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Abstract 

Establishing the rather complex correlation between structure and charge transfer in organic-

organic heterostructures is of utmost importance for organic electronics and requires spatially 

resolved structural, chemical and electronic details. Insight in this issue is provided here by 

combining atomic force microscopy, Kelvin probe force microscopy, photoemission electron 

microscopy and low-energy electron microscopy for investigating a case study. We select the 

interface formed by pentacene (PEN), benchmark among the donor organic semiconductors, and 

a p-type dopant from the family of fluorinated fullerenes. As for Buckminsterfullerene (C60), the 
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growth of its fluorinated derivative C60F48 is influenced by thickness and crystallinity of the PEN 

buffer layer, but the behaviour is markedly different. We provide a microscopic description of the 

C60F48/PEN interface formation and analyse the consequences in the electronic properties of the 

final heterostructure. For just one single layer of PEN, a laterally complete but non-compact 

C60F48/PEN interface is created, importantly affecting the surface work function. Nonetheless, 

from the very beginning of the second layer formation, the presence of epitaxial and non-epitaxial 

PEN domains dramatically influences the growth dynamics and extremely well packed two-

dimensional C60F48 islands develop. Insightful element maps of the C60F48/PEN surface spatially 

resolve the non-uniform distribution of the dopant molecules, which leads to a heterogeneous work 

function landscape.  
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Introduction  

Organic materials have raised great interest in the scientific community in the last decades for 

emerging technologies exploiting their unique capabilities to fabricate low-cost, lightweight, 

flexible and large area devices. Organic semiconductors (OSCs) thus widely amplify the 

technological horizons in many different applications based on devices such as solar cells, 

transistors and light emitting diodes.1–4 A vast amount of basic and applied research has focused 

on ameliorating the intrinsic properties of OSCs and designing strategies for improving the 

performance of devices. In analogy to inorganic semiconductors, doping of OSCs represents one 

of the most efficient methods to gain control over their electrical properties. Specifically, 

molecular doping, which implies the addition of an organic electron acceptor (donor) for p-type 

(n-type) doping, is a suitable approach and, at the same time, a playground for studying the physics 
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of OSC materials.5–8 Most studies concern bulk doping in which the dopants are intermixed with 

the OSC, for example by co-evaporation. These works have revealed a complex scenario where 

different doping mechanisms operate depending on the specific interaction between dopant and 

OSC.9–12 Nevertheless, doping can also be accomplished by charge exchange between a 

semiconductor and a dopant adlayer located at its surface. The so-called contact doping or surface 

transfer doping relies on interfacial charge transfer between the dopant molecules and the 

underlying semiconductor and has been employed for inorganic as well as for organic 

semiconductors.13  For p-type doping, the lowest-unoccupied-molecular-orbital (LUMO) of the 

adsorbed species must be close to or below the highest-occupied-molecular-orbital (HOMO) of 

the OSC, resulting in the formation of holes at the dopant/OSC interface. Such selective doping 

represents one of the most promising strategies to improve charge carrier injection in organic field 

effect transistors (OFETs), where minimizing the contact resistance is a great challenge and 

remains a bottleneck for developing high performance devices.14–18 However, it also raises 

prominent issues related to the optimization and stability of the doped interfaces and fundamental 

questions about the underlying physical mechanisms for improving the charge injection. The 

dopant introduces electronic changes at the interface (interfacial dipole, band bending, charge 

reorganization) and sometimes even on the microstructure of the semiconductor layer (by diffusion 

and/or intermixing) that will largely determine the contact properties. Numerous studies by 

spectroscopic methods have focused on the electronic properties of the dopant/OSC interface.19–23 

Nevertheless, a microscopic insight is lacking in most cases. Inhomogeneity of the dopant/OSC 

interface at the sub-micrometre scale, non-detectable by spectroscopic techniques providing 

averaged properties but accessible for spatial resolution microscopies, would entail uncontrolled 
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device performances. It is largely unknown how the interaction between the dopant and the OSC 

surface influences the interface structure. 

In this work we demonstrate the crucial role that the nanomorphology of the OSC layer has on 

the characteristics and formation of the dopant/OSC interface for the case of pentacene.  As p-type 

dopant (acceptor) we have chosen C60F48, the highest in fluorine content24 among the 

fluorofullerenes, a class of organic p-type dopants with large attractive potential for the lifetime 

improvement of organic electronic devices due to its low volatility and bulky shape (i.e. expected 

low diffusion and intermixing with the OSC).25 While the importance of the acceptor/donor 

interface morphology has long been recognized and investigated for C60/pentacene as prototype 

case study,26–30 the system C60F48/pentacene remains unexplored. Here, the role of the epitaxial 

quality and morphological characteristics of the OSC layer on the nucleation and growth mode of 

the dopant as well as the effects on the electronic properties of the interface are investigated. We 

combine different spatially-resolved techniques, such as atomic force microscopy (AFM),  Kelvin 

probe force microscopy (KPFM),31,32 X-ray photoemission electron microscopy (XPEEM), and 

low-energy electron microscopy (LEEM), to have a comprehensive view of the intimate relation 

between microstructure and electronic effects at the created interfaces.  

