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Abstract

Conventional gate-stack scaling reduces dielectric thickness and increases permittivity while largely
treating the position and electronic character of the gate-side screening boundary as fixed. Here we
show that this boundary can be engineered by converting the surface of the topological insulator
Bi2Se3 into insulating high-κ BiF3. Position-resolved calculations reveal a gap-opened immediate
amorphous-BiF3/crystalline-Bi2Se3 interface and a reconstructed gap-closed Bi2Se3-derived state in
the adjacent subinterface layer, accompanied by a localized interfacial dipole. Capacitor measure-
ments independently resolve a finite series response consistent with electronic compressibility at this
boundary; this response lowers the nominal stack capacitance. Despite this capacitance penalty, MoS2

transistors with closely matched BiF3 thicknesses and a common BiF3/MoS2 channel-side material
interface exhibit near-thermionic-limit switching, negligible hysteresis and substantially weaker sub-
threshold drain-bias dependence than BiF3-only controls. These results identify the position and
electronic character of the gate-side screening boundary as additional design variables for transistor
electrostatics beyond nominal dielectric capacitance.

1 Introduction1

Gate stacks for low-voltage transistors must provide effective channel control while maintaining dielectric2

isolation and a stable electrical response. Gate-stack scaling is conventionally described by dielectric3

thickness and permittivity, yet the applied potential is partitioned across the bulk insulator and finite4

screening and interfacial responses at conductor/dielectric and dielectric/semiconductor boundaries. As5

the equivalent oxide thickness (EOT ) approaches the subnanometre regime, contributions arising from6

electrode screening, interfacial bonding, polarization, and chemical or structural reconstruction need not7

scale with the physical dielectric thickness and can therefore constitute an increasing fraction of the8

total electrostatic response [1–5]. Relating gate-stack capacitance to subthreshold switching and drain-9

bias sensitivity therefore requires consideration of the electronic boundaries at which screening charge is10

established, in addition to the properties of the bulk dielectric.11

Two-dimensional (2D) van der Waals (vdW) semiconductors provide a stringent setting in which to12

expose this distinction. Their atomically thin bodies suppress semiconductor-body electrostatic length13

scales, whereas their chemically inert surfaces make conventional three-dimensional high-κ integration14

difficult and susceptible to interfacial disorder, fixed charge, trap states, and carrier scattering [6–8].15

Hexagonal boron nitride encapsulation, seeded atomic-layer deposition, native dielectrics, and emerging16

vdW high-κ materials have therefore focused primarily on improving the dielectric and its interface with17

the semiconductor [9–14]. These advances leave a complementary question largely open: whether the18

gate-side screening boundary itself can be deliberately created, displaced, and electronically reconstructed19

independently of the semiconductor-side interface.20

Topological insulators provide a route to this form of boundary engineering. Their bulk electronic21

structure supports boundary-localized states whose spatial distribution can be displaced or reconstructed22

when the surface environment is modified [15–18]. Such states have predominantly been considered as23

transport channels [19, 20]. By contrast, their use as an electrostatically active boundary of a gate stack24

remains largely unexplored. Because the surface of Bi2Se3 can be selectively converted into wide-gap25

BiF3 [21], surface conversion provides a means to separate the chemical surface from the electronically26

active Bi2Se3-derived boundary beneath it. This possibility motivates a gate architecture in which the27

location of screening is an engineered property of the heterophase material itself rather than a fixed28

consequence of depositing a metal electrode onto a dielectric.29

Here we investigate this gate-side boundary condition using a topological-insulator heterophase30

gate stack (TIHGS) formed by selective conversion of Bi2Se3. Fluorination creates an insulating amor-31

phous BiF3 phase while retaining electrically conducting crystalline Bi2Se3 underneath. Position-resolved32

electronic-structure calculations show that the immediate heterophase interface becomes gap-opened33

whereas an electronically active, gap-closed Bi2Se3-derived state is reconstructed in the adjacent34

subinterface layer; a localized interface dipole accompanies this reconstruction. Independent capacitor35

measurements resolve a finite series response consistent with electronic compressibility at the buried36

boundary, lowering the nominal stack capacitance. Nevertheless, TIHGS-gated MoS2 transistors exhibit37

near-thermionic-limit switching, negligible hysteresis and reduced drain-bias sensitivity relative to a38
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BiF3-only control with closely matched dielectric thickness and a common channel-side material inter-39

face. Together, these measurements connect conversion-induced electronic reconstruction, gate-stack40

response and transistor characteristics, identifying the gate-side screening boundary as a design parameter41

complementary to dielectric thickness and permittivity.42

2 Results and Discussion43

Figure 1 contrasts conventional gate-stack electrostatics with screening-boundary relocation in the44

TIHGS. In a conventional high-κ stack, the gate-side interfacial capacitance (Cd,g), dielectric capacitance,45

channel-side interfacial capacitance (Cd,ch), and, for a 2D channel, the van der Waals-gap capacitance46

(CvdW) contribute in series. Of these terms, Cd,g is central to the present work: it represents the finite47

electrostatic response of the gate-electrode/dielectric boundary arising from electrode screening and48

interface-specific electronic, bonding, polarization, and chemical or structural effects. Unlike the bulk49

dielectric capacitance, which increases as the physical dielectric thickness is reduced, this gate-side bound-50

ary contribution need not scale proportionally and can therefore account for an increasing fraction of the51

total electrostatic response at small EOT [1–5]. By comparison, Cd,ch denotes the local dielectric/semi-52

conductor interfacial response, and CvdW denotes the geometric contribution associated with the vdW53

separation at a 2D semiconductor interface. The bias-dependent semiconductor-body response is outside54

the gate-stack contribution defined here and is omitted from Fig. 1 for clarity. The resulting design ques-55

tion is therefore whether the gate-side screening boundary represented by Cd,g must remain fixed at the56

external metal/dielectric interface.57

In the TIHGS, selective surface conversion creates insulating amorphous BiF3 (a-BiF3) while residual58

crystalline Bi2Se3 (c-Bi2Se3) remains electrically coupled to the gate electrode. This architecture displaces59

the gate-side electrostatic termination from a conventional externally formed metal/dielectric boundary60

to a heterophase-induced buried electronic boundary. Importantly, the chemical conversion front and the61

electronic screening boundary need not coincide atomically. The schematic in Fig. 1d distinguishes the62

gap-opened a-BiF3/c-Bi2Se3 interface from a reconstructed gap-closed electronic state in the adjacent63

c-Bi2Se3 subinterface layer. We therefore use “buried screening boundary” to denote this electronically64

active heterophase-associated boundary region rather than an ideal atomically sharp conductor/dielectric65
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Fig. 1 Screening-boundary relocation in a topological-insulator heterophase gate stack (TIHGS). a–d,
Schematics and reduced equivalent-capacitance models for gate stacks with a two-dimensional (2D) van der Waals (vdW)
channel. The terminals g and ch denote the gate and channel; the bias-dependent semiconductor-body capacitance is omitted.
Cins, CvdW, Cd,g and Cd,ch denote the insulator, vdW-gap, effective gate-side interfacial and effective channel-side inter-
facial capacitances, respectively. a, Idealized stack retaining Cins and CvdW while omitting the gate-side and channel-side
interfacial-capacitance penalties. b,c, Three-dimensional (3D) non-vdW (b) and 2D vdW (c) high-κ dielectrics retaining
finite interfacial contributions in series with the insulator and vdW-gap capacitances. The 3D and 2D subscripts identify
the dielectric class. Interfacial layers and relative penalties are schematic. d, Surface conversion of Bi2Se3 forms insulating
BiF3 facing the channel, while residual conducting Bi2Se3 remains electrically coupled to the gate electrode. The right-hand
schematic distinguishes the gap-opened amorphous-BiF3/crystalline-Bi2Se3 chemical interface from the adjacent gap-closed
Bi2Se3-derived subinterface electronic boundary. CQ represents the finite effective electronic-compressibility response of
this buried boundary, in series with the BiF3 dielectric capacitance (CBiF3

), Cd,ch and CvdW. Cone symbols schematically
represent Bi2Se3-derived Dirac-like boundary states. The dashed box in the equivalent circuit identifies the TIHGS element
comprising CQ and CBiF3

in series.
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plane. In the reduced series-capacitance model, its finite electronic response is represented as66

1

Cg,TIHGS

=
1

CTIHGS

+
1

Cd,ch
+

1

CvdW

=
1

CQ
+

1

CBiF3

+
1

Cd,ch
+

1

CvdW

,

where CQ denotes the effective electronic-compressibility response associated with the buried electronic67

boundary. Here, Cg,TIHGS includes the channel-side interfacial and vdW-gap contributions represented68

in Fig. 1, whereas CTIHGS used below denotes the BiF3/buried-boundary element, with C−1
TIHGS =69

C−1
BiF3

+ C−1
Q . The architectural change Cd,g → CQ replaces one finite gate-side response with another70

whose physical origin, position and electronic character are set by the conversion-generated heterophase.71

Screening-boundary engineering thus concerns where and how the gate-side electronic response is estab-72

lished, alongside the thickness and permittivity of the dielectric. Supplementary Note 1 develops this73

reduced electrostatic description.74

We established the conversion-defined geometry independently through structural and chemical char-75

acterization. Cross-sectional transmission electron microscopy (TEM) of fluorinated structures shows an76

amorphous converted BiF3 region above residual crystalline Bi2Se3, with the conversion depth approach-77

ing a self-limited value of ∼40–43 nm. High-angle annular dark-field scanning transmission electron78

microscopy (HAADF-STEM) combined with energy-dispersive X-ray spectroscopy (EDS) further resolves79

the corresponding compositional stratification (Extended Data Fig. 1). Atomic force microscopy (AFM),80

e

a

Pristine

Bi
2
Se

3
 channel

Au/Ti Au/Ti
Au/Ti Au/Ti

Bi
2
Se

3

BiF
3

Metallic

surface

Insulating

bulk

V (V)

I 
(m

A
/μ

m
)

V b

SF
6
-treated

Bi
2
Se

3
 channel

V (V)

I 
(p

A
/μ

m
)

V c

Pristine and SF
6
-treated

Bi
2
Se

3
 heterojunction

V (V)

I 
(p

A
/μ

m
)

V

-2 -1 0 1 2
-10

-5

0

5

10

-2 -1 0 1 2
-10

-5

0

5

10

-2 -1 0 1 2
-1.0

-0.5

0.0

0.5

1.0

 

 

−1 0 1
−1.0

−0.5

0.0

0.5

1.0

I 
(m

A
/μ

m
)

V (V)

BiF
3
-embedded

Thick Bi
2
Se

3
 channel

d

Au/TiAu/Ti

Bi
2
Se

3

Au/TiAu/Ti

BiF
3

BiF
3
-embedded

BiF
3
-isolatingThin Bi

2
Se

3
 channel

Thick Bi
2
Se

3
 channel

Au/TiAu/Ti

Bi
2
Se

3

Au/TiAu/Ti

BiF
3

f

−1 0 1
−0.4

−0.2

0.0

0.2

0.4

I 
(m

A
/μ

m
)

V (V)

 

 

BiF
3
-isolating

Thin Bi
2
Se

3
 channel

I 
(p

A
/μ

m
)

−1 0 1
−5.0

−2.5

0.0

2.5

5.0

Pristine Converted

Fig. 2 Electrical isolation and buried conduction in the topological-insulator heterophase gate stack. a–c,
Device schematics (top) and corresponding current–voltage (I–V ) characteristics (bottom) of a, pristine Bi2Se3; b, SF6-
converted Bi2Se3; and c, a lateral pristine/converted heterojunction. The converted region suppresses conduction from the
mA µm−1 to the pA µm−1 range. Scale bar in a, 10 µm. d, Schematics illustrating partial surface conversion of a Bi2Se3
flake thicker than the conversion depth and complete conversion of a thinner flake. e, I–V characteristics of a thick Bi2Se3
channel before and after partial surface conversion, showing persistent conduction through the residual Bi2Se3. Insets,
corresponding optical micrographs. Scale bars, 20 µm. f, I–V characteristics of a thin Bi2Se3 channel before and after
complete conversion, showing electrical isolation after fluorination. Inset, current on the pA scale after conversion.
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Raman spectroscopy and X-ray photoelectron spectroscopy (XPS) independently support spatially selec-81

tive chemical conversion rather than additive deposition: for a 5-s treatment, the ∼3.3-nm surface-height82

increase measured by AFM is substantially smaller than the ∼13.1-nm converted-layer thickness mea-83

sured by TEM, consistent with conversion and expansion of the parent Bi2Se3, while XPS directly reveals84

