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Vertically grown ultrathin Bi2SiO5 as high-κ
single-crystalline gate dielectric

Jiabiao Chen 1, Zhaochao Liu1, Xinyue Dong1, Zhansheng Gao1, Yuxuan Lin1,
Yuyu He1, Yingnan Duan1, Tonghuai Cheng1, Zhengyang Zhou2, Huixia Fu3,
Feng Luo1 & Jinxiong Wu 1

Single-crystalline high-κ dielectric materials are desired for the development
of future two-dimensional (2D) electronic devices. However, curent 2D gate
insulators still face challenges, such as insufficient dielectric constant and
difficult to obtain free-standing and transferrable ultrathin films. Here, we
demonstrate that ultrathin Bi2SiO5 crystals grown by chemical vapor deposi-
tion (CVD) can serve as excellent gate dielectric layers for 2D semiconductors,
showing a high dielectric constant (>30) and large band gap (~3.8 eV). Unlike
other 2D insulators synthesized via in-plane CVD on substrates, vertically
grown Bi2SiO5 can be easily transferred onto other substrates by polymer-free
mechanical pressing, which greatly facilitates its ideal van der Waals integra-
tion with few-layerMoS2 as high-κ dielectrics and screening layers. The Bi2SiO5

gated MoS2 field-effect transistors exhibit an ignorable hysteresis (~3mV) and
low drain induced barrier lowering (~5mV/V). Our work suggests vertically
grown Bi2SiO5 nanoflakes as promising candidates to improve the perfor-
mance of 2D electronic devices.

Two-dimensional (2D) semiconductors hold great promise for fabri-
cating more-than-Moore transistors and exploring the emergent
transport properties1–5, but achieving their theoretical performance
also requires compatible high-k dielectrics to guarantee efficient gate
control6–10. Compared to traditional amorphous dielectrics (Al2O3 and
HfO2)

11–13, single-crystalline gate insulators with dangling-bond-free
surfaces are more competitive to fabricate high-performance 2D
deviceswith reduced interfacial scatterings andgate hysteresis14–18. For
example, hexagonal boron nitride (h-BN) has beenwidely used as a van
derWaals (vdWs) substrate to improve carriermobility and investigate
exotic properties of 2Dmaterials19–23. However, h-BN is alsowell known
for its shortcomings of low dielectric constant (k = 2~4) and harsh
conditions (pressure: >4G Pa, temperature: >1673 K) for the growth of
high-quality single crystals24. Therefore, it is highly desirable to dis-
cover new vdWs insulators similar to h-BN, but has a much higher
dielectric constant and more facile synthetic conditions, for exploring

the emergent transport properties of 2Dmaterials in a high-κdielectric
environment, as well as for fabricating 2D-material-based electronic
devices with scaled supply voltage15,16. Even so, very rare have
succeeded18,25. Very recently, Peng et al.18 reported the synthesis of
Bi2SeO5 bulk crystals grown by chemical vapor transport (CVT), which
canbe exfoliated into few-nanometer-thicknanosheets and serve as an
“h-BN” like high-k dielectric to improve the mobility of 2D materials
and enable the observation of quantum Hall effects in Bi2O2Se.
Nevertheless, the CVT process for the synthesis of Bi2SeO5 bulk crys-
tals is also very time-consuming (typically ~40days). Besides, similar to
other vdWs dielectrics, transferable Bi2SeO5 nanoflakes with suitable
thicknesses and domain sizes were also prepared by a low-efficiency
method of mechanical exfoliation for subsequent vdWs device
integration.

Compared to mechanical exfoliation, direct growth of free-
standing ultrathin 2D insulators with high-k nature by chemical
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vapor deposition (CVD) is much more efficient, but remains challen-
ging. Typically, CVD-grownatomically thin 2D insulators with a layered
crystal structure preferably adopt an in-plane growth mode on
substrates26–29, which will inevitably set obstacles for clean sample
transfer and subsequent vdWs integration. However, if an ultrathin 2D
insulator can be vertically grown on the substrate, just like the case in
Bi2O2Se

3,30,31, the transfer problem canbe easily overcomedue tomuch
reduced interfacial interaction.

