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ABSTRACT: With continuing miniaturization in semiconductor microelectronics, atomically thin materials are emerging as
promising candidate materials for future ultra-scaled electronics. In particular, the layered transition metal dichalcogenides (TMDs)
have attracted significant attention due to the variety of their electronic properties, depending on the type of transition metal and its
coordination within the crystal. Here, we use low-temperature scanning tunneling microscopy (STM) for the structural and
electronic phase-engineering of the group-V TMD niobium diselenide (NbSe,). By applying voltage pulses with an STM tip, we
can transform the material crystal phase locally from trigonal prismatic (2H) to octahedral (1T), as confirmed by the concomitant
emergence of a characteristic (V13xV13)R13.9° charge density wave (CDW) order. At 77 K atomic-resolution STM images of the
junction with sub-lattice detail confirm the successful phase-engineering of the material, as we resolve the difference in the Nb
coordination evidenced by a slip of the top Se plane. Different 1T-CDW intensities suggest interlayer interactions to be present in
1T-NbSe,. Furthermore, a distinct voltage dependence suggests a complex CDW mechanism that does not just rely on a Star-of-
David reconstruction as in the case of other 1T-TMDs. Additionally, bias pulses cause surface modifications inducing local lattice
strain that favors a one-dimensional charge order (1D-CDW) over the intrinsic 3 x 3 CDW at 4.5 K for 2H-NbSe,, which can be
reversibly manipulated by STM.

Recent advances in the fabrication of transition metal
dichalcogenide (TMD) nanodevices have impressively
demonstrated their potential for future (opto-) electronics'™,
catalysis, and energy storage’. Layered TMDs in particular,
are quasi two—dimensional materials that consist of three atom
thick van—der—Waals stacked layers of stoichiometry MX, (M:
transition metal, X: chalcogen), where each layer consists of a
sheet of transition metal atoms sandwiched between two
chalcogen layers. Each transition metal atom is sixfold
coordinated by chalcogens, assuming either trigonal prismatic
(2H) or octahedral (1T) lattice structure. Indeed, it has been
shown that these different polymorphs can coexist within the

sharp homojunctions for the engineering of novel atomic-scale
. . 3,6,9-10
electronic devices.

Phase-control in TMDs has been demonstrated in the past
using either strain” """, chemical intercalation with alkali
metals,”” heat” '" ', in-plane electric fields'*'® or by injection
of electronic charge'”™"’. Typically, one of the crystal phases is
thermodynamically more stable than the other, whereby the
stability is determined by the type of transition metal.”” The
group-V TMD niobium diselenide (NbSe,) is of particular
interest as its 2H phase exhibits collective low-temperature
ground states in the form of charge density waves (CDWs)
(Tepw = 34 K)**?' and superconductivity (SC) (Te =7 K).2

same sample, exhibiting atomically sharp boundaries.”
Depending on the type of TMD, the two crystal phases can
exhibit vastly different electronic properties, including
metallic, insulating, semiconducting, or even superconducting.
Substantial interest therefore exists to harness such atomically

Owing to these properties, NbSe, has attracted significant
attention over the years as an important model system to study
the origins of these low temperature ground states and their
correlation, ' 22! 2340
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Low-temperature scanning tunneling microscopy (STM) is
ideally suited for the engineering and investigation of the

to not only image materials’ surfaces with atomic resolution,
but also to manipulate matter at
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atomically sharp phase boundaries, owing to its unique ability
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Figure 1. Atomically sharp phase boundary between 1T— and 2H-NbSe, at T =77 K (scan parameters: / = 1.7 nA, U = -2 V). a) The
pristine surface on the right does not exhibit charge modulations while a clear CDW order indicates 1T-NbSe, on the left. The charge
modulation of the 1T—phase (1T—-CDW) manifests as commensurate (Y13xV13)R13.9° superstructure (blue arrows) with lattice constant
a;r = 12.4 A. b) Close-up of the dashed square in a), showing an FFT filtered image to remove the electronic CDW modulation. Each
bright dot corresponds to one selenium atom in the top Se layer. Across the boundary (black dotted line), a rectangular alignment can be
clearly observed (black box). Distinct positions in the surface are highlighted by green arrows A, B and C (see text for a full description).
Bottom inset: Side view of a model of one NbSe, layer. Red arrows indicate the shifted Se top plane after the 2H-1T transformation. c)
Line profile along the blue line in b). Green arrows indicate lattice positions in b) correspondingly. d) A schematic of a single NbSe, layer
at the phase boundary. Yellow balls represent the Se top plane that is imaged in STM, blue balls represent sub-surface Nb. Se in the bottom
layer of 1T-NbSe, are shown in faded yellow. Red arrows indicate the top layer shift that leads to a rectangular Se atom arrangement at the

