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Dimensional reduction and ion intercalation induced enhancement of superconductivity (SC) in the presence
of charge density waves (CDWs) in two-dimensional (2D) crystals of 2H-TaSe2 was characterized. We prepared
atomically thin crystals of this transition metal chalcogenide (TMC) by mechanical exfoliation and performed
electrical transport measurements on devices made by photolithography. The superconducting transition
temperature (TSC

c ) was found to increase monotonically as the thickness decreases, changing from 0.15 K
in the bulk to being higher than 1.7 K for a thickness of roughly 3 nm. The CDW transition temperature
TCDW
c was found to decrease, but to a less extent in comparison, from a bulk value of around 120 K to 113

K for the 3 nm thick crystal. The temperature dependence of upper critical field was found to be anomalous.
In addition, TSC

c in ionic gated thin crystals was also found to be enhanced. We argue that the observed
enhancement of superconductivity is due to the weakening of the competing order, an increase in the density
of states, and strengthened electron-phonon interaction. Our finding suggests a potentially effective way of
engineering material properties of TMCs.

The ability of engineering material properties is essen-
tial for obtaining desired functionalities for various ap-
plications. Two-dimensional (2D) crystals of transition
metal chalcogenides (TMC) have attracted a great deal
of attention recently because interesting physical proper-
ties not found in the bulk have been identified in these
materials. For example, strong spin-orbit coupling was
found to lead to the so-called Ising superconductivity in
monolayer NbSe21 and bilayer TaS22. Such unconven-
tional superconducting properties is not present unless
the crystal is made atomically thin.

A group of chemically close related TMCs, 2H-MX2
(where M = Nb, Ta and X = S, Se), were found to ex-
hibit interesting behavior in the 2D crystal form. These
TMCs all feature a layered hexagonal crystal structure,
an ABAB stacking, a van der Waals coupling between
the adjacent layers, and metallic conduction. Supercon-
ductivity was found to occur in all of them, with a vary-
ing SC transition temperature, TSC

c . Except in NbS2,
these TMCs also feature a charge density wave (CDW)
order3. Interestingly, the dimensional reduction obtained
by preparing atomically thin crystals has very different
effects on TCDW

c and TSC
c despite of their similarities

in the bulk. In both 2H-NbS2 and 2H-NbSe2, TSC
c was

found to decrease as the thickness was reduced1,4–9. For
2H-TaS2 and 2H-TaSe2, on the other hand, the oppo-
site is true10–12. Furthermore, for 2H-NbSe2, the value
of TCDW

c was found to increase as the thickness was
reduced13. For both 2H-TaS2 and 2H-TaSe2, on the other
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hand, the opposite was also found to be true.11,14

Early work on thin crystals of 2H-TaSe2 revealed weak
antilocalization, suggesting that the spin-orbit coupling is
strong15, as expected. The Fermi surface (FS) of TaSe216
contains two hole pocket located in Γ point and K point
and one electron pocket at M point above the CDW tran-
sition. The occurrence of CDW leads to changes in FS,
resulting in a new FS containing one hole pocket sur-
rounding the Γ point and one electron pocket surround-
ing the K point in the reduced Brillouin zone. Bulk crys-
tals of TaSe2 features a TCDW

c of 120 K17. The CDW or-
der further undergoes an incommensurate to commensu-
rate transition at 90 K18,19. However, the ARPES20 stud-
ies of MBE synthesised monolayer TaSe2 indicated an
increased TCDW

c of 130 K while Raman spectroscopy21
studies of mono- and few-layer TaSe2 suggests a simi-
lar TCDW

c of bulk. The transport measurements give a
TCDW
c = 115 K in MoS2 encapsulated bilayer TaSe214.

Lithium intercalation of TaSe2 was found to suppress
CDW22. However, these previous studies of the CDW
order in 2D crystals of TaSe2 did not include a simulta-
neous characterization on superconducting properties.

Possible mechanisms leading to changes in the SC and
CDW properties in these 2D materials are still under
debate. Several effects on SC and CDW including the
presence of a van Hove singularities10, unconventional su-
perconductivity featuring an additional superconducting
energy gap23, and the competition between superconduc-
tivity CDW found in 2H-NbSe2 and 2H-TaS21124 have
been noted. For TaSe2, scanning tunneling microscopy
and scanning tunneling spectroscopy (STM/STS) stud-
ies of isolated single unit-cell as well as multilayer 2H-
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Figure 1. (a) Optical image of a 2H-TaSe2 flake and an atomic
force microscopy (AFM) scan revealing a 4 nm thickness. (b)
Optical image of a 3-nm-thick transport device, the value.
(c)(d) Temperature (T ) dependence of sample resistance, R,
for three devices with their thickness values labeled. The re-
sistances was normalized by their values at 300 K and normal
state value above TSC

c , respectively.

