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Graphene quantum dots (GQDs), a zero-dimensional material system
with distinct physical properties, have great potential in the appli-
cations of photonics, electronics, photovoltaics, and quantum infor-
mation. In particular, GQDs are promising candidates for quantum
computing. In principle, a sub-10 nm size is required for GQDs to
present the intrinsic quantum properties. However, with such an
extreme size, GQDs have predominant edges with lots of active dan-
gling bonds and thus are not stable. Satisfying the demands of both
quantum size and stability is therefore of great challenge in the
design of GQDs. Herein we demonstrate the fabrication of sub-
10 nm stable GQD arrays by embedding GQDs into large-bandgap
hexagonal boron nitride (h-BN). With this method, the dangling
bonds of GQDs were passivated by the surrounding h-BN lattice to
ensure high stability, meanwhile maintaining their intrinsic quantum
properties. The sub-10 nm nanopore array was first milled in h-BN
using an advanced high-resolution helium ion microscope and then
GQDs were directly grown in them through the chemical vapour
deposition process. Stability analysis proved that the embedded
GQDs show negligible property decay after baking at 100 °C in air
for 100 days. The success in preparing sub-10 nm stable GQD arrays
will promote the physical exploration and potential applications of
this unique zero-dimensional in-plane quantum material.
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Introduction

Among broad low-dimensional materials,"™ zero-dimensional
quantum dots are an important family member and present
rich quantum properties and wide applications.”” As an emer-
ging in-plane zero-dimensional material originating from the
star material of two-dimensional graphene, graphene
quantum dots (GQDs) exhibit rich properties superior to con-
ventional semiconductor quantum dots.®>* Theoretical calcu-
lations reveal that a large tunable bandgap from 0 eV of infi-
nite graphene sheets to ~7 eV of benzene can be accurately
engineered for GQDs by varying their size and morphology.”®
Weak spin-orbit coupling and the absence of hyperfine inter-
actions of carbon-based materials provide GQDs possibilities
for spin qubits with long coherence times up to 100 ns.” GQDs
have also been reported to show low cytotoxicity, excellent bio-
compatibility and environmental friendliness in contrast to
conventional semiconductor quantum dots made from toxic
heavy metals.'® All of these intriguing properties make GQDs a
promising material for optoelectronics,’* photonics,">"* bio-
medicine,"""* electronics,'®?° and quantum computation.>*?
In principle, to exhibit the intrinsic quantum properties of
GQDs, their size must shrink into the range of typically sub-
10 nm to ensure strong quantum confinement.>'® However,
once the size reaches the sub-10 nm scale, the predominant
edges with lots of active dangling bonds make GQDs
unstable.”**° It seems that the quantum size and stability of
GQDs are incompatible with each other.

In the past 10 years, great efforts have been made to fabri-
cate sub-10 nm-scale stable GQDs. One prevailing strategy is to
decompose or exfoliate bulk graphite into graphene flakes by
chemical or physical routes such as hydrothermal cutting,
electrochemical cutting, and microwave-assisted or ultrasonic
shearing.”’ ' However, in these methods, the GQDs have a
broad size distribution and lots of chemical species recon-
structed and adsorbed on the dangling bonds of the GQD
edges, which prevent the presence of their intrinsic quantum
properties. Another strategy is based on high-resolution
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lithography on graphene films. With this technique, one can
precisely cut graphene to a designed size and shape, thus pro-
ducing uniform GQDs.** But the size obtained is typically
above tens of nanometres (due to the resolution limit in con-
ventional lithography fabrication), and the GQD edges are
unstable. The chemical vapour deposition (CVD) method was
also applied to grow GQDs directly, but the obtained size was
still in the order of 100 nm to microns.*® Therefore, finding
ways to fabricate GQDs with both quantum size and high stabi-
lity is still a great challenge until now.