 

Experimental section 

Pentacene was purchased from Sigma Aldrich and purified by gradient-sublimation; the 

fluorinated fullerene C60F48 was synthesized as per the method developed at the Josef Stefan 

Institute (Slovenia).24 The product was characterized by chemical analysis, electron-ionization 

mass spectrometry and IR-spectroscopy and its purity was estimated to be 95%. The two molecules 

were sublimated under high vacuum conditions (10−6-10−7 mbar) by organic molecular beam 
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deposition (OMBD). As monitored by quartz crystal microbalance (QCM), deposition rates of 

about 2-3 Å/min were achieved by resistively heating the Knudsen cells up to about 180 °C and 

200 °C for PEN and C60F48, respectively. Native silicon oxide on arsenic n-doped silicon substrates 

were cleaned by ultra-sonication (10 min in acetone plus 10 min in ethanol) before being 

introduced in the evaporation chamber, where they were degassed (15 min at 250 °C) and then 

maintained at room temperature (RT) during deposition. The coverage for pentacene is determined 

from the AFM topographic images and expressed in monolayers, being one monolayer (ML) a 

single full layer of nearly standing up molecules, corresponding to a nominal layer thickness of 

∼15 Å. For C60F48 we estimate that 10 Å of nominal thickness is approximately equivalent to one 

closed-packed monolayer. 

AFM measurements in contact and dynamic modes were performed at RT using a commercial 

head from Nanotec Electronica. Si3N4 V-shaped cantilevers (Veeco) with nominal force constant 

ranging between 0.03 and 0.5 N/m were employed for contact mode while Cr/Pt coated silicon tips 

on rectangular cantilevers (BudgetSensors) with nominal resonance frequency of 75 kHz and force 

constant of 3 N/m were used for dynamic mode. Contact mode data were collected in a non-

invasive manner by applying the lowest possible load, i.e., in the attractive regime and as close as 

possible to the pull off force, thus preventing any tip-induced damage and providing accurate 

topographic data. Lateral force measurements, in the friction force microscopy (FFM)33 and in the 

Torsion Shear Microscopy (TSM)34 imaging modes, were used to determine packing details of the 

PEN layers.35–37 Frequency modulation KPFM38 was employed to measure local surface contact 

potential differences (CPD). In our set up the voltage is applied to the tip, therefore, higher CPD 

values indicate lower work function (φ).39 Tip-sample conditions were systematically checked by 

force versus distances curves. All AFM images were analysed by using the WSxM freeware.40 



 6 

Ultraviolet photoelectron spectroscopy (UPS) was employed to measure the density of states at 

the Fermi-edge valence band (VB) and the secondary electron cut-off (SECO) of in-situ prepared 

samples, using an ultra-high-vacuum (UHV) system equipped with a SPECS Phoibos 150 

hemispherical energy analyser and a helium lamp (hν = 21.22 eV). To have access to the work 

function of the samples from the SECO, the corresponding spectra were taken with the samples 

biased at −10 V. An Au(111) single crystal was used as reference for the determination of the 

Fermi energy.  

LEEM/LEED and XPEEM measurements were carried out in the SMART spectromicroscope 

operating at the UE49-PGM beamline at the synchrotron radiation facility BESSY II of the 

Helmholtz-Zentrum Berlin (HZB). The aberration corrected and energy filtered LEEM/PEEM 

instrument combines microscopy, diffraction and spectroscopy techniques for comprehensive 

characterization. The instrument achieves an experimentally demonstrated lateral resolution of 2.6 

nm in LEEM and 18 nm in energy-filtered XPEEM mode, respectively.41,42  

To address the extent of beam damage, X-ray photoelectron emission spectroscopy (XPS) was 

applied. This was done in a fast way (one spectrum every two seconds) by imaging over time the 

dispersive plane of the energy filter of the SMART spectromicroscope from pristine areas of the 

sample (initially not irradiated). The line shape, intensity and position (binding energy, BE) of F1s 

and C1s photoemission lines were monitored, under different X-ray dosage, in order to identify 

changes in the chemical environment of the C60F48 and PEN molecules. This assessment allowed 

us to identify the optimal beamline conditions that would guarantee a minimal damage to the 

organic films. For example, the optimal conditions adopted were such that even though the higher 

BE line of the C1s signal, assigned to fluorinated sp3 carbons (C-F) of C60F48,43 decreased as a 

function of irradiation over time as a result of radiation damage, all features observed under the 
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F1s line remained unchanged, thus indicating that the fluorine atoms stayed at the surface after 

C60F48 breaking. In such a way, despite the fact that the damage induced by the X-ray beam could 

not be avoided completely, experimental conditions were such that it was possible to produce maps 

of spatial chemical distribution on the surface. 