Bi–F bonding (Extended Data Fig. 2). The conversion-depth dependence and its relation to fluorine85

penetration are discussed in Supplementary Note 2.86

A functional TIHGS requires two conditions to coexist: the converted surface phase must provide87

dielectric isolation, while the residual Bi2Se3 beneath it must remain electrically conducting. A pris-88

tine Bi2Se3 channel carries current in the mA µm−1 range, whereas a fully converted channel and a89

lateral pristine/converted junction are suppressed to the pA µm−1 range (Fig. 2a–c). The converted90

region therefore acts as an electrically isolating barrier rather than simply a resistive modification of91

Bi2Se3. Comparable electrical isolation was not reproduced by O2-plasma treatment, under which Bi2Se392

remained conductive even after prolonged exposure (Extended Data Fig. 3a–h).93

The complementary requirement of buried conduction is established by conversion-depth-dependent94

transport. Bi2Se3 flakes thicker than the self-limited conversion depth remain conductive after partial95

fluorination, whereas thinner flakes become electrically isolated after complete conversion (Fig. 2d–96

f). Quantitative transfer-length measurements across a locally converted region further show nearly97

unchanged contact resistance (∼157 versus ∼161 Ω) together with a ∼3.5-fold increase in sheet resis-98

tance, consistent with an electrically continuous Bi2Se3 pathway persisting beneath the insulating99

converted region (Extended Data Fig. 3i–m). These measurements establish the vertically stratified100

insulating-BiF3/conducting-Bi2Se3 configuration required for the buried gate-side screening boundary.101

The electrically stratified BiF3/Bi2Se3 structure raises a central microscopic question: where does102

the electronically active boundary reside after surface conversion? Pristine c-Bi2Se3 exhibits a Dirac-like103

surface-state dispersion within a calculated 0.31-eV bulk gap, with the Dirac-point energy (ED) located104

∼0.043 eV below the Fermi level (EF) and finite spectral weight extending to EF (Fig. 3a,b). Formation of105

the a-BiF3/c-Bi2Se3 heterophase produces a spatially resolved reconstruction. The immediate heterophase106

interface becomes gap-opened, with an interface-projected gap of ∼0.72 eV, whereas the adjacent c-Bi2Se3107

subinterface QL develops a reconstructed gap-closed Bi2Se3-derived Dirac-like feature centred ∼0.146 eV108

below EF and retaining finite near-EF spectral weight (Fig. 3c,d). The opposite surface remains pristine-109

like. The direct microscopic result is therefore a spatial separation between the gap-opened chemical110

interface and an electronically active gap-closed subinterface boundary, rather than simple survival of the111

original Bi2Se3 surface state.112

The calculated dipole-moment profile is strongly localized near the a-BiF3/c-Bi2Se3 heterophase inter-113

face (Fig. 3e), identifying interfacial charge redistribution accompanying surface conversion. Together,114

the localized dipole and position-resolved band reconstruction show that conversion reorganizes the115

Bi2Se3-derived electronic boundary while creating an insulating chemical interface. The resulting spa-116

tial distinction between the chemical conversion front and the gap-closed subinterface state provides the117

microscopic basis for the buried-boundary picture developed in Supplementary Note 3. Its electronic118

compressibility is examined independently below through capacitance measurements. Complementary119

calculations confirm that amorphous BiF3 remains insulating, with a calculated band gap of 3.94 eV; the120

crystalline and amorphous BiF3 electronic structures and calculated dielectric properties are summarized121

in Extended Data Fig. 4 and Extended Data Table 1.122

Capacitor measurements provide an independent electrostatic test of the buried electronic bound-123

ary. Crystalline TIHGS-43 (cN) MIM capacitors containing a ∼43-nm-thick converted BiF3 layer exhibit124

nearly bias-independent capacitance and a mean BiF3-thickness-normalized effective relative permittiv-125

ity εeff,TIHGS = 16.50 (Fig. 3f,g). Polycrystalline TIHGS-13 (p20) and TIHGS-43 (p50) similarly yield126

εeff,TIHGS ≈ 15–16, whereas the fully converted BiF3-only reference yields εBiF3
= 28.65 on average. The127

lower TIHGS capacitance is represented by128

1

CTIHGS

=
1

CQ
+

1

CBiF3

,

where the independently measured BiF3 reference gives effective CQ values of ∼2.52 and ∼0.631 µF cm−2
129

for TIHGS-13 (p20) and TIHGS-43 (p50), respectively (Supplementary Note 4). Their geometry depen-130

dence shows that CQ is an effective interfacial response rather than a universal material constant. Most131

importantly, the finite CQ is a series response that reduces the measured stack capacitance. Combined132
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c, Structural model of amorphous BiF3 (a-BiF3) interfaced with four-QL c-Bi2Se3, showing the immediate heterophase
interface, adjacent subinterface QL, bulk-like region, and opposite surface. d, Position-resolved electronic structure of c. The
immediate interface is gap-opened by ∼0.72 eV, whereas the adjacent subinterface QL exhibits a reconstructed gap-closed
Bi2Se3-derived Dirac-like feature centred ∼0.146 eV below EF with finite near-EF spectral weight. The opposite surface
remains pristine-like. e, Calculated out-of-plane dipole-moment profile, showing a response localized near the heterophase
interface. f, Capacitance–voltage (C–V ) characteristics of BiF3-only (p20), TIHGS-13 (p20), TIHGS-43 (p50) and TIHGS-
43 (cN) MIM capacitors (n = 25, 33, 24 and 5, respectively). TIHGS-13 and TIHGS-43 contain ∼13- and ∼43-nm converted
BiF3; p20 and p50 denote nominal starting polycrystalline Bi2Se3 thicknesses, and cN crystalline Bi2Se3 with nominal
starting thickness N . g, Distributions of εBiF3

and the BiF3-thickness-normalized εeff,TIHGS. Inset, series-capacitance
representation of CBiF3

and effective interfacial quantum capacitance CQ. Boxes indicate the interquartile range, with
centre lines denoting the median, and individual symbols represent separate capacitors.
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with the independently calculated near-EF subinterface spectral weight, this finite electronic response133

provides mutually consistent microscopic and electrostatic evidence for an electronically compressible134

buried boundary. The weak dependence of εeff,TIHGS on the nominal starting crystalline Bi2Se3 thick-135

ness at a nearly fixed converted BiF3 thickness further disfavors a dominant bulk contribution (Extended136

Data Fig. 5f). The broader dielectric-property context is shown in Extended Data Fig. 5g.137

For this boundary architecture to function as a gate stack, the converted BiF3 phase must also retain138

sufficient electrical isolation. For positive capacitor biases up to approximately 0.5 V, the TIHGS MIM139

current density remains below 10−2 A cm−2. The transistor measurements separately resolve the drain140

current above the gate-leakage level during turn-on, whereas the deepest off-state currents approach141

the leakage and measurement-noise floor. At higher fields, the MIM leakage characteristics evolve from142

field-assisted emission towards Fowler–Nordheim tunnelling. The localized dipole in Fig. 3e provides143

microscopic evidence of interfacial charge redistribution, whereas Extended Data Fig. 6 distinguishes the144

measured leakage regimes and the vacuum-referenced, contact-equilibrated and high-field band-alignment145

configurations. The complete transport analysis and its limitations are discussed in Supplementary Note 5.146
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Fig. 4 Enhanced electrostatic control in TIHGS-gated MoS2 transistors. a,c, Schematics and reduced equivalent-
capacitance models of TIHGS-gated (a) and BiF3-only-gated (c) MoS2 field-effect transistors (FETs). Capacitance symbols
follow the definitions in Fig. 1. In a, residual Bi2Se3 remains electrically coupled to the gate electrode, and CQ represents
the effective electronic-compressibility response of the buried electronic boundary in the Bi2Se3 subinterface region. The
dashed circuit box identifies the TIHGS element comprising CQ and CBiF3

in series. In c, Cd,g represents the conventional
metal/BiF3 interfacial response. Both models retain the BiF3 dielectric and channel-side contributions; the regions labelled
“Dead layers” schematically represent effective interfacial responses. The physical BiF3 thicknesses are closely matched at
∼43 nm in both devices. b,d, Forward and reverse transfer characteristics of representative TIHGS-gated (b) and BiF3-
gated (d) devices. The TIHGS-gated device exhibits a minimum subthreshold swing (SS) of ∼65 mV dec−1 and negligible
hysteresis, compared with ∼83 mV dec−1 and larger hysteresis for the BiF3-gated control. Coloured dashed traces denote
gate-leakage current. e, Local SS as a function of width-normalized drain current, extracted from the forward transfer
characteristics at VDS = 0.1 V. The dashed line marks the room-temperature thermionic limit of 60 mV dec−1. f, Constant-
current extraction of drain-induced barrier lowering (DIBL) from the forward subthreshold transfer characteristics. Magenta
and green traces denote the BiF3-only and TIHGS-gated devices, respectively; light and dark traces correspond to VDS = 0.1
and 1.0 V. The horizontal dashed line marks ID = 10 pA µm−1. Vertical dashed lines identify the corresponding gate
voltages, and arrows indicate their separation. The DIBL values are approximately +3 and −41 mV V−1 for the TIHGS-
and BiF3-only-gated devices, respectively. g, Comparison of SS and hysteresis window for the TIHGS- and BiF3-gated
devices from this work and representative reported MoS2 FETs employing different gate dielectrics [22–28]. Literature values
correspond to devices with different geometries and were obtained using different gate-voltage ranges, sweep conditions, and
extraction protocols; they are therefore shown for contextual benchmarking rather than direct device-to-device ranking.
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Frequency-dependent capacitor measurements further show modest dispersion and low loss from 1 kHz to147

1 MHz (Extended Data Fig. 5c–e), and WSe2/TIHGS MISCAPs reproduce a stack-level εeff,TIHGS ≈ 16148

after semiconductor integration (Extended Data Fig. 7, Extended Data Table 2, and Supplementary149

Notes 6 and 7).150

We next evaluated the device-level effect of the gate-side boundary using MoS2 FETs incorporating151

either a TIHGS or a fully converted BiF3-only dielectric. The representative TIHGS-gated and BiF3-gated152

devices had closely matched insulating BiF3 thicknesses of approximately 43 and 42.8 nm, respectively,153

and channel lengths of 8.56 and 9.30 µm. Both devices retained a common BiF3/MoS2 channel-side154

material interface while differing in their gate-side boundary condition (Fig. 4a,c). The TIHGS-gated155

transistor exhibits an on–off current ratio exceeding 106, a minimum room-temperature subthreshold156

swing (SS) of ∼65 mV dec−1 and negligible hysteresis, compared with ∼ 105, ∼ 83 mV dec−1 and larger157

hysteresis for the BiF3-gated control (Fig. 4b–e). Given the closely matched dielectric thicknesses and158

independently measured lower nominal TIHGS stack capacitance, the improved switching characteristics159

cannot be attributed simply to a thinner or higher-capacitance dielectric.160

At a common width-normalized drain current of ID = 10 pA µm−1, constant-current analysis yields161

signedDIBL values of approximately +3 and −41 mV V−1 for the representative TIHGS- and BiF3-only-162

gated devices, respectively (Fig. 4f). The TIHGS therefore exhibits a substantially smaller magnitude of163

subthreshold drain-bias dependence.164

An air-oxidized BiOx/Bi2Se3 control exhibits a minimum SS of ∼ 75 mV dec−1 and DIBL ≈165

−14 mV V−1 at the higher current criterion of ID = 100 pA µm−1 (Extended Data Fig. 8g). The smaller166

extracted |DIBL| in both Bi2Se3-containing stacks at their respective current criteria is qualitatively167

consistent with a contribution from the buried gate-side interface, although their dielectric structures also168

differ. Device-to-device measurements further show that the TIHGS combines low SS with substantially169

lower gate leakage than the oxide control (Extended Data Fig. 8h).170

Contextual literature benchmarking also places the representative TIHGS device in the low-SS/low-171

hysteresis region (Fig. 4g) [22–28]. The matched TIHGS/BiF3-only comparison links improved switching172

and weaker subthreshold drain-bias dependence to a conversion-defined gate architecture with lower173

nominal capacitance. Independently, finite effective CQ and the calculated subinterface states support an174

electronically compressible buried-boundary picture. These complementary results identify the gate-side175

electronic boundary as a design degree of freedom connecting interfacial electronic reconstruction with176

transistor electrostatics.177

3 Conclusions178

Surface conversion of Bi2Se3 provides a materials-based route to forming an insulating BiF3 dielectric179

while reconstructing a buried gate-side electronic boundary. Position-resolved calculations distinguish the180

gap-opened chemical interface from an adjacent gap-closed subinterface state and reveal localized inter-181

facial charge redistribution. The calculated near-EF spectral weight and independently measured finite182

series response together support an electronically compressible buried boundary. In MoS2 transistors with183

closely matched BiF3 thicknesses and a common channel-side material interface, this architecture com-184

bines near-thermionic-limit switching, negligible hysteresis, and weak subthreshold drain-bias dependence185

despite its lower nominal capacitance. Our work establishes a gate-stack design strategy that distinguishes186

the chemical interface, electronic screening boundary, and dielectric capacitance. Engineering the iden-187

tity and location of the screening boundary therefore complements dielectric scaling and channel-side188

interface optimization.189

4 Methods190

4.1 First-Principles Calculations191

Density functional theory (DFT) calculations were performed using the Vienna Ab initio Simulation192

