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ABSTRACT: Inducing an inversion layer in organic semiconductors is a highly nontrivial, but
critical, achievement for producing organic field-effect transistor (OFET) devices, which rely on
the generation of inversion, accumulation, and depletion regimes for successful operation. Here,
we develop a pulsed bias technique to characterize the dopant type of any organic material system,
without prior knowledge or characterization of the material in question. We use this technique on
a pentacene/PTCDI heterostructure and thus deduce that pentacene is exhibiting n-doped like
response. The source of the additional charges in the pentacene island can be identified by
charging rings in the dissipation channel of the noncontact atomic force microscopy (AFM) signal,

a typical signature for localized charge transfer from the AFM tip to the sample. Additionally,

through tip-induced band-bending, we generate inversion, depletion, and accumulation regimes over a 20 nm radius, three
monolayer thick n-doped pentacene island. Our findings demonstrate that nanometer-scale lateral extent and thickness are
sufficient for an OFET device to operate in the inversion regime.

KEYWORDS: organic field transistor, AEM, small organic molecules, KPEM, pentacene, thin film

urrently, of the few tools available to investigate

charge transport and carrier generation at the

nanoscale, the most versatile and powerful is the
combination of noncontact atomic force microscopy (nc-
AFM) and Kelvin probe force spectroscopy (KPFS): the
former provides structural information, while the latter allows
for measuring charge distribution. KPFS is a measurement of
the contact potential difference between the AFM tip and the
sample, and so, can be used to detect surface potential changes
that occur when a semiconductor is illuminated.'”® The
combination of these techniques help to understanding the
fundamental physics and properties of nanoscale electronics,
and has been used to measure the charge state of individual
molecules.”

Nc-AFM can be used to directly measure the force gradient
between the tip and sample. In the small oscillation amplitude
limit for the familiar metallic tip-metallic sample case, the
electrostatic force, F,,, can be related to the measured

frequency shift, Af, as follows
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where C, is the tip—sample capacitance, Vp the applied bias
voltage, and Vpp the contact potential difference. Usually, the
tip—sample capacitance is assumed to be independent of the
applied voltage, and for many doped semiconductor systems
studied by nc-AFM, this is a good approximation, even though
the capacitance is strictly a function of the applied voltage in
these cases.'”"'
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A more rigorous treatment considers that the capacitance of
a doped semiconductor varies as the applied voltage is
increased. In a doped semiconductor, band bending at the
surface and the formation of depletion and inversion layers
within the penetration-depth lead to this voltage-dependent
capacitance.

There is clear dissonance between the above-stated physical
picture and the common analytical assumption that the tip—
sample capacitance is voltage-independent.'” The solution lies
in noting that the effects of a voltage-dependent capacitance
are, in most systems, quite benign. The tip-induced band
bending in the semiconductor needs to be strong enough to
achieve depletion or even inversion. The tip-induced band
bending is a function of applied bias voltage, tip—sample
distance, tip radius, as well as semiconductor parameters such
as doping concentration.'”"* Therefore, only for the right set
of these parameters depletion can be achieved, resulting in a
change in the tip—sample capacitance. Furthermore, it is
necessary to record the full V¢ bias response of the system to
observe the effect of the voltage dependent capacitance. As
such, the popular Kelvin probe force microscopy (KPFM)
technique is not appropriate for this application, as it only
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records the contact potential difference between the tip and
the sample (i.e., the maximum of the parabola and not the
curvature).

Theoretical work on understanding the fundamental physics
of doped semiconductors probed by AFM was published in the
1990s.''>'® Experimental verification of the theorized
behavior was published several years later, when the
accumulation, depletion, and inversion re7gimes in a n-doped
InAs sample were measured using AFM.'

