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Exceptional electronic transport and 
quantum oscillations in thin bismuth crystals 
grown inside van der Waals materials
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Kenji Watanabe    3, Takashi Taniguchi    4, Michael T. Pettes    5, 
Marshall A. Campbell1,5, Mingjie Xu6, Chaitanya A. Gadre    1, Yinong Zhou    1, 
Hangman Chen7, Penghui Cao    7, Luis A. Jauregui    1, Ruqian Wu    1, 
Xiaoqing Pan    1,6,8 & Javier D. Sanchez-Yamagishi    1 

Confining materials to two-dimensional forms changes the behaviour 
of the electrons and enables the creation of new devices. However, most 
materials are challenging to produce as uniform, thin crystals. Here we 
present a synthesis approach where thin crystals are grown in a nanoscale 
mould defined by atomically flat van der Waals (vdW) materials. By heating 
and compressing bismuth in a vdW mould made of hexagonal boron nitride, 
we grow ultraflat bismuth crystals less than 10 nm thick. Due to quantum 
confinement, the bismuth bulk states are gapped, isolating intrinsic Rashba 
surface states for transport studies. The vdW-moulded bismuth shows 
exceptional electronic transport, enabling the observation of Shubnikov–de 
Haas quantum oscillations originating from the (111) surface state Landau 
levels. By measuring the gate-dependent magnetoresistance, we observe 
multi-carrier quantum oscillations and Landau level splitting, with features 
originating from both the top and bottom surfaces. Our vdW mould growth 
technique establishes a platform for electronic studies and control of 
bismuth’s Rashba surface states and topological boundary modes1–3. Beyond 
bismuth, the vdW-moulding approach provides a low-cost way to synthesize 
ultrathin crystals and directly integrate them into a vdW heterostructure.

Our understanding of two-dimensional (2D) electronic physics has been 
advanced by studying ultrathin vdW materials isolated by mechanical 
exfoliation4. However, this approach is generally inapplicable to other 
materials. The 2D growth of non-vdW materials is possible by molecu-
lar beam epitaxy (MBE) and other deposition techniques but often 
results in irregular surfaces or undesirable substrate interactions5–8. 
We consider an alternative 2D synthesis approach in which crystals 
are grown in the confined space between the layers of a vdW material. 
In confined growth, a mould defines the crystal geometry9–13, but any 
surface roughness will be imprinted on the crystal and adversely affect 
electronic properties. Recently, it has been demonstrated that vdW 

materials can define atomically smooth channels of nanoscale thick-
ness14. Such channels are difficult to achieve via other techniques and 
are attractive moulds for confined crystal growth.

Here we demonstrate confined growth of ultraflat bismuth 
between layers of hexagonal boron nitride (hBN), a vdW material. Bis-
muth has played a key role in the development of quantum electronic 
physics due to its low carrier density, small effective mass and ability to 
grow pristine bulk crystals1,15. Recently, the boundaries of bismuth have 
received attention due to its spin–momentum locking in 2D Rashba 
surface states and one-dimensional (1D) helical edge modes1,2,16. These 
boundary modes have been probed primarily by scanning tunnelling 
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sically flat structure of the vdW-layered hBN (δBN = 0.05 nm) as com-
pared to the amorphous SiO2 (δSiO2 = 0.25 nm). We have tested other 
mould substrates, such as graphite, sapphire and mica, and observed 
that the mould surface roughness is imprinted on the squeezed bis-
muth (Supplementary Section 2), with hBN producing the overall best 
results.

To determine the structure and crystallinity of the vdW-moulded 
bismuth, we performed transmission electron microscopy (TEM), 
electron backscatter diffraction (EBSD) and Raman spectroscopy 
(Methods and Supplementary Sections 3 and 4). All three measure-
ments are consistent with the rhombohedral structure of bismuth. The 
TEM and EBSD diffraction measurements, performed on seven differ-
ent samples, reveal that the bismuth is highly crystalline and oriented 
along the (111) axis, corresponding to buckled hexagonal layers stacked 
parallel to the substrate (Fig. 2e,f,h). The in-plane lattice constant 
measured from the real-space TEM image is 4.59 Å, which is within 1% 
of the bulk bismuth value 4.54 Å (ref. 1). Diffraction measurements 
show (111) domains many micrometres in width that are differentiated 
by relative in-plane rotations (Fig. 2h). Domain boundaries are also 
visible in AFM images (Supplementary Fig. 7). In some samples, the 
entire 20-μm-diameter flake is single crystal (Extended Data Fig. 4). 
The in-plane orientation of the bismuth shows no alignment with the 
encapsulating hBN. Additional discussion regarding domain structure 
can be found in Supplementary Sections 3 and 8.