Package (VASP) [29]. All DFT calculations used the Perdew–Burke–Ernzerhof (PBE) functional within193

the generalized gradient approximation (GGA) [30], projector-augmented-wave (PAW) potentials [31],194

and spin–orbit coupling (SOC); this framework is hereafter denoted PBE+SOC. A plane-wave energy195

cutoff of 520 eV was used. Structures used for the DFT analyses were relaxed until the residual Hellmann–196

Feynman force on each atom was below 0.01 eV Å−1. Long-range dispersion interactions were included197

using the DFT-D3 method with Becke–Johnson damping [32]. The first-principles calculations presented198
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in Fig. 3a–e and Extended Data Fig. 4, together with the calculated properties summarized in Extended199

Data Table 1, were obtained within this DFT framework. Dielectric responses were evaluated using200

density-functional perturbation theory (DFPT) [33].201

Amorphous BiF3, Bi2Se3, and Bi2O3 structures were generated using melt–quench molecular-202

dynamics simulations with the SevenNet-Omni-i12 machine-learning interatomic potential [34]. The203

resulting amorphous structures were subsequently relaxed within the DFT framework described above204

before electronic-structure and dielectric calculations.205

For bulk Bi2Se3, Bi2O3, and BiF3 structures, the Brillouin zone was sampled using k-point meshes206

corresponding to a reciprocal-space density of 100 k-points per Å−3. The pristine Bi2Se3 slab and the207

a-BiF3/c-Bi2Se3 heterophase slab were sampled using 5× 5× 1 k-point meshes.208

For the pristine Bi2Se3 surface calculation, a six-quintuple-layer (QL) crystalline Bi2Se3 slab termi-209

nated along the (0001) direction was used (Fig. 3a,b). To minimize direct interactions between adjacent210

periodic images, all slab structures were constructed with a vacuum spacing greater than 15 Å.211

For the heterophase calculation, an amorphous BiF3 region was interfaced with a four-QL crystalline212

Bi2Se3 slab to model the buried BiF3/Bi2Se3 boundary. The QL-resolved electronic structures were213

obtained directly from the VASP calculations by projecting the electronic states onto individual Bi2Se3214

QLs at different distances from the heterophase boundary. We compare the subinterface QL, correspond-215

ing to the first Bi2Se3 QL directly beneath the BiF3/Bi2Se3 interface, with the surface QL at the opposite216

side of the four-QL slab, corresponding to the fourth Bi2Se3 QL counted from the heterophase boundary217

(Fig. 3c,d).218

4.2 SRIM Simulations219

Stopping and range of ions in matter (SRIM) simulations were performed using the SRIM-2013 pack-220

age [35]. We used a 50-nm-thick stoichiometric Bi2Se3 layer as a representative target geometry. The221

displacement energies of Bi and Se were set to 30 eV based on the values reported by Konobeyev et al. [36].222

Because the ion-energy distribution incident on the sample surface was not measured experimentally, F+
223

incident energies of 0.5, 1, 2.5, and 5 keV were examined as a sensitivity range for the accessible ballistic224

penetration length scale. The 5-keV calculation was deliberately included as a high-energy upper-bound225

case and should not be interpreted as the dominant fluorine-ion energy under the experimental plasma226

conditions. For each incident energy, we simulated 10,000 ions to obtain statistically stable fluorine depth227

distributions. To compare incident energies, the resulting fluorine depth profiles were area-normalized228

and smoothed with a Gaussian filter.229

The SRIM calculations describe ballistic ion transport only and do not include plasma chemistry,230

transport of neutral reactive species, fluorine diffusion, sputter erosion, dynamic changes in target com-231

position or density, surface charging, plasma-sheath evolution, or formation of BiF3. The calculations232

therefore provide a ballistic length-scale constraint on fluorine penetration rather than a quantitative233

description of fluorination kinetics, as discussed in Supplementary Note 2.234

4.3 Synthesis of Polycrystalline Bi2Se3 Films235

Polycrystalline Bi2Se3 films were synthesized by solution deposition followed by thermal selenization.236

Precursor solutions with concentrations of 5 and 10 wt% were prepared by dissolving bis{tris[N -237

ethoxy-2,2-dimethylpropanamidato]bismuth(III)} ([Bi(edpa)3]2) in tetrahydrofuran (THF) and stirring238

for 60 min to obtain homogeneous solutions. The solutions were spin-coated onto 300-nm-thick SiO2/Si239

substrates that had been rendered hydrophilic by ultraviolet–ozone treatment for 600 s. Spin coating240

was performed at 1,000 rpm for 10 s followed by 2,000 rpm for 30 s. The resulting precursor layers were241

immediately annealed at 100 ◦C for 1 min to remove residual solvent. The 5 and 10 wt% precursor con-242

centrations produced Bi2Se3 films with nominal thicknesses of approximately 20 and 50 nm, respectively,243

after selenization.244

For selenization, the precursor-coated substrates were placed in a quartz-tube furnace with 0.2 g of245

Se powder (99.99%, Sigma-Aldrich) positioned upstream. The furnace was purged and maintained under246

99.9999% Ar at a flow rate of 1,000 standard cubic centimetres per minute (sccm) and a pressure of247

3 Torr. The temperature was increased to 300 ◦C at a rate of 15 ◦C min−1 and maintained for 60 min to248

induce precursor decomposition and selenization, yielding large-area polycrystalline Bi2Se3 films. After249

selenization, the furnace was turned off and allowed to cool naturally to room temperature under the Ar250

atmosphere.251
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4.4 Spatially Selective Fluorination of Bi2Se3252

Crystalline Bi2Se3 flakes used for spatially selective fluorination and transport measurements were253

mechanically exfoliated from bulk single crystals and transferred onto highly doped Si substrates capped254

with 285 nm SiO2. Selected regions of the Bi2Se3 surface were exposed using electron-beam lithogra-255

phy (Vistec EBPG 5000), while the regions intended to remain pristine were protected with polymethyl256

methacrylate (PMMA).257

Surface conversion was performed in an Oxford Instruments PlasmaLab 80 Plus system using an258

SF6/Ar plasma with SF6 and Ar flow rates of 10 and 5 sccm, respectively, a chamber pressure of259

50 mTorr, and a radio-frequency (RF) power of 50 W. The converted-layer thickness increased with260

plasma-treatment time and approached a self-limited thickness of ∼40–43 nm after ∼20–25 s of treat-261

ment (Extended Data Fig. 1). A 5-s treatment produced a ∼13.1-nm-thick converted surface layer262

under the conditions used for the thickness-calibration experiment, whereas a 25-s treatment produced a263

∼42.5–43-nm-thick converted layer. Regions protected by PMMA remained unexposed to the SF6 plasma.264

For the plasma-control experiments in Extended Data Fig. 3a–h, Bi2Se3 was exposed to O2 plasma265

at an O2 flow rate of 30 sccm, a chamber pressure of 30 mTorr, and an RF power of 50 W for either 10266

or 60 s.267

For the lateral-transport and transfer-length-method structures in Fig. 2 and Extended Data Fig. 3,268

we patterned metal electrodes using electron-beam lithography and deposited 5 nm Ti and then 50 nm269

Au via electron-beam evaporation (MASA IM-9912), followed by lift-off. Hexagonal boron nitride (h-BN)270

flakes were deterministically transferred onto the devices as protective encapsulation using a dry-release271

transfer process based on polypropylene carbonate (PPC) and polydimethylsiloxane (PDMS).272

4.5 Fabrication of BiF3 and TIHGS MIM Capacitors273

Polycrystalline Bi2Se3 films with nominal starting thicknesses of approximately 20 and 50 nm were used274

to fabricate the fully converted BiF3 reference and partially converted topological-insulator heterophase275

gate stack (TIHGS) capacitor structures. The films were transferred onto substrates coated with 5 nm276

Ti and 50 nm Au on 285-nm-thick SiO2/Si using a wet-transfer process.277

Fluorination was carried out using the SF6/Ar plasma conditions described above. Three polycrys-278

talline conversion configurations were used. A nominally 20-nm-thick starting Bi2Se3 film treated for279

5 s produced a ∼13-nm-thick converted BiF3 layer while retaining underlying Bi2Se3 and was denoted280

TIHGS-13 (p20). A nominally 50-nm-thick starting film treated for 25 s produced a ∼43-nm-thick con-281

verted BiF3 layer while retaining underlying Bi2Se3 and was denoted TIHGS-43 (p50). In contrast, a282

nominally 20-nm-thick starting film treated for 25 s was fully converted and used as the BiF3-only refer-283

ence [BiF3-only (p20)]. Atomic force microscopy independently determined the post-conversion physical284

thickness of this fully converted BiF3 layer to be ∼23 nm, and this measured thickness was used for285

extraction of εBiF3
. For the partially converted TIHGS structures, the converted BiF3 thickness and nom-286

inal starting Bi2Se3 thickness are reported independently because fluorination is accompanied by volume287

expansion and the residual Bi2Se3 thickness cannot be obtained by simple subtraction.288

For capacitance measurements of the polycrystalline structures, a 30-nm-thick Al2O3 layer was289

deposited after fluorination by atomic layer deposition (ALD) at 300 ◦C using trimethylaluminum (TMA)290

and H2O as the Al and O precursors, respectively. Each ALD cycle consisted of a 0.5-s TMA pulse, a 2-s291

Ar purge, a 0.5-s H2O pulse, and a 2-s Ar purge, and a total of 270 cycles was used to obtain the nominal292

30-nm thickness. Independently fabricated 30-nm Al2O3 reference capacitors prepared under the same293

ALD conditions were used to determine the Al2O3 dielectric response and to de-embed its series con-294

tribution from the BiF3-only and TIHGS structures. Top electrodes were defined using a shadow mask,295

followed by electron-beam evaporation of 15 nm Pt, 150 nm Ag, and 20 nm Au, giving an Au/Ag/Pt296

top-electrode stack.297

Crystalline-Bi2Se3-based TIHGS MIM capacitors were fabricated separately from mechanically exfo-298

liated Bi2Se3 flakes with nominal starting thicknesses of 49, 65, 91, 128, or 179 nm. The Bi2Se3 flakes299

were first transferred onto bottom electrodes comprising 5 nm Ti and 50 nm Au. These samples were300

fluorinated under conditions producing a ∼43-nm-thick converted BiF3 layer and are denoted TIHGS-43301

(cN), where N is the nominal starting crystalline-Bi2Se3 thickness in nanometres. Following fluorina-302

tion, 100-nm-thick Au top electrodes were deposited directly onto the converted BiF3 surface without an303

intervening Ti adhesion layer, yielding Au/BiF3/Bi2Se3/Au/Ti MIM structures.304
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4.6 Fabrication of WSe2/TIHGS MISCAPs305

Metal–insulator–semiconductor capacitors (MISCAPs) were fabricated using crystalline-Bi2Se3-based306

TIHGS structures containing a ∼43-nm-thick converted BiF3 layer. Bi2Se3 flakes were first transferred307

onto bottom electrodes comprising 5 nm Ti and 50 nm Au. A 37.37-nm-thick WSe2 flake, as determined308

by atomic force microscopy, was deterministically transferred onto the BiF3 surface using a PPC/PDMS-309

based dry-release transfer process, thereby forming the semiconductor/dielectric interface. Following310

lithography, top electrodes comprising 15 nm Pt, 150 nm Ag, and 20 nm Au were deposited by electron-311

beam evaporation. The completed MISCAP therefore had an Au/Ag/Pt/WSe2/BiF3/Bi2Se3/Au/Ti312

vertical stack. The underlying Bi2Se3 remained electrically coupled to the bottom Au/Ti electrode, while313

WSe2 formed the semiconductor side of the MISCAP.314

4.7 Fabrication of MoS2 Field-Effect Transistors315

MoS2 FETs were fabricated using three gate-stack configurations: a TIHGS comprising partially converted316

