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A B S T R A C T   

A detailed understanding of how molecules interact with two-dimensional materials, particularly concerning 
energy level alignment and charge transfer processes, is essential to incorporate functional molecular films into 
next-generation 2D material-organic hybrid devices. One of the major challenges in integrating molecular films 
in field-effect transistors is facilitating ambipolar charge transport, which is often hindered by the large elec
tronic gap of the organic layers. This work compares the adsorption site-dependent energy level alignment of C60, 
C70, and C84 fullerenes induced by the spatial variation of the electrostatic surface potential of the h-BN/Rh(111) 
Moiré superstructure. As the size of the fullerenes increases, the HOMO-LUMO gap shrinks. In the case of C84, we 
find an intrinsic charge transfer from the substrate to the fullerenes adsorbed in the Moiré pore centers, rendering 
them negatively charged. The electric field effect-induced charging of neutral fullerenes and discharging of 
intrinsically negatively charged fullerenes are investigated using scanning tunneling spectroscopy, non-contact 
atomic force microscopy, and Kelvin probe force spectroscopy. Our findings show that on metal-supported h- 
BN, the LUMO level of C84 is sufficiently close to the Fermi energy that it can be neutral or 1e− negatively 
charged depending on slight variations of the electrostatic potential. The findings propose a path to make 
ambipolar charge transfer accessible and efficient by circumventing the need to overcome the fullerenes’ elec
tronic gap.   

1. Introduction 

Over the past decade, there has been growing interest in combining 
functional organic molecules with inorganic two-dimensional (2D) van 
der Waals (vdW) materials to create organic/inorganic heterojunctions. 
With the aim of miniaturizing and optimizing devices, the combination 
of these two material classes has been successfully implemented in 
electronic [1,2] and optoelectronic devices [3], solar cells [1], memory 
devices [4], and energy storage applications [5]. A shared prerequisite 
for designing and optimizing these applications is a detailed under
standing of how the molecules interact electronically with each other 
and with the 2D materials. 

One particular area of focus has been the integration of molecular 
layers as active channels in field-effect transistors (FETs). The advan
tages of organic semiconductors in versatility, tailored synthesis, and 
scalability have been shown to enhance the performance of existing 2D 
devices and pioneer new device architectures for flexible and trans
parent electronics [6,7]. Among the molecules suitable for application in 
FETs, the family of fullerenes has emerged as a promising candidate for 

n-type transport due to their high electron affinity and decent electron 
mobility [8–10]. While unipolar FETs have advanced rapidly in terms of 
single-channel transport properties, the implementation of molecules for 
ambipolar charge transport has proven challenging. Device performance 
is limited by multiple factors, such as the typically large gaps between 
the highest occupied molecular orbital (HOMO) and the lowest unoc
cupied molecular orbital (LUMO), where the HOMO is used to inject 
holes and the LUMO to inject electrons. Additionally, the energy level 
alignment of the molecules needs to be finely tuned to avoid an imbal
ance in the electron/hole charge carrier densities [11]. 

Previous research has shown promising results in overcoming the 
challenges to achieve ambipolar charge transport in fullerenes by 
designing fullerene derivatives [12,13], synthesizing metallofullerene 
peapods to reduce the HOMO-LUMO gap [14], or introducing 
co-crystals that contain organic donors and acceptors [15]. However, 
these approaches significantly increase the complexity of the devices. 

This work proposes a way to achieve ambipolar charge transfer in 
larger fullerenes without the need for additional chemical modifications 
on the molecules by carefully selecting the molecule-2D material 
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combination. Among the plethora of 2D materials investigated today, 
hexagonal boron nitride (h-BN) has proven highly useful for devices as a 
substrate [16] and gate insulator [17] due to its large electronic bandgap 
and lack of states near the Fermi energy. It has also served as a platform 
for investigating molecules with scanning probe techniques, effectively 
decoupling molecules electronically from underlying metal substrates 
[18,19]. We recently demonstrated the possibility of using the spatial 
variations of the electrostatic surface potential of the h-BN/Rh(111) 
Moiré superstructure to tune the energy level alignment of the C60 
fullerene [20]. Here, we use low-temperature scanning tunneling spec
troscopy (STS) to compare the energy level alignment and charge 
transfer processes of three fullerenes, C60, C70, and C84, on the h-BN/Rh 
(111) Moiré superstructure. As the fullerene size increases, the band gap 
of the fullerenes shrinks significantly [21]. Based on this effect, we 
explore the possibility of intrinsically doping part of the fullerenes via 
charge transfer from the substrate and charging/discharging via the 
field effect with a combination of non-contact atomic force microscopy 
(nc-AFM) and Kelvin probe force spectroscopy (KPFS). The proposed 
approach facilitates ambipolar, i.e., fullerene-to-substrate and 
substrate-to-fullerene electron transfer, using the same molecular orbital 
occupied or unoccupied as both an electron donor and acceptor. 