By analysing 20 different growths, we find that vdW-moulded 
bismuth forms a dome shape with a typical thickness of 8 to 20 nm; 
terraces as thin as 5 nm can be observed near the crystal edge (Sup-
plementary Fig. 2). The compression squeezes the bismuth until the 
top and bottom substrates elastically deform and contact around 
the bismuth–hBN stack, which we estimate to occur at 300 MPa pres-
sure. Without compression, vdW moulding results in thicker bismuth 
crystals (thickness t > 100 nm). This behaviour is consistent with a con-
tinuum model, which predicts that thinner crystals are achievable by 
using more rigid substrates (Supplementary Section 5). Using sapphire 
top substrates instead of glass shows 40% thinner bismuth on average 

microscopy (STM) and angle-resolved photoemission spectroscopy 
(ARPES), which have revealed diverse phenomena2,5,17. However, trans-
port studies have been limited by disorder in the thin crystals where 
bulk conduction is gapped due to confinement. Via our vdW-moulding 
technique, we produce crystals that enable intrinsic transport studies 
of thin bismuth and its surface states.

Our process for growing crystals within a vdW mould is described 
in Fig. 1. First, a flake of bismuth is encapsulated in thin hBN layers 
using vdW transfer techniques18 (Methods and Extended Data Fig. 1). 
Next, the bismuth–hBN stack is compressed between two substrates 
and then sequentially heated and cooled to melt and resolidify the 
bismuth (Fig. 1b). On melting, the bismuth rapidly spreads between the 
hBN layers and decreases in thickness due to the applied pressure. The 
squeezed form is retained when it is cooled into the solid phase and the 
pressure is released, resulting in a thin bismuth crystal encapsulated 
in hBN (Fig. 1c).

By squeezing the bismuth during the melting and solidification 
process, we reduced flakes that were 250–500 nm thick to ultrathin 
crystals ranging from 5 to 30 nm thick. Optically, the crystals exhibit 
large smooth areas with step-like contrast changes (Fig. 1d and 
Extended Data Fig. 2). These smooth areas emerge from a rougher 
material composed of both small voids in the crystal, likely due to 
trapped gas, and oxide that surrounded the original bismuth flake. 
After removing the top hBN layer, we characterize the bismuth surface 
by atomic force microscopy (AFM; Fig. 1e and Extended Data Fig. 3). 
The optically smooth regions correspond to flat terraces 0.5 to 5 μm 
wide separated by uniform steps. The average step height in Fig. 1e is 
3.9 ± 0.4 Å, which matches the thickness of a buckled hexagonal layer 
of bismuth, also known as the (111) ‘bilayer’1.

To characterize the flatness of the vdW-moulded bismuth, we plot 
the distribution of height deviations across a wide terrace (Fig. 2a,b). 
Within the terrace of the vdW-moulded bismuth, the surface is ultraflat 
with an average root mean square deviation δBi–BN = 0.11 nm (Fig. 2b). 
By comparison, bismuth moulded by thermally grown SiO2 exhibits a 
roughness of δBi−SiO2 = 0.27 nm. We ascribe this difference to the intrin-
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Fig. 1 | Growth of ultrathin bismuth crystals inside a vdW mould. a–c, Cross-
sectional schematics of the vdW-mould process with corresponding optical 
images of the bismuth. a, Bismuth flake encapsulated in hBN on a bottom 
substrate of Si/SiO2 before squeezing. b, Uniaxial compression (vertical red 
arrow) is applied to the stack by a rigid top substrate (glass or sapphire) while 
the stage is heated. When the bismuth reaches its melting point, it rapidly 
compresses and expands laterally. c, Bismuth is cooled below its melting point 
and then pressure is removed, resulting in an ultrathin bismuth crystal. The inset 