boundary as highlighted in black. The lattice positions marked in b) and c) are labeled correspondingly.

the atomic scale.” 7 '* 41! Here, we demonstrate STM-based

phase engineering in NbSe, to create atomically sharp metal-
insulator 2H/I1T phase boundaries, which we investigate at
temperatures down to 4.5 K. The creation of a 1T phase
appears particularly intriguing since it is has been believed to
be thermodynamically unstable in bulk form™. More recently,
however, is was reported that 1T-NbSe, can be stabilized in
nanometer scale regions of NbSe, monolayers™.

Atomic resolution STM images of the NbSe, surface with an
artificially created 1T/2H junction at 77 K are shown in Figure
la. Due to weak van—der—Waals interlayer coupling, NbSe,
cleaves between adjacent Se sheets, exposing a hexagonal
chalcogen surface in the thermodynamically stable 2H phase,
with a nearest neighbor distance of a =3.44 A along the close
packed <100> directions (right hand side of Figure 1a,b, see
also supporting Figure S2).** Here, the pristine 2H surface has
been locally modified by STM bias pulses (Upps>4 V),
resulting in regions of a commensurate (\/ 13xV 13)R13.9°
CDW (left hand side of Figure la), several hundred square
nanometers in size and lattice matched across an atomically
sharp and straight boundary to the pristine 2H-NbSe, (right
hand side of Figure 1a and supporting Figure S3).” As the data
was recorded above the CDW transition temperature for 2H-
NbSe, the pristine surface does not exhibit charge modulations
and the occurrence of the (V13xV13)R13.9° CDW proofs a
fundamental modification of the material.

We can resolve the alignment of the atomic lattices across
the boundary by applying a FFT filter to remove the CDW
modulation as shown in Figure 1b. The image reveals a
rectangular and continuous arrangement of atoms across the
2H/1T phase boundary, resulting from a shift of the top Se

plane during the 2H-1T phase transformation as indicated by
red arrows in Figure 1d.> "'

The details of the matched lattices at the boundary are
illustrated in the schematic of Figure 1d, showing the lattice
structure of a single NbSe, layer after a shift of the top Se
layer in the left half of the image. In this schematic we identify
three distinctly different lattice sites, which we label A, B and
C. A represents a Se atom (top site), B a void between Se top
atoms (hollow site) and C a Nb atom within the first sub—
surface sheet (hcp site). In the 2H-phase, two Se atoms from
the top and bottom layers of a NbSe, monolayer are aligned on
top of each other forming the trigonal prismatic coordination
of the Nb center. However, in the 1T-phase, a hollow site is
located above the Se atom of the sub-surface (lower) Se sheet.
Following a shift of the top Se plane during phase
transformation, the order of sites along the <210> crystal
directions is now changed for the two phases (line-cuts of
Figure 1¢) and changes at the boundary.

