RESEARCH ARTICLE

W) Check for updates

sl

www.small-journal.com

Engineering 2D Materials from Single-Layer NbS,

Timo Knispel, Daniela Mohrenstecher, Carsten Speckmann, Affan Safeer, Camiel van
Efferen, Virginia Boix, Alexander Griineis, Wouter Jolie, Alexei Preobrajenski, Jan Knudsen,
Nicolae Atodiresei, Thomas Michely, and Jeison Fischer*

Starting from a single layer of NbS, grown on graphene by molecular beam
epitaxy, the single unit cell thick 2D materials Nb; ;S;-2D and Nb,S;-2D are
created using two different pathways. Either annealing under sulfur-deficient
conditions at progressively higher temperatures or deposition of increasing
amounts of Nb at elevated temperature result in phase-pure Nb; ;S,-2D
followed by Nb,S;-2D. The materials are characterized by scanning tunneling
microscopy, scanning tunneling spectroscopy, and X-ray photoemission
spectroscopy. The experimental assessment combined with systematic
density functional theory calculations reveals their structure. The 2D materials
are covalently bound without any van der Waals gap. Their stacking sequence
and structure are at variance with expectations based on corresponding bulk
materials highlighting the importance of surface and interface effects in

structure formation.

1. Introduction

Thinning down a layered material to a few or single layers trans-
forms it into a 2D material. The typical way of obtaining a 2D
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material is by exfoliation of the bulk crys-
tal. The method is simple, the struc-
tural quality of exfoliated layers is gen-
erally very good,?] stacking of layers to
create vertical heterostrutures with new
functions is straightforward,[>*! and finally
twisted stacking opened the door for moiré
physics.]

Nevertheless, exfoliation as a method
has several significant limitations. Beyond
its fundamental scalability issues, exfo-
liation is ineffective in preparing single
or few-layer thick 2D materials from co-
valently bound bulk crystals. Such crys-
tals lack van der Waals gaps and, con-
sequently, cannot be adequately exfoli-
ated. Additionally, exfoliation cannot be
used for synthetically constructed 2D ma-
terials that have no bulk counterparts
in terms of structure or composition.

The scope of 2D materials can be substantially broadened by
the use of growth methods like molecular beam epitaxy (MBE)
or chemical vapor deposition (CVD). For example, provision of
more than one metal during growth enables one to explore the
entire composition space between two dissimilar transition metal
dichalcogenides (TMDCs) on the single layer level®! or to cre-
ate vertical TMDC heterostructures with continuously tunable
moiré periodicity by using the composition dependent lattice
parameters.l’! Variation of the metal chemical potential enables
the production of thin films across the entire sequence of self-
intercalation compounds known from bulk crystals, allowing for
the discovery of magnetic order in some of these intercalated
phases.[®]

Annealing an initial transition metal chalcogenide with or
without chalcogene flux, possibly following prior metal deposi-
tion, is another strategy applied to create new phases. Examples
are the annealing-induced single-layer transformations of CrSe,
into Cr,Se;,l! of VS, into stripped V,S;1% or V, S, 11 of PtTe,
into Pt,Te,,!?] of a-FeSe into kagome Fe, S, or of Bi,Se; into
MnBi, Se,.['"*) The enumeration is by far not complete.

In the present manuscript, we investigate phase transitions
of single-layer NbS,. This TMDC has attracted substantial re-
search interest due to its superconductivity in the bulk*>**’] and
its charge-density wave in the single layer.'®1°] Moreover, self-
intercalated Nb, , , S, is an excellent catalyst for the hydrogen evo-
lution reaction.!?!

Besides the van der Waals material NbS,, the Nb-S phase
diagram displays a zoo of phases without van der Waals gap,
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Figure 1. Concept of covalent transformation. a) Single-layer H-NbS, on Gr/Ir(111). b) Covalent transformation by heating and dissociation. c) Covalent

transformation by deposition of additional Nb.

i.e., being covalently bound, of which the structures were care-
fully investigated by X-ray diffraction.[?1?2] Whether any of these
covalently bound bulk phases possesses a 2D pendant is still
unexplored. Here we establish and characterize two Nb,S,-2D
compounds of single-unit cell thickness, namely Nby ;S;-2D and
Nb,S,-2D. To avoid confusion with bulk materials with the same
composition, but different structure, “-2D” is attached to the sto-
ichiometric formulas indicating the yet undescribed 2D mate-
rials. Due to their single-unit cell thickness, these compounds
are referred to as single-layer materials. A single layer consists
of stacked S—-Nb—S—-Nb-S planes of atoms. Starting from MBE-
grown single-layer NDbS,, the new phases are established un-
der ultrahigh vacuum conditions via two different kinetic path-
ways, either through pure annealing or by metal deposition at
elevated temperature. We find that each phase can be prepared
phase-pure, making its investigation by averaging techniques
feasible.