shows the atomic structure. d, Optical image of the encapsulated vdW-moulded 
bismuth (sample M30); black triangles indicate location of the AFM line trace 
(top) of the bismuth taken after removing the top hBN flake. This bismuth varies 
from 10 to 20 nm thick. e, AFM topography of the vdW-moulded bismuth after 
removing the top hBN, showing wide flat terraces. Black triangles show location 
of the line trace (top). The average step height is 3.9 ± 0.4 Å. The diagram inset in 
the shaded region shows the crystal structure.
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(Supplementary Fig. 1). The continuum model is also qualitatively 
consistent with atomistic simulations, which show the synthesis of 
even subnanometre-thick 2D crystals at high compression (Supple-
mentary Fig. 10).

To electrically characterize the vdW-moulded bismuth, we fabri-
cated devices in clean crystal regions composed of wide and flat ter-
races to minimize domain boundaries (Fig. 3, Methods and Extended 
Data Fig. 5). We measured both uniform-thickness devices etched 
from a single flat terrace and variable-thickness devices featuring 
many terrace steps. In all vdW-moulded bismuth devices, we observe 
metallic behaviour at low temperatures with a positive slope of resist-
ance versus temperature, dR/dT (Fig. 3e and Extended Data Fig. 6). The 
slope decreases with rising temperature, unlike the linear T depend-
ence observed in bulk bismuth, and is a signature of confinement 
effects in the vdW-moulded bismuth15. In thin devices, with thicknesses 
t = 8 nm and 13 nm, the metallic dependence persists to room tem-
perature, but in thicker flakes, t = 45 nm to 106 nm, dR/dT can become 
zero or negative above ~50 K, indicating an activated dependence. 
This behaviour, measured in eight devices, is well modelled by paral-
lel conduction through a metallic channel and a semiconducting bulk 
that is gapped due to vertical confinement3,19,20 (Extended Data Fig. 6). 
The metallic channel is identified with the (111) Rashba surface states, 
which are known from ARPES and STM studies to have electron and 
hole pockets3,21,22. This is consistent with our observation of a positive 
non-saturating magnetoresistance in all devices up to 12 T (Fig. 3f and 
Extended Data Fig. 7), indicating nearly compensated electron-like 
and hole-like carriers.

The vdW-moulded bismuth exhibits exceptional transport prop-
erties compared to MBE-grown thin films. Previously, thin bismuth 

studies have been characterized by weak temperature dependences 
with little metallic contribution and small residual resistance ratios 
of 0.5 to 1.6 (refs. 19,23–25). By contrast, our vdW-moulded devices 
exhibit strong metallic dependencies, showing that surface-derived 
states can dominate the conduction at room temperature. This results 
in substantially larger residual resistance ratios, such as 12 and 5.4 for 
the flat 8 nm and 13 nm devices, respectively (additional devices in 
Extended Data Fig. 6). The substantially larger residual resistance ratio 
indicates reduced scattering times, which is also consistent with our 
observation of ×100 larger magnetoresistance signals than measured 
in MBE films (Fig. 3f).

At high fields, quantum oscillations in the magnetoresistance 
emerge in the vdW-moulded devices. The quantum oscillations are 
pervasive, occurring in 12 devices covering a wide range of thicknesses 
from 8 to 106 nm, with onset fields of 3 to 4 T (Fig. 3g and Extended 
Data Fig. 7). Even samples with non-uniform thicknesses and many 
terraces exhibit clean quantum oscillations (79 to 94 nm and 92 to 
106 nm samples in Fig. 3g). Additional discussion on the possible role 
of terrace steps and domains on transport behaviours can be found in 
Supplementary Section 8. The dominant oscillations correspond to a 
Fermi surface area of 2 × 1012 to 3 × 1012 cm–2, which are ×13–20 larger 
than that of bulk bismuth26 and are consistent with STM and ARPES 
studies of the surface state3,21,22. Such Shubnikov–de Haas oscillations 
in the magnetoresistance were first observed in bulk bismuth27.

