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S1. STM images of GNR heterojunctions on Au(788)

Fig. S1 demonstrates STM images of various atomically-precise aligned GNR heterojunctions
on Au(788) where fused quasi-metallic GNRs (14-AGNR and 21-AGNR) are connected by widebandgap 7-AGNR segments.

Fig. S1 STM images of fused 7-AGNRs on Au(788). (a-c) Sample bias Vs = −0.8 V, tunneling current It = 1 nA.
(d) Vs = −1 V, It = 1 nA. The scale bar is 2 nm.
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Fig. S2 (a) ARPES scan of the 7-AGNRs on Au(788) initial system measured at k⊥ = 1.1 Å−1 along with calculations (white dashed lines). VB1 7-AGNR and VB2 7-AGNR indicate the first and second valence sub-band of 7-AGNRs,
respectively. (b) ARPES scan of the same sample after in situ fusion. VB1 14-AGNR and VB2 14-AGNR indicate the first
and second valence sub-bands of 14-AGNRs in the calculations (red dashed lines), respectively. (c) Second derivative
by energy of the data in (b). (d) ARPES scan of the same sample but at k⊥ = 0.6 Å−1 . (e) Second derivative by
energy of the data in (d). (f, g) ARPES scans of the fused GNRs on Au(788) (see Methods) at k⊥ = 0.71 Å−1 (f)
and k⊥ = −0.65 Å−1 (g). (h) EDC of the scan in (g) around the center of the second BZ of GNRs. The width of the
spectra taken in EDC is shown by the blue dashed lines. (i) Experimental ARPES map at the binding energy of 0.8 eV
representing the second derivatives (top) and the corresponding cut of the simulated map for 14-AGNRs (bottom). The
intensity from VB1 14-AGNR and VB2 14-AGNR is indicated. The red dashed line depicts the BZ border of graphene. (j)
Experimental cut of the ARPES map along the thick red line shown in (i), and the corresponding cut of the simulated
map for 14-AGNRs (kk = −1.47 Å−1 ). The sub-bands of 14-AGNRs and 7-AGNRs that should be visible in the cut
are denoted.
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S2. ARPES studies of fused GNRs on Au(788)

Our initial system is 7-AGNRs on Au(788), which we have studied by ARPES in a previous work. 1
To visualize the GNR electronic band structure by ARPES one must take into account the photoemission matrix element, which is strongly dependent upon k⊥ , the in-plane momentum perpendicular to the GNR axis. 1 The matrix element dependence is such that each 1D sub-band of the GNRs
is visible in a narrow range of k⊥ . The ARPES spectrum of 7-AGNRs on Au(788) in Fig. S2a was
accumulated along the GNR axis (kk in the momentum space) at k⊥ ∼ 1 Å−1 to simultaneously
visualize the two topmost (closest to the Fermi level, EF ) valence sub-bands of 7-AGNRs, labeled
as VB1 7-AGNR and VB2 7-AGNR , respectively. The calculated band structure of 7-AGNRs is shown by
the white dashed lines. After lateral fusion performed in situ we observe a new linearly dispersing
band, which touches EF (Fig. S2b). In Fig. S2c we show the second derivative of the intensity with
respect to energy to enhance the contrast. The Fig. 2c in the main text shows the second derivative
of the same spectrum with respect to energy to better see the linear band near the Fermi level. The
ARPES scan at k⊥ ∼ 0.6 Å−1 (Figs. S2d,e) reveals another new 1D sub-band with parabolic dispersion which does not originate from 7-AGNRs. 1 Note that this band was also visible in earlier
ARPES studies of 7-AGNRs on Au(788) as a result of unintended fusion. 2–4 The calculated band
structure of 14-AGNRs is shown in Fig. S2b,d by the red dashed lines. By comparison with DFT
calculations, we see that the energies of the new linear and parabolic bands in ARPES spectra fit to
the first (VB1 14-AGNR ) and fourth (VB4 14-AGNR ) valence sub-bands of 14-AGNRs, correspondingly.
These sub-bands of 14-AGNRs are easy to distinguish since they do not overlap with sub-bands of
7-AGNRs.
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Fig. S2f-j shows ARPES data on the GNR heterojunction sample that was synthesized in
the ultra-high vacuum (UHV) Raman apparatus (Supplementary Section 4) and then transferred to
the ARPES facility. For this system we measured ARPES spectra at k⊥ = 0.71 Å−1 (Fig. S2f)
where the linear band VB1 14-AGNR is pronounced, and at k⊥ = −0.65 Å−1 (Fig. S2g), where the
14-AGNR valence sub-bands with larger binding energies are visible. In the energy distribution
curve (EDC) taken from the scan in Fig. S2g around the center of the second Brillouin zone (BZ)
of AGNRs, we can observe the maxima of 14-AGNR valence sub-bands (Fig. S2h). Their energy
positions fit to the VB3 14-AGNR and VB4 14-AGNR .