Beyond our methodology for creating these materials, we high-
light three important findings that are of broader relevance and
can be generalized to the covalent growth of other layered 2D ma-
terials. First, applying careful titration based on a well-calibrated
evaporator is an efficient tool to determine the stoichiometry of
an unknown compound resulting from phase transformation.
Second, the structures of the resulting 2D materials differ from
the known bulk phases, although their chemical composition is
rather similar. Our results, thus indicate that surface effects are
important and consequently assumptions that the compounds
can be described from corresponding bulk phases may fail. Third,
we show that the explicit inclusion of the substrate in theoret-
ical calculations is necessary to provide a valuable insight into
the range of possible phases and to guide the interpretation of
experiments.
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2. Results

2.1. Concepts for Covalent Transformation of Single-Layer NbS,

Our course of action to achieve covalent growth is exemplified for
NbS, in Figure 1. Figure 1a displays single-layer H-NbS, grown
on graphene (Gr) on Ir(111). The first strategy is to heat up the
sample to a temperature Ty, that causes NbS, to partially dis-
sociate (Figure 1b). Some of the S of NbS, escapes into vacuum
or intercalates between Gr and Ir(111). The remaining Nb excess
triggers a phase transformation to a covalently bonded niobium-
rich compound composed of 3 atomic planes of S separated by Nb
planes. The new compound exhibits an increased height d’. Evi-
dently, the partial dissociation of the single-layer NbS, of height d
in combination with the larger height d’ of the new phase formed
without supply of additional material causes a reduction in sam-
ple coverage. The second strategy is to induce covalent growth
by deposition of additional Nb at a temperature T < T, see
Figure 1c. When arriving on the surface, the deposited Nb reacts
with the existing NbS, and thereby triggers the phase transfor-
mation. In both cases, identical phases can be obtained.

2.2. Covalent Transformation by NbS, Annealing

This section describes the transformation of NbS, into two dif-
ferent phases richer in Nb obtained by heating to successively
higher temperatures with T> T, .

Figure 2a displays a scanning tunneling microscopy (STM)
image of pristine single-layer NbS, islands grown on Gr/Ir(111)
by room temperature deposition of 0.34 ML Nb in S vapor and
subsequent annealing to 820 K (compare Methods). The islands
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Figure 2. STM topographs of an isochronal annealing sequence of initial single-layer NbS, islands without supply of additional S. Annealing time
intervals are 360 s. a) Single-layer NbS, islands after room temperature growth and annealing to 820 K. b—f) After additional annealing to (b) 920 K, (c)
1020 K, (d) 1120 K, (e) 1220 K, and (f) 1320 K. In (d) a bright spot at an island edge is encircled and a peninsula attached to an edge is highlighted by a
white arrow. Height profiles along the black lines are shown below the topographs. Height levels d = 0.62 nm, d’ = 0.99 nm and d’ = 0.93 nm distinguish
between single-layer NbS,, \/gx \/5 phase, 1x 1- phase, respectively. Image information: for all size is 150 nm x 90 nm, (a) V, =1.0V, I, = 0.23 nA;
(b) V. =095V, /, =034 nA; () V, = 1.0V, I, = 0.26 nA; (d) V, = 0.92V, I, = 0.33 nA; (¢) V., = 1.0V, |, = 0.32 nA; (f) V, = 2.2V, I, = 0.06 nA. In (f) a

large tunneling resistance was chosen, to avoid tip sample interaction with the tall cluster.

cover an area fraction of 0.34, are continuous over Ir substrate
steps under the Gr carpet, and are of irregular shape. The is-
lands display an apparent height of d = 0.62 + 0.01 nm at V,
= 1.00 V as exemplified by the height profile below the topo-
graph (4 depends slightly on the tunneling voltage; d = 0.58 +
0.01 nm at V; = —1.00 V). The measured apparent heights fit
reasonably well to the apparent height of 0.578 nm reported for
single-layer NbS, on Gr/6H-SiC(0001)!'8] and to half of the c-
axis lattice constant of 1.195 nm of bulk NbS,.["®! In our previ-
ous work, 1%l it was firmly established that under these conditions
NbS, on Gr/Ir(111) grows in the H-phase, in agreement with the
findings for single-layer NbS, on Au(111)(23] and bulk NbS,.!°!
While NDS, islands are stable at 820 K independent of the du-
ration of annealing, after annealing the sample to 920 K, the is-
land area fraction decreases to 0.29. Higher triangular-shaped ar-
eas emerge within the NbS, islands Figure 2b). In these areas,
height profiles give an increased apparent height of ' = 0.99 nm
at V, = 1.00 V (¢ = 0.90 nm at V, = —1.00 V). This height is
inconsistent with bilayer NbS,, which has an apparent height
of 1.22 nm at V, = 1.00 V, as displayed in Figure S1 (Support-

Small 2025, 21, 2408044

2408044 (3 of 12)

ing Information). These higher areas are designated as in the
V3x1/3- phase, since below it will be shown that they exhibit a
(\/5 X \/g)R30° superstructure and are of composition Nby ;S;-
2D.

After annealing the sample to 1020 K (Figure 2¢), all islands
display an apparent height of d’ = 0.99 nm, consistent with the
assumption that the islands have entirely transformed to the

\/5 X \/5 - phase, indicating phase purity. The island area frac-
tion decreased further to 0.17.