The presence of quantum oscillations in vdW-moulded bismuth 
is striking, especially considering that the nanofabrication process 
exposes the bismuth to ambient air and polymers, which are avoided 
in MBE studies using in situ measurements19,24. A key difference is that 
MBE-grown bismuth has irregular surfaces with dense steps, typically 
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Fig. 2 | Flatness and crystallinity of vdW-moulded bismuth. a, AFM 
topography of vdW-moulded bismuth showing large flat terraces (sample M60). 
The inset shows an optical image of the sample. b, Height distribution of vdW-
moulded bismuth (blue) and SiO2-moulded bismuth (orange). c,d, AFM images 
of the surfaces of vdW-moulded bismuth (c) and SiO2-moulded bismuth (d). Top 
substrates are removed before AFM. Scale bar is the same for both images, and 
the colour bar shows the height. The diagrams above depict the imprinting effect 

of the mould substrate on the bismuth. e, TEM real-space image of vdW-moulded 
bismuth. The inset shows the bismuth (111) lattice structure. f, TEM selected area 
electron diffraction (SAED) of vdW-moulded bismuth. g, EBSD band contrast of 
the vdW-moulded bismuth showing internal domain boundaries (dark lines). 
h, EBSD Y-axis inverse pole figure of (111)-orientated vdW-moulded bismuth 
showing domains with different in-plane rotations. Colours indicate the crystal 
orientation parallel to the in-plane Y-axis.
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20 to 100 nm apart8,28, which can scatter electrons and provide paral-
lel conduction16,17. By contrast, the vdW-moulded bismuth frequently 
exhibits 10 to 100 times wider terraces (Extended Data Fig. 3). The 
importance of surface flatness on transport properties is clear when 
we compare two devices from the same 13-nm-thick bismuth flake: one 
fabricated on an ultraflat terrace and the other on a rougher region 
(Fig. 3c,d). The rough device shows features qualitatively similar to the 
flatter device, but with reduced values for the residual resistance ratio, 
magnetoresistance and amplitude of quantum oscillations (Fig. 3e–g).

The quantum oscillations in the vdW-moulded bismuth dis-
perse with back-gate voltage, resulting in clear Landau fan features 
(Fig. 4 and Extended Data Fig. 8). In the flat 13 nm device, two fans are 
observed with opposite slopes in the field-versus-gate space, indicat-
ing electron-like and hole-like carriers (Fig. 4c,e). At fields above 8 T, 
the hole fan changes to a different slope. At zero gate voltage, the 
1/B frequencies of the oscillations, where B denotes the out-of-plane 
magnetic field, correspond to Fermi surface areas n of 2.77 × 1012 cm–2, 
0.73 × 1012 cm–2 and 1.94 × 1012 cm–2 for the electron and two hole pock-
ets, respectively. Interestingly, each Fermi surface changes similarly 
over the 140 V gate voltage range with Δn = 0.78, 0.93 and 1.13 × 1012 cm–

2. By fitting Landau fans to the datasets, we observe that the highest 
gate voltage depletes the low-density hole pocket to Landau index 
Nh = 2. Such a large gate modulation is important, as the different Fermi 
surfaces are expected to carry different spin textures due to Rashba 
spin–orbit coupling1.

Previous theoretical and ARPES studies of the bismuth (111) surface 
states have identified three types of Fermi surface: a gamma-point 
electron pocket, a six-fold degenerate hole pocket and a set of elec-
tron pockets near the M point (Fig. 4f)3,20. Landau level features have 
been observed only by STM and were ascribed to the gamma electron 
pocket and the oblong hole valleys21,22. The pocket sizes we observe are 

comparable to these previous studies, but it is surprising that all the 
pockets exhibit similar gate couplings despite large expected differ-
ences in their degeneracies. The origin of the change in the hole pocket 
size at fields above 8 T is also unknown (Fig. 4c).