Bi2SiO5 is a well-known high-κ dielectrics with an Aurivillius-type
layered structure and a large band gap of 3.5~4.4 eV32–35. According to
the previous works regarding the bulk single crystals and poly-
crystalline powders of Bi2SiO5, Bi2SiO5 shows an anisotropic dielectric
constant36,37 and its out-of-plane dielectric constant can be as high as
30~8036–39, and thus was suggested as a potential candidate for high-
temperature dielectrics39. Here, Bi2SiO5 was demonstrated as an
excellent gate dielectric for 2D semiconductors. Ultrathin Bi2SiO5 sin-
gle crystals with thickness down to monolayer were successfully syn-
thesized by a facile CVD method, concurrently owing to the high
dielectric constant (>30), large band gap (~3.8 eV), and large break-
down field strength. Remarkably, the preferable CVD growth mode of
Bi2SiO5 can be regulated from in-plane to out-of-plane under opti-
mized conditions, showing great feasibility on sample transfer by
polymer-free mechanical pressing. Using ultrathin Bi2SiO5 nanoflakes
as the vdWdielectrics and screening layers, we can greatly regulate the
carrier density and improve the carrier mobility of few-layer MoS2
(almost fifteen times higher than on the SiO2 substrate at 5 K). Besides,
the MoS2 field-effect transistors (FETs) using Bi2SiO5 as dielectrics can
operate at 0.5 V, exhibiting a large Ion/Ioff (>108), an ignorable hyster-
esis (~3mV), low DIBL value (~5mV/V) and low gate leakage cur-
rent (~10−13A).

Results
Structure, CVD growth, and characterization of layered Bi2SiO5

As shown in Fig. 1a, bismuth silicate Bi2SiO5 possesses a monoclinic
lattice with Cc space group (quasi-orthogonal, a = 15.12Å, b = 5.44 Å,
c = 5.29Å, β = 90.07°) and has an Aurivillius-type layered crystal
structure with alternatively stacked [Bi2O2]n

2n+ and [SiO3]n
2n- layers

along the a-axis. The first-principle calculations were performed to
investigate the band structure of layered Bi2SiO5. As shown in Fig. 1b,
Bi2SiO5 exhibits a large direct band gap of ~3.79 eV, whose conduction
band minimum (CBM) and valance band maximum (VBM) are both
locate at Γpoint of the first Brillouin zone andmainly originate fromBi-
p and O-p orbits, respectively.

The essential prerequisite for using Bi2SiO5 as single-crystalline
dielectrics with strong gate control is to achieve its growth of atom-
ically thin films. However, the CVD growth of ultrathin Bi2SiO5 crystals
remains a challenge yet. Toour knowledge, SiO2 is chemically inert and
has a very high melting point, which prevents it to be used as Si sup-
plier during the CVD growth of Si-based compounds to some extent.
Nevertheless, it’s well known that the fluorides will react with SiO2 to
form volatile Si-based precursors. As a result, we developed a facile
CVDmethod for the synthesis of Bi2SiO5 ultrathin crystals by using the
BiF3 powders as Bi supplier and SiO2 powders or quartz boat as Si
supplier (see Supplementary Fig. 1).With thismethod, ultrathin Bi2SiO5

crystals with various thicknesses can be readily obtained on mica
substrates. As shown in Fig. 1c, d and Supplementary Fig. 2, at a rela-
tively high growth temperature (~1023 K), Bi2SiO5 adopts a preferable
in-plane growth mode on mica, which is widely observed in the CVD
synthesis of layered materials, revealing a transparent square-like
shape and atomically thin nature (down tomonolayer, Supplementary
Fig. 3). Normally, the in-plane growth mode will result in a large
attaching area and strong bonding force between the epitaxial layer
and the substrate, thereby adding difficulties for sample transfer and
subsequent vdWs integration. Remarkably, the preferable growth
mode of Bi2SiO5 on mica can be regulated from in-plane to out-of-

plane growthmodes just by lowering its growth temperature, which is
similar to the case of Bi2O2Se

30. As shown in Fig. 1e and Supplementary
Fig. 2b, c, vertically grown ultrathin Bi2SiO5 crystals gradually emerge
on mica at ~973 K, then dominates the CVD growth while further
lowering the temperature to ~923K. Unlike the case in Fig. 1c, vertically
grown Bi2SiO5 crystals with thickness ranging from7.5 to 50 nm can be
easily transferred onto various substrates (such as SiO2/Si, Fig. 1e) by a
polymer-free mechanical pressing (Supplementary Fig. 4), showing an
atomically flat surface even after sample transfer (Fig. 1f). The trans-
ferable feature without unfavorable residual polymer contaminations
makes free-standing Bi2SiO5 appealing for fabricating vdWs hetero-
junction device. Occasionally, the CVD-grown Bi2SiO5 nanoflakes
revealed a terraced morphology with a step height of ~0.76 nm
(Fig. 1g), consistentwith the theoretical value for themonolayer step in
Bi2SiO5. It’s worth noting that the CVD-grown Bi2SiO5 shows excellent
air stability, whose surface morphology and roughness of Bi2SiO5

nanoplates remain almost the samewhen exposed to air formore than
7months,which is an importantmetric for device fabrication as a high-
κ gate dielectric (Supplementary Figs. 5, 6). More details about the
comparison experiments conducted to understand how the reaction
goes in the CVD growth of Bi2SiO5 and the possible reason for its in-
plane and out-of-plane growth can be found in the discussion part of
supporting information (Supplementary Figs. 7, 8).

