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The scaling of silicon-based transistors at sub-ten-nanometre technology 
nodes faces challenges such as interface imperfection and gate 
current leakage for an ultrathin silicon channel1,2. For next-generation 
nanoelectronics, high-mobility two-dimensional (2D) layered 
semiconductors with an atomic thickness and dangling-bond-free surfaces 
are expected as channel materials to achieve smaller channel sizes, less 
interfacial scattering and more efficient gate-field penetration1,2. However, 
further progress towards 2D electronics is hindered by factors such as 
the lack of a high dielectric constant (κ) dielectric with an atomically flat 
and dangling-bond-free surface3,4. Here, we report a facile synthesis of a 
single-crystalline high-κ (κ of roughly 16.5) van der Waals layered dielectric 
Bi2SeO5. The centimetre-scale single crystal of Bi2SeO5 can be efficiently 
exfoliated to an atomically flat nanosheet as large as 250 × 200 μm2 and 
as thin as monolayer. With these Bi2SeO5 nanosheets as dielectric and 
encapsulation layers, 2D materials such as Bi2O2Se, MoS2 and graphene 
show improved electronic performances. For example, in 2D Bi2O2Se, 
the quantum Hall effect is observed and the carrier mobility r ea ch es 
4 70 ,000 cm2 V−1 s−1 at 1.8 K. Our finding expands the realm of dielectric 
and opens up a new possibility for lowering the gate voltage and power 
consumption in 2D electronics and integrated circuits.

The search for high-dielectric-constant (κ) dielectric materials and 
adapting them to channel materials have been core tasks since the 
birth of the transistor1,3,5. This becomes vital when device scale is being 
thinned to an atomic level such as in two-dimensional (2D) electronics 

because the charge carriers will be more sensitive to scattering centres 
at dielectric channel interfaces: for instance, strain, dangling bonds 
and impurities4,6. Therefore, van der Waals (vdW) dielectrics with 
dangling-bond-free and atomically flat surfaces are more suitable for 
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crystals of Bi2SeO5 were grown by the facile CVT method at roughly 
860 °C in which iodine (I2) and Bi2SeO5 polycrystalline powder served 
as a transport agent and source, respectively (Methods). The crystal 
phase and lattice parameters of the grown Bi2SeO5 flakes (a ≅ 11.44 Å, 
b ≅ 16.28 Å, c ≅ 5.49 Å, Z = 8) were determined by single-crystal X-ray 
diffraction (XRD) analysis. These single-crystalline Bi2SeO5 flakes have 
dimensions of up to 0.2 × 1.7 cm2 as shown in Fig. 1b,c, which are much 
larger than hBN bulk single crystals widely used in 2D electronics. The 
Bi2SeO5 flakes were further confirmed to be layered single crystals 
by the intense and sharp peaks that are exclusively assigned to (h00) 
crystal planes in XRD analysis (Supplementary Fig. 1). As the vdW gap 
is parallel to the (100) crystal plane and the calculated cleavage energy 
of 26 meV Å−2 is comparable to hBN, Bi2SeO5 flakes can be easily cleaved 
into thin layers (Fig. 1d).

The single-crystalline nature and existence of the vdW gap in 
layered Bi2SeO5 are further confirmed by transmission electron micros-
copy of exfoliated Bi2SeO5 nanosheets. The cross-sectional high-angle 
annular dark field–scanning transmission electron microscopy 
(HAADF–STEM) images show (001) planes with a vdW gap (Fig. 1e,f) and 
(100) planes (Fig. 1g) that correspond to the side and top views of the 
crystal flake, respectively. The HAADF–STEM images in Supplementary 
Fig. 1 reveal lattice constants of a ≅ 11.2 Å and b ≅ 15.9 Å, consistent with 
XRD results (Supplementary Information, Discussion S1).

The small cleavage energy (Fig. 1d and Supplementary Fig. 3) 
of single-crystalline Bi2SeO5 vdW layers enables a facile mechanical 
exfoliation of large-area ultraflat nanosheets from Bi2SeO5 bulk to 
target substrate. The first contact of an adhesive tape on the crystal 
has already peeled off millimetre-sized films as shown in Fig. 2a,b. 
Repeatedly folding the tapes and then pressing them on Si/SiO2 leaves 
nanosheets with typical dimensions of roughly 100–200 μm on the 
substrates (Fig. 2c,d). The atomic flatness of the nanosheet in Fig. 2d 
is confirmed by a root-mean-square roughness of Rq = 0.16 nm in the 
atomic-force microscopy (AFM) image and height profile in Fig. 2e. Fur-
thermore, monolayer Bi2SeO5 nanosheets with a thickness of roughly 

