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Zero-dimensional quantum dots (QDs), which have inherent quantum

confinement effects and sharp discrete energy levels, are regarded as essential
building blocks for quantum information devices. Current manufacturing
strategies often exhibit limited adaptability in terms of compositional

design or interface engineering. Here we propose a van der Waals (vdW)
epitaxial strategy for growing intrinsic QDs by modulating the interfacial
couplings between vdW surfaces and QDs. Versatile [lI-V (MX,M =Ga, In;

X =As, Sb) and IV-VI(SnTe) QDs were fabricated without considering the
lattice mismatch constraints, leading to QDs with more intrinsic features. We
further demonstrated that the as-grown InSb QDs/MoS, showed abroadened
photoresponse in the near-infrared region due to the efficient charge-
transfer channels at their vdW interfaces. This work reports a synthetic route
to the all-in-solid epitaxy of QDs, which may expand the optoelectronic
applications of QDs beyond those that are conventionally grown.

Quantum dots (QDs), which have discrete energy levels, tunable elec-
tronicstructures and robust photon-electroninteractions, have attracted
considerable attentionin diverse fields, such as nonlinear optics'?, semi-
conductorlasers®?, photodetection®®*and quantum computing®°. The
efficacy of QDsinthese applicationscenarios depends ontheir composi-
tion, morphology and interface features. Specifically, the composition
of QDs dictates the functionalities available for specific applications,
while the morphology modulates the electronic structures and energy
levels. Furthermore, theinterface between QDs and their substrates plays
acrucial role in electron—phonon interactions and charge-transport
processes. Therefore, the synthesis of QDs with customizable compo-
sitions, controllable morphologies and intrinsic interface properties is
essential for fulfilling the diverse requirements of various applications.

To date, intensive efforts have been devoted to the preparation of
QDs to satisfy the aforementioned needs. In particular, the colloidal
solution process hasemerged as asuccessfulapproach for fabricating

QDs with highly controllable morphologies™ . However, this method is
limited to the use of IV-VIcomponents (such as PbS (ref. 5), PbSe (ref. 13)
and PdTe (ref.14)) and transition-metal dichalcogenides (TMDs, such as
ZnS (ref.15), CdSe (ref.16) and HgTe (ref. 17)) due to the scarcity of solu-
ble precursors for alternative components. Moreover, the solution pro-
cessinevitably introduces external contaminants, leading to extrinsic
interfaces of QDs and substrates. In contrast, Stranski-Krastanov (SK)
mode self-assembly epitaxy has demonstrated efficacy in producing
high-quality IlI-V QDs, such asInAs'®"” and InGaAs***, with ultraclean
interfaces. However, this method imposes stringent lattice mismatch
constraints onsubstrates (typically a 5-10% mismatch degree), making
component design exceedingly challenging and limiting its appli-
cability to QD species beyond the IlI-V compounds. Additionally,
stress release through lattice relaxation in SK mode epitaxy resultsin
variations in shape and size of QDs, compromising the uniformity of
QD-based devices. Therefore, there is a pressing need for a universal
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Fig.1|vdW epitaxy of InSb QDs on MoS,. a, VAW epitaxy schematics: indium
and antimony atoms were dispensed from heated cells to aMoS, surface without
dangling bonds and then adsorbed and reacted to form InSb seeds, which
ultimately grew into dispersed QDs. b, Dark-field optical image of InSb QDs on
MoS,, where black represents flatness and the colours indicate bulges. ¢, Atomic
force microscopy image of InSb QDs on MoS,, showing a large aspect ratio of

InSb QDs

2 ]

~0.5(65 nm/130 nm). d, Raman spectra of InSb QDs/MoS,, MoS, alone and the
InSb bulk crystal. e, Cross-sectional TEM image of an InSb QD on MoS,. f, EDS
mapping of the InSb QD, demonstrating the uniform distribution of indium (the
upper panel) and antimony (the lower panel). g, A magnified view of the interface
between the InSb QD and MoS, indicated by the white square in e, revealing the
parallel relationship between the InSb (111) facet and the MoS, (0001) facet.

method that balances component flexibility and morphology design
while ensuring the presence of intrinsic interfaces in QDs.