2. Results and discussion 

2.1. Adsorption configuration 

Fig. 1 (a)-(c) presents schematic ball-stick models of the C60, C70, and 
C84 fullerenes used in the experiments. The C84 material consists of a 
mixture of the two isomers D2 and D2d with a ratio of about 2:1. In the 
first step of sample preparation, a single layer of h-BN was epitaxially 
grown under UHV conditions on Rh(111) single crystals via thermal 
decomposition of Borazine gas, resulting in the formation of the h-BN/ 
Rh(111) Moiré superstructure. This structure is characterized by a 
hexagonal arrangement of so-called pore and wire regions with 3.2 nm 
periodicity [22]. Subsequently, the fullerenes were sublimated onto the 
h-BN/Rh(111) substrates. The h-BN/Rh(111) substrate was heated to 

approximately 100 ◦C during sublimation to promote molecular island 
formation. 

We find that all three fullerene types have a strong tendency to form 
molecular clusters of at least seven molecules in the pores of the Moiré, 
and the corresponding STM topographic images are shown in Fig. 1 (d)– 
(f). Only for the C84, we rarely find individual fullerenes not incorpo
rated in heptamer clusters or larger islands. The structure of extended 
fullerene islands for C60, C70, and C84 are shown in Fig. 1 (g)–(i), 
respectively. From the intermolecular contrast of the STM topographies, 
we can conclude that in all three cases, the rotational adsorption 
configuration of the individual molecules in the islands is uncorrelated 
and appears random. 

For C60 islands, there is a near-perfect commensurability between the 
fullerene lattice and the underlying superstructure of the h-BN/Rh(111) 
Moiré. With regard to the C60 layer, the Moiré results in a commensurate 
2√3 × 2√3 R30◦ superstructure with the same periodicity as the h-BN/ 
Rh(111) superstructure of 3.2 nm (see SI Figure S1). With respect to the 
underlying substrate it can be described as a (2√3 × 2√3) aC60/(13 x 
13) ahBN/(12 x 12) aRh coincidence lattice, with the respective lattice 
parameters of aC60 = 0.95 nm, ahBN = 0.25 nm and aRh = 0.27 nm [20, 
23]. 

In the case of smaller C70 islands, we can still observe a contrast in 
the apparent height for some of the wire regions. With a mean distance 
of 0.99 ± 0.04 nm between C70 we find a lattice mismatch of 7 % 
compared to the h-BN/Rh(111) Moiré superstructure. For C84, the 
apparent height modulation is completely lost, and no regularity is 
present in the apparent height of the molecular lattice. The loss of the 
apparent height modulation for C70 and C84 can be explained by a loss of 
commensurability between the superstructure and the molecular lattices 
as the size of the fullerenes increases. All the fullerenes assemble in a 
triangular lattice. While the lattice vectors of the larger C60 islands align 
with the high symmetry directions of the Moiré, this is not necessarily 
the case for the C84 islands. A more detailed analysis is presented in the 
supplementary material Figure S2. 

Despite achieving intermolecular contrast for C84, distinguishing 
between the two isomers D2 and D2d via STM is not possible due to the 

Fig. 1. STM topographies of the studied fullerenes on h-BN/Rh(111). Ball-stick models of (a) C60, (b) C70 and (c) the two C84 isomers D2 and D2d. STM topographies 
of small fullerene clusters (d) C60 (setpoint: − 0.5 V, 20 pA), (e) C70 (setpoint: 1 V, 10 pA) and (f) C84 (setpoint: 1 V, 10 pA). STM topographies of fullerene islands (g) 
C60 (setpoint: − 1 V, 10 pA), (h) C70 (setpoint: 1 V, 10 pA) and (i) C84 (setpoint: − 1.2 V, 10 pA). 
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rotational disorder and the complex orbital structure in the inhomoge
neous surface potential variation of the h-BN/Rh(111) superstructure 
[24]. 

2.2. Electronic characterization 

Electrochemistry experiments [21] and electron-energy-loss spec
troscopy [25] have shown that one can expect a decrease in the fuller
enes’ HOMO-LUMO gap for increasing fullerene size. As the number of 
carbon atoms increases, the electronic shell of the fullerenes approaches 
the one of graphene. Furthermore, while for C60, all atoms are 
geometrically equivalent, this is not necessarily true for larger fuller
enes. The result is that symmetry decreases due to different isomeric 
forms, and thus, the degeneracy of the molecular orbitals can be lifted. 
Consequently, the frontier orbital structure at the Fermi energy becomes 
wider and the HOMO-LUMO gap shrinks. 