These differences are reflected by the sub-lattice detail of
our atomic resolution STM data, where we identify the top Se
atom as a bright protrusion, the hollow site as a shallow
depression, and the Nb hcp site as a deep depression.
Following the blue line in Figure 1b from left to right, the
sequence for 2H is A-B—C while for 1T it changes to A—C-B.
These differences are accentuated by profiles along a <210>—
direction for both phases in the FFT—filtered data. As shown in
Figure 1c, the sequence of peak—shoulder—minimum switches
to peak—minimum-shoulder at the phase border. Although a
boundary between two 60° rotated 2H—crystals would have the
same effect”, it would fail to explain the observed electronic
modulation
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Figure 2. Characterization of the 1T-CDW at T=77 K. a) STM topography of the boundary between areas of different 1T-CDW
amplitudes. The observed 1T-CDW can occur in a disordered (top left) or highly ordered state (rest of the image) and exhibits two
different amplitudes as shown by a line profile (b) along the red line in a). The wavelength is the same for both amplitudes as highlighted
by the black distance indicator. c-h) STM bias dependence for both amplitudes as evidenced during constant current imaging. The first
row displays the large amplitude CDW and the second row the small amplitude CDW. The STM bias is indicated above each column.
Black circles mark the same position in each image and are aligned with the maximum of the CDW for —50 mV. Both rows are details
from larger images across a phase boundary. Please note that the contrast in the images was adapted for best visibility of CDW features.

Scan parameters: a) / =2 nA, U=-1V; c-h) /=2 nA.

in the form of CDW order above Tcpw. The correlated
differences in atomic and electronic structure across the
boundary thus gives strong evidence for a successful STM-
induced 2H-1T phase transformation. It should be pointed out
that a recent multimethod study identified single layer 1T-
NbSe, on bilayer graphene as a Mott-insulator™, suggesting
here the engineering of an atomically defined Mott-insulator-
to-metal junction. Such homojunctions could be exploited in
functional devices as already shown in field effect transistors
made from M0826 or MoTeZS(’.

The observation of regions of stable 1T-NbSe, phase is
surprising as it has been believed that this phase is generally
thermodynamically unstable®. There is no report of bulk 1T-
NbSe2 and only very recently, stable single-layer 1T-NbSe2
nano-flakes were synthesized.”® Following the arguments of
Wang et al.”, we speculate that regions of 1T-NbSe, may be
created by local heating via the injected STM tunneling
current during the bias pulse, and then are rapidly quenched to
T=77K which, in combination with the energetics of the
2H/1T boundary and the confinement to single and few layers,
may stabilize this phase. However, additional mechanisms
such as local charge injection by the STM current may play an
important role. Recently, charge driven switching of the metal
coordination from trigonal prismatic (2H) to octahedral (1T)
was reported for MoTe,'” *°, MoS,", TaSe,"’, and W,Mo,_
Te,'™". We observe no degradation of the 1T-NbSe, CDW
over the course of the experiment (several hours), suggesting a
CDW transition temperature in the 1T-phase above T = 77K.
Indeed, previous experiments on a ( 13xV13)R13.9° CDW
associated with a 1T-phase were carried out at room

temperature (RT) indicating a 1T-CDW transition temperature
above 290 K.*!

We observe that the IT-CDW can exist in both a disordered
(top left of Figure 2a) and an ordered phase which feature the
same CDW wave vector and amplitude’. Furthermore, we
observe that the CDW phase can exhibit different amplitudes
as clearly seen on the right hand side of Figure 2a, where we
find a (atomically) sharp boundary between two different
CDW domains. A line profile across this boundary rules out a
step edge as cause for the different contrast but instead reveals
an abrupt change in CDW amplitude at the same wavelength
and phase (Figure 2b). To further characterize both these
CDW phases, we show the bias dependent contrast for the
occupied states in Figure 2c—e (high amplitude) and Figure 2f—
h (low amplitude), respectively. These data are close-ups from
the same image (cf. black squares in Supporting Figure S4a)
and hence were acquired with the same STM tip. Circles are
centered at the location of the CDW maximum at -50 mV for
reference. When decreasing the bias from —50 mV to —950
mV, the CDW maxima first continuously shift along one of
the lattice vectors of the CDW and then perpendicular,
resulting in a complete contrast inversion. Consequently, the
maxima are located at different atoms of the NbSe, lattice for
different voltages and assume different shapes. The inversion
is accompanied by a change in CDW amplitude (Figure S4c).
The CDW wavelength and orientation on the other hand
remain constant over the whole voltage range. Interestingly,
the CDW responses to bias changes are very similar for both
CDW amplitudes (Figure 2 c-h and Figure S4c), suggesting
that they are closely related in their origin. Furthermore, the
high to low amplitude boundary seems to be atomically