To unambiguously attribute the newly appearing sub-bands to 14-AGNRs, we measured
ARPES maps and performed the simulations of the photoemission intensity, as we previously did
for pristine and boron-doped 7-AGNRs on Au(788). 1, 5 Fig. S2i depicts the experimental ARPES
map of fused GNRs on Au(788) (top) and the ARPES intensity simulation for 14-AGNRs (bottom) at a binding energy of 0.8 eV. Experiment and simulation are consistent in the momentum
space position of several spectral features of 14-AGNRs, namely the sub-bands VB1 14-AGNR and
VB2 14-AGNR . Taking the energy cut of the ARPES map along k⊥ at the middle of second BZ of
GNRs (kk = −1.47 Å−1 ), as shown by the thick red line in Fig. S2i, we can visualize the quantization of photoemission intensity of 14-AGNRs sub-bands, which is in a good agreement with
simulations. In this cut two sub-bands of 7-AGNRs (VB2 7-AGNR and VB3 7-AGNR ) are also visible.
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Fig. S3 ARPES measurements of Li doped fused GNRs on Au(788) at (a, b) k⊥ = 0.71 Å−1 and (c-e) at k⊥ =
−0.87 Å−1 . Second derivatives with respect to energy are shown in (b, d) and with respect to momentum in (e). The
calculated band structure of 14-AGNRs (the red dashed lines) is overlaid on the ARPES spectra. The calculated bands
were shifted in energy to match the experimental intensity.

S3. ARPES studies of Li doped GNRs on Au(788)

Fig. S3 displays the ARPES measurements of Li doped fused GNRs on Au(788). The Li doping
was performed with the sample presented in Fig. S2f-i. Due to the variation of photoemission
intensity with momentum and energy, we have to select a certain k⊥ to visualize both valence
and conduction band edges of 14-AGNRs (VB1 14-AGNR and CB1 14-AGNR , correspondingly) after Li
doping (∼ 1 Å). This condition is fulfilled at k⊥ ∼ 0.7 Å−1 , as shown in Fig. S3a. The second
derivative with respect to energy of this spectrum is shown in Fig. S3b, and the second derivative
with respect to momentum is shown in the Fig. 5c (right) of the main text. Fig. S3c-e depicts the
ARPES spectrum and its second derivatives of the same sample but at k⊥ = −0.87 Å−1 , where
the intensity of the CB1 14-AGNR vanishes and only the VB1 14-AGNR is clearly visible. The calculated
VB1 14-AGNR in the Fig. S3 is shifted by 0.7 eV. From the ARPES measurement of a Li doped
sample we estimate the position of the CB14−AGNR
edge as ∼ 0.5 eV below the Fermi level, which
1
corresponds to 0.17 electrons per 14-AGNR unit cell.
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Fig. S4 (a) UHV Raman spectra of 7-AGNRs on Au(788) before (red spectrum) and during the lateral fusion indicate
increase of the RBLM14 intensity and decrease of the RBLM7 intensity at 410 ◦ C. (b) Eigenvectors of the most intense
Raman active modes of 14-AGNR and their respective frequencies (values in cm−1 ). Red vectors indicate the atomic
displacements. (c,d) Raman spectra of GNR heterojunctions on SiO2 /Si (633 nm laser) in the low wavenumber region
with laser polarization parallel to the source-drain direction and in the region of G- and D-like modes with laser
polarization parallel (red) and perpendicular (blue) to the source-drain direction.

