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Abstract

The performance of organic semiconductor devices is strongly affected by the interface energetics at the
junctions between the constituent materials. A large group of organic semiconductors consists of rodlike
small molecules that crystallize upon deposition with a molecular orientation dependent on the specifics of
the molecule-molecule and molecule-substrate interactions. By means of Kelvin probe force microscopy
(KPFM), this work studies naphthyl end-capped oligothiophene, 5,50-bis(naphth-2-yl)-2,20-bithiophene
(NaT2), deposited on samples of pristine SiO2 and samples of graphene-covered SiO2. The crystal molecu-
lar orientation of NaT2 is dependent on the substrate on which it is deposited. On SiO2, the NaT2 molecules
are predominately upright standing, forming crystallites with distinct terrace heights of 2.0 ± 0.1 nm. Mea-
surements indicate formation of an initial wetting layer in the NaT2-SiO2 system for the upright standing
molecules. When deposited on graphene, the molecules additionally form fibrous structures with heights of
10−115 nm consisting of molecules lying down (face-on orientation). Using KPFM, a difference in the local
contact potential difference (CPD) of upright standing NaT2 and face-on oriented structures on graphene is
measured to be −0.16±0.04 V, indicating a work function difference between the two system configurations,
which is confirmed through Density Functional Theory calculations.
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1. Introduction

Organic semiconductors (OSCs) have been studied extensively over the past years, and have been imple-
mented in various devices such as organic field effect transistors (OFETs) [1, 2], organic solar cells[3, 4, 5, 6,
7], organic light emitting diodes (OLEDs)[8, 9], organic photovoltaics (OPVs), and organic phototransistors
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(OPTs)[10, 11]. OSCs are suitable for flexible devices, and are generally interesting for electronic device ap-5

plications as the molecular building blocks can be electronically tailored to meet specific requirements[12].
Organic optoelectronic [13] devices are traditionally implemented with indium tin oxide (ITO) as electrodes
due to its electrical and optical properties, but several drawbacks such as high cost and mechanical brittleness
have led the search for an alternative transparent conductive electrode (TCE) material [14, 15]. Graphene
has shown to be a promising candidate because of its electrical, mechanical and optical properties and the10

interaction between graphene and OSCs has therefore attracted increased interest. Furthermore, graphene-
OSC heterostructures can be used for photodetector applications, where the OSC molecular orientation and
interface energy alignment strongly affect photodetector performance [16, 17, 18].

The morphology of the OSCs is vital for device performance[1] and OSCs have been reported to exhibit
different work functions depending on the packing and orientation of the molecules [19, 20, 21]. The work15

function is a crucial parameter determining the charge carrier transport across material interfaces and conse-
quently influence the device performance[22, 23]. Device characteristics can be tailored by choosing com-
binations of OSCs and electrode materials providing desired work function differences [22]. One method to
measure the work function of a material is Kelvin probe force microscopy (KPFM), which measures the con-
tact potential difference (CPD) between a conducting KPFM probe, consisting of a cantilever with a tip at-20

tached to its free end, and the surface of the sample [24]. If the work function of the probe is known, the work
function of the sample surface can be derived. Palermo et al. used KPFM to examine the charge formation
in a photo-voltaic blend of 3′′-methyl-4′′-hexyl-2,2′:5′,2′′:5′′,2′′′:5′′′,2′′′′-quinquethiophene-1′′,1′′-dioxide
(T5OHM) and poly(3-hexylthiophene) (P3HT) and noticed that the edges of the organic crystals exhibited
a different CPD compared to their center[25]. This difference is hypothesized to be due to different crystal25

faces possessing different work functions which has also been reported to be the case for inorganic crystal
structures of CuGaSe2[26].

