measurement of the electric potential profile of two metallic electrodes separated by a nano-gap,

providing a quasi-planar configuration. The electrodes are independently biased so as to produce an

abrupt and well-controlled potential step. This calibration sample is used to measure the system impulse

response in various configurations. Due to the application constrains, the KPFM method employed here

is based on a dual-pass mode, demonstrated to provide reliable measurements on operating electronic

devices. The method is applied to two types of conductive AFM probes. Measurements are performed at

different tip-to-sample heights allowing the determination of the lateral resolution of the double-pass

method. Detailed description of the measurements and resolution results are given for the present KPFM

configuration. The system resolution measurement technique can be extended to other KPFM modes

and can be used to monitor the degradation of the tip quality during long measurement campaigns.

Finally, the method is applied to the characterization of thin-film transistors, and the effects of contact

edge sharpness on the device behavior is discussed. The longitudinal electric field responsible for charge

injection at the source-contact edge is successfully estimated and compared for organic thin-film

transistors fabricated by stencil lithography or electron-beam lithography.
Introduction

An important requirement for Kelvin probe force microscopy
(KPFM), as for most scanning probe microscopy (SPM) tech-
niques, is to have a good estimate of the lateral resolution, in
the case of KPFM of the measured surface potential prole. The
lateral resolution reects the ability of the measurement
method to spatially separate the contributions of different
electrostatic sources present in the sample. It is much more
difficult to estimate the lateral resolution in KPFM than in SPM
topography measurements where the tip apex diameter is the
determining factor.

The double-pass method in amplitude-modulated (AM)
KPFM2–4 was initially proposed in order to provide the ability to
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s work.
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distinguish the long-range electrostatic forces from the short-
range van der Waals interaction. However, the simultaneous
contributions of the tip and the cantilever to the long-range
electrostatic interaction make it impossible to estimate the
local surface potential in a straightforward manner.5 To elimi-
nate these problems, KPFM based on frequency modulation
(FM) and phase modulation (PM) will be discussed in the
present work.1,3

The lateral resolution of KPFM measurements has been
discussed in many previous publications,6–15 and several de-
nitions have been proposed. Some authors have measured the
response of the system to a potential step and have dened the
resolution as the distance traveled by the tip to measure
a certain percentage of the applied potential difference.6,7

Others estimate the radius of a circular surface area centered
below the tip that accounts for half of the total electrostatic tip–
sample interaction.8 This latter method is more suited to
a theoretical determination of the resolution. However, any
denition of the resolution has to deal with the fact that the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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surfaces on which the measurements are performed are usually
not at and that the effects of the topography on the measure-
ment results are difficult (if not impossible) to formalize. This
greatly complicates any general assessment of the KPFM reso-
lution. Despite these difficulties, it remains relevant to measure
the response of the system in a given experimental congura-
tion, targeting a given application, opening the way to a precise
analysis of the measured surface potential proles in that
conguration and to the understanding of the device under
study.

In the application targeted in the present study, i.e., the
characterization of thin-lm transistors, the device is mostly
planar with limited topography, and the surface potential
prole is measured along the semiconductor channel from the
source contact to the drain contact. The surface potential prole
is asymmetric, as the potential is constant in the direction
perpendicular to the semiconductor channel (parallel to the
contact edges), but varies greatly along the channel (from
source to drain). The proposed resolution evaluation method
has been developed considering this characteristic asymmetry
and is performed in a conguration similar to that of a thin-lm
transistor.

For the sake of simplicity, the KPFM resolution is dened
here as the full width at half maximum (FWHM) of the system
impulse response to a unidirectional Dirac-type excitation,
approximated to a Gaussian.9 This method uses a principle that
is identical to the one employed in conventional microscopy
using the Rayleigh criterion.10 Since devices presenting a Dirac
potential prole are difficult to implement experimentally,
a dedicated calibration sample consisting of pairs of metal
Fig. 1 Layout of calibration devices to experimentally determine the late
forcemicroscopy (KPFM). Each calibration device consists of a pair of met
Lithography was performed using exposure doses of 900, 1100, 1300 an
and the smallest obtained gap length (measured by SEM) is 12 nm.

© 2022 The Author(s). Published by the Royal Society of Chemistry
electrodes separated by a narrow gap has been designed and
fabricated to be able to produce a well-dened in-plane poten-
tial step over a very short lateral distance of approximately
10 nm. As described in the following, this approach provides
a robust and reliable estimate of the lateral resolution of the
surface potential measurement. The technique is independent
of the conductive cantilever employed for the measurement and
can be used in situ to monitor the degradation of the tip
quality during long measurement campaigns, as will be
demonstrated below.