Transport is differentiated by measuring contributions from the 
top and bottom surfaces, while STM and ARPES probe only the top. 
Generically, asymmetries between the surfaces are expected due to 
both the device structure and the applied electric fields. In the 13 nm 
device, we do not observe any splitting induced by the back-gate, 
suggesting that the surfaces are coupled due to proximity. Instead, 
we observe magnetic-field-induced splittings of the Landau levels 
at 11 T (Fig. 4c, yellow lines), which can arise from exchange-induced 
nematicity22. By contrast, in the 92–106 nm device (Fig. 4d), we observe 
clear gate-induced splitting of the electron-pocket Landau fan, result-
ing in two sets of oscillations with applied gate voltage, one strongly 
gate dependent and the other independent of gate. We ascribe these 
oscillations to the decoupled top and bottom surface states, where the 
bottom surface couples more strongly to the back-gate and screens the 
electric field from reaching the top surface. This demonstrates how the 
surfaces of thin bismuth crystals intrinsically support independently 
controllable 2D systems.

To summarize, we demonstrate a method to synthesize ultrathin 
and flat bismuth crystals within a nanoscale vdW mould. The confined 
bismuth exhibits gate-tunable quantum oscillations that originate from 
the (111) surface states. The bismuth surface bands are known to feature 
spin–momentum locking, which can be used to electrically generate 
spin polarizations1,29–31. Moreover, vdW-moulded bismuth can shed 
light on the transport behaviour of intrinsic helical edge modes that 
have been observed in STM2.

Our mechanical modelling and atomistic simulations suggest that 
vdW moulding offers a route to 2D bismuthene, which is predicted to be 
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Fig. 3 | Electronic transport and quantum oscillations in vdW-moulded 
bismuth devices. a, Isometric and cross-sectional schematics of the devices.  
b, False colour optical image of the 13-nm-thick vdW-moulded bismuth devices; 
top hBN layer is removed. Bismuth is red, while gold electrodes are yellow. 
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same regions on the bismuth devices in b. e, Longitudinal resistance (Rxx) as a 

function of temperature for different thickness devices. f, Logarithmic plot of 
magnetoresistance (MR) as a function of out-of-plane magnetic field (T = 1.6 K) 
for the same devices as in e. Black dashed line is quadratic dependence.  
g, Quantum oscillations in a plot of ΔRxx(1/B), calculated by subtracting a 
smoothed background. Line colours correspond to the device labels in e. 
Additional data from a 92- to 106-nm-thick device is included (bottom-most 
purple line, scaled by ×0.05). Fermi surface areas from top to bottom are 
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a large-gap 2D topological insulator32,33. Beyond bismuth, we anticipate 
that the vdW-mould technique will be applicable to other soft materials, 
enabling an approach combining ultrathin vdW and non-vdW materials.
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Methods
Bismuth seed flake preparation
The starting point for vdW-mould growth is to prepare thin bismuth 
flakes that can be encapsulated12. First, a bismuth powder solution 
(Sigma-Aldrich, ~100 mesh, ≥99.99%, 140-μm-diameter bismuth in 
isopropyl alcohol or ethanol) is drop-casted on a Si/SiO2 chip and cov-
ered by another Si/SiO2 chip. The stacked chips are heated to 204 °C 
while being compressed in a hydraulic press to a pressure of ~6 MPa. 
The resulting hydraulically pressed bismuth flakes are typically around 
300 nm to 400 nm thick and are used as the starting material in the 
hBN–bismuth–hBN stacks.

Process for encapsulating bismuth in hBN
To encapsulate bismuth between hBN, we follow the polycarbonate 
(PC)-based vdW dry-stacking technique18 (Extended Data Fig. 1c–e). 
Some hBN flakes of 10 to 100 nm thickness are prepared by mechani-
cally exfoliating bulk single crystals onto Si/SiO2 chips. The hBN and bis-
muth flakes are then picked up by separate PC stamps (PC film mounted 
onto polydimethylsiloxane (PDMS) supports), and then sequentially 
transferred onto a chip to produce a hBN–bismuth–hBN stack. After 
each transfer step, the transferred PC film is dissolved in chloroform.