The crystalline phase of as-grown samples was confirmed by
transmission electron microscopy (TEM), Raman spectroscopy, and
X-raydiffraction (XRD). As shown in Fig. 1h, i and Supplementary Fig. 9,
we performed high-resolution TEM imaging along three-zone axes
[namely (010), (011), and (100)], as well as corresponding fast Fourier
transform (FFT) fringes. Based on the atomic-resolved cross-sectional
TEM technique, the alternative stacking of [Bi2O2]n

2n+ and the [SiO3]n
2n−

layers with a layer space of 0.76 nm was observed. Besides, the aver-
aged atomic ratio of Bi/Si was measured close to 2: 1 by energy dis-
persive spectroscopy (EDS, Supplementary Figs. 9, 10), which is
consistent with the chemical formula of Bi2SiO5. The active modes at
70, 97, 149, 208, 298, 372, 433 cm−1 of the Raman spectra alsomatched
well with monoclinic Cc phase of Bi2SiO5 (Supplementary Fig. 11)35.
Additionally, the sharp XRD peaks, which can be assigned to (h00)
crystal planes, further confirmed the high crystalline quality of the
CVD-grown Bi2SiO5 nanoplates (Supplementary Fig. 11c).

Dielectric properties of vertically grown Bi2SiO5 nanoplates
The transfer feasibility for vertically grown Bi2SiO5 nanoplates greatly
facilitates the evaluation of their intrinsic properties, such as dielectric
constant, band gap, and breakdown field strength. As shown in Fig. 2a,
metal-insulator-metal (MIM) capacitors were fabricated on quartz
substrates to extract the dielectric constant of Bi2SiO5 nanoflakes with
varied thicknesses by capacitance-voltage (C–V) measurements. Here,
the thick graphite and In/Au metals serve as the bottom and top
electrodes, respectively. Thanks to high-κ nature, Bi2SiO5 nanoflake
with a thickness of 25.6 nm demonstrated a very high capacitance
density of 1.12μF/cm2 at 100Hz (Fig. 2a), revealing a slight decrease
when the measuring frequency is up to 1MHz. The corresponding
capacitance-frequency (C–f) measurements showed the similar results
(Fig. 2b). It is worth noting that the absolute capacitance value
(>1 × 10−12F) measured is ~2~3 orders higher than the instrument’s off-
set and noise level (<1.5 × 10−14F, Supplementary Fig. 12). Based on the
C–V and C–f data, we can estimate the effective permittivity (ɛeff) of
Bi2SiO5 to be ~32.4 at 100Hz, which is preferable than commercial
amorphous high-κ oxide such as Al2O3 (k = 7~9)13,40,41 and HfO2

(k = 13~17)41,42, and higher than most of reported vdWs single-
crystalline dielectrics, such as h-BN (k = ~3.5)43,44, CaF2 (k = 8.4)14,
Bi2SeO5 (k = 15.6)18, VOCl (k = 11.7)45 and ZrO2 (k = 8~19)17. Furthermore,
we investigated the thickness-dependent ɛeff by fabricating MIM
capacitors with different Bi2SiO5 thicknesses, from which we can
extract very large ɛeff values of >30 in a wide thickness range (Fig. 2c).
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The gradual decrease of ɛeff while thinning downcanbe ascribed to the
existence of interfacial “dead layer” in the MIMdevice, which is similar
to other MIM devices15,46–48.

An ideal gate dielectric also needs a large band gap to inhibit the
current leakage. Here, vertically grown Bi2SiO5 nanoflakes were
directly transferred onto the polished quartz substrate by mechanical
pressing for the ultraviolet-visible (UV-vis) absorption measurements.
As shown in Fig. 2d, the optical band gap of CVD-grown Bi2SiO5 can be
extracted as ~3.80 eV by Tauc’s law, which is consistent with the the-
oretical value (3.79 eV, Fig. 1b). To illustrate the metrics of Bi2SiO5 as a
gate dielectric, the relationship between band gap and dielectric
constant of representative gate dielectrics in literature was plotted in
Fig. 2e, clearly indicating the coexistence of high dielectric constant
and large band gap in Bi2SiO5. Moreover, we evaluated the breakdown

field strength (Ebd) of the Bi2SiO5 nanoplates by conductive atomic
forcemicroscope (C-AFM)measurements on p++ Si. As shown in Fig. 2f,
the CVD-grown Bi2SiO5 showed thickness-dependent breakdown field
strength ranging from 7.2 (13.5 nm) to 9.4 (8.2 nm) MV cm−1, which is
close to that of dielectrics in the silicon industry such as Al2O3

