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7 Band Gap Opening in Epitaxial Graphene via 

Molecular Self-Assembly 

We report on the first direct evidence of band gap opening in 

single-layer epitaxial graphene induced by adsorption of self-assembled 

organic molecules. We studied the hydrogen-bonded supramolecular 

assemblies of two carboxyl-functionalized molecules on graphene on Ir(111). 

Using angle-resolved photoemission spectroscopy, we found for both 

molecules a shift of the Dirac point of graphene towards higher binding 

energies. Furthermore, one molecule led to a significant band gap opening 

at the Dirac cone of graphene. Our systems suggest the feasibility of 

graphene based organic electronic devices. 

7.1 Introduction 

Great effort by science and semiconductor industry alike to keep 

the pace of miniaturization of electronic components on integrated circuits, 

as described by Moore, 1 enabled the exponential increase of computing 

power in the last decades. Graphene is a material with good thermal 

conductivity,2 exceptional intrinsic stiffness,3 the ability to control type and 

density of charge carriers by gate voltage4–6 or chemical doping7–9, and a 

very high carrier mobility.10–12 These properties make graphene a strong 

contender as “base” material in future electronic applications.13,14 However, 

the massless Dirac character of the carriers in pristine graphene also leads 

to an intrinsic lack of a bandgap - a crucial measure of the on-off ratio and 

threshold voltage in semiconductor field-effect transistors. Therefore, band 
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gap engineering of graphene is necessary to allow for its adaptation into 

conventional logic devices. Theoretically, a band gap can be opened in 

graphene by modulating nearest-neighbor hopping amplitudes,15 enhancing 

spin-orbit coupling,16,17 reducing its geometry,18 or breaking the sublattice 

symmetry.19,20 The last two methods lead to sizable band gaps and have 

been achieved experimentally by producing nanoribbons,21 growing 

graphene on top of a buffer layer22 or as bilayer,23,24 and bringing it into 

contact with metals.25,26 

Molecular self-assembly promises an alternative to the 

aforementioned methods. Despite many studies on molecules on 

graphene,27–32 direct experimental evidence for a band gap opening has 

only been reported for graphene covalently functionalized with H atoms 

and F4-TCNQ on bilayer graphene.33,34 The theoretical prediction of a band 

gap opening in single-layer epitaxial graphene through adsorption of 

organic molecules35–40 has until now not been realized experimentally. 

In this study, we present the first direct experimental evidence of 

a band gap opening in single-layer epitaxial graphene upon adsorption of 

self-assembled organic molecules. We deposited benzene-tribenzoic acid 

Scheme 7.1: Chemical structure of (a) benzene-tribenzoic acid (BTB) and (b) 
trimesic acid (TMA). 
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(BTB) and trimesic acid (TMA) (Scheme 7.1) onto graphene on Ir(111), 

respectively. The molecules differ in their respective size, but have in 

common a threefold symmetry with three terminal carboxylic acid groups, 

enabling intermolecular H-bonding. Both molecules have been well studied 

and their assemblies exhibited high structural reliability across different 

substrates and conditions.41–50 We studied the structural and electronic 

properties of the molecules using scanning tunneling microscopy (STM), 

low energy electron diffraction (LEED), and angle-resolved photoemission 

spectroscopy (ARPES). Upon individual adsorption of both molecular 

species, we observed a coverage-dependent shift of the Dirac point of 

graphene towards higher binding energies. The shift was stronger for the 

adsorption of TMA than for BTB. In case of TMA, graphene exhibited 

furthermore a significant gap opening of Egap = 300 meV. Our findings 

hence establish a model system for a novel way towards graphene-based 

organic electronics. 