BiF3/Bi2Se3, a fully converted BiF3-only dielectric, and an air-oxidized BiOx/Bi2Se3 control stack.317

For the TIHGS-gated devices, Bi2Se3 flakes thicker than the self-limited fluorination depth were318

partially converted so that an insulating BiF3 region directly faced the MoS2 channel while electrically319

conducting Bi2Se3 remained beneath the converted region and was electrically coupled to the metal gate.320

For the BiF3-gated control devices, Bi2Se3 flakes thinner than the self-limited conversion depth were fully321

fluorinated, producing a BiF3-only dielectric in direct contact with the metal gate. Thus, the TIHGS-322

gated and BiF3-gated devices shared a common BiF3/MoS2 channel-side interface but differed in their323

gate-side electrostatic boundary.324

Mechanically exfoliated MoS2 flakes were assembled onto the respective gate-stack structures as fol-325

lows. Bi2Se3 flakes were first transferred onto bottom electrodes comprising 5 nm Ti and 50 nm Au and326

were then partially or fully fluorinated under the conditions described above to form the TIHGS or BiF3-327

only gate stack, respectively. MoS2 flakes approximately 20 nm thick and 30 µm in lateral dimension were328

subsequently transferred onto the BiF3 surface using a PPC/PDMS-based dry-release transfer process.329

Source and drain electrodes were patterned by electron-beam lithography and formed by electron-beam330

evaporation of 5 nm Ti followed by 50 nm Au, with Ti directly contacting MoS2.331

For the chemically derived interface control, Bi2Se3 was exposed to ambient air for 2 days to form an332

oxidized BiOx surface layer. The corresponding oxide thickness was estimated to be ∼1.94 nm based on333

the previously reported oxidation behaviour of Bi2Se3 [37]. MoS2 was subsequently integrated onto the334

BiOx/Bi2Se3 stack using the same device-assembly procedure, and source/drain electrodes were fabricated335

as described above.336

For the representative devices compared in Fig. 4, the insulating BiF3 thicknesses were closely337

matched. For the BiF3-gated control, AFM measured a Bi2Se3 thickness of 37.2 nm before fluorination338

and a post-conversion BiF3 thickness of 42.8 nm after complete fluorination. The TIHGS-gated device339

contained an approximately 43-nm-thick converted BiF3 region while retaining electrically conducting340

Bi2Se3 underneath. Thus, the two devices had closely matched insulating-layer thicknesses while retain-341

ing distinct gate-side screening boundaries. The MoS2 channel dimensions (length × width) were 8.56 µm342

× 2.93 µm for the TIHGS-gated device and 9.30 µm × 2.12 µm for the BiF3-gated control.343

4.8 Structural and Chemical Characterization344

Optical microscopy was performed using Olympus BX60 and MX63L microscopes. Atomic force345

microscopy (AFM) in Extended Data Fig. 2a,b was performed using a Bruker Dimension Icon in Peak-346

Force Tapping mode with a ScanAsyst-Air cantilever having a nominal tip radius of ∼2 nm. AFM was347

used to determine flake thicknesses, converted-layer-associated surface-height changes, and the WSe2348

thickness used in the MISCAP analysis.349

Cross-sectional transmission electron microscopy (TEM) was performed using a JEOL JEM-2200FS.350

Cross-sectional specimens were prepared by focused-ion-beam milling using a JEOL JIB-4700F. We used351

high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) and energy-352

dispersive X-ray spectroscopy (EDS) to examine the spatial distributions of Bi, Se, O, Ti, and Au across353

the fluorinated heterostructures.354

Raman spectroscopy in Extended Data Fig. 2c,d was performed using a WITec Alpha 300 RA+ system355

with a continuous-wave excitation laser with a wavelength of 532 nm and a power of 10 µW. Raman356
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mapping was used to compare pristine and plasma-treated regions and to monitor the characteristic357

Bi2Se3 phonon modes.358

X-ray photoelectron spectroscopy (XPS) in Extended Data Fig. 2e–h was performed using a Kratos359

Axis Ultra system equipped with a monochromatic Al Kα X-ray source with an energy of 1486.96 eV.360

The analysed area was ∼ 0.3×0.7 mm2. We acquired high-resolution spectra using a pass energy of 20 eV,361

an energy step of 0.1 eV, and an X-ray spot size of ∼200 µm. Because the finite escape depth of the362

emitted photoelectrons limits the information depth of XPS, the measured spectra predominantly probe363

the near-surface chemical composition. This surface sensitivity enables characterization of the chemical364

changes induced by SF6 fluorination.365

Optical microscopy, AFM, and Raman measurements were performed under ambient laboratory con-366

ditions unless otherwise noted. TEM/STEM and XPS measurements were performed under the vacuum367

conditions intrinsic to the corresponding instruments.368

4.9 Electrical Measurements and Parameter Extraction369

Electrical measurements were performed at room temperature using a Keithley 2636B source-measure370

unit for current–voltage measurements and a Keysight E4980A inductance–capacitance–resistance (LCR)371

meter for capacitance and conductance measurements. Devices were measured using electrical probes372

or wire-bonded sample holders, as appropriate. Transistor characteristics were measured in the dark to373

suppress photoinduced current. All measurements were performed in ambient air.374

For the transfer-length-method (TLM) analysis in Extended Data Fig. 3i–m, the total two-terminal375

resistance was obtained from the linear low-bias I–V response and fitted as376

RT = 2RC +RSh

LX

W
,

where RC is the contact resistance per contact, RSh is the channel sheet resistance, LX is the electrode377

spacing, and W is the channel width. RC was obtained from one half of the fitted zero-length intercept,378

and RSh was obtained from the fitted slope after accounting for the measured channel width.379

For the MIM capacitors in Fig. 3f,g, capacitance–voltage measurements were performed at 1 MHz380

using an alternating-current (AC) excitation amplitude of 0.05 V. All capacitances reported in the main381

text were normalized by the active capacitor area. For the Al2O3-capped polycrystalline structures, the382

independently measured Al2O3 capacitance was de-embedded according to383

1

Ctotal

=
1

CAl2O3

+
1

CX
,

where CX = CBiF3
for the fully converted BiF3-only structure and CX = CTIHGS for the partially384

converted TIHGS structure. The BiF3 relative permittivity was calculated using385

CBiF3
=

ε0εBiF3

tBiF3

,

where tBiF3
is the independently determined physical thickness of the BiF3 layer. For the BiF3-only (p20)386

reference, AFM yielded tBiF3
≈ 23 nm, which was used to extract a mean εBiF3

of 28.65 and a median387

value of 30.16. For TIHGS structures, the BiF3-thickness-normalized effective relative permittivity was388

defined as389

εeff,TIHGS =
CTIHGStBiF3

ε0
.

The electrically conducting residual Bi2Se3 was not included in the geometric dielectric thickness. The390

effective interfacial quantum capacitance was obtained using391

1

CTIHGS

=
1

CBiF3

+
1

CQ
.

Accordingly, CQ is treated as an effective interfacial electronic-compressibility response rather than as an392

intrinsic dielectric capacitance or a universal material constant.393

Frequency-dependent capacitance and loss measurements shown in Extended Data Fig. 5c–e were per-394

formed from 1 kHz to 1 MHz using a direct-current (DC) bias of 0.1 V and an AC excitation amplitude395
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of 0.05 V. The current-density–voltage measurement and corresponding field-dependent transport anal-396

yses shown in Extended Data Fig. 6a–c were obtained using the Keithley 2636B. For the TIHGS MIM397

leakage measurements, the bias voltage was applied to the top Au electrode in direct contact with BiF3,398

while the bottom Au/Ti electrode electrically coupled to the residual Bi2Se3 was grounded. Under pos-399

itive top-electrode bias (V > 0), electron injection therefore occurs from the residual Bi2Se3 side across400

the buried BiF3/Bi2Se3 interface into BiF3. For field-dependent leakage analysis, the electric field was401

calculated as E = |V |/tBiF3
, using only the physical thickness of the insulating BiF3 layer.402

For the WSe2/TIHGS MISCAP characterized in Extended Data Fig. 7, capacitance–voltage and403

parallel-conductance characteristics were measured from 10 kHz to 1 MHz over the gate-voltage range404

−1 V ≤ VG ≤ 1 V using an AC excitation amplitude of 0.05 V. The flat-band condition was extracted405

from the 10-kHz capacitance characteristic because the accumulation-to-depletion transition remained406

within the accessible low-leakage gate-voltage range at this frequency. The flat-band voltage was identified407

from the zero crossing of d2C/dV 2
G associated with the principal accumulation–depletion inflection. The408

graphical consistency analysis used to extract εeff,TIHGS, together with the subsequent extraction of409

CTIHGS, effective semiconductor screening length LD,eff , and apparent majority-carrier concentration410

Napp, is described in Supplementary Note 6. The effective electrically active trap density, Dit,eff , was411

obtained using the 10-kHz/1-MHz high–low-frequency capacitance method described in Supplementary412

Note 7. The extracted electrostatic parameters are summarized in Extended Data Table 2. Because the413

10-kHz characteristic is not a true quasi-static limit and an independently resolved frequency-dependent414

TIHGS capacitance was not available, Dit,eff is interpreted as an effective electrically active trap response415

sampled within the experimental frequency window rather than as a unique microscopic density of states416

exclusively at the WSe2/BiF3 interface.417

For the MoS2 field-effect transistors (FETs) characterized in Fig. 4 and Extended Data Fig. 8, output418

characteristics were measured over 0 ≤ VDS ≤ 1.0 V, where VDS is the drain–source voltage, at gate–source419

voltages −0.3 V ≤ VGS ≤ 0.5 V. Transfer characteristics were measured over −0.5 V ≤ VGS ≤ 0.5 V420

at 0.1 V ≤ VDS ≤ 1.0 V. Forward and reverse gate-voltage sweeps were measured under otherwise421

identical bias conditions, while the gate-leakage current was recorded simultaneously with the drain422

current. Throughout the transistor analysis, ID and IG denote the drain and gate currents normalized423

by the corresponding channel width, respectively.424

The local subthreshold swing was calculated from425

SS =

(

d log10 ID
dVGS

)−1

,

using the forward gate-voltage sweeps for all three gate-stack configurations. The minimum SS within the426

experimentally resolved subthreshold regime is reported unless otherwise stated. The SS characteristics427

in Fig. 4e and the device-to-device values in Extended Data Fig. 8h were evaluated at VDS = 0.1 V. No428

smoothing was applied to the transfer characteristics before SS extraction.429

For the hysteresis analysis, the linear-extrapolation threshold voltage, Vth,LE, was defined as the430

gate-voltage-axis intercept of the tangent to the ID–VGS characteristic at the point of maximum transcon-431

ductance on a linear current scale. With gm = dID/dVGS and V ∗

GS denoting the gate voltage at this432

point,433

Vth,LE = V ∗

GS −
ID(V

∗

GS)

gm(V ∗

GS)
.