A comparison of DFT calculations found in literature for the HOMO- 
LUMO gaps of C60, C70 [26], and C84 [27] is shown in Fig. 2 (a). All 
calculations presented were performed with the B3LYP functional, 
which has shown a good agreement with experimentally obtained 
HOMO-LUMO gaps of fullerenes [26]. From the calculations, we can 
expect a moderate reduction of the gap by 2.5 % for C70 and a more 
substantial 28 % (D2) to 26 % (D2d) for the C84 isomers compared to C60. 
The two isomers of C84 have comparable HOMO-LUMO gaps. However, 

the HOMO and LUMO of the D2d isomer are both two-fold degenerate, 
whereas for the D2 isomer, this degeneracy is lifted, and HOMO and 
LUMO are non-degenerate, however, with only minor energy differences 
to the HOMO-1 and LUMO+1 respectively. 

We characterized the energy position of the frontier orbitals for all 
three fullerenes via STS and found three different scenarios depending 
on the relative adsorption position of the fullerene with respect to the h- 
BN/Rh(111) superstructure. An influence of the adsorption position on 
the level alignment of the frontier orbitals can be expected due to the 
periodic modulation of the surface potential, which originates from the 
closely bound B and N atoms in the pore region being subject to polar
ization effects induced by the interaction with the metal. The modula
tion is characterized by a surface potential difference of about 0.5 V 
between the superstructure’s pore (with a work function of 3.6 eV) and 
wire (4.1 eV) regions [24]. 

Fig. 2 (b) shows dI/dV spectra for neutral fullerenes adsorbed on top 
of the wire section of the h-BN/Rh(111) superstructure, which is char
acterized by a relatively high work function, i.e., a large electrostatic 
surface potential. For all three fullerene types, we find the characteristic 
signature of the LUMO orbital in the positive sample bias range with no 
features around Fermi energy and a shoulder emerging for negative 
sample bias, which we can identify as the onset of the HOMO. The STS 
measurements allow us to determine the HOMO-LUMO gaps for C60 =

3.1 ± 0.2 eV, C70 = 3.0 ± 0.2 eV, and C84 = 2.3 ± 0.2 eV. The measured 

Fig. 2. Electronic characterization of the fullerenes. (a) DFT calculations of the HOMO-LUMO gap with B3LYP functional for the frontier orbitals taken from 
literature for C60, C70 [26] and C84 [27].(b) STS spectra for C60 green (setpoint: 1.25 V, 750 pA), C70 yellow (setpoint: 1.25 V, 750 pA) and C84 blue (setpoint: 2 V, 
200 pA) adsorbed on the wire of the Moiré superstructure. HOMO and LUMO labeled H and L and HOMO-LUMO gaps indicated with grey arrows. (c) STS spectra for 
C60 green (setpoint: 1.25 V, 750 pA), C70 yellow (setpoint: 1.25 V, 750 pA) and C84 blue (setpoint: 2 V, 200 pA) adsorbed in the pore of the Moiré superstructure. 
LUMO labeled L and charging peak labeled C. (d) STS spectra of C84 adsorbed in the pore center (setpoint: 2 V, 200 pA). The light blue spectra shows a discharging 
peak labeled D. The inset shows the former LUMO that is now populated labled L + e− and the new LUMO orbital. The L + e− and L gap is indicated. (e) LUMO 
energy vs. Distance to pore center for 108 measured C84. C84 showing the L + e− feature in the negative bias range are highlighted in violet. (f) STM topography of 
h-BN/Rh(111) Moiré superstructure with the wire (red), pore (blue) and pore center (violet) regions color-coded (setpoint: − 0.5 V, 10 pA). (g) DFT calculated energy 
level diagram for C84 (red and blue) and C84+e− (violet). HOMO and LUMO indicated with H and L respectively. For C84 there is an intrinsic charge transfer from the 
substrate to the fullerenes (violet) adsorbed in the pore center. 

M. Bommert et al.                                                                                                                                                                                                                              



Carbon 216 (2024) 118592

4

HOMO-LUMO gaps are slightly larger than the values suggested by DFT. 
However, the relative HOMO-LUMO gap reduction of 3.3 % between C70 
and C60 seen in the experiment is in good agreement with the DFT cal
culations. For C84, the HOMO-LUMO gap is reduced more significantly. 
The measured reduction is 26 % and is in excellent agreement with the 
predicted values of the DFT calculations. 

We also find that the HOMO-LUMO gap is asymmetric, with the 
LUMO significantly closer to the Fermi level than the HOMO. This can be 
rationalized by the vacuum level alignment of the C60 when the fullerene 
comes in contact with the substrate. Due to the sizable HOMO-LUMO 
gap of the C60 and its larger work function (4.7 eV) [28] as compared 
to the of the h-BN/Rh(111) (4.1 eV wire region) [24], the mid gap en
ergy of the C60 will be below the Rh(111) Fermi level and the LUMO 
accordingly closer to the Fermi Energy as the HOMO. A schematic en
ergy level diagram is shown in Figure S3. 