7.2 Methods 

Sample Preparation 

We prepared Ir(111) by repeated cycles of sputtering with Ar+ ions 

and subsequent annealing at 1400 K in an ultra-high vacuum (UHV) 

environment. Graphene on Ir(111) was grown by holding the substrate at 

1300 K and exposing it to C2H4 at a partial pressure of 4 x 10-7 mbar for 

4 min. The presence of graphene was confirmed by multi-channel plate 

(MCP) LEED measurements. We deposited the molecules using a 

commercial Knudsen cell evaporator (OmniVac). BTB sublimed at 570 K 
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and TMA at 500 K. Both molecules were acquired from Sigma-Aldrich. 

During molecule deposition, the samples were held at room temperature 

(RT) and located in a chamber with a base pressure below 1 x 10-10 mbar. 

Following deposition, we annealed the samples at 370 K to increase the 

structural order of the molecules. We define a monolayer (ML) of each 

respective molecule as the coverage where the substrate is fully covered by 

a close-packed structure.  

STM and LEED Measurements 

We performed STM and MCP-LEED measurements using a 

commercial, two-chamber UHV system. Both the STM and the MCP-

LEED were acquired from Scienta Omicron GmbH. The base pressure in 

the STM chamber was below 5 x 10-11 mbar, while the base pressure in 

the LEED chamber was below 1 x 10-10 mbar. For STM measurements, 

the samples were cooled down to 77 K, while LEED measurements were 

performed at RT. STM images were obtained in constant current mode 

using a tip made from mechanically cut Pt/Ir wire. All voltages are given 

with respect to a grounded tip. We processed the STM images using 

WSxM.51 

μ-ARPES 

We performed μ-ARPES measurements using electrostatic 

photoemission electron microscopy (PEEM) at the NanoESCA beamline of 

the Elettra synchrotron light source. Samples were measured in a UHV 

chamber with a base pressure below 5 x 10-11 mbar. We used p-polarized 

light with a photon energy of 35 eV to probe the samples, which were held 
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at 135 K. Measurements were taken in the diffraction mode, i.e., in a single 

image the angle-resolved photoemission intensity was mapped in the whole 

emission hemisphere above the sample. The energy and momentum 

resolutions were 80 meV and 0.04 Å-1, respectively. The Ebinding scale is 

given with respect to the Ir(111) Fermi level. We determined the energy 

position of the Dirac point ED in the following way: (i) Momentum 

distribution curves for several Ebinding were extracted from the ARPES 

spectra taken around the Dirac point of graphene. All curves were 

positioned in k-space in the same way and in such a fashion that the signal-

to-noise ratio was optimized. (ii) The momentum distribution curves were 

individually fitted with Lorentzian functions to detect their respective 

maximum. (iii) We plotted the maxima in dependence of Ebinding and 

carefully fitted the maxima with the linear function Ebinding = vFermi × k|| + 
ED. Both the Fermi velocity vFermi and position of the Dirac point ED were 

left free during fitting. 

7.3 Results and Discussion 

The self-assembly of BTB and TMA on graphene on Ir(111) 

(g/Ir(111)) has previously been investigated by STM in UHV conditions 

by Liljeroth and coworkers.41 Further STM studies in UHV conditions exist 

for BTB on g/Cu(111) and Ag(111) as well as TMA on Cu(100), HOPG, 

and Ag(111).42,43,45–47 Our findings on the self-assembly of both molecules 

are well in line with this body of work. Nevertheless, in the scope of this 

thesis we will discuss our findings on the self-assembly in more detail.  
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We will present the results of our STM and LEED investigation 

firstly for BTB and then for TMA on g/Ir(111). We will proceed to 

highlight differences in the coverage dependence of the self-assemblies for 

both molecules. Lastly, we will discuss changes to the graphene band 

structure in the vicinity of the K point upon molecular deposition as probed 

by ARPES. 

Self-Assembly of BTB on g/Ir(111) 

We performed STM measurements on g/Ir(111) after deposition 

of a coverage of 0.3 ML of BTB. The surface was fully covered with 

molecules forming a honeycomb structure (Fig. 7.1a). The honeycomb 

structure showed long-range order with domain sizes beyond several 

hundred nanometers in diameter and only few defects. Fig. 7.1b shows a 

high-resolution STM image of the honeycomb structure of BTB. Individual 

molecules take the shape of three protrusions connected into a triangle. 

