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ABSTRACT: Bottom-up graphene nanoribbon (GNR) heterojunctions are
nanoscale strips of graphene whose electronic structure abruptly changes across
a covalently bonded interface. Their rational design offers opportunities for
profound technological advancements enabled by their extraordinary structural
and electronic properties. Thus far, the most critical aspect of their synthesis, the
control over sequence and position of heterojunctions along the length of a
ribbon, has been plagued by randomness in monomer sequences emerging from step-growth copolymerization of distinct
monomers. All bottom-up GNR heterojunction structures created so far have exhibited random sequences of
heterojunctions and, while useful for fundamental scientific studies, are difficult to incorporate into functional nanodevices
as a result. In contrast, we describe a hierarchical fabrication strategy that allows the growth of bottom-up GNRs that
preferentially exhibit a single heterojunction interface rather than a random statistical sequence of junctions along the
ribbon. Such heterojunctions provide a viable platform that could be directly used in functional GNR-based device
applications at the molecular scale. Our hierarchical GNR fabrication strategy is based on differences in the dissociation
energies of C−Br and C−I bonds that allow control over the growth sequence of the block copolymers from which GNRs
are formed and consequently yields a significantly higher proportion of single-junction GNR heterostructures. Scanning
tunneling spectroscopy and density functional theory calculations confirm that hierarchically grown heterojunctions
between chevron GNR (cGNR) and binaphthyl-cGNR segments exhibit straddling Type I band alignment in structures that
are only one atomic layer thick and 3 nm in width.

KEYWORDS: graphene nanoribbon, on-surface synthesis, heterojunction, hierarchical growth, bottom-up fabrication,
electronic structure

Functional GNRs are attractive candidates for high-speed
digital nanodevices because they develop sizable
bandgaps (e.g., 1−3 eV) as their widths become small

(e.g., 1−3 nm).1−5 For example, GNR-based heterojunctions
could be employed in devices such as molecular-scale tunneling
field effect transistors and resonant tunneling diodes.6−9 The
extreme sensitivity of GNR electrical properties to minute
structural variations,1−5,10 however, requires that practical GNR
heterojunctions must have feature sizes that are well-controlled
at the atomic scale. While this represents an insurmountable
challenge for current top-down fabrication techniques,11−14 it is
actually routine practice using molecular assembly-based
bottom-up techniques that involve on-surface polymerization
of molecular precursors followed by cyclodehydrogena-
tion.15−22 Atomically precise bottom-up GNR heterojunctions

have been synthesized previously in this way by combining
molecular precursors that have different heteroatom doping
patterns23 (leading to dopant-induced heterojunctions) or
different widths24 (leading to width-based heterojunctions).
GNR heterojunctions have also been fabricated from a single
molecular precursor designed with sacrificial ligands that can be
removed or chemically altered after growth to create abrupt
variations in bandgap profile along the GNR axis.25,26 The
number and placement of all such heterojunctions, however,
has so far been random due to the stochastic nature of
thermally driven molecular step growth polymerization, a
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situation that is problematic for the design, reproducibility, and
ultimately implementation of functional GNR heterojunction
nanodevices.
Hierarchical growth provides a potential solution to this

problem as it provides an additional level of control to the
bottom-up synthesis approach.27,28 This arises from the fact
that a careful selection of molecular building blocks can lead to
a sequential activation of the growth process at different
temperatures. Thermally driven GNR self-assembly is still a
random process even under hierarchical growth conditions, but
dif ferent molecules are induced to polymerize at dif ferent
temperatures, thus providing an added element of control. For
example, if a first GNR assembles (i.e., polymerizes) at
temperature T1 and a second GNR assembles at temperature
T2 > T1, then by ramping the temperature it should be possible
to grow a heterojunction between both GNRs that has only a
single interface rather than the stochastic interfaces expected
from a mixture of different precursors that polymerize at the
same temperature. There are three elements needed to
successfully achieve this hierarchical growth process: (i)
precursor molecules for the first GNR that can be activated
at T1, (ii) precursor molecules for the second GNR that
polymerize at T2 > T1, and (iii) a linker molecule that facilitates
growth of the second GNR off the end of the first GNR. Our
strategy for accomplishing this hierarchical growth relies on
functionalizing the first GNR precursors with iodine and the
second GNR precursors with bromine. Because the C−I bond
is weaker than the C−Br bond,29−33 this ensures that T2 > T1
(due to the fact that GNR polymerization does not occur until
thermally driven dehalogenation causes precursors to become
reactive radicals). Our linker elements are precursors of the
second GNR that are functionalized on one side with iodine
and on the other side with bromine groups. A related strategy
has been developed previously to facilitate the growth of 2D
polymer networks, but with no heterojunction functional-
ity.27,28