49 and
HfO2

50 but owns higher dielectric constant. We should emphasize that
the C-AFM is a very local and microscopic tool to measure the break-
down voltage of a dielectric insulator, which may be not the same as
the global one determined by MIM device. For example, the break-
down experiments based on the MIM devices gave a breakdown field
strength of 3~5MV/cm instead while varying the thickness of Bi2SiO5

from 10.1 to 21.4 nm (Supplementary Fig. 13).
The features of easy-to-transfer, ultra-flat surface, high dielectric

constant, large band gap, and breakdown field strength make Bi2SiO5
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Fig. 1 | Structure, growth, and characterization of ultrathin Bi2SiO5 single
crystals. a Crystal structure of Bi2SiO5 (Cc, a = 15.12 Å, b = 5.44 Å, c = 5.29 Å,
β = 90.07°) with alternatively stacked [Bi2O2]n

2n+ and [SiO3]n
2n− layers. b Calculated

band structure and density of states (DOS) of Bi2SiO5 with a direct band gap of
~3.79 eV. The first Brillouin zone is inserted in the right panel. c Typical optical
micrograph (OM) image of square Bi2SiO5 nanoplates showing an in-plane growth
mode on mica substrate. d OM images of Bi2SiO5 nanoplates with thickness-
dependent color contrasts on mica. The inset shows the typical atomic force
microscope (AFM) image of an ultrathin Bi2SiO5 nanoplate with a thickness of

3.9 nm (5 layers) and an atomically smooth surface. e Scanning electron micro-
scopy (SEM) image of 2D Bi2SiO5 crystals vertically grown on mica substrate.
f Thickness-dependent color contrasts for Bi2SiO5 nanoplates transferred onto
SiO2/Si substrate by a polymer-free mechanical pressing. The AFM image of a 7.5-
nm-thick Bi2SiO5 nanoplate was inserted in f. g Typical AFM image of a terraced
Bi2SiO5 nanoplateswith a clear step of 0.76 nm.h, iCross-sectional atomic-resolved
high angle annular dark field (HAADF) images (left) and corresponding fast Fourier
transform (FFT) diffraction spots (right) of chemical vapor deposition (CVD) grown
Bi2SiO5 nanoplates taken along the zone axes of [010] (h) and [011] (i), respectively.
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highly competitive as gate dielectrics and high-κ substrates for
dielectric screening. Here, we combine Bi2SiO5 with mechanically
exfoliated few-layer MoS2 to construct Bi2SiO5/MoS2 FETs for
demonstrating its advantages as back-gate dielectrics (Fig. 3), dielec-
tric screening substrate (Fig. 4) and top-gate dielectrics (Fig. 5).

Vertically grown Bi2SiO5 as back-gate dielectric
The small contact area and weak interaction between the vertically
grownBi2SiO5 and themica substratemake it compatiblewith thewell-
developed aligned transfer method (For details, see Supplementary
Fig. 14)19,20, allowing us to fabricate complex vdWs heterojunction
devices by layer-by-layer stacking. Figure 3a showed the OM image of
an as-fabricated MoS2 Hall-bar device using Bi2SiO5 as the back-gate
dielectric and multi-layer graphene as a back-gate electrode. Gated
Hall measurement is a powerful tool to get a series of key parameters,
such as the dielectric constant of the gate dielectric, carrier density,
and Hall mobility of the channel semiconductor. Besides, it also
enables us to get the transfer and output characteristics by defining
two out of six electrodes as source and drain. Figure 3b showed Hall
resistance (Rxy) as a function of magnetic field (B) under different gate
voltages (Vg) at room temperature, from which we can extract the Vg-
dependent sheet carrier densities (n2D). By linear fitting the curve of
n2D-Vg (Fig. 3c), the estimated slope equals the Cox/e, where Cox is
capacitance density and e is the elementary charge. The Cox for a 22-
nm-thick Bi2SiO5 can be as high as 1.45μF/cm2, suggesting a very high
dielectric constant (ɛr ~ 36), which is consistent with the value extrac-
ted byC–Vmeasurements in a reasonable accuracy. On the other hand,

very large capacitance density suggests that we can greatly regulate
the carrier density and electrical behavior of theMoS2 semiconductor.
As confirmed by the room-temperature Hall measurements (Fig. 3c), a
very high carrier density of 1.83 × 1013cm−2 can be doped into the
channel by applying a Vg of 2 V on Bi2SiO5 dielectrics. To this end, the
temperature-dependent longitudinal resistance (Rxx-T) behavior of
MoS2 can be greatly regulated from insulating to metallic one when
sweeping the Vg from0.4 to 2 V (Fig. 3d), indicating the great potential
of Bi2SiO5 dielectric as a powerful tool for physical state regulation.