In this work, we propose a universal strategy for fabricating
QDs with customizable compositions, controlled morphologies and
intrinsic interfaces by employing van der Waals (vdW) surfaces as
epitaxy substrates. This method offers notable advantages: (1) the
vdW interactions between two-dimensional (2D) layered materials
and QDs overcome the limitationsimposed by lattice mismatch, effec-
tively expanding the diversity of QD compositions; (2) the optimal
morphology of QDs with a large aspect ratio is easily achieved due to
the low surface energy of the 2D vdW materials; and (3) an intrinsic
interface between the QDs and the vdW substrate is ensured within
the ultrahigh-vacuum molecular beam epitaxy (MBE) system, promot-
ing effective interfacial coupling and supporting additional charge
transfer. Therefore, the universal synthesis of QDs (including the IlI-V
semiconductorsInAs, InSb, GaAs and GaSb and the IV-VIsemiconduc-
tor SnTe) withideal morphologies and intrinsic interfaces with respect
tothesubstrate was successfully realized on vdW surfaces, demonstrat-
ing synergistic advancements in photodetection with a broadened
response range based on these mixed-dimensional heterostructures.

Epitaxial growth of InSb QDs on MoS, surfaces

Inour design, we utilized MoS,, a prototypical 2D vdW crystal that was
mechanically exfoliated and transferred onto a SiO,/Si substrate, to
serve as a pristine vdW surface for QD epitaxy (see Methods for details).
Indium and antimony atoms were separately evaporated from heated
cells to facilitate the growth of the typical IlI-V compound InSb in the
MBE system. Upon arriving at the substrate, the incident atoms were
physically adsorbed and rapidly diffused on the vdW surface of MoS,,
and nucleation occurred whenindium and antimony atoms effectively
collided (Fig.1a). After 1 min of growth, uniformly distributed InSb QDs
with hemispherical shapes (with a typical diameter of ~130 nm) were
successfully obtained on the MoS, surfaces (Fig. 1b,c). In addition,
the size and density of the InSb QDs were apparently dependent on
the thickness of MoS, (Extended Data Table 1), which was attributed

todifferencesinthe migration barrier ofincident atoms (Supplemen-
tary Fig. 1). The presence of InSb QDs on MoS, was verified through
Raman spectroscopy, which showed a characteristic InSb vibrational
mode at ~180 cm™ (Fig. 1d). A slight redshift of the Raman peak of the
as-grown InSb QDs compared with that of the InSb bulk was observed,
whichwas attributed to the synergetic effect of their stress-free nature
and size reduction®*?, After transection with a focused ion beam, a
hemispherical InSb QD with a large aspect ratio of ~0.5 and uniform
elemental distribution was confirmed by transmission electron micro-
scopy (TEM) and energy-dispersive X-ray spectroscopy (EDS) mapping,
respectively (Fig. 1e,f). A magnified atomic-resolution TEM image of
theinterface between the InSb QD and MoS, clearly demonstrated their
lattice configuration. As showninFig. 1g, the characteristicinterplanar
crystal distance of ~0.3 A confirmed that the close-packed (111) facet of
the InSb QDs was connected to the (0001) facet of MoS,. Notably, the
randomly distributed point defects on MoS, effectively facilitated QD
nucleation with vdW contacts between them (Supplementary Fig. 2).