HIERARCHICAL ON-SURFACE SYNTHESIS OF
CONTROLLED GNR HETEROJUNCTIONS
For the hierarchical growth demonstrated here, the first GNR
was chosen to be the well-known chevron GNR15,23,34−36

(cGNR), whereas the second GNR is a laterally extended
chevron structure (binaphthyl-cGNR (binaph-cGNR)) that was
designed to have a wider spatial profile specifically for this
study. The chosen linker element possesses the same structure
as binaph-cGNR. Figure 1 shows the reaction of the iodinated
precursor 1 that gives rise to the cGNR, the dual-functionalized
linker precursor 2, and the brominated precursor 3 that gives
rise to the binaph-cGNR. At the lower polymerization
temperature (T1), only the C−I bond in 2 will be activated,
and the linker molecule will effectively terminate the growth of
homopolymers of 1 (Figure 1b). At T2 the C−Br bond in 2 can
be cleaved and serves as a seed for the polymerization of 3
(Figure 1c). Precursor 3 will induce polymerization of the
wider binaph-cGNR segment at temperatures higher than those
required for the polymerization of the iodinated precursors 1
and 2. GNR heterojunctions arising after cyclodehydrogenation
of the block copolymers arising from this process at T3 are
expected to show type I band alignment due to the smaller
bandgap that arises from the wider binaphthyl-GNR segment.
The synthesis of 1 has been reported elsewhere.37,36

Precursor 2 was obtained through monoiodination of 9,10-
phenanthrenequinone followed by bromination to yield 2-

bromo-7-iodophenanthrene-9,10-dione in 13% yield. Knoeve-
nagel condensation with 1,3-diphenyl acetone followed by a
Diels−Alder reaction with 2-ethynyl-1,1′-binaphthalene (6)
afforded 2 in 47% yield as an inseparable 1:1 mixture of
regioisomers with respect to the position of the I/Br
substituents at the C6/C11 position of the triphenylene core
(Figure 2a). Precursor 3 was prepared from 2,7-dibromophe-

Figure 1. Schematic representation of the hierarchical on-surface
synthesis of GNR heterojunctions. (a) Molecular precursors 1, 2,
and 3. (b) Selective activation of the C−I bonds at T1 leads to poly-
1-2 terminated by the bifunctional linker 2. C−Br bonds in 2 and 3
are not activated at T1. (c) Selective activation of the C−Br bonds
at T2 results in a block copolymer consisting of poly-1 and poly-3
segments fused by the linker 2. (d) Cyclodehydrogenation at T3
yields a GNR heterojunction between fully cyclized cGNR and
binaph-cGNR segments.
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nanthrene-9,10-dione in two steps in 76% yield. 1H NMR of
analytically pure samples of 2 and 3 at 24 °C reveals a complex
spectrum attributed to the slow interconversion of rotational
isomers around the binaphthyl group. Variable-temperature
NMR of both 2 and 3 in 1,1,2,2-tetrachloroethane-d2 at 110 °C
resolves the spectroscopic signals (Supporting Information
Figures S6 and S7). Pale yellow crystals of 2 suitable for X-ray
diffraction were grown from saturated CHCl3/MeOH