The rhombic unit cell of the honeycomb structure is drawn in cyan. Both 

unit cell vectors have a length a = b = 3.2 nm and the angle is Θ = 120°. 

Fig. 7.1c depicts the structural model of the honeycomb structure which is 

stabilized via dimeric H-bonds between adjacent molecules (marked yellow). 

The same unit cell on g/Ir(111) has been reported by Liljeroth and 

coworkers41 and has also been found on g/Cu(111)42. On Ag(111), the unit 

cell was with 3.1 nm slightly smaller.43 

Upon increasing the molecular coverage above 0.3 ML, we found a 

second, close-packed structure coexisting with the honeycomb structure. 

The amount of close-packed structure rose with increasing coverage. For 

1 ML, the surface was exclusively covered with the close-packed structure 
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(Fig. 7.1d). In contrast to the honeycomb structure, the close-packed 

structure exhibited limited long-range order. The domain sizes were mostly 

in the tens of nanometers, resulting in the presence of many domain 

boundaries on the surface. Fig. 7.1e shows a high-resolution STM image 

of the close-packed structure of BTB. Its oblique unit cell is overlaid in 

cyan. The unit cell vectors are a = 1.6 nm, b = 2.3 nm, and the angle is 

Fig. 7.1: BTB self-assembly on g/Ir(111) in dependence of the molecular coverage. 
Unit cells are marked in cyan. (a) STM image of the honeycomb structure of BTB 
seen for 0.3 ML coverage (60 x 60 nm2, -1.4 V, 5 pA). (b) High-resolution STM 
image of the honeycomb structure of BTB ( 8 x 8 nm2 , -1.4 V , 5 pA ). (c) 
Corresponding structural model. Dimeric H-bonds between adjacent molecules 
(yellow) stabilize the structure. (d) STM image of the close-packed structure for 
1 ML coverage (60 x 60 nm2, -1.4 V, 10 pA). (e) High-resolution STM image of 
the BTB close-packed structure (5 x 5 nm2 , -1.4 V, 5 pA). (f) Corresponding 
structural model. For each molecule, one carboxyl group interacts via dimeric H-
bonding with a neighboring molecule (yellow). The other two carboxyl groups 
interact via single H-bonding with two adjacent molecules (magenta). 
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Θ = 100°. Fig. 7.1f depicts the structural model of the close-packed 

structure. One carboxyl group engages in dimeric H-bonding with a 

neighboring molecule (marked yellow). Each of the other two carboxyl 

groups interacts via single H-bonding with two adjacent molecules (marked 

magenta). Liljeroth and coworkers have reported the same structure on 

g/Ir(111) but with a slightly smaller vector b.41 On Ag(111), a similar 

close-packed structure has been found for partly deprotonated BTB 

molecules.43 We can rule out that this happens on g/Ir(111), as graphene 

has been shown to protect the carboxyl groups of BTB.42 

We furthermore assessed the self-assembly of BTB using LEED. 

Fig. 7.2a shows the LEED pattern for a sample on which only the BTB 

honeycomb structure was present. Orange arrows indicate the principal 

directions of the Ir(111) surface. Diffraction spots are clearly discernable 

even for higher orders. This further evidences the long-range order of the 

BTB honeycomb structure already observed in STM. Some of the 

diffraction spots appear in pairs indicating the existence of two rotational 

domains. Fig. 7.2b shows the simulated LEED patterns of the two domains 

of BTB honeycomb structure (marked white) rotated by γ = ±3.5° with 

respect to the principal graphene direction and the graphene moiré (marked 

cyan).52,53 We observed a good agreement between simulated and 

measured LEED data. Fig. 7.2c depicts a LEED pattern for a sample 

covered with BTB close-packed structure. While the first order diffraction 

spots of the graphene moiré are still visible, diffraction spots of the 

molecules are obscured. We attribute this to the small domain size of the 
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close-packed structure leading to diffraction spots that are too weak to be 

discernable from the overall background.  