Mechanism of InSb QD epitaxy on MoS, vdW
surfaces

To elucidate the mechanism of the epitaxial growth of QDs on vdW
surfaces, we conducted first-principles calculations to investigate the
growthkinetics and thermodynamic processes of non-layered InSb on
the MoS, surface. Asshownin Fig. 2a, physically adsorbed indium and
antimony atoms diffused freely onthe MoS, surface due to the absence
of danglingbonds. Some effective collisions resulted in chemical bonds
between atoms, leading to the formation of primitive InSb seeds
(Extended Data Fig. 1). Furthermore, the ability to capture precursor
atoms dominated the expansion of seeds in the out-of-plane direction.
By analysing the diffusion ofindium and antimony atoms on the MoS,
surface and the nucleated InSb surface, respectively (Supplementary
Fig. 3), it was concluded that precursor atoms migrated more easily
on MoS, than on InSb due to the substantial difference in strength
between vdW interactions and covalent bonds (Fig. 2b,c). Conse-
quently, it was kinetically favourable for both incident and diffuse

Nature Synthesis


http://www.nature.com/natsynth

Article

https://doi.org/10.1038/s44160-024-00562-0

a Adsorption on InSb surface [~ d a1} <110>
L% —_—
\ SOt / \/‘)A‘/‘\))»\/‘
Diffusion on MoS, surface \:: NL ‘ @ T @ T&\T N ;.f“ . T Y
’,---‘ AN \& /*\/* o S /*\/~

L

SR

~‘/t\‘./" Yo" Pay /\/\‘
\
\/\/\ P Q(\‘.,u\,s

“sb & n ®s @ Mo \/\)\)\»\A‘)
b c e ,
03+ In on InSb In on MoS, 0.8 -+ SbonInSb Sb on Mos, 0.4 - @ Sb-polarity InSb
& In-polarity InSb
ot
0.6 + % A
— L < = ~
3 02 3> > 02l InSb (110)
5 5 o4f 3
[} [ [}
S 0o1f S o
02 o
T
£
o
or or 1 1 1
Reaction coordinate Reaction coordinate (100) (110) Q]
InSb facet

Fig.2| Theoretical simulation of the vdW epitaxial mechanism in the growth
of InSb QDs on MoS,. a, Schematic of the incident indium and antimony atoms
freely diffusing on MoS, or easily captured by InSb seeds, demonstrating the
kinetic processes involved in vdW epitaxy. b, Diffusion barriers of indium atoms
on InSb and MoS, with the relative reaction coordinate along the abscissa.

¢, Diffusion barriers of antimony atoms on InSb and MoS, with the relative
reaction coordinate along the abscissa. d, The energy-favoured configuration
of InSb contacting MoS, where the interfaces shared the same C;, symmetry.
e, Quantitative theoretical analysis of the binding energy, indicating the most
stable state of the InSb (111) facet on the MoS, (0001) facet.
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Fig.3|VdW epitaxy of uniformly distributed InAs QDs on wafer-scale FL mica.
a, Photograph of a2 inch FL mica wafer on which InAs QDs were grown. b, The
temperature dependence of the density of InAs QDs on the FL mica surface.

¢, The electron diffraction pattern of InAs QDs on FL mica obtained by reflection
high-energy electron diffraction, where the lines refer to FL mica and the spots
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represent InAs QDs along the [011] and [011] directions. d, PL spectrum of InAs
QDs with a characteristic peak at ~1.93 pm measured at 77 K. e, Raman spectra
of InAs QDs/FL mica, individual FL mica and bulk InAs crystal. f, Quantitative
theoretical analysis of the binding energy for InAs (111) facet contacting the
vdW surfaces of graphene, MoS, and hBN.

atomsto bereadily captured by InSb seeds and not easily released due
totheir strong covalent bonds, promoting the growth of primitive InSb
seeds. Moreover, high-surface-energy InSb tended to form a hemi-
spherical morphology, thereby reducing the total surface energy on
the MoS, (0001) facet, which is widely acknowledged to be driven by

the lowest-energy principle. This combined modulation of thermody-
namics and kinetics ensured the stable epitaxy of intrinsic hemispher-
ical InSb QDs on the MoS, vdW surface. Additionally, the epitaxial
relationship of QDs on MoS, surfaces could be thermodynamically
modulated, even though there were only weak vdW interactions
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Fig. 4| Universal fabrication of I1I-V and IV-VI QDs on vdW surfaces.
a-e,InAs QDs (a), GaAs QDs (b), InSb QDs (c), GaSb QDs (d) and SnTe QDs
(e) grownon (1) hBN, (2) FL mica, (3) MoS, and (4) graphene. With increasing
interface coupling strength (hBN = FL mica > MoS, > graphene), the

morphologies of QDs (especially compounds containing gallium or arsenic)
gradually deviate from ideal hemispheres due to the higher diffusion barriers.
Scalebars,1um (a(1)-e(1)),200 nm (a(2)-e(4)).