Calibration-device structure and
fabrication

Dedicated calibration devices were designed and fabricated
using electron-beam lithography,16 as depicted in Fig. 1. A 100
nm-thick layer of Al2O3 was deposited onto a silicon substrate
by atomic layer deposition, followed by the deposition of pol-
y(methyl methacrylate) as an electron-beam resist. In addition
to designing seven different intended gap lengths (20, 30, 40,
50, 60, 80 and 100 nm), electron-beam lithography was per-
formed using four different exposure doses (900, 1100, 1300 and
1500 mC cm�2; JEOL JBX6300FS), with the intention of obtaining
the smallest possible electrode spacing. Aer resist exposure
and development, a 0.3 nm thick layer of titanium (to promote
adhesion) followed by a 22 nm thick layer of gold/palladium
were deposited by thermal evaporation in vacuum and
patterned by li-off.

The gap lengths measured by scanning electron microscopy
(SEM) range from 12 nm to 84 nm.
ral resolution of the surface potential profile measured by Kelvin probe
al electrodes separated by a gap defined by electron-beam lithography.
d 1500 mC cm�2. The designed gap lengths range from 20 to 100 nm,

Nanoscale Adv., 2022, 4, 2018–2028 | 2019
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Experimental KPFM setup

A commercial atomic force microscope (Bruker Dimension
Icon) was adapted in order to perform quantitative surface-
potential measurements on operating thin-lm transistors.1,3

The experimental method relies on a conductive probe placed at
the end of a exible cantilever. The conductive tip interacts with
the surface due to electrostatic forces. Monitoring the attractive
force makes it possible to measure the surface potential.4 To
maximize the robustness of the measurements for the targeted
application, i.e., the in situ measurement of active electronic
devices, biased at voltages well in excess of 10 V, a dual-pass
KPFM mode (li mode) was employed.2 The overall technique
is illustrated in Fig. 2. It consists of two successive scans for
each line, in order to separate the short-range interaction
forces, such as van der Waals forces, from the long-range elec-
trostatic interaction,4 and to allow the device to be biased
exclusively in li mode.1 During the rst line scan (round trip),
the system records the surface topography while all biases
(device and tip) are zeroed. During the second scan, the tip is
lied up to a user-dened height, typically a few tenths of
nanometers, and follows the previously recorded surface
Fig. 2 (a) Schematics of the KPFM setup and illustration of the lift mode
transistor. (b) Measured phase shift versus tip bias at various lift heights. (c
SCM-PIT-V2. The experimental power law is �1.60 � 0.04.

2020 | Nanoscale Adv., 2022, 4, 2018–2028
prole. During this second pass, the device under study is
biased as desired, and the resulting surface potential prole is
measured. For greater reliability and equipment safety in case
of accidental contact of the tip with the sample surface, a fast
current-compliance management is performed by applying the
bias voltages to both the operating device and the AFM tip using
the same voltage source (Keysight E5270B). This method has
been demonstrated to be reliable and robust, providing quan-
titative surface potential measurements on operating transis-
tors biased with gate-source and drain-source voltages
exceeding 30 V in ambient conditions.1 Since using a double
pass method is not without impact on the KPFM lateral reso-
lution, aer a description of the experiment, resolution issues
will be discussed.

During the li scan, an external digital phase-control loop1,3

makes it possible to quantitatively measure the surface poten-
tial. The phase-shi control loop is based on the measurement
of the phase difference D4 between the cantilever excitation
drive AC signal and the actual cantilever oscillation signal
measured by the photodetector. Within a limited tip-to-surface
potential difference (Vtip � Vsurf), as illustrated in Fig. 2(b), the
electrostatic interaction between the tip and the surface
during the measurement of the surface potential profile of a thin-film
) Variation of the parabola opening versus the lift height. AFM tip: Bruker

© 2022 The Author(s). Published by the Royal Society of Chemistry
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produces a phase shi of the cantilever oscillation, which can
be described by a parabola:7

D4 ¼ �Q

2k

d2C

dz2

�
Vtip � Vsurf

�2
(1)

where Vsurf is the surface potential at the tip location and Vtip is

the bias applied to the tip. The term
Q
2k

d2C
dz2

is the phase

parabola opening, with Q being the quality factor and k the
spring constant of the cantilever. The phase parabola opening is

proportional to the second derivative of the capacitance,
d2C
dz2

,

which is dependent on the parameter z, as shown in Fig. 2(b)
and (c). Since the phase shi depends on the electrostatic force
gradient,7 the technique minimizes the inuence of the canti-
lever and provides a resolution similar to frequency-modulation
KPFMmodes.17 Themaximum of the parabola is obtained when
the tip bias Vtip equals the local surface potential Vsurf (Fig. 2(b)).
The continuous acquisition of the phase parabola while scan-
ning makes it possible to measure the surface potential along
the transistor channel.