It should be noted, that in Fig. 7.2 the diffraction spots of the 

graphene moiré are not clearly resolved as spots. This is due to the presence 

of further rotational domains of graphene induced by a growth temperature 

which was slightly too low.53 This is of no consequence for the claims made 

above or the analysis of the electronic structure further below. 

Self-Assembly of TMA on g/Ir(111) 

For TMA on g/Ir(111), we observed a honeycomb structure for 

coverages below 0.6 ML  (Fig. 7.3a). Comparable to the honeycomb 

structure of BTB, the honeycomb structure of TMA displayed long range 

order with domain sizes exceeding hundreds of nanometers in diameter. A 

high-resolution STM images of the TMA honeycomb network is shown in 

Fig. 7.2: LEED pattern for BTB on g/Ir(111). (a) LEED pattern for 0.3 ML
coverage of BTB (18.0 eV). The orange arrows indicate the principal directions of 
the Ir(111) surface. (b) Same pattern as (a) overlaid with simulated LEED patterns 
of the BTB honeycomb structure (white) and graphene moiré (cyan). (c) LEED 
pattern for 1 ML coverage of BTB (28.4 eV). First order diffraction spots of the 
graphene moire were still visible, while spots of the molecules were barely 
discernable. 
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Fig. 7.3: TMA self-assembly on g/Ir(111) in dependence of the molecular coverage. 
Unit cells are marked in cyan. (a) STM image of the honeycomb network of TMA 
seen below 0.6 ML coverage (60 x 60 nm2, -1.4 V, 10 pA). (b) High-resolution 
STM image (8 x 8 nm2, -1.4 V, 10 pA) and (c) corresponding structural model. 
Dimeric H-bonds between adjacent molecules (yellow) stabilize the honeycomb 
structure. (d) STM image of the flower-structure appearing for coverages above 
0.6 ML (50 x 50 nm2, -1.4 V, 20 pA). (e) High-resolution STM image (8 x 8 nm2, 
-1.4 V, 20 pA) and (f) corresponding structural model. One carboxyl group is 
engaged in trimeric H-bonding with two neighboring molecules (green). (g) STM 
image of the close-packed structure present for coverages close to 1 ML
( 30 x 30 nm2 , -1.4 V , 20 pA ). Some higher-order flower-structures with an 
enlarged size of the rhombic unit cell are also visible. (h) High-resolution STM 
image (8 x 8 nm2, -1.4 V, 20 pA) and (i) corresponding structural model. For the 
close-packed assembly, all molecules interact via cyclic trimeric H-bonds (green). 



7 Band Gap Opening in Epitaxial Graphene via Molecular Self-Assembly
   

175 

Fig. 7.3b. TMA molecules are discernable as triangular protrusions. The 

rhombic unit cell of the honeycomb structure is overlaid in cyan. We 

determined the unit cell as a = b = 1.6 nm with an angle of Θ = 120°. 

Fig. 7.3c depicts the associated structural model. Analogue to the 

honeycomb structure of BTB, dimeric H-bonds stabilize the honeycomb 

structure of TMA (marked yellow).  

Increasing the TMA coverage above 0.6 ML led to the formation 

of the flower-structure (Fig. 7.3d). The flower-structure of TMA has a 

rhombic unit cell of a = b = 2.6 nm with an angle of Θ = 120°, marked 

cyan in the high-resolution STM image (Fig. 7.3e). Fig. 7.3f depicts the 

structural model of the flower-structure. In addition to dimeric H-bonds 

(marked yellow), one carboxyl group per molecule engages in cyclic trimeric 

H-bonding with two neighboring molecules (marked green). 