 

Results and Discussion 

Pentacene on SiO2 is known to follow the Stranski-Krastanov growth mode during thin film 

formation, with the completion of one or two complete layers followed by three-dimensional (3D) 

islands formation through nucleation and growth of dendritic islands.44–48 Within the plane, 

molecules arrange in a face-to-edge herringbone packing. The molecular orientation is nearly 

standing up in the monolayer, with their axis perpendicular to the SiO2 surface, and then tilted in 

the subsequently stacked layers leading to slightly varying layer heights of ∼1.5-1.6 nm.49–52 This 

structural transition is the result of different interlayer interactions between PEN–SiO2 and PEN–

PEN. Since controlling microstructure of organic donor/acceptor interfaces is relevant for 

performance and stability of devices, we address here the role of the PEN thickness, below and 

above the monolayer as well as the ulterior deposition of diverse amounts of C60F48 on their top. 

Due to the favourable mismatch in electronic levels, electron charge transfer across the interface 

is expected from the HOMO of pentacene (∼4.7-5.0 eV)53–58 to the LUMO of C60F48 (∼5.0-5.5 

eV).43,59  
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Figure 1. (a) Molecular structures of pentacene and C60F48. Topographic and KPFM images for 

(b, c) 0.8 ML of PEN, (d, e) 0.8 ML of PEN + 8 Å C60F48 and (f, g) 0.8 ML of PEN + 14 Å C60F48. 

Colour scale ranges are (b) 0-7 nm, (d) 0-14 nm, (f) 0-16 nm in the topographic images and -1.5-

2.0 V in all KPFM images (c, e, g). (h) Surface potential difference between PEN islands for 

diverse C60F48 depositions; the surrounding SiO2 is taken as reference and the red data point 

corresponds to C60F48 crystallites (see text). Note: lower surface potential corresponds to higher 

work function (see experimental section). (i) Schematic model of the sub-monolayer pentacene 

film covered with C60F48. 

 

In the sub-monolayer range, round islands with single layer (1L) height and few hundred 

nanometres in diameter cover the surface (Figure 1b), though some two-layer (2L) high islands 

could also been found. Since the amorphous silica surface does not impose any preferential in-
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plane direction during PEN growth, the 1L islands adopt equivalent packing but random azimuthal 

orientations. Those observed 2L nuclei exhibit lower friction in the lateral force images (Figure 

S1 in the Supporting Information), a fact that is attributed to the formation of a bilayer structure 

with epitaxial order.60 We will come to this point later again. KPFM allows a quantitative mapping 

of the surface potential with nanoscale spatial resolution (Figure 1c, 1e, 1g). As known, tunnelling 

across the thin native silicon oxide allows Fermi level equilibrium with PEN and, therefore, the 

surface potential contrast for bare pentacene depends on substrate doping.61 In the present case, 

the surface potential of bare PEN is lower by 0.2 V than that of the surrounding SiO2 reference. 

After depositing 8 Å of C60F48 (Figure 1d), a certain roughness of the islands surface is 

accompanied by a homogeneous decrease of ∼0.4 V in their surface potential, which is attributed 

to the formation of a non-compact C60F48 layer onto the pentacene. For the 14 Å coverage of 

fluorinated molecules (Figure 1f), the topographical images reveal a dense layer of C60F48 on 

pentacene that is accompanied by a rise in the local work function of ∆φ ≈ 0.95 eV with respect to 

the surrounding SiO2 with little contrast among the whole set of islands. The monotonous increase 

of ∆φ as a function of coverage (Figure 1h), points to a charge transfer between C60F48 and PEN 

molecules proportional to the amount of dopant in direct contact with the OSC. At high local 

coverage, C60F48 molecules assemble densely in the form of flat aggregates (1 nm high), mostly at 

the edges of the PEN islands (Figure S2 in the Supporting Information), with a large ∆φ of ∼1.35 

V (red point in Figure 1h) likely arising from intrinsic contact potential differences between the 

silicon dioxide layer and C60F48 crystallites. Although the value of the work function measured 

upon deposition of C60F48 on pentacene is also influenced by charge transfer with the Si substrate,62 

this fact does not affect the conclusions of this work.  
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Figure 2. Topographic and lateral force images for (a, b) 1.3 ML PEN and (c, d) 1.3 ML PEN + 

14 Å C60F48. Colour scale ranges are 0-5 nm (a) and 0-11 nm (c) in the topographic images. (e) 

Line profile across C60F48 grown on one of the 2L islands. (f) Schematics of a 2L island in which 

the central epitaxial domain (core) is not covered by C60F48. Note: 1L stands for the PEN layer in 

contact with the substrate. 