The energy level alignment changes for fullerenes adsorbed closer to 
the pore. The LUMO approaches the Fermi energy further as the 
adsorption position of the molecule approaches the pore center, as seen 
in Fig. 2 (c). This change in energy level alignment is due to the variation 
of the surface potential on the h-BN/Rh(111), which has its minimum in 
the pore center and is, as indicated before, about 0.5 V lower than on the 
wire regions [24]. 

Consistent with the effects of energy level alignment on inter- 
fullerene hybridization, the LUMO orbital of molecules close to or in 
the center of a pore has a smaller FWHM by a factor of up to 5. This 
sharpening of the orbital features has been observed before for C60 in the 
pore centers of h-BN/Rh(111) and is due to the electronic decoupling of 
these molecules from their neighbors. Here, we can now corroborate this 
effect also for C70 and C84 [20]. In addition to the LUMO shifting closer 
to the Fermi energy, we find a new sharp feature emerging in the dI/dV 
spectra at negative sample bias. This new feature is observed for ful
lerenes when the LUMO energy position is less than 0.3 eV from the 
Fermi energy. The additional feature, labeled C in Fig. 2 (c), is attributed 
to a charging peak corresponding to adding one electron in the LUMO. 
Due to the decoupling properties of the h-BN, the STM-tip fullerene 
substrate system can be seen as a double barrier-tunneling junction. The 
electron transfer occurs when the electric field of the STM tip is large 
enough to shift the LUMO below the Fermi energy, which leads to the 
opening of an additional electron tunneling channel and the character
istic charging peak in the dI/dV spectra [19]. Notably, in Fig. 2 (c), the 
C84 charging peak occurs at the smallest negative bias, i.e., only a small 
electric field is needed to shift the LUMO below Fermi energy. The 
voltage VC at which the charging occurs depends linearly on the LUMO 
position VLUMO via − a ⋅ eVC = eVLUMO [19]. Here, the parameter a de
notes the capacitive coupling of the STM bias voltage to the C84 energy 
levels and is determined by the voltage drop across the dielectric h-BN. 
Accordingly, the LUMO is lowered in energy by ΔE = a ⋅ eVBias as a 
function the applied sample bias VBias. Once VBias reaches the critical 
voltage VC to charge the fullerene, the LUMO aligns with the Fermi 
energy and is transiently populated with an electron. From the measured 
ratio of VLUMO/VC we find a=0.162 ± 0.025. 

In the case of the C84, we find a third scenario with a fundamentally 
different dI/dV signature, shown in Fig. 2 (d). In 6 % of 109 measured 
C84, the dI/dV spectra lack the characteristic LUMO signature in the 
positive sample bias range. Instead, a new feature appears in the nega
tive sample bias range labeled L + e− . This observation points to a newly 
occupied state near the Fermi energy. In analogy to the STM tip-induced 
field effect charging discussed earlier, we find a sharp feature in the 
positive sample bias range if L + e− is close (<-0.3 eV) to Fermi energy. 

Because of the lack of commensurability between the C84 lattice and 
the h-BN superstructure, the exact adsorption position of the individual 
molecules with respect to the superstructure is difficult to determine 
directly from the apparent height in the STM topographies. To investi
gate the effect of the adsorption position on the energy level alignment, 
we extrapolated the Moiré pore centers from the surrounding uncovered 
substrate into the molecular islands. In Fig. 2 (e), the LUMO position is 

plotted against the extrapolated distance of the C84 to the pore center. 
We find a clear trend of LUMO shifting towards Fermi energy the closer 
the C84 is adsorbed to the pore center. For C84 molecules adsorbed 
within less than 0.4 nm from the pore center, we find no LUMO signature 
in the positive sample bias range but consistently find the new L + e−

feature in the negative bias range. From this, we conclude that due to the 
small HOMO-LUMO gap and the gating effect of the Moiré superstruc
ture, 6 % of the C84 are intrinsically charged by the substrate. The newly 
occupied state L + e− is a formerly unoccupied LUMO orbital. The now- 
occupied molecular orbital can be discharged via the field effect of the 
STM tip at positive biases, which gives rise to the peak labeled D in Fig. 2 
(d). 

It is noteworthy that the spread of the LUMO positions is between − 1 
and 1 V, whereas the electrostatic potential of the h-BN/Rh(111) Moiré 
ranges only from 0 to 0.5 V. The large spread of the LUMO energies in 
the positive bias range can be attributed to the lack of symmetry in the 
C84 and the lifting of degeneracies in the orbitals. Subsequently, the 
adsorption orientation can significantly influence the LUMO position. 
Additionally, intermolecular Coulomb interactions of the charged C84 
can influence the energy level alignment, which will be discussed later. 
Concerning the LUMO positions in the negative bias range, one can 
expect a jump in the energy level alignment upon charge transfer. 