For coverages close to 1 ML, we observed a close-packed structure 

as well as higher-order flower-structures (Fig. 7.3g). These higher-order 

flower-structures have a rhombic unit cell whose size increases according 

to their order.45 A high-resolution STM image of the TMA close-packed 

structure is shown in Fig. 7.3h. We determined a rhombic unit cell (marked 

cyan) of a = b = 0.9 nm with an angle of Θ = 120°. The structural model 

of the close-packed structure is shown in Fig. 7.3i. Cyclic trimeric H-bonds 

(marked green) exclusively stabilize the close-packed structure. 

Our unit cells for the honeycomb and flower-structure agree with 

previous reports of TMA on g/Ir(111),41 Au(111),45 and HOPG.46 On 

Cu(100) a distorted honeycomb structure has been found due to the 

different symmetry of surface in comparison to the aforementioned 
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substrates.47 Furthermore, on Au(111) the same close-packed structure has 

been reported. 45 

We again performed LEED measurements to gain further insight 

into the self-assembly of TMA. A LEED pattern for the TMA honeycomb 

structure is shown in Fig. 7.4a. We observed clear diffraction spots even 

for higher-order diffractions, again demonstrating the long-range order of 

the TMA honeycomb structure seen in STM. We observed 18 rotational 

domains for the TMA honeycomb structure. If we only regard rotationally 

inequivalent domains, we arrive at a total of three inequivalent domains. 

Hence, the LEED pattern was simulated with two inequivalent domains 

rotated by γ = ±3.5°  with respect to the graphene lattice and one 

inequivalent domain rotated by δ = 30°. The simulated pattern (marked 

white) combined with the pattern for the graphene moiré (marked cyan) 

matches the observed LEED data well (Fig. 7.4b). Again, it should be 

noted, that additional rotational domains of graphene were present due to 

Fig. 7.4: LEED patterns for TMA on g/Ir(111). (a) LEED pattern for 0.6 ML
coverage of TMA (20.8 eV). (b) Same pattern as (a) overlaid with the simulated 
LEED patterns of the TMA honeycomb phase (white) and graphene moiré (cyan). 
(c) LEED pattern for a TMA coverage above 1 ML (21.3 eV). Diffraction spots 
of the molecules are still discernable. 
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a growth temperature that was too low.53 Reports on TMA on graphene 

on Cu foil49,54 as well HOPG49 have also shown rotational domains of the 

TMA honeycomb structure. However, the authors reported only two 

inequivalent domains rotated with respect to the graphene lattice by ±7°52 

or ±7.6°49, respectively. The deviation from our results could stem from 

the different substrates used or from the fact that those studies have been 

carried out at the solid-liquid interface. 

Fig. 7.4c shows the LEED pattern for a sample with a TMA 

coverage above 1 ML. In contrast to the case of BTB, we still observed 

clear diffraction spots of the TMA overlayer. We propose the following 

explanation for this: All TMA structures exhibit a rhombic unit cell with 

varying size. The unit cell vectors of different structures are not integer 

multiples of each other. This results in an overall increased background in 

the LEED pattern. However, all the domains of all structures exhibit the 

same rotations of ±3.5° and 30° with respect to the substrate. This means 

that at some places in the LEED pattern, diffraction spots of different 

TMA structures partly overlap leading to an increased intensity. Therefore, 

even for coverages above 1 ML, where higher-order flower, close-packed, 

and second layer honeycomb structure coexisted, certain diffraction spots 

will still be visible due to said overlap.  

Coverage Dependence for BTB and TMA 

BTB and TMA showed both a coverage-dependence in their 

respective self-assembly, i.e., for different molecular coverages, different 

structures were observed. In the following, we will discuss the differences 
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between the self-assembly of  both molecules with respect to coverage 

dependence. 

