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ABSTRACT: The electronic properties of graphene nanoribbons grown on metal substrates are
significantly masked by the ones of the supporting metal surface. Here, we introduce a novel
approach to access the frontier states of armchair graphene nanoribbons (AGNRs). The in situ
intercalation of Si at the AGNR/Au(111) interface through surface alloying suppresses the strong
contribution of the Au(111) surface state and allows for an unambiguous determination of the
frontier electronic states of both wide and narrow band gap AGNRs. First-principles calculations
provide insight into substrate induced screening effects, which result in a width-dependent band
gap reduction for substrate-supported AGNRs. The strategy reported here provides a unique
opportunity to elucidate the electronic properties of various kinds of graphene nanomaterials

supported on metal substrates.

KEYWORDS: Graphene nanoribbon, intercalation, surface alloying, scanning tunneling
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TEXT: The absence of a band gap in graphene entails severe limitations for its use in
electronic switching devices where a high on/off ratio is required.' Since the discovery of
graphene, many efforts have thus been devoted to overcome this limitation by either directly
inducing a band gap in graphene® or by creating sophisticated hetero-structures allowing to
increase the on/off ratio in related switching devices.*> Among the proposed strategies, the use
of quasi-1D graphene nanoribbons (GNRs) has attracted substantial attention as GNRs exhibit a
width-dependent band gap due to quantum confinement.® Several schemes, based on top-down’"*
and bottom-up’ approaches, have been proposed regarding GNR fabrication. However, atomic
precision in ribbon width and edge structure - and thus a well-defined specific band gap - has

only been achieved by the bottom-up approach which is based on the surface-assisted



polymerization and subsequent cyclodehydrogenation of specifically designed molecular
precursors, as first reported for the synthesis of armchair GNRs of width N =7 (7 carbon atoms
across the ribbon, 7-AGNRs).” Recently, this approach has proven successful for the fabrication
of AGNRs of different width (3-AGNR,'*"' 5-AGNR,'*"* 9-AGNR,"* 13-AGNR,"* 14-AGNR,'°
21-AGNR'®) and related heterostructures' "' as well as GNRs with other edge topologies.'” '

While the bottom-up approach yields GNRs with the atomic precision needed for the
deterministic definition of their electronic properties, an important limitation arises from the
presence of the metallic growth substrate used for their synthesis. Metal substrates are needed as
template and catalyst for the surface-assisted synthesis steps, but they also have the adverse
effect to prevent direct exploitation of the semiconducting electronic properties of the GNRs. In
addition, a detailed determination of the electronic structure of the as-grown GNRs is made
difficult due to screening effects and the overlap of the GNR states with surface states of the
(111) surfaces of Au, Ag and Cu, which are typically used as growth substrates. This limitation
becomes particularly severe for smaller band gap GNRs in which the determination of the
frontier states by Scanning Tunneling Spectroscopy (STS) has proven ambiguous.'?>*%%

One approach to circumvent the limitations imposed by the presence of the metal substrate is
the ex situ transfer of the GNRs onto an insulator;”’24 a venture that involves the use of harsh
chemicals and ambient conditions which can potentially modify and contaminate the GNRs.
Alternatively, the in sifu introduction of an ultra-thin layer of an insulator or semiconductor
material at the GNR/metal interface (Figure 1) by intercalation would allow to modify the
supporting substrate in a controlled way and might eventually open routes for the efficient

electronic decoupling of the GNRs. Here, we demonstrate that silicon intercalation at the

GNR/Au(111) interface can lead to the controlled creation of a gold silicide (AuSIL) buffer



between Au and the AGNRs, which remain structurally intact. Most importantly, this allows for
an unambiguous determination of the frontier states and thus of the electronic band gaps of
atomically precise AGNRs by means of STS. The measured band gaps of the substrate-supported
AGNRs are significantly smaller than the calculated quasiparticles values of isolated AGNR,
thereby revealing a width-dependent band gap reduction. This substrate screening effect is
elucidated by first-principles calculations and a recently presented screening model that takes
GNR’s width and polarizability into account.”