solutions. In the crystal structure 2 exhibits a 50% composi-
tional disorder between the Br(1) and I(1) sites (Figure 2b),
revealing a 1:1 mixture of constitutional isomers of 2 based on
the connectivity of the binaphthyl group to the triphenylene
core at positions C(1) and C(2).
The hierarchical on-surface growth protocol was imple-

mented in four steps. Step I: Molecular precursors 1−3 were
sequentially deposited onto a clean Au(111) substrate (1 and 3
were deposited in excess relative to 2). Step II: The surface
temperature was raised to T1 in order to induce the homolytic
cleavage of the C−I bonds in 1 and 2, thus leading to the
formation of linear chains of poly-1 terminated by the linker
molecule 2 (poly-1-2 in Figure 1b). Step III: The surface
temperature was raised further to T2 in order to activate the C−
Br bonds in 2 and 3, thus extending the polymer chains from
the ends of poly-1-2. The monomer sequence in the resulting
block copolymer (Figure 1c) determines the segmentation of
the GNR heterostructure. Step IV: The surface temperature
was raised to T3 to induce the cyclodehydrogenation reaction,
leading to fully extended GNRs featuring a single in-line
heterojunction (Figure 1d).
Scanning tunneling microscopy (STM) imaging was used to

follow the experimental implementation of this growth
protocol. Figure 3a−c depicts the results of Step I. Figure 3a
shows the Au(111) surface after deposition of 1, while Figure
3b shows the surface after additional deposition of small
amounts of 2. The molecular precursors cluster along the
Au(111) herringbone reconstruction. The apparent height of 2
(4.9 Å) is significantly larger than the height of 1 (2.6 Å) due to
the nonplanar arrangement of the binaphthyl group in 2. This
unique structural feature allows a clear distinction between
monomers of 1 and 2 on the surface. Figure 3c shows an STM
image of the surface following the additional deposition of 3.
Steps II and III were performed by gradually increasing the

temperature of the surface to 200 °C at a rate of 2 K min−1.
Figure 3d shows an STM image of the resulting polymers self-
assembled into ordered islands, similar to the polymer stage for
pure cGNRs.15,36 The polymers exhibit segments with different
apparent heights, thus allowing taller binaphthyl-containing
segments to be distinguished from other chevron polymer
segments (see close-up in Figure 3e). A structural model in

Figure 2. Synthesis of bifunctional linker 2 and binaph-cGNR
precursor 3. (a) Synthesis of linker 2 and binaph-cGNR precursor
3. (b) ORTEP representation of the X-ray crystal structure of 2.
Thermal ellipsoids are drawn at the 50% probability level. Color
coding: C (gray), Br (orange), I (purple). 2 crystallizes as a 1:1
mixture of regioisomers with respect to the position of the I/Br
substituent at the C6/C11 position of the triphenylene core.
Hydrogen atoms are omitted for clarity.

Figure 3. Hierarchical on-surface copolymerization. (a) STM topograph of 1 adsorbed on Au(111) (V = 1.5 V, I = 20 pA). (b) 1 and 2 co-
adsorbed on Au(111) (V = 1.5 V, I = 20 pA). Taller protrusions correspond to 2. (c) 1, 2, and 3 co-adsorbed on Au(111) (V = 1.5 V, I = 20
pA). (d) Island of copolymers on Au(111) after annealing to 200 °C (V = 1.0 V, I = 20 pA). (e) Zoom-in of copolymer outlined in (d) (V = 1.0
V, I = 20 pA). (f) Top-down and side-on view of a molecular model for the copolymer depicted in (e).
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Figure 3f illustrates the binaphthyl groups protruding from the
molecular plane.
Step IV was accomplished by ramping the sample temper-