TaSe2 revealed that the TSC
c was enhanced from its bulk

TSC
c of 0.15 K25 up to 1 K12. However, the transport

measurements on SC in these atomically thin crystals of
2H-TaSe2 have not been carried thus far.

Single crystals of 2H-TaSe2 was grown by standard
chemical vapor transport method. The crystal struc-
ture was characterized by X-ray diffraction, Raman spec-
troscopy and electrical transport measurements. Atom-
ically thin crystals of TaSe2 were obtained by mechan-
ical exfoliation and transferred onto a 300-nm-thick
SiO2/Si substrate by silicone elastomer polydimethyl-
siloxane (PDMS) stamp26. The crystal thickness was es-
timated by a color code that infers the thickness of the
crystal based on the color and faintness of the color and
calibrated by AFM scans as shown in Fig. 1(a). In Fig.
1(b), a 3-nm-thick TaSe2 device is shown. The Hall probe
pattern was defined by standard photolithography using
AZ5214E photoresist. Metalization was done by sequen-
tial depositions of 10 nm Ti and 100 nm Au, followed by
a lift-off process in acetone rinsed off by isopropyl alco-
hol. Electrolyte gate was prepared by applying a droplet
of LiClO4/PEO onto the device, covering both the con-
duction channel and the gate electrode.

In Fig. 1(c), the temperature dependence of sam-
ple resistance, R, normalized by its value at 300 K, is
shown The slope change around the 120 K signaled the
CDW transition. The transition temperature, TCDW

c ,
was determined more precisely by the peak in dR/dT .
It was found that the value of TCDW

c , as well as peak

height in dR/dT became increasingly weak as the crys-
tal thickness was reduced, indicating that CDW was sup-
pressed. Interestingly, similar suppression of CDW was
also found previously in multilayer 2H-TaSe2 intercalated
by Li ions22. In Fig. 1(d), a monotonic enhancement in
the onset superconducting transition temperature, TSC

c ,
defined by the temperature at which the sample resis-
tance starts to drop was observed with the reducing
thickness, from 0.15 for the bulk to 1.7 K for a 3-nm-thick
crystal. The definition of TSC

c precisely was complicated
by the presence of a resistance anomaly (see below).

Our results are consistent with the STM/STS
measurements12. The multiple-step SC transitions for 3-
and 10-nm samples are likely due to thickness variation of
the 2H-TaSe2 crystals, which was found to consist some-
times portions of different thicknesses as shown in Fig.
1(b). The resistance increase before the resistance drop
was seen widely previously in mesoscopic superconduct-
ing devices and understood as a consequence of charge
imbalance induced by a transport current at the inter-
face between a superconducting and normal region27–29.
The physical process leading to the presence this resis-
tance anomaly are complex. Essentially if the regions
near the two voltage leads become superconducting at a
temperature slightly higher than the rest of the sample,
the voltage leads will pick up the electric potential far-
ther away from the voltage leads, making the effective
length of the sample, and therefore the sample resistance
larger than that of real sample. For practical purposes,
we will use the temperature at which the resistance peak
was found to be TSC

c .
In Fig. 2(a), we show the the results of sample resis-

tance as a function of out-of-plane magnetic field of a 3-
and a 10-nm-thick crystal at various temperatures. Val-
ues of the out-of-plane critical field Hc2 were defined for
practical purposes again as the magnetic field at which
the sample resistance starts to drop. In Fig. 2(b), the
temperature dependence of Hc2 was plotted for two sam-
ples, revealing a nearly linear T -dependence down to very
low temperatures. Similar behavior was observed in few-
layer 2H-TaS211 and 2H-NbSe21. Fitting the critical field
usingHc2 = φ0/

(
2πξ20

) (
1− T/TSC

c

)
, a formula from the

Ginzburg-Landau theory which strictly speaking is valid
only near TSC

c , we obtained a value of superconducting
coherence length of 26 and 69 nm for the 3- and 10-nm-
thick sample, respectively, much larger than the thick-
ness of the crystal. The linear temperature dependence
of Hc2, which is not expected in the standard theories
of SC, may signal the occurrence of unconventional su-
perconductivity, which was suggested for 2D crystals of
TaS223.

Values of TCDW
c and TSC

c for all crystals of 2H-TaSe2
of various thicknesses were plotted in Fig. 3(a) and
(b), showing clear anticorrelation. Similar anticorrela-
tion found in 2D crystals of two closely related TMCs,
2H-NbSe2 and 2H-TaS2 even though the trend for the
respective ordering is the opposite. Interestingly, the rel-
ative decrease in TCDW

c is much smaller than the relative
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Figure 2. (a)(b) The temperature dependence of magnetoresistance and (c) extracted temperature dependence of critical
magnetic field of TaSe2 with 3 nm and 10 nm, respectively. The magnetic field is parallel to the c axis.

increase in TSC
c for our samples. In 2H-NbSe2, the di-

mensional reduction induced enhancement in TCDW
c , and

the suppression of TSC
c , were found to be less dramatic in

relative terms. For example, monolayer NbSe2 features
TCDW
c = 145 K and TSC

c = 3 K, as compared with TCDW
c

= 33 K and TSC
c = 7.2 K for the bulk. These obser-

vations suggest that the anticorrelation between TCDW
c

and TSC
c seen in 2H-TaSe2 is more complex than that

in 2H-NbSe2, the latter of which is not fully understood
either.