A maximum phase shi of 4� is targeted during the numer-
ical feedback loop. This prevents the electrostatic forces to be
applied to the cantilever from being too large. The maximum
cantilever deection was measured in standard conditions
during the phase feedback loop. For li heights ranging from
30 nm and 200 nm, the deection was found to be below 3% of
the li heights for the SCMPIT-V2 and the PFQNE-AL probes.
This limited cantilever deection is thought to not inuence the
surface potential measurements.

As shown in Fig. 2(b) the phase parabola opening decreases
when the li height increases, since the electrostatic interaction
between the tip and the surface decreases. This decrease was
found to follow a power law dependence, as shown in Fig. 2(c)
for the SCMPIT-V2 probes, with a slope of �1.60 � 0.04. This
slope agrees with the model and experimental results of S.
Belaidi et al.18 at intermediate li distances, with a power law
dependence of the force gradient between �1 and �2 at
comparable li heights. Furthermore, at a li height of 30 nm,
the experimental phase opening is close to that predicted by the

sphere model expression D4=V2 ¼ �Q
k
p30

R
z2

with R the tip

radius, and z the li height. A tip radius of 30 nm is calculated
from this equation, compared to the nominal value of 25 nm.
This model should only be valid for li heights that are small
compared to the tip radius (z � R); under these conditions the
power law dependence should be �2, i.e., the force gradient
should vary as 1/z2. On the other extrema of our experimental
data, i.e., for a li height of 200 nm and using the PFQNE-AL
tips with a radius of 5 nm, the phase parabola opening of
0.22� V�2 matches well with the uniformly charge line model
developed in ref. 19, giving 0.25� V�2 when approximating the
PFQNE-AL tip cone angle to 20�. Following this model, the
power law dependence of the force gradient with the li height
should be �1, varying as 1/z. At intermediate li heights, our
data suggest an intermediate situation between these two
models, with a power law of �1.6.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Resolution estimate of the double-pass
KPFM method

In the framework of the Jacobs model,20 the surface potential
expression is generalizable when the potential evolves in the
form of a two-dimensional convolution product between the
surface potential, assumed to be at, and the probe point
spread function (PSF). In the present work, we target the
measurement of the potential proles of thin-lm transistors.
These devices exhibit an almost invariant structure along one
axis (y), in the direction parallel to the edges of the source and
drain contacts (having a width of 200 mm), and a ‘limited’
topography (discussed below). The problem is therefore
reduced to a one-dimensional problem along the scan direction
(x), in particular neglecting any surface topography related
effects. In our system, we demonstrate below that the system
resolution is not only dependent on the probe PSF, but also on
the phase feedback loop. The measured potential therefore
results from the convolution of three contributions, namely the
surface potential, the probe PSF, and the phase feedback loop.

Thanks to the properties of the convolution product, the
KPFMmeasurement system impulse response can be expressed
as a function g(x) being the convolution of the probe PSF with
the phase feedback loop impulse response, as illustrated in
Fig. 3. The measured electrical potential Vmeas at a given point
xprobe of the tip above the surface can be written as:

Vmeas

�
xprobe

� ¼
ðþN

�N
g
�
x� xprobe

�
VsurfðxÞdx (2)

The measured potential Vmeas at a given position xprobe along
the scan line depends on the surface potential Vsurf(x) convolved
by the function g(x). This formulation is valid only if the sample
has limited topography.

Theoretical studies show that the tip/sample capacitance
and the system impulse response g(x) are very sensitive to the
shape of the tip, in particular its apex, and to the actual scan
height.21 In practice, the tip shape can evolve during the
measurement, because of wear, or due to in situ tip contami-
nation. There is a justied interest in measuring the effective
system impulse response for various tip–sample congurations
in order to dene the best measurement conditions and to
monitor the system.

To measure the system impulse response, we have used the
dedicated devices described above, consisting of two metal
electrodes separated by a nanometric gap (Fig. 4).

During the experiment, the two metal electrodes are biased
independently to achieve an abrupt potential drop of typically
1 V, using an external voltage source. This user-dened voltage
is sufficiently small to avoid dielectric breakdown, yet suffi-
ciently large to obtain a sufficient potential drop and a sufficient
signal-to-noise ratio. In the present experiment, the leakage
current is monitored and limited in real time to ensure safe and
reliable measurements. If it was possible to make the gap length
separating the two metal electrodes equal to zero, the potential
step would be perfectly abrupt and known precisely. In reality,
Nanoscale Adv., 2022, 4, 2018–2028 | 2021



Fig. 3 Illustration of the principle of the method to experimentally
determine the lateral KPFM system resolution. The measured surface
potential (full red line) is a convolution of an ideal (perfectly abrupt)
potential step (black dashed line) and the system response function
g(x) (green dashed line). The lateral resolution of the system is defined
as the FWHM of g(x).