2D electronics than those used in the Si industry (HfO2, SiO2 and so on). 
For example, hexagonal boron nitride (hBN)7–11 has been widely used 
as a vdW dielectric in devices to achieve high carrier mobility (even 
phonon-limited mobility)12,13, enabling research on quantum Hall effects 
(QHEs)14,15, 2D superconductivity16, 2D ferromagnetism17 and moiré 
physics18. Given that the hBN has relatively low dielectric constant 
(κ roughly 3.5), great effort has been devoted to finding new high-κ 
vdW layered dielectrics with dangling-bond-free atomically smooth 
surfaces and high breakdown field strengths (Ebd) so that stronger 
gate control and thus lower operating voltage can be achieved. Recent 
progress includes the discovery of layered transitional metal oxides 
such as MoO3, V2O5 and WO3 (refs. 4,19), which show great potential but 
bear possible current leakage arising from neutral oxygen vacancies 
in this group of oxides20,21.

Here, we report the synthesis of centimetre-scale single crystals of 
layered high-κ insulator bismuth selenite (Bi2SeO5) via a facile chemical 
vapour transport (CVT) method. The as-synthesized single crystal of 
Bi2SeO5 has a typical size on centimetre scale. Owing to its vdW layered 
structure and small cleavage energy (26 meV Å−2), the bulk crystal can 
be efficiently exfoliated to an atomically flat nanosheet as large as 
250 × 200 μm2 and as thin as monolayer. The out-of-plane dielectric 
constant and breakdown field strength are measured as about 16.5 
and above 10 MV cm−1, respectively. We further show that a Bi2SeO5 
nanosheet can serve as the encapsulation layer and gate dielectric for 
2D semiconductors. Its high κ value allows strong gate control of charge 
carriers and reduced scattering in the encapsulated device. Meanwhile, 
an atomically flat surface of the dielectric enhances the mobility by 
250% and guarantees the observation of pronounced Shubnikov–de 
Haas (SdH) oscillations and QHE in 2D Bi2O2Se devices, the latter of 
which has never been observed in 2D Bi2O2Se before.

Bi2SeO5 crystallizes in the orthorhombic lattice with an Abm2 
space group (a = 11.42 Å, b = 16.24 Å, c = 5.49 Å, Z = 8)22,23, and adopts a 
vdW layered structure with a covalently saturated surface in the [100] 
direction, as shown in Fig. 1a and Supplementary Table 2. Flake-shaped 
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Fig. 1 | Structure and characterization of vdW layered Bi2SeO5 single crystals. 
a, Crystal structure of Bi2SeO5. The vdW gap is marked with a grey plane in the left 
panel. b, Photograph of as-grown crystals. Scale bar, 1 cm. c, A typical crystal with 
length reaching 1.7 cm. c, A typical crystal reaches 1.7 cm in length. d, Cleavage 
energy of Bi2SeO5 crystal, 26 meV Å−2. The inset shows an scanning electron 
microscopy image of a half-cleaved crystal. Scale bar, 20 μm. e, Cross-sectional 

HAADF–STEM image of a Bi2SeO5 nanosheet, showing a layered structure. The 
vdW gap is marked by a white dotted line. Scale bar, 2 nm. f, High-magnification 
image of e. g, HAADF–STEM image of (100) plane. The unit cell along the [001] 
direction (f) and [100] direction (g) is marked with a yellow box. Scale bars in f 
and g, 1 nm.
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1.5 nm (Fig. 2f and Supplementary Fig. 5) can be obtained. The atomic 
flatness of surface can survive harsh environments such as annealing at 
400 °C in air for 10 min, exposing to air for 8 months, or immersing in 
water for 24 hours, showing good robustness that is crucial for practical 
devices (Fig. 2g,h and Supplementary Fig. 6).

The bandgap of Bi2SeO5 is measured to be about 3.6 eV by optical 
absorption spectroscopy (Supplementary Fig. 7b), which matches 
the theoretical estimation of a direct bandgap about 3.9 eV in ab 
initio calculations (Methods and Supplementary Fig. 7a). As a wide 
bandgap-layered oxide, the bandgap of Bi2SeO5 is suitable for 2D elec-
tronics given that the gate voltages are usually lower than that for  
bulk devices.