 

Approaching the PEN monolayer, the 1L islands at the SiO2 surface coalesce leading to a nearly 

featureless closed first layer with a polycrystalline microstructure dictated by domains with 

different azimuthal orientation.36,63,64 Occasionally the domain boundaries of the first layer can be 

discerned as a network in topography.65 The so-called transverse force microscopy allows the 

visualization of rotational domains in the first and successive layers60 (Figure S3 in the Supporting 
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Information). Figure 2 shows the topographical and lateral force images for 1.3 ML of pentacene 

before and after the deposition of 14 Å of C60F48. The pentacene islands in the second layer exhibit 

the typical fractal-like shape reported in the literature60,66 (Figure 2a) formed due to a diffusion-

limited aggregation growth (DLA) with poor edge molecular diffusion.67 The branched islands 

exhibit a noteworthy internal contrast in conventional FFM imaging that strongly differ from the 

faint friction anisotropy of the 1st layer (Figure 2b). Specifically, the islands appear to have a core 

with lower friction (Figure S3 in the Supporting Information), which can be attributed to regions 

with epitaxial order with the underlying domain,60 having therefore a more compact packing. 

Importantly, this observation suggests that over the monolayer, impinging PEN molecules nucleate 

and laterally aggregate to the 2L epitaxial regions that constitute the low-friction cores of the 

dendrites (darker areas in Figure 2b). Hence, the second layer pentacene islands have a 

polycrystalline nature consisting in coexisting domains with epitaxial and non-epitaxial stacking 

(with respect to the underlying PEN layer). These domains have been reported to show a difference 

of some tens of mV in KPFM, arising from a diverse electrostatic coupling between consecutive 

layers in each case.60 We will demonstrate next that layer stacking is relevant for molecular doping 

since the epitaxial or non-epitaxial PEN interlayer relationship affects the ulterior C60F48 growth 

and, importantly, the electronic response of the dopant/OSC interface. After depositing C60F48 

(Figure 2c, 2d), several things immediately catch one’s attention. On the one hand, the PEN first 

layer, covered now with C60F48, develops marked cracks leaving some SiO2 uncovered most likely 

reflecting the domain boundaries of the first layer. The thickness of this cracked layer is ∼2.5 nm 

as it would correspond to a single PEN layer (∼1.5 nm) plus one C60F48 molecule overlayer (∼1 

nm). We hypothesize that, due to the fluorinated fullerene interaction with PEN, a certain 

densification within the molecular domains plus local restructuration of the less packed and 
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defective boundary regions take place, as it occurs for the aged PEN monolayer65 (see Figure S4 

in the Supporting Information). Nevertheless, the most remarkable finding relates the hindered 

growth of C60F48 at the crystalline (epitaxial) core of the dendrites (Figure 2f). Due to the extreme 

sensitivity of FFM to local chemical differences, we can guarantee that the PEN at the islands’ 

centres remain uncovered while overall dopant uptake occurs on the first layer and on the dendritic 

arms of the islands.  The C60F48 deposits have a height difference with respect to the bare PEN 

core about twice the fullerene size (2C60F48) (height profile in Figure 2e) and are extremely flat 

indicating higher compactness than the C60F48 layer on the PEN first layer. As important factors 

for the growth of molecules on surfaces are the adsorption dynamics and energy dissipation, we 

argue that the different stacking of PEN in core and branches may affect the residence time of the 

dopant molecules, being therefore at the basis of the selective nucleation observed. Impinging 

molecules experience the surface energy corrugation and accommodate at distinct favourable sites. 

Therefore, the low energy dissipation at the epitaxial cores would facilitate diffusion towards 

highly dissipative non-epitaxial locations where the dopants accumulate forming compact islands, 

due to a cohesion between C60F48 molecules (C60F48−C60F48) larger than with the PEN film 

(C60F48−PEN−PEN).  
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Figure 3. AFM topography and respective KPFM maps of (a, b) 5 Å and (c, d) 14 Å of C60F48 

deposited on 1.3 ML of PEN. Labels 1L and 2L in topography stand for the layer in contact with 

the substrate and the second layer, respectively. Note: lower/higher surface potential corresponds 

to higher/lower work function. 

