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Gate-tunable scanning tunnelling microscopy (STM) enables direct correlation between electrostatic gating and local
electronic states in two-dimensional correlated materials. Here, we investigate TaSe; films on graphene using a home-built
gate-tunable STM setup. Large-area and atomically resolved STM images reveal well-defined TaSe; islands and an ordered
charge-density-wave (CDW) superstructure. Monolayer TaSe; shows spatially resolved scanning tunnelling spectroscopy
(STS) features but a strongly suppressed gate response under back-gate voltages. In contrast, bilayer TaSe, exhibits a
richer zero-gate electronic structure and systematic bias-dependent evolution of CDW contrast. Fixed-point gate-dependent
STS in the bilayer region demonstrates clear spectral-weight redistribution and low-energy feature evolution. Our results
establish a feasible gate-tunable STM protocol for TaSe,/graphene heterostructures and reveal pronounced layer-dependent

local gate response in correlated two-dimensional systems.
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1. Introduction

Electrostatic control of low-dimensional correlated states
is central to the study of quantum materials. The broader ex-
ploration of two-dimensional (2D) materials has evolved from
high-symmetry systems such as graphene!! ! and transition-
metal dichalcogenides (TMDs)!*? to low-symmetry lay-
ered materials including black phosphorus,[!%1! ReS, 12131
and WTe,.[!+#15] Reduced crystal symmetry can introduce
additional physical degrees of freedom and generate in-
plane anisotropic transport,!'®! polarization-dependent op-
tical response,!'®! and piezoelectricity.!!”18] At the same
time, reduced dimensionality in layered chalcogenides can

19,20]

host Peierls-type instabilities, ! sliding charge-density

waves, 21221 CDW-related bound states,?*! and possible topo-

[24] Recent studies on 1T-TiSe,

logical superconductivity.
and WS,/1T-TaS; heterostructures further show that charge-
density-wave order in low-dimensional chalcogenides can be
efficiently perturbed by light-induced carrier redistribution
and interfacial photodoping. [>32¢]

Charge-density-wave physics in 1T-type dichalcogenides
has been studied for decades.[?”) Single-layer 1T-TaSe,, a rep-
resentative correlated TMD, has emerged as a particularly

important case because the Star-of-David reconstruction re-

TThese authors contributed equally to this work.
Corresponding author. E-mail: lilinfei @bit.edu.cn
$Corresponding author. E-mail: xlin@ucas.ac.cn

CSTR: 32038.14.CPB.ae66dd

shapes the electronic structure into a narrow half-filled band
and promotes strong local correlations.?8=3!11 STM/STS and
photoemission studies further showed that the correlated state
evolves rapidly once a second layer is added, because shifted
Star-of-David stacking, interlayer registry and interlayer hop-
ping modify both the CDW-derived orbital structure and the

28,311 Relative to the weakly screened single-

low-energy gap.!
layer limit, added layers enhance hybridization and dielectric
screening, weaken the Mott-like state and enrich the zero-bias

28.31-341 A related tunability has also been

electronic structure. !
discussed in monolayer VTe,, where external strain can mod-
ify the competition among charge-density-wave order, Mott-
insulating behavior and superconducting tendency. >’
Gate-tunable STM proves to be particularly advantageous
for investigating these phenomena, as it merges the atomic-
scale sensitivity of STM with the ability to exert electro-

36,371 Recent local-probe studies

static control independently.!
of mirror-twin boundaries, doped Mott insulators, and other
gate-addressable low-dimensional systems have demonstrated
that gating can redistribute low-energy spectral weight and
expose microscopic response channels inaccessible to trans-
port measurements. 38411 For STM-compatible back-gated

devices, the usable voltage range is set jointly by dielectric

© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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geometry, gating efficiency, and tunnelling-junction stability;
several-tens-of-volts operation is therefore typical, and the
—50 V to +50 V range adopted here provides a stable win-
Related

studies in Chinese Physics journals have expanded the mate-

dow for comparing monolayer and bilayer TaSe,.

rial and spectroscopic basis for investigating low-dimensional
correlated systems,[42‘47] while electrostatic control has also
been applied to nodal-line systems, layered superconduc-
tors, and van der Waals devices.?*859 Nevertheless, a di-
rect atomic-scale comparison of monolayer and bilayer TaSe;
within the same gate-tunable STM platform remains lacking,
despite the recurring importance of thickness-dependent elec-
tronic structures in 1T-type CDW materials and related layered
chalcogenides.?1%