Different orientations of molecules have also been observed to change the electronic properties of or-
ganic thin films. Neff et al. performed KPFM measurements on pentacene, a rod-shaped organic p-type
semiconductor, on substrates of KBr and KCl, where the molecules are predominantly oriented face-on and30

exhibit a different CPD compared to upright standing molecules[27].
The energy gap of OSCs can be tailored to cover a specific spectral range which is useful when fabricat-

ing OPTs, however, OPTs solely based on OSCs would exhibit moderate device performance due to the low
charge mobility of organic materials[28]. Liu et al. circumvented this limitation by depositing a thin OSC
film of dioctylbenzothienobenzothiophene (C8-BTBT) on graphene to combine the electronic tunability of35

the OSC with the high charge mobility of the graphene and achieved efficient phototransistors[10].
Huss-hansen et al. used grazing incidence X-ray diffraction (GIXRD) to study an OSC thin film consist-

ing of 5,50-bis(naphth-2-yl)-2,20-bithiophene (NaT2) deposited on substrates of pristine SiO2 and substrates
of SiO2 covered with high-quality graphene[29]. NaT2 is a rod-shaped, naphthyl end-capped oligothiophene
forming upright standing molecular structures when deposited on SiO2, and additionally forming face-on40

structures when deposited on graphene (Fig. 1d). The upright standing molecules have been reported to
have lattice constants a = 20.31 Å, b = 6.00 Å, c = 8.17 Å and β = 96.64◦ [1]. Two kinds of face-on
structures have been observed with the angle between the b-axis and the substrate being either 0◦ or 22◦.
Both face-on structures have the same lattice constants as the upright standing molecules and only the angle
with respect to the substrate is altered [29]. Huss-hansen has also documented the photo-absorption of NaT245

to be approximately 2.5 times larger for face-on orientation compared to upright standing structures, and
thus NaT2 deposited on graphene could be an attractive candidate for use in OPTs[29].

In this work, we use KPFM to investigate NaT2 thin films with different molecular orientations deposited
on pristine SiO2 and graphene, and find that these exhibit different work functions resulting in a CPD contrast
of −0.16 ± 0.04 V between face-on and upright standing NaT2 molecules.50
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To support the experimental results, theoretical calculations were performed employing Density Func-
tional Theory (DFT). For this purpose, single molecules of NaT2 (upright standing and face-on) were po-
sitioned on the top of a single graphene sheet with the interest of correlating the CPD with the electronic
charge distribution resulting from the two types of NaT2 configurations.

2. Methods55

Experimental method
The KPFM technique utilizes a scanning force microscope to map the CPD of a sample relative to a conduc-
tive probe potential with potentially nanometer resolution by minimizing the electrostatic forces between the
probe and sample[30]. The electrostatic forces are nullified by applying a DC bias voltage, equivalent to the
CPD, on the sample, thus indirectly acquiring a measurement of the CPD.60

For metals, the CPD, VCPD, between the sample and probe is related to the sample and probe work
function by VCPD = ∆Φ/e, where ∆Φ is the difference in work function between the sample and the probe,
and e is the elementary charge [31]. For semiconductors, the work function is no longer well-defined. This
is alleviated using a first order Taylor expansion of the expression describing the electrostatic force between
the probe and the sample. The first order contribution is equivalent to the term describing the electrostatic65

force between the probe and a metallic sample. Thus, CPD measurements of semiconducting samples are
still possible[32, 33]. For insulating samples, the KPFM signal consists of the CPD between the probe and
back-electrode of the sample with additive contributions from charges on the probe tip, surface, or adsorbed
molecules. The contributions from these charges also lead to a spatial broadening of the imaged features,
which decreases the lateral resolution[34].70

Generally, absolute work function measurements are complicated, since all measurements are made rel-
ative to the probe work function, which requires calibration of the KPFM probe using a sample surface with
a well-defined work function. Additionally, KPFM is sensitive to surface states, charges [34], dipoles[35],
defects, contaminants[36], band bending on semiconductors [32] and adsorbates[30]. A common source of
contamination is occasional pick-up of deposited molecules. The interpretation of CPD images is further75

complicated when measurements are conducted in air, since the different contributions may change over
time[36]. Thus, interpreting CPD measurements on non-metallic samples is not straightforward even when
the surface and environment is strictly controlled. The CPD is therefore not a practical measure of the
absolute work function of the sample, but rather a relative difference in work function of probe and sample.