Using microwave impedance microscopy (MIM)24,25, we have 
evaluated the effective isotropic dielectric constant κeff of the Bi2SeO5 
nanosheets, as shown in Fig. 3a. The effective κ value decreases as the 
nanosheet thickness is thinner than 10 nm. This layer-dependence of 
κ has been observed in other layered materials25–27 as well as traditional 
three-dimensional materials28,29. In layered materials, this observation 
is tentatively attributed to a suppression of cross-plane polarization in 
thin layered samples25–27. To further examine the κ value, we measure 
Bi2SeO5 samples in the form of a nanosheet, bulk single-crystal flake 
and polycrystal powder in classic capacitor structures as shown in  
Fig. 3b and Supplementary Fig. 8 (Methods). The powder shows a κ 
value of roughly 25.6, similar to thick nanosheets in Fig. 3a because 
they are both averaged along all crystal orientations. In contrast, the 

bulk single crystal and nanosheet (about 35 nm in thickness) show rela-
tively lower κ values of 16.5 and 15.5, respectively. Their similarity arises 
from the same crystal orientations along a axis (out of plane). Note 
that although κ values along all directions need to be considered for a 
dielectric (for example, for screening Coulomb potentials of charged 
impurities30,31), the out-of-plane κ is more important for vdW dielectrics 
in practical electronics and the value of Bi2SeO5 is comparable to that of 
conventional gate oxide HfO2 (κ about 16 to 25) in the silicon industry, 
which is much higher than that of hBN (roughly 3.5 in literature26,32–34 
and roughly 2.8 in our measurements in Fig. 3b).

Another important parameter for dielectrics is the capability to 
endure a large gate electric field, the maximum of which is called the 
breakdown field strength Ebd. By increasing the d.c. voltage on the 
capacitor (Methods and Supplementary Fig. 10), we evaluate the Ebd of 
the Bi2SeO5 nanosheet to a range from 10 to 30 MV cm−1, which is com-
parable to that of dielectrics in the silicon industry such as Al2O3 (Ebd 
roughly 10–30 MV cm−1)35 and HfO2 (Ebd roughly 13 MV cm−1)36. Figure 3c  
summarizes a systematic comparison of vdW dielectrics in two axes 
of Ebd and κ, showing that the Bi2SeO5 has better dielectric parameters 
than hBN (refs. 26,32–34,37,38) and the vdW molecular crystal Sb2O3 (ref. 39).

The atomically flat surface, high Ebd and κ values suggest that 
2D layered Bi2SeO5 qualifies as a good dielectric in 2D electronics.  
To this end, we have fabricated a 2D Bi2O2Se device with half of its 
channel encapsulated by Bi2SeO5 nanosheets (Fig. 4a). The in situ com-
parison shows that the Bi2SeO5 encapsulation notably improves Hall 
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Fig. 2 | Exfoliation and characterization of vdW layered Bi2SeO5 nanosheets. 
a,b, Cleaved Bi2SeO5 flakes with typical scale of 2.5 mm (a) and 1 mm (b).  
c,d, Typical Bi2SeO5 nanosheets exfoliated onto Si/SiO2 substrates with a 
thickness of about 180 nm (c) and about 30 nm (d). e, AFM image of Bi2SeO5 
nanosheet in d. The image is assembled by five single-shot AFM images.  
A height profile of the AFM image, which corresponds to the dashed line  
in d, is shown. The image and height profile confirm the atomic flatness of  
Bi2SeO5 nanosheet in d. f, Surface roughness of the Si/SiO2 substrate and  

Bi2SeO5 nanosheets with layer (L) numbers 1, 2, 4 and 25. Thick Bi2SeO5 
nanosheets are better in smoothening the substrate roughness than thin 
ones. g, AFM images and height profiles along the dashed lines of Bi2SeO5 with 
monolayer-thick steps before (left) and after (right) annealing in air at 400 °C. 
The nearly unchanged surfaces show the thermal stability of Bi2SeO5 nanosheet. 
h, Surface roughness of the Bi2SeO5 nanosheet before (blue) and after (red) 
annealing, corresponding to the AFM images in g. Scale bars, 500 μm (a,b), 
100 μm (c), 20 μm (d), 10 μm (e) and 1 μm (g).
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mobility of CVD-grown 2D Bi2O2Se nanosheet by 250% from 43,000 to 
153,000 cm2 V−1 s−1 at 1.8 K. Another CVD-grown 2D Bi2O2Se nanosheet 
device that is entirely encapsulated with Bi2SeO5 nanosheets shows 
a Hall mobility of 470,000 cm2 V−1 s−1 at 1.8 K (Fig. 4c), which is much 
higher than the highest mobility of 160,000 cm2 V−1 s−1 reported in  
ref. 40. In addition, other 2D materials, for example, 2D MoS2, also ben-
efit from the encapsulation by a Bi2SeO5 nanosheet and show a high 
on/off ratio Ion/Ioff > 108, low gate leakage current <10−6 A cm−2, low 
subthreshold swing value SS of roughly 70 mV dec−1 (Supplementary 
Fig. 13) and up to one order of magnitude higher mobility than a device 
without encapsulation (Supplementary Figs. 15–19). The improve-
ment of 2D device performance is presumably attributed to the 
dangling-bond-free and atomically flat interface, as well as the high-κ 
dielectric environment that is more efficient in screening Coulomb 
scattering from charged impurities after the encapsulation with Bi2SeO5 
nanosheets30,41. Moreover, the Bi2SeO5 dielectric with a high κ value ena-
bles a strong gate tunability. As shown in Fig. 4d, a gate voltage increase 
of 5.5 V (from Vg = 4.0 to Vg = 9.5 V) with a Bi2SeO5 dielectric thickness of 
about 28 nm can already induce a carrier density of 1.68 × 1013 cm−2 to 