To examine whether ultrathin Bi2SiO5 can serve as excellent back-
gate dielectrics of a FET, we define the electrodes #1, #4 and graphene
as source, drain, and gate electrodes, respectively. The dual-sweep
transfer curves of MoS2/Bi2SiO5/Gr FET were presented in Fig. 3e,
showing a large Ion/Ioff of >108, and a small SS value of ~64mV/decade.
Considering the relatively complex device fabrication process (Sup-
plementary Fig. 14), chemical residuals will inevitably remain at the
interfaces between the graphene, Bi2SiO5 and MoS2, which are detri-
mental to the deviceperformance. Nevertheless, the FET still exhibited
small hysteresis of ~15mV, which is comparable to the value obtained
after interface optimization51. Thanks to the Ohmic contact formed by
In/Au electrodes (Fig. 3f), two-terminal field-effect mobility of the
device can be as high as 18.6 cm2 V−1 s−1 by linear fitting the transfer
curve, which is comparable to the Hall mobility measured at room
temperature (23.7 cm2 V−1 s−1 at Vg = 2 V, Supplementary Fig. 15).
Notably, Bi2SiO5 was also verified as an excellent gate insulator while
shrinking the channel length of MoS2 FETs down to 100 nm and even
30nm (Supplementary Figs. 16, 17).
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Vertically grown Bi2SiO5 as high-κ screening layer
Dangling bonds on SiO2/Si substrate usually act as the scattering sites
of Coulomb impurities (CI) to decrease the mobility of a
semiconductor52–54. Theoretically speaking, using an h-BN-like high-κ
substrate free of dangling bonds can effectively enhance its mobility
due to reduced CI scatterings and excellent dielectric screening.
Figure 4a shows the scheme and OM image of as-fabricated 4-probe
MoS2 FETs on top of Bi2SiO5 and SiO2/Si substrates. To avoid the
influence of sample quality variation, one MoS2 sample (4.3 nm) was
simultaneously placed on Bi2SiO5 (31.9 nm) and SiO2 substrates for
comparison. As demonstrated in Fig. 4b, the Vg-dependent two-probe
I–V curves (output characteristics) weremeasured at 300K, showing a
linear behavior over a large voltage window, confirming the Ohmic
contact formed by In/Au electrodes. It’s worth noting that the on-state
current (Ion) of MoS2 on Bi2SiO5 is about twice as the one on SiO2,
suggesting a higher mobility of MoS2 on Bi2SiO5 substrate. To illumi-
nate the influence of contact resistance, 4-probe transfer curves were
measured among a temperature range of 5~300K (Fig. 4c). By linear
fitting the transfer curves, we can extract the 4-probe FET mobility
(μFET,4-probe) as a function of temperature (Fig. 4d). Among the whole
temperature range of 300~5 K, the carrier mobility of MoS2 on Bi2SiO5

is significantly higher than that on SiO2/Si substrate, which can be
further confirmedbyplotting the Ids as a function of a normalizedVg by
threshold voltage (Vg-Vth, Supplementary Fig. 18). Particularly, the
mobility ofMoS2 onBi2SiO5 at 5 K is as high as 549.3 cm2 V−1 s−1, which is
almost fifteen times higher than the value of MoS2 on SiO2/Si
(~37.4 cm2 V−1 s−1). Moreover, the carrier mobility of MoS2 on Bi2SiO5

and SiO2/Si showed totally different temperature dependence. For

MoS2/Bi2SiO5, its carrier mobility increased monotonously upon
cooling down, suggesting the phonon scattering dominated the whole
transport events even at low temperature. In contrast, the carrier
mobility of MoS2 on SiO2/Si substrate increased first while cooling
down to ~150 K, but gradually decreased upon further cooling. This T-
dependent mobility can be well explained by enhanced charge impu-
rities scattering at low temperature in MoS2/SiO2 interface. In a word,
using Bi2SiO5 as a substrate greatly improve the performance of the
MoS2 FET to get a higher mobility, which can be attributed to the
suppressed CI scatterings in the high-κ surroundings and ideal
dielectric/semiconductor interface.