Nanoscale Advances Paper
the two metal electrodes are separated by insulating Al2O3 and
air. The surface potential of the insulator is unknown and can
vary along the gap with any kind of prole, depending on
environmental parameters, such as moisture or surface
contamination. To be able to compute the theoretical system
impulse response according to eqn (2), the surface potential of
the sample, Vsurf(x), is an input parameter, which means that its
prole must be dened. We have chosen to approximate the
surface potential above the insulator to a linear prole from one
electrode potential to the other, as illustrated in Fig. 5 (dashed
black line). Simulations have been performed to evaluate the
inuence of this step-potential prole approximation on the
resolution estimate. Owing to the very small gap length (12 nm),
and within the present experimental limitations, such as the tip
radius and the minimum li height, no difference between the
impulse response estimates has been observed when
comparing a perfectly abrupt potential prole to a linear
potential prole between the electrodes.

Also, because the electrodes are not perfectly rectangular, as
seen in Fig. 4, the location of the minimum gap length is
Fig. 4 Left: schematic cross section of a calibration device with an AFM ti
gap, with 22 nm-thick AuPd electrodes. Right: SEM image of a calibratio

2022 | Nanoscale Adv., 2022, 4, 2018–2028
located by topography mapping before the system-resolution
measurements are performed. At this location, the gap is so
narrow (see Fig. 4) that during the topography measurement,
the tip does not reach the insulator surface located 22 nm below
the plane of the metal top surface. From the topography prole,
the tip–height variation above the narrowest gap is measured to
be 5 to 7 nm. This is much smaller than the experimental li
heights in this work, which range from 30 to 200 nm. However,
since the system resolution is better at smaller li heights, there
is a possibility that the effective li heights during the system-
resolution measurements (see Fig. 6) are shied towards
smaller values (5 to 7 nm). The key advantage of this particular
calibration sample is the possibility of biasing the two elec-
trodes independently to produce a sharp, well-dened potential
step with an amplitude of 1 V, allowing quantitative control of
the potential-measurement accuracy. Since the calibration of
the system relies on the knowledge of the calibration-sample
potential prole, the metallic nature of the device is of prime
importance.

Examples of a measured and a tted potential prole are
shown in Fig. 5. The theoretical potential prole (red lines in
Fig. 5) was calculated by the convolution of a potential step
Vsurf(x) of 1 V (dashed black line) with a Gaussian function g(x)
(dashed green line), according to eqn (2). The Gaussian function
g(x) represents the impulse response of the system for a given
li height and tip condition. The theoretical response is
adjusted to match the measured prole, the tting parameter
being the FWHM of the Gaussian. No data processing of the
measured potential prole was performed.

In this process, we do not intend to reconstruct the surface
potential from the measured surface potential, as described in
ref. 21 and 22. The proposed approach is based on an experi-
mental determination of the system impulse response g(x) in
a conguration as close as possible to that used while
measuring the active devices of interest, namely thin-lm
transistors. The system impulse response g(x), including the
tip PSF and other contributions such as the external phase
feedback loop algorithm and related delays, is unknown and
not the result of an electrostatic model, but rather approxi-
mated to a standard Gaussian function. The potential prole of
the device under study Vsurf(x) is modeled as a simple potential
step, and the experimental prole Vmeas(x) is tted using this
p in proximity. Scales are adapted to the PFQNE-AL tip above the 12 nm
n device with a gap length of 12 nm.

© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 6 Measurements of the system impulse response performed using a calibration device with a gap length of 12 nm using Bruker PFQNE-Al
tips (left) and Bruker SCM-PIT-V2 tips (right). The PLL floor is due to the numerical phase feedback loop. Simulations fromref. 21 are shown for
comparison on the SCM-PIT-V2 graph (black plain line).

Fig. 5 Left: illustration of the expected theoretical potential profile Vmeas(x) on the calibration device. Right: examples of a measured (blue line)
and a fitted (red line) potential profile on a calibration device. The dashed black line is the theoretical calibration-sample step profile: linear
increase of 12 nm between two plateaus of constant potentials. A potential difference of 1 V was applied across a gap with a gap length of 12 nm.
AFM tip: Bruker PFQNE-AL. FWHM of the fitted Gaussian: 56 nm.