ature to 340 °C. As seen in Figure 4a, this results in isolated
GNRs comprised of fully cyclized cGNR and binaph-cGNR
segments joined in heterojunction structures. STM topography
of the segmented GNRs shows a preferred alignment with the
herringbone reconstruction and a uniform apparent height of
2.2 Å, lower than the polymers and consistent with previous
GNR measurements.15,16 While the median length of the GNRs
was 8 nm, some GNRs exhibited lengths exceeding 20 nm (see
Figure S3). cGNR segments and binaph-cGNR segments can
clearly be distinguished based on differences in width and shape
and are highlighted in purple (from monomer 1) and orange
(from linker 2 and monomer 3) colors in Figure 4a (see Figure
S4 for unprocessed image). Some GNRs can be found on the
surface that are comprised of homopolymers of pure chevron or
pure binaphthyl building blocks, but most contain a
heterojunction. We assign the sporadic occurrence of binaph-
cGNRs terminated by cGNR segments to covalent coupling of
two block copolymers during step III and a small overlap of the
polymerization temperature ranges of iodinated and bromi-
nated precursors. We expect that the latter will be less of a
problem for other GNR species whose polymerization
temperature, unlike the chevron GNRs, is determined more
by dehalogenation than by surface diffusion.36,38

In order to assess quantitatively whether the hierarchical
growth strategy introduced here provides additional control
over heterojunction formation compared to random hetero-
junction synthesis (as performed previously),23,24 we conducted
two control experiments and compared the heterojunction
statistics. In the first control experiment (the “partial
hierarchical protocol”) we synthesized GNR heterostructures
by codepositing only 1 and 3 (thus omitting the linker
molecule 2) and then following the same annealing protocol as
before. The purpose here was to test the advantage of using the

bifunctional linker molecule 2 to cap poly-1 in order to promote
single-heterojunction formation. In the second control experi-
ment (the “random protocol”) we codeposited the brominated
binaphthyl precursor 3 with a conventional brominated cGNR
precursor 7 (see Figure 4c) and then followed the same
annealing protocol. This second control experiment is
essentially the same technique used previously to create
random heterojunctions from two different precursors.23,24

Figure 4c shows a histogram depicting the relative abundance
of GNRs containing a given number of heterojunctions for all
three growth protocols (i.e., the full hierarchical growth
protocol as well as the two control experiments). A comparison
of the three procedures confirms that the full hierarchical
growth protocol does indeed result in a significant increase of
single-junction GNRs. This effect is largest compared to the
random protocol where the relative number of single-junction
GNRs is increased by a factor of 7. The full hierarchical growth
protocol also results in a 45% increase in single-junction GNRs
compared to the partial hierarchical protocol. Overall,
hierarchical growth is seen to provide significantly better
control over GNR heterojunction synthesis.
It is interesting to note that the random growth protocol (7

+ 3) results in an overabundance of GNRs containing an even
number of heterojunctions, as seen in Figure 4c. The reason for
this is that it is common for a cGNR polymer to have isolated
binaph-cGNR monomers embedded within it as a result of the
random protocol, thus causing two heterojunctions for every
isolated binaph-cGNR monomer. This heterojunction scenario
likely arises from the lower diffusivity of larger precursor 7
molecules compared to the smaller precursor 3. Figure 4c
shows that this effect is reduced significantly in the partial
hierarchical protocol and even more in the full hierarchical
protocol due to the increased separation of polymerization
temperatures for cGNR and binaph-cGNR precursors in the
hierarchical growth schemes.

Figure 4. Hierarchically grown GNR heterojunctions. (a) STM image of cGNR/binaph-cGNR heterojunctions (V = 0.3 V, I = 20 pA). cGNR
(binaph-cGNR) segments are highlighted in purple (orange). (b) Magnified STM image of a GNR heterojunction (V = 0.3 V, I = 20 pA). (c)
Relative occurrence of GNRs containing different numbers of heterojunctions upon synthesis from precursors 1−3 (“full hierarchical
protocol”, red), 1 and 3 (“partial hierarchical protocol”, dark gray), and 7 and 3 (“random protocol”, light gray). The black arrow emphasizes
the increase in single-junction GNR heterostructures arising from hierarchical growth.
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ELECTRONIC CHARACTERIZATION OF GNR
HETEROJUNCTIONS
The electronic structure of GNR heterojunctions prepared
following the hierarchical growth protocol was characterized
using a combination of dI/dV spectroscopy and density
functional theory (DFT) simulations. Figure 5 shows the