Experimental setup80

A setup consisting of a Nanosurf Flex-Axiom system (FlexAFM v3 scan head[37]) equipped with an ex-
ternal HF2LI Lock-In Amplifier (LIA) (Zurich Instruments) and Budget Sensors probes (Multi 75E-G,
Multi75GB-G) with a tip radius < 25 nm, and a conductive Cr-Pt and Au coating respectively, was used
for all amplitude-modulated KPFM (AM-KPFM) measurements. All measurements were conducted under
ambient conditions in intermittent contact mode (tapping mode), where the probe is oscillated at its first85

resonance around 75 kHz, at an amplitude of a few tens of nanometers, as it interacts with the sample
surface. Using the 1st resonance, the feedback loop including the internal LIA maintains a constant probe
oscillation amplitude, and the feedback correction signal versus probe position provides the topographic
image. Simultaneously, resonance-enhanced AM-KPFM was conducted utilizing the 2nd resonance at 467
kHz[35, 38, 39]. The conducting probe was grounded and a DC bias voltage equal to CPD was applied to90

the sample nullifying the electrostatic forces between the probe and sample. This setup is equivalent to the
KPFM description given by Barth et al.[40], where a more positive CPD contrast corresponds to a more
negative charge. By applying the bias voltage to the sample instead of the probe, capacitive crosstalk - in
the form of AC-coupling of the deflection signal and the applied bias voltage - between the topography and
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CPD signal was minimized, due to better spatial separation of the wires carrying the deflection and bias95

signal, respectively, in the Nanosurf Flex-Axiom scan-head[39, 31]. The lateral CPD resolution is limited
by capacitive averaging effects due to stray capacitance originating from the probe beam and cone, which
are unavoidable in AM-KPFM, and are effectively increasing the apparent size of the probe tip[41, 42].
Furthermore, KPFM measurements intrinsically exhibit greater edge-broadening compared to AFM mea-
surements due to the long-range interaction of the electrostatic forces between probe and sample compared100

to the short-range interaction of van der Waals forces[43].
Theoretical methods

Theoretical calculations using DFT were performed with the ωB97XD functional [44] for the purpose of
correlating experimental CPD measurements with theoretically calculated electronic changes and charge
distributions, due to different NaT2 configurations on top of the graphene sheet (see supplementary infor-105

mation).
The Chai and Head-Gordon functional, ωB97XD, is a long-range corrected hybrid density functional in-

cluding atom-atom dispersion corrections. This functional also offers an empirical Grimme’s D2 dispersion
model, which takes into account London[45] dispersion forces. The use of ωB97XD to describe systems
with non-covalent interactions[46], to calculate electronic properties[44], and to characterize NaT2[47] has110

shown satisfactory results with a relatively low computational cost. It is also important to note that the
molecular interaction energy for large systems, can be well described with the use of base 6-31G(d) being a
good compromise between accuracy and computational time[48, 49].

In the present theoretical model, a graphene sheet with 144 atoms was chosen with atoms at the edge
saturated with hydrogen to reduce edge effects. Both the NaT2 molecule and the graphene sheet were115

optimized separately, at the ωB97XD/6-31G(d) level. In this simple model, only the interaction between
one NaT2 molecule and the graphene sheet was considered. The effect of the interaction between several
NaT2 molecules (limited to the first layer in contact with graphene) will only slightly disturb the system’s
energy levels, and it is not expected to change the trends drawn from our theoretical model.