Paper Nanoscale Advances
model convoluted by the system impulse response g(x). When
calibrating the setup, the calibration sample potential prole
Vsurf(x) is known and the system impulse response g(x) is esti-
mated. When measuring a device, the system impulse response
g(x) is known and the device potential prole Vsurf(x) is
determined.

Using the proposed method and setup, a practical evaluation
of the lateral resolution of the double-pass KPFM experiment
was established, in conditions close to those used for the
characterization of thin-lm transistors. As discussed in the
following section, this procedure was then used to compare the
KPFM resolutions using different AFM tips and different li
heights, before applying the method to the study of organic
thin-lm transistors.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Results and discussion

Resolution measurements were performed using two types of
conductive tips from Bruker: SCM-PIT-V2, with a typical radius
of about 25 nm, and PFQNE-AL, with a typical radius of 5 nm.
The oscillation amplitudes of both types of tips have been
estimated from force-curve measurements. Using an amplitude
setpoint of 120 mV, oscillation amplitudes of 4 to 4.5 nm and
3.5 to 5 nm have been estimated respectively for the SCMPIT-V2
and the PFQNE-AL tips respectively. The oscillation amplitudes
of both tips remain small compared to the li heights used in
this work and are not expected to impact the resolution
measurements.19,23 Except for the oscillation-amplitude
measurements, the amplitude setpoint was adjusted for each
Nanoscale Adv., 2022, 4, 2018–2028 | 2023
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individual experiment and varies typically from 90 mV to
130 mV.

As mentioned, the measurements were performed on the
calibration device with the smallest available gap length (12
nm). Resolution measurements were performed at several li
heights, and the resolution was extracted following the proce-
dure described above. Fig. 6 shows the results of several tip-
resolution measurements plotted versus the li height for the
SCM-PIT-V2 tips (black squares) and the PFQNE-AL tips (red
circles).

Regardless of the choice of the tip (PFQNE-AL, SCM-PIT-V2),
the measurement resolution degrades with increasing the li
height, as expected from an electrostatic point of view.19 The
PFQNE-AL tips provide better resolution than the SCMPIT-V2
tips, as expected from the difference in tip radius (5 nm for
the PFQNE-AL tips; 25 nm for the SCMPIT-V2 tips). From this
gure it appears that the resolution of the present KPFM
experiment increases linearly with the li height for both tips,
with reasonable condence in the li range considered. The
slopes are (1.49 � 0.07) nm nm�1 and (1.10 � 0.05) nm nm�1

for the PFQNE-AL and SCMPIT-V2 probes, respectively. The
intercept at zero li height is (15.6 � 3.4) nm for the PFQNE-AL
tip and (37.2 � 2.7) nm for the SCM-PIT-V2 tip. Taking into
account the degradation of the resolution by 11 nm due to the
phase feedback loop (determined from simulations of the
feedback algorithm, as shown in Fig. 7), the zero li height
intercepts appear very close to the radius of the tips, at 5 nm
Fig. 7 Simulation of the resolution dispersion induced by the phase
feedback loop and phase noise. (a) Simulated potential profile (dashed
red line) and fitted theoretical response (green solid line), showing the
impact of random phase noise with a value of 2� on an ideal (perfectly
abrupt) potential profile (black solid line). (b) Tip response FWHM
extracted from 100 noisy potential profiles with random noise, simu-
lated at each average value of the RMS phase noise, showing the
dispersion of the determined FWHM. (c) Dependence of the variance
of the tip FWHMon the RMS phase noise, extracted from the simulated
data. The simulation algorithm performs exactly the same feedback
process as the feedback loop implemented in the KPFM experiment.
The grey area represents the actual KPFM setup RMS phase noise.

2024 | Nanoscale Adv., 2022, 4, 2018–2028
and 25 nm for the PFQNE-AL and the SCM-PIT-V2 tips,
respectively. Finally, this linear degradation of the resolution
with li height is in agreement with the simulations performed
on similar systems: in ref. 21 a slope close to 1.0 nm nm�1 is
found as shown Fig. 6 (right), while in ref. 19 slopes of 1.16 to
1.18 nm nm�1 are calculated for tip radii of 5 nm and 20 nm
when the li height is above the tip radius. The experimental
resolution degradation rate with li height is slightly above the
simulation prediction for the PFQNE-AL tips. It remains
important from an experimental point of view to work as close
as possible to the surface.