Vertically grown Bi2SiO5 as the top-gate dielectric
Top-gate FET is a widely used device configuration in practical appli-
cations. In this part, we fabricated Bi2SiO5/MoS2 top-gate FETs to prove
the feasibility of Bi2SiO5 as top-gate dielectric layer in hysteresis-free
low-power transistors (Supplementary Fig. 19). As shown in Fig. 5a, the
Bi2SiO5/MoS2 top-gate FET was placed on the SiO2/Si substrate, which
can also serve as the back-gate dielectric and electrode when neces-
sary. Figure 5b showed the typical dual-sweep transfer curves of a 22.9-
nm-thick Bi2SiO5-based MoS2 FET measured under different Vds from
0.05 to 1 V. Owing to the excellent gate tunability, the transistor can be
effectively turned on and off by applying a Vg within the range of
−0.6~0.5 V, showing a large Ion/Ioff of >106 and a low gate leakage cur-
rent of 10−13A (approaching the detection limit). Furthermore, the ideal
SS value (~62mV/decade), ignorable gate hysteresis (~3mV), and low
drain-induced barrier lowering (DIBL, ~5mV/V) suggest the perfect
interface was formed at MoS2/Bi2SiO5 interface (Supplementary
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Fig. 20). The MoS2 transistor showed a linear Ids-Vds curve at low Vds

region, then gradually saturated at high Vds region (Fig. 5c). Particu-
larly, the SS remains low (<70mV/decade) for different Ids of several
orders of magnitude for both forward and reverse top-gate sweeping
(Fig. 5d). More importantly, the top-gate Bi2SiO5/MoS2 short-channel
FET, whose channel length was defined by the gap distance between
two graphene electrodes (~180 nm), still showed a small DIBL value of
~22mV/V and SS value of ~79mV/decade (Supplementary Fig. 21).

One step further, nearly hysteresis-free transfer curves were pre-
served in a dual-gate FET configuration, in which a back-gate voltage
(VBG) was employed to modulate the threshold voltage (Vth) of the
device. As a result, the top-gate transfer curves gradually shifted as the
VBG varied from 5 to 0V (Fig. 5e and Supplementary Fig. 22). By linear
fitting the Vth as a function of VBG, we can extract a slope of −0.0097,
which equals to the ratio of the bottom-gate to top-gate capacitance,
namely C(SiO2)/C(Bi2SiO5), when the parallel-plate capacitor model is
assumed for both top and bottom gates16,55. For a 285 nm SiO2 dielec-
tric (ɛr = 3.9), its capacitance can be calculated as 0.0121μF/cm2. In this
case, the capacitance and dielectric constant for a 22.9-nm-thick
Bi2SiO5 were derived as 1.25μF/cm2 and 32.3, both of which matched
well with the value obtained by C–V (Fig. 2a) and gated Hall measure-
ments (Fig. 3c). Next, the interface trapdensityDit was extracted based
on the following equation:15

SS= ln 10ð Þ kBT
q

1 +
qDit

Cox

� �
ð1Þ

where SS is the subthreshold swing, kB is Boltzmann constant, T is
absolute temperature, q is the elementary charge, Cox is the gate

capacitance obtained from MOS capacitance measurements. As a
result, a lowDit value of 2.88 × 1011cm−2/eV was extracted, verifying the
high quality of the vdWs interface.

Moreover, the dielectric constant of Bi2SiO5, extracted by dual-
gate transfer measurements, also showed similar thickness depen-
dence with the C–V results (Fig. 5g). Figure 5h plotted the dual-sweep
transfer curves of MoS2 FETs with different Bi2SiO5 thicknesses
(10.1~67.5 nm). Apparently, smaller Vg is needed to switch the transis-
tor on and off when a thinner Bi2SiO5 dielectric is used. We should
emphasize that the EOT value for a 10.1 nmBi2SiO5 is as small as 1.3 nm,
but its gate leakage current is still on the order of 10−13A, signifying
substantial room space for further scaling of EOT and great potential
applications in low-power devices. The Ion of MoS2 FETs in Fig. 5h
seems to decrease with decreasing the thickness of Bi2SiO5, whichmay
originate from the contact issues existing in the MoS2 FETs with the
thinBi2SiO5 asgate insulators. However, we should emphasize that, the
Ion of ultrathin Bi2SiO5-gated MoS2 FETs can be greatly improved by
optimizing the device fabrication process. As shown in Supplemen-
tary Figs. S23–25, the Ion of another 10-nm-thick Bi2SiO5-gated MoS2
can be similar to the value of the thick Bi2SiO5-gated FETs (0.11μA/μm,
Fig. 5b). It is worth noting that the Ion is greatly limited by the
remaining ungated channel in the top-gate device configuration.
Additionally, as confirmed by the dual-sweep transfer curves, a nearly
ideal SS value and a low normalized gate hysteresis can indeed be
obtained in the Bi2SiO5 gated MoS2 FET.