At first glance, annealing the sample to 1120 K as shown in
Figure 2d does not change the situation. From the height pro-
file, all islands still display a height d’ = 0.99 nm characteris-
tic of the \/5 X \/g - phase. The islands shape is more regular,
mostly hexagonal. The island area fraction further decreases to
0.12. On the island edges a few tiny bright spots appear (one
is encircled in Figure 2d) which could be due to metallic Nb
resulting from Nb,S, dissociation and S loss. A peninsula at-
tached to an Ir substrate step is also visible and highlighted
with a white arrow. From its different contrast (for a contrast
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enhanced image see Figure S2, Supporting Information), we ten-
tatively conclude that it is formed by intercalated Nb. It is well
known that metal on Gr on a metal substrate eventually interca-
lates. The driving force is the strong adhesion of the metal-metal
bonds. The pathway of metal intercalation is less clear, but in-
tercalation at wrinkles, at point defects and by self-etching were
proposed.[24-26]

The V3 x /3 - phase islands are easy to shift laterally as a
whole by the STM tip (see Figure S3a, Supporting Information)
consistent with being physisorbed to Gr. The liberated Gr, initially
under an island, displays neither structural nor height changes.
Thereby, it is ruled out that the height increase to d’ = 0.99 nm is
caused by changes in the Gr height level, e.g., by intercalation of
S or Nb underneath the islands.

After annealing to 1220 K (Figure 2e) the island area fraction
is further reduced to 0.10. Two different height levels are present,
neither of which coincides with the aforementioned ones. As ob-
vious from the height profile, the dominant height level is d’ =
0.93 nm at V, = 1.00 V (d' = 0.94 nm at V; = —1.00), slightly,

but clearly, lower than the V3 x /3 - phase height. We desig-
nate areas with this height level as 1 x 1 - phase, since below
it will be shown that they exhibit no superstructure and are of
composition Nb, S;-2D. Besides 1 X 1 - phase islands, stripes and
patches with an apparent height of ~0.1 nm with respect to the Gr
base level are prominent now. A few of these stripes are already
present at lower annealing temperature (compare Figure 2d).
Such stripes are well known also from other metal sulfide growth
experiments on Gr/Ir(111) (see ref. [27] and Supporting Informa-
tion of ref. [19]) and were assigned to S that intercalated under

Gr and adsorbed to Ir(111) where it forms a (\/5 X \/§)R30° ad-
sorbate layer with respect to the Ir(111) surface lattice.”®] This

(\/E X \/E)R30° superstructure of S is unrelated to the \/E X \/3
- phase, since the latter is with respect to the NbS, lattice, and
not with respect to Ir(111). The intercalated S may stem from the

phase transformation of the V3x1/3- phase into the 1 x 1 -
phase, which would indicate a change toward a less S-rich stoi-
chiometry of 1 x 1 - phase. However, also mere decomposition of
islands would release S.

Up to 1220 K, the annealing sequence was repeated for several
samples yielding the same results (compare Figure S4, Support-
ing Information).

After the final annealing step to 1320 K (compare Figure 2f)
even a large area search by STM does not show any Nb-S islands.
The complete decomposition of Nb-S islands has to be con-
cluded. What remains is intercalated S (well visible as 0.1 nm
high stripes and islands), local modifications at step edges that
we tentatively attribute to be a consequence of Nb intercalation,
and rare nm-tall clusters. Figure 2f was chosen to show one of
these. We tentatively assume that these rare clusters are linked to
residual non-intercalated Nb.

Our X-ray photoemission spectroscopy (XPS) measurements,
discussed below, indicate that even after annealing to 1320 K,
a substantial amount of Nb remains on the surface in a chem-
ical state distinct from that of Nb—S compounds (see Figure S5,
Supporting Information). Since the intensity cannot be fully at-
tributed to the rare clusters, we conclude that Nb is dispersed
across the Ir(111) surface.
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To justify the designation of the 0.99 or 0.93 nm high islands

as being V3x4/3- phase or 1 X 1 - phase, we present atomically
resolved STM images of the island structures from Figure 2a,c.e.
For reference, Figure 3a displays atomically resolved NbS,. It has
a lattice parameter of 0.331(3) nm as established in our previous
work,['in good agreement with values found for the single-layer
NbS, on bilayer Gr/6H-SiC(0001) (0.334 nm)!"® and bulk 2H-
NDS, (0.3324 nm).[%] The atomic corrugation is on the order of
35 pm as apparent from the height profile along the black line
shown below the topograph. The height modulation on a length
scale of #2.5 nm is due to the Gr/Ir(111) moiré pattern imposed
on NbS,.[1927]

An atomically resolved topograph of the \/E X \/E - phase is

shown in Figure 3b. It displays a clear (\/5 X \/E)R30° super-
structure with respect to the original NbS, lattice. Since all atoms
in the top layer can still be recognized, the superstructure re-
sults from a trimerization of the S atoms. At the island edges
the trimerization seems to fade away. The superstructure is as-
sociated with a height modulation on the order of 15 pm. The
superstructure displays a lattice size of 0.577 + 0.05 nm, which

corresponds to /34, with a = 0.333 + 0.03 nm. Low-energy elec-
tron diffraction (LEED) obtained after annealing to 1020 K dis-

plays faint spots of a (\/5 X \/5) R30° superstructure with respect
to NbS, (Figure S6, Supporting Information].

Figure 3c shows an atomically resolved topograph of the 1 X
1 - phase. It features a 1 x 1 structure with the lattice param-
eter a = 0.330 = 0.05 nm, identical to the one of single-layer
NbS, within the limits of error. The 1 x 1 - phase is distinct
from pristine NDbS, because: i) it differs in height (0.93 nm vs
0.62 nm); ii) the atomic corrugation is only in the order of 5 pm,
reduced by about a factor of 7 compared to the pristine NbS,;
and iii) the Gr/Ir(111) moiré corrugation is shining through
the 1 x 1 - phase islands is considerably damped compared to
NbS,.