The hysteresis window was defined as the difference in Vth,LE between the forward and reverse sweeps at434

the same drain bias. The gate-voltage step size was 0.01 V and the effective sweep rate was 7.7 mV s−1.435

The same definition was used for the TIHGS-, BiF3-only-, and BiOx/Bi2Se3-gated devices.436

Drain-induced barrier lowering (DIBL) was extracted from the forward subthreshold transfer charac-437

teristics using a constant-current method. We denote by VGS,CC(VDS; Iref) the gate voltage at which the438

width-normalized drain current reaches the selected reference value, ID = Iref . These gate voltages were439

obtained by linear interpolation between adjacent measured points in log10 ID versus VGS. The signed440

coefficient was calculated as441

DIBL(Iref) =
VGS,CC(0.1 V; Iref)− VGS,CC(1.0 V; Iref)

1.0 V − 0.1 V
.
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The TIHGS- and BiF3-only-gated devices in Fig. 4f were evaluated at the common reference current Iref =442

10 pA µm−1 (10−5 µA µm−1). The BiOx/Bi2Se3 control in Extended Data Fig. 8g was evaluated at Iref =443

100 pA µm−1 (10−4 µA µm−1), providing greater separation from its leakage-dominated low-current444

region.445

The sign was retained to distinguish the direction of the drain-bias-induced shift: negative DIBL446

indicates that a more positive gate voltage is required to maintain the selected current as the drain bias447

increases. Values in V V−1 were multiplied by 103 for reporting in mV V−1. The coefficient quantifies the448

net subthreshold drain-bias dependence at the specified current criterion, while its magnitude describes449

the sensitivity irrespective of the shift direction.450

For the device-to-device comparison in Extended Data Fig. 8h, the minimum SS of each device451

was extracted from the forward transfer characteristic at VDS = 0.1 V using the same local-derivative452

procedure. The gate-leakage metric was |IG|, evaluated at VGS = 0.5 V and VDS = 0.1 V for every453

configuration. Each plotted marker pairs the minimum SS and gate-leakage metric of one independent454

device. Sample sizes are specified in Statistics and Reproducibility.455

4.10 Statistics and Reproducibility456

No inferential statistical hypothesis tests were applied. For the MIM-capacitor statistics in Fig. 3f,g, the457

sample sizes were n = 25, 33, 24, and 5 independent capacitors for BiF3-only (p20), TIHGS-13 (p20),458

TIHGS-43 (p50), and TIHGS-43 (cN), respectively. The Al2O3 reference in Extended Data Fig. 5a,b com-459

prised n = 75 independent capacitors. For the device-to-device SS–gate-leakage comparison in Extended460

Data Fig. 8h, the sample sizes were n = 4 for the TIHGS-gated devices and n = 3 each for the BiF3-461

only- and BiOx/Bi2Se3-gated devices. The DIBL values in Fig. 4f and Extended Data Fig. 8g describe462

the representative devices shown, rather than averages over these device populations. Mean and median463

values are reported where indicated.464

4.11 Use of Large Language Models465

The authors wrote the original manuscript draft. ChatGPT (OpenAI) was subsequently used for grammar466

correction and language refinement of author-written text, together with editorial feedback on manuscript467

organization and the presentation of the authors’ results. ChatGPT was not used to generate the original468

manuscript draft. The authors reviewed all proposed edits, revised the text as needed, and approved the469

final wording, while independently evaluating the scientific interpretations and conclusions. The authors470

prepared all figures, including data plots and schematics. No large language models or generative AI tools471

were used to generate, plot, draw, modify, or enhance the visual content of these figures. The authors472

take full responsibility for the accuracy, integrity, and final content of the manuscript.473
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Extended Data Figures and Tables522
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Extended Data Fig. 1 Self-limited surface conversion and fluorine-penetration length scale. a, Converted BiF3

thickness (tBiF3
) as a function of SF6 plasma-treatment time (τSF6

). The line is an empirical saturating-exponential fit used
to parameterize the observed approach to a limiting thickness; the fitted time constant is not assigned a unique microscopic
kinetic meaning. b–h, Cross-sectional transmission electron microscopy (TEM) images after plasma exposure for 2, 5, 8,
10, 20, 30 and 45 s, respectively. Scale bars, 20 nm. i, Fluorine depth distributions in Bi2Se3 calculated using Stopping and
Range of Ions in Matter (SRIM) simulations for assumed F+ incident energies of 0.5, 1, 2.5 and 5 keV. The dashed line
marks the experimentally observed ∼40–43-nm saturation scale. The 5-keV case is included as a deliberately high-energy
upper-bound calculation; the simulations constrain an accessible ballistic penetration length scale and do not represent the
measured plasma ion-energy distribution or fluorination kinetics. j–o, High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) image (j) and corresponding energy-dispersive X-ray spectroscopy (EDS) elemental
maps of Bi (k), Se (l), O (m), Ti (n) and Au (o). Se is concentrated predominantly in the residual Bi2Se3, whereas the
converted region remains Bi-containing. Scale bars, 50 nm.
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Extended Data Fig. 2 Spatially selective conversion of Bi2Se3 into BiF3. a,b, Atomic force microscopy (AFM)
topography across pristine and SF6-treated Bi2Se3 regions (a) and corresponding line-height profile (b), showing a
surface-height increase of ∼3.3 nm after fluorination. The difference between the converted-layer thickness (∼13.1 nm),
independently determined by cross-sectional TEM under the same 5-s treatment condition, and the measured surface-height
increase (∼3.3 nm) indicates that the converted layer cannot be explained by additive deposition and is consistent with
consumption and volumetric expansion of the underlying Bi2Se3. Scale bar of inset in b, 5 µm. c, Raman map of the Bi2Se3
E2
g mode across pristine and treated regions; inset, corresponding optical micrograph. Scale bar, 7 µm; inset scale bar,

10 µm. d, Raman spectra showing the characteristic Bi2Se3 modes and an additional broad feature near 250 cm−1 after
fluorination. e–h, X-ray photoelectron spectroscopy (XPS) of pristine and treated Bi2Se3: Bi 5d (e), Se 3d (f), Bi 4f (g),
and F 1s/Bi 4p (h). Fluorination suppresses the Bi2Se3-derived Bi and Se components, introduces Bi–F components in the
Bi spectra, and produces an F 1s feature near 687.9 eV, supporting formation of a fluorinated Bi-containing surface phase.
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Extended Data Fig. 3 O2-plasma control and quantitative buried conduction in Bi2Se3. a–d, Bi2Se3 after 10 s
of O2-plasma treatment: optical micrograph (a), Raman map of the E2

g mode (b), Raman spectra from pristine, treated, and
interfacial regions (c), and current–voltage (I–V ) characteristics of pristine, treated, and lateral pristine/treated structures
(d). Scale bars, 50 µm in a and 1 µm in b. e–h, Corresponding measurements after 60 s of O2-plasma treatment: optical
micrograph (e), Raman map (f), Raman spectra (g), and I–V characteristics (h). The treated region remains conductive,
unlike after SF6 fluorination. Scale bars, 50 µm in e and 1 µm in f. O2-plasma treatment was performed at 30 sccm,
30 mTorr, and 50 W. i–m, Transfer-length-method (TLM) analysis of conduction through residual Bi2Se3 beneath a locally
converted BiF3 region. i, Schematic and optical micrograph of the TLM geometry containing a ∼500-nm-wide converted
region; scale bar, 5 µm. j, Representative I–V characteristics. k, Total resistance versus channel length, with linear fits
RT = 9.7LX + 313.1 and RT = 34.8LX + 322.7 for pristine and converted structures, respectively. l,m, Extracted contact
resistance and sheet resistance. The contact resistance remains ∼157–161 Ω, whereas the sheet resistance increases by ∼3.5-
fold after local conversion.

18



dc

b

3.94 eV

Wave vector

Amorphous

BiF
3 
bulk

Γ X|Γ Y|Γ Z
−1

0

1

2

3

4

5

a

Γ X S Y Γ Z U R T Z
−4

−2

0

2

4

6

8

E
−E

F
 (

e
V

)
E
−E

F
 (

e
V

)

Wave vector

4.14 eV
Crystalline

BiF
3 
bulk

a-BiF
3

c-BiF
3

Extended Data Fig. 4 Calculated electronic band structures of crystalline and amorphous BiF3. a, Structural
model of crystalline BiF3. b, Calculated electronic band structure of crystalline BiF3 along the Γ–X–S–Y–Γ–Z–U–R–T–Z
high-symmetry path, showing an insulating band gap of 4.14 eV. c, Structural model of amorphous BiF3. d, Calculated
electronic band structure of amorphous BiF3 along the Γ–X, Γ–Y, and Γ–Z reciprocal-space directions, showing an insulating
band gap of 3.94 eV. Energies in b and d are plotted relative to the calculated Fermi level (EF).

Extended Data Table 1 Calculated band gaps and dielectric properties of Bi2Se3, BiF3,
and Bi2O3 in crystalline and amorphous phases. The static relative permittivity [εr(0)] includes
both electronic and ionic contributions, whereas the high-frequency relative permittivity [εr(∞)] repre-
sents the ion-clamped electronic contribution. The refractive index (n) was calculated from the averaged
εr(∞). Stoichiometric Bi2O3 is included only as a theoretical reference for the oxidized BiOx phase in
the BiOx/Bi2Se3 control gate stack demonstrated in Extended Data Fig. 8.

Phase Material
Band gap

(eV)

Relative permittivity
n

εr(0) εr(∞)

Crystalline Bi2Se3 0.310 38.057 37.851 6.152

Amorphous Bi2Se3 0.777 42.715 13.329 3.651

Crystalline BiF3 4.140 29.385 3.227 1.796

Amorphous BiF3 3.936 25.311 4.056 2.014

Crystalline Bi2O3 2.038 32.023 6.110 2.472

Amorphous Bi2O3 2.096 34.938 6.118 2.473
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Extended Data Fig. 5 Reference dielectric response, thickness dependence and dielectric-property context
of TIHGS electrostatics. a, Capacitance–voltage (C–V ) characteristics of Au/Ag/Pt/Al2O3/Au/Ti MIM reference
capacitors measured at 1 MHz with a 0.05-V AC excitation (n = 75). b, Distribution of the extracted Al2O3 relative
permittivity; mean and median values are 8.67 and 8.71. This reference response was used to de-embed the Al2O3 series
contribution from the polycrystalline capacitor structures in Fig. 3f,g. c–e, Frequency-dependent relative permittivity and
loss tangent (tan δ) of 30-nm Al2O3 (c), 30-nm Al2O3/23-nm BiF3-only (p20) (d), and 30-nm Al2O3/TIHGS-43 (p50) (e).
f, Effective relative permittivity εeff,TIHGS of TIHGS-43 (cN) versus nominal starting c-Bi2Se3 thickness. εeff,TIHGS remains
∼15.9–17.4 as the starting thickness varies from ∼49 to ∼179 nm, without systematic thickness dependence. g, Band gap
(Eg) versus relative permittivity for BiF3, the TIHGS and representative gate dielectrics [5]. For the TIHGS, the abscissa
is the BiF3-thickness-normalized stack response εeff,TIHGS and the ordinate is the amorphous-BiF3 band gap; the marker
therefore provides dielectric-property context rather than an intrinsic material dielectric constant or EOT advantage.
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Extended Data Fig. 6 Field-assisted leakage and band alignment of the TIHGS MIM capacitor. a, Current-
density–voltage (J–V ) characteristic of an Au/BiF3/Bi2Se3/Au/Ti TIHGS MIM capacitor, with the low-power operating
range and higher-field transport regimes indicated. b, Simmons-modified Schottky and Poole–Frenkel representations, yield-
ing effective high-frequency relative permittivities of ∼4.99 and ∼4.89, respectively. c, Fowler–Nordheim representation of
the high-field regime; the linear region gives a model-dependent effective injection barrier ΦB,FN ≈ 0.27 eV. d, Vacuum-
referenced heterophase alignment before Au contact, constructed from ϕBi2Se3 = 5.15 eV and χBiF3

= 4.3 eV, giving a
nominal 0.85-eV separation. The reconstructed Bi2Se3-derived feature is shown ∼0.146 eV below EF. This reference con-
struction does not independently resolve interface dipoles, chemical reconstruction or band bending. e, Contact-equilibrated
schematic after Au contact. With ϕAu = 5.1 eV, the Au/Bi2Se3 work-function difference is ∼0.05 eV and the vacuum-
referenced Au/BiF3 separation ∼0.8 eV; these values are not interpreted as independently measured equilibrium band
offsets. f, High-field band profile at V = 3.5 V. Barrier tilting enables tunnelling towards BiF3 conduction-band states, with
the Fowler–Nordheim slope yielding an effective Bi2Se3-to-BiF3 injection barrier of ∼0.27 eV.
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Extended Data Fig. 7 Semiconductor-integrated electrostatics of a WSe2/TIHGS MISCAP. a, Capacitance–
voltage (C–V ) characteristics of an Au/Ag/Pt/WSe2/BiF3/Bi2Se3/Au/Ti MISCAP measured from 10 kHz to 1 MHz
over the gate-voltage range −1 V ≤ VG ≤ 1 V using an AC excitation amplitude of 0.05 V. b, Corresponding parallel-
conductance response, Gp/ω, as a function of gate voltage at different measurement frequencies. No well-resolved Gp/ω
maximum suitable for conventional conductance-method extraction is observed within the accessible low-leakage bias win-
dow. c, Second derivative of the 10-kHz C–V characteristic used to determine the flat-band voltage. The physically relevant
zero crossing associated with the principal accumulation-to-depletion inflection gives VFB ≈ 0.58 V. At higher frequencies,
the corresponding transition extends beyond the accessible low-leakage bias range and is therefore not used for flat-band
extraction. d, Graphical consistency analysis of the TIHGS response at the independently determined VFB. The experimen-
tally determined function f1 is compared with f2 calculated as a function of trial εeff,TIHGS, with the intersection yielding
εeff,TIHGS ≈ 16. e, Effective electrically active trap density (Dit,eff) obtained from the 10-kHz and 1-MHz C–V charac-
teristics using the high–low-frequency capacitance method. Quantitative interpretation is restricted to the bias-dependent
depletion-to-accumulation transition, excluding the nearly gate-voltage-independent depletion floor and strong-accumulation
regimes. The minimum value within the selected analysis range is ∼ 7.48× 1011 cm−2 eV−1.
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Extended Data Table 2 Electrostatic response of BiF3 and TIHGS structures and param-
eters extracted from the WSe2/TIHGS MISCAP. a, Experimentally extracted dielectric response
of BiF3 and TIHGS capacitor structures. For TIHGS structures, εeff,TIHGS denotes the BiF3-thickness-
normalized effective relative permittivity of the complete BiF3/Bi2Se3 electrostatic boundary system and
should not be interpreted as the intrinsic dielectric constant of BiF3. For the fully converted BiF3-only
(p20) reference, εBiF3