Sample preparation120

Monolayer graphene on Cu (Graphenea) was transferred in ambient conditions, using spin-coated PMMA
and electrolysis, to a 10 × 10 mm substrate of n-doped Si with 300 nm thermally grown SiO2. By spin-
coating PMMA onto graphene, the thin layer of PMMA and graphene was separated from the Cu using
electrochemical delamination[50] and transferred onto the SiO2 surfaces on the n-Si substrates. The PMMA
was removed using acetic acid, since this eliminates most of the residual contaminants that are present in a125

PMMA removal using acetone, while at the same time not attacking the graphene and SiO2 substrate[51],
and it has been proposed that PMMA residues influence the molecular orientation, when NaT2 molecules
are deposited on top[29].

Finally, a thin film of preheated (230 °C) NaT2 was deposited onto the heated, graphene-covered sub-
strates by physical vapor deposition (PVD). A substrate temperature of 70 °C was used during the deposition130

of NaT2 onto pristine SiO2 and graphene-covered SiO2 substrates treated with acetic acid.

[Figure 1 about here.]

3. Results

A scan measuring 10 × 10 µm2 has been performed capturing areas of graphene-covered SiO2 as well
as exposed SiO2. The topographical image of this scan is seen in Fig. 1a, where two types of structures135

are present on the surface: Islands with heights of 5-20 nm consisting of few-layer, upright standing NaT2
molecules, and fiber-structures with varying heights of 15-110 nm consisting of multi-layer, face-on oriented
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NaT2 molecules, both of which are illustrated in Fig. 1d. From Fig. 1a alone, it is difficult to distinguish
between regions of NaT2-covered SiO2 and graphene, but the CPD image (Fig. 1b) clearly shows two
distinct types of regions, which also appear in the CPD distribution (Fig. 1c), a brighter region of SiO2 and140

a darker region of graphene. A digital mask is used to measure the CPD-values of the SiO2 and graphene
regions without NaT2 molecules. All masks are based on topographical measurements to ensure that the
regions of interest are sharply defined. Only the masked areas are included when calculating the average
CPD or topographical height, and the indicated uncertainty corresponds to the measured standard deviation.
The CPDs are determined from Fig. 1b to be −0.17 ± 0.05 V and −0.28 ± 0.02 V corresponding to SiO2145

and graphene, respectively. From the reported work functions of the two materials[52, 53], graphene is
expected to show the smallest CPD, but as the measurements are performed in atmospheric conditions, the
exact values of the CPD do not correspond to the material work function. The fibrous structures are mainly
present at graphene/SiO2 boundaries and on the graphene surface, while upright standing NaT2 molecules
are present on both SiO2 and graphene (Fig. 1b).150

Furthermore, it is evident that the CPD depends on the orientation of NaT2 as the fibers (face-on) create
a brighter contrast on the darker graphene background signal, whereas the upright standing terraces exhibit
a darker contrast compared to the brighter SiO2 background signal. The NaT2-covered graphene and SiO2
regions are each investigated further, to examine how the growth of NaT2 structures differ depending on the
underlying substrate.155

[Figure 2 about here.]

NaT2 deposited on pristine SiO2 is expected to have upright standing orientation, as reported by Huss-
Hansen et. al[29]. Fig. 2a verifies this interpretation, where the NaT2 exhibit island growth with terrace-
like structures. To measure the height of a single layer of upright standing NaT2, 10 individual height
measurements are performed at different step edges across Fig. 2a. An example of such a measurement is160

indicated by line profile 1 which has a width of 5 px, equal to 15.6 nm. Using this method, the layer height
is measured to be 2.0 ± 0.1 nm, which is consistent with the length of upright standing NaT2. But from the
topographical distribution (Fig. 2d) it is revealed that the height ( ∼ 5 nm) of the first layer is not a multiple
of this layer height. The height of the subsequent layers does, however, appear to be of the expected height
of 2 nm, which could indicate that an initial wetting layer is formed between the SiO2 and NaT2, similar165

to what was reported by Huss-Hansen et. al[29]. Using a digital mask, the mean CPD in Fig. 2b of NaT2
structures is −0.19 ± 0.04 V and the CPD of the SiO2 is −0.12 ± 0.03 V. From the measurements presented
in Fig. 2a and Fig. 2b it is concluded that the difference in CPD between SiO2 and NaT2-covered SiO2 is
observed to be nearly independent of the number of molecular layers. Some variation in CPD is, however,
still present when comparing islands of different lateral sizes, but this is most likely due to stray capacitances170

since the CPD signal contains contributions from tip and cantilever.