In order to obtain complementary chemical information about
the annealing-induced phases, XPS of the S 2p, Nb 3d, C 1s, and
Ir 4f core levels was performed. Figure 4a shows the S 2p core-
level spectra of samples with increasing annealing temperatures
from 720 K (top) to 1370 K (bottom). The S 2p core level is spin-
orbit splitinto a 2p; , and 2p, ;, doublet with an energy separation
of 1.19(3) eV. The S 2p components are referenced in the follow-
ing to the lower binding energy 2p,,, peak. The appearance of
the spectra has three distinct temperature ranges: i) 720 K up to
870 K (yellow bar), ii) 970 to 1070 K (green bar), and iii) 1170 to
1220 K (orange bar). These temperature ranges agree well with
the temperature ranges of the phases identified in STM (compare
Figure 2). The distinct spectra for each temperature range is evi-
dence of phase purity. The sequence of spectra shows a decrease
in S 2p intensity with temperature (see also Figure S7, Support-
ing Information), and after annealing at 1320 K the S 2p signal
has nearly vanished consistent with the decomposition of Nb—
S compounds and subsequent S desorption. Spectra for Nb 3d,
C 1s, and Ir 4f core-levels are displayed in Figures S5 and S8 (Sup-
porting Information).

The spectra in Figure 4b—d correspond to single-layer NbS,,

V3x1/3- phase, and 1 x 1 - phase, respectively. The S 2p spec-
trum of NbS, in Figure 4b displays mainly a single spin-orbit

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Figure 3. Atomic resolution STM topographs of a) pristine single-layer NbS,, b) the \/gx \/3 - phase, and c) the 1 x 1 - phase taken at 1.7 K. In the

STM topographs the unit cells of the three phases are indicated by cyan rhomboids. Magenta rhomboid is the (\/3 X 1/3)R30° superstructure. Height
profiles along the black lines are shown below the topographs. Image information: for all size 6nm X 6 nm and T, = 1.7 K, (a) V, =50 mV, I, = 0.5 nA;
(b) V5 =100 mV, I, = 0.80 nA; (c) Vg = 100 mV, I, = 0.70 nA.

doublet (yellow), designated Sy, and located at 160.60(0) eV.  telease of sulfur during the transformation from the \/g \/g .
The Sys, component is attributed to top and bottom S in NbS,. phase to the 1 x 1 - phase.

In the /3 x 1/3 - phase spectrum after annealing to 1020 K in Inspection of the Nb 3d core level spectra reveals the same
Figure 4c the S5, component is absent and two new main com- g ree distinct temperature ranges for single-layer NbS,, V3x1/3
ponents are present: Smp_ v at 161.33 eV (green) and Sy, at . phase, and 1 x 1 - phase (compare Figure S5, Supporting
163.08 eV (olive). Information).
The substantial core level shifts are consistent with a phase
transformation from NbS, to the V3x1/3- phase. Having the
largest intensity, the S 1op_y/3 COMponent is associated with thetop ~ 2.3. Covalent Transformation of NbS, by Nb Vapor Supply
sulfur layer. The S, component (olive) with a significant core
level shift of 2.48 eV compared to Sy, is tentatively assigned to ~ The phase transformations of NbS, are likely to be triggered by
sulfur in a lower atomic plane (due to its lower intensity) andina  Nb excess resulting from the loss of S due to annealing. If this
very different chemical environment than in NbS,. The origin of ~ rationale is correct, one could expect the transformation also to
the S,,, will be clarified further below with the help of additional ~ take place already at temperatures below Ty, if additional Nb is
information from STM and density functional theory (DFT). The  supplied. Moreover, by controlling the amount of Nb supplied, it
gray S,,, component at 161.99 eV is attributed to intercalated S  might be possible to select the resulting phase.
lost during the phase transformation. The same S 2p component To test this idea, 0.12 ML Nb was deposited at 820 K on pre-
growing in intensity during annealing has been found for VS,."'l  grown single-layer NbS, islands with an area fraction of 0.36
The 1 x 1 - phase spectrum after annealing to 1220 K in  (Figure 5a). Plain annealing at 820 K neither causes NbS, dis-
Figure 4d retains the S,,, component at 163.13 eV (olive) and  sociation nor changes the coverage fraction. Upon deposition
develops a new S,,,; component at 161.05 eV (orange), shifted  of Nb, the single-layer NbS, transforms into the v/3x /3 -
by 0.28 eV with respect to the S, = component. Overall, the  phase (Figure 5b): the island height increased to 0.99 nm and
spectrum is quite similar to the \/5 X \/E - phase spectrum and  the atomic resolution inset displays a (\/g X \/§)R30° superstruc-
distinct from the NbS,-spectrum. Remarkably, the S, ; and S, ture. Only a small portion remains as single-layer NbS,, of which
components are sharp with full width at half maximum (FWHM)  one piece is encircled. The island area fraction decreased from
of 0.29 and 0.27 eV, almost halved compared to the \/5 % \/5 . 0.36 t0 0.28. This titration experiment allows one to calculate the
phase. The narrow peaks indicate the homogeneous state of the ~ amount of Nb per unit cell in the V3% 1/3 - phase. The total
S in this phase. The S, component is further increased duetothe ~ amount of Nb provided consists of 0.36 + 0.12 ML while the
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Figure 4. a) XPS of the S 2p core level of initial single-layer NbS, on Gr/Ir(111) transformed during annealing. After room temperature growth, for
each spectrum the sample was annealed to the indicated temperature without supply of additional S and cooled down to 300 K for measurements. The
spectra are grouped in three temperature ranges according to their similarities: yellow, green, and orange. b—d) S 2p core level spectra after annealing

to (b) 820 K, (c) 1020 K, and (d) 1220 K fitted with components.