was extracted using the independently measured post-conversion BiF3 thickness
of ∼23 nm. TIHGS-13 and TIHGS-43 denote structures containing ∼13- and ∼43-nm-thick converted
BiF3 layers, respectively; p20 and p50 denote nominal starting polycrystalline Bi2Se3 thicknesses of
20 and 50 nm, respectively; and cN denotes crystalline Bi2Se3 with nominal starting thickness N . b,
Electrostatic parameters extracted from the Au/Ag/Pt/WSe2/BiF3/Bi2Se3/Au/Ti MISCAP. Flat-band
quantities were obtained from the 10-kHz C–V characteristic. Cg denotes the effective TIHGS capacitance
corresponding to εeff,TIHGS ≈ 16 and a ∼43-nm-thick converted BiF3 layer. LD,eff and Napp denote the
effective semiconductor screening length and apparent majority-carrier concentration, respectively, eval-
uated using ε⊥,WSe2 = 4.2, as adopted in continuum electrostatic modelling of bulk-like WSe2 flakes [38].
Dmin

it,eff denotes the minimum effective electrically active trap density extracted from the 10-kHz/1-MHz
high–low-frequency analysis within the selected bias-dependent transition region. Detailed extraction pro-
cedures and limitations are provided in Supplementary Notes 6 and 7.

523

a, Dielectric response of BiF3 and TIHGS524

Structure Sample configuration Electrostatic
quantity

Value

Crystalline
TIHGS MIM

TIHGS-43 (cN)
N = 49, 65, 91, 128, or 179 nm

Mean εeff,TIHGS 16.50

Median εeff,TIHGS 16.41

WSe2/TIHGS
MISCAP

Au/Ag/Pt/WSe2/a-BiF3/
c-Bi2Se3/Au/Ti

(∼43-nm converted BiF3)
εeff,TIHGS ∼16

Polycrystalline
TIHGS MIM

TIHGS-13 (p20)
Mean εeff,TIHGS 16.12

Median εeff,TIHGS 16.10

TIHGS-43 (p50)
Mean εeff,TIHGS 14.83

Median εeff,TIHGS 14.72

Fully converted
BiF3-only MIM

BiF3-only (p20)
(tBiF3

≈ 23 nm)

Mean εBiF3
28.65

Median εBiF3
30.16

525

b, Electrostatic parameters extracted from the WSe2/TIHGS MISCAP526

tWSe2 (nm) VFB (V)
CFB

(10−7 F cm−2)

Cg

(10−7 F cm−2)
LD,eff (nm)

Napp

(1017 cm−3)

D
min
it,eff

(1011 cm−2 eV−1)

37.37 0.58 2.34 3.29 4.60 2.83 7.48

527
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Extended Data Fig. 8 Extended transistor characteristics, control devices and device-to-device comparison.
a–f, Output characteristics (a,c,e) and drain-bias-dependent transfer characteristics (b,d,f) of TIHGS-gated (a,b), BiF3-
only-gated (c,d) and air-oxidized BiOx/Bi2Se3-gated (e,f) MoS2 FETs. Simultaneously measured gate-leakage currents are
shown in b,d,f. g, Forward and reverse transfer characteristics of the BiOx/Bi2Se3-gated control at VDS = 0.1 and 1.0 V,
complementing the corresponding TIHGS and BiF3-only measurements in Fig. 4b,d. Arrows indicate the gate-voltage sweep
direction. The device exhibits a minimum SS of ∼ 75 mV dec−1 and an on–off current ratio of ∼ 104. Inset, constant-current
extraction from the forward sweeps at ID = 100 pA µm−1, yielding a signed DIBL ≈ −14 mV V−1. h, Device-to-device
comparison of minimum SS extracted from forward transfer characteristics at VDS = 0.1 V and width-normalized gate
leakage evaluated at VGS = 0.5 V and VDS = 0.1 V.
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Supplementary Information528

Supplementary Note 1. Screening-Boundary Relocation as an Electrostatic529

Design Variable530

A gate stack is commonly described by the capacitance of its bulk dielectric, but the gate electric531

field is ultimately screened at finite electronic and interfacial boundaries. For the two-dimensional (2D)532

semiconductor transistors considered here, a conventional stack can be represented as533

1

Cg,conv
=

1

Cd,g
+

1

Cins

+
1

Cd,ch
+

1

CvdW

,

where Cd,g denotes the effective gate-side interfacial response of the electrode/dielectric boundary, Cd,ch534

denotes the corresponding dielectric/channel interfacial response, and CvdW denotes the geometric van535

der Waals (vdW)-gap contribution. In particular, Cd,g can incorporate finite electrode screening together536

with interface-specific bonding, polarization, chemical reconstruction and structural disorder. These gate-537

side contributions need not scale proportionally with the physical dielectric thickness and can therefore538

become increasingly important as the bulk-insulator capacitance increases during equivalent oxide thick-539

ness (EOT ) scaling [1–5]. The bias-dependent semiconductor-body response is treated separately from the540

gate-stack contribution defined above. Thus, even for an intrinsically high-κ dielectric, the complete gate541

response depends on the electronic character and spatial position of the boundaries at which screening542

charge is established.543

The topological-insulator heterophase gate stack (TIHGS) changes this gate-side boundary condition544

by separating dielectric isolation from the location of electronic screening. Amorphous BiF3 (a-BiF3)545

provides the insulating barrier facing the semiconductor channel, whereas residual conducting crystalline546

Bi2Se3 (c-Bi2Se3) remains electrically coupled to the gate electrode. Position-resolved calculations further547

show that the structural a-BiF3/c-Bi2Se3 interface is gap-opened while an electronically active gap-closed548

state is reconstructed in the adjacent c-Bi2Se3 subinterface layer. We therefore use the term “buried549

screening boundary” for this heterophase-associated electronic boundary region rather than for an ideal550

atomically sharp chemical interface. For the 2D devices studied here, the corresponding stack contribution551

is552

1

Cg,TIHGS

=
1

CQ
+

1

CBiF3

+
1

Cd,ch
+

1

CvdW

,

where CQ represents the effective electronic-compressibility response associated with the buried electronic553

boundary. At the level of this reduced electrostatic model, the defining change is therefore Cd,g → CQ.554

This notation describes a change in the physical origin, location and electronic character of the gate-side555

series response; it does not imply that the series contribution is eliminated or that CQ necessarily exceeds556

Cd,g.557

Finite CQ contributes in series with CBiF3
, lowering the nominal TIHGS capacitance. In the representa-558

tive transistor comparison, the TIHGS- and BiF3-only-gated devices have closely matched insulating-layer559

thicknesses and a common BiF3/MoS2 channel-side material interface. The TIHGS combines lower560

subthreshold swing (SS) and smaller hysteresis with substantially weaker subthreshold drain-bias depen-561

dence. Constant-current analysis of the forward sweeps at the common width-normalized drain current562

ID = 10 pA µm−1 gives signed drain-induced barrier lowering (DIBL) coefficients of approximately +3563

and −41 mV V−1 for the TIHGS and BiF3-only devices, respectively (Fig. 4f; Methods). The smaller564

|DIBL| of the TIHGS accompanies improved switching despite its lower nominal capacitance, support-565

ing screening-boundary identity and location as gate-stack design variables complementary to dielectric566

thickness and permittivity.567

Screening-boundary engineering is complementary to, rather than a substitute for, semiconductor-side568

interface engineering. Channel-side trapping, fixed charge, dielectric disorder and remote-polar-phonon569

coupling remain relevant to transistor performance [6–8]. The present device comparison retains the same570

BiF3/MoS2 channel-side material interface while changing the gate-side boundary condition, thereby571

allowing the functional consequence of screening-boundary identity and location to be tested separately572

from a simple change in dielectric thickness or nominal capacitance.573
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Supplementary Note 2. Fluorine Penetration and Self-Limited Surface574

Conversion575

SF6-based processing of Bi2Se3 is known to produce a fluorinated, BiF3-rich insulating surface layer [21].576

To examine whether fluorine penetration can provide a characteristic length scale for the experimentally577

observed self-limited surface conversion, we performed stopping and range of ions in matter (SRIM)578

simulations [35]. SRIM treats energetic-ion transport through binary-collision physics, including nuclear579

and electronic stopping, and provides the depth distribution, projected range, and range straggling of580

implanted ions. Although SRIM does not reproduce the chemical conversion of Bi2Se3 into BiF3, it581

provides a useful kinematic estimate of the depth over which energetic fluorine can be delivered into582

Bi2Se3. Comparison of this ballistic penetration scale with the experimentally observed conversion depth583

therefore provides a qualitative test of whether fluorine delivery can contribute to defining the spatial584

extent of the reaction front.585

The ion-energy distribution incident on a surface in a radio-frequency (RF)-driven capacitively coupled586

plasma (CCP) is generally not represented by a single energy. RF sheath modulation, electrode asymme-587

try and self-bias, collisional transport through the sheath, and charge-exchange processes can broaden and588

reshape the ion-energy distribution at the sample surface [39–41]. In electronegative SF6-containing plas-589

mas, negative-ion formation can additionally modify the plasma potential and sheath structure [42, 43].590

Furthermore, as the electrically insulating fluoride layer develops during conversion, surface charging and591

evolution of the reacted layer can modify the local sheath and subsequent ion-bombardment conditions.592

Because the ion-energy distribution was not measured directly in our plasma system, we do not assign593

individual SRIM energies to specific experimental ion populations.594

We therefore calculated F+ depth distributions at incident energies of 0.5, 1, 2.5, and 5 keV to595

examine how the accessible ballistic penetration length scale evolves with increasing ion energy. The 5-keV596

calculation represents a deliberately high-energy upper-bound case rather than an assertion that 5-keV597

F+ ions constitute the dominant ion population under the experimental plasma conditions. Although598

the experiments employed an SF6/Ar plasma containing multiple ionic and neutral reactive species, the599

simulations were simplified to F+ projectiles to isolate the ballistic contribution associated specifically600

with fluorine delivery. Neutral fluorine radicals, chemical transport, and subsequent solid-state diffusion601

are not represented by this calculation.602

The calculated fluorine depth distributions broaden systematically with increasing incident energy603

(Extended Data Fig. 1). At lower energies, implanted F remains concentrated in the near-surface region,604

whereas the 5-keV distribution develops an extended tail approaching the ∼40-nm depth scale of the605

experimentally observed saturated converted layer (Extended Data Fig. 1). The correspondence between606

the high-energy ballistic penetration envelope and the independently measured saturation thickness pro-607

vides an important qualitative clue to the origin of the self-limited conversion depth. Specifically, it shows608

that a tens-of-nanometres reaction depth is physically accessible to energetic fluorine while suggesting609

that finite fluorine penetration can help define the maximum spatial extent of the conversion front.610

This interpretation is also consistent with the experimentally observed evolution of the converted611

layer. During the initial stages of SF6 exposure, fluorine can access and react with the near-surface Bi2Se3,612

rapidly increasing the converted-layer thickness. As an insulating BiF3 layer progressively develops, flu-613

orine delivery to the underlying unconverted Bi2Se3 is expected to become increasingly restricted, while614

the remaining accessible ballistic and chemically assisted fluorine flux decreases with depth. The combi-615

nation of a finite fluorine-penetration window and progressive transport limitation through the reacted616

layer therefore provides a physically plausible explanation for the rapid initial conversion followed by617

saturation at a characteristic thickness of approximately 40–43 nm.618

SRIM itself does not provide a quantitative model of this coupled process. It does not include chemical619

reactions or BiF3 phase formation, transport of neutral reactive species, fluorine diffusion, sputter erosion,620

dynamic changes in target composition and density, plasma-sheath evolution, surface charging, or charge-621

exchange processes. These mechanisms can modify both fluorine delivery and movement of the reaction622

front. Nevertheless, the overlap between the calculated high-energy ballistic penetration envelope and623

the experimentally observed saturation scale is consistent with fluorine penetration contributing to the624

characteristic conversion depth, while not establishing penetration as the sole or rate-limiting mechanism625

of the self-limited fluorination process.626
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Supplementary Note 3. Electronic Structure of the Buried Heterophase627