S4. Raman studies

We find that we can observe both, 7- and 14-AGNR Raman modes, if we excite them with a
laser of 1.96 eV energy (633 nm), which is slightly below the optical band gap of 7-AGNRs
on Au(788) (∼ 2.1 eV).

6, 7

Fig. S4a depicts the evolution of RBLM Raman modes of 7- and

14-AGNRs (RBLM7 at 399 cm−1 and RBLM14 at 204 cm−1 , correspondingly) upon the lateral
fusion of 7-AGNRs/Au(788) at 410 ◦ C at different fusion times. Initial system was synthesised at
380 ◦ C for 10 minutes and its Raman spectrum consists primarily of 7-AGNR derived vibrational
modes (red spectrum in Fig. 2d in the main text). The presence of the RBLM14 peak near the
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RBLM7 (Fig. 2d and Fig. S4a) is evidence of unintended lateral fusion already occurring during
the synthesis of 7-AGNRs on Au(788). We found that a relatively low temperature is sufficient
to perform conversion of a substantial amount of 7-AGNRs into wider AGNRs, as can be seen
from the Raman spectra in Fig. S4a, demonstrating a strong decrease of the RBLM7 intensity and
simultaneously a strong increase of the RBLM14 intensity. After ∼ 3 hours at 410 ◦ C the RBLM14
peak reaches the maximum intensity, which is ∼ 2.4 times larger compared to the initial system.
At the same time, the RBLM7 peak intensity is decreased by ∼ 2 times. This means that more than
50% of 7-AGNRs are fused, and we take this system as a final GNR heterojunctions for our FETs.
Longer fusion time and higher temperatures lead to the decrease of both RBLM7 and RBLM14
intensity, and to the broadening of these modes.

Fig. S4b shows the atomic displacements and frequencies of the calculated 14-AGNR phonon
modes. The calculated phonon frequencies are in very good agreement with the experimentally observed peaks in the low-frequency and the D-like mode regions of the Raman spectra (Fig. 2d in the
main text), but are slightly lower for the high-energy G-like modes. The low-frequency shear-like
mode (SLM) of 14-AGNRs (SLM14 ) cannot be observed in our UHV Raman system. However,
this mode can be detected ex situ when the GNR heterojunction film is transferred to a SiO2 /Si
substrate. Fig. S4c shows the Raman spectrum measured using a low wavenumber filter. In this
spectrum we identify RBLM7 , RBLM14 and SLM14 peaks, as well as the longitudinal compressive
mode of 7-AGNRs 8 (LCM7 ). These characteristic Raman features corroborate the high structural
quality of the transferred GNR heterojunctions. Fig. S4d depicts ex situ polarized Raman measurements of the GNR heterojunctions on SiO2 /Si. In these Raman measurements, the polarization
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of the optical field was chosen parallel or perpendicular to the source-drain direction. The large
anisotropy in the Raman intensity for the two polarizations confirms the alignment of the GNR
heterojunctions in our FETs along the source-drain direction.

S5. Devices of GNR heterojunctions

Fig. S5a shows the scanning electron microscopy (SEM) images of the GNR heterojunction devices of different channel length L. The room temperature measurements of the L = 200nm
device are shown in Fig. S5b,c. From analysis of Id -Vg curves in Fig. S5c we obtain that for the
gate voltage in the range −60 V < Vg < −70 V the mobility µDTM ranges from 5.3 × 10−5 cm2 /Vs
at Vd = 3 V to 6.1 × 10−4 cm2 /Vs at Vd = 6 V (averaging between Vg up- and down-sweep measurements). If we compare these values with those obtained at 4K (see discussion of the Fig. 3b,c in the
main text), we find that at fixed Vd = 6 V the µDTM differs by only one order of magnitude. Such a
small dependence of charge transport on temperature is also observed in other devices, for example, Id -Vg curves for the L = 500 nm device show in Fig. S5d,e demonstrate similar behaviour.
Notably, we find that in our devices, hysteresis with Vg sweep direction disappears at 4 K. This
suggests that the origin of the hysteresis at room temperature is the presence of charge-trapping
centers at the SiO2 surface, in agreement with recent studies. 9