As can be seen in Fig. 6, in particular for the PFQNE-AL
probes, the measured system lateral resolutions show some
degree of day-to-day and tip-to-tip variation, with a certain
sensitivity to the experimental noise. In order to ensure an
accurate determination of the system resolution, it appeared
necessary to understand this behavior. The effect on the
measured potential proles of the phase feedback algorithm
was simulated, including the various experimental measure-
ment delays of the phase, and adding variable noise RMS
amplitudes on the measured phases. This simulates the KPFM
experiment response to a model potential prole. Various RMS
noise levels were considered, and a theoretical (i.e., perfectly
abrupt) potential step was considered (potential step of 1 V,
electrode gap of zero). An example of a simulated prole is
shown Fig. 7(a) (dashed red line). From the simulated noisy
potential prole, an apparent tip response FWHM is deter-
mined by tting the data with a Gaussian tip response,
following eqn (2). The theoretical step prole and the corre-
sponding tted response are shown Fig. 7(a); the blue solid
line is the theoretical step prole, and the green solid line is
the best t considering a Gaussian tip response with adjusted
FWHM. Repeated simulations with random RMS phase noise
were performed to evaluate the dispersion of the FWHM, as
shown Fig. 7(b). First, due to the feedback-loop delay only,
a FWHM oor of about 11 nm is observed. When adding phase
noise, a signicant FWHM variance appears. The variance
reaches a value of 11 nm for an RMS phase noise of approxi-
mately 0.5�. This is the value of the phase noise typically
observed in our experiment, which explains some of the
dispersion observed in the resolution evaluation (Fig. 6).
Three main conclusions are drawn: (i) the phase algorithm
degrades the resolution by about 10 nm (ii) the variance of the
measured system resolution is about 10 nm for the actual
system phase noise, (iii) because of the dispersion induced by
noise, several potential proles must be measured to reduce
the measurement uncertainty. Repeated line scans are
important for an accurate determination of the resolution.
Also, this simulation motivates more efforts to reduce noise in
KPFM measurements.

Finally, at a li height of 20 nm, which is the practical lower
limit for the double-pass experiment performed here, the best
reproducible resolution is about 40 nm for the PFQNE-Al tip
and 60 nm for the SCM-PIT-tip. These resolutions are conve-
nient for many applications, such as the characterization of
thin-lm transistors, as will be discussed below.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Application to organic thin-film
transistors

The setup and resolution measurement technique presented
above make it possible to accurately determine the potential
proles of organic thin-lm transistors. Organic transistors
usually have channel lengths on the order of 1 mm.24 We fabri-
cated organic thin-lm transistors in which the source and
drain contacts were patterned either by stencil lithography,25

which produces relatively smooth contact edges,26 or by
a combination of electron-beam lithography and li-off,27which
produces very sharp contact edges. Both types of transistor were
fabricated in the inverted coplanar (bottom-gate, bottom-
contact) device architecture on heavily doped silicon
substrates (serving as a global gate electrode) with a 10 nm-thick
gate dielectric28 and using the vacuum-deposited small-
molecule semiconductor dinaphtho[2,3-b:20,30-f]thieno[3,2-b]
thiophene (DNTT)29 for the active layer. The nominal channel
length of the transistors investigated here is 6 mm (stencil
lithography) and 1.8 mm (electron-beam lithography). In both
types of transistor, the surface of the aluminum oxide gate
dielectric was functionalized with an n-tetradecylphosphonic
acid self-assembled monolayer, and that of the gold source and
drain contacts with a pentauorobenzenethiol monolayer.25,27

These surface treatments induce a favorable thin-lm
morphology of the vacuum-deposited organic semiconductor
DNTT, both on the gate-dielectric surface and on the surface of
the source and drain contacts.

The surface topography of the organic-semiconductor layer
was measured by AFM near the edge of the source contact, both
in the DNTT transistors fabricated by stencil lithography and in
the ones fabricated by electron-beam lithography, as well as in
the middle of the channel. The AFM images are shown in Fig. 8.
The surface topography of vacuum-deposited DNTT lms is
usually characterized by the presence of tall features with
a height of up to 100 nm,29 signicantly above the nominal lm
Fig. 8 AFM topography of vacuum-deposited thin-films of the small-mo
by electron-beam lithography and lift-off (left), in the middle of the trans
lithography (right).

© 2022 The Author(s). Published by the Royal Society of Chemistry
thickness of 30 nm. The large density of these tall features
makes it difficult to identify locations where the li height can
be safely reduced along the entire channel length. The li
height was thus adjusted to 80 nm for the stencil-patterned
contact and 50 nm for the electron-beam-patterned contact.
The larger li height for the stencil-patterned contact was
necessary, since the DNTT-topography prole near the stencil-
patterned contacts indicated features with a height of almost
100 nm.

