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Bandgap engineering plays a vital role in technology by enabling semiconductor
heterostructures to perform important processes such as resonant tunneling™? and efficient
solar conversion.** As such devices reduce in size, however, their performance suffers.>®
Graphene-based molecular electronics has emerged as a candidate to enable high electronic
performance down to single-molecule scales.” " Graphene nanoribbons (GNRs), for
example, can have widths < 2nm and bandgaps that are tunable via width and
symmetry.®*®* [t has been predicted that bandgap engineering within single GNRs may
be achieved by varying the width of covalently bonded GNR segments.?>** While partially
cyclized GNRs made from a single precursor type have been synthesized,’ so far there has
been no experimental demonstration of GNR-based bandgap engineering or the use of
multiple precursor types to create broader classes of width-modulated GNR
heterojunctions. Here we demonstrate bottom-up synthesis of width-modulated armchair
GNR heterostructures obtained by fusing segments made from two different molecular
building blocks. We study these heterojunctions at sub-nanometer length-scales via
scanning tunneling microscopy (STM) and spectroscopy (STS), and identify spatially
modulated electronic structure demonstrating molecular-scale bandgap engineering,
including type | heterojunction behavior. First-principles calculations support these
findings and provide insight into the microscopic electronic structure of bandgap-

engineered GNR heterojunctions.

Our GNR heterojunctions were fabricated by combining the molecular building blocks
10,10’-dibromo-9,9’-bianthracene (1) and 2,2’-di((1,1’-biphenyl)-2-yl)-10,10’-dibromo-9,9’-
bianthracenethe (2). As depicted in Fig. 1A, molecules 1 and 2 are precursorsto N =7 and N =

13 armchair GNRs, respectively (referred to as 7-AGNRs and 13-AGNRs), where N is the width



in number of rows of carbon atoms across the GNR.**? The building blocks were sublimed
onto a Au(111) surface held at room temperature in ultrahigh vacuum (UHV). The surface was
then heated to 470 K for 10 min to induce homolytic cleavage of the labile C—Br bonds in the
molecular building blocks 1 and 2, yielding surface stabilized diradical intermediates. Since 1
and 2 share the same bianthracene backbone, their diradical intermediates are structurally
complementary and are able to colligate into linear polymers. Upon further heating to 670 K for
10 min, a stepwise cyclization/dehydrogenation sequence converted these linear polymers into 7-
13 GNR heterojunctions (Fig. 1)."*? The samples were then cooled down to 7 K for STM and
STS measurements. Fig. 1B shows an STM topographic image of a representative sample,
exhibiting 7-13 GNR heterojunctions whose shapes resemble the sketch in Fig. 1A. The
narrower segments in these heterojunctions measure 1.3 £ 0.1 nm in width in the STM image,
and are composed of covalently bonded monomers of 1 (N = 7). The wider segments measure
1.9 + 0.2 nm in apparent width and consist of bonded monomers of 2 (N = 13). Since the
building blocks mixed and fused in a random sequence during the initial step-growth

polymerization, various N = 7 and N = 13 segment lengths were observed (see Fig. 1B inset).

To investigate the local electronic structure of these 7-13 GNR heterojunctions, tunneling
conductance dl/dV spectra were recorded while placing the STM tip at different positions above
the GNR heterojunctions (dI/dV magnitude reflects the energy-dependent local density of states
(LDOS) at the STM tip position). As a background reference, a dI/dV spectrum taken on bare
Au(111) is shown in green in Fig. 2. A characteristic spectrum (blue curve) recorded at the
indicated position on an N = 7 segment of a single heterojunction (image shown in Fig. 2 inset)
exhibits a pronounced shoulder at Vs = 1.86 + 0.02 V (labeled state 1) and a peak at Vs =-0.90 +

0.02 V (Vs refers to the sample voltage). In contrast, the marked N = 13 segment (red curve)



shows prominent peaks at Vs = 1.45 + 0.02 V (labeled state 2) and Vs = —0.12 £ 0.02 V. The
energy locations of these states are similar to the valence and conduction bandedges reported
previously for isolated 7-AGNRs and 13-AGNRs on Au(111)."*}"  Additional states are
observed in dI/dV spectra measured at positions near the interface between the N =7 and N = 13
segments of a heterojunction. The black curve in Fig. 2, obtained at the interface position
marked by the black cross in Fig. 2 inset, exhibits two additional overlapping peaks labeled state
3 and state 4 (other sets of data showing these peaks more clearly can be found in the SI).
Lorentzian peak-fitting yields peak positions for states 3 and 4 of Vs = 1.25 + 0.02 V and V; =
1.13 £ 0.02 V, respectively. All of these spectroscopic features were consistently observed on all
ten GNR heterojunctions whose nanoribbon segments and interfaces were inspected via dl/dV
tunneling spectroscopy using different STM tips (all heterojunctions inspected via di/dV had
both N = 7 and N = 13 segments composed of at least two monomer units each; i.e., segment

lengths > 1.6 nm).