results of dI/dV spectroscopy performed on a narrow cGNR
heterojunction segment and a wide binaph-cGNR segment
within the single-junction GNR shown in the inset. Both
segments exhibit peaks indicative of the energies of the valence
band (VB) edge and conduction band (CB) edge of the
respective segments. In the cGNR (binaph-cGNR) segment,
the VB edge lies at EVB1 = −0.78 ± 0.03 eV (EVB2 = −0.74 ±
0.04 eV), while the CB edge lies at ECB1 = 1.67 ± 0.03 eV (ECB2
= 1.36 ± 0.02 eV) with respect to the Fermi level. The resulting
bandgap of 2.45 ± 0.05 eV in the cGNR segment agrees well
with previous scanning tunneling spectroscopy (STS) experi-
ments26 and reasonably well with other reported values in the
literature ranging from 2.0 to 3.1 eV.23,35,34 The binaph-cGNR
segment, which has not been reported before, features a smaller
bandgap of 2.10 ± 0.05 eV. The reduction of the band gap is
consistent with the extension of the conjugated π-system in the
binaph-cGNR segment. The straddling band alignment of the
two GNR segments defines the heterojunction as Type I.
A characteristic feature of heterojunctions is that band edge

wave functions tend to localize on one side of the
heterojunction interface.23 We explored this behavior in
hierarchically grown cGNR/binaph-cGNR heterojunctions
using dI/dV mapping. Figure 6 shows the wave function
distribution (i.e., local density of states (LDOS)) across the
heterojunction interface for states at the four band edges of the
two GNR segments. Spatial localization is clearly observed at
the band edges of the binaph-cGNR segment (CB2, VB2) where
the wave function appears more intense on the binaph-cGNR
side of the interface (Figure 6c,d). Some localization is also
seen at the cGNR conduction band edge (CB1) where the wave
function is more intense on the cGNR side of the interface

(Figure 6b). The wave function at the valence band edge of the
cGNR (VB1), however, does not show significant localization
across the interface (Figure 6e).
In order to test that our experimental cGNR/binaph-cGNR

heterojunction behavior is consistent with the expected
electronic properties of a GNR heterojunction, we performed
ab initio simulations of the heterojunction electronic structure
using DFT. Figure S5 shows the unit cell used in the
calculation. Our simulation confirms the reduced energy gap of
the binaph-cGNR segment compared to the cGNR segment
and reproduces the Type I heterojunction band alignment seen
experimentally (Figure S5). Theoretical simulations of the
spatial distribution of the heterojunction LDOS (Figure 6f−i)
confirm the wave function localization observed experimentally.
Theoretical LDOS maps obtained at the band edge energies of
the binaph-cGNR segment (CB2, VB2) show noticeable
localization on that side of the heterojunction interface as
well as a distinct nodal structure that resembles the
experimental LDOS distribution (Figure 6c,d). Like the
experiment, the theoretical LDOS distribution at the cGNR
conduction band energy (CB1) shows some localization on the
cGNR side (Figure 6f), while the LDOS at the cGNR valence

Figure 5. Spatially inhomogeneous bandgap of cGNR/binaph-
cGNR heterojunction. dI/dV spectra recorded above the cGNR
(purple) and binaph-cGNR (orange) segments of a single-junction
GNR compared to the bare Au(111) surface. VB1,2 and CB1,2
denote the valence and conduction band edges of the cGNR and
binaph-cGNR segments, respectively. Inset: STM image showing
spectroscopy locations (STS set point: V = 0.3 V, I = 20 pA).

Figure 6. Spatial distribution of heterojunction band edge states.
(a) Molecular model of the GNR heterojunction investigated in
(b−i). (b−e) Constant-current dI/dV maps of VB and CB edge
states for the two heterojunction segments. (f−i) Simulated local
density of states associated with VB and CB edge states for the two
heterojunction segments calculated using DFT. Black (gray)
represents high (low) intensity.
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band energy (VB1) shows no discernible localization (Figure
6i). The reduced wave function localization at the cGNR band
edges arises from the fact that they are degenerate with states in
the binaph-cGNR segment due to the Type I heterojunction
band alignment. The band edge states on the binaph-cGNR
side (CB2, VB2), by contrast, lie in the cGNR gap and are thus
more strongly confined.