between them, analogous to the vdW epitaxial growth of 2D layered
materials** . AsshowninFig. 2d, e, the pseudohexagonally symmetric
(111) facet of InSb, with its <110> direction aligned along the <1120>
directionin the MoS, (0001) plane, was the most energetically favour-
able state compared with other low-index facets, such as (100)
and (110). This InSb-(111)/MoS,-(0001) configuration was consistent
with the observed lattice arrangement in Fig. 1g.

Wafer-scale production of InAs QDs on
fluorophlogopite mica

Constrained by the mechanical exfoliation technique, the size of vdW
surfacesis typically limited to several tens of micrometres, which is not
suitable for the large-scale production and integrated application of
QDs. To extend the vdW epitaxial growth of QDs to anintegration level,
afreshly cleaved 2 inch vdW surface of fluorophlogopite mica (FL mica)
was used as the substrate for the fabrication of InAs QDs (Fig. 3a). Both
the size and density of the InAs QDs were uniformacross the entire wafer
(Extended DataFig.2), benefiting from substrate rotation and the uni-
form temperature distribution. Specifically, the average size of the QDs
could be manipulated from ~10 nmto ~50 nmsimply by increasing the
growth time from 30 s to 5 min (Extended DataFig. 3). The density of the
InAs QDs strongly depended on temperature (Fig. 3b), as a small tem-
perature variation (from 200 °Cto 340 °C) could resultinalarge range
of densities (from 1.6 x 10" cm™t0 2.5 x 10’ cm™). This characteristic

offers animportant advantage in designing device functionalities,
ranging from laser emitters to single-photon sources” 2,

Insitu characterization viareflective high-energy electron diffrac-
tion was used to investigate the vdW epitaxial relationship between
InAs QDs and FL mica. As shownin Fig. 3¢, interface symmetry was also
achieved: theline connecting the (111) and (000) facets of InAs QDs was
parallel to the diffraction lines of FL mica. This observation suggested
that the (111) facet of InAs QDs was in contact with the vdW surface of
FLmica (Extended DataFig.4). Moreover, the diffraction spots of InAs
QDs were not situated on the diffraction lines of FL mica, verifying
their non-coherent vdW epitaxial growth. Notably, there were two
sets of diffraction spots for the InAs QDs (denoted by red and yellow
arrows, respectively), implying two equal-probability orientations of
InAs QDs due to their degenerate energies on the pseudohexagonal
lattice surface of FL mica (Supplementary Fig. 4). The representative
photoluminescence (PL) spectrum of our as-grown InAs QDs (diameter,
~35nm) contained a characteristic peak located at 1.93 pm (Fig. 3d).
A blueshift was observed as the QD size decreased (Supplementary
Fig.5). The Raman spectra of the InAs QDs on FL mica showed charac-
teristic peaks located at 212 and 230 cm™, which were both redshifted
compared with those of their bulk counterparts, confirming the syn-
ergetic effect of their stress-free nature and size reduction”*° (Fig. 3e).

Although vdW surfaces without dangling bonds do notintroduce
strain on epitaxial QDs as covalent bonds do, the strength of vdW
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Fig.5|Photodetection of the InSb QDs/MoS, heterostructure. a, Schematic
of the InSb QDs/MoS, photodetector. The current was measured by applying
abiasto the source (S) and drain (D) electrodes with the regulation of the

gate (G) electrode. b, The surface potential difference indicates a tiny gap of
~0.1eVbetween the conduction band minima of InSb QDs and MoS,. ¢, Charge
transfer driven by anintrinsic electric field with type Il band alignment, showing
electron flow from InSb QDs to MoS, under infrared photoexcitation. £, £y, and
E¢indicate the conduction band minimum, the valance band maximum and

