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Supplementary Figures

=2

h-BN (Ezo)
1371 cm™

Intensity (a.u)

1200 1300 1400 1500 1600
Raman shift (cm™)

[Boron 1s] [Nitrogen 1s]

=

N-B bond
(397.7 eV)

Intensity (a.u) ©
Intensity (a.u)

187 188 189 190 191 192 193 394 396 398 400 402
Binding energy (eV) Binding energy (eV)

Supplementary Figure 1. a, b, The SEM image and Raman spectrum of the CVD grown pristine hBN
monolayer. ¢, d, The corresponding XPS spectra: (c) Boron 1s, and (d) Nitrogen 1s.

b 10 nm

Supplementary Figure 2. a, b, The SEM and AFM images of the as-grown layer of GQD-hBN on an array
of Pt NPs (7nm) spread over SiO, substrate.
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Supplementary Figure 3. The XPS spectra of GQD-hBN planar heterostructure on SiO, substrate. a,
Survey, and b, Pt 4f spectra. Blue and red spectra are for as-prepared GQD/hBN on Pt NPs/SiO, substrate
(before the aqua regia treatment) and the GQD-hBN after the aqua regia treatment to remove Pt NPs,

respectively.

Supplementary Figure 4. TEM images of GQD-hBN. a,c Pt NPs in GQD-hBN. b,d The GQD-hBN after the
aqua regia treatment. There are no Pt NPs after the treatment. The white dots in (a,c) are Pt NPs.
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Supplementary Figure 5. EELS spectrum of GQD-hBN. a Schematics of EELS mapping of GQD-hBN on Pt
NPs/SiO,. b, TEM image of GQD-hBN on Pt NPs. The white dots are 7 nm Pt NPs. c-e, Corresponding EELS
mapping images of (c) carbon, (d) boron, and (e) nitrogen, respectively. f, A magnified image marked in
d. The boron signal was not detected at P4 to P7 where the Pt NP exist. Note that the points P5 and P6
with the strong signal are due to the strong background of Pt signal because we could not completely
subtract the strong Pt background. Note that boron signal is absent in P5 and P6 (see panel g). In the
nitrogen mapping image, the N signal is too low to be detected (see Nano Lett. 2013, 13, 1834). g, The
EELS spectra were obtained at different positions (yellow line, P1 to P10) with 2 nm spatial resolution in f
by subtracting the background of the Pt signal from the original EELS spectra. The peak for Boron is not
detected in P4, P5, P6, and P7, indicating conversion of BN to graphene. Note that GQDs in c and g are
not distinguishable from carbon signal of many adsorbates.
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Supplementary Figure 6. The UV-vis absorbance spectra of pristine hBN and GQD-hBN planar