Microsqueezing set-up
The vdW moulding is performed in a homemade microsqueezing set-up 
(Extended Data Fig. 1a) that can apply pressure in a ~500 μm2 region via a 
sapphire hemisphere. The set-up is designed to provide a simple way to 
bring two flat surfaces together while keeping their surfaces parallel and 
minimizing shear forces. The sapphire hemisphere is secured face-down 
on a glass slide mounted to an XYZ micromanipulator. A microscope ena-
bles in situ observation. The sample chip is mounted onto a glass slide 
with Kapton tape (2.5 mils), which also acts as a spacer to align the top 
substrate. A flexible top substrate made of a glass or sapphire coverslip 
(thickness, 0.19–0.23 mm) is placed on top of the spacer Kapton tape 
and secured with additional Kapton tape to prevent lateral motion. The 
top substrate is prevented from touching the chip by the Kapton tape 
spacers when no pressure is applied (Extended Data Fig. 1b).

The vdW-moulding process
The vdW-moulding process is carried out inside of a homemade glove 
bag with a constant flow of N2 gas. Using the microsqueezing set-up, a 
sapphire hemisphere is aligned above the hBN–bismuth–hBN stack while 
the sample stage is heated to 150 °C. The sapphire hemisphere is then 
brought down into contact with the glass coverslip, bending it towards 
the hBN–bismuth–hBN stack. When the coverslip and the stack make 
contact, the bismuth is squeezed and expands. We increase the pressure 
until the top and bottom substrates fully deform and come into contact 
around the stack and the bismuth stops expanding. After the maximum 
pressure has been applied, we heat the sample to temperatures as high 
as 300 °C. Typically, we observe a sudden expansion of the bismuth 
at 260 °C, which we interpret as the melting point of the bismuth that 
is suppressed relative to the ambient 271 °C melting point by the high 
~300 MPa pressures. The stage is cooled to room temperature before 
we lift the sapphire hemisphere and release the pressure from the stack.

Preparing thick vdW-moulded bismuth samples
To produce vdW-moulded bismuth that is greater than 45 nm in thick-
ness, additional hBN spacer layers are stacked between the two hBN 
flakes. The thickness of the spacers determines the maximum thickness 
of the moulded bismuth. The spacer is added to the stack before the 
bismuth seed material is added. The rest of the process is the same as 
moulding bismuth between two hBN flakes.

Protecting from oxidation
Under ambient conditions, bismuth has a stable native oxide layer 
1–2 nm thick34. At high temperatures close to the melting point, bismuth 

oxidizes rapidly in air. To reduce the ambient oxygen concentration we 
use a glove bag purged with N2 gas, although this only slows the rate of 
oxidation35. More notable are the protective effects of hBN encapsula-
tion36, which prevents catastrophic oxidation of bismuth even without 
the use of a glove bag. Furthermore, we find that the pressure-induced 
deformation of the substrates around the bismuth–hBN stack is also 
effective in sealing the stack and reducing the rate of oxidation.

Removing the top hBN
To characterize the surfaces of our bismuth sample, we used a polyvinyl 
chloride (PVC) pillar stamp to remove the top hBN flake37. The PVC pil-
lar is made by securing a PVC film (Riken Wrap from Riken Fabro) onto 
a micromoulded PDMS pillar that is 10 μm × 10 μm × 20 μm. Then, we 
approach the top hBN flake slowly with the PVC–PDMS pillar as we heat 
the stage to 55–70 °C (ref. 38). Once in contact, we slowly lift up the 
PVC–PDMS pillar stamp with piezo-motors, which peels the top hBN 
flake away from the bismuth.

TEM sample preparation
We transfer the vdW-moulded ultrathin bismuth onto a TEM grid 
(200 nm silicon nitride membrane TEM grid with 2.5 μm holes from 
Ted Pella) via the PVC transfer method explained previously37. Samples 
are measured in a JEOL-2100F TEM instrument with a Schottky-type 
field emission electron source with 80–200 kV acceleration voltage.

Density functional theory calculations
Our first-principles calculations are performed with the projector 
augmented-wave pseudopotentials39,40 and the generalized gradient 
approximation of Perdew–Burke–Ernzerhof 41 using Vienna Ab initio 
Simulation Package42 code. An energy cut-off of 450 eV and a 10 × 10 × 1 
Monkhorst−Pack k-point grid is used43. The structure is optimized until 
the atomic forces are smaller than 0.01 eV Å–1. The vacuum layer is larger 
than 19 Å to ensure decoupling between neighbouring nanostructures. 
For the vdW corrections, we used the DFT-D3 method44,45.