 

As Figure 3 shows for two coverages of C60F48, the surface electrostatic potential is determined 

by the distribution and packing of C60F48 at the nanoscale. Upon 5 Å of C60F48 deposition, while 

the PEN first layer (1L) gets homogeneously covered by a rough C60F48 layer due to a scattered 

distribution of the fullerenes, small clusters selectively nucleate only at the non-epitaxial arms of 

the islands (Figure 3a). These C60F48/PEN−PEN areas exhibit a contact potential with an 

intermediate value between C60F48/PEN−SiO2 and bare epitaxial regions of PEN in agreement with 

an intermediate coverage of dopant (Figure 3b). For a coverage of 14 Å (Figure 3c, 3d), a 

noticeable increase of the work function is visible in those areas covered by C60F48 molecules. The 

compact C60F48 bilayer now covering the branches of the 2L PEN islands is responsible for a 
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notable electrostatic imbalance in the surface potential of ∼0.65 V between covered arms and 

uncovered cores (Figure 3d and Figure S5 in the Supporting Information).  

 

 

Figure 4. UPS spectra of the (a) SECO and (b) HOMO regions for silicon substrate (black 

squares), 2 ML pentacene (orange circles), and 2 ML pentacene + 6 Å C60F48 (red triangles) and 

(c) the corresponding energy level diagram schematics with a drawing of the evaporation 

sequence.  (d) AFM topography and (e) respective KPFM maps of the same sample. (f) Schematic 

model and line profiles along dashed segments in the corresponding images.  

 

To evaluate the effect of the dopant on the electronic properties of the interface, the near Fermi-

edge VB density of states and the SECO were measured in-situ before (bare native SiO2) and after 

the preparation of a PEN thin film (≈2 ML nominal thickness) as well as upon deposition of 6 Å 

of C60F48 (Figure 4). The as-prepared PEN film (orange data) shows the typical secondary electrons 

emission (Figure 4a) and the emergence in the VB of a well-developed HOMO at 0.7 eV (Figure 
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4b) corresponding to an ionization potential of 4.7 eV in agreement with previously reported data 

for (001) oriented pentacene films on silicon oxide.53,54 As indicated by the SECO shift towards 

lower binding energy with respect to that of the clean substrate (black data) the PEN layer causes 

an increase of the surface work function in accordance with our KPFM data (Figure 1h). 

Outstandingly, a further SECO shift of ∼0.9 eV reflects the dramatic increase of the surface work 

function after the fluorinated fullerene deposition (red data). Simultaneously, a relevant shift of 

the HOMO by 0.4 eV towards lower energy is observed. The schematic diagram of Figure 4c 

presents the whole energetics picture derived from these measurements. Being aware of the 

averaging nature of UPS and the influence of the particular local morphology on the interfacial 

properties, the same sample was analysed by ex-situ AFM (Figure 4d, 4e). As commented above, 

after an initial layer-by-layer mechanism, which usually involves one or two complete layers, the 

growth of PEN at RT overcomes a 2D-3D transition commonly occurring by the formation of 

pyramidal grains.44,49 The pyramid-like structure characteristic of such transition is visible in 

Figure 4d. The different surface levels are indicated by Roman numerals starting from the full 

molecular PEN first layer in contact with the SiO2. As expected from a homogeneous but non-

compact distribution of the dopant, the 1st layer (I) exhibits a certain roughness (rms ≈ 0.3 nm) and 

uniform surface potential. This is not the case for the 2nd layer (II), where flat (IIA) and rough (IIB) 

areas give evidence of a non-homogeneous distribution of the dopant that is directly correlated 

with local differences of few hundred mV in the surface potential (see line profiles in Figure 4f), 

i.e. higher work function for higher dopant coverage. Within the error, all the other pentacene 

terrace levels (3rd to 5th) show a surface potential which is similar to the uncovered region IIA 

(Figure 4e). A side view schematic drawing of the proposed model is also shown. The lack of 

C60F48 in the upper layers suggests a low interlayer diffusion barrier for step descending that 
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permits downward interlayer mass transport of C60F48 at this stage. We note that in spite of the 

heterogeneous work function landscape at the nanoscale, only one SECO is observed by UPS that 

corresponds to the higher work function areas, a phenomenon that has been examined in detail by 

Schultz et al.68  

We have corroborated the local distribution of dopant molecules in correlation with the PEN 

morphology by local elemental analysis using XPEEM and spatially resolved near edge X-ray 

absorption fine structure (NEXAFS). In XPEEM, the sample is illuminated with photons of known 

energy, and an image is formed with the emitted photoelectrons. By selecting the kinetic energy 

of the imaging electrons, it is possible to obtain maps showing the distribution and chemical state 

of the different elements across the sample surface. The 1s core level and absorption edge of 

fluorine, present in C60F48 and absent in PEN, were the signals employed to determine 

unambiguously the initial adsorption of the dopant molecules. 
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Figure 5. 3 ML pentacene + 2 Å C60F48: (a) LEEM and (b) NEXAFS XPEEM @ F1s (692 eV) 

images. Field of View (F.O.V): 12.2 µm. (c) Topographic AFM image and (d) topography 

magnification with (e) the respective KPFM map. Each point of the curves in (f) results from 

integrating the F1s XPEEM intensity, at a different photoelectron energy, in the areas highlighted 

in (b); equivalent regions are indicated by similar coloured circles in the other images.  