DFT calculations of the HOMO-LUMO gap for the three adsorption 
positions color-coded in Fig. 2 (f) are presented in Fig. 2 (g). The DFT 
calculations are for the neutral and negatively charged C84 D2 isomer in 
vacuum, and the energy level alignment was chosen to match the 
experimental data. The difference in the work function of the Moiré 
superstructure between wire (4.1 eV) and pore (3.6 eV) appears nearly 
step-like [18]. Only C84 adsorbed in the center of the pores are subject to 
charge transfer. The DFT calculations for the charged C84 predict a 
significant reduction in the HOMO-LUMO gap by 81 %. The measured 
HOMO-LUMO gap of the charged C84, as shown in Fig. 2 (d), is 0.76 eV, 
which equals a reduction of 76 % and agrees well with the DFT calcu
lations. Additional information on the DFT calculations for charged and 
neutral C84 for both D2 and D2d isomers is provided in the supplementary 
material section under Figure S4. 

2.3. Ambipolar charge transfer 

To analyze in detail the charging and discharging processes of the 
C84, we performed nc-AFM measurements on molecular islands. An 
STM-topography of the investigated C84 island is presented in Fig. 3 (a). 
The nc-AFM images at positive and negative sample bias are shown in 
Fig. 3 (b) and (c), respectively. We find characteristic discharging rings 
for positive and negative sample biases [29]. The charging rings appear 
concentric and have bias-dependent radii. The specific diameter of the 
(dis-)charging rings, much like the (dis-)charging peak in STS, depends 
on how close the frontier molecular orbital of the C84 undergoing the 
charge transfer is to Fermi energy, i.e., how much tip electric field is 
needed for the frontier orbital to cross Fermi energy. We find that 88 % 
of the superstructure pores covered with C84 experience either a dis
charging or charging event with a ratio of 3:1 between discharging to 
charging. However, this ratio is dependent on the applied sample bias 
voltage window. The ratio of 3:1 will decrease when the charging of 
neutral C84 increases once the electric field is raised to a point where the 
LUMO of neutral C84 on the rim of the wire or even on top of the wire 
start to become accessible to a charge transfer process. 

While there appears to be no more than one discharging and one 
charging event per pore, we find that a charging and discharging process 
can happen in the same pore. An STM topography and nc-AFM images 
for positive and negative sample bias of this phenomenon are presented 
in Fig. 3 (d)–(f), respectively. The two neighboring fullerenes, labeled A 
and B, show discharging and charging rings at positive and negative 
sample bias, respectively. The distance of the two charging ring centers 
is 1.2 nm, matching the typical nearest neighbor distance of the C84 in 
the molecular islands. For the chosen tip position indicated by the blue 
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cross, both charge transfer processes, i.e., the discharging of intrinsically 
charged C84 (fullerene A) and charging of neutral C84 (fullerene B), can 
be observed as dips in the Kelvin parabola [29,30] in the same KPFS 
measurement shown in Fig. 3 (g). A full series of KPFS point spectra 
between the two fullernes is provided in Figure S5. While the exact 
voltage of the charge transfer processes depends on the tip position, we 
find that both processes are accessible in similar bias ranges around 
±1.2 V. 

The distance dependency between tip position and charge transfer 
process is shown via KPFS point spectra along the two directions of a 
small C84 cluster in Fig. 3 (h) and (i). The dips in the Kelvin parabola 
represent the distance for discharging at a given sample bias, resulting in 
the expected discharging parabola. The lower arm of the parabola in the 
measurement in Fig. 3 (h) is hardly visible. From the lack of signal and 
the position of the parabola’s minima, we can identify the C84 in the top 
part of the STM topography to be the one that is intrinsically charged by 
the substrate and subject to the discharging process. 

2.4. Coulomb interaction of charged C84 

As we have shown in the previous paragraph, charging processes of 
the same type occur at most once per single pore. However, neighboring 
pores’ discharging rings can cross for large enough sample biases, as 
seen in the nc-AFM series with increasing sample bias in Fig. 4 (a). Upon 
reaching a bias where the rings meet, they appear to repel each other, 
forming a boundary between them (see panels 1.25 V and 1.5 V in Fig. 4 
(a)). Further increasing the sample bias reveals two new segments of 
discharging rings with reduced radii, one for each fullerene. A 

discharging ring of reduced radius means a higher field or applied 
sample bias is needed to promote the charge transfer process. Therefore, 
discharging a charged C84 becomes easier the higher the number of 
charged C84 in its surroundings due to Coulomb repulsion. A similar 
phenomenon has already been observed for copper phthalocyanines on 
h-BN/Cu(111) [30] and for correlated electron systems in back gated 
WS2/WSe2 Moiré lattices [31]. Due to the concentric shape of the 
charging rings, we can calculate the associated energy difference of 
discharging a fullerene with and without a second charge at the second 
nearest neighbor position by fitting the charging rings as shown in Fig. 4 
(b) for different sample biases. 