How sharp the contact edges of the transistors are is ex-
pected to have an impact on the surface potential prole and on
the current–voltage characteristics of the transistors. A typical
example of the surface potential prole measured across the
contact edge of a DNTT transistor with source and drain
contacts fabricated by stencil lithography is shown in Fig. 9.

The impulse response was evaluated before and aer the
KPFM measurement in order to ensure stable resolution of the
setup and be able to continuously monitor the tip condition.
For a li height of 30 nm, the FWHM of the impulse response
was found to be virtually identical (57 nm before and 55 nm
aer the KPFM measurements), conrming a stable tip shape
and stable measurement resolution.

To account for the smooth potential evolution observed in
the transistors fabricated by stencil lithography, the potential
prole at the contact edge was approximated as a linear slope
between the source contact and the semiconductor channel,
extending over a distance to be determined. Given the
measurement conditions, the tip FWHM for a li height of
80 nm was estimated to 140 nm. The measured surface poten-
tial prole was then tted, as shown in Fig. 9 (black solid line).
The potential drop extends over a lateral distance of approxi-
mately 730 nm, with a total drop of 0.78 V and an average
electric eld of only 11 kV cm�1. The electric eld estimate is
accurate in this case, since the lateral extension of the metal–
semiconductor transition region is much larger than the KPFM
experiment FWHM. The smooth contact edge appears to favor
a smooth potential drop and thus a low injection eld at the
lecule organic semiconductor DNTT at the edge of a contact patterned
istor channel (center), and at the edge of a contact patterned by stencil
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Fig. 9 Surface potential profile measured at the interface between the
source contact and the semiconductor channel of an organic thin-film
transistor fabricated by stencil lithography (blue solid line), and fit to
the potential profile using a tip response FWHM of 140 nm (black solid
line). The fit parameters (contact potential drop, electric field, transi-
tion extension) are indicated. Channel length of the transistor: 6 mm.
AFM tip: Bruker PFQNE-Al. Lift height: 80 nm. Drain-source voltage
(UDS): �2.5 V. Gate-source voltage (UGS): �3.0 V.
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interface between the contact and the semiconductor channel.
This was also observed by Ye et al.,30 who concluded that
smooth contact edges allow for a favorable semiconductor
morphology at the contact-channel interface.

Patterning the source and drain contacts by a combination
of electron-beam lithography and li-off, rather than stencil
Fig. 10 KPFM characterizations of the source contact of an organic
lithography and lift-off (a) topographymap. (b) Surface potential map. (c) M
the source-contact edge. (e) Potential profiles along the channel. (f) Con
the transistor: 1.8 mm. AFM tip: Bruker PFQNE-Al. Lift height: 50 nm. Dra

2026 | Nanoscale Adv., 2022, 4, 2018–2028
lithography, produces much sharper contact edges. The
measured topography maps, 2D and 3D potential maps, and
maps of the second derivative of the capacitance measured on
a DNTT transistor with source and drain contacts fabricated by
electron-beam lithography are shown in Fig. 10.

The surface-potential proles in the transistors fabricated by
electron-beam lithography are very different from those in the
transistors fabricated by stencil lithography. A large and very
steep potential drop is observed at the source contact edge over
the entire channel width of the transistors fabricated by electron-
beam lithography (Fig. 10(d)). The surface potential is constant
over the Au source contact, and the voltage drop across the
channel is only 0.1 V, while the potential drop at the edge of the
source contact is 2.2 V. The conductivity is high both on the Au
source contact and in the DNTT channel, compared to the low
conductivity at the contact edge, which is responsible for the
large potential drop. Also, the potential prole in the channel
does not show any uctuations, indicating a homogenous
current ow and a homogeneous channel conductivity. As
extracted fromFig. 4(d), the position of the potential drop follows
the metallic source contact edge with very little uctuations,
showing a dispersion of only 50 nm from a straight-line
approximation. Considering the large DNTT grain size
observed in the AFM topography images (which sometimes
exceeds 1 mm towards the channel; see Fig. 8(a)), it can be stated
that the charges are not injected into the channel through these
large grains, despite the observation that they sometimes overlap
with the top of the Au contact. The potential proles at the
contacts fabricated by electron-beam lithography seem to indi-
cate that the drain-current ow is limited mostly by an injection
thin-film transistor fabricated by a combination of electron-beam
ap of the second derivative of the capacitance. (d) 3D potential map at

tact field calculated as a function of the PSF FWHM. Channel length of
in-source voltage (UDS): �3 V. Gate-source voltage (UGS): �3 V.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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process occurring only at the edge of the sharp contact. The large
and steep potential drop observed here is possibly the result of
contamination from the electron-beam-lithography process, but
it is more likely a direct consequence of the very sharp edges of
the contacts when these are patterned by electron-beam lithog-
raphy and li-off, rather than stencil lithography. The inuence
of the sharpness of the edges of the source and drain contacts of
DNTT transistors fabricated by stencil lithography on the
surface-potential prole across the contact edges, on the DNTT
morphology near the contact edges and on the contact resistance
of the transistors was discussed by Ye et al.30