ACS Paragon Plus Environment



©CoNOOORrOWN =

Chemistry of Materials

smooth and does not exhibit distinct rectangular (or other)
atomic arrangements (Figure S4b) suggesting the same phase
(i.e. 1T-NbSe,) on both sides. STM is only sensitive to the
topmost TMD layer, however a 2H/IT phase transition is not
limited to the top TMD sheet. It is likely to occur within
several layers, creating stacks of 1T-NbSe, sheets of varying

P

depth as well as (buried) 2H/IT interlayer boundaries. Since
interlayer stacking is known to modify physical properties in
TMDs,*® ¥* interlayer CDW stacking and/or lattice stacking
may also be responsible for enhancements/attenuations of the
CDW amplitude of an octahedrally coordinated first layer.

-

N P s z s -
Figure 3. One dimensional CDW (1D-CDW) at the NbSe, surface at T = 4.5 K. a) In the vicinity of tip-induced surface modifications, we

observe a striped (1D-) CDW. b) STM image at —200 mV of the 1D-CDW exhibiting local, short range 3x3—CDW patches within the
stripe pattern (green circle). The inset shows the CDW superstructure and its unit cell. ¢) The corresponding FFT image reflects the
periodicities of the atomic lattice (Q,, red), the ID-CDW (Qj3 5, blue), the 3x3—-CDW (Q3, green) as well as periodicities resulting from the
superposition of the atomic lattice and the 1D-CDW (Q.3 5, orange). Scan parameters: a) / = 0.9 nA, U =-200mV; f) /=2 nA, U=-50

mV.

Recently, STM studies of the TMD TaS, identified attenuated
CDWs as buried second layer features and that changes in
CDW stacking can lead to modified TMD properties.'” ¥
However, on the length scale of an interlayer distance (d =~ 6
A) the tunneling current drops approximately six orders of
magnitude. It therefore seems more likely that STM
reproduces the effects of interlayer interactions of buried 1T-
2H boundaries

Regarding Figure 2f-h, we observe that each CDW maximum
always contains an identical arrangement of atoms at each bias
voltage. Since wavelength and the orientation of the CDW
with respect to the atomic lattice do not change, the CDW
remains commensurate. 1 T-TMDs such as leTaSZIO’ 3960 and
1T-TaSe,” *"* have been reported to develop a Star—of-David
reconstruction in the transition metal plane which is closely
related to the material’s electronic structure (Fermi surface
nesting for 1T-TaS,” and spatially localized sub-bands for
TaSe,”"*?). Consequently, the CDW in these materials strictly
locks to the reconstruction of the atomic lattice. As evident by
the STM bias dependence, in 1T-NbSe, the CDW does not
exhibit such a strict correlation with respect to the lattice.
Therefore additional mechanisms are suggested besides
periodic lattice distortions as a driver for the CDW formation
in 1T-NbSe, such as strong (momentum—dependent) electron—
phonon coupling. This is similar to the case of pristine 2H-
NbSe, in which the underlying mechanism of CDW formation
has been investigated for decades and still remains under
intense debate. A consensus seems to exist that the driving
force for CDW instabilities in 2H-NbSe, is a combined effect
of lattice distortions™>" > ** and its electronic structure

leading to orbital dependent24’ 2. 36

dependent) electron—phonon coupling.
main contributions arise from the Nb plane, concerning both,
lattice distortions” and electronic contributions of the Nb d—
orbitals, 2% 2% 36 6364 Changes in CDW order are therefore likely
related to changes in the electron-phonon coupling induced by
structural variations within the Nb-plane for 2H-NbSe,. In the
case of 1T-NbSe,, similarities in the voltage dependence to the
3x3 CDW in terms of phase and amplitude (cf. Ref %) also
suggests strong electron-phonon coupling as the driving
mechanism for CDW formation and cannot be explained by
Peierls instabilities of the lattice only. The CDW formation in
1T-NbSe, therefore turns out to be more complex than for
other 1T-TMDs such as 1T-TaS,'* *% and 1T-TaSe,” *"*%.