S6. Transport characterization of Li doped GNR heterojunctions

Each Li dose evaporated during the transport experiments corresponds to a tenth of the Li dose used
in the ARPES experiment. The doping induced by a single Li dose during transport experiments
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Fig. S5 (a) SEM images of the GNR heterojunction devices with L =300, 500 and 700 nm. The scale bar is 2 µm.
(b,c) Transport characteristics of the L = 200 nm device at room temperature; (b) Id -Vd curves at different Vg , and (b)
Id versus Vg at different Vd . (d, e) Id -Vg characteristics of the L = 500 nm device at different Vd at room temperature
(d) and at 4 K (e).
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is thus expected to be 0.017 electrons per 14-AGNR unit cell. This value can be converted to
the position of EF relative to the CB14−AGNR
edge of 4 meV (estimated by the model for pristine
1
sample) and 21 meV, 45 meV and 74 meV after 1–3 Li dosages, respectively. The non-linear
scaling of EF with each Li dose is a result of the variation in density of states near the van Hove
singularity at the CB14−AGNR
band edge. These Fermi level shifts are in good agreement with those
1
inferred from our transport model. The slightly lower values inferred from ARPES data might be
due to the partial charge transfer to the metallic Au(788) substrate.

Fig. S6 presents the transport measurements of the L = 500 nm device during Li doping. We
used identical Li doses as for the L = 200 nm device in the main text. Both devices demonstrate
a similar behaviour – strong modulation of the drain current by Li doping and the suppression of
modulation of hole conduction. A comparison of the experimental Id -Vd curves to calculations
using our tunneling model yields good agreement (Fig. S6a). According to the fit, for the L = 500
nm device the EF shifts from 2 meV for the pristine sample to 120 meV after the third Li dose,
which is in good agreement to the fit for the L = 200 nm device, presented in the main text.
The bottom panels in Fig. S6a,b show the gate leakage current Ig measured simultaneously. The
leakage current was monitored in all measurements and its value was negligible compared to Id
and it is not affected by Li doping.
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Fig. S6 Transport characteristics of the L = 500 nm device upon Li doping at 4 K. (a) Id -Vd curves at Vg = 0 in linear
and log (insert) scales before (pristine) and after deposition of three identical Li doses (∼ 0.1 Å each). Experimental
points (exp.) are shown by circles, the fit is indicated by solid lines. (b) Id -Vg characteristics at Vd = 14 V for three
Li doses. The bottom panels in (a) and (b) shows the gate leakage current Ig of the device before (black) and after
deposition of three Li doses (red).
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S7. Li doping of the graphene device

To confirm that our Li doping of GNR heterojunction FETs was performed correctly, we conducted similar experiments on Li doping of large area graphene. Graphene was grown by chemical
vapour deposition (CVD) method on an Ir(111) crystal and subsequently transferred onto 300 nm
SiO2 /Si by electrochemical delamination. 10 We performed four-point transport measurements of
the graphene device in our UHV system 10 upon deposition of identical Li doses as for GNR heterojunction FETs. The resulting I-Vg curves are shown in Fig. S7. After the first Li dose the
gate potential required to reach the charge neutrality point (the point of minimum current) shifts
towards negative voltages by ∼ 80 V. Such a large shift corresponds to the highest shift obtained
by potassium doping graphene in a previous work.
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Interestingly we can still observe bipolar

behaviour after the first Li dose. Increasing the Li dosage, we do not observe current modulation
for hole conduction. After deposition of the second and third Li doses, a plateau in the current
emerges for Vg < 80 V. This observation is akin to what we have found for GNRs heterojunctions.
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