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ABSTRACT: Graphene nanoribbons (GNRs) have attracted strong interest from researchers worldwide, as they
constitute an emerging class of quantum-designed materials. The major challenges toward their exploitation in
electronic applications include reliable contacting, complicated by their small size (<50 nm), and the preservation of
their physical properties upon device integration. In this combined experimental and theoretical study, we report on
the quantum dot behavior of atomically precise GNRs integrated in a device geometry. The devices consist of a �lm
of aligned �ve-atom-wide GNRs (5-AGNRs) transferred onto graphene electrodes with a sub 5 nm nanogap. We
demonstrate that these narrow-bandgap 5-AGNRs exhibit metal-like behavior at room temperature and single-
electron transistor behavior for temperatures below 150 K. By performing spectroscopy of the molecular levels at 13
K, we obtain addition energies in the range of 200�300 meV. DFT calculations predict comparable addition
energies and reveal the presence of two electronic states within the bandgap of in�nite ribbons when the �nite
length of the 5-AGNR is accounted for. By demonstrating the preservation of the 5-AGNRs’ molecular levels upon
device integration, as demonstrated by transport spectroscopy, our study provides a critical step forward in the
realization of more exotic GNR-based nanoelectronic devices.
KEYWORDS: graphene nanoribbons, device integration, molecular spectroscopy, Coulomb blockade, Raman spectroscopy

Graphene nanoribbons (GNRs) have been shown to
host a variety of intriguing physical properties such as
half-metallicity, spin-polarized edge states, and

topologically protected edge states, realized solely by shaping
their edge structure with atomic precision.1�5 In particular, the
chemical tunability of their band structure makes them very
appealing objects for both fundamental research and functional
materials in nanoelectronic devices. For example, due to their
extremely small size, GNRs have been shown to behave as
quantum dots tunable by chemical design,6 making them
highly suited for narrow-band light-emitting devices.7 In

addition, their spin properties have attracted attention, as
magnetic nanoribbons have been shown to possess long
coherence times,8 o�ering encouraging prospects for their use
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in spintronic devices. Finally, the presence of topologically
nontrivial quantum phases resulting in zero-energy states9

o�ers prospects for electrically tunable single-photon emitters.
Most of these exotic properties, however, have been studied

in situ using scanning probe techniques.7,8,10,11 The integration
of GNRs into electronic devices, and in particular the
preservation of their electronic structure, remains challenging
and a largely unexplored area. Only a few on-chip measure-
ments have been reported12�15 so far and show that the device
properties are critically determined by the quality of the GNRs,
as well as the quality of the GNR/electrode interface. Recently,
the �rst high-performance �eld-e�ect transistors based on
wide-bandgap 9- and 13-atom GNRs have been realized using
metallic contacts.13 Charge transport was there shown to be
limited by several factors such as the electrode/GNR interface
and the quality of the �lm after transfer. The growth process
was also shown to play a role in a study performed by Martini
et al.,14 where UHV-grown 9-AGNRs incorporated between
graphene electrodes are claimed to provide higher device
performance than CVD-grown 9-AGNRs. This higher quality
of UHV-grown GNRs is of particular interest for 5-AGNRs. A
recent scanning tunneling microscopy (STM) study has indeed
demonstrated that very short UHV-grown 5-AGNRs (3�5
units) show a quasi-metallic behavior and possess the smallest

HOMO�LUMO gap reported for GNRs measured on surfaces
so far (�100 meV).16 This ultra-small bandgap has not yet
been veri�ed in devices, a challenge requiring the preservation
of the GNR integrity upon device integration and a weak
electrode/GNR coupling for the reliable extraction of addition
energies.

In this work, we demonstrate the formation of quantum dots
in GNR-based �eld-e�ect transistors. The properties of the
quantum dots are determined by the band structure of the
GNRs. Our devices, based on 5-AGNR �lms that were
transferred onto sub 5 nm graphene gaps,17,18 are characterized
electrically, at both room and cryogenic temperatures. At room
temperature, the devices present a metal-like behavior with a
linear low-bias conductance, whereas at low temperature,
single-electron tunneling and Coulomb blockade are observed.
Furthermore, this quantum dot behavior is preserved up to
temperatures as high as 150 K. The values of the HOMO�
LUMO gap extracted from transport measurements are
comparable with density functional theory calculations and
con�rm that the molecular levels of the 5-AGNRs are
preserved during device integration.