[Figure 3 about here.]

NaT2 molecules deposited on graphene (Fig. 3a) are observed forming both fiber-like structures and islands
with terraces of 2 nm (line 2), which is consistent with measurements on SiO2 (Fig. 2d). The presence
of both molecular orientations on graphene is attributed to PMMA residue left over from the graphene-175

transfer process[29]. Thus these terraces must correspond to upright standing NaT2. Huss-Hansen et al.[29]
performed XRD measurements, which showed large amounts of material with fiber-like structures in the
face-on orientation. Thus from the exclusion method, it is assumed that the fiber-like structures (line 1)
correspond to the face-on oriented NaT2. The bulk of the face-on oriented molecules appear to have heights
ranging from ≈ 10 to 50 nm, but higher features are also visible up to a height of 90 nm. The layer height180

of the upright standing molecules visible in the lower-left corner of Fig. 3a is determined using the same
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method as described earlier. 10 different, 5-pixel wide line profiles taken across the structure, measures the
height of a single layer to be 2.0 ± 0.1 nm. The average CPD of the face-on and upright standing domains
have been measured from Fig. 3b using a mask to separate the two. The CPD of the face-on oriented
NaT2 molecules is found to be −0.01 ± 0.04 V while the upright standing molecules measure a CPD of185

−0.18 ± 0.02 V resulting in an average contrast between the two of −0.16 ± 0.04 V. This is also evident
in the CPD distribution (Fig. 3d), where three peaks are present. The center peak at −0.09 ± 0.02 V is the
CPD of the graphene background, and the peaks located to the left and right of the center peak correspond to
upright standing and face-on oriented NaT2, respectively. A shoulder is visible to the right of the initial face-
on peak, which indicate a plateau in CPD values that are almost independent of topographical height. This190

demonstrates that different molecular orientations of face-on and upright standing NaT2 exhibit different
work functions.

From the theoretical DFT calculations (see supplementary information), an electrostatic potential map
for both the face-on and upright standing NaT2-graphene system configuration were constructed (Fig. 4).
This was done in order to investigate the origin of the work function difference between face-on and upright195

standing NaT2. For configuration I (face-on), the electrostatic surface potential map shows that electrons
are more evenly distributed compared to configuration II (upright standing). In configuration II (upright
standing) it can be observed that in the part of the NaT2 molecule, close to the graphene sheet surface, there
is a higher concentration of electrons compared to other parts of the NaT2 molecule. It is also noted that in
peripheral regions of the NaT2 molecule, an electrophilic behavior is observed. The different configurations200

in which the NaT2 molecule can orient itself with respect to the graphene surface are reflected in regions with
different electrostatic potential. The potential maps illustrate that, in general, the charge tends to be more
concentrated in the central region of the NaT2 molecule. This concentration of charge is a consequence of
the presence of the aromatic rings at the extremities of the NaT2 molecule. Therefore, it is essential to note
that the orientation of the NaT2 molecule on graphene has a strong influence on the electronic properties of205

the system.

[Figure 4 about here.]