Fig. 4 (c) shows a schematic representation of the discharging ring 
interactions of two C84 at 1.75 V applied sample bias. As the tip is 
scanned over the region of the molecules, they can be in different charge 
states. Solid lines indicate the observed discharging rings. While both 
fullerenes are charged, the mutual Coulomb repulsion shifts the L + e−

states of both molecules closer to the Fermi energy. This means that the 
discharging of either C84 requires a lower electric field, i.e., STM bias, 
compared to the case where the nearby C84 was charge neutral. To 
rationalize this, we consider the system of two charged C84, as presented 
in Fig. 4. We label the state where both C84 are negatively charged as 
(− 1,-1). When we move the tip from left to right in the axis of the two 
molecules, we will first observe a charge transition of the left C84 to the 
neutral state while the right molecule remains charged; we denote this 
as the state (0,-1). Moving the tip further to the right will also discharge 
the right C84 to the state (0,0). Next, the left C84 becomes negatively 
charged again to (− 1,0), and ultimately, the right C84 becomes nega
tively charged again, and the pristine (− 1,-1) state is reestablished. The 

Fig. 3. Characterization of the two charge transfer processes. (a) STM topography of the C84 island investigated with nc-AFM in (b) and (c) (setpoint: − 1.2 V, 10 pA). 
(b) nc-AFM image at +2.0 V displaying discharging rings (setpoint: 400 pA, excitation amplitude: 50 p.m., Q-factor: 35k). (c) nc-AFM image at − 2.75 V displaying 
charging rings (setpoint: 400 pA, excitation amplitude: 50 p.m., Q-factor: 35k). (d) STM topography of a part of the C84 island investigated with nc-AFM in (e) and (f) 
(setpoint: 2 V, 10 pA). Two C84 that undergo tip induced charge transfer labeled A (discharging) and B (charging). (e)–(f) nc-AFM at + and – 1.6 V, respectively 
(setpoint: 500 pA, excitation amplitude: 50 p.m., Q-factor: 35k). (g) KPFS measurement and fit at the position of the blue cross, indicated in (d)–(f) (setpoint: 2 V, 
500 pA, excitation amplitude: 50 p.m., Q-factor 8K). Areas where both molecules are charged (red), only A charged (white) and both neutral (green). (h)–(i) KPFS 
point spectra along two directions (white arrows) over a cluster of C84, indicated in the STM topographies in the inset. The background of the KPFS spectra was 
removed and the dark contrast results from the discharging events that is visible as a dip in original Kelvin parabola (setpoint: 2 V, 500 pA, excitation amplitude: 50 
p.m., Q-factor 8K, scale bar 2 nm). 
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solid blue and solid red circles are charging rings associated with the 
(− 1,-1) → (0,-1) and the (− 1,-1) → (− 1,0) transitions, respectively. The 
light blue and orange circle segments denote the (− 1,0) ↔ (0,0) and (0,- 
1) ↔ (0,0) transitions, respectively, and are extended to full (hypo
thetical) charging circles by the dotted lines. There are also (− 1,0) ↔ 
(0,-1) transition lines marked as solid green lines, where the field is not 
strong enough to stabilize the fully neutral (0,0) state. The green, orange 
and light blue line meet in two triple degeneracy points of the (0,0), 
(− 1,0) and (0,-1) states. A very similar behavior was observed in the 
transport behavior of coupled Quantum Dots (QDs) where the charge of 
one QD affects the charging and discharging behavior of the neighboring 
QDs [32]. 

From this analysis, we can construct the charging paraboloids from 
the diameter of the charging rings at different applied sample biases. A 
cut along the line connecting the two fullerenes is shown in Fig. 4 (d). 
From the parabolas, we can determine the minimal voltage needed to 
promote the first charge transfer, which is 0.7 V for the orange (− 1,-1) → 
(− 1,0) and 1.2 V for the blue (− 1,-1) → (0,-1) for the right and left C84 
respectively. The double discharge parabolas for the (− 1,0) → (0,0) and 
(0,-1) → (0,0) transitions in orange and light blue are shifted up in 
voltage by 0.4 V. From this shift, we can estimate the coulomb repulsion 
of the two charged C84. With the previously calculated Voltage drop 
across the molecule of 16.2 %, we can calculate the coulomb energy of 
65 meV. The two C84 considered here are 2nd nearest neighbors with a 
distance of about 2.4 nm. I.e., the negative charge of one molecule shifts 

the L + e− of the other closer to the Fermi energy by about 65 meV. 