heterostructure on quartz substrates. It shows the typical absorption band of hBN' located at 200 nm,
and those of 265 nm and 330 nm for GQDs".
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Supplementary Figure 7. a, The IR spectra for the GQD-hBN and mechanically exfoliated (ME) hBN (2nm
thickness) on SiO, by means of AFM-IR. Three spectra at different points were measured for a GQD-hBN
sample (1-3). b, Magnified spectra in the range of 1200-1500 cm™.
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Supplementary Figure 8. The hBN/Gr/2hBN/GQD-hBN/2hBN/Gr/hBN multi-channel single electron
tunnelling transistors based on GQDs embedded in the hBN matrix. a, Conductance G(V,, V}) for the
device with the GQDs of 7nm size prepared by the technique of self-assembly (measured at T=250mK).
Red arrows indicate the edges of the Coulomb diamonds at the bias voltage of =160mV. b, The low
excitation measurements of low bias region of (a), indicating the tunnelling events through the localised
density of states in the middle hBN layer. The olive arrows denote the localised states with the energy
140meV below the Dirac point. ¢, Low-density non-periodic array of GQDs of 10nm size embedded in
hBN layer placed in-between of hBN/Gr/2hBN/ and /2hBN/Gr/hBN heterostructures. T=250mK
conductance G(V,, V) for a device with such GQDs and low quality exfoliated encapsulating bilayers of
hBN. Because of the technology we used, there are roughly 4 times more 7nm (Supplementary Figure 10
(a)) GQD per unit area than there are 13nm (Figure 4 (b)) GQD, thus, there are more overlapping
diamonds for 7nm GQD.
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Supplementary Figure 9. T=250mK tunnelling conductance G(V,,V;) of Si/SiO, substrate supported
hBN/Gr/2hBN/CVD-hBN/2hBN/Gr/hBN heterostructure. The area of the device is 82um>. Note, the
middle hBN monolayer was grown by CVD, but no GQD was formed on it. Note, significantly lower
conductivity (even though the area of the device is significantly larger than for those presented in the
main text) due to the absence of the additional conductance channels due to GQD. There is a small
number of the impurity states, however, which might be originating from either defect in the CVD hBN,
or due to contamination between the layers introduced during the fabrication.
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Supplementary Figure 10. The peculiar shape of the Coulomb diamonds at low bias and gate voltages.
a, T=250mK low excitation G (V, V) for the device with 7nm GQDs embedded in the central layer of CVD
hBN. b, same as (a), but denoting a peculiar constitution of the lines forming Coulomb diamonds when
the Fermi levels in either graphene contacts align with the Dirac points (green dashed lines).On the
contrary, Orange dashed lines indicate the usual shape of the constituent lines of Coulomb diamonds
when the Fermi levels are away from the DPs of both graphene layers, blue and red dotted lines.
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Supplementary Figure 11. Single electron charging effect model. a-c, Schematic representation of a
single electron charging effect denoting particular approximations used in the modelling of electrostatic
parameters of the resulting final heterostructure. b, same as Figure 6d of the main text.
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Supplementary Figure 12. Single electron charging effect model. Same as Figure 12b, except the
chemical potential of the GQD-hBN layer is aligned with that in the source (bottom) electrode.
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Supplementary Figure 13. T=1.5K tunnelling conductance G(V,, V) of Si/SiO, substrate supported
Gr/hBN/Gr heterostructures. a, Tunnelling through pristine hBN trilayer mounted in-between two
graphene monolayers (colour scale is blue to white to red, 20nS to 2uS to 4us). Dark Blue X shaped
region corresponds to the event of the passage of chemical potential through DPs of graphene layers;
vertical features represent phonon-assisted resonant tunnelling process®. b, Tunnelling through impurity
states of low-quality tetralayer hBN mounted in-between monolayer graphene electrodes (colour scale is
blue to white to red, OnS to 20nS to 40nS). Three various peaks in conductance (red and white)
correspond to the tunnelling through three different localised states and all follow the square root
dependence®. Tunnelling conductance of the heterostructures of hBN/Gr/hBN/Gr/hBN without the
additional layer of the CVD hexagonal boron nitride with embedded GQDs is shown in the
Supplementary Figure 11. Here, in the case of pristine high-quality hBN spacer mounted in between
graphene layers, resonant tunnelling features (straight vertical lines at fixed voltages of V,) occur through
the assistance of both acoustic and optical phonons®. Notably, apart from the X shaped low conductivity
region, which corresponds to the event of the passage of the chemical potential through the Dirac points
of graphene contacts, there are no other features observed. On the other hand, in Supplementary Figure
10 (b), it was demonstrated that if a low-quality hBN is used as a tunnelling barrier in similar
heterostructure - the tunnelling is dominated by the impurity states that are located in the middle of the
barrier.