Based on Fig. 4, it is expected that face-on oriented molecules (Fig. 4-I) show positive CPD contrast
relative to graphene, since the probe interacts with a negative charge distribution. Similarly, upright standing
molecules (Fig. 4-II) are expected to exhibit negative CPD contrast relative to the graphene layer. This is210

in agreement with the behavior seen in Fig. 3b, where the face-on oriented molecules exhibit a higher CPD
value of −0.01 ± 0.04 V relative to the background CPD of graphene at −0.09 ± 0.02 V, while the upright
standing molecules exhibit a lower CPD value of −0.18 ± 0.02 V relative to graphene. Thus, the variations
in the CPD contrast for face-on and upright standing molecules stem from the different work functions of
the two NaT2-graphene system configurations, due to the different charge distributions indicated by the215

electrostatic map in Fig. 4.

4. Conclusions

Partially covering thin films of NaT2 have been deposited on samples of pristine SiO2 and on samples
of graphene-covered SiO2. The NaT2 molecules form upright standing structures on pristine SiO2 and
a mixture of face-on and upright standing structures, when deposited on graphene as previously reported220

by the literature. Measurements of upright standing structures indicate the presence of an initial wetting
layer (∼ 5 nm) between SiO2 and NaT2, which have similarly been proposed in literature[29], followed
by molecular terraces of 2.0 ± 0.1nm. KPFM has been used to distinguish the two kinds of structures by
measuring the contrast in CPD, which has been found to be −0.16 ± 0.04 V. This CPD contrast indicates
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a work function difference between the face-on and upright standing NaT2-graphene system configuration.225

Theoretical calculations employing DFT reveal that the work function difference originates from the different
charge distributions of the two system configurations. These results highlight the importance of controlling
the molecular orientation as this influences the charge transport in organic semiconductor devices.

The photo-absorption of face-on oriented standing NaT2 molecules has been reported to be higher com-
pared to upright standing NaT2 [29], and it would therefore be of interest for future studies to investigate230

how this affects the performance of organic phototransistors (OPTs). NaT2 has been tested in OPTs [11],
and performing KPFM measurements of devices in operando could lead to a better understanding of some
of the electrical characteristics such as the electrostatic potential profile across the channel [54].
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(a) (b)

(c)

(d)

Figure 1: (a) Topographical and (b) CPD image of NaT2 deposited on SiO2 substrate covered with graphene at a sample temperature
of 70 ◦C with corresponding (c) CPD distribution. The measurements are performed with the Multi75GB-G probe. Darker areas on (b)
correspond to NaT2 on graphene, while the brighter areas correspond to NaT2 on SiO2. A green dashed line is drawn in (a) and (b) to
indicate the border between SiO2 and graphene. Furthermore, a red dashed line encircles some upright standing NaT2 molecules, and
a blue dashed line indicates some face-on oriented molecules. (d) Hypothesized molecular packing of face-on oriented NaT2 to the left
and upright standing NaT2 to the right. This is only to show the suggested packing of the fiber and terrace structures and is not drawn
to scale. The insert of the NaT2 molecular structure is also presented along with the model.
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(c)
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Figure 2: (a) Topographical and (b) CPD measurements of NaT2 deposited on pristine SiO2 at a substrate temperature of 70 ◦C using
the Multi75GB-G probe. (c) Profiles of the indicated lines in (a) and (b) with a line width of 5 pixel, equal to 15.6 nm. The topography
distribution of (b) is indicated in (d).
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Figure 3: (a) Topographical and (b) CPD measurements of NaT2 deposited on graphene at a substrate temperature of 70 ◦C using the
Multi 75E-G probe. (c) Displays of the respective profiles of indicated lines in Fig. (a) and (b) with a line width of 5 pixel, equal to
15.6 nm. Line 1 and 2 are profiles of face-on and upright standing structures respectively. (d) The distribution of CPD values observed
in (b).
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Figure 4: Electrostatic Surface Potential for face-on (I) and upright standing (II) oriented NaT2-graphene system configurations calcu-
lated using DFT. Blue region represents a low probability of electron concentration. Red region indicates a high probability of electron
concentration. On the left is a side view of the system and on the right is a top view. Molecular electrostatic potential map for NaT2
and Graphene molecules.
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