For BTB, we observed the honeycomb structure for coverages 

below 0.3 ML . At 0.3 ML , the sample was fully covered with the 

honeycomb structure. For coverages between 0.3 ML  and 1 ML , 

honeycomb and close-packed structures coexisted. For monolayer coverage, 

the sample was fully covered with the close-packed structure. Therefore, 

we could establish clear threshold coverages between BTB structures. 

This is fundamentally different for the case of TMA. While for 

coverages below 0.6 ML the honeycomb structure of TMA was the most 

dominant one, it was not exclusive. We often noticed domains of flower-

structure well before the sample was fully covered with the honeycomb 

structure. Above 0.6 ML, the flower-structure was the most dominant one, 

Fig. 7.5: Self-assembly of TMA on g/Ir(111) for a coverage of 1 ML. (a) STM 
image showing the honeycomb structure in the second layer while the first layer 
was not fully covered (40 x 40 nm2, -1.4 V, 10 pA). Mostly close-packed structure 
is present in the first layer. However, some flower-structures can be seen at the 
very top of the STM image. (b) Coloration of (a) to visualize the different 
molecular layers. (c) The line profile taken along the black line indicated in (b)
reveals the presence of a second layer. 
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but coexisted with higher-order flower-structures whose numbers increased 

with increasing coverage. For coverages of 1 ML, we mostly found the 

close-packed structure, but also higher-order flower-structures. 

Additionally, we observed TMA molecules adsorbed in the second layer 

and arranged in the honeycomb structure (Fig. 7.5). It should be noted 

that the honeycomb structure in the second layer emerged before the first 

layer was fully covered with the close-packed structure. Consequently, we 

could not establish clear threshold coverages for which only one structure 

of TMA could be exclusively found. 

A similar observation has been made for TMA on Au(111).45 In 

this study, a unified model for all the TMA structure was established. The 

authors found a coexistence of structures for almost all coverages. 

Furthermore, the interval between critical coverages, for which a new 

structure emerged, narrowed significantly with increasing coverage. This 

could explain why it was experimentally not possible for us to establish a 

threshold coverage between higher-order flower-structures. The authors 

also suggested that the honeycomb structure is energetically the most 

preferable out of all TMA structures. We propose that this preference 

facilitated the formation of the honeycomb structure in the second layer 

before completion of the first layer. 
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Electronic Structure 

We performed ARPES measurements to probe changes to the 

graphene band structure upon molecular adsorption. Accordingly, we 

focused our measurements on the region around the Dirac point of 

graphene. In Fig. 7.6, we compare the energy dispersion curves around the 

Dirac point of pristine g/Ir(111), BTB on g/Ir(111) and TMA on g/Ir(111). 

The k|| values are given with respect to the K point of the graphene lattice. 

The energy dispersion curves are shown along the AKA′�������  direction as 

sketched in Fig. 7.6c.  

We studied samples with molecular coverages of <1 ML (Fig. 7.6a) 

and <2 ML (Fig. 7.6b) for both molecules. We did so for three reasons: (i) 

In the case of BTB, a coverage of 1 ML yielded a full layer of close-packed 

structure. The sublimation of organic molecules has an inherent 

experimental uncertainty with respect to final coverage on the substrate. 

This uncertainty is even higher when performing the sample preparation at 

a lesser-known system, such as the end station of a beamline. Therefore, 

we aimed to stay below 1 ML. This ensured that we could probe changes 

of the electronic structure of graphene exclusively induced by the first layer 

of BTB. (ii) For 1 ML of TMA, we observed a coexistence of different 

structures, including adsorption in the second layer. As a result, the 

graphene layer was not fully covered with molecules at a nominal coverage 

of 1 ML  (Fig. 7.5). To study the changes induced to the electronic 

structure of graphene by a fully closed first layer of TMA, we therefore 

deposited a coverage of <2 ML. (iii) To ensure comparability of the results 
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for BTB and TMA, we deposited similar coverages (<1 ML and <2 ML) 

for both molecules. 