the Fermilevel, respectively. d, Differential charge density diagram simulated

by theoretical calculations, predicting electron flow from the InSb surface

to the MoS, surface. e, Enhanced photocurrent of InSb QDs/MoS, at 808 nm,
which was in the response range of both InSb and MoS,. The slow decay of the
photocurrent arises from the intrinsic properties of MoS,. f, No photoresponse
was observed at wavelengths of 1,064 nm and 1,550 nm for individual MoS, flakes.
g,h, Photoresponses of the InSb QDs/MoS, heterostructure at 1,064 nm (g) and
1,550 nm (h). The vertical shaded bands corresponding to the photocurrents
indicate periodicilluminations. The slow decay of the photocurrent at 1,550 nm
was attributed to thermal noise.

interactions plays a considerable role in the regulation of QDs. Here,
graphene, MoS, and hexagonal boron nitride (hBN) were simulated as
vdW surfaces for InAs QD growth due to their hexagonal symmetry but
distinct surface properties (Fig. 3f). Specifically, the zero-bandgap and
out-of-plane delocalized melectrons of graphene led to the strongest
binding to QDs, whereas the binding between the QDs and MoS, or hBN
was weaker due to their relatively inert surfaces. Thus, the electronic
structure of 2D layered substrates provided anovel degree of freedom
for modulating the coupling strength and thus the morphology of QDs.

Universal synthesis of QDs by vdW epitaxy

Our vdW epitaxy strategy for QDs has been demonstrated to be applica-
ble to the synthesis of various high-quality QDs. As shown in Fig. 4, five
types of QDs (namely, the III-V compounds InAs, GaAs, InSb and GaSb
and theIV-VIcompound SnTe) were successfully grown on four distinct
vdW substrates (hBN, FL mica, MoS, and graphene). The morphologies
of the same QD species varied due to the differing interfacial coupling
strengths between the QDs and vdW surfaces, which determined the
atom migration efficiency onthe surfaces, asshowninFig. 3f. Specifically,
anomalous morphologies such as flakes or rods were more frequently
observed on graphene surfaces due to their strong binding with QDs,
while well-shaped hemispheres were usually accessible on the inert
surfaces of hBN and FL mica. Additionally, the intrinsic atom disper-
sion characteristics affected the QD morphology. For instance, QDs
containing arsenic often deviate from a hemisphere structure, which
canbeattributed to the tendency of arsenic atoms to form multiatomic
clusters (mainly As,)*. These arsenic clusters are difficult to separate
into monomers, resulting in insufficient and unbalanced collision and
chemical bond formation, ultimately leading to irregularly shaped QDs
(Fig.4a(3),(4),b(3),(4)). However, notably, anideal stoichiometric ratio of

~linarsenic-containing llI-V QDs was well preserved even at low growth
temperatures because excess arsenic atoms easily desorbed from vdW
surfaces (Supplementary Fig. 6 and Supplementary Note1). Onthe other
hand, SnTewithaNaClcrystal structure exhibited ideal appearances onall
four vdW surfaces, benefiting from the monodispersion of its component
atoms and the relatively fast migration of atoms on the vdW surfaces.
This epitaxy strategy for vdW surfaces offers notable advantages
for the fabrication of stress-free IlI-V QDs, such as InSb, GaAs and GaSb,
which are difficult to prepare through the SK mode. Moreover, a large
growthwindow (substrate temperature,120-350 °C; beam fluxintensity,
~2 orders of magnitude variation) was permissible, allowing the universal
synthesis of awide variety of QD species under extreme growth conditions.
Moreintriguingly, by prepatterning vdW substrates, regularly distributed
0D/2D arrays were successfully fabricated by the selective growth of QDs,
whichisanimpressive route toward QD scalability (SupplementaryFig. 7).