Finally, we investigate the CDW instability at T =4.5 K.
Here, we expect the tridirectional 3x3 CDW in pristine regions
of 2H-NbSe, (Supporting Figure S2) with Tcpw= 34 K. In the
vicinity of the phase-engineered regions, however, we observe
large (> 1000 nm?), atomically flat areas with a striped charge
modulation (1D-CDW) with a smooth transition to the 3x3
CDW as shown in Figure 3a,b. The CDW propagates
perpendicular to the atomic lattice along a <210> direction
(Figure 3) with a 1D-CDW wavelength of a;p = 3.5 (\N3/2 * a)
= 3.5 g*. This leads to a commensurate superstructure with
doubled periodicity of 7a* perpendicular to the close-packed
rows of the surface. The inset in Figure 3b is a zoom—in of the
underlying image to highlight the discussed periodicities.
Interestingly, small regions of local 3x3 order are discernible
within the 1D-CDW pattern (green circle)

and strong (momentum-—
23-24. 26, 30,36, 58, 63 T
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Figure 4. Tpindued transitin between 1D- and 3x3-CDW. As a g

uide to the eye, the 3x3—areas are masked in green. Scanning at high
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bias voltages (U > 5 V) can reversibly transform the CDW patterns. Data recorded at 4.5 K. Scan parameters: (a) / = 2 nA, U= -50 mV;,

®)I=25nA, U=50mV; (c) [=2.5nA, U=70 mV.

as also reflected by diffuse spots Qs in the corresponding FFT
(Figure 3c). It is likely that lattice defects are responsible for
pinning the CDW, similar to what we observe in 3x3 areas
above Tcpw (see supplementary informa‘[ion).20 As the 1D
stripe charge is suspected to be a strain-induced phenomenon
(discussion below), this observation suggests that impurity
engineering may be employed to render TMDs robust against
deterioration by external influences like strain. Other spots
within the FFT shown in Figure 3b correspond to the atomic
lattice (Q;, red), to the 1D-CDW (Q;s, blue) and to
periodicities resulting from a superposition of the electronic
modulation with the atomic lattice (Q,.3 5, orange).

Previously, the 1D-CDW has been observed to exist locally
confined at buckled areas with an atomically smooth interface
to the 3x3 CDW of pristine NbSe,'". Therefore, uniaxial strain
in 2H-NbSe, was identified to cause an anisotropy in the
electron—phonon coupling leading to transitions from
tridirectional (2D) to unidirectional (1D) CDW order'" *.
Intriguingly, a change in the interatomic distances of as little
as 0.1% (i.e. Aa = 0.35 pm) is sufficient to induce the
transition. The magnitude of strain does not influence the
CDW pattern, but always leads to the same 1D stripe
structure®. Therefore it seems highly likely that the 1D-CDW
observed in the vicinity of pulsed areas in this work is
equivalent to the formerly reported “1Q”—pattern'' at strongly
buckled areas — despite the lack of evidence for strong
structural distortions in our STM data.

Note that the external strain which favors the 1D-CDW
likely acts uniformly on the lattice, in contrast to the periodic
lattice displacements associated with the Peierls instability.
Therefore a strict relationship of the charge modulation to the
lattice is not given a priori for strain induced CDWs. Such a
lock—in can however minimize the system’s energy'' and lead
to a (locally) commensurate CDW from an intrinsically
incommensurate CDW. The lock—in will result in phase slips
of the CDW or in simultaneous adaptations of the CDW
maxima and the lattice to achieve a fit.”” To determine whether
a Peierls distortion is present, we examined STM images of
the occupied and unoccupied states (cf. Supporting Figure S5).
A purely Peierls driven CDW should exhibit contrast inversion
(for example in one-dimensional charge order in MoSe2[43]).
However we recognize an absence of contrast inversion that
supports instead the phonon—driven scenario described for the
stripe charge before.'" %% %

Reversible transitions from 3x3 to 1D CDW phases may be
induced by the STM tip. This is illustrated by the findings
presented in Figure 4 where we demonstrate the reversible
transitions between both CDW phases (3x3 and 1D). For
easier identification, the 3x3—-CDW regions are masked in
green. Repeatedly scanning the STM-tip at comparatively high
bias voltages of U= 5-6 V transforms parts of the 3x3—-CDW
into the 1D-CDW (Figure 4b) and finally back to the initial
3x3 CDW phase (Figure 4c). In addition, regions of the
surface which were initially in 1D-CDW order (right hand
side of Figure 4b) are also transformed.