The strategy used for the intercalation process is illustrated in Figure 1. In a first step, we
synthesize AGNRs on a Au(111) substrate (Figure la) under ultrahigh vacuum conditions,
following the on-surface polymerization and cyclodehydrogenation procedure reported earlier.’
After GNR growth, Si is intercalated at the AGNR/Au interface through Si deposition onto the
substrate (Figure 1b) aiming for controlled modification of underlying surface.

In order to examine the morphology of Si covered Au, we focus on Si deposition on a bare
Au(111) substrate prior to the AGNR intercalation experiments. Upon Si deposition on Au(111)
held at 475 K, a Au-Si alloy’®?’ (Figure 1d) is formed at the surface as expected from the Au-Si
phase diagram.” However, a clear-cut determination of the total amount of deposited Si is
nontrivial due to significant Si diffusion into the Au(111) subsurface region, which results in
intermixed gold silicide layers that extend into bulk Au.”” Therefore, we refer 1 monolayer (ML)
AuSIL coverage to the amount of deposited Si needed to entirely saturate the gold silicide
reported in Supporting Figure S1. The corresponding surface structure, shown in the inset of
Figure 1d, appears to be similar to the earlier reported Au,43Si structure,27 since it exhibits the
same low energy electron diffraction patterns (not shown). The as-grown AuSIL forms extended

flat terraces, as seen in Figure 1d. We also observe that the AuSIL is remarkably free of Si



clusters, which indicates efficient alloying at this ultra-low thickness regime. Most importantly in
the present context, the resulting AuSIL alloy does not feature any low-energy surface state in
STS and thus it is a promising candidate to substitute Au(111) as supporting substrate for GNRs.

The 7-AGNR on Au(111) has been selected as a model system for the Si intercalation studies
discussed here since its electronic properties have been extensively investigated and are now
well understood.”?° 7-AGNRs on the clean Au(111) are shown in Figure 2a. It is clearly seen
that, differential conductance dI/dV spectra recorded on 7-AGNRs reveal significant substrate
contributions, as reported in literature.”’ The most prominent contribution stems from the
Au(111) surface state with an onset at around -0.4 V, as shown in Figure 2b. GNRs on (111)
metal surfaces are significantly dominated by the metal’s surface state which decays relatively
slowly into the vacuum in comparison to some GNR states which are found only in the vicinity
of the ribbon.'® As a result, these rapidly decaying GNR states might be completely obscured by
substrate contribution in an STS measurement.”” An unambiguous assignment of the GNR-
related electronic states requires spatially resolved dI/dV spectra® as well as a detailed
understanding of the out-of-plane extension of the GNR-related electronic features.”® Based on
such an analysis, we find the valence band maximum (VBM) at -0.8 eV and the conduction band
minimum (CBM) at 1.6 eV for the 7-AGNR (Figure 2c¢) on Au(111), resulting in a band gap of
2.4 eV. This band gap is significantly smaller than the predicted quasiparticle band gap of 3.8 eV
for free-standing 7-AGNRs.”' The reduction in band gap has been attributed to the
aforementioned substrate screening effect,”” and indeed the experimentally observed band gap is
in good agreement with theoretical calculations that include screening by the substrate.*

As mentioned above, the proposed strategy for the controlled modification of the surface layers

of the growth substrate is the formation of a thin gold silicide via Si intercalation at the 7-



AGNR/Au(111) interface. Figure 2d shows an STM image after intercalation of 1 ML of AuSIL
by Si deposition on the substrate held at 475 K. We observe a strong modification of the surface
in STM images, notably with the disappearance of the Au(111) herringbone reconstruction and
the presence of a uniform AuSIL layer all over the surface, including the area below the GNRs
(Figure 2d). Most importantly, the quality of the GNRs as well as their length distribution is
preserved upon Si intercalation. Owing to the comparatively high corrugation and large
periodicity of the underlying AuSIL surface, the apparent shape of the 7-AGNRs is significantly
modulated so that the underlying atomic structure of the AuSIL is partially visible through the
ribbons (see the Supporting Figure S2) and GNR edges appear to be less smooth. Beside this
apparent change of the edge structure we observe minor decoration of the edges with Si adatoms
as it is indicated in Supporting Figure S2. The intercalation process here can be rationalized in a

32-36 - .
in which the consensus

manner similar to the one governing Si intercalation under graphene
is that Si intercalates through defects of graphene. In the case of GNRs, the substrate is covered
by narrow graphene stripes, which opens a substantial area for incoming Si atoms. Intercalation
of Si under GNRs is thus much more efficient than under graphene.