RESULTS AND DISCUSSION

In this study, we thermally deposit 0.4 monolayer of pentacene
on an in situ cleaved KBr crystal, followed by evaporation of 0.2
monolayer of 3,4,9,10-perylenetetracarboxylic diimide
(PTCDI). KBr was chosen since it is a well studied insulator
and substrate for molecular growth. Even though bulk KBr will
not allow for a back electrode and therefore lead to subtle
difference to a MIS structure (discussed later), the system
allows to study molecule charging and doping responses. In
general, pentacene grows in large, flat islands on KBr and
stands upright, with the plane and the long axis of the molecule
perpendicular to the substrate surface, or with the plane of the
molecule perpendicular to slightly tilted and the long axis
parallel to the surface.'® Thus, for a measured height of
approximately 2.1 nm, we expect the pentacene islands are
three monolayers thick, assuming the molecular long axis is
parallel and the plane of the molecule perpendicular to the
surface. PTCDI, on the other hand, §rows on KBr substrates to
form longer, needle-shaped islands. ? As such, pentacene and
PTCDI are easily distinguishable in topographic images.
Together pentacene and PTCDI form heterostructures of
small PTCDI islands at the edges or on top of large pentacene
islands. Pentacene together with PTCDI derivatives have
previously been used as model structures for ambipolar
OFET,” while n-type interfacial doping was achieved in
pentacene as well.”' A pentacene based OFET was made to
successfully operate in the inversion-mode.”” A topography
image, recorded in constant frequency shift mode, is shown in
Figure 1(a); simultaneously acquired frequency modulation-
(FM)-KPFM data is shown in Figure 1(b).

We perform KPFS on a pentacene/PTCDI heterostructure
(the location is indicated in Figure 1(c) by a red cross) as
shown in Figure 2(a) (recorded at 0 nm tip lift from Af=—10
Hz set point). The frequency shift is not parabolic as a function
of applied bias as expected from eq 1, indicating a non-
negligible voltage-dependence in the capacitance as expected in
a doped semiconductor.'""?

In fact, the capacitance in a metal—insulator—semiconductor
(MIS) structure—physically represented by a metal AFM tip
probing a semiconductor sample—exhibits three distinct
regimes: accumulation, depletion and inversion. Consider a
n-doped sample interacting with a positively biased tip: the
mobile electrons in the sample are attracted to the sample
surface, resulting in an accumulation layer of the majority
carriers (electrons, in this case). Under negative tip bias, the
majority carriers are repelled from the sample surface, leading
to a depletion layer. An increasingly negative bias leads to a
thicker depletion layer until the minority carrier density at the
surface surpasses the initial majority carrier density, as a result
of increasing band bending, leading to an inversion layer.'”** A
similar understanding applies to p-doped semiconductors.

As such, to better probe the nonparabolic response in Figure
2(a), the numerically differentiated frequency shift with respect
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Figure 1. (a) Topography image of PTCDI on a pentacene island,
on top of a KBr substrate (oscillation amplitude, A = 6 nm,
frequency shift set point, Af = —6 Hz). (b) Simultaneously
acquired frequency modulation KPFM image (frequency and
amplitude of the ac modulation: 600 Hz and 1 Vpp). (c)
Topography image of an additional measurement site (A = 6 nm,
Af = —10 Hz). Red crosses and blue circles indicate locations of
spectroscopy or pulsed measurements, respectively. (d) Graphical
illustration of the measurement setup.

to the applied tip bias is plotted. The derivative is not linear
over a —6 to 8 V bias range. Instead, the derivative is
comprised, piece-wise, of three lines with distinct slopes.

We use the model presented by Hudlet et al.'' which
includes the voltage dependent capacitance to calculate the
electrostatic force between a metal tip and a doped
semiconductor as shown in Figure 2(b). We add a parabolic
frequency shift to the calculated signal to account for the
capacitive force between the body of the tip and the sample as
well as any background effects due to the KBr substrate. The
asymmetric shape of the bias spectroscopy measurement on
pentacene can be qualitatively reproduced, emphasizing the
need to consider the voltage dependent capacitance for our
system. Despite the fact that the band bending and carrier
diffusion in our system is essentially 3-dimensional, the
qualitative agreement between the measurement and the
model calculation that assumes one-dimensional (plane—
plane) system is notable. The difference in the slope of the
derivative is not fully reproduced with this simple model,
which we attribute to different carrier recombination times,
unknown doping concentration, tip—sample capacitance, and
neglected substrate effects. Lower intrinsic carrier densities and
frequency shift as a function of surface potential are shown in
the SL