Fig. 7.6a depicts ARPES spectra of pristine graphene as well as 

samples covered with BTB and TMA for coverages of <1 ML, respectively. 

The energy dispersion curve of pristine g/Ir(111) (Fig. 7.6a, left) shows 

the  behavior expected for graphene epitaxially grown on Ir(111). We 

determined the Dirac point to be at ED = -100 meV, i.e., above the Fermi 

level (EF). This result is in very good accordance with previous data.55  

Upon deposition of <1 ML BTB, we found the Dirac cone slightly 

shifted to higher Ebinding at ED = -40 meV (Fig. 7.6a, middle). This shift 

was even more pronounced for a coverage of <1 ML TMA for which we 

determined the position of the Dirac point as ED = 70 meV, i.e., below EF 

(Fig. 7.6a, right).  

Increasing the molecular coverage resulted in the Dirac point 

shifting further down (Fig. 7.6b). For <2 ML BTB, we found the Dirac 

point at ED = 20 meV (Fig. 7.6b, middle). For <2 ML TMA, the Dirac 

point was found at ED = 170 meV (Fig. 7.6b, right). Since the upper half 

of the Dirac cone shifted also below EF for <2 ML TMA, a band gap 

opening was clearly revealed (Fig. 7.6d, left). By integrating over 0.01 Å-1 

around the K point, we obtained the energy distribution curve shown in 

Fig. 7.6d, right (blue dots). This energy distribution curve was then fitted 

with a Fermi-cutoff (not shown) and two Lorentzian functions (green and 

red line, respectively). The maxima of the two Lorentzians were at 

Ebinding = -10 meV (green line) and Ebinding = 290 meV (red line) resulting 

in a band gap of Egap = 300 meV. 



7.3 Results and Discussion    

182 
 

Fig. 7.6: Energy dispersion curves around the Dirac point of graphene for (a) 
<1 ML  and (b) <2 ML  BTB and TMA on g/Ir(111), respectively. Pristine 
g/Ir(111) is shown as reference. The Fermi level is indicated by the white, dotted 
line. (c) Sketch of the Brillouin zone of graphene. k|| values are given with respect 

to the K point. All energy dispersion curves are oriented along the AKA′������� direction
(red line). (d) ARPES spectrum of <2 ML TMA on g/Ir(111) with increased 
contrast (left) and corresponding energy distribution curve (right). The energy 
distribution curve (blue dots) was fitted with a Fermi-cutoff (not shown) and two 
Lorentzian functions (green and red line, respectively). The resulting fit is shown 
as black line. A band gap opening of 300 meV was determined. 
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Discussion 

As first clear feature, our ARPES measurements revealed that the 

Dirac cone of graphene shifted downwards upon adsorption of either TMA 

or BTB (Table 6). The shift is (i) stronger for coverages of <2 ML than 

for <1 ML and (ii) stronger for adsorption of TMA in comparison to BTB. 

For the first point, we shall take a closer look at the molecular coverages 

and the induced shift. Table 6 shows the molecular coverages, the position 

of the Dirac point ED, and the energy shift in comparison to pristine 

g/Ir(111) ΔE = |−100 ��� −  ��|. For BTB, we can establish a factor 

between the two coverages of 2.0. We find the same factor for ΔE. For 

TMA, the coverages differ by a factor of 1.8, while for the energy shifts 

the factor is 1.6. Therefore, the position of the Dirac point seems to linearly 

shift with molecular coverage towards higher Ebinding. The second point was 

Table 6: Energy positions of the Dirac point ED of both BTB and TMA on 
g/Ir(111) for different coverages. ΔE is the energy shift in comparison to 
pristine g/Ir(111). The carboxyl group density refers to the close-packed 
structure of BTB and TMA, respectively. 

