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Evidence for intrinsic defects and nanopores as hotspots in 2D
PdSe, dendrites for plasmon-free SERS substrate with a high

enhancement factor

Tadasha Jena®', Md Tarik Hossain @7, Upasana Nath @?, Manabendra Sarma @7, Hiroshi Sugimoto®, Minoru Fujii@* and

P. K. Giri @'

Surface-enhanced Raman spectroscopy (SERS), a very powerful tool for the identification of molecular species, has relied mostly on
noble metal-based substrates to obtain a high enhancement factor. In this work, we demonstrate that self-driven intrinsic defects in
2D palladium di-selenide (PdSe;) dendrites grown at low temperature (280 °C) act as hotspots for high SERS enhancement. We
grow 2D dendritic PdSe, with ample intrinsic defects to exploit it for SERS application. X-ray electron spectroscopy (XPS) analysis
reveals 9.3% outer layer and 4.7% interior Se vacancies. A detailed examination of atomic-scale defects revealed Se vacancy (Vs.)
coupled with Se-Pd-Se vacancy (Vse pq-se) in monolayer PdSe,, and an array of line defects (Se vacancies) and nanopores in bilayer
PdSe, dendrites. Interestingly, our studies reveal that Se vacancy-rich PdSe, gives rise to line defects that act like hotspots for SERS
enhancement. Remarkably, the vacancy-rich dendritic PdSe, shows a SERS enhancement factor >10° and can detect RhB at a
concentration down to 10~8 M. We speculate that the topological line defects and the edge construction in PdSe, dendrites act as
metallic wire or edge, which is partly responsible for the high enhancement in the SERS signal. The high SERS sensitivity is
explained on the basis of multiple charge transfer processes combined with the predicted metal-like behavior of the defected 2D
PdSe,. Our conclusions are fully supported by the density functional theory calculation of the electronic density of states of the
defective bilayer (2L) PdSe,, which remarkably exhibits metallic character. Being a defect-enabled SERS substrate, dendritic 2D

PdSe, fills the gap between conventional plasmonic SERS substrate and plasmon-free SERS substrate.
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INTRODUCTION

Recently, a new family of two-dimensional (2D) materials, namely
noble transition metal di-chalcogenides (NTMDs) with atomic
thickness, has received significant attention due to their unique
properties, including thickness-dependent tunable-bandgaps that
has potential for various optoelectronic applications'™. PdSe, is
one of the promising NTMDs due to its low symmetry lattice
structure with highly tunable bandgap from 0 eV (bulk) to 1.43 eV
(monolayer), high carrier mobility, high air stability with mono-
layer thickness ~0.5 nm”~°. PdSe, shows many distinctive proper-
ties, such as in-plane anisotropic properties similar to black
phosphorus (BP)'°. BP has been reported as a very promising
material in nanotechnology''. However, poor stability in ambient
conditions limits its application in various fields'2. We anticipate
that 2D PdSe, may replace the BP in many fields due to its in-
plane anisotropy with high stability in ambient conditions.

For years on end, it was believed that defects would be
structurally unstable in 2D crystals according to the Mermin-Wagner
theorem3, Defect field traced a new trajectory when graphene layer
was exfoliated and isolated in 2004'%, Structural defects, including
edges and point defects, have a significant influence on mechanical,
thermal, optical, electrical properties in graphene and transition
metal di-chalcogenides (TMDs). The physiochemical properties of
monolayer and few-layer graphene are dependent on the defect
type, defect environment, and arrangements'”. Edges have been
shown to weaken the mechanical strength and degrade the

electronic performance of graphene'®. It is reported that PdSe,
exhibits strong interlayer interactions, which are associated with
defects'”'8, Recently, theories predicted that PdSe, with Pd, as well
as Se vacancies, are stable and Se vacancies are more energetically
favorable than Pd vacancies'®. However, the experimental evidence
for the same has rarely been reported. In case of dendritic PdSe,, the
presence of dendritic edges gives rise to different Pd and Se
terminations with different zigzag and armchair edges. However,
defects in PdSe, have rarely been explored compared to that in
graphene and other TMDs®20-23,