In this work, a TaSe,/graphene/Si0,/Si platform com-
patible with low-temperature gate-tunable STM is established
and used to compare monolayer and bilayer TaSe, within a
unified experimental geometry. The measurements proceed
in three steps. First, the device architecture, sample mount-
ing, and wiring scheme are defined. Second, the morphol-
ogy and atomic-scale structure of the TaSe, film are char-
acterized to establish a structural and spectroscopic baseline.
Third, layer-resolved gate response is examined by combining
linecut spectroscopy, bias-dependent mapping, and fixed-point
gate-dependent STS. The results show a markedly suppressed
gate response in the monolayer region but a much clearer gate-
induced spectral redistribution in the bilayer region.

@ OO, @

(©)
1 External power
2 Sample stage

3 Spring clip

4 STM probe

5 Control unit

6 Electrode

7 Baseplate

8 Sample holder

9 Sapphire

10 Si/SiOq

11 Sample

12 Bonding wire

1 9.9.9.9.9.99.8

2. Experimental methods

The gate-tunable STM platform is summarized in Fig. 1.
TaSe, was integrated with graphene (Fig. 1(a)) on a SiO,/Si
back-gate stack (Fig. 1(b)), so that the tunnelling junction and
electrostatic control share one device geometry. In the mea-
surement configuration, the sample bias V4, is applied to the
STM junction, whereas the back-gate voltage V; is applied
through the SiO,/Si substrate. This geometry allows local
spectroscopy to be tracked under continuously tuned electro-
static conditions without sacrificing atomic-scale spatial res-
olution. All STM/STS data reported here were acquired at a
base temperature of 4.7 K. In the present device, a gate voltage
range of —50 V to +50 V is employed as the primary operat-
ing window. This range facilitates stable tunneling conditions
and offers a representative scope for electrostatic tuning, al-
lowing for direct comparison between monolayer and bilayer
TaSe,. Repeated measurements within this interval yielded re-
producible spectra without obvious dielectric-breakdown fea-
tures or pronounced hysteretic distortion.

A dedicated
scheme was implemented to ensure electrical isolation, me-

low-temperature sample-stage wiring
chanical stability, and compatibility with ultra-high-vacuum
STM operation (Fig. 1(c)). The sample holder, sapphire insu-
lating layer, electrodes, bonding wires, and spring-clip fixation
jointly define a stable mounting configuration. As shown in
Fig. 1(d), the assembled device confirms that the back-gated
This
technical design is the foundation for the layer-resolved mea-

sample can be reliably mounted on the STM stage.

surements discussed below.

Fig. 1. TaSe,/graphene/SiO,/Si back-gated device and sample configuration for gate-tunable STM. (a) Structural model of TaSe, supported
by graphene. (b) Schematic of the gate-tunable STM/STS measurement geometry, where the sample bias V4, is applied to the tunnelling
junction and the back-gate voltage V; tunes the carrier environment through the SiO,/Si substrate. (c) Sample-stage and wiring layout used for
low-temperature STM measurements. (d) Optical image of the fabricated device mounted on a sample holder.
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3. Results and discussion
3.1. Surface morphology and atomic-scale structure

To clarify the structural basis for subsequent spectro-
scopic and gating measurements, we first characterize the
surface morphology and atomic-scale structure of graphene-
supported TaSe; films. The large-area STM image in Fig. 2(a)
shows a well-defined TaSe; island on graphene. The coexis-
tence of monolayer and bilayer regions within the same TaSe;
island enables a clean, thickness-dependent comparison under
nearly identical substrate and measurement conditions. The
atomically resolved image in Fig. 2(b) reveals a Star-of-David
reconstruction of TaSe; preserved on the conductive graphene
support, with the FFT pattern confirming the CDW period-
icity and orientation. The local magnified view in Fig. 2(c)
and the representative line profile in Fig. 2(d) further verify
a real-space modulation, suggesting a well-ordered correlated
state with a robust real-space periodicity. These observations
are consistent with a charge-density-wave-modulated surface
rather than a featureless metallic background.