The spatial variation of the nonparabolic KPES data is
illustrated in Figure 3. We take the absolute difference of the
fitted derivative of the frequency shift (dAf/dV) obtained for
individual fits to the positive and negative voltage window of
the KPFS data (details in SI). The pentacene island exhibits a
strong difference, with some variation within, while the PTCDI
islands connected to it (red circles) do not show a significant
difference and behave more in line with the KBr substrate. This
indicates the doped semiconductor response is limited to the
pentacene island.

Pulse Bias Probe for Dopant Type Identification. It is
well-known that the capacitance of an MIS structure operating
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Figure 2. (a) KPFS measurement on a pentacene/PTCDI heterostructure. A clearly nonparabolic response is observed. The numerically
differentiated frequency shift with respect to the applied bias is fitted to a straight line from the positive(green)/negative(yellow) side until
the fit is optimized. The center (blue) is fitted with a straight line between the end points of the respective fits. The residuals are shown
below. (b) Calculated frequency shift for a doped semiconductor-metal tip system based on ref 11. An intrinsic carrier density of 10*(cm™),
a dopant density of (5 X 10"cm™), a mean tip—sample distance of 5.5 nm and an oscillation amplitude of 9 nm was used.
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Figure 3. (a) Topography image indicating the location of the KPFS map with a red square, as well as the locations of the KPFS point spectra
(d) with the respective colored crosses. (b) Topography extracted from a KPFS map of pentacene/PTCDI island. (c) The difference in the
derivative of the frequency shift for the positive and negative bias side clearly shows a difference for the pentacene island while no significant
difference is observed for the KBr crystal and the PTCDI islands (red circle) connected to the pentacene island. (d) KPFS measurements on
KBr, doped pentacene, and neat PTCDI. The derivative of the frequency shift (e) reveals linear behavior for KBr and neat PTCDI,
indicating parabolic behavior of the frequency shift. The doped pentacene does not show a linear behavior. (f) The residual to a linear fit for
KBr and neat PTCDI (red and green) is shown at the bottom. All data recorded at 0 nm tip lift from Af = —6 Hz set point at a bias of 1.3 V.
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in the inversion regime exhibits a frequency dependence,
whereas the capacitance in the accumulation-mode does
not.”>** In fact, pulsed MIS capacitance measurements have
previously been used to determine the minority carrier lifetime
in bulk samples.”>™*° To this end, we use a pulsed bias
experiment to verify whether the sample is n-doped or p-doped
(see Methods).

No significant change in frequency shift is observed for KBr
for both positive and negative applied square waves, as
expected. The pentacene/PTCDI heterostructure, on the other
hand, exhibits a decrease in frequency shift with increasing
pulse frequency for negative voltages. A decreased response for
higher pulse frequencies is expected for inversion due to the
finite life- and generation-time of the minority carriers needed
to form the inversion layer. We can deduce that the inversion
regime occurs for negative bias, which in turns corresponds to
n-doped pentacene. As such, we can assign the three regimes
identified in Figure 2(a) to inversion (yellow), depletion
(blue), and accumulation (green). The plateau reached at
positive bias for the pentacene location can be attributed to the
small contribution of minority carriers due to the starting point
(1 V) of the pulsing being located in the depletion regime.

The exact lifetime of the minority carriers cannot be
extracted from this measurement, since the exact doping
concentration is unknown, this must be a known parameter for
a quantitative result to be extracted from the pulsed MOS
capacitance measurement presented by Zerbst.”> However, it
can be concluded that the life- or generation-time of the
minority carrier is in the order of tens of microseconds
corresponding to a 1/e decay time in our measurements.