island area fraction is 0.28. Thus, each \/E X \/_ phase unit cell
contains x = 2312 o x = 1,71 Nb atoms within the limits of
error. It appears i ﬁ(ely that x = 5/3 due to a full Nb layer and an
additional 2/3 Nb layer. Provided the 1/3 vacancies order, they

could give rise to the \/5 X \/§ superstructure of the \/5 X \/§
- phase.

Similarly, we deposited 0.33 ML Nb at 820 K on pre-grown
pristine single-layer NDbS, islands with an area fraction of 0.33
(Figure 6a). As apparent from Figure 6b, upon deposition the
NbS, islands transformed to the 1 X 1 - phase: the island height
increased to 0.93 nm and the atomic resolution inset displays a
1 x 1 structure with low corrugation. Additionally, small clus-
ters are present at the island edges. The island area fraction
marginally decreased from 0.33 to 0.29. With the same approach
as above, one obtains formally an Nb content of 2.3 atoms per 1 x
1- phase unit cell. We tentatively conclude thata 1 x 1 - phase unit
cell contains 2 Nb atoms while the excess Nb is contained in the
metallic clusters. Note that the clusters formed via this process
differ from the ones observed after complete NbS, dissociation
at 1320 K annealing (compare Figure 2f), the clusters observed
here are the result of still unreacted Nb, as dissociation is not
expected to happen at 820 K. The sample remains in the 1 x 1
- phase upon additional annealing to 1020 K while the clusters
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at the island edges largely disappear (compare Figure 6c¢). Their
disappearance is presumably due to Nb already escaping under
Grat 1020 K.

It is remarkable that the \/5 X \/5 - phase and the 1 x 1 -
phase form phase pure at 820 K when excess Nb is supplied,
whereas plain annealing requires much higher temperatures of
970 and 1170 K, respectively, as seen by XPS (compare Figure 4a).
The temperature difference to achieve the new phases between
the two sets of experiments indicates that the kinetically difficult
process in phase formation during annealing under sulfur-poor
conditions is the S dissociation and detachment to meet the pro-
gressively lower S content of the \/E X \/g -phaseand the 1 x 1 -
phase. The Nb deposition reliefs the need for S dissociation in or-
der to achieve Nb excess. Given the presence of excess Nb, the re-
organization of bonding to create the \/5 X \/E - phase and the 1
x 1 - phase is apparently facile already at 820 K. Atomistic insight
in how S detaches from the islands and how the islands reorga-
nize into new phases is highly desirable, but would presumably
require atomically resolved measurements at the temperature of
phase reorganization - a formidable task beyond the scope of the
present manuscript.

XPS corroborates the transformation of NbS, to the 1 x 1
- phase using the same conditions as for the STM sequence
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Figure 5. Formation of the V3ix/3- phase by Nb supply. a) Single-layer
NbS, grown by deposition of 0.36 ML Nb in S background pressure at
room temperature and annealed to 820 K in the absence of additional S
supply. The bright protrusion at the bottom of the image consists of an Ar-
filled Gr-blister.[46] b) Sample after deposition of additional 0.12 ML Nb at
820 K in the absence of additional S supply results in the formation of

the \/Ex \/3 - phase. A tiny piece of single-layer NbS, is encircled. Inset:
atomic resolution topograph of boxed area. Height profiles are taken along
the black lines in the STM topographs. Image information: (a) size 100 nm
X 100 nm, V, = 1.0V, I, = 1.00 nA; (b) size 100 nm x 100 nm, V, = 1.0V,
Iy =1.0nA; Inset: 5nm X 5 nm, V, =0.1V, |, =5 nA.

presented in Figure 6. Figure 7a shows the typical S 2p spectrum
for pristine NbS,, similar to Figure 4b. After deposition of Nb at
820 K, the spectrum in Figure 7b is nearly identical to the spec-
trum obtained after annealing to 1220 K in the absence of Nb
supply (compare Figure 4d) being characteristic of the 1 X 1 -
phase. Upon further annealing to 1020 K, the 1 x 1 - phase re-
mains unchanged and the related spectrum in Figure 7c is indis-
tinguishable from the one obtained after 1 x 1 - phase formation
at 1220 K without additional Nb supply shown in Figure 4d. The
absence of Sy, and S 1op_y/3 COmponents in Figure 7b,c demon-
strates that the Nb deposition at 820 K, i.e., below Ty, creates
pure 1 X 1 - phase and validates our method.

2.4. DFT Calculations

With the experimental information at hand and the help of DFT
calculations we determined the structure of the 2D materials re-
sulting from phase transformations of NbS,. We start the analy-
sis with the 1 x 1 - phase.