Photoresponse of the InSb QDs/MoS,
heterostructure

The exceptional photon absorption characteristics of QDs, which
are not constrained by selection rules, unlike those of quantum well
photodetectors, play a crucial rolein enhancing the response of photo-
detectors based on 2D vdW semiconductors®>* Kelvin potential force
microscopy was used to measure the difference in surface potential
between InSb QDs and the MoS, layer, revealing a tiny gap of ~0.1eV
between the conduction band minimum and thus atype Il band align-
mentinthe heterostructure (Fig. 5b). Uponinfrared photoexcitation,
photon-induced electronsin InSb QDs were assumed to drift toward the
MoS, layer, driven by the built-in electrical field (Fig. 5c). This process
was used to monitor the photocurrent through electrodes deposited
on MoS,, asillustrated in Fig. 5a. As shown in the differential charge
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density diagram (Fig. 5d), the regions of electron loss (blue clouds)
and electron reception (yellow clouds) were predominantly located
onthe InSb QD subface and MoS, surface, respectively, validating the
tendency for effective charge transfer from InSb to MoS,. This pheno-
menon contributed to an enhanced photocurrent for InSb QDs/MoS,
heterostructure in comparison to that for individual MoS, flakes
upon excitation atawavelength of 808 nm (within the response range
ofbothInSb QDs and MoS,) (Supplementary Fig. 8). Moreimportantly,
apronounced photoresponse was stimulated in the mixed-dimensional
heterostructures, even at certain infrared wavelengths unavail-
able for individual MoS, flakes (1,064 nm and 1,550 nm, as shown in
Fig. 5e-h), remarkably extending the response capabilities of 2D
MoS, photodetectors. It was suggested that the intrinsic coupling
between QDs and 2D layered materials facilitated the construction
of additional charge-transfer channels, thereby enhancing device
performance and broadening the functional scope of the material.

Conclusion

This study demonstrated that highly controllable growth of QDs with
broadened components can be achieved by using the vdW surfaces of
2D layered materials as substrates. Based on the moderate and adjust-
able coupling between the QD and substrate, this method enabled the
QDs to be free from the restriction of coherent epitaxy, the influence
of stress, and external chemical pollution. Moreover, complementary
techniques, such as optimization of the IlI-V QD morphology and
constructionof multilayer heterostructures, also need to be developed.
Intheory, non-layered stable phases can be grown into QDs onany vdW
surface. The combination of QDs and 2D layered materials resulted
in the formation of intrinsic vdW interfaces and generated effective
charge-transfer channels, providing a new platform for investigat-
ing mixed-dimensional heterostructures and widening the potential
applications of low-dimensional quantum systems.

Methods

Synthesis recipe

hBN, MoS, and graphene flakes, with thicknesses from several to tens
of nanometres, were mechanically exfoliated from their bulk crystals
(Onway-Technology), and then transferred onto 2 x 2 cm?SiO,/Si sub-
strates. Subsequently, the prepared substrate of SiO,/Si or the 2 inch
FL mica wafer was mounted onamolybdenum holder and placedin the
MBE buffer chamber. The holder was heated to 150-350 °Cto eliminate
adsorbed water and gas impurities. The holder was then maintained
at 120-220 °C in the growth chamber to allow the growth of QDs of
different epitaxies. Finally, the substrate was naturally cooled down
toroom temperature, without the need for group V flux protection.

InAs QDs on hBN. The beam equivalent pressure of indium and
arsenic was maintained at 5 x 1078 torrand 1.5 x 107° torr, respectively.
The growth temperature was kept at 200 °C for 1.5 min.

GaAs QDs on hBN. The beam equivalent pressure of gallium and
arsenic was maintained at3 x 1078 torrand 1.5 x 107 torr, respectively.
The growth temperature was kept at 200 °C for 2 min.

InSb QDs on hBN. The beam equivalent pressure of indium and
antimony was maintained at5 x 10" torrand 3 x 107 torr, respectively.
The growth temperature was kept at 180 °C for 2 min.

GaSb QDs on hBN. The beam equivalent pressure of gallium and
antimony was maintained at3 x 108 torrand 3 x 107 torr, respectively.
The growth temperature was kept at 200 °C for 2 min.