In addition to the modified surface morphology of the AuSIL, dI/dV spectra recorded on the
AuSIL (Figure 2e) reveal a complete quenching of the Au surface state and an overall featureless
density of states (DOS) in the energy range of interest, i.e. the 7-AGNR frontier states. This is
most clearly evidenced by the direct comparison of dI/dV spectra recorded on a mixed sample
where sub-ML Si intercalation allows to investigate both, 7-AGNRs/Au(111) and 7-

AGNRs/AuSIL within a few nanometers distance (Supporting Figure S3). While the dI/dV

spectrum recorded on the Au(111)-adsorbed 7-AGNR reveals contributions from ribbon and



substrate’s surface state, the corresponding spectrum on the AuSIL-supported 7-AGNR reveals a
featureless band gap region with well-defined contributions of the frontier GNR states.

Owing to the suppression of the Au(111) surface state through AuSIL formation, dI/dV spectra
of 7-AGNRs on AuSIL exhibit well-defined features at -0.7 and 2.0 eV, which can be directly
assigned to VBM and CBM, respectively (Figure 2e). Similar as for Au(111) supported 7-
AGNR, the intercalated 7-AGNR shows consistent VBM and CBM positions, which is
evidenced by a series of dI/dV spectra recorded along the GNR edge (see Supporting Figure S4).
Even for the case of Si edge adsorption, VBM and CBM positions remain constant and only their
intensity is modulated owing to the modified apparent shape and related variation of the relative
tip height at the Si adsorption site. The corresponding band gap of 2.7 eV is closer to the
theoretically predicted band gap of the free-standing 7-AGNR (Table 1), indicating a
significantly lower screening by the silicide surface. Most importantly, the low and featureless
AuSIL contribution to the dI/dV spectra allows for an unambiguous assignment of the GNR-
related low energy states that holds particular importance for the characterization of GNRs with
narrow band gaps.

Following the successful Si intercalation for 7-AGNRs, we expand our study to a number of
additional AGNRs of different widths (and hence different magnitudes of the band gap). AGNRs
are classified into three different families depending on the number of C atoms (V) across the
ribbon, namely N = 3p, 3p+1 and 3p+2, where p is an integer.”’ While the band gap magnitude of
the three families differs significantly, their width-dependence is similar that the band gap decays
with 1/(N + Ny), Ny being a small constant.”’ Regarding the wider AGNRs with narrower band
gaps, the presence of the (111) metal surface imposes a particular restriction for accessing the

GNR-related low energy states since these may overlap energetically with the surface state. This



limitation makes Si intercalation an ideal approach to probe the frontier states of the narrow band
gap AGNRs.

A significantly narrower band gap is expected for the 9-AGNR (3p) compared to the 7-AGNR
(3p+1).>! The growth procedure as well as morphological and electronic properties of the 9-
AGNR on Au(111) have been studied in detail and reported elsewhere.'* For the as-grown 9-
AGNRs on Au(111) we find a band gap of 1.4 eV by STS." In contrast to the nontrivial
determination of the 9-AGNR band gap on Au(111), we clearly resolve the VBM and CBM at -
0.3 eV and 1.2 eV, respectively (shown in Figure 3a and Supporting Figure S5) as soon as Si is
intercalated between the 9-AGNRs and the Au(111) growth substrate. The resulting band gap of
1.5 eV for 9-AGNRs on AuSIL is slightly wider than the one observed on Au(111). The increase
in band gap upon Si intercalation observed for both the 7- and 9-AGNR demonstrates clearly that
AuSIL formation modifies the screening properties of the substrate.

Further examples of AGNRs with increased width have been achieved via cross-
dehydrogenative coupling (lateral fusion) of 7- and 9-AGNRs, which results in AGNRs of
multiple width with respect to the original AGNRs.'® Si intercalation for these multiple AGNRs
is found to be equally efficient as for 7- and 9-AGNRs (Supporting Figure S6). Figure 3b-d show
dl/dV spectra recorded on 14-AGNRs (two fused 7-AGNRs), 18-AGNRs (two fused 9-AGNRs)
and 21-AGNRs (three fused 7-AGNRs), respectively, and reveal clearly resolved GNR-related
spectral features that can be assigned to the VBM and CBM of the ribbons. As expected, the
corresponding band gaps vary significantly as a function of the GNR width and to which band
gap family they belong. We find band gap values of 0.2 eV (14-AGNR, 3p+2 family), 0.9 eV
(18-AGNR, 3p family) and 0.7 eV (21-AGNR, 3p family), which qualitatively confirm the

theoretical predictions for the family- and width-dependent band gap magnitude.”!