The spatial distributions of GNR heterojunction states 1-4 were explored experimentally
using dlI/dV mapping (Figs. 3A-D). Fig. 3A shows the dI/dV map obtained for the highest-
energy state (state 1) at Vs = 1.86 V for the same heterojunction shown in the inset to Fig. 2. The
di/dV map of state 1 exhibits significant LDOS at the edges of the narrower N = 7 segment, and
some LDOS at the edges of the wider N = 13 segment. Fig. 3B shows the dI/dV map obtained at
the energy of state 2 (Vs = 1.45 V). This lower-energy state shows significant LDOS near the
edges of the wider N = 13 heterojunction segment, but no LDOS in the narrower N = 7 segment.
Fig. 3C shows the dI/dV map of state 3 at Vs = 1.25 V. This even lower-energy state exhibits
significant LDOS at the corners of the interface between the N = 7 and N = 13 segments, as well

as some LDOS at the outer edges of the wider N = 13 segment. Fig. 3D shows the dI/dV map of



state 4, the lowest-energy peak for the unoccupied states, at Vs = 1.15 V. This state exhibits
LDOS localized to the corners of the interface between the N = 7 and N = 13 regions, but very

little LDOS anywhere else.

The overall electronic structure of 7-13 GNR heterojunctions shows some features that
can be intuitively understood. For example, the fact that the highest-energy unoccupied state (#1)
shows LDOS in both the narrower and the wider segments while the adjacent, lower-energy state
(#2) shows significant LDOS only in the wider segment is consistent with a simple quantum well
picture. Other features, however, are harder to understand. The origin of the interface states 3
and 4, for example, are not intuitive within the quantum well picture. Moreover, the fact that
GNR heterojunctions exhibit high LDOS intensity at their edges but not in their interiors (similar

12,14,17,24

to previously reported pristine 7- and 13-AGNRs ) conflicts with previous theoretical

predictions that there are no localized edge-states in AGNRs near the bandedges.*®

In order to answer these questions and to better understand the properties of 7-13 GNR
heterojunctions, we used first-principles density functional theory (DFT) within the local density
approximation (LDA) to calculate their electronic structure.”> The simulation was based on the
isolated 7-13 junction structure shown in the inset to Fig. 4A (all edges were terminated by
hydrogen atoms, consistent with the experiment). The resulting density of states is plotted in Fig.
4A, with a Gaussian broadening of 0.06 eV (states localized at the two ends of the structure’®?°
were removed from the plot since we probed regions far from the ends of the GNR
heterostructures (see Methods)). The four lowest unoccupied states are numbered 1-4 in
descending order of energy, analogous to the labeling of the resonant states observed
experimentally (Fig. 2). Out-of-plane height-integrated (h-integrated) LDOS plots (Figs. 4B—4E)

provide detailed information regarding the averaged planar (x-y) spatial distribution of these four
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calculated states. The lower-energy states 2, 3, and 4 are localized mainly on the wider N = 13
segment and can be understood as confined states in a potential well, with the adjacent and
narrower N = 7 segments acting as energy barriers. The highest-energy state 1 extends over the
entire heterojunction including both the wide N = 13 and narrow N = 7 segments. All four states
show significant intensity in the interior of the heterojunction and there are no localized edge-

states (as expected for armchair-edged GNR structures'®*®

). This appears to be in contradiction
with the experimental d1/dV maps depicted in Figs. 3A-3D where only the edges exhibit LDOS

noticeably higher than the background.