Assuming a perfectly abrupt contact edge, the raw measure-
ment resolution extracted from 10 measured transistor potential
proles is FWHM ¼ 64 nm, with a potential drop of 2.20 V, and
the electric eld is 260 kV cm�1. The experimental resolution for
the optimum conditions (AFM tip: PFQNE-Al, li height: 50 nm)
is around 50 to 55 nm, i.e., very similar to the resolution obtained
under the assumption of a perfect step edge, indicating a very
sharp contact edge and a very sharp potential prole for the
transistors fabricated by electron-beam lithography.

Taking into account the experimental resolution (FWHM ¼
50–55 nm), the injection electric eld at the contact edge of the
transistor fabricated by electron-beam lithography is estimated
to range from 420 kV cm�1 to 540 kV cm�1, about 50 times
higher than the electric eld of the contacts with the smooth
edges patterned by stencil lithography. Since these values are
very sensitive to the resolution evaluation, a simulation of the
extracted electric eld was performed based on the measured
surface potential proles (Fig. 10(e)) and variable experimental
resolution. Results are shown in Fig. 10(f). As mentioned, the
minimum injection electric eld is 260 kV cm�1 and increases
rapidly beyond 500 kV cm�1 when a KPFM resolution above
55 nm is considered.

Considering the resolution measurement and uncertainties,
the electric eld at the contact edge of the transistor fabricated by
electron-beam lithography is estimated to exceed 420 kV cm�1

and probably reaches 500 kV cm�1. This very high injection eld
indicates a low charge-injection efficiency from the source
contact into the organic semiconductor. Such a high electric eld
is required if the charges must overcome a large injection
barrier.31,32 The sharp contact edges in the transistor fabricated by
electron-beam lithography appears to generate such a barrier.

Finally, thanks to the lateral resolution evaluation process
implemented here, the present KPFMmethod appears well suited
to analyze various contact technologies and to evaluate the
injection eld in thin-lm transistors, measured from 10 kV cm�1

in the case of contacts patterned by stencil lithography, to more
than 400 kV cm�1 in the case of contacts patterned by electron-
beam lithography. This is believed to be a relevant contribution
to the understanding of thin-lm transistors and of the impact of
the fabrication process, providing quantitative measurements of
the contact potential drops and injection elds.

Conclusions

Targeting the reliable characterization of active electronic devices
by KPFM, a double-pass method was used, based on a numerical
© 2022 The Author(s). Published by the Royal Society of Chemistry
feedback loop and li mode. Since the lateral resolution of the
surface electrical potential measurement is degraded by the tip-
to-surface distance in li mode, a method for estimating the
lateral resolution of the present setup was developed. It uses
a specially designed calibration sample with a nanometer gap
between two conductive electrodes, achieving an abrupt potential
step of 1 V. The system resolution was dened as the FWHM of
the measured system impulse response on this quasi-planar
surface. The method was successfully demonstrated to measure
the resolution of different commercial AFM tips. At best, a lateral
resolution of 40 nm was demonstrated in ambient conditions
with a 20 nm li height. The method can be used to monitor in
situ the degradation of the tip. This is of particular interest for
long KPFM measurement campaigns on active devices.

Based on the knowledge of the tip response FWHM, quan-
titative exploitation of measured surface potential proles
becomes possible. Using this experiment, a study of the impact
of the contact fabrication technology of organic thin-lm tran-
sistors was conducted. Transistors with smooth and with sharp
contacts were fabricated using stencil lithography and electron-
beam lithography, respectively. The contact potential proles
close to the source contact edges were measured and compared.
The electric eld at the contact edges is reduced frommore than
400 kV cm�1 to about 10 kV cm�1 respectively between the sharp
and the smooth contacts. This difference has many impacts on
the device performances and reliability. The capability to esti-
mate the electric eld responsible for the charge injection
process at the metal/organic semiconductor interface is very
important for modeling the device behavior. This is to our
knowledge the rst time such a measurement has been per-
formed. The calibrated KPFM setup presented here is expected
to help improve the knowledge of many electronic devices.
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and improved data interpretation in electrostatic force
microscopy, Phys. Rev. B: Condens. Matter Mater. Phys.,
2001, 64(24), 245403, DOI: 10.1103/PhysRevB.64.245403.
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