 BTB TMA 

coverage (ML) 
ED (meV) 
ΔE (meV) 

0.94 
-40 
60 

0.98 
70 
170 

coverage (ML) 
ED (meV)  
ΔE (meV) 

1.89 
20 
120 

1.80 
170 
270 

carboxyl group density 
(nm-2) 

1.1 4.3 
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that we observed a stronger shift for the adsorption of TMA in comparison 

to BTB. In order to examine possible origins of this behavior, we would 

like to highlight the study by Rochefort and Wuest.56 The authors 

theoretically investigated individual aromatic compounds substituted with 

a varying number of carboxyl groups adsorbed on graphene using the local 

density approximation (LDA) within the density functional theory (DFT) 

framework. While benzene showed a low adsorption energy, adding an 

increasing number of COOH groups to it led to increasing adsorption 

energies. Additionally, the increased adsorption energy goes along with an 

increased charge transfer from graphene into the molecule. Their study 

demonstrates the influence of carboxyl groups on the molecule-graphene 

interaction. While BTB and TMA both possess three carboxyl groups, the 

smaller size of TMA results in an increased COOH density on the surface 

(Table 6). We hence suggest that the increased number of carboxyl groups 

in the case of TMA led to a stronger shift compared to the case of BTB. 

The second and most astonishing feature we observed was the 

opening of a band gap at the K point upon adsorption of <2 ML TMA. 

Shayeganfar and Rochefort have predicted this feature in a theoretical 

study.36 The authors used DFT-LDA to study TMA on graphene as 

individual molecule, H-bonded dimer, and H-bonded trimer, respectively. 

Graphene exhibited a band gap opening of approximately Egap = 180 meV 

for the TMA trimer. If we consider the H-bonded trimer as building block 

of the close-packed phase of TMA and take into account that LDA is 

known to underestimate the band gap,35 this value agrees reasonably well 

with our experimentally determined Egap = 300 meV.  
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There are several aspects of our results that are not described by 

the aforementioned theoretical works. Firstly, the authors accredited the 

gap opening to a symmetry breaking induced by a mixing of molecular 

states with graphene altering the π-states around the Fermi level.36 These 

results are based on a commensurate TMA adsorption. Our STM and 

LEED results however suggest incommensurate BTB and TMA close-

packed structures. This means that the electron densities of the graphene 

sublattices will experience modulations beyond the size of the respective 

close-packed structure unit cell. Any DFT calculations would need to 

establish a larger superlattice of these modulations prior to calculating the 

band structure of graphene. Secondly, in both studies the authors observed 

an electron transfer from the graphene into the TMA molecule.36,56 This is 

equivalent with a p-doping of graphene, i.e., a shift of ED towards higher 

Ebinding. Our experiments however show a clear shift of ED towards lower 

Ebinding, i.e., n-doping of the graphene. We propose that the interaction of 

graphene with Ir(111) might be altered upon molecular adsorption leading 

to an electron transfer from the metal substrate into the graphene. Since 

the aforementioned theoretical studies lacked an underlying metal 

substrate, further theoretical investigations taking the whole 

molecule/g/Ir(111) system into account are necessary. Overall, additional 

theoretical work is needed to satisfyingly explain our experimental results 

and establish the exact mechanism of the observed band gap opening. 

Unfortunately, this goes beyond the scope of this work and will be 

attempted at a later point. 
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7.4 Conclusion 

We studied the structural and electronic properties of BTB and 

TMA on g/Ir(111). Upon adsorption of molecules, we observed a shift of 

the Dirac point of graphene towards higher binding energies. This shift 

increased with molecular coverage. Furthermore, the overall shift was 

bigger for TMA in comparison to BTB. For a coverage of <2 ML TMA, 

the Dirac cone of graphene exhibited a significant band gap opening of 

Egap = 300 meV. This is the first direct experimental evidence of gap 

opening in single-layer epitaxial graphene induced by the adsorption of 

organic molecules. We therefore found a model system for a potential 

development of novel graphene-based organic electronics. 
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