We are able to resolve this apparent contradiction by examining the height-dependence of
the calculated 7-13 GNR heterojunction LDOS as opposed to the height-integrated quantities.
This is shown by the simulated di/dV maps depicted in Figs. 4G—4l, which illustrate the height-
dependence of the LDOS for one particular state (#2) at different distances h above the GNR
heterojunction. At a height of h = 2 A above the carbon plane (Fig. 4G) the LDOS appears
rather uniformly distributed across the N = 13 segment, resembling the height-integrated LDOS
shown in Fig. 4C. However, as one moves higher above the carbon plane, the heterojunction
edges begin to exhibit more intense LDOS than the interior (Figs. 4H and 41), to the point where
the edges completely dominate the LDOS at a height of h = 4 A above the carbon plane (Fig. 41).
Simulated dI/dV maps at even higher distances appear similar to Fig. 41. This type of behavior
was observed for all four of the calculated quantum well states of the heterojunction. Since our
STM tip is located approximately 5 A above the carbon plane of the GNR heterojunctions during
di/dV mapping (estimated via the tunnel junction resistance at the open-feedback set points), the
experimental dI/dV maps should be directly compared with the theoretical LDOS calculated in a

plane above the heterojunction. Indeed, the calculated LDOS of heterojunction states 1-4 at a



height of 4 A above the carbon plane (Figs. 3E—3H) match the corresponding experimental d1/dV

maps very well (Figs. 3A-3D).

The strong dependence of the LDOS distribution with height h can be explained by the
difference in potential energy felt by electrons at different (x, y) positions above a GNR
heterojunction, as illustrated in Fig. 4F. The red curve in Fig. 4F shows the calculated potential
energy difference (within LDA) between positions A; and A; in the N = 7 segment (marked in
the inset structural drawing) as a function of height; A; marks a carbon atom at the very edge of
the segment whereas A, marks an adjacent carbon atom just one dimer row into the interior. The
potential energy at the edge is lower than the potential energy in the interior for heights greater
than 1.6 A above the GNR heterojunction. This implies a smaller out-of-plane (h direction)
potential barrier in the vacuum for electrons closer to the edge. The wavefunction at the edge
therefore decays along the h direction into the vacuum more slowly than the wavefunction in the
interior, resulting in higher LDOS contrast between the edges and the interior as shown in Fig. 41
(see Fig. 4F inset sketch). The same argument also applies to the N = 13 segment (green curve in
Fig. 4F). The stronger spectroscopic dl/dV signal observed near the edges of armchair GNRs is
thus attributed to spatial variation in the electronic potential, even though the states themselves

are not localized to the edges (additional discussion in Sl).

These results imply that the band alignment in 7-13 GNR heterojunctions is very similar
to type | semiconductor junctions since the lowest unoccupied (highest occupied) state in the N =
13 segment is lower (higher) than that in the N = 7 segment. The N = 7 segment might therefore
serve as an energy barrier for charge carriers trapped in the N = 13 segment (our spectroscopic
data implies that the energy required to excite an electron from state 4, which is localized in the

N = 13 segment, to state 1 and thus into the N = 7 segment is ~0.7 eV). This provides a possible
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means for constructing graphene quantum-dot-based systems with sub-nm feature sizes and
single-atom thickness. A potential benefit of this heterojunction architecture is that electrical
contacts to the quantum dots are readily available via the outer GNR segments. Bottom-up
GNR-based synthesis methods thus have potential for creating functional gap-modulated
semiconductor junctions with atomically-controlled features that are smaller than what is

possible through conventional top-down lithography.

Methods

A polished Au(111) single crystal was used as the substrate in this work. Standard Ar*
sputtering/annealing cycles were applied to prepare an atomically clean surface. The molecular
building blocks 1 and 2 were loaded in different crucibles in a home-made double-crucible
evaporator that allowed separate temperature control over each crucible. We sublimed 1 and 2
from crucibles held at 415 K and 490 K in UHV, respectively, onto Au(111) that was held at
room temperature (depositions were monitored using a quartz crystal microbalance). We then
heated the sample to 470 K first and then 670 K for 10 minutes each, which resulted in the

molecular building blocks converting into 7-13 GNR heterojunctions.

STM measurements were performed using a home-built UHV low-temperature STM
operated at 7 K. A Pt-Ir tip was used for topographic and spectroscopic measurements. For
spectroscopic measurements dl/dV signals were recorded by a lock-in amplifier while the sample
bias was modulated by a 451 Hz, 5-10 mV (r.m.s.) sinusoidal voltage under open-feedback

conditions. WSxM was used to process all STM images.?’