 

The growth of ∼3 ML of pentacene resulted in the formation of typical 3D mounds consisting 

of single layer dendritic terraces on top of a fairly closed monolayer with only few exposed 

substrate (see C1s and Si2p maps in Figure S6 of the Supporting Information). Additional 

deposition of ∼2 Å C60F48 is not easy to identify in the large-scale LEEM images (Figure 5a). 

However, the comprehensive correlation with the spatially resolved fluorine distribution observed 
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in the XPEEM map (Figure 5b) allows us to unequivocally claim that the dopant molecules reside 

at the lower regions of the PEN film surface with negligible fluorine content on the upper film 

levels. This observation is confirmed by the intensity-integrated signal across the absorption F K-

edge (Figure 5f) at the marked areas in the XPEEM map and by the subsequent acquisition of ex-

situ AFM data, i.e., measured at a different non-irradiated sample location. Note the 

straightforward correlation between the large-scale AFM topography of Figure 5c and the LEEM 

image in Figure 5a. The morphologic details (Figure 5d) and the corresponding surface potential 

difference (Figure 5e) are in agreement with a local coverage of C60F48 (red circle) at the lower 

PEN layer while higher terraces (blue circle) remain uncovered. We note that in this particular 

case, a certain step decoration, likely by one dimensional (1D) C60F48 chains, conciliates the lower 

CPD signal at the lower step edges seen at the lower right corner of Figure 5e.  

 

 

Figure 6. 9 ML pentacene + 6 Å C60F48: (a) contact mode topography and friction (inset) images 

of PEN terraces partially covered with C60F48, (b) line profile and (c) schematics showing clearly 

how two C60F48 layers are decorating the PEN step edges; red dashed lines indicate PEN steps and 
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terraces. (d) Dynamic mode topography and (e) KPFM images (colour scale: -1.0-0.7 V). See also 

Figure S7 in the Supporting Information. 

 

For thicker PEN films, in addition to the horizontal DLA within each level, an Ehrlich-

Schwoebel barrier effect comes into play so that irregular mounds formation persists and the 

surface typically consists of pyramidal structures.69 Figure 6 illustrates the C60F48 growth on a 9 

ML PEN film, where PEN exhibits the characteristic 3D mounds-like morphology. At this growth 

stage, the 1st layer of the PEN film is not exposed at the surface (Figure 6a) where otherwise up to 

ten terrace levels can be seen. Line profile analysis (Figure 6b) demonstrates that the PEN terraces, 

separated by one single layer steps, are partially covered by flat aggregates (∼2 nm high) with 

respect to the lower terrace. As revealed by the FFM contrast of the lateral force image (inset in 

Figure 6a), the chemical nature of such flat areas differs from that of the terraces. As indicated by 

their height, the compact patches correspond to two layers of fullerene molecules (2C60F48) that 

outcrop from the upper terrace level. We argue that C60F48 islands grow from the 1D chains of 

same composition that decorate the lower step edges (seen in the FFM inset), confirming the 

existence of a step-edge crossing barrier. An inhomogeneous distribution of C60F48 over the surface 

of thick PEN films is reflected in a bimodal work function landscape (Figure 6e), with a variation 

of ∼0.5 eV, which looks uncorrelated with the pentacene morphology at this scale (Figure 6d). 

This observation is due, on the one hand, to the barrier for mass transport across steps and, on the 

other hand, to the complex epitaxial and non-epitaxial interlayer relationship developed at these 

PEN thicknesses (see Figure S7 in the Supporting Information).  

 



 20 

In summary, from the different nucleation characteristics observed for the fluorinated fullerene 

as a function of PEN thickness, it turns out that the C60F48−C60F48 cohesion varies from being 

lower than for C60F48−PEN−SiO2 (where the dopant disperses) to being larger than for 

C60F48−PEN−PEN (where the dopant forms close-packed aggregates). We have seen the 

importance of crystallographic issues influencing molecular diffusion, residence time, adhesion 

and energy dissipation, which ultimately determine the different behaviour of C60F48 on PEN films 

of different thickness.  In line with our results, we note that for the buckminsterfullerene (C60), a 

PEN thickness of at least two monolayers is required to induce crystalline growth.27 In the case of 

the PEN monolayer, one should not neglect the effect of charge transfer with the substrate that can 

contribute to diminish the C60F48−C60F48 cohesion due to repulsion between charged molecules. 