SnTe QDs on hBN. The beam equivalent pressure of tinand tellurium
wasmaintainedat1x 108 torrand 8 x 107 torr, respectively. The growth
temperature was kept at 180 °C for 1 min.

InAs QDs on FL mica. The beam equivalent pressure of indium and
arsenic was maintained at5 x 1078 torrand 1.5 x 10°® torr, respectively.
The growth temperature was kept at 210 °C for 7 min.

GaAs QDs on FL mica. The beam equivalent pressure of gallium and
arsenic was maintained at3 x 1078 torrand 1.5 x 1076 torr, respectively.
The growth temperature was kept at 210 °C for 6.5 min.

InSb QDs on FL mica. The beam equivalent pressure of indium and
antimonywas maintained at5 x 1078 torrand 3 x 107 torr, respectively.
The growth temperature was kept at 220 °C for 6 min.

GaSbh QDs on FL mica. The beam equivalent pressure of gallium and
antimony was maintained at3 x 108 torrand 3 x 107 torr, respectively.
The growth temperature was kept at 210 °C for 6.5 min.

SnTe QDs on FL mica. The beam equivalent pressure of tin and
telluriumwas maintained at1 x 10" torrand 8 x 107 torr, respectively.
The growth temperature was kept at 200 °C for 5 min.

InAs QDs on MoS,. The beam equivalent pressure of indium and
arsenic was maintained at 5 x 1078 torrand 1.5 x 107° torr, respectively.
The growth temperature was kept at 160 °C for 1 min.

GaAs QDs on MoS,. The beam equivalent pressure of gallium and
arsenic was maintained at3 x 108 torrand 1.5 x 10°® torr, respectively.
The growth temperature was kept at 150 °C for 1.5 min.

InSb QDs on MoS,. The beam equivalent pressure of indium and
antimony was maintained at 5 x 10~ torrand 3 x 107 torr, respectively.
The growth temperature was kept at 150 °C for 1 min.

GaSb QDs on MoS,. The beam equivalent pressure of gallium and
antimony was maintained at3 x 108 torrand 3 x 107 torr, respectively.
The growth temperature was kept at 150 °C for 1.5 min.

SnTe QDs on MoS,. The beam equivalent pressure of tin and tellurium
was maintainedat1x107® torrand 8 x 107 torr, respectively. The growth
temperature was kept at 160 °C for 5 min.

InAs QDs on graphene. Thebeam equivalent pressure of indiumand
arsenic was maintained at 5 x 1078 torrand 1.5 x 107 torr, respectively.
The growth temperature was kept at 220 °Cfor40 s.

GaAs QDs on graphene. Thebeamequivalent pressure of gallium and
arsenic was maintained at3 x 108 torrand 1.5 x 107° torr, respectively.
The growth temperature was kept at 180 °C for 1 min.

InSb QDs on graphene. The beam equivalent pressure of indium and
antimony was maintained at5 x 108 torrand 3 x 107 torr, respectively.
The growth temperature was kept at 160 °C for 1 min.

GaSb QDs on graphene. The beam equivalent pressure of galliumand
antimony was maintained at3 x 10~ torrand 3 x 107 torr, respectively.
The growth temperature was kept at 160 °C for 1 min.

SnTe QDs on graphene. The beam equivalent pressure of tin and
telluriumwas maintained at1x 1078 torrand 8 x 107 torr, respectively.
The growth temperature was kept at 150 °C for 3 min.

Sample characterization

The morphologies of the QDs were determined by atomic force micro-
scopy (Nano scope llla, Bruker and MFP-3D Origin, Oxford). Optical
images of QDs on vdW surfaces were taken by dark-field microscopy
(BX53M, Olympus). For characterization by high-resolution TEM and
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EDS, InSb QDs/MoS, and InAs QDs/FL mica were cut with a focused
ion beam then analysed by TEM (FEI Talos F200X). High-resolution
electronicimages of QDs on hBN were obtained by scanning electron
microsopy (Hitachi s4800). The Raman spectra were measured with
amicroscopic confocal laser Raman spectrometer (InVia, Renishaw)
witha532 nmlaser. The PL spectrum of InAs QDs/FL mica was obtained
withaninfrared PL spectrometer (80V, Bruker) at 77 K. The PL spectra
of InAs QDs/hBN and GaAs QDs/hBN were measured at room tempera-
ture in a nitrogen-filled glovebox (Supplementary Fig. 9) using a PL
spectrometer (WITec alpha300R system).