CONCLUSION
We have demonstrated hierarchical on-surface synthesis of
GNR heterojunctions from molecular precursors engineered to
yield a predetermined growth sequence. This was accomplished
by taking advantage of the subtle differences in the bond
dissociation energies of C−I bonds compared to C−Br bonds
to separate polymerization temperatures for different precur-
sors. We observe that the use of a bifunctional linker molecule
(i.e., one that includes both C−I and C−Br bonds) leads to
single-heterojunction yields that are dramatically improved
when compared to more standard uniform precursor
functionalization (i.e., the use of exclusively brominated
precursors) and also significantly better than a partial
hierarchical growth protocol that forgoes the linker. STS
measurements on hierarchically grown cGNR/binaph-cGNR
heterojunctions reveal a Type I band alignment with strong
wave function localization for the bands closest to the Fermi
energy, consistent with ab initio simulations. The improved
GNR heterojunction structural control demonstrated here for
hierarchical growth techniques should help facilitate the
integration of atomically precise GNR heterostructures into
future nanoelectronic devices.

METHODS
Precursor Synthesis. Full details regarding the synthesis and

characterization of all precursor materials are given in the Supporting
Information.
STM Measurements. The on-surface reactions were conducted on

a clean Au(111) single crystal which was prepared by cycles of Ar+

sputtering and annealing. All precursor molecules were evaporated
from homemade Knudsen cells. The Knudsen cell sublimation
temperatures of the precursors were 170 °C (1), 200 °C (2), 165
°C (3), and 160 °C (7). The monomers were deposited onto the
substrate while holding it at T < −50 °C (the sample was taken
directly from the cryogenic STM stage just prior to evaporation). STM
imaging was performed in constant-current mode using a home-built
STM at a temperature of T = 13 K. Differential conductance (dI/dV)
measurements were recorded using a lock-in amplifier with
modulation frequency of 566 Hz and modulation amplitude Vrms =
10−25 mV. dI/dV point spectra were recorded under open feedback
loop conditions. dI/dV maps were collected under constant-current
conditions.
Calculations. Theoretical simulations of freestanding GNR

heterojunctions were performed using DFT within the local density
approximation (LDA) as implemented in the Quantum Espresso
package.39 A supercell with sufficient vacuum space (>10 Å) was used
to avoid spurious interaction between periodic replicas. We used
norm-conserving pseudopotentials with a planewave energy cutoff of
60 Ry. The heterojunction structure was fully relaxed until the force on
each atom was smaller than 0.025 eV/Å. All edges were saturated with
hydrogen atoms. A Gaussian broadening of 0.08 eV was used in the
LDOS calculations.
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F.; Zettl, A.; Ruffieux, P.; Yablonovitch, E.; Crommie, M.; Fasel, R.;
Bokor, J. Short-Channel Field-Effect Transistors with 9-Atom and 13-
Atom Wide Graphene Nanoribbons. Nat. Commun. 2017, 8, 633.
(8) Yoon, Y.; Salahuddin, S. Barrier-Free Tunneling in a Carbon
Heterojunction Transistor. Appl. Phys. Lett. 2010, 97, 033102.
(9) Yoon, Y.; Salahuddin, S. Dissipative Transport in Rough Edge
Graphene Nanoribbon Tunnel Transistors. Appl. Phys. Lett. 2012, 101,
263501.
(10) Nakada, K.; Fujita, M.; Dresselhaus, G.; Dresselhaus, M. S. Edge
State in Graphene Ribbons: Nanometer Size Effect and Edge Shape
Dependence. Phys. Rev. B: Condens. Matter Mater. Phys. 1996, 54,
17954.
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