Device fabrication details
The general device fabrication procedure is to isolate clean regions of 
vdW-moulded bismuth via etching and then attach electrodes to the 
crystal. Here, ‘clean’ refers to regions with wide and flat terraces where 
surface irregularities are minimized. This approach also minimizes 
internal domain walls, which appear as clear surface irregularities in 
the AFM images (Supplementary Fig. 7). The 8 nm and 13 nm devices 
are fabricated from vdW-moulded bismuth samples with the top hBN 
removed, and the main transport channel between the voltage tabs is 
from one terrace of uniform thickness. The fabrication procedure for 
the open-face devices is shown in Extended Data Fig. 5.

First, the top hBN flake is removed via the PVC method37. The 
uniform regions are identified by AFM and are etched out from the 
bismuth using a polymethyl methacrylate (PMMA) mask (Microchem, 
950 A7, 1 μm thick) made by electron-beam lithography. The bismuth is 
then etched into the designed shape via Ar plasma etch (Plasma-Therm 
reactive ion etcher model 790) with the following parameters: 300 W 
power, 401 V d.c. bias voltage, 30 sccm Ar flow rate and 115 mtorr pro-
cess pressure for 45 s. This is followed by an O2 plasma etch to remove 
cross-linked PMMA, using 70 W power, 227 V d.c. bias voltage, an O2 
flow rate of 9.9 sccm and a process pressure of 70 mtorr for 10 s. The 
remaining PMMA etch mask is removed in acetone. Next, electrodes 
are defined by a PMMA mask written via electron-beam lithography 
(1-um-thick piece of 950 A5 PMMA) and developed by a 3:1 (volume 
ratio) mixture of isopropyl alcohol and water. Since the bismuth is 
exposed to air, a thin oxide layer forms at its surface and results in a 
large contact resistance. We remove the oxide layer by Ar ion milling 
(Intlevac Nanoquest 1) with a 400 V beam voltage, 30 mA beam current, 
80 deg beam angle and 80 V acceleration voltage for 5 s at 10 °C, and 
immediately deposit 5 nm Cr and 15 nm Au on top without exposing 
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the bismuth to the atmosphere (Telemark 249). Finally, we evaporate 
additional metal onto the sample in a separate evaporator (Temescal 
CV-8; 5 nm Cr and 100 nm Au) and lift off the PMMA in acetone.

A similar fabrication process is also used to produce devices from 
encapsulated vdW-moulded bismuth samples without removing the 
top hBN. Note, when the top hBN is thin, we are still able to observe 
the bismuth terraces through the hBN by AFM (as shown in Extended 
Data Fig. 3). In the bismuth geometry-defining etch (Extended Data 
Fig. 5d), we perform an extra step of a SF6 plasma etch to etch away 
the top hBN before etching the bismuth with the Ar plasma. The hBN 
etching parameters are 30 W power, 15 V d.c. bias voltage, a SF6 flow 
rate of 10 sccm and a process pressure of 100 mtorr for 15 s. In the step 
where we define the electrodes (Extended Data Fig. 5g), a SF6 plasma 
etch is used to remove the top hBN in the unmasked region before ion 
milling the bismuth oxide.

Additional transport data analysis
Extended Data Fig. 6 shows the temperature-dependent resistance 
measurements on various devices. We fit these data to a resistance 
model that consists of metallic conduction and activated conduction 
in parallel, where R0 is the residual resistance, a is the metallic depend-
ence prefactor, G1 is the semiconducting dependence prefactor, Eg is 
the bulk gap and kB is the Boltzmann constant19.

R = [(R0 + aT )−1 + G1 exp (−
Eg

2kBT
)]

−1

The fitted curves are plotted as dashed lines on top of the sheet 
resistance in Extended Data Fig. 6a. The fitted parameter Eg is plotted 
as a function of device thickness in Extended Data Fig. 6b.

Data availability
All of the data that support the findings of this study are available via 
Zenodo at https://doi.org/10.5281/zenodo.10929346 (ref. 46).