Fabrication and measurement of the InSb QD/MoS, device

Photolithography was used to produce gold ribbons 100 nm thick.
After MoS, had been mechanically exfoliated and transferred
to Si0,/Si substrate using polydimethylsiloxane adhesive film, gold
ribbons were dry transferred on to the sides of MoS, flakes to serve
as the source/drain electrodes. Then, the substrate was placed in the
MBE system; after degassing the system, InSb QDs were grown. The
active area was illuminated and the photocurrent was collected with
asemiconductor analyser (Agilent Technologies BIS00A). The optical
power (P) and spotarea (A) for different laser wavelengths were as fol-
lows: for 638 nm, P=20 mW, A =0.292 cm?; for 808 nm, P=104 mW,
A=0.503 cm?; for 1,064 nm, P=228 mW, A =1.131 cm?; for 1,550 nm,
P=150 mW, A =0.502 cm The source/drain voltage was fixed at 1.5 V.

DFT calculations

Our calculations were carried out using the projector augmented
wave as implemented in the Vienna Ab initio Simulation Package®*°.
The Perdew-Burke-Ernzerhof approximation® was used for the
exchange-correlation functional. The cut-off energy of the plane-wave
basis was set to 400 eV and self-consistent calculations did not stop
until energy changes were <1 x 10~® eV. The minimum-energy path-
way and diffusion barriers for indium and antimony atoms on MoS,
and the InSb-Sb(111) surface were obtained from the climbing-image
nudged elastic band method as implemented within the Vienna Ab
initio Simulation Package®*. All structures were fully relaxed until the
Hellmann-Feynman force on each atom reached <0.05 eV A,

Data availability
All of the source data supporting the findings of this study are avail-
ableinthe main text, Extended Dataand Supplementary Information.
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o
2cm
Extended Data Fig. 2| InAs QDs grown on wafer-scale FL mica with highly FL mica wafer at nine positions denoted by the red dots. The insets show the
uniform distribution of size and density. a, Photograph of a2-inch FL mica magnified views of InAs QDs at the centre square with 200 nm sides of each
onwhich InAs QDs were grown. b, AFM images of InAs QDs grown on the 2-inch position (80 pumx80 um).
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Height (a.u.)

Extended DataFig. 3| Regulation of the QD size and density by substrate 2.5x10°cm2,1.0x10°cm2,2.4x108cm™, 4.0x10’ cm™, and 2.5x10’cm 2,
temperature and growth time. a-f, InAs QDs grown on FL micaat200°C,220°C,  respectively. g-i, InAs QDs grown on FL mica at 280 °C for 30 s, 3 min, and 5 min,
250 °C, 280 °C, 310 °C, and 340 °C for 1 min, leading to densities 0f 1.6x10" cm 2, leading to average sizes of 10 nm, 20 nm, and 50 nm, respectively.
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Extended Data Fig. 4 | Epitaxial relationship between InAs QDs and FL mica. a, Cross-sectional high-resolution transmission electron microscopy (HRTEM) image
of aseries of InAs QDs on FL mica. b-d, Three magnified views of InAs QDs with lattice configuration of InAs-(111) contacting the vdW surface of FL mica.
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Extended Data Table 1| Thickness-dependent density and size of InSb QDs on MoS,

MoS, thickness QD density QD size Typical AFM image

0.7 nm
(1 layer) ~3.2x1010 ¢m2 ~30 nm

Monolayer

3 nm
(4 layers) ~9.5%10° cm™ ~70 nm

Few layers

30 nm
(42 layers) ~4.0x10° cm™ ~100 nm
Bulk

T: Thickness of MoS,; D: Average diameter of InSb QDs
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