Supplementary Figure 14. Fabrication procedure for van der Waals tunnel heterostructure comprising
the stack of 20nm_hBN/Gr/3L_hBN/GQD-hBN/3L_hBN/Gr/10nm_hBN. a, Single-layer graphene,
indicated by white arrows, was transferred by flake peeling method on bottom hBN supported on Si/SiO,
substrate. b, Trilayer hBN, outlined by red dashed line, was then transferred on graphene layer shown in
(a). ¢, Separately a PMMA membrane was prepared with 10nm hBN, another graphene layer and trilayer
hBN were picked up using this hBN. This PMMA membrane containing the stack of 3hBN/Gr/10_hBN
was further aligned and dropped on GQD-hBN on Si/SiO,. To release this stack from Si/SiO,, wet transfer
procedure following a standard KOH etching procedure was performed. d, Finally, the heterostructure of
GQD-hBN/3hBN/Gr/10nm_hBN was aligned and transferred on 20nm_hBN /Gr/3hBN shown in (b).
Contacts to the top and bottom graphene layers were made by standard electron beam lithography, as
shown in (d). Scale bar shown in (a) is the same for all images.
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Supplementary Figure 15. Resistance dependence of graphene on gate voltage for our van der Waals
heterostructure with 13nm GQDs embedded in a central layer of hBN. a, The 2-probe resistance
measurements of the gate dependence of top monolayer graphene at 7=0.25K. b, The 2-probe
resistance measurements of the gate dependence of bottom monolayer graphene at 7=0.25K.
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Supplementary Figure 16. The hBN/Gr/2hBN/GQD-hBN/2hBN/Gr/hBN multi-channel single electron
tunnelling transistors based on GQDs embedded in the hBN matrix with a guide to an eye emphasis of
the Coulomb diamonds. a, Conductance G(V,, V,) for the device with the 7nm GQDs prepared by the
technique of self-assembly (measured at T=250mK). The dashed red lines are guides to an eye,
emphasising one of the Coulomb diamonds throughout the Figure. b, Same as (a), except the device is
with 13nm GQDs. ¢, Same as (a), except the device is with low density non-periodic array of 10nm GQDs.
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Supplementary Tables

Size of GQD (nm) L, (nm)
7 nm 8.98 nm
10 nm 10.12 nm
13 nm 11.79 nm

Supplementary Table 1. Graphitic domain size. The integrated intensity ratio, Ip/ls, was used to
determine the in-plane crystallite size L, (nm) using the Tuinstra-Koenig relationship®, as described in
Supplementary Note 1 and Supplementary Equation (1).

Device | Fabrication Cross- | Number | GQD size Number of Estimated The
N technique of | section | of hBN | extracted prominent number of | estimated
hBN-GQD al area layers | from SEM localised GQDs charging
layer used as electronic involved in | energy for
spacers states, the the GQDs
extracted tunnelling | (approxim
from measurem ation)
tunnelling ents
spectroscopy
1 as::::'bly 60@m? | 3hBN 13nm 10 >80 80meV
Self- 2
2 assembly 302m 2hBN 13nm 34 ~40 80meV
3 asss:r:;oly 32 @m? 2hBN 10nm 10 ~40 100meV
4 asss:rl:bly 40Em? | 3hBN 7nm 5-6 ~50 160meV
5 Pristine hBN | 71@m” | 2hBN N/A 1-2 N/A OmeV
6 Pristine hBN | 80 BIm” 2hBN N/A N/A N/A OmeV
Non-periodic 2
7 array 6 Bm 2hBN 10nm 10 ~10 100meV
Non-periodic 2
8 array 33@m 2hBN 10nm 6 ~8 100meV

Supplementary Table 2. The functionality of the investigated devices.
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Supplementary notes

Supplementary Note 1. Estimation of the size of the GQD from Raman measurements

We used the Tuinstra-Koenig relationship® to estimate the size of the GQD (L,) from our Raman
measurements:

L,(nm)=2.4x10"° A* (Is/Ip) (1)

Here A is the wavelength of Raman excitation (532 nm), /s and I, — are the integrated intensities of the G
and D peaks respectively.

Supplementary Note 2. Modelling the electrostatic parameters of final heterostructures

The electrostatic equations for the vertical Gr/hBN/GQD-hBN/hBN/Gr heterostructures could be
evaluated similar to®, but with specific modifications. Here, Gr stands for the bottom and top electrodes
of monolayer graphene, hBN stands for mechanically exfoliated layers of hexagonal boron nitride, and
GQD-hBN stands for the CVD layer of hBN with an embedded GQDs.