The observation of reversible phase transformations
between 1D- and 3x3 order underscores that (local) strain is a
promising candidate to achieve phase engineering and
manipulating TMD  properties.> °*®  The switching
mechanism however remains ambiguous. Since each imaged
phase represents an energetic minimum of the system, the
reversible switching between two minima suggests
metastability of two states close in energy. Scanning the tip at
high bias might be sufficient to locally heat the sample above
Tcpw similar to STM assisted phase switching in 1T-TaS,".
Upon cooling the local pinning environment provided by the
surrounding phases, defects, and local strain could favor one
phase over the other. Besides a heating/cooling mechanism,
charge driven phase transitions seem highly likely. For
metastable ground states close in energy as observed here, the
injection of charge was reported to cause switching for several
TMDs'"". Such phase transitions bare great promise for
future applications as they can be electronically controlled via

electrostatic gating'*'™%.

In conclusion, we have used low-temperature STM for
structural and electronic phase-engineering of the group-V
transition metal dichalcogenide NbSe,. By applying bias
pulses with an STM tip, we demonstrate that we can switch
the coordination of the niobium atom from a trigonal prismatic
(2H) to octahedral (1T) lattice, whereby we identify the 1T-
phase by its characteristic (\/13x\/13)R13.9° charge density
wave (CDW) order at temperatures down to T=4.5K.
Atomic-resolution STM images of the atomically sharp and
lattice matched phase boundary corroborate the successful
TMD phase-engineering, supported by the observation of
concomitant changes in both atomic and associated electronic
structure across the junction. Different 1T-CDW amplitudes
were reported for the first time to hint the 2H-1T transition to
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be a few-layer phenomenon where interlayer interactions may
determine the CDW amplitude. The electronic properties of
2H-NbSe, was furthermore reversibly modified between its
intrinsic 3x3- and a 1D-CDW by the STM tip. For the
mechanisms of the phase transformation, we have discussed
different possible contributing factors, including temperature
changes as well as charge injection by the STM tip. And
whilst the precise mechanism of the phase changes is not
known and warrants further investigation, the engineering of
atomically sharp phase boundaries in transition metal
dichalcogenides with substantially different electronic
properties may promises their use for future atomically small
electronic devices.

All experiments were performed in a commercial ultra-high
vacuum chamber housing a slider-type STM by CreaTec. The
STM was operated at 77 K and 4.5 K. The base pressure
during the experiments was below 3 x 10’ mbar. The NbSe,
sample was either prepared by ex-situ tape exfoliation or by
in-situ cleaving. When exfoliated in ambient conditions, the
sample was transferred within seconds into a UHV load-lock
and immediately pumped. All STM images were recorded in
constant current mode. The tip was prepared by field emission
and controlled dipping into an Au(111) substrate as well as by
voltage pulsing on NbSe,. The phase transformation from 2H-
to 1T-NbSe2 was realized by pulsing the bias voltage from the
scan setpoint to values exceeding 4 V for 100 ms. The tip
feedback was switched off during the pulse, i.e. the tip was
stabilized at the scan parameters. For the reversible switching
of charge order from 3x3- to 1D-CDW, the STM feedback
was kept on and the bias was increased to 5 - 6 V during
scanning. The area of interest was scanned for several scan
frames at elevated bias before resuming to the initial scan
parameters. In the figure captions voltage U refers to the bias
voltage applied to the sample. Gwyddion software™
(www.gwyddion.net) was used to process the STM raw data.
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