Figure 1. STM characterization and device geometry. (a) STM image of as-synthesized aligned 5-AGNR on a Au (788) surface (Vs = �1.5 V,
It = 0.06 nA). (b) Schematic of a 5-AGNR. (c) Schematic of the 5-AGNR bridging a graphene nanogap and of the electrical transport
measurement setup.

Figure 2. Raman characterization. (a) Raman characterization of the 5-AGNR �lm acquired after transfer onto the devices. The Raman
spectrum was acquired with an excitation wavelength of 785 nm under vacuum conditions. The characteristic radial breathing-like mode
(RBLM, 526 cm�1), an edge-related mode (�1226 cm�1), and the G-mode (�1569 cm�1) are clearly visible. (b) Polar plot of the Raman
intensity of the G-mode and RBLM as a function of polarization axis � of the exciting laser relative to the source�drain axis. The intensity
shows a clear polarization anisotropy. The data are following the expected cos2(�) dependence (red line). The extracted average ribbon
alignment is �1° (±4°) with respect to the source�drain axis.

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c00604
ACS Nano 2020, 14, 5754�5762

5755

https://pubs.acs.org/doi/10.1021/acsnano.0c00604?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c00604?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c00604?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c00604?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c00604?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c00604?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c00604?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c00604?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c00604?ref=pdf


RESULTS AND DISCUSSION
Device Integration. The graphene nanogaps used as

electrodes to contact the 5-AGNRs are obtained by electrical
breakdown of CVD graphene.18,19 These gaps, being �at and
gateable, represent an ideal platform to study the properties of
nano-objects17,20,21 and, in particular, GNRs. Moreover, the
choice of chemical vapor deposition (CVD)-grown graphene
allows for fabrication of hundreds of devices in parallel,
resulting in large sample statistics. A description of the device
fabrication is presented in the Methods section.

The bottom-up synthesis of aligned 5-AGNRs (schemati-
cally represented in Figure 1b) was carried out in ultra-high
vacuum via sequential on-surface chemical reactions (details in
the Methods section). The high quality and degree of
alignment of 5-AGNRs were veri�ed in situ by STM at room
temperature (see Figure 1a). STM characterization of the 5-
AGNRs reveals a distribution of lengths between 2 and 10 nm
and shows that they are aligned along the narrow terraces of
the Au(788) substrate. Controlling the growth direction of the
5-AGNRs allows us to orient them along the source�drain axis
of the devices, thereby increasing the yield of GNRs bridging
the two electrodes. In order to integrate 5-AGNRs into the
graphene junctions, an electrochemical delamination transfer
process (or “bubble transfer”) was employed2 (details in the
Methods section). A schematic illustration of the device in
which a 5-AGNR is bridging a graphene nanogap is given in
Figure 1c.

Raman Characterization. The graphene nanogap devices
with the transferred 5-AGNR �lm were investigated by Raman
spectroscopy to verify the quality and degree of alignment of
the GNRs.22,23 Figure 2a presents a Raman spectrum of the
transferred 5-AGNR �lm. The characteristic radial breathing-
like mode (RBLM, 526 cm�1), the edge-related mode (�1226
cm�1), and the G-mode (�1569 cm�1) are clearly visible.24

This con�rms that the �lm quality is preserved during the
transfer process. Furthermore, these measurements were
performed after the electrical characterization and therefore
con�rm that the �lm quality is also preserved during the
measurement procedure. To investigate the alignment of the 5-
AGNRs, we have performed polarization-dependent Raman
measurements. Figure 2b shows the dependence of the Raman
intensity of the G-mode and RBLM on the angle of
polarization of the exciting laser. We observe a strong
polarization anisotropy with the maximum intensity measured

along an axis forming an angle of �1° (±4°) with the source�
drain axis. This con�rms that the ribbons maintain their
alignment after transfer and that they are aligned perpendicular
to the nanogaps.

Electrical Characterization. Figure 3a presents I�V
curves recorded at zero gate voltage on four typical 5-AGNR
devices (labeled A�D) characterized at room temperature. At
a low bias voltage range, we systematically observe a nonzero
conductance value with mostly linear behavior in the voltage
range ±0.05 V, while the current is below our detection limit
before the GNRs transfer (see Figure S1 of the Supporting
Information). This metal-like behavior was observed for all 31
devices investigated at room temperature. Beyond this regime,
we observe nonlinearities in the I�V curves for several devices.