Conversely, the presence of bilayer C60F48 aggregates on partially covered PEN terraces not in 

contact with the substrate is clear evidence of uncharged C60F48.   

 

Conclusions 

Considered as a fundamental issue in contact doping, this work provides a microscopic view of 

the dopant/OSC interface for the case of C60F48 as p-type dopant deposited on top of pentacene. 

To explore the effect of the PEN film morphology, we have employed AFM, KPFM, UPS, LEEM 

and XPEEM for investigating the deposition of C60F48 on diverse PEN films with varying nominal 

thickness and morphology. We find that for the PEN layer in direct contact with the native SiO2, 

a non-compact C60F48 overlayer is formed, independently of whether the PEN layer is complete 

(monolayer) or not (2D islands) with a subsequent change in the surface potential that increases 

with the dopant coverage. Conversely, the heterojunction strongly differs for the second layer of 

PEN where epitaxial and non-epitaxial domains coexist. Outstandingly, this crystallographic 
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characteristic of the film surface dramatically affects the growth dynamics of C60F48 that 

selectively aggregates on the non-epitaxial domains forming compact islands. For thicker PEN 

films, other mechanisms come into play such as step-edge crossing barrier for downward transport 

of C60F48. Although a single SECO (only one work function value) is seen and the HOMO of the 

pentacene is shifted with respect to the bare film, KPFM maps give evidence of heterogeneous 

electronic properties of the interface correlated with the distribution and packing of the dopant. 

Moreover, elemental maps permit spatially resolved observation of the local distribution of the 

acceptor molecules.  

The results of this work show that the morphology and microstructure of the PEN film have a 

strong influence on the nucleation and distribution of the dopant, with the consequent impact on 

the electronic properties of the interface. The optimization of contact doping to reduce the contact 

resistance in devices will depend on the morphology of the PEN film under the contacts. In other 

words, the microscopic understanding of the interface enables a better control of the PEN film 

morphology and structure allowing a rational optimization of interface doping.  

 

Supporting Information 

Additional topographic, lateral force in the FFM and TSM modes as well as KPFM data are 

provided to further illustrate how to elucidate epitaxial PEN domains and C60F48-covered domains; 

complementary LEEM and XPEEM images show the spatial distribution of carbon and silicon 

(PDF). 
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As mentioned in the main text, for a sub-monolayer coverage, pentacene grows on SiO2 forming 

rounded single layer (1L) islands but some double layer (2L) islands are also observed. Friction 

Force Microscopy (FFM) allows imaging the friction properties of the surface, which can give a 

hint on the order and packing of the molecules. As shown in Figure S1, the islands appearing 

lighter in colour (higher) in the topographic images (a,c) give a darker contrast (lower friction) in 

the corresponding forward lateral force images (b,d). This is attributed to the epitaxial relationship 

between the two layers. Importantly, such epitaxial 2L islands will be the cores of the dendritic 

islands forming once the 1st layer is complete.  

 

 



 3 

Figure S1. (a) Topographic and (b) simultaneously measured forward lateral force images of a 

sub-monolayer of pentacene on native SiO2. (c) and (d) are magnified images of the areas marked 

by dashed squares in (a) and (b), respectively. 

 

 

Figure S2. Topographic image of 0.8 ML PEN + 14 Å C60F48 on native SiO2. Blue lines are used 

to indicate in one of the PEN islands, the formation of dense C60F48 aggregates. 
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The working principles of Transverse Shear Microscopy (TSM) imaging are the same as for 

FFM where the lateral deflection of the cantilever is detected while scanning over the surface to 

produce the final images. The only difference is that, while in FFM the cantilever is scanned 

perpendicularly to its axis, in TSM the cantilever is scanned parallel to its axis. This simple 

practical difference results in interesting advantages of such imaging tool, as discussed in [1], 

which can complement the conventional FFM measurements. Figure S3 shows the comparison 

between FFM (Figure 2 of the main text) and TSM. While in FFM (b) the 1st layer domains with 

random azimuthal orientation are only vaguely distinguished and the boundaries quite blurry, TSM 

(c) allows to sharply visualize such domains due to a higher sensitivity to the azimuthal orientation 

of the domains.  
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Figure S3. (a) Topography, (b) FFM and (c) TSM images of a 1.3 ML pentacene film. 1st and 2nd 

layer are indicated by the white arrows, while black arrows in the sketches indicate the scanning 

direction. Magnified (d) topography and (e) lateral force (forward) images of a pentacene island. 