To seek the physical origin for the dimensional reduc-
tion induced enhancement in TSC

c found in 2H-TaSe2,
we begin by examining the formation of CDWs in 2H-
TaSe2. As mentioned above, the hole pockets around
the K points was found to be gapped out while the elec-
tron pockets around the M points split and form two
pockets around K and K’ points in the reduced Brillouin
zone.16 A recent ARPES study revealed little difference
in FS topology between the monolayer and the bulk.20.
The first-principles calculations of the phonon spectra
of mono-, bi-, and tri-layer TaSe2.30 showed significant
changes from that of the bulk, likely responsible for the
suppression of CDW in few-layer 2H-TaSe2. Raman stud-
ies indeed revealed a shift of the phonon vibration fre-
quency as the thickness of the crystal was reduced21. The
change in the phonon spectrum will naturally affect the
electron-phonon interaction, which impacts both SC and
CDW.

Unfortunately, the electron-phonon interaction respon-
sible for the occurrence of SC is known to be difficult to
evaluate. According to McMillan formula applicable for
the intermediate coupling regime31:

TSC
c =

θD
1.45

exp

[
− 1.04 (λ+ 1)

λ− µ (1 + 0.62λ)

]
where θD is Debye temperature, λ is electron-phonon
coupling constant, and Coulomb repulsion µ = 0.15 (em-
pirical value)31. For bulk 2H-TaSe2, θD =202 K and λ
is around 0.4 in bulk TaSe232. For the same value of θD
and µ, the estimated electron-phonon coupling constant
is found to be enhanced to 0.6 for our 3-nm-thick crystal.

Interestingly, SC was found to be enhanced by ionic
gating as well (Fig. 4(a)). Our previous study of ionic
gated 2H-TaSe222 showed that charge carriers were added
to the sample and Li ions were intercalated between lay-
ers of TaSe2 crystal. In Fig. 4(b), R(T ) for a 10-nm-thick
crystal of 2H-TaSe2 are plotted. It is seen clearly that
the CDW was affected by the ionic gating. Despite of
the presence of the resistance anomaly, SC was clearly
enhanced by the application of a gate voltage that in-
duced both carrier doping and Li ion intercalation, with
the value of TSC

c also enhanced to nearly 1.7 K (fig. 4(c)).
After the gate voltage was ramped back to zero, which
nevertheless left the crystal still intercalated but with a
reduced amount of ions due to the hysteresis, SC was still
found to be enhanced (Fig. 4(d)). Our previous work on
ionic gated TaSe2 revealed that CDW was suppressed by
the increasing amount of intercalated Li ions22. How-
ever, the physics for the nearly one order of magnitude
increase in TSC

c is more complex. The anticorrelation in
TCDW
c and TSC

c demonstrates clearly the competing na-
ture of SC and CDW for ionic gated 2H-TaSe2 as well.
However, the full understanding of the phenomenon will
require quantitative assessments on changes in both FS
and phonon spectrum upon carrier doping and Li inter-
calation.
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Figure 3. Thickness dependences of (a) CDW and (b) SC
transition temperatures of 2H-TaSe2.

In conclusion, we observed dimensional reduction and
ionic gating induced enhancement in SC in atomically
thin 2H-TaSe2. The transition temperature for SC was
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Figure 4. (a) Schematic of a device configuration used for
studying the effects of ionic gating on CDW and SC. (b)
Temperature (T ) dependence of sample resistance, R, in a
10-nm-thick device with gate voltage VG labeled. (c-d). R(T )
data at low temperatures for the two devices with same thick-
ness. For VG = 0, two measurement conditions are present.
The first one, denoted by VG=0V (I), was before an ionic gate
voltage was applied. The second one denoted by VG=0V (II),
refers to the measurements done after VG was ramped back
to zero.

raised to about 1.7 K in 3-nm-thick sample, an order
of magnitude higher than that of the bulk. The CDW
was found to be suppressed slightly with its transition
temperature decrease from 120 to 113 K in 3-nm-thick
sample. TSC

c can also be enhanced by ion gating using
an electrolyte, which caused both carrier doping and ion
intercalation. We suggest the enhanced SC is a conse-
quence of the enhanced density of states and electron-
phone interaction. This work demonstrated that the ma-
terial properties of 2D crystals of TMC can be manip-
ulated, making use conveniently a device based testing
configuration. The understanding of the detailed mecha-
nism for the changes in the physical properties by dimen-
sional reduction and ion intercalation will pave a new way
for achieving material functionalities by design.
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