Bilayer

11
’

14
Monolayi'
TaSe,

1
1 (d) 3.42 nm
1

el 0

0 05 1.0 1.5 2.0 2.5 3.0 3.5
X (nm)

Fig. 2. Surface morphology and atomic-scale structural characterization of
TaSe; films. (a) Large-area STM topography of the monolayer and bilayer
TaSe, island grown on graphene (Vpjas = —2 V, Lt = 100 pA). (b) Atom-
ically resolved STM image showing a charge-density-wave superstructure
(Vbias = —1 V, Lt = 500 pA). The overlaid guide marks the Star-of-David
charge-density-wave unit, and the inset shows the corresponding fast Fourier
transform pattern. (c) Local magnified STM image (Vpias = —1 V, Let =
1 nA). (d) Line profile taken along the red line in (c).

3.2. Spatially resolved spectroscopy and suppressed gate
response in monolayer TaSe;

With the atomic-scale structural features confirmed, we
next examine the local electronic states and electrostatic gat-
ing response of monolayer TaSe, to establish a thickness-
comparison baseline. As shown in Fig. 3(a), the STM im-
age marks a linecut path extending from position 1 to position

27. The corresponding dI/dV spectra in Fig. 3(b) show that
the local electronic structure evolves continuously along the
line trace rather than remaining strictly uniform. For clarity,
the valence-band (VB) and conduction-band (CB) features are
marked by arrows in Figs. 3(b) and 3(d). The intensity map
in Fig. 3(c) makes this behavior more transparent by display-
ing the redistribution of spectral weight as a joint function of
position and bias.
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Fig. 3. Spatially resolved STS spectra and fixed-point gate response
of monolayer TaSe,. (a) STM topography of a monolayer TaSe; re-
gion. (b) Twenty-seven dI/dV spectra acquired along the marked path
in (a), showing the continuous evolution of local electronic states in
real space. (c) Corresponding intensity plot, providing a direct visual-
ization of spectral-weight evolution as a function of position and bias.
(d) Gate-dependent fixed-point dI/dV spectra measured in the mono-
layer region. The arrows in panels (b) and (d) mark the valence-band
(VB) and conduction-band (CB) features. (e) Corresponding gate-bias
intensity map.

The same monolayer region was then examined by fixed-
point gate-dependent STS. The spectra in Fig. 3(d) and the
corresponding gate-bias map in Fig. 3(e) show that the dom-
inant spectral features remain nearly unchanged over the ac-
cessible gate range. This weak response is physically reason-
able for at least two reasons. First, the monolayer is directly
supported by graphene, whose mobile carriers provide strong
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Thomas—Fermi screening of the back-gate electric field be-
fore it can efficiently modulate the local potential landscape
of the TaSe; overlayer. Second, single-layer 1T-TaSe; is itself
a robust Mott-like insulator with a relatively large low-energy
gap and low electronic compressibility. Within the present
gate-voltage window, the induced carrier variation is there-
fore likely insufficient to drive a sizable redistribution of states
across the gap. Under the present device geometry and spec-
troscopic resolution, the monolayer response is thus best de-
scribed as strongly suppressed rather than completely absent.
This point is important because it provides a direct physical
reference for the more pronounced bilayer response discussed
below.

3.3. Zero-gate STM characterization in bilayer TaSe,

In sharp contrast to the monolayer’s weak gate response,
bilayer TaSe; presents a distinctly different electronic land-
scape, starting with its richer zero-gate properties. Figure 4(a)
collects bias-dependent STM topographies of bilayer TaSe;
obtained over a wide energy window from —1 V to +1 V.
Across this range, the spatial contrast evolves systematically
with bias, while the FFT in each panel confirms that the peri-
odic structure remains well defined. The sequence shows that
the bilayer electronic structure is broadly energy dependent
rather than confined to a narrow low-energy feature.

Fig. 4. STM and STS characterization of bilayer TaSe, at zero gate. (a) Bias-dependent STM spatial maps acquired with Ier = 100 pA
(10 nmx 10 nm); the insets display the FFT patterns, allowing direct comparison of the periodic structure at different energies. (b) dI/dV
mappings acquired with I = 500 pA (5 nmx5 nm), revealing the evolution of the charge-density-wave electronic structure of bilayer TaSe,

near the Fermi level.

This behavior becomes more striking in the finer low-
energy maps shown in Fig. 4(b), which cover —0.35 V to
+0.35 V with small bias steps. The contrast evolves continu-
ously across the Fermi-level region. On the negative-bias side,
the structure is dominated by compact bright motifs. Closer
to zero bias, the contrast becomes more ring-like and hollow-

centred, whereas on the positive-bias side the bright motifs

re-emerge with a modified intensity distribution. These maps
establish that bilayer TaSe, hosts a bias-sensitive CDW elec-
tronic structure and provide the zero-gate context required to
interpret the subsequent gate-dependent spectroscopy.