Note: dark areas in the lateral force image correspond to lower friction areas. 

 

Figure S4 shows the topographic image of the same 1.3 ML pentacene film shown in Figures 2 

in the manuscript and S3, measured 3 months after film deposition. The sample was stored in air. 
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We observe a general increase of the surface roughness in both 1st and 2nd layers and the clear 

appearance of cracks in the 1st layer. By comparing with Figures S3 we can safely state that the 

cracks appear at the boundaries of the 1st layer rotational domains. The opening of such cracks can 

be attributed to a densification process within the domains to the detriment of the less-packed and 

highly defective domain boundaries after prolonged storage in air. Interestingly, a similar effect 

seems to occur upon C60F48 deposition due to the interaction between pentacene and the dopant. 

 

 

Figure S4. Topographic image of the same 1.3 ML pentacene film shown in Figures 2 of the main 

text and S3, taken 3 months after deposition (stored in air at room temperature). 

 

Figure S5 shows the AFM images of another island from the same sample depicted in Figure 

3c-d of the main text. This island shows the same features of what is shown in the main text, such 

as a 2L pentacene island selectively covered with C60F48 in the non-epitaxial domains, plus the 

presence of the 3rd pentacene layer partially covering the core of the island. The presented line 

profile confirms the expected height difference between 2nd and 3rd layers to be about 1.5 nm. 

Furthermore, the height difference between uncovered 2L core and covered branches is estimated 
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to be about 2.0-2.3 nm, in agreement with the presence of two layers of C60F48. The corresponding 

line profile of the KPFM image indicates a difference in contact potential difference (CPD) of 

about 0.5 V between uncovered core and covered branches.  

 

 

Figure S5. (a) Topographic and (b) KPFM images of another island of the same sample shown in 

the main text, Figures 3c-d (PEN (1.3 ML) + C60F48 (14 Å)); (c) Line profiles along the arrows 

drawn in the corresponding images. 

 

Figure S6 shows the case of a ∼3 ML pentacene film by comparing LEEM, Si2p- and C1s-

XPEEM images. This case illustrates how putting together the complementary information 

extracted from the different images we are able to precisely define chemically the investigated 

system. As shown by XPEEM @ C1s (c), the whole surface is covered with carbon apart from 
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small (darker) areas which exactly correspond to the bright areas in the XPEEM @ Si2p image 

(b), meaning they correspond to uncovered silicon oxide. Consistenly, in the same image (b) we 

also see medium-dark and dark areas representing the 1st and the following pentacene layers 

(darker in Si2p meaning thicker layer on top, i.e. higher carbon content), respectively. Finally, 

LEEM allows us to adscribe those areas to the different levels of the 3D pyramid-like mounds.   

 

 

Figure S6. (a) LEEM, (b) XPEEM @ Si2p, and (c) XPEEM @ C1s images of a 3 ML pentacene 

film. Field of View in all cases is 12.2 µm. 

 
As commented in the main text, for thicker pentacene films, C60F48 distributes non-

homogeneously on the surface and, at large scale, it is not trivial to define a clear correlation 

between topography and KPFM images. Figure S7a-b shows contact mode AFM images of a 4 

ML pentacene film + C60F48 (6 Å) where the friction landscape appears quite varied and not easy 

to correlate to topographic features, in agreement with the inhomogeneity observed in KPFM 

images. Darker areas in the FFM friction correspond to uncovered pentacene domains, likely due 

to a selective growth similar to the one observed in the 2nd layer islands (Figure 3 in the 

manuscript). The large z-range needed to scan several microns wide areas, makes it difficult to 

distinguish locally between bare and C60F48 covered pentacene terraces and, therefore, the 

appearance of the KPFM is inhomogeneous (Figure 6e in the manuscript). For smaller scale images 
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though, as the ones presented in Figure S7c-d, the correlation is actually evident. The line profile 

in Figure S7e demonstrates the presence of compact islands of C60F48 with height corresponding 

to two layers (2 C60F48); such areas appear darker in the KPFM image. The difference in CPD 

between covered and uncovered areas is of about 0.2 V, as shown in the histogram of Figure S7f.  

 

Figure S7. (a) Topographic and (b) lateral force images of pentacene (4 ML) + C60F48 (20 Å). (c) 

Topographic and (d) KPFM images of the sample shown in the main text Figure 6 (PEN (9 ML) 

+ C60F48 (6 Å)) with (e) line profile and (f) CPD histogram, respectively along the segment and 

over the rectangle in the corresponding images. 
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