Note, that the difference in modelling tunnelling though localised states and through GQD is that we do
not allow charge accumulation on the localised state and we allow such charge accumulation on GQD
due to finite capacitance.

At first, for the modelling of the tunnelling events through the localised edge states in the middle GQD
layer we consider a model of a three-plate capacitor with the n-doped Si and two monolayers of
graphene. Accounting the fact that the electric field generated by the n-Si gate electrode is partially
screened by the bottom graphene layer, owing to the linear spectrum, we obtain
{ eVy = py — pp — ezdSPnT(,UT)/é'ogsp 2)

eVy = pp + e*dpg(np(u,) +ng(uy))/ s 6pg

where dgp, dgg, &sp, g are the thicknesses and dielectric constants of the spacer and back gate
insulating films, respectively, and &, is the vacuum permittivity. The relation of carrier density and
chemical potential is given as n; () = ,uiz/ﬂhzv,%, where v is the Fermi velocity, and A is the Plank’s
constant. Considering the localised state as a level located at certain energy and a spatial position in the
barrier developed by the gap of the spacer insulating film, we model resonant conditions of the
tunnelling events through such states as

My =Eps— (ezdSPnT(/JT)/gOgSP)(dLS/dSP)f (3)
Uy =Es+ (ezdSPnT(ﬂT)/gOSSP)(dSP —dys/dsp), (4)

where E, is the energy of the specific level, localised state, (counted from the zero state of unpthe

erturbed system - neutrality point of bottom layer electrode), and d; s is the spatial position of such a
state in the barrier (counted from the bottom layer electrode).
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Next, for the modelling of tunnelling events corresponding to the emergence of Coulomb diamonds due
to the GQDs we consider the four-plate capacitor with n-Si, two monolayers of graphene, and middle
GQD-hBN layer. Here, the GQD-hBN layer is introduced as an electrode with discrete energy levels (see
Supplementary Figure 12), corresponding to the size quantization of GQDs. As indicated in the
Supplementary Figure 12, there are two sets of lines; blue and red, corresponding to the different
directions the single electron charging effect. To a good quantitative approximation, the chemical
potential of the middle layer is considered to be aligned to the chemical potential of the top (drain)
monolayer graphene electrode for both directions of the tunnelling (see Supplementary Figure 8a and
red line in b). Such approximation allows for the analytical solution of the model. In such a scenario,
accounting an additional screening arising from the middle GQD-hBN layer we obtain

eV, = uy — py, — e*dsp(ny (1) + nyp (1)) / €0 6sp
eVy = uy + e?dpg (nM(/UM) + nB(,uB))/gogBG (5)
ty =ty + e2dspr (7 (14,))/ &

where dgp, = dgp/2, and y,, is the chemical potential of the middle GQD-hBN layer. In this case, the

resonant tunnelling condition for the tunnelling direction bottom to top are given as

ty = (€%dspy (N () +nr(uy)/ go6sp) + Ei, (6)

where E; are the discrete energy levels in the middle GQD-hBN layer, and dgp, is the thickness of the
hBN barrier between the bottom graphene and GQD-hBN layer. Likewise, to model the resonant
conditions for an opposite direction of the tunnelling, one needs to consider the relation between the
chemical potential of the top layer of graphene and the emerged electrostatic field to the energy levels
E; of a middle GQD-hBN layer (see Supplementary Figure 12c, and blue lines in b).

To prove that our assumption of aligning the chemical potential of the GQD-hBN layer with that in the
drain electrode does not introduce any significant qualitative errors, we modelled the opposite extreme
situation, when the chemical potential of the GQD-hBN layer is aligned to that in the source (bottom)
electrode. One can see from Supplementary Figure 13 that the position and the shape of the diamonds
are very much the same as in the previous case. Thus, our approximate model, which could be solved
analytically, provides a good qualitative and quantitative description of tunnelling through GQDs.
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