Boundary628

In the pristine Bi2Se3 slab comprising six quintuple layers (QLs), the position-resolved electronic-structure629

calculations in Fig. 3 were used to establish the reference electronic boundary before surface conversion.630

Bi2Se3 is a prototypical three-dimensional topological insulator whose bulk topology gives rise to a Dirac-631

like surface state within the bulk band gap [15–17]. Consistent with this established picture, the pristine632

slab exhibits a Dirac-like surface state within the calculated 0.31-eV bulk gap, with its Dirac point (ED)633

approximately 0.043 eV below the Fermi level (EF) (Fig. 3a,b).634

Formation of the a-BiF3/c-Bi2Se3 heterophase boundary produces a strongly position-dependent635

electronic reconstruction. The electronic states projected onto the immediate heterophase interface are636

gap-opened by approximately 0.72 eV, whereas the adjacent c-Bi2Se3 subinterface QL develops a recon-637

structed gap-closed Bi2Se3-derived Dirac-like feature centred approximately 0.146 eV below EF, together638

with finite spectral weight extending to the Fermi level (Fig. 3c,d). The surface QL at the opposite639

side of the slab retains a pristine-like Dirac dispersion. Thus, the ∼ 0.146-eV value specifies the ener-640

getic position of the reconstructed subinterface feature relative to EF and is not an interfacial band gap.641

More importantly, the calculations show that the chemical heterophase interface and the electronically642

active boundary are spatially distinct: surface conversion opens the immediate interface while relocating643

a gap-closed Bi2Se3-derived electronic response into the adjacent subinterface layer.644

The calculated dipole-moment profile across the a-BiF3/c-Bi2Se3 structure is sharply localized near645

the heterophase boundary (Fig. 3e). This localization is consistent with interfacial charge redistribu-646

tion and with a local electrostatic contribution to the energetic reconstruction of the Bi2Se3-derived647

state. We do not assign the shift of the Dirac-like feature from ∼ 0.043 to ∼ 0.146 eV uniquely to the648

interface dipole, because local bonding, chemical reconstruction and band bending are not separately649

decomposed. Rather, the interface-localized dipole and the position-resolved band reconstruction provide650

complementary microscopic evidence that the electronic boundary is reorganized by formation of a-BiF3.651

This physical picture is consistent with previous reports that surface modification or etching of Bi2Se3652

can displace or reconstruct its surface-state distribution [18, 21].653

A finite electronic density of states at the Fermi level provides a microscopic basis for finite electronic654

compressibility and quantum capacitance,655

CQ = e2D(EF)

in the zero-temperature limit. The calculated near-EF spectral weight of the subinterface boundary656

is therefore consistent with the finite CQ extracted independently from the TIHGS capacitance mea-657

surements. The relevance of this response is not that CQ increases the total gate capacitance—it does658

not. Rather, finite electronic compressibility allows the heterophase-induced buried boundary to support659

screening charge while the underlying c-Bi2Se3 remains electrically coupled to the external gate electrode.660

In this sense, CQ is treated as an electrostatic signature of the relocated electronically active boundary661

rather than as an intrinsic dielectric contribution of BiF3 or a capacitance-enhancement mechanism.662

The calculations do not constitute an independent determination of the topological invariant of the663

chemically reconstructed interface. We do not extract an interface-specific Z2 invariant or explicitly cal-664

culate the spin texture of the reconstructed subinterface state. We therefore interpret the calculations665

conservatively as evidence for a reconstructed Bi2Se3-derived Dirac-like electronic boundary whose rela-666

tion to topological-insulator bulk–boundary physics is motivated by the established bulk topology of667

Bi2Se3. Additional chemically induced, band-bending-related or reconstructed states may coexist and668

contribute to the experimentally extracted electronic compressibility.669
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Supplementary Note 4. Effective Quantum-Capacitance Extraction and670

Model Assumptions671

The effective quantum-capacitance contribution of the buried BiF3/Bi2Se3 boundary was estimated by672

comparing the measured TIHGS capacitance with the dielectric capacitance expected for BiF3. Through-673

out this analysis, all capacitances are expressed per unit area. The TIHGS response was represented674

as675

1

CTIHGS

=
1

CQ
+

1

CBiF3

,

where676

CBiF3
=

ε0εBiF3

tBiF3

.

Here CQ denotes an effective electronic-compressibility contribution associated with the buried electroni-677

cally active boundary. It is a finite series response and should not be interpreted as an intrinsic dielectric678

property of BiF3, a universal material constant, or a capacitance-enhancement term.679

The BiF3 dielectric response used for this analysis was obtained from the fully converted BiF3-only680

(p20) reference. This structure was formed from a nominally 20-nm-thick polycrystalline Bi2Se3 film681

and exhibited an independently measured post-conversion BiF3 thickness of ∼23 nm. Using this phys-682

ical thickness, the measured capacitor statistics yield a mean relative permittivity εBiF3
= 28.65 and a683

median value of 30.16. The mean value was used as the reference BiF3 dielectric response for the pri-684

mary CQ extraction below. This extraction assumes that the converted BiF3 region within the TIHGS685

has the same dielectric response as the fully converted BiF3-only reference. Any systematic difference686

in the local structure, density, composition, or dielectric response of BiF3 between the partially and687

fully converted configurations would renormalize the extracted CQ. Accordingly, the reported CQ val-688

ues should be regarded as effective interfacial quantum-capacitance responses within this reference-based689

series-capacitance model rather than as model-independent microscopic constants.690

For the TIHGS-13 (p20) structure,691

CTIHGS = 1.10 µF cm−2

and, using tBiF3
≈ 13 nm,692

CBiF3
= 1.95 µF cm−2,

yielding693

CQ =

(

1

CTIHGS

−
1

CBiF3

)−1

≈ 2.52 µF cm−2.

For the TIHGS-43 (p50) structure,694

CTIHGS = 0.305 µF cm−2

and, using tBiF3
≈ 43 nm,695

CBiF3
= 0.590 µF cm−2,

giving696

CQ ≈ 0.631 µF cm−2.

As a sensitivity check, using the median BiF3 relative permittivity of 30.16 instead of the mean value697

gives CQ ≈ 2.37 µF cm−2 for TIHGS-13 (p20) and CQ ≈ 0.599 µF cm−2 for TIHGS-43 (p50). Thus, the698

inference of a finite interfacial electronic-compressibility contribution is not sensitive to whether the mean699

or median BiF3 reference permittivity is used.700

The finite CQ explains why the measured TIHGS capacitance is lower than that expected from701

BiF3 alone. Accordingly, the present MIM measurements do not demonstrate a net capacitance or EOT702

advantage of the TIHGS structure over the BiF3-only reference. Nor do they independently determine703

the magnitude of the conventional metal/BiF3 gate-side interfacial capacitance, Cd,g, and therefore they704

do not establish that CQ > Cd,g. Within this reference-based series-capacitance model, the capacitance705

measurements instead require a finite additional series response associated with the buried heterophase706

boundary.707

The distinction between CQ and a conventional gate-side interfacial or dead-layer capacitance is there-708

fore primarily one of physical origin and boundary identity rather than the existence versus absence of a709
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finite series term. Finite gate-electrode/dielectric interfacial responses are well established as non-scaling710

contributions to deeply scaled gate-stack electrostatics [1, 3]. Conventional gate-side contributions can711

arise from finite electrode screening, altered interfacial polarizability, bonding, chemical reconstruction,712

or structural disorder. In the TIHGS architecture, the metal electrode is electrically coupled to residual713

Bi2Se3, so the conventional metal/BiF3 interface no longer defines the active gate-side screening bound-714

ary. The remaining CQ instead characterizes the effective electronic compressibility of the deliberately715

formed BiF3/Bi2Se3 boundary. Thus, “boundary relocation” rather than “elimination of all interfacial716

capacitance” is the appropriate electrostatic description. The transistor comparison in Fig. 4 separately717

evaluates whether changing this boundary condition has a functional consequence for gate control.718

The differing CQ values obtained for the two conversion geometries indicate that the extracted quantity719

depends on the microscopic electronic structure and electrostatic environment of the reconstructed bound-720

ary rather than representing a universal material parameter. This interpretation is consistent with the721

position-resolved electronic-structure calculation in Fig. 3d, which predicts finite Bi2Se3-derived spectral722

weight at the Fermi level near the buried heterophase boundary.723

An independent constraint on the spatial origin of this additional series-capacitance response is724

provided by the crystalline TIHGS-43 (cN) structures. When the nominal starting crystalline Bi2Se3725

thickness is varied from ∼49 to ∼179 nm while maintaining approximately the same converted BiF3 thick-726

ness, εeff,TIHGS remains within ∼15.9–17.4 without a systematic thickness dependence (Extended Data727

Fig. 5f). This weak dependence argues against a dominant electrostatic contribution from the Bi2Se3728

bulk and is instead consistent with a contribution localized near the BiF3/Bi2Se3 boundary.729

Capacitance measurements alone cannot uniquely distinguish the reconstructed Bi2Se3-derived bound-730

ary state from additional electronic states that may coexist at a band-bent or chemically reconstructed731

interface. We therefore interpret CQ conservatively as an effective electronic-compressibility response732

associated with the buried electronically active boundary. Its finite magnitude, together with the calcu-733

lated near-Fermi spectral weight, provides mutually consistent electrostatic and microscopic evidence for734

an electronically compressible buried boundary.735
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Supplementary Note 5. Field-Assisted Leakage, Band Alignment and736

Effective Tunnelling Barrier737

To examine the field dependence of gate-stack leakage in the TIHGS MIM capacitors, we analysed738

the current-density–voltage characteristics using field-assisted emission and tunnelling representations,739

including Simmons-modified Schottky emission, Poole–Frenkel emission, and Fowler–Nordheim tunnelling740

(Extended Data Fig. 6a–c) [44–46]. The electric field was calculated as741

E =
|V |

tBiF3

,

where tBiF3
is the physical thickness of the insulating BiF3 layer. The electrically conducting Bi2Se3742

region was not included in the dielectric thickness used for this field conversion. This treatment assumes743

that the applied voltage drop relevant to high-field transport occurs predominantly across the insulating744

BiF3 layer; any additional voltage drop associated with the interfaces is not independently resolved and745

is therefore incorporated into the effective transport parameters extracted below.746

At intermediate electric fields, the data in Extended Data Fig. 6b exhibit approximately linear747

behaviour when represented as ln(J/E) versus E1/2, consistent with Simmons-modified Schottky and748

Poole–Frenkel descriptions [44, 46]. The corresponding field-lowering coefficients are749

βS =

[

q3

4πε0εr(∞)

]1/2

for Schottky-type barrier lowering and750

βPF =

[

q3

πε0εr(∞)

]1/2

= 2βS

for Poole–Frenkel emission, where q is the elementary charge, ε0 is the vacuum permittivity, and εr(∞)751

is the ion-clamped high-frequency relative permittivity of the dielectric.752

The Simmons-modified Schottky and Poole–Frenkel representations yield εr(∞) ≈ 4.99 and ≈ 4.89,753

respectively, corresponding to refractive indices n =
√

εr(∞) of ∼2.23 and ∼2.21. These values are754

reasonably close to the first-principles values calculated for amorphous BiF3, εr(∞) = 4.056 and n =755

2.014, providing a consistency check between the field-dependent transport response and the calculated756

electronic polarizability.757

At higher electric fields, the Fowler–Nordheim (F–N) representation becomes dominant [45, 46].758

Within the conventional triangular-barrier approximation, the F–N current density can be expressed in759

the form760

JFN ∝ E2 exp

[

−
4
√

2m∗
t Φ

3/2
B,FN

3qℏE

]

,

where m∗

t is the tunnelling effective mass and ΦB,FN is the effective electron-injection barrier height. In761

this expression, ΦB,FN is expressed in joules. The corresponding linearized form is762

ln

(

J

E2

)

= AFN −
4
√

2m∗
t Φ

3/2
B,FN

3qℏ

1

E
,

where AFN contains the field-independent prefactor.763

Because the BiF3 thickness is fixed for a given MIM capacitor and E = |V |/tBiF3
, the equivalent764

voltage-domain representation used in Extended Data Fig. 6c is765

ln

(

J

V 2

)

= A′

FN −
4tBiF3

√

2m∗
t Φ

3/2
B,FN

3qℏ

1

|V |
.