The bottom-right inset of Figure 3a presents a histogram of
the low-bias resistance for all devices (�t range ±50 mV).
While the linearity of the I�V curves is observed for all the
devices, a large range of resistances is measured (from 0.01 to
10 G�) with an average value around 100 M�. We attribute
this device-to-device variation to possible di�erences in the
number and density of ribbons bridging the gap and the
di�culties in controlling the GNR transfer process from the
growth substrate to the device substrate. We are currently
dedicating substantial e�orts to better characterize the GNR
properties after transfer.22,23 We nevertheless can observe that
the molecular level of the 5-AGNRs is preserved once
integrated in a device structure. In particular, the formation
of quantum dots at low temperature allowed us to extract
addition energies re�ecting the electronic structure of the 5-
AGNRs, as discussed below.

An example of the gate dependence of the conductance is
given in Figure 3b for a 5-AGNR device (device A), alongside
a measurement on a 9-AGNR device (details of the growth and
transfer can be found in previous works13,22,25) shown as
comparison. While a strong gate dependence is observed for
the 9-AGNR with an on/o� ratio of about 70, no appreciable
dependence is present for the 5-AGNR device. We note that
device A has a pronounced gate dependence at 13K (see
Figure 4e). The absence of gate dependence is therefore
attributed to the low bandgap of the 5-AGNR, in combination
with the thermal smearing of the transmission function at
room temperature. An overview of the devices is presented in
the inset and contrasted with the measured gate dependence of
the 9-AGNR, as well as values on 9-AGNR-based devices

Figure 3. Electrical device characterization at room temperature. (a) I�V curves measured on four devices after transfer of the 5-AGNR at
zero gate voltage. The bottom-right inset corresponds to the histograms of the low-bias resistance measured for all the 5-AGNR devices. (b)
Conductance at �xed bias voltage as a function of gate voltage for the 5-AGNR (device A) and 9-AGNR.
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reported in the literature (with values reaching as high as
105),13,14 highlighting the di�erence to our metal-like GNRs.

To perform a spectroscopic characterization of the energy
levels in 5-AGNR junctions, the devices were cooled and
electrically characterized at 13 K. Figure 4a and b show color-
coded current versus bias and gate voltage maps (stability
diagrams), recorded on devices E and F. The general aspect of
the stability diagrams reveals the formation of quantum dots in
the GNR devices. In the black regions, no current �ows
through the device, as neither the temperature nor the bias
voltage provides the energy required for adding an extra
electron onto the nanoribbon. The edges of this diamond-
shaped blocking region (Coulomb blockade regime) corre-
spond to the onset of resonant transport. For bias voltages
exceeding the resonance condition, single-electron tunneling
occurs (SET regime). We extract the energy required to add an
electron to the quantum dot as illustrated in Figure 4b for two
diamonds (Esmall and Elarge correspond to half of the height of
the Coulomb diamonds). Typically, weakly coupled quantum
dots give rise to stability diagrams exhibiting alternating small
and larger Coulomb diamonds due to the interplay between

the quantum mechanical level spacing and charging energy.26

We observe such size variations experimentally, and, following
this logic, we tentatively divided the diamonds in these two
categories. We observe characteristic energies in the range 50�
300 meV (see table in Figure 4d).

Figure 4c presents the di�erential conductance map of
device E, zoomed in to the SET region. Here, several
resonances are visible (gray dashed lines) which form the
edges of the Coulomb diamonds. The edge widths depend on
the thermal energy (kbT) and the coupling � of the ribbon to
the graphene leads. Some of the resonances are asymmetric
upon bias polarity inversion, which may be attributed to an
asymmetric coupling to the source and drain electrodes as a
result of di�erent overlap between the ribbon and the two
leads. Also, an additional resonance (white dashed line)
running parallel to the diamond edge in the SET regime is
observed. This resonance corresponds to an electronic or
vibrational excited state of the ribbons that creates an
additional transport channel. The energy of this excitation
can be extracted from the graph by measuring the intersection
between the excitation lines and the edge of the Coulomb

Figure 4. Electrical characterization of two devices at 13 K. (a, b) Color-coded current maps as a function of gate and bias voltage for devices
E and F, respectively. (c) Di�erential conductance (dI/dV, stability diagrams) recorded on device E. The black area corresponds to a
blockade regime, while the areas with high currents are in the single-electron tunneling regime. (d) Overview table containing devices A and
E�H with the corresponding addition and excitation energies. (e) Stability diagrams recorded on device A at 13, 50, 75, and 150 K.

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c00604
ACS Nano 2020, 14, 5754�5762

5757