2.5. Perspective on device integration 

Our results demonstrate the possibilities to control interface prop
erties regarding charge transfer within the combination of organic and 
2D materials. A detailed understanding of how the two materials 
interact can lead to exciting new properties like the above-presented 
ambipolar charge transfer for C84 on the h-BN/Rh(111) Moiré super
structure. We see a potential application of the material system in the 
field of nanotechnology, especially for ambipolar FETs. Using only the 
LUMO orbital as the electron donor and acceptor could have significant 
advantages over conventional approaches where both HOMO and 
LUMO are used for charge carrier injection. In a perfectly aligned sys
tem, the energy barrier to inject electrons/holes would be half the 
experimentally obtained HOMO-LUMO gap, so 1.15 ± 0.1 eV. Using the 
LUMO and the L + e− instead would reduce the energy barrier for charge 
carrier injection by a factor of 10 to 0.11 ± 0.05 eV, which in turn could 
significantly reduce the operation voltages. Usually, the energy level 
alignment will not be perfect, and there is an imbalance between the 
energies needed for electron and hole injection. However, we find the 
energies required to promote the charge transfer for electrons and holes 
using L + e− and LUMO around similar energies, making them equally 
accessible. 

One of the biggest challenges in ambipolar FETs is an efficient hole 

Fig. 4. Interaction between charges. (a) nc-AFM series for increasing sample bias from 1 to 2 V. The discharging ring radii increase. Contrast adjusted to increase the 
visibility of the charging rings. (setpoint: 1000 pA, excitation amplitude: 50 p.m., Q-factor 35K). (b) nc-AFM series shown in (a) with color-coded charging rings red 
for the right and blue for the left fullerene. At 1.5 V the repulsion of the two discharging rings is clearly visible. For biases equal or larger than 1.75 V two new 
discharging rings emerge highlighted in orange and light blue. (c) Schematic of the discharging rings at 1.75 V. Red and blue for interacting and (dotted) orange and 
light blue for non-interacting C84. The regions for the different charge states where no C84 (− 1,-1), only the red (− 1,0), only the blue (0,-1) or both (0,0) fullerenes are 
discharged are indicated. (d) Discharging parabolas for the two fullerenes in neighboring pores. The parabolas are fits for the radii of the discharging rings (cyan 
symbols) at different voltages. The additional voltages of 0.4 V needed to discharge a second fullerene are indicated. 
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and electron injection via the electrodes. For a single-channel transistor, 
ideally, the electrodes’ work function aligns with the organic semi
conductor’s molecular orbital. In the case of ambipolar transistors, at 
least one type of charge carrier will be limited by the contact [33]. In the 
presented work, only the LUMO orbital is used for the electron and hole 
injection. Thus, the work function of the electrode material only needs to 
be tuned for one molecular orbital. Since the LUMO shifts once it is 
populated, we find a minimum effective gap between LUMO and L + e−

of 0.22 eV. Consequently, there will still be a slight mismatch. However, 
it can be expected to be significantly smaller than a conventional organic 
semiconductor–contact mismatch, which will be in the order of the band 
gap, usually between 2 and 3 eV. 

In addition to the smaller contact mismatch, there are advantages in 
using the LUMO - L + e− gap as ambipolar system compared to other 
small band gap organic semiconductors like acenes or conjugated sem
iconducting polymers. Lowering the intrinsic HOMO-LUMO gap can 
lead to an increased reactivity and can decrease the transport properties, 
both effects adverse for device performance and longevity [34,35]. 

With the advantages mentioned above, some challenges need to be 
addressed. Experiments on C84 thin film-based FETs found decent carrier 
mobility (2.1× 10− 3cm2 V− 1 s− 1) and a hopping n-type transport 
mechanism [10]. However, as only a portion of the fullerenes is involved 
in either direction of the presented charge transfer process, it will be 
crucial to investigate whether the charge carrier density is high enough 
to allow for a decent charge transport. Additionally, while the required 
energies for charge transfer are in similar ranges, we find an imbalance 
in charging vs. discharging of 1:3, which in turn could lead to an 
imbalance in the charge carrier densities. While our results show no 
intrinsic charge transfer from the substrate to pure C60, one could use the 
more conventional fullerene derivatives and achieve the desired energy 
level alignment by partial electron transfer from an added functional 
group [36,37]. 

Concerning the device architecture, it would be beneficial to use only 
a thin film of Rhodium on a semiconducting substrate [38] to allow for a 
Moiré pattern to develop while at the same time enabling the gating of 
the device without the dissipation of the charge carriers into the metal. 

A more accessible material combination for a thin film approach 
could be the h-BN/Ni(111) system. Due to the lattice commensurability 
of the h-BN and the Ni(111) surface, this system develops an atomically 
flat surface without a Moiré superstructure. The work function of the h- 
BN/Ni(111) system (3.55 eV) [39] is very close to the work function of 
the pore region in the h-BN/Rh(111) system (3.6 eV) [18], which should 
result in an intrinsic charge transfer from the substrate to the C84. 
However, as was discussed in the previous chapter, charged fullerenes 
interact with each other. This interaction should prevent the electron 
transfer to all C84 and result in a charged/uncharged array of C84 with a 
suitable energy level alignment to allow ambipolar charge transfer. 