The experimentally determined band gaps of AGNRs supported on the AuSIL substrate are
compared with the quasiparticle band gaps of free-standing AGNRs calculated using the GW
approximation in Table 1. It is now well established that the presence of a substrate has a marked
effect on the reduction of the band gap of low-dimensional nanostructures such as GNRs.”’ This
reduction is caused by the substrate induced weakening of the effective electrostatic potential due
to screening effects, which, in turn, lead to a narrowing of the band gap. This effect is a non-local
phenomenon that cannot be captured within DFT using standard exchange correlation
functionals. However, by correcting the behavior of the long range potential from an exponential
decay (i.e., shortcoming of DFT) to the appropriate -1/z decay, the so-called image-charge model
is able to account for this effect, albeit in a semi-quantitative manner. The image-charge model
also accounts for the dielectric properties of the substrate and correctly predicts that band gap
reduction is significantly more pronounced for metals compared to semi-conducting substrates.
However, the classical image-charge model*~® does not account for the properties (structural
and electronic) of the adsorbates and therefore predicts same band gap reduction regardless of
the type and size of the supported GNR. This contradicts with the experimental data reported in
Table 1, which clearly shows that the substrate-supported AGNRs exhibit a width-dependent
band gap reduction. This is not surprising, since the polarizability of strongly confined
nanostructures is very sensitive to the details of their structure. It follows that the reduction of the
band gap due to the presence of the substrate should be understood in terms of the effective
image potential at the location of the GNR, taking into account not only the properties of the
substrate and the position of the GNR relative to the substrate but also the properties of the GNR

itself. This effect has been recently formalized theoretically by Kharche and Meunier, who also
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provided a computational framework to evaluate this effect. * In the following, we refer to this
new procedure as the advanced image-charge model.

In practice, we adopt a two-step computational approach.”~’ It should be emphasized that the
image-charge model only includes effects related to the substrate-induced gap reduction. Indeed,
the renormalization of the band gap of an isolated material is due to the known propensity of
DFT (in its local and semi-local descriptions) to strongly underestimate band gaps, especially in
reduced dimensions. Thus, the first step is to correct this effect, before considering any effect of
the presence of a substrate. This can be done by first calculating the quasiparticle energy levels
of the GNR in the isolated configuration within the GW approach. The second step is to correct
the quasiparticle energy levels due to substrate screening within the advanced image-charge
model.** In principle, this approach provides a fully first-principles framework for predicting the
quasiparticle electronic structure of substrate-supported GNRs in weak interaction with the
substrate. However, in the case of Si incorporated Au(111), the accurate determination of the
image-plane position of the substrate and the distance between the substrate and the AGNRs is
made difficult by the fact that the precise atomic structure of the Si incorporated Au(111) (the
AuSIL) is unknown. To circumvent this limitation, we use the distance between the AGNRs and
the image-plane position (/) as a fitting parameter. A good agreement with the experimental
results is obtained for # = 2.5 A. The fact that a single value of / is able to reproduce results for
different AGNRs shows that it is indeed a property of the image plane, independent on the
supported GNR, as expected. Further details of the computational methods are provided in the
methods section.