The lowoperating voltage is essential to fabricate low-power logic
circuits. As demonstrated in Fig. 5i, we used two n-type transistors as
the load and driver terminal to construct 2D inverter with a high vol-
tage gain of 22.0. The inverter can demonstrate the logic state 0 and 1
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within ±0.5 V, showing a low dynamic power consumption of <0.7 nW
(Supplementary Fig. 26).

In summary, ourwork achieved the direct CVDgrowthof ultrathin
free-standing high-k single-crystalline dielectrics, which is much more
efficient than traditional mechanical exfoliation. The vertically grown
Bi2SiO5 2D crystals present the metrics for a gate dielectric, as evi-
denced by the coexistence of high dielectric constant, large band gap,
high breakdown field strength, as well as the characteristic of easy
transfer by facile polymer-free mechanical pressing. These features
make Bi2SiO5 attractive as an inert vdWs substrate superior to h-BN for
exploring exotic transport properties under reduced interfacial scat-
terings and stronger gate control, as well as for fabricating hysteresis-
free 2D transistors with scaled supply voltage.

Methods
CVD growth of ultrathin Bi2SiO5 nanoplates on mica substrate
2D Bi2SiO5 crystals were synthesized inside a homemade CVD system
equippedwith a single heating zone tube furnace and 30mmdiameter
quartz tube. Typically, the BiF3 powders (purity 99.999%, Macklin)

were placed in an empty quartz boat or on top of the SiO2 powders
located in the heating center, and the freshly cleaved fluorophlogopite
mica substrates were placed above the quartz boat. The heating tem-
perature of the source was 600–750 °C and the growth time was
20min. The 50 s.c.c.m Ar and 5 s.c.c.m mixed Ar/O2 (1‰) gas were
introduced into the CVD system as carrier gas. The system pressure
was kept constant as 760 Torr during the whole growth process.

Characterization of CVD-grown ultrathin Bi2SiO5 single-
crystalline dielectric
The morphologies of as-synthesized in-plane and free-standing 2D
Bi2SiO5 nanoplates were characterized by optical microscopy (Olym-
pus BX53), scanning electron microscopy (SEM, JSM-7800F) and
atomic force microscope (AFM, Bruker dimension icon). With a
polymer-free method of mechanical pressing, vertically grown Bi2SiO5

nanoflakes were transferred onto Cu grid, glass, and optical quartz
substrates to perform the characterizations of transmission electron
microscopy (TEM, JEM 2800), X-ray diffraction (XRD, Rigaku Smart
Lab 30 KW) and absorption spectrum (SHIMADZU, UV-2600),
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Fig. 5 | Hysteresis-free MoS2 FETs and low-power NMOS inverters using Bi2SiO5

as high-κ top-gate dielectrics. a Schematic illustration of the top-gatedMoS2 FETs
on SiO2/Si substrate with Bi2SiO5 as the top-gate dielectric. b Typical dual-sweep
transfer curves of theMoS2/Bi2SiO5 FETmeasured under different Vds from 0.05 to
1 V, showing an ideal SS value of ~62mV/decade and ignorable gate hysteresis. The
Insert is the OM image of a fabricated MoS2 FET with Bi2SiO5 as the gate dielectric.
c Corresponding output characteristics (Ids–Vds curves) of the device measured by
varying the Vg from 0.5 to −0.6 V with a 0.1 V step. d Extracted SS value versus Ids
characteristics of the device in b, showing a low SS value (<70mV/decade) for a
wide Ids range. eDual gated transfer curvesof theMoS2/ Bi2SiO5 FETunderdifferent

back-gate voltages (VBG) from 5 to 0V. f The extracted threshold voltage Vth from
e as a function of VBG. The linear fitting yields a slope of −0.0097 and a high
dielectric constant of ~32.3. g The thickness-dependent dielectric constant of
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based on two MoS2/ Bi2SiO5 FETs under different supply voltage (Vdd) from 2V
to 0.5 V.