It is well known that defects and edges are beneficial for
several applications; for example, defects are essential in creating
bonding and trapping sites for atoms and molecules, which can
be used for sensing applications®*. In recent years, it has been
reported that a non-SERS substrate can show SERS activity only
by introducing defects®®=%’. This motivates us to exploit the
defects in 2D PdSe, for possible application in SERS. Convention-
ally, high SERS activity mainly appears in hotspots of plasmonic
noble-metal materials (mostly Au and Ag)?®-3%. However, there
are many drawbacks of plasmonic-based SERS such as they
require a well-designed hotspot, high cost, poor biocompatibility,
low stability, which limits its applications in routinely used
commercial products®. In comparison to traditional plasmonic-
metal-based SERS, plasmon-free SERS substrates have attracted
tremendous attention due to their excellent stability, low price,
recyclability, superior biocompatibility, and many promising
applications in the field of biomedical diagnosis3®, metal ions
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Fig. 1 Morphology, composition and optical properties of dendritic 2D PdSe,. a FESEM image of 1L and 2L PdSe;. The inset depicts the
magnified view with dendrite propagation direction (along a axis and b axis). b AFM image with height profile of 2L (~1 nm), 1L (~0.5 nm)
PdSe,, respectively. ¢ Stacked Raman spectra with Lorentzian fit for 1L and 2L PdSe,, where symbols represent raw data and solid lines show
fitted spectra. d, e XPS spectra of PdSe, dendrites for (d) Pd 3d and (e) Se 3d, with shirley baseline fitted spectra. f NIR photoluminosence

spectrum of PdSe, dendrites with Gaussian fitting.

and organic pollutant sensing®’, monitoring in chemical reac-
tions. At present, there exists a big gap between plasmonic
SERS substrate and plasmon-free SERS substrate, as plasmonic
SERS substrate often shows higher enhancement factors. Though
SERS has been a very active area of research for decades, it
remains challenging to reproduce plasmon-free SERS substrates
with a high enhancement factor (EF)*%. To our knowledge, no
report contributed to the high SERS activity of 2D PdSe, dendrites
enriched with intrinsic defects. Like SERS, in the field of nanopore
sensing techniques, there is intense research to achieve
nanopores in 2D material (graphene3®, TMDs*’, boron nitride?®,
black phosphorus*?, etc.) instead of solid-state nanopores and
biological nanopores due to their superior characteristics>>*3.. To
our knowledge, there is no experimental report on the properties
and applications of intrinsic defects and nanopores in 2D PdSe,.
Till date, there is no report on the line defects in PdSe, and its
exploitation in SERS sensing.

Herein, we report a two-step salt-assisted low-temperature
(280°C) CVD synthesized bilayer (2L) dendritic PdSe, and
monolayer (1L) inter-dendritic region. In 2D PdSe, two Se atoms
in the top layer and two Se atoms in the bottom layer are joined
by a tilted structure with one Pd in-between. Se atoms cover
the outer surface by forming a protecting layer to PdSe,.
We addressed high vacancies of upper Se atoms, as we know
surface Se atoms can escape more easily. From the TEM and AFM
image analysis, we report a systematic study on various defects,
edge geometry, and nanopore in dendritic PdSe,. Near-infrared
(NIR) PL studies revealed a decrease in bandgap in monolayer and
bilayer dendritic PdSe,, which further supports the presence of Se
vacancies. In addition, an additional peak in the XPS spectrum
confirms the presence of defects in PdSe,. It is shown that defects,
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nanopores, and edge geometry in dendritic PdSe, act as trapping/
binding sites for foreign atoms/molecules. These active sites and
vacancies play a crucial role in the enhanced Raman signal of
Rhodamine B**. SERS signal-associated photoluminescence of
RhB/PdSe, hybrid system confirms that the Se vacancy sites in
defective dendritic PdSe, act as hotspots for SERS of RhB
molecule. The density functional theory (DFT) calculations show
that the inclusion of the Se-defect into the 2D PdSe, system alters
its electronic behavior from semiconductor to metallic. Our results
show that the topological line defect of Sey y (top layer upper Se)
in PdSe, in the presence of excess Pd behaves as metallic edes,
which is responsible for the high SERS enhancement. Finally, we
discuss the charge transfer mechanism in PdSe,/RhB based on the
energy band diagram. This study addresses a unique 2D
semiconducting nanostructure for SERS application, and it may
fill the gap between conventional plasmonic SERS substrate and
nonconventional plasmon-free SERS substrate, which was enabled
by defect engineering in 2D NTMDs.

RESULTS AND DISCUSSION

Structure and morphology of dendritic PdSe,

The control of layer number in dendritic growth is crucial in 2D
material synthesis. Controlled growth of 2L and 1L is obtained via
our previously reported CVD technique with minor modification
(refer to experimental methods for detailed information)*.
Figure 1a illustrates the FESEM micrograph of the 2L PdSe,
dendrites grown on the freshly cleaved mica substrate, which is
enlarged (Fig. 1a, inset) for better visualization. The average width
of 2-4 um was mostly grown over the mica substrate. An optical
microscopy image (Supplementary Fig. 1) shows the dendritic