The 1 X 1 - phase has the following properties: i) hexag-
onal symmetry and lattice parameter identical to single-layer
NbS, within the limits of error; i) it contains a smaller fraction of
sulfur than NbS, and even less than the V3x1/3- phase, since it
evolves upon annealing from these phases under sulfur-deficient
conditions, accompanied by a gradual decrease of the S 2p inten-
sity; iii) apparent height 0.93 nm, larger by 0.31 nm compared to
NbS,; iv) 2 Nb atoms per unit cell; v) no superstructure; vi) only
physisorbed to Gr.

It is well known from the Nb—S phase diagram and previous
reports(?:22 that at high temperatures in bulk a NiAs-type struc-
ture of NbS forms, with almost identical lattice parameter as
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NbS,. The NiAs structure is hexagonal, with As atoms forming
a hexagonal close-packed lattice, with Ni in octahedral sites, re-
sulting in alternating atomic planes of Ni and As. Since the 1 X
1 - phase contains two Nb atoms per unit cell, a natural starting
point for the DFT calculations was just the NbS bulk unit cell,
ie., Nb,S,-2D.

The minimum energy configuration of Nb,S,-2D on Gr is sur-
prisingly not of NiAs-type. It consists of two Nb layers in trigo-
nal prismatic coordination with the S atoms as well as the Nb
atoms of the respective layers sitting atop each other, as shown
in the ball model insets of Figure 8. For higher energy structures
compare Table S1 (Supporting Information). The ground state
configuration (i.e., the lowest energy structure) is chemisorbed
to Gr with Nb—plane to Gr distance of only 0.22 nm. However,
our calculations also identified a local minimum configuration in
which the Nb,S,-2D layer is physisorbed at a distance of 0.36 nm.
Furthermore, starting from the chemisorbed configuration and
rigidly lifting the Nb,S,-2D above the Gr we evaluated the total
energy of the system at specific distances along the z —direction.
Figure 8 shows the total slab energy versus distance. No signifi-
cant barrier exists between the physisorbed and the chemisorbed
state. As an additional note, the chemisorption of hypothetical
Nb,S,-2D to Gr is not surprising, given the expected high re-
activity of the bare Nb, i.e., a 4d metal) toward the C atoms of
Gr. Considering the high temperatures used in our experiments,
one expects that any potential barrier between physisorbed and
chemisorbed state can be overcome. Therefore Nb,S,-2D should
be chemisorbed to Gr. Given that the 1 x 1 - phase islands are
easy to move with the STM tip on Gr (see Figure S3b, Support-
ing Information] and that the C 1s core level is not affected dur-
ing the phase transformations of physisorbed NbS, (compare 8a,
Supporting Information], the 1 X 1 - phase is not chemisorbed.
Thus, we can clearly exclude that the Nb, S,-2D is observed in our
experiments, regardless of the stacking sequence.

As chemisorption has to be ruled out, we are forced to assume
the presence of an additional passivating S layer, i.e., the 1 x 1 -
phase to be Nb,S,-2D. Using DFT, all possible eight stacking se-
quences for Nb,S;-2D were calculated (compare Table S2, Sup-
porting Information). Irrespective of the stacking, Nb,S;-2D is
solely physisorbed to Gr, consistent with complete Nb passiva-
tion by S. The lowest energy structure is presented in Figure 9a,b
as top and side view ball model. It is again not the expected NiAs-
type structure, but displays all Nb atoms in trigonal prismatic co-
ordination with the S and Nb atoms of the respective layers sit-
ting atop each other. The structure possesses no reconstruction,
as required. It has a lattice parameter of @ = 0.333 nm in decent
agreement with the experimental value of 0.330 nm. The calcu-
lated height of 0.976 nm matches reasonably well with the STM
measured apparent heights of 0.93 nm at +1.00 V and 0.94 nm at
—1.00 V. Figure 9c shows good agreement between the calculated
top-layer S partial density of states with a large-range differential
conductance spectrum.

The interpretation of the S 2p core level components is now
straightforward given the Nb, S;-2D stoichiometry: The S, com-
ponent at 163.13 eV strongly shifted by 2.48 eV with respect
to Syps, arises from S atoms located between two NDb planes,
which provides a more electropositive environment compared to
S atoms with Nb neighbors on only one side. This explains the
significant binding energy shift, indicating a substantially altered
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Figure 6. Formation of the 1 X 1 - phase by Nb supply. a) Single-layer NbS, grown by deposition of 0.33 ML Nb in S background pressure at room
temperature and annealed to 820 K in the absence of additional S supply. b) Sample after deposition of additional 0.33 ML Nb at 820 K. Inset: atomic
resolution topograph of the boxed area. c) Sample after additional annealing to 1020 K. Inset: atomic resolution STM topograph of the boxed area.
Height profiles are taken along the black lines in the topographs. Image information: (a) size 100 nm X 100 nm, V, = 1.0V, I, = 0.23 nA; (b) size 100 nm
x 100 nm, V= 1.0V, I, =0.3 nA; Inset: 5nm X 5 nm, V, = 0.1V, I, =5 nA; (c) size 100nm x 100 nm, V, = 1.2V, [, = 0.3 nA; Inset: 5nm X 5 nm, V, =
0.1V, I, =5 nA.

chemical environment. The S,,, ; componentat 161.05 eV shifted
by 0.45 eV with respect to Syys, corresponds to the S top plane of
atoms, while the bottom S atoms, with two Nb and two S atomic
planes above, do not contribute significantly to the intensity due
to substantial damping. The bottom S intensity is presumably
hidden in the S,,,; component.