3.4. Gate-dependent local spectroscopy in bilayer TaSe;

Having mapped the bias-dependent electronic structure at
zero gate, we now apply back-gate tuning to quantify the local
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electrostatic response of bilayer TaSe, and compare it directly
with the monolayer case. Figure 5 presents the fixed-point
gate response of the bilayer region. The atomically resolved
topography in Fig. 5(a) identifies the measurement location,
and the representative spectrum at V, = 0 V in Fig. 5(b) pro-
vides the local spectral baseline. Figure 5(c) displays the spec-
tra acquired at the same point under different back-gate volt-
ages over the range from —50 V to +50 V. The interval was
chosen because it provides stable tunnelling conditions and a
representative electrostatic-tuning window for direct compari-
son in the present back-gated device. The valence-band (VB)
and conduction-band (CB) features are marked by arrows in
Figs. 5(b) and 5(c). Figure 5(d) summarizes the evolution as a

gate-bias color map.

(a) (b)

— Bilayer TaSe;
mn (Vgate =0 V)
=
E
5
5 VB
g i
= cB
= i
el

—0.50 0 0.50
Bias (V)

—~
a
~

High

dI/dV (arb. units)

Low

dI/dV (arb. units)

—0.50 0 0.50
Bias (V)

Fig. 5. Gate-tuned spectroscopy at a fixed point in bilayer TaSe,.
(a) STM topography of a bilayer region with the blue dot marking the
position for gate-dependent measurements. (b) Representative d//dV
spectrum acquired at this position at Vg = 0 V. (c) Gate-dependent
dI/dV spectra measured at the same point under back-gate voltages
from —50 V to 450 V. The arrows in panels (b) and (c) mark the
valence-band (VB) and conduction-band (CB) features. (d) Corre-
sponding gate-bias color map. Compared with the monolayer region,
bilayer TaSe, exhibits more pronounced spectral-weight redistribution
and clearer low-energy feature evolution under the present experimental
conditions, indicating stronger local sensitivity to back-gate tuning.

In contrast to the monolayer case, the bilayer spectra ex-
hibit a clear gate dependence. The response is better de-
scribed as a redistribution of spectral weight among selected
low-energy and intermediate-energy features than as a rigid
shift of the entire spectrum. Several nearly vertical features in
the gate—bias map remain trackable across the full gate range,
indicating that the bilayer’s local density of states is measur-
ably altered by the applied back gate. The comparison be-
tween Figs. 3 and 5 therefore establishes a layer-dependent lo-
cal gate response: the monolayer remains nearly unchanged

under the present conditions, whereas the bilayer shows a
clearly resolvable spectral evolution. This contrast is consis-
tent with the idea that the additional TaSe, layer weakens the
strongly gapped, weakly compressible single-layer limit and
makes the bilayer electronic structure more susceptible to elec-
trostatic tuning. From a structural viewpoint, the extra TaSe;
layer introduces additional interlayer hybridization and dielec-
tric screening, which soften the low-energy electronic struc-
ture relative to the more weakly screened monolayer limit and
make spectral weight easier to reorganize under gate tuning.

4. Conclusions

We have established a reliable gate-tunable STM plat-
form for TaSe, films grown on graphene, and resolved the
layer-dependent local gate response by combining atomic-
resolution imaging, spatially resolved spectroscopy, bias-
dependent mapping, and fixed-point gate-dependent STS.
Monolayer TaSe, shows markedly suppressed gate response
under the present measurement conditions, consistent with ef-
ficient electrostatic screening by the graphene substrate and
the robust Mott-like correlated state in single-layer 1T-TaSe;.
In sharp contrast, bilayer TaSe, exhibits a much richer zero-
gate CDW electronic structure and pronounced gate-induced
spectral-weight redistribution over the back-gate range from
—50 V to +50 V. These results suggest that layer thickness
provides an effective knob to control the electrostatic respon-
siveness of correlated 2D materials. The framework can be
further extended to superconducting or charge-ordered van
der Waals systems such as Fe(Te,Se), NbSe; and related het-
erostructures, where local electrostatic tuning may help reveal
new interfacial quantum states and guide the design of tunable
quantum materials.
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