Here for the first time, we demonstrate the fabrication of
sub-10 nm GQD arrays with high stability of more than 100
days at 100 °C. The starting point of our design is to embed
GQDs into a lattice-matching material to passivate the dan-
gling bonds of GQDs to ensure stabilization. Meanwhile, this
material should be a large-bandgap insulator to maintain the
intrinsic properties of GQDs. Hexagonal boron nitride (h-BN),
a high-profile 2D insulating material with a wide bandgap of
~6 eV, is chosen for this purpose as it has the similar
crystal symmetry and lattice constant to graphene (only
1.7% mismatch).>**® We utilized the high-resolution fabrica-
tion ability of a helium ion microscope (HIM) to directly mill a
sub-10 nm nanopore array on h-BN followed by the CVD
method to grow GQDs inside these nanopores. The successful
fabrication of the sub-10 nm stable GQD array will promote
their practical applications and physical exploration in this
zero-dimensional in-plane quantum material.

Results and discussion

In our experiment, h-BN flakes were first capped onto Cu foil
by mechanical exfoliation method. Then nanopore arrays were
directly milled on these flakes using an advanced focus
helium ion microscope with sub-nanometre resolution
(Fig. 1a). Compared with the traditional gallium ion beam
microscope, in the helium ion microscope helium has a much
smaller mass and therefore gives much better spatial resolu-
tion.”® Afterwards, the GQDs were synthesized into these

Fig. 1 Schematic diagrams of (a) helium ion microscope-based fabrica-
tion of a nanopore array on h-BN, (b) synthesis of a GQD array
embedded in h-BN, (c) a GQD array embedded in h-BN transferred to
another substrate, and (d—f) nanopores on h-BN with diameters of
50 nm, 10 nm and 4 nm, respectively.
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nanopores to form the GQD-BN embedded structure (Fig. 1b) by
low pressure chemical vapour deposition (see the Experimental
section for more details of the growth process). Finally, the
synthesized GQDs were transferred onto SiO,/Si or other target
substrates for further characterization (Fig. 1c). With this tech-
nique, one can accurately fabricate nanopore arrays with
designed size (as small as 4 nm) and patterns (Fig. 1d-f).

To check the quality of as-grown GQDs, Raman spec-
troscopy was first conducted after the material was transferred
onto the SiO,/Si substrate. For the area without h-BN flakes,
the characteristic G mode and 2D mode of graphene can be
observed (olive curve shown in Fig. 2a). The 2D/G intensity
ratio of ~2 and the weak D mode demonstrate that high-
quality monolayer graphene is synthesized on the Cu surface
without h-BN flakes. The Raman spectrum on bare h-BN only
shows the E,, mode of h-BN at 1374 cm™" without any detect-
able signal of graphene (orange curve shown in Fig. 2a), reveal-
ing the absence of epitaxial graphene growth above or below
h-BN under our growth conditions. In contrast, as for the
Raman spectrum on the GQD region (dark yellow curve shown
in Fig. 2a), the E;, mode of h-BN as well as the G and 2D
modes of graphene co-exist, revealing that graphene is indeed
grown in the nanopores of h-BN (the laser spot size is larger
than the GQD size). The appearance of D and D’ modes should
be attributed to the edges of GQDs.***°

To further confirm the embedded GQD-BN structure, the
as-grown sample was transferred onto holey carbon film trans-
mission electron microscope (TEM) grids (Fig. 2b) and charac-
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Fig. 2 (a) Raman spectra of h-BN (orange), graphene (olive) and the
GQD array embedded in a h-BN flake (dark yellow), respectively. (b) Low
magnification STEM image of the GQD array in h-BN nanopores. The
circle in this figure is a hollow carbon film of TEM grids. (c) EELS spec-
trum of the GQD array embedded in h-BN. (d—f) Corresponding EELS
mapping of boron, carbon and nitrogen (c) in STEM mode. (g) SAED
pattern of a GQD embedded in h-BN. (e) STEM image of GQDs and
h-BN heterojunction. (h) An atomically resolved image of the GQDs in
the area marked by a yellow box is shown in (i).
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terized by electron energy loss spectroscopy (EELS). The
detected peaks (Fig. 2¢; ESI Fig. S1}) verify the chemical com-
ponents of boron, carbon and nitrogen.*"™** Further EELS
mapping of boron (Fig. 2d), carbon (Fig. 2e) and nitrogen
(Fig. 2f) in scanning transmission electron microscopy (STEM)
mode provides unambiguous evidence for the existence of
GQDs inside h-BN. Then we carried out selected-area electron
diffraction (SAED) and STEM to investigate the structural infor-
mation of the GQD array in both the reciprocal space and real
space. The diffraction pattern shows two sets of hexagonal
diffraction patterns with an ~15° twist angle (Fig. 2g), corres-
ponding to graphene and h-BN lattice (the electron beam area
is larger than the GQD size).** The STEM images of graphene
show atomically resolved carbon hexagons (Fig. 2h-i; ESI
Fig. S21), demonstrating that GQDs have been successfully
embedded in the nanopores of h-BN.