The V3% /3 - phase is quite similar to the 1 x 1 - phase in
terms of symmetry, lattice parameter, apparent height (0.99 nm),

(b)
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P Figure 8. Chemisorption of Nb,S,-2D to Gr. Relative total energy of min-
binding energy (eV) imum energy configuration of Nb,S,-2D (lowest energy structure) as a
Figure 7. a) High-resolution XPS of the S 2p core level of NbS, on  function of the distance to Gr. Zero point of the energy scale is at 0.36 nm
Gr/Ir(117). b) After deposition of additional Nb at 820 K. c) After annealing  in the physisorbed state. Inset: side view ball models of relaxed DFT ge-
at 1020 K. Fit of each spectrum with five S 2p components. ometries for Nb,S,-2D in the 0.36 and 0.22 nm Nb-C distances. Nb atoms:

cadet blue balls and gray; S atoms: yellow; dark gray: C atoms.
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Figure 9. DFT calculated ball model representation of the 1 x 1 -
phase with stoichiometry Nb,S;-2D in a) top and b) side view. Nb atoms:
cadet blue balls and gray; S atoms: yellow; dark gray: C atoms. c) Differen-
tial conductance spectrum of the 1 x 1 - phase (orange) compared to the
DFT calculated partial density of states (PDOS) of the topmost S atoms
(red). Spectrum parameters are Vg, = 2.5V, Ii,p =0.7 nA, Vo = 10mV,
Frod =81THz, T, = 1.7K.

and the overall shape of the S 2p core-level spectra. How-
ever, it displays a V3x/3 superstructure and contains only
~5/3 Nb atoms per unit cell. From previous work?! it is
known that in the NiAs-type bulk structures of stoichiome-
try Nb,_.S,, Nb vacancies are present in every second Nb
layer.

For the \/3 X \/5 - phase it is therefore most reasonable to as-
sume that 1/3 of Nb is missing in one of the two Nb layers. This

pattern would naturally give rise to the \/5 X \/5 superstructure,
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which is observed in LEED and STM. The stoichiometry of the
V3x1/3- phase is consequently Nbs ;S;-2D.

The lowest energy structure of Nbs;S;-2D is displayed in
Figure 10a,b as top and side view ball model (compare Table S3,
Supporting Information for other calculated structures). Again,
the minimum energy is not a NiAs-type structure. While the Nb
atoms in the complete atomic plane close to Gr are still in trig-
onal prismatic coordination, the top Nb plane with the regularly
distributed Nb vacancies has the Nb atoms in octahedral coor-
dination. The structure displays a \/§ X \/E superstructure, as
required. It has a lattice parameter of 0.333 nm, in agreement
with the experimental value of 0.333 nm. The calculated height
of 0.964 nm matches reasonably well with the average of the STM
measured apparent heights of 0.99 nm at +1.00/ V and 0.90 nm
at -1.00 V. Figure 10c shows decent agreement of the calculated
top S partial density of states with a large-range differential con-
ductance spectrum, reproducing the number of peaks on the un-
occupied region, but not their location nor intensity. Figure 10d,e
shows excellent agreement between the DFT simulated STM to-
pograph and the measurement.

The S 2p spectrum of the \/5 X \/§ - phase is interpreted as fol-
lows: the S 1op 3 COmponentat161.33 eVis assigned to top sulfur,
while the Sy, component corresponds to the highly coordinated
sulfur atoms between Nb atomic planes. The larger FWHM of
both components for the \/5 X \/§ - phase, compared to the 1
% 1 - phase, indicates a less homogeneous state of sulfur, which
due to the Nb vacancies, are bound to fewer Nb atoms on one
side.

3. Conclusion and Outlook

In summary, under sulfur-poor conditions and heating single-
layer NbS, transforms to the more Nb-rich compounds Nb;;S;-
2D (970 K, /3% V/3 - phase) and Nb,S,-2D (1170 K, 1 x 1 -
phase). Nbs;S;-2D displays a V3x/3 superstructure caused
by regularly arranged Nb vacancies in the top Nb layer. The
same compounds may also be created by deposition of excess Nb
under sulfur-poor conditions at 820 K, a temperature at which
NbS, does not show changes with time in the absence of a Nb
flux. The compounds consist of two Nb layers sandwiched be-
tween three S layers and are inert, covalently bound 2D materi-
als. Consequently, these compounds emerge from NbS, through
covalent transformation. As uncovered by density functional
theory calculations, the layer stacking sequence is unique for
each compound and can not be derived from corresponding
bulk materials.

Here we demonstrated the transformation of a transition
metal disulfide, a material that displays van der Waals gaps in
bulk, into a covalently bound 2D-material. It may be speculated
that such a transformation is possible whenever a more metal-
rich compound is present in the bulk phase diagram. Since S
is generally the more volatile component as compared to the
metal, annealing at a suitable temperature can be expected to
trigger such a phase transformation. Here we could demon-
strate that metal supply can lower the temperature needed for
the phase transformation substantially, as it lifts the condition of
S loss to induce it. The phase transformation can be expected to
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Figure 10. DFT calculated ball model representation of the V3ix/3- phase with stoichiometry Nby3S3-2D in a) top and b) side view. Nb atoms: cadet

blue balls and gray; S atoms: yellow; dark gray: C atoms. c) Differential conductance spectrum of the \/gx \/5 - phase (green) compared to the DFT
calculated partial density of states (PDOS) of the topmost S atoms (red). d) DFT calculated STM topograph compared to ) measurement. Spectrum
parameters: Vgp =3V, lgap = 0.8 NA, Viog = 10 mV, fr04 = 797 Hz, T, = 1.7 K.