Code availability
The code for the experimental data analysis is available from the cor-
responding author upon request.
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Extended Data Fig. 1 | Setup used for vdW-molding and process for preparing 
samples for vdW-molding. a, Photo of the microsqueezing setup. b, Diagram 
of the microsqueezing setup with inset of the sample stack. Setup is designed to 
keep the top and bottom substrates parallel during squeezing while minimizing 

shear forces. c-e, Diagram and optical sample image of each step to make a 
bismuth-hBN stack: c, transfer of bottom hBN flake onto substrate, d, transfer 
of starting bismuth flake on the bottom hBN, e, encapsulating bismuth with top 
hBN flake.
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Extended Data Fig. 2 | Optical images of vdW-molded bismuth samples. For samples M60 and M87 the top hBN flakes have been removed. Scale bar is the same for 
all the images 10 µm.
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Extended Data Fig. 3 | AFM scans of the vdW-molded bismuth surfaces showing various flat terrace structures. All samples have the top hBN removed, except for 
M92. Clear layered terraces are visible in M92 through the thin hBN layer.
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Extended Data Fig. 4 | Optical images and EBSD maps for additional samples. 
Optical image and X,Y,Z inverse pole figures are in respective order from left to 
right for each sample. a&c, vdW-molded bismuth encapsulated between hBN. b, 

vdW-molded bismuth without top hBN. d-e, SiO2-molded bismuth on the edge of 
a hBN flake. Bismuth thickness for panels a-e are 21 nm, 23 nm, 17 nm, 20 nm − 61 
nm, and 30 nm, respectively.
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Extended Data Fig. 5 | Process for fabricating open-face devices from vdW-molded bismuth crystals. a-g, Optical image and cross-sectional schematics of the 
fabrication of the bismuth transport devices.
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Extended Data Fig. 6 | Temperature-dependent transport measurements of 
various devices, plotted in designated colors. a, Sheet resistance as a function 
of temperature. b, Fitted bulk gap as a function of device thickness, averaged 

from the minimum and maximum thicknesses of each device. Vertical error 
bar denotes the standard deviation of the fitted bulk gap. Horizontal error bar 
denotes the range of the thickness of each device.
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Extended Data Fig. 7 | Field-dependent transport measurements from various devices. a, Resistance as a function of magnetic field. b, Quantum oscillations in 
R(1/B) under 12 T, calculated by subtracting a smoothed background. Sample with a nonuniform thickness is labeled with a range.
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Extended Data Fig. 8 | Quantum oscillations measured in the rough 13 nm 
device. a, Quantum oscillations measured as a function of gate voltage and 
magnetic field for the rough 13 nm sample (1.1 μm x 2.1 μm) at 1.5 K. Same device 
as appears in Fig. 3. The amplitude of the quantum oscillation is much smaller in 

comparison to the flatter sample. b, FFT calculation of the quantum oscillation 
of the sample. Unlike the flat sample, we observe only one dominant hole 
oscillation.
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Extended Data Fig. 9 | DFT calculations of the lattice structure, Fermi 
surfaces, and band structure for 12-bilayer bismuth. a, Lattice structure of the 
bulk bismuth (111) for orientation aligned with the c-axis. The lattice constants 
are a = 4.57 Å, c = 11.75 Å and the Bi bond length is 3.10 Å. The intra-bilayer height is 
1.63 Å and inter-bilayer spacing is 2.29 Å. b, Lattice structure of 12 bilayer bismuth 
with two (111) surfaces. After relaxation, the average of the intra bilayer height is 

1.50 Å and inter bilayer spacing is 2.13 Å. c, The 2D first Brillouin zone of bismuth 
(111). d, Fermi surface at kz = 0, calculated using WannierTools47 with a dense 201 
× 201 × 1 k mesh, based on the tight-binding Hamiltonian obtained by employing 
maximally localized Wannier functions (MLWFs) method using WANNIER9048 
with initial projections to Bi-p orbitals. e, Band structure with Fermi surfaces at 0 
eV. This plot is used as the basis of the Fermi surface schematic in Fig. 4f.
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