Article https://doi.org/10.1038/s41467-023-40123-1

Nature Communications |         (2023) 14:4406 7



respectively. The Raman spectroscopy was measured on WITec
alpha300R with a laser of 532 nm. The cross-sectional TEM samples of
in-plane and vertically grown Bi2SiO5 nanoflakes were both prepared
byusing a focused ion/electrondual beamsystem (FEI,Helios 5CX). All
cross-sectional scanning transmission electron microscopy (STEM)
imaging was obtained on an aberration-corrected TEM operating at
300 kV (FEI TitancubedThemisG2 300).The breakdownfield strength
of Bi2SiO5 was measured with the C-AFM module of Bruker
Dimension Icon.

First-principles calculations
The structural relaxation of Bi2SiO5 is performedwithin the framework
of density function theory (DFT) using the projector augmented wave
pseudopotential and the Perdew–Burke–Ernzerhof exchange-
correlation functional as implemented in the VASP. The energy cut-
off for the plane-wave expansion is set to 500 eV, and a
Monkhorst–Pack k-mesh of 3 × 9 × 9 is used in the Brillouin zone. The
energy convergence threshold is 10−6eV and the force 10−3eV Å−1 in the
structural optimization. In order to overcome the underestimation of
energy gap from the generalized gradient approximation (GGA), we
use the method of modified Becke–Johnson potential (mBJ) to calcu-
late the electronic structure.

Device fabrication
To illuminate the possible capacitance coupling, the Bi2SiO5-based
metal-insulator-metal (MIM) capacitors were fabricated on quartz
substrates rather than SiO2/Si substrates. First, the thick graphite was
exfoliated onto the quartz substrate as bottom electrodes for its
ultrasmooth surface. Next, the vertically grown Bi2SiO5 nanoflakes
were directly picked up from the mica substrate by a polypropylene
carbonate/polydimethylsiloxane (PPC/PDMS) stamp, followed by
aligned transfer onto the specific graphite bottom electrode by a high-
precision transfer platform. Subsequently, the standard electron-beam
lithography (EBL) process and thermal evaporation were used to pat-
tern the top electrodes ((In/Au, 5/40 nm).

For fabricating the back-gated MoS2 Hall-bar device using gra-
phite as bottom electrodes, the detailed process was listed as follows.
First, SiO2/Si substrates (285 nm SiO2) were pretreated with O2 plasma
(Diener Pico plasma cleaner) for 5min at a power of 50W. Next, few-
layer MoS2 and graphite were exfoliated onto different SiO2/Si sub-
strates. With the help of the PPC/PDMS stamp and high-precision
transfer platform, the free-standing Bi2SiO5 andMoS2 nanoflakes were
sequentially stacked on top of the graphite. The six-terminal electrode
legs for the Hall-bar and the bottom metal electrodes were simulta-
neously written by one-step EBL and following thermal metal deposi-
tion (In/Au, 5/40nm). The device fabrication process of 4-terminal
MoS2 FET includes the following parts: (1) transfer the Bi2SiO5 onto
SiO2/Si substrate by mechanical pressing; (2) place part of the few-
layer MoS2 on top of the Bi2SiO5 nanosheet; (3) EBL and metal
deposition (In/Au, 5/40 nm).

For the top-gated MoS2 device, few-layer MoS2 nanosheets were
exfoliated onto SiO2/Si substrate, followed by stacking Bi2SiO5 nano-
flakes in themiddle of theMoS2 nanosheets as the gate dielectrics. The
source, drain, and top-gate electrodes of MoS2 FETs were patterned
togetherwithone-step EBLprocess and thermalmetal evaporation (In/
Au, 5/40 nm).

Electrical transport measurements
2-probe electrical properties of the back-gate and top-gateMoS2 FETs,
including the Figs. 3e, f, 4b, 5b, c, e, h, were carried out by a semi-
conductor analyzer (FS-Pro) in a shielded vacuum chamber (<0.1 Torr)
at room temperature, whosenoise level is ~1 × 10−13Awithin the voltage
range of ±2 V. The 4-probe transfer curves and gated 4-probe mea-
surements (such as gated Rxx-T andHall data), including Figs. 3b, d, 4c,
were carried out in a Physical PropertiesMeasurement Systems (PPMS-

9T, Quantum Design) equipped with a homemade electrical mea-
surement system, which is composed of 2 Keithley 2400, and 2
Keithley 2182 A nanovoltmeter and has a noise level of ~10−10A within
the voltage range of ± 2 V. TheC–V andC–fmeasurementswere carried
out on a FS336 LCR Meter.

Data availability
Relevant data supporting the key findings of this study are available
within the article and the Supplementary Information file. All raw data
generated during the current study are available from the corre-
sponding authors upon request.
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