the channel, which is several times larger than that in the device with 
hBN as dielectric (Supplementary Fig. 18b).

With the improved carrier mobility and high-κ environment, 
the advantage of the Bi2SeO5 vdW dielectric is directly reflected by 
magneto-transport results. For example, SdH quantum oscillations 
are much more prominent in 2D Bi2O2Se device when encapsulated 
by Bi2SeO5 than similar devices with hBN or SiO2 (Fig. 4e). The QHE 
is observed in Bi2O2Se materials thanks to the high carrier mobil-
ity arising from the encapsulation of Bi2SeO5, as shown in Fig. 4f. 
The well-developed plateaus have been assigned to filling factors 
(ν) ranging from 42 to 70. The observation of SdH and QHE high-
lights the advantage of implementing 2D Bi2SeO5 vdW dielectric in 
2D electronics.

In conclusion, single crystals of high-κ vdW layered Bi2SeO5 dielec-
trics have been synthesized with the CVT method. The single crys-
tals have centimetre dimensions in length and low cleavage energy, 
facilitating the exfoliation of large dielectric layers such as those 
250 × 200 μm2 in size and monolayer in thickness. The layered dielec-
tric shows a high dielectric constant κ of roughly 16.5, high breakdown 
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field strength Ebd > 10 MV cm−1, dangling-bond-free and atomically 
smooth surface, which enable an efficient control of carrier density, 
an increase in carrier mobility and therefore the observation of the 
QHE in the 2D Bi2O2Se materials. With these merits, 2D electronics 
with high carrier density, high mobility and therefore new physics are 
accessible. Also, the gate voltage can also be lowered in 2D electronics, 
which reduces the power consumption of future nanoelectronics and 
integrated circuits.
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Bi2SeO5 nanosheet serving as the dielectric. The thickness of the dielectric is 
about 28 nm. e, Magnetoresistance (MR) in 2D Bi2O2Se encapsulated with Bi2SeO5 
nanosheets (red), on hBN (blue) and on SiO2 (purple). f, Hall resistance (red) and 
magnetoresistance (blue) as a function of Vg in 2D Bi2O2Se encapsulated with 
Bi2SeO5 nanosheets. The QHE with plateaus for the filling factors ν from 42 to 70 
is identified.
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Methods
Synthesis of Bi2SeO5 single crystals
Single crystals of bulk Bi2SeO5 were grown by the CVT method. The 
prereacted Bi2SeO5 powder was synthesized from Bi2O3 powder (Alfa 
Aesar, 99.999%) and SeO2 powder (Alfa Aesar, 99.999%) with the molar 
ratio of 1:1. They were sealed in an evacuated quartz tube under vacuum 
and fed into a furnace (850 °C) for 12 h. For the growth of Bi2SeO5 single 
crystals, as-synthesized Bi2SeO5 powder was mixed with 1.5 mg cm−3 
I2 crystals (Energy Chemical, sublimated at 120 °C) and resealed in 
another evacuated quartz tube. The mixed powder was placed in the 
hot centre of the furnace at 860 °C for 40 d and the Bi2SeO5 single crys-
tals were recrystallized at the low-temperature zone by I2 transport.