Published in partnership with FCT NOVA with the support of E-MRS



pattern growth of 2D PdSe,, where the dendritic initiation zone
has been shown. The PdSe, dendrites begin from the dendritic
zone and move along the b direction. Dendritic PdSe, extends up
to few tens of micrometers mostly along b direction, as confirmed
in a later section. There exist an inter-dendritic region in-between
2L edges of bilayer PdSe, which is barely visible from the
magnified FESEM micrograph (inset Fig. 1a, yellow marked in the
inset of FESEM micrograph). Later, 1L PdSe, islands in the inter-
dendritic region are confirmed from Raman and TEM analyses.
Atomic force microscopy (AFM) was employed to evaluate the
detailed edge morphology with the thickness of the PdSe; layer.
Raman mapping (Supplementary Fig. 2) also validates spatial
uniformity over the 2L dendrites, and in-between 2L, there exist 1L
PdSe, dendritic islands. Figure 1b shows the AFM image of PdSe,
dendrites. AFM height profile analysis reveals a thickness of ~1 nm
in the higher contrast region, whereas for regions in between two
dendrites, it is ~0.5 nm. The consistency of contrast or height over
the large area concludes the uniform growth of dendrites.
Interestingly, the thickness of 1 nm corresponds to bilayer (2L)
PdSe,, and ~0.5 nm corresponds to monolayer®®, From the AFM
image, we observe a highly rough surface of the PdSe, layer
(estimated RMS roughness is ~0.5 nm), indicating its vacancy-
contained mono and bilayer dendrite. A large number of
nanopores are present in the dendritic PdSe, (discussed in a later
section), which make the dendritic PdSe, surface porous and
rough. Further, Raman spectra were acquired to understand the
details of the crystallinity of 1L and 2L PdSe, (Supplementary Fig.
3). Figure 1c shows the stacked Raman spectra of 1L and 2L PdSe,
with Lorentzian line-shape fitting. The fitting parameters are
presented in Supplementary Table 1. The characteristics Raman
modes A}, A, A}, B, A%, Bi, A, B3, were observed in the 2L
PdSe, dendrites (Supplementary Fig. 3). As the excitation source is
unpolarized, we deconvoluted the highly intense peak A; — B},

and A} — B}, to understand the individual contribution of A}, B],,
A3, B3, modes, respectively, similar to our earlier report*. A} peak
position (146.6cm~") in 2L PdSe, is redshifted (0.8cm™')
compared to 1L A} peak position (147.4cm™"). It is obvious that
a change in layer number leads to a change in phonon
propagation behavior in the PdSe,. As the layer thickness shrinks,
the scattered photon carries higher energy due to the relaxation
in the Van der Waal stacked layers in PdSe,. In addition, AZ mode
peak positions are 259.7 cm~! for 2L and 262.3cm™~" for 1L. The
downward peak shift in A mode is 2.6 cm™' for the same reason.

FWHM of peak Aj and A} modes are 5.6 cm ™' and 10.7cm ™" in 1L

and 4.0 and 6.5 cm~" in 2L, respectively. The increase in FWHM for
1L compared to 2L may be attributed to the cumulative effects of
higher surface defects with the decrease in layer number. Surface
defects are more in 1L than 2L, as confirmed from EDX analysis
(Supplementary Fig. 4a—f) of atomic percentage, where we can see
the magenta rectangle enclosed the 2L edge along with 1L
(Supplementary Fig. 4e). Se atomic percentage is very low at the
edge of the 2L (Supplementary Fig. 4f) than in the middle 2L
region (Supplementary Fig. 4d). To understand the surface
property, we further carried out XPS measurements. The XPS
survey spectrum (Supplementary Fig. 5) highlights the presence of
Pd, Se, C, O. Figure 1d, e shows the Pd 3d and Se 3d high-
resolution spectra with Gaussian peak fitting (Shirley baseline).
The peak positions at 336.9eV and 342.2eV exhibit binding
energy of the Pd*" state, which originates due to Pd 3ds,, and Pd
3ds,;, core label emission, respectively. The value corresponding to
Pd 3ds/, is comparatively less than the reported value*’. This
discrepancy in the binding energy might be attributed to the
following reasons. The low-temperature grown PdSe, dendrites
contain several types of intrinsic defects. A careful observation of
Supplementary Fig. 1 reveals that there is an initiation zone where
the PdSe, dendrites originate. At first, the bulk PdSe; acts as a Pd
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source region. From this initiation zone, 2L PdSe, dendrites start
growing and end up with 1L PdSe,. The structure of the PdSe; is
very different from other TMDs, where the Se-Se tilted layer
crosses the Pd layer (Supplementary Fig. 6). This type of structure
is highly sensitive towards intrinsic defects due to the break in the
symmetry of Se-Se bond?'. As the layer number of PdSe,
decreases, a significant number of Se atoms are