Furthermore, we must consider the subtle differences
between the doped semiconductor measured here, and a
MIS structure. For example, in contrast to a MIS field effect
transistor (MOSFET), where the minority carriers are injected
by the metal contact, no direct electrical connection between
the doped semiconductor to the metal electrode exist in our
system. The minority carriers needed to form the inversion
layer are, in fact, supplied by the larger pentacene/PTCDI
island. Only the area directly underneath our AFM tip is
depleted of majority carriers. The time response in Figure 4
could therefore be limited by the minority carrier generation
and diffusion in contrast to just the minority carrier lifetime.

A schematic drawing of the experimental configuration of tip
and sample can be seen in Figure 5. The corresponding band
diagram, for a system consisting of a metal (AFM tip),
insulator (vacuum), semiconductor (pentacene and PTCDI
heterostructure), insulator (KBr substrate), and metal back
electrode (sample holder) is also illustrated. As shown in
Figure 5(a), the electric field penetration range is confined to
the area underneath the AFM tip. This implies the carriers
density directly under the tip are exclusively altered by the
incident electric field. For further illustration, we consider a
simulation of the hole and electron concentration for a n-
doped (10" cm™) 2.5 nm thick Si sample, on top of a 100 nm
insulator (¢ = 4.1) supported by a metal electrode (0 V) with a
top electrode (20 nm radius as specified by manufacturer)
separated by 3 nm of vacuum (Figure S(b). It is clear that only
the area beneath the top electrode (tip) is inverted when a
negative bias is applied. The hole concentration surpassed the
initial dopant concentration at a bias of —10 V, therefore
inverting the semiconductor underneath the tip to a p-type.

Origin of Doping Response. Theoretically, a non-
parabolic response should only be observed over the doped
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Figure 4. A square wave voltage is applied to the tip and the
frequency shift is recorded for a tested frequency range from 1 kHz
to 1 MHz. The frequency shift is normalized to the lowest applied
pulse frequency. Pentacene heterostructure (purple) exhibits a
strong frequency response in the negative bias range/inversion
(open circle) where as KBr (red) shows no response. In the
positive bias range/accumulation (full dots) a response is
measured, reaching a plateau after 10 kHz.

semiconductor; measurements taken over neat PTCDI and
KBr should reveal purely parabolic behavior as a function of
bias, as indicated by eq 1. Thus, we repeat the same KPFS
measurements over clean KBr and neat PTCDI, and compare
the results with data taken over the pentacene/PTCDI
heterostructure (shown in Figure 3). The respective measure-
ment locations are indicated in Figure 1(a) by three red
crosses. As expected, we observe that frequency shift
measurements taken over KBr and neat PTCDI are parabolic.
Accordingly, the derivative of the frequency shift is purely
linear over the applied bias range for the aforementioned data
sets. In contrast, KPFS measurements taken over pentacene/
PTCDI heterostructure show the same nonparabolic behavior
as before. The same experiment was repeated with different
cantilevers (with a new Pt—Ir coated cantilever (PPP-NCHPt)
and a silicon cantilever (PPP-NCHR)) for isolated, separate
pentacene/PTCDI islands, all to reveal the same results.
While it might appear as if the n-doping behavior of the
pentacene layer is due to the PTCDI islands, we have found
nonparabolic behavior in neat pentacene islands as well. A
common feature for all island exhibiting a doped semi-
conductor response are individual charging sites located in the
respective pentacene islands. These charging sites appear as
rings in the dissipation signal of the AFM (see SI), indicating a
charge transfer from the tip to the sample.”"*” Charging of
pentacene and other adsorbed molecules has previously been
demonstrated with AFM at low temperatures.””** While the
nature of these sites is of great interest and under investigation,
this publication focused on the global effect of these charging
sites on the pentacene layer. KPFS measurements on neat
pentacene before the deposition of PTCDI follow a parabolic
behavior (see SI), as long as there are no charging rings in the
dissipation channel, confirming our conclusion of these
charging sites acting as the donor for adding charges to the
pentacene island and thereby provoking the n-doping response
we observe. We estimated a dopant density based on the
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Figure 5. (a) A schematic of the experimental setup. The color-scale of the semiconductor corresponds to the electric potential in the sample
at a bias voltage of —10 V. The inset shows a band diagram of the sample structure with a organic semiconductor sandwiched between two
insulators, followed by a metal contact. (b) Cross section of a finite element simulation, done using COMSOL, of the hole and electron
concentration in a n-doped (10'®cm™3), 2.5 nm thick Si sample, as shown on the left. Only the area underneath the tip is inverted when a

positive bias is applied.