proceed smoothly when the more metal-rich covalently bound
compound displays in its crystal structure a similar layered struc-
ture of alternating planes of sulfur and metal as the initial tran-
sition metal disulfide. This includes phases that are coined self-
intercalation compounds, where the van der Waals gap is par-
tially filled with metal species, thereby shifting the stoichiome-
try to the metal-rich side. Examples are Ta, S [*) and VS "' self-
intercalation compounds. When the monosulfide exists in the
bulk phase diagram in a structure similar to NiAs (modulo stack-
ing changes) the formation of covalently bound materials com-
posed of 5 atomic planes — two full or partial metal layers sepa-
rated and sandwiched by sulfur layers — appears likely. Thus sim-
ilar covalently bound 2D-materials are expected to be formed for
Ti-S!% and Cr—S.13%31 These new covalently bound 2D materials
are yet to be explored. They can be expected to enrich our ability
to design new electronic and magnetic functions with ultimately
thin 2D materials.

4. Experimental Section

Experimental Methods: The experiments were carried out in three ul-
trahigh vacuum systems (base pressure in low 10710 mbar range). All sys-
tems were equipped with sample preparation and growth facilities as well
as LEED. STM measurements were conducted in two systems in Cologne
while XPS was performed at the FlexPES beamline end station at MAX IV
Laboratory, Lund.

Substrate Preparation: Ir(111) was cleaned by cycles of keV Art or Xe*
sputtering and flash annealing to 1520 K. Gr was grown by ethylene ex-
posure of Ir(111) to saturation at room temperature, subsequent flash
annealing to 1470 K, and followed by exposure to ~800 L of ethylene at
1370 K. As confirmed by STM and LEED a closed single crystal Gr mono-
layer on Ir(111) results.3?]
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Sample Preparation:  Single-layer H-NbS, was prepared by exposing
Gr/Ir(111) to a flux of 6 x 10'° atoms per m?s Nb from an e-beam evap-
orator in a background pressure of ~8 x 107 mbar elemental S. The S
was supplied by a pyrite filled Knudsen cell #10 cm away from the sample.
Growth was conducted for 510 s at room temperature, followed by 360 s
annealing at 820 K. During annealing, the Knudsen cell was turned off.
However, since the S pressure decreases slowly, the S pressure remained
non-zero, albeit well below 8 x 107 mbar. Since H-NbS, growth takes
place with excess S reevaporating, the amount of H-NbS, formed is char-
acterized through the amount of Nb deposited. 1 monolayer (ML) of Nb
corresponds to the Nb amount in a full single layer of NbS,, i.e., to 1.12 x
10" atoms per m2. Phase transformations of H-NbS, resulted from de-
position of elemental Nb onto single-layer NbS, at different temperatures,
or by annealing to temperatures above 820 K, or both, as specified where
the respective data is discussed.

STM Measurements: The samples were investigated in situ by STM,
either at 300 K or at 1.7 K after ultrahigh vacuum transfer into a bath
cryostat. Scanning tunneling spectroscopy was conducted at 1.7 K with
Au-covered W tips calibrated using the surface state of Au(111).13334]
Constant-current STM topographs were recorded with sample bias V, and
tunneling current I; specified in each figure. di/dV spectra were recorded
with stabilization bias V., and stabilization current Iy, using a lock-in
amplifier with a modulation frequency f,,.4 and modulation voltage V.4,
also specified in the captions.

XPS Measurements: The XPS experiments were conducted at the Flex-
PES beamline at MAX IV Laboratory, Lund, Sweden.[?’! The growth of
Nb,S,-2D compounds at the beamline was carried out with a Nb evapora-
tor calibrated by STM in the home lab. High-resolution XPS of core-levels
was performed in normal emission geometry with a spot size of 50 um
% 50 um and at room temperature. The core levels were monitored with
photon energies to maximize surface sensitivity: 150 eV for Ir 4f, 260 eV
for S 2p, 380 eV for C Ts, 300 eV for Nb 3d. Overview spectra and high-
resolution O 1s spectra obtained at the first and last measurements of
an annealing series confirmed that no other species were present. Curve
fitting was performed with a pseudo-Voigt function. The asymmetry is
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included by an energy-dependent variation of the full-width-at-half maxi-
mum. The width, asymmetry and ratio of Gaussian to Lorentzian contri-
butions were fixed for each component, meaning that they were not al-
lowed to vary between spectra taken at different annealing temperatures.
The center energy of each component was granted a +100 meV variation
between different spectra while the intensities of the components were un-
constrained.

Theoretical Calculations: The spin-polarized calculations were done by
using DFTI38] and the projector augmented plane wave method[3’! as im-
plemented in the VASP code.383°1 A 500 eV energy cutoff was used for the
plane wave expansion of the Kohn-Sham wave functions.[*?] To account for
the nonlocal correlation effects like van der Waals interactions,!*' all struc-
tural relaxations were done by using vdW-DF2[#?! functional containing a
revised Becke (B86b) exchange,[**#4] while the analysis of the electronic
structure was performed by using the standard PBE exchange-correlation
energy functional.[*’]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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