Characterization of Bi2SeO5 crystals and Bi2SeO5 nanosheets
As-grown Bi2SeO5 crystals were examined by optical microscopy (Olym-
pus DX51 microscope), field emission scanning electron microscopy 
(Hitachi S-4800), single-crystal X-ray diffractometer (XtaLAB PRO 
007HF, Mo) and XRD (Rigaku D/Max-2000 diffractometer, Cu Kα radia-
tion (λ = 0.15406 nm) at 40 kV and 100 mA). As-exfoliated Bi2SeO5 
nanosheets were characterized by optical microscopy (Olympus DX51 
microscope), AFM (Bruker Dimension Icon with Nanoscope V control-
ler), spherical-aberration correction transmission electron microscopy 
(Titan Cubed Themis G2 300, 300 kV).

Ab initio calculations
To simulate the electronic properties of bulk Bi2SeO5, we first per-
formed first-principles calculations using the Vienna ab initio simula-
tion package in the framework of density functional theory (DFT)42. 
DFT calculations within the generalized gradient approximation were 
performed with the projector-augmented-wave pseudopotential. 
Plane waves with a kinetic energy cut-off of 400 eV were adopted as 
the basis set. A k-mesh grid of 3 × 10 × 5 was used for Brillouin zone 
sampling. The experimental lattice constants of a = 16.24 Å, b = 5.49 Å 
and c = 11.42 Å were adopted. Geometry optimization was carried out 
until the residual force on each atom was less than 0.01 eV Å−1. To cor-
rect the underestimated bandgap by Perdew–Burke–Ernzerhof, the 
Heyd–Scuseria–Ernzerhof hybrid functional43,44, HSE06, was further 
used, giving a direct bandgap of 3.90 eV.

The cleavage energy is defined as the energy needed to peel off a 
single vdW layer from the surface of a bulk material. Supplementary 
Fig. 3b shows the total energy as a function of interlayer distance calcu-
lated by DFT. Our calculation was based on DFT as implemented in the 
Vienna ab initio simulation package45. The Perdew–Burke–Ernzerhof 
type generalized gradient approximation was used for the exchange 
correlation energy calculation46. A 5 × 5 × 7 k-mesh was used for the 
ground state energy minimization.

Metal–insulator–metal device fabrication and electrical 
measurements
The metal–insulator–metal capacitors were fabricated as follows. 
Electron-beam lithography (EBL) was used to write Au bottom elec-
trodes (10 nm) on the quartz substrate. Bi2SeO5 nanosheets were trans-
ferred onto the bottom electrodes with the help of a polypropylene 
carbonate/polydimethylsiloxane (PPC/PDMS) stamp and multi-axis 
translation stages (translation precision roughly 1 μm). The top elec-
trodes were deposited with Pd/Au (5/50 nm) after EBL.

MIM measurements
The MIM measurements were carried out on a commercial AFM plat-
form (Park AFM XE-70). The demodulated MIM signals were then com-
pared to the finite-element analysis results to extract the dielectric 
constant at roughly 1.0 GHz. The MIM measured an effective dielectric 
constant κeff that is a weighted average over all directions. During the 
simulation, we assumed that κeff was isotropic. Since the flake thick-
nesses in Fig. 3a are smaller than the tip radius of roughly 100 nm, 

the in-plane component of κ makes a greater contribution to the MIM 
signals than the out-of-plane component.

Hall bar device fabrication and transport measurements
Bi2O2Se device. Hall electrodes (Pd/Au/Pd, 5/20/5 nm) were first depos-
ited via EBL and e-beam evaporation on Bi2SeO5 nanosheet, which was 
exfoliated on Si/SiO2 substrate beforehand. Then, with the help of the 
PPC/PDMS stamp and multi-axis translation stage, a vertically grown 
Bi2O2Se nanoplate40 was transferred onto the Hall electrodes with a 
part of or the whole sample on the Bi2SeO5 nanosheet. Finally, another 
Bi2SeO5 nanosheet was transferred onto the Bi2O2Se to cap it.

MoS2 device. The bulks of MoS2 (SPI Company), hBN (HQgraphene 
Company), Bi2SeO5 and graphite (HQgraphene Company) were exfo-
liated into nanosheets on Si/SiO2 substrates. Hall electrodes (Pd/Ag, 
5/15 nm) were deposited on the hBN (or Bi2SeO5) nanosheet. The sur-
faces were cleaned by a mechanical cleaning method47. MoS2 was then 
picked up by top hBN (or Bi2SeO5) and released on the top of the pre-
fabricated electrodes. Exfoliated graphite was transferred as the top 
gate electrode. See the Supplementary Information for more details.

Transport measurement. A standard Lock-in method was used in a cry-
ostat (Attocube AttoDRY 2100 system with 3DR), with the temperature 
ranging from 1.8 to 300 K and magnetic field up to 9 T.

Data availability
The data that support the findings of this study are available from the 
corresponding author upon reasonable request.
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