Figure 4 presents the calculated as well as the experimentally determined band gaps of AGNRs

supported on the Si incorporated Au(111) substrate as a function of nanoribbon width, where a
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good agreement is seen for all three families of AGNRs. The band gap reduction relative to the
free-standing AGNRs is shown separately in Figure S7 in the Supporting Information. The clear
width-dependence of the band gap reduction seen in Supporting Figure S7 is attributed to the
larger polarizability of wider AGNRs as illustrated in Supporting Figure S8 in the Supporting
Information. This can be understood by the fact that wider nanoribbons make it easier for charge
to redistribute and respond to the presence of an external field (in this case, the image-charge
potential). This argument also explains why the intrinsic band gap of wider GNRs in a given
family is less affected by the presence of the substrate. In addition, because the electronic
properties of GNRs vary between GNR families, we also expect the band gap reduction to be
family dependent (i.e., narrow gap GNRs should be less affected than wider gap GNRs,
regardless of family, for similar width). Within each of the three families (3p, 3p+1, and 3p+2)
of AGNRs, polarizability scales linearly as a function of 1/E2, where E, is the DFT band gap.
As expected, our model determines that the polarizability of each of the three families of AGNRs
shows a different scaling behavior with respect to the band gap (Supporting Figure S8), broadly
in the order 3p+2 > 3p > 3p+1. Within each of the three families, wider AGNRs, owing to their
larger polarizabilities, exhibit stronger internal screening. Hence, the external screening by the
substrate has a weaker effect, leading to smaller substrate-induced band gap reduction. When
comparing across the families, the magnitude of the band gap reduction due to the substrate
screening broadly follows the order 3p+1 > 3p > 3p+2 (Supporting Figure S7), in reverse order
from polarizability strength.

In conclusion, we have reported an ultra-clean in situ intercalation approach for probing the
electronic states of atomically precise AGNRs. We have demonstrated that Si intercalation can

be successfully applied to various AGNRs on Au(111) and allows for an unambiguous
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determination of the frontier states and hence of the AGNR band gap. In comparison to the case
of metal-supported AGNRs we find an increase of the band gap for AGNRs on the AuSIL.
Based on first-principles calculations, we have discussed the impact of screening by the substrate
on the AGNR band gap, and how it depends on the width of the AGNR. Narrower AGNRs
experience larger band gap reduction due to substrate screening as a result of their weaker
internal screening response. Consequently, one can extrapolate the behavior of the present
examples towards the GNRs with different widths and other edge topology such as zigzag edges
or chiral GNR morphologies. Most importantly, these findings open an avenue to controllably
alter properties of the substrate, which is expected to be a key step in the development of in situ
processes for the electronic decoupling of GNRs. Such decoupling would be a prerequisite for
accessing the intrinsic semiconducting properties of GNRs and allowing the realization of GNR-
based electronic devices.

METHODS

Experimental Methods: All experiments were performed in an ultrahigh vacuum low-
temperature STM system (ScientaOmicron) with a base pressure below 2x10"° mbar. The
Au(111) crystal (MaTeck GmbH) was cleaned by repetitive Ar' sputtering (1 keV) and
annealing (725 K) cycles. Sputtering at elevated temperature (ca. 675 K) was performed as the
last step in order to prevent any segregation of Si from the Au bulk. On-surface synthesis of 7-
AGNR and 9-AGNR are explained elsewhere.”'* Wider derivatives (14-AGNR, 18-AGNR and
21-AGNR) of 7-AGNR and 9-AGNR were prepared by rising up the sample temperature beyond
the needed cyclodehydrogenation temperature (e.g. to 720 K), which allows for the formation of
higher order AGNRs by cross-dehydrogenative coupling of the originally formed ribbons. "

Following GNR fabrication, Si was thermally evaporated from a Si wafer (n-type, 1-8 ohm.cm)
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stripe (20 x 2 x 0.5 mm) by a home-made direct current evaporator on Au(111) held at 475 K,
measured by an infrared pyrometer (Optris GmbH — Model CT-laser) with emissivity of 0.1.
Heating of the substrate was immediately stopped after the deposition was completed. The
AuSIL coverage was controlled by STM, performed at 77 K or 5 K. An etched tungsten tip was
used for STM and STS measurements. The scanning tunneling dI/dV spectra were recorded at 5
K, using the lock-in technique (U = 20 mV) at constant tip height. Prior to the acquisition of
dI/dV spectra, combination of controlled tip indentation in AuSIL and voltage pulses (up to 10
V) was applied until a consistent spectrum was recorded on GNRs. The parameters of the STS
spectra of intercalated GNRs were -1.2 V, 500 pA for 7-AGNR, -0.8 V, 700 pA for 9-AGNR, -
0.6 V, 400 pA for 14-AGNR, -0.8 V, 400 pA for 18-AGNR and -0.6 V, 400 pA for 21-AGNR.
VBM and CBM of GNRs were determined as following: if the state appeared as a well-defined
peak, we have taken the peak position as the energy of that state and if the state appeared as a
step-like contribution in dI/dV, VBM and CBM were determined according to the procedure

described in Ref..°

Computational Methods: DFT calculations were performed with the Vienna Ab initio simulation
package (VASP)¥4 using the projector augmented wave (PAW) method*' and the PBE

exchange-correlation functional.*?