By milling nanopores on exfoliated h-BN, we successfully
realized the fabrication of GQDs with sub-10 nm size.
However, these exfoliated h-BN flakes are of small size and
cannot meet the demand of large-scale applications. Thus,
pushing this method to large-scale h-BN films is very signifi-
cant for further real applications. To verify the universality of
our method, the CVD grown h-BN monolayer was used** and
nanopores with a typical size of ~4 nm were milled by the
same procedure as that on exfoliated h-BN flakes (Fig. 3a and
b). Raman spectroscopy showed that GQDs were also syn-
thesized in the nanopores of the CVD-grown h-BN monolayer
(Fig. 3c). The GQD array was transferred onto holey carbon
film TEM grids supported by a monolayer graphene film and
characterized by TEM (the CVD-grown h-BN monolayer is
fragile if there is no support of the graphene film). The SEAD
pattern shows the signal of both GQDs and the graphene film
in Fig. 3d and e (the electron beam area is smaller than the
GQD size here). The high-resolution transmission electron
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Fig. 3 (a) Helium ion microscopy image of the nanopore array milled
on the CVD-grown h-BN monolayer. (b) Helium ion microscopy image
of the nanopore array with a diameter of 4 nm. (c) Raman spectra of
h-BN (orange) and the GQD array embedded in h-BN (olive). (d) A low-
magnification TEM image of GQDs (yellow dotted circle) embedded in
CVD-grown h-BN as supported by a graphene TEM film. (e) SAED
pattern of GQDs shown in (d). (f) HRTEM image of the Moiré pattern of
GQDs and the graphene TEM film shown in (d).
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microscopy (HRTEM) image shows the Moiré pattern of GQDs
and the graphene film (Fig. 3f) and the period of ~1.17 nm is
consistent with the twist angle of ~12° as in the SAED pattern.
This characterization demonstrates unambiguously that GQDs
are embedded in the nanopores of the CVD-grown h-BN
monolayer.

As the edges and dangling bonds are passivated by sur-
rounding h-BN lattice, the stability of as-grown GQDs should
be greatly improved. To verify this expectation, a comparative
experiment of stability between commercially available GQDs
(~5 nm in diameter) and our embedded GQDs was conducted.
For the commercial GQDs, the signal of Raman spectrum is
too weak to detect even after heating in air at 100 °C for only
5 min (Fig. 4a). Meanwhile, it is much easier to distinguish
the variation by photoluminescence (PL) signal. The intensity
of the PL peak declined sharply within a few minutes after
heating in air at 100 °C (Fig. 4b). In just 5 minutes, the inten-
sity dropped to one-tenth of its original level and became
undetectable in 60 minutes. At a lower temperature of 90 °C or
80 °C, the continuously tracked PL intensity shows an obvious
decrease as well (Fig. 4c), suggesting the instability of conven-
tionally isolated GQDs. Here we note that the intrinsic
bandgap of GQDs with a diameter of 5 nm should be around
0.2 eV (6200 nm in the PL spectrum) from equation AE (eV) ~
1/D (nm),*>*® where D is the diameter of the GQD, and the
observed PL in commercial GQDs in the visible range is a sig-
nature for the presence of extrinsic quantum effects likely due
to the unsaturated edges adsorbed with nitrides and sulphides
(ESI Fig. S31). This observation is consistent with previous
reports that the ordinary GQDs will have extrinsic quantum
effects due to the adsorption of chemical species or functional
groups.”” ™ Instead, our GQDs show a clear Raman feature of
graphitic materials but no PL in the visible range (Fig. 4d),
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Fig. 4 (a) Raman  spectrum of commercial GQDs. (b)
Photoluminescence spectra of commercial GQDs baked in air with
different times at 100 °C. (c) The intensity evolution of the photo-
luminescence spectra of commercial GQDs baked at different tempera-
tures. (d) Photoluminescence spectrum of GQDs embedded in h-BN. (e)
Raman spectra of GQDs embedded in h-BN baked at 100 °C before
(dark yellow) and after 100 days (orange). (f) The intensity evolution of
D, G and 2D modes of GQDs during baking in air at 100 °C with different
times.
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while for our GQDs embedded in h-BN, the Raman spectra
remained almost invariable even after heating in air at 100 °C
for 100 days (Fig. 4e and f), revealing the great stability of our
GQD materials.