For a fixed capacitor area, replacing current density J with total current I changes only the intercept and766

not the slope. Accordingly, if SFN denotes the slope of the linear high-field region in a plot of ln(J/V 2)767
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versus 1/|V |, the effective F–N barrier height is obtained from768

ΦB,FN =

[

3qℏ|SFN|

4tBiF3

√

2m∗
t

]2/3

.

The quantity obtained from this equation is an energy in joules and was divided by q to report it in769

electronvolts.770

For the Au/BiF3/Bi2Se3/Au/Ti TIHGS MIM capacitor analysed in Extended Data Fig. 6a–c, tBiF3
≈771

43 nm. We adopted m∗

t = 0.25m0 as a representative tunnelling mass within the range reported for high-772

κ dielectrics, where m0 is the free-electron mass [47]. Using the slope of the high-field linear regime gives773

an effective F–N barrier height of774

ΦB,FN ≈ 0.27 eV.

The high-field transport analysis must be distinguished from the equilibrium microscopic electronic775

structure of the heterophase boundary. Figure 3c–e shows that the immediate a-BiF3/c-Bi2Se3 interface776

is gap-opened, whereas a reconstructed gap-closed Bi2Se3-derived state resides in the adjacent c-Bi2Se3777

subinterface QL and the calculated dipole-moment profile is strongly localized near the heterophase778

boundary. The localized dipole establishes interfacial charge redistribution but does not by itself determine779

the magnitude of the reconstructed-state energy shift. The band alignment of the heterophase therefore780

cannot, in general, be represented solely by rigid alignment of isolated-material electron affinity and work781

function.782

Extended Data Fig. 6d shows a vacuum-referenced constituent alignment before Au contact. Using783

the calculated Bi2Se3 work function ϕBi2Se3 = 5.15 eV and amorphous-BiF3 electron affinity χBiF3
=784

4.3 eV gives a nominal separation of approximately 0.85 eV between the Bi2Se3 Fermi level and the785

BiF3 conduction-band reference. This value is a vacuum-level reference construction rather than an exact786

equilibrium conduction-band offset, because the interface dipole, chemical reconstruction and associated787

band bending can modify the local electrostatic potential. The reconstructed Bi2Se3-derived subinterface788

feature identified in Fig. 3d is therefore shown separately at approximately 0.146 eV below EF.789

After Au contact, the electrochemical potentials equilibrate across the contacted stack (Extended790

Data Fig. 6e). The Au work function, ϕAu = 5.1 eV, differs from the calculated Bi2Se3 work function791

by only approximately 0.05 eV, whereas the corresponding vacuum-referenced Au/BiF3 separation is792

approximately 0.8 eV. These quantities provide a reference energetic sequence for the contacted capacitor793

but do not imply that the local heterophase or metal/dielectric band offsets are independently determined794

with this precision. The interface-localized dipole identified in Fig. 3e and any residual band bending795

remain incorporated implicitly in the contacted-state alignment.796

Under the positive high-field condition used for the Fowler–Nordheim analysis, the potential drop797

across BiF3 tilts the insulating barrier and enables tunnelling from the electrically connected residual798

Bi2Se3 towards accessible BiF3 conduction-band states (Extended Data Fig. 6f). The experimentally799

extracted ΦB,FN ≈ 0.27 eV is therefore assigned to an effective high-field Bi2Se3-to-BiF3 injection barrier.800

Its difference from the simple vacuum-referenced equilibrium separation is not interpreted as a direct801

measurement of the interface dipole or band bending; rather, it reflects a field-modified tunnelling barrier802

in a chemically and electronically reconstructed heterophase system. Because ΦB,FN ∝ (m∗

t )
−1/3 and the803

BiF3-specific tunnelling mass was not independently measured, the extracted value remains a model-804

dependent effective barrier rather than an exact equilibrium band offset.805

Finally, the Fowler–Nordheim regime occurs well outside the gate-voltage window used for the MoS2806

transistor measurements and therefore does not represent the dominant transport process during normal807

transistor operation. Linearized Schottky, Poole–Frenkel and Fowler–Nordheim representations are also808

not unique microscopic fingerprints of individual leakage mechanisms [46]. We therefore use these analyses809

as mutually consistent descriptions of field-dependent transport and as a means to estimate the effective810

high-field injection barrier, rather than as independent determinations of the equilibrium interface band811

structure.812
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Supplementary Note 6. Flat-Band Extraction and Semiconductor Screening813

The flat-band response and semiconductor-side screening parameters were analysed using the frequency-814

dependent capacitance–voltage (C–V ) characteristics of the Au/Ag/Pt/WSe2/BiF3/Bi2Se3/Au/Ti815

metal–insulator–semiconductor capacitor (MISCAP). Throughout this analysis, all capacitances are816

expressed per unit area.817

The flat-band voltage, VFB, was determined from the accumulation-to-depletion transition using the818

capacitance–voltage inflection-point method identified from the second derivative of the measured C–819

V characteristic [48]. The 10-kHz C–V characteristic was used because the corresponding transition820

remained within the experimentally accessible low-leakage bias window. At higher frequencies, the tran-821

sition shifted toward gate voltages above the measurement range, where increasing dielectric leakage822

prevented reliable determination of the flat-band condition. The physically relevant flat-band volt-823

age was identified from the principal accumulation-to-depletion inflection in the 10-kHz characteristic,824

corresponding to825

d2Cm

dV 2
G

∣

∣

∣

∣

VG=VFB

= 0, (S1)

with a corresponding change in the sign of d2Cm/dV
2
G. This analysis gives826

VFB ≈ 0.58 V, (S2)

as shown in Extended Data Fig. 7c. The measured 10-kHz capacitance at the flat-band condition is827

CFB = Cm(VFB) = 2.34× 10−7 F cm−2. (S3)

We used an independent graphical consistency analysis to determine the effective capacitance of the828

TIHGS. At the independently determined VFB, the two dimensionless functions829

f1 =
1

√

3kBT

q

1

Cm

dCm

dVG

− 1 (S4)

and830

f2 =
Cm

Cg − Cm

(S5)

were evaluated, where kB is the Boltzmann constant, T is the absolute temperature, q is the elementary831

charge, and Cg is the effective capacitance of the complete TIHGS. Trial values of Cg were varied until832

f1 = f2 at the independently determined VFB (Extended Data Fig. 7d). The resulting gate-stack response833

corresponds to834

εeff,TIHGS ≈ 16. (S6)

For the approximately 43-nm-thick converted BiF3 layer in the MISCAP, this effective relative835

permittivity gives836

Cg =
ε0εeff,TIHGS

tBiF3

= 3.29× 10−7 F cm−2, (S7)

where ε0 is the vacuum permittivity. As in the TIHGS MIM analysis, εeff,TIHGS is a BiF3-thickness-837

normalized stack-level electrostatic quantity and should not be interpreted as the intrinsic dielectric838

constant of BiF3. The value εeff,TIHGS ≈ 16 is consistent with the finite boundary response independently839

observed in the TIHGS MIM capacitors and is therefore not interpreted as evidence for a capacitance840

or EOT enhancement. Its purpose here is to parameterize the effective TIHGS capacitance required to841

de-embed the semiconductor-side response.842

The measured flat-band capacitance contains the TIHGS capacitance in series with the semiconductor-843

side response. The effective semiconductor-side flat-band capacitance was therefore obtained from844

1

CFB

=
1

Cg

+
1

C∗

s,FB

, (S8)

giving845
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C∗

s,FB =

(

1

CFB

−
1

Cg

)−1

= 8.08× 10−7 F cm−2. (S9)

The corresponding effective screening length was estimated as846

LD,eff =
ε0ε⊥,WSe2

C∗

s,FB

, (S10)

where ε⊥,WSe2 is the out-of-plane relative permittivity of WSe2. Using T = 300 K and a representative847

value ε⊥,WSe2 = 4.2, as adopted in continuum electrostatic modelling of bulk-like WSe2 flakes [38], gives848

LD,eff ≈ 4.60 nm. (S11)

The corresponding apparent volumetric majority-carrier concentration was estimated from849

Napp =
kBTε0ε⊥,WSe2

q2L2
D,eff

, (S12)

yielding850

Napp ≈ 2.83× 1017 cm−3. (S13)

Because the flat-band response is evaluated at 10 kHz, traps that remain electrically responsive at this851

frequency can contribute to C∗

s,FB. Accordingly, LD,eff and Napp are interpreted as effective low-frequency852

screening parameters rather than intrinsic bulk-semiconductor quantities. The measured WSe2 thickness,853

tWSe2 = 37.37 nm, nevertheless substantially exceeds 2LD,eff ≈ 9.20 nm, indicating that electrostatic854

perturbations originating from the two opposing WSe2 surfaces do not strongly overlap across the full855

semiconductor thickness.856
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Supplementary Note 7. Effective Interface-Trap Extraction and Limitations857

The effective electrically active trap density, Dit,eff , was estimated from the frequency-dependent858

capacitance–voltage characteristics using the high–low-frequency Castagné–Vapaille approach [49, 50].859

The method exploits the different frequency response of electrically active interface and near-interfacial860

traps and has been widely used to estimate trap densities from metal–insulator–semiconductor capaci-861

tance measurements, although the extracted values can depend on the assumed semiconductor response,862

measurement frequency window, and gate-stack electrostatics [50]. In this analysis, we denote the mea-863

sured capacitances at 10 kHz and 1 MHz as CLF and CHF, respectively, so traps that respond differently864

over this frequency range contribute to the measured capacitance dispersion.865

Throughout this analysis, all capacitances are expressed per unit area. The measured MISCAP capac-866

itance contains the TIHGS electrostatic element in series with the semiconductor-side response. We use867

Cg ≡ CTIHGS = 3.29× 10−7 F cm−2, obtained from the 10-kHz flat-band consistency analysis in Supple-868

mentary Note 6. Because an independently resolved frequency-dependent Cg is unavailable, this value is869

used for both the 10-kHz and 1-MHz de-embedding; any residual TIHGS dispersion is therefore included870

in the effective quantity Dit,eff . The effective semiconductor-side capacitances were calculated as871

C∗

s,LF =

(

1

CLF

−
1

Cg

)−1

, (S14)

and872

C∗

s,HF =

(

1

CHF

−
1

Cg

)−1

, (S15)

where CLF and CHF are the measured capacitances at 10 kHz and 1 MHz, respectively.873

Within the conventional high–low-frequency approximation, the low-frequency semiconductor-side874

response includes semiconductor charge modulation and trap contributions that remain responsive875

at lower frequencies, whereas the corresponding trap response is reduced at higher frequencies. The876

frequency-dependent excess capacitance was therefore defined as877

Cit,eff = C∗

s,LF − C∗

s,HF, (S16)

and the corresponding effective electrically active trap density as878

Dit,eff =
Cit,eff

q
=

1

q

[

(

1

CLF

−
1

Cg

)−1

−

(

1

CHF

−
1

Cg

)−1
]

. (S17)

The quantitative interpretation focused on the bias-dependent depletion-to-accumulation transition.879

The nearly gate-voltage-independent depletion floor was excluded because the semiconductor charge880

response is constrained by the finite WSe2 thickness. Strong-accumulation values were likewise excluded881

because CLF approaches Cg, making the semiconductor-side capacitance increasingly sensitive to small882

experimental uncertainties. Within the range (Extended Data Fig. 7e), the minimum extracted value is883

Dmin
it,eff ≈ 7.48× 1011 cm−2 eV−1. (S18)

The parallel-conductance response,Gp/ω, was also examined over the same gate-voltage and frequency884

ranges (Extended Data Fig. 7b). No well-resolved Gp/ω maximum suitable for conventional conductance-885

method extraction of trap density or characteristic time constant was observed within the accessible886

gate-bias range, while higher positive gate voltages were precluded by increasing dielectric leakage. The887

effective trap density was therefore evaluated using the high–low-frequency capacitance analysis described888

above.889

The high–low-frequency method attributes the low–high capacitance difference to electrically active890

trap-related dispersion within the selected frequency window. In theWSe2/TIHGSMISCAP, this response891

may include contributions from the WSe2/BiF3 interface, near-interfacial or border traps, residual TIHGS892

dispersion, distributed WSe2 resistance, contact resistance, dielectric leakage, and measurement par-893

asitics. Moreover, because 10 kHz is not a true quasi-static limit, substantially slower traps are not894

sampled. Accordingly, the extracted Dit,eff should be interpreted as an effective electrically active trap895

response within the experimental frequency window rather than as a unique microscopic density of states896

exclusively at the WSe2/BiF3 interface, consistent with the known model and frequency dependence of897

high–low-frequency interface-trap extraction [50].898
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