Alternatively, there are different ways to facilitate a Moiré potential 
without needing a metal substrate, for example, by using twisted bi
layers of 2D materials like Silicene [40] or MoS2 [41]. For small angle 
twisted bilayer MoS2, the potential strength is between 100 and 200 
meV, which is between 20 and 40 % of the potential difference found on 
the h-BN/Rh(111) Moiré. While significantly smaller, the potential dif
ference could be enough to induce intrinsic charge transfer on organic 
molecules and result in accessible LUMO and L + e− orbitals to promote 
ambipolar charge transfer. 

3. Conclusion 

In summary, we have studied and compared the electronic properties 
and charge transfer processes of the three fullerenes, C60, C70, and C84. 
We could experimentally verify the expected shrinking of the HOMO- 
LUMO gap with increasing fullerene size. For all three fullerenes, we 
found a dependency of the energy level alignment with respect to the 
adsorption position on the h-BN/Rh(111) Moiré superstructure. As such, 
the LUMO of fullerenes adsorbed in the pore of the superstructure is 

close enough to fermi energy to observe and induce single electron 
charge transfer via the field effect using an STM tip. Only for the largest 
fullerene, the C84, we find an intrinsic charge transfer from the substrate 
if the C84 is adsorbed in the Moiré pore center. In coherence with the 
charging of the fullerenes, the intrinsically charged C84 can be dis
charged. Here, we could quantify the coulomb interaction between 
charges by analyzing the crossing of discharging rings. As a result, we 
induced ambipolar charge transfer on the C84 h-BN/Rh(111) system. 
The combination of the Moiré potential landscape and the field effect of 
the STM tip facilitates the charge transfer. 

In conclusion, the potential applications in nanotechnology, exem
plified by an ambipolar FET, are significant. Utilizing a single molecular 
orbital as both an electron donor and acceptor presents substantial ad
vantages over conventional organic semiconductors in terms of effi
ciency, charge carrier injection, and balance. While the functionality of 
the ambipolar charge transfer is demonstrated as a proof of principle, 
further efforts will be needed to investigate parameters like the charge 
carrier density in an actual device geometry. 

4. Experimental methods 

4.1. Sample preparation 

A UHV preparation chamber with a base pressure in the mid 10-10 
mbar range was utilized to carry out the different stages of sample 
preparation. Initially, the Rh(111) single crystal surface underwent 
cleaning via recurrent cycles of Ar+ sputtering and annealing, conducted 
at 850 ◦C. During sputtering, the temperature of the crystal was main
tained at 500 ◦C to prevent argon inclusions. Subsequently, the growth 
of the h-BN monolayer was achieved by decomposing borazine (HBNH)3 
gas at 2 × 10− 7 mbar for 10 min on the 800 ◦C hot Rh(111) surface. The 
borazine source was degassed by performing three freeze-pump cycles 
before dosing the gas into the preparation chamber. After decomposi
tion, the crystal was annealed for 2 min and cooled gradually to prevent 
defect formation. 

Three different fullerenes were used in the experiments: C60 (Sigma 
Aldrich), 99.95 % pure, C70 synthesized by Konstantin Amsharov, and 
C84 (ABCR), 95 % pure. The fullerenes C60, C70, and C84 were sublimated 
from a quartz crucible onto the crystal surface at 430 ◦C, 580 ◦C, and 
610 ◦C, respectively. The Rh(111) surface was kept at approximately 
100 ◦C during all fullerene sublimations to facilitate fullerene island 
formation. 

4.2. Measurements 

Scanning probe measurements were performed in a commercial 
Omicron scanning probe microscope with Q + AFM. Experiments were 
conducted at a temperature of 4.5 K and UHV conditions with a base 
pressure in the low 10− 10 mbar range. An 80:20 Pt:Ir tip attached to a 
commercial Q+ tuning fork with a resonance frequency of 24.7 kHz was 
used for STM, STS, nc-AFM, and KPFS measurements. Tip forming was 
performed before the experiments on a clean Au(111) single crystal. 

The STM images were captured using the constant current mode with 
specified setpoint values, as mentioned in the caption of the figures. The 
dI/dV spectra were gathered utilizing the lock-in technique in the con
stant height mode with the setpoint values indicated in the captions of 
the figures. 

The KPFS spectra and nc-AFM images were recorded in the constant 
height mode, measuring the frequency shift of a Pt:Ir tip connected to a 
Q+ sensor via Omicron Matrix Electronics and a Zurich Instruments 
HF2Li PLL. The excitation amplitude, Q-factor, and setpoint values are 
indicated in the captions. 

4.3. Data analysis 

The presented data were processed with Wave Metrics Igor Pro 8. 
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4.4. DFT calculations 

The DFT calculations were performed using an AiiDalab [42] 
application based on AiiDa worklfows [43] for the Gaussian code [44]. 
We used B3LYP as an approximation of the exchange-correlation func
tional [45,46]. The atomic positions of the C84 molecules were opti
mized for the different charge states. We used a 6–311** basis set to 
represent the Kohn-Sham orbitals. 
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