The longitudinal dielectric constant () of AGNRs is
calculated using density functional perturbation theory (DFPT).* We use a supercell size such
that the closest distance between adjacent GNRs is at least 15 A. We use a plane-wave cutoff of
400 eV, and a 1 x 1 x ny, k-point grid with ny, = 24. Polarizability (a) of AGNRs is calculated
using the 1D Clausius—Mossotti expression @ = (A/4m)(e — 1), where A is the cross-sectional

area of the supercell. The distance between the AGNRs and the image-plane position of the

substrate (%) is taken to be 2 = 2.5 A. Using these values of a and %, we calculate the band gap
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reduction (AE gﬁm 4e) due to the substrate screening using the advanced image-charge model
presented in Ref.®* Finally, we calculate the quasiparticle band gaps of the substrate-supported
AGNRs using E;ﬁ as = E ; ‘{ZO_ P L AE ;fno qel» Where E gQ’ﬁds is the quasiparticle band gap of the

EGW-QP

substrate-supported AGNRs and E;, " is the GW quasiparticle band gap of free-standing

AGNRs, which is taken from Ref*

TABLE

Table 1. Comparison of experimental and theoretical band gap values (in eV) of free-standing

and substrate-supported N-AGNRs.

Experiment Theory

Substrate-  Free- Substrate-
supported  standing”  supported

7-AGNR 2.7 3.79 2.60
9-AGNR 1.5 2.29 1.40
14-AGNR 0.2 0.71 0.23
18-AGNR 0.9 1.43 0.82
21-AGNR 0.7 1.27 0.73

“Ref.
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FIGURES

Figure 1. In situ Si intercalation approach for graphene nanoribbons synthesized on metal
substrates. (a) 7-AGNRs on Au(111) and (b) 7-AGNRs on AuSIL formed via Si intercalation. (c)
STM images of clean Au(111) surface (U =-1.5 VI =280 pA), and (d) AuSIL (U=1V =70
pA). The inset of (d) shows the STM image of AuSIL at atomic resolution (U =1V I =70 pA).

Scale bars of the STM images and the inset are 20 nm and 5 nm, respectively.
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Figure 2. 7-AGNRs before and after Si intercalation. (a) STM image (U =-1.1 V /=50 pA) and
(b) dI/dV spectra of 7-AGNR on Au(111). The GNR spectrum is dominated by the Au(111)
surface state. A structural model of the 7-AGNR is shown in (c). (d), (¢) 7-AGNRs on 1ML
AuSIL after Si intercalation at the AGNR/Au interface. (d) STM image (U = -1.5 V I =50 pA).
The inset of (d) shows that 7-AGNRs are found intact after Si intercalation. (e¢) dI/dV spectra of a
7-AGNR and the AuSIL surface. Scale bars of the STM images and the insets are 20 nm and 2

nm, respectively.
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Figure 4. Comparison of experimentally determined band gaps of AGNRs on 1 ML
AuSIL/Au(111) obtained by Si intercalation (red) and the calculated band gaps of the AGNRs
supported on a model Au;Si substrate (black). Details of the theoretical calculation are given in

the Computational Methods section.
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Supporting Information: STM images show the thickness calibration of AuSIL, the
appearance of AuSIL under 21-AGNR and the corresponding positions of the spectra in Figure
2e and Figure 3a-d. Moreover, STS spectra of partially Si intercalated 7-AGNR, series of spectra
on a line along the Si intercalated 7-AGNR and the dI/dV maps of Si intercalated 9-AGNR are
exhibited. Calculated quasiparticle band gaps of AGNRs as a function of ribbon width together
with the GW quasiparticle band gaps of isolated AGNRs are given. Additionally, the

polarizability values of 3p, 3p+1 and 3p+2 family AGNRs with respect to 1/E 5 are reported.
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