Conclusions

The success in preparing the sub-10 nm stable GQD array in
both exfoliated h-BN flakes and CVD-grown h-BN monolayers
will promote the large-scale applications of GQDs. For
example, with lower atomic weights of GQDs, the coherence
times of spin qubits could increase due to weak spin-orbit
coupling and the absence of hyperfine interactions of carbon,
which makes GQDs a promising candidate for quantum com-
putation. In addition, the embedding technique combined
with high-resolution fabrication with the helium ion micro-
scope may pave new directions for other air-stable quantum
materials from broad two-dimensional materials, such as tran-
sition metal dichalcogenides, silicene, stanene, germanene,
phosphorene and so on, and therefore establish a broad
materials system of zero-dimensional in-plane quantum dots
with a sub-10 nm size and good stability.

Experimental
GQD growth

GQDs were grown in a tube furnace (Hefei Kejing Co. Ltd) by
CVD at a pressure of about 200 Pa. The CVD system was gradually
heated up to 1000 °C for exfoliated h-BN or 850-1000 °C for
CVD-synthesized h-BN under 50 sccm Ar and 2 sccm H,. 10 sccm
of CH, was introduced during the growth of GQDs for 5 min.
After growth, the CVD system was cooled down to room tempera-
ture quickly under the protection of mixed Ar and H2 flow.

h-BN preparation

Mechanically exfoliated h-BN was directly capped onto copper
(25 pm thick, 99.8%, Sichuan Oriental Stars Trading Co. Ltd).
CVD-synthesized h-BN was grown on the same type of copper
with ammonia borane (NH;-BH;) as a precursor. The CVD
system was heated to 1000 °C at atmospheric pressure under
500 sccm Ar and 5 sccm H,. The precursor ammonia borane
was heated to 75 °C using a heating belt and sublimated
during the growth. After growth, the CVD system was cooled
down to room temperature under the protection of mixed Ar
and H, flow.

Transfer

The GQDs synthesized in mechanically exfoliated h-BN were
transferred onto SiO,/Si or commercial holey carbon film TEM
grids (Zhongjingkeyi GIG-2010-3C) by a regular approach using
polymethyl methacrylate (PMMA). The GQDs synthesized in
CVD-grown h-BN were transferred onto homemade monolayer
graphene TEM grids, which is achieved by transferring large-

This journal is © The Royal Society of Chemistry 2019
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area monolayer single-crystal graphene on commercial TEM
grids mentioned above in advance.

Fabrication & characterization methods

Milling of the nanopore array in h-BN was performed using a
Zeiss Orion NanoFab. Raman spectra were recorded using a
HORIBA LabRAM HR800 with a 633 nm laser.
Photoluminescence spectra were recorded using a HORIBA
LabRAM HR Evolution with a 325 nm laser. HRTEM, STEM,
SAED and EELS experiments were performed in an aberration-
corrected FEI Titan Themis G2 300 operating at an accelerating
voltage of 80 kV.
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