number of charging site per pentacene island. By taking the
amount of charging rings observed as the number of dopants
per island, a dopant concentration for the island present above
of 5 X 10" cm™ was obtained. We identify five charging rings
(see SI) and a volume of 107" cm® = 400 nm X 120 nm X 2.1
nm for the pentacene island, resulting in a reasonable dopant
density where we would expect to observe the doped
semiconductor response.

CONCLUSION

In conclusion, we measure the electrostatic force of an
accumulation, depletion, and inversion layer in a 2.1 nm thick
organic semiconductor. Charging sites in the pentacene island,
showing up as rings in the dissipation channel, act as a dopant
for the much larger pentacene island, resulting in a n-doped
pentacene island. The inversion layer is generated by sweeping
the bias voltage on an AFM tip, which is in close proximity to
the island. Only the area directly underneath the AFM tip
(approximate radius of 20 nm) is depleted of majority carriers.
The measurement qualitatively agrees with numerical simu-
lations. Exact numerical calculations are not possible for our
system, since various parameter such as the dopant
concentration, intrinsic carrier density, KBr capacitance
contribution, efc. are unknown.

The formation of the inversion layer was further verified by
applying a pulsed voltage and measuring the frequency
response. Observing the movement of carriers in organic
semiconductor and the formation of inversion layer at this
length scale is a crucial step toward studying organic
photovoltaics at the nanometer scale. Our study shows that a
2.1 nm thick n-doped pentacene layer can locally be brought to
inversion at an approximate 20 nm lateral size. This would
enable the production of an organic FET with a channel on the
same length scale. Further investigation of this system under
light illumination is of great interest to advance the
understanding of the local nanometer behavior of organic
semiconductor during charge generation. Experiments con-
ducted under illumination could potentially help to determine
the minority carrier generation- and lifetime of organic
semiconductors at the nanometer scale.

METHODS

All AFM measurements were performed on a JEOL JSPM-4500A
ultra high vacuum (UHV) cantilever based beam deflection AFM
setup with a base pressure of <3 X 107'° mBar at room temperature.

10381

Commercial metal coated silicon cantilevers were used for all
measurements (Nanosensors, PPP-NCHPt). A Nanonis OC4 system
is used for control and recording of the AFM signal.

Sample Preparation. The KBr crystal were cleaved in situ in our
UHV chamber and annealed at ~150 °C for 4 h. Pentacene and
PTCDI are thermally evaporated from a Knudsen cell evaporator
(Kentax TCE-BSC). Pentacene is thermally evaporated at 156 °C for
a few minutes to reach the desired thickness of 0.4 monolayer on the
freshly cleaved KBr substrate. The evaporation rate is calibrated with a
quartz crystal microbalance before evaporation to reach a stable
deposition. PTCDI is evaporated at 300 °C for 1 min to obtain 0.2
monolayer deposited on the KBr substrate.

Pulse Bias Measurement. We implement a pulsed bias
technique by holding the tip at a constant height (0 nm tip lift
from Af = —6 Hz set point) above the pentacene island while a square
wave bias pulse is applied by an external function generator to the tip
and the frequency shift of the cantilever is recorded for 10 ms with the
Nanonis system (PLL bandwidth 100 Hz). The tip oscillation
amplitude is set to 6 nm using a Nanosensors PPP-NCHPt cantilever
with a resonance frequency of 288 kHz. We apply a 1 V to —8 V
(negative) or a 1—4 V (positive) amplitude square wave, while
varying the frequency of the pulse (from 1 kHz to 1 MHz), to probe
the negative/positive voltage range of Figure 2, respectively. A null
experiment is also performed on KBr. The pulse amplitude where
chosen for optimal driving to inversion and accumulation,
respectively.
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