First-principles calculations of 7-13 GNR heterojunctions were performed using density
functional theory in the local density approximation implemented in the Quantum Espresso
package.”® A supercell arrangement was used,?® with the cell dimension carefully tested to avoid
interactions between the heterojunction and its periodic image. We employed norm conserving
pseudopotentials,®® with a plane-wave energy cutoff of 60 Ry. The structure was fully relaxed
until the force on each atom was smaller than 0.02 eV/A. All the o dangling bonds on the edge
of the heterojunction were capped by hydrogen atoms. In the simulation of dI/dV spectra, a
Gaussian broadening of 0.06 eV was used. The effect of substrate-screening on self-energy

corrections was estimated using the GW technique for model systems (see S.1.).
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Figure 1. Bottom-up synthesis of 7-13 GNR heterojunctions. (A) Synthesis of 7-13 GNR
heterojunctions from molecular building blocks 1 and 2. The building blocks 1 and 2 are co-
deposited onto a pristine Au(111) surface held at room temperature. Step-wise heating induces
cleavage of the labile C—Br bonds, colligation (at 470 K), and then cyclization/dehydrogenation
(at 670 K), resulting in 7-13 GNR heterojunctions. (B) High-resolution STM topograph of a 7-
13 GNR heterojunction (Vs = 60 mV, Iy = 200 pA). Inset: larger-scale STM image of multiple

GNR heterojunctions, showing a variety of segment lengths (Vs = 0.50 V, Iy = 2 pA).

14



- N =7 segment
= N = 13 segment
= interface

Au(111)

14

-
N

2
\

-
o

di/dV (arb. unit)

0 L 1 1 1 L 1 1
-1.5 -1.0 -05 00 05 1.0 15 2.0

sample bias (V)

Figure 2. STM dl/dV spectroscopy of 7-13 GNR heterojunction electronic structure. Blue curve
shows dI/dV spectrum acquired on the narrow N = 7 segment of a 7-13 GNR heterojunction
(location of blue cross in inset). Red curve depicts spectrum acquired on wider N = 13 segment
at location of red cross in inset. Black curve shows spectrum acquired at the interface region
between N = 7 and N = 13 segments (location of black cross in inset). Green curve gives
calibration spectrum acquired with tip held over bare Au(111) (all spectra shown here were

acquired with the same STM tip). The black, red and blue curves are vertically offset by 1, 4 and
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6 arbitrary units, respectively, for viewing clarity (open-feedback parameters: Vs = 1.00 V, |; =
35 pA; modulation voltage Vs = 10 mV). Resonant peaks showing the locations of four GNR
heterojunction states in the unoccupied region are labeled 1-4. Inset shows STM topograph of

the 7-13 GNR heterojunction measured to obtain this series of dI/dV spectra (Vs = 0.10 V, I; = 95

PA).
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Figure 3. Comparison of experimental dI/dV maps and theoretical LDOS for a 7-13 GNR
heterojunction. (A-D) Experimental dl/dV spatial maps recorded at energies of spectroscopic
peaks 1-4 for the 7-13 GNR heterojunction shown in Fig. 2 inset (I; = 35 pA; modulation voltage
Vims = 10 mV). The dashed lines are drawn at the mid-height topographic position of the edges
for the 7-13 GNR heterojunction. (E-H) DFT calculated LDOS maps of states 1-4 calculated at
a height of 4 A above a 7-13 GNR heterojunction. The dashed lines here are drawn at a distance
equal to one carbon dimer-dimer spacing (1.2 A) outside of the 7-13 GNR heterojunction carbon

atom border.
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Figure 4. Theoretical electronic structure of 7-13 GNR heterojunction. (A) Calculated density
of states of the isolated 7-13 GNR heterojunction structure shown in the inset, with a Gaussian
broadening of 0.06 eV. Four unoccupied states are labeled 1-4 in the figure (states here are
labeled analogous to the peaks observed experimentally (Fig. 2)). (B—E) Height-integrated
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LDOS maps of theoretical states 1-4 for 7-13 GNR heterojunction. The plots are normalized
with respect to their maximum intensities (270, 348, 500 and 416 arbitrary units in B-E,
respectively). (F) Calculated electron potential energy difference between edge and inner atoms
as a function of height h above the carbon plane of the 7-13 GNR heterojunction. The red (green)
curve shows the potential energy difference between atomic positions A; and A, (B; and By)
marked in the inset. The inset structural drawing depicts the boxed region in the inset to (A).
The lower inset sketch represents the height dependence of the potential at one atomic location
and the resulting decay of the wavefunction along the surface normal into the vacuum. The
horizontal black dashed line indicates the vacuum energy level. (G-I) Calculated LDOS of 7-13
GNR heterojunction state 2 at heights of (G) 2 A, (H) 3 A, and (1) 4 A above the plane of the
GNR heterojunction. The LDOS plots are normalized with respect to their maximum intensities

(180, 9.05 and 0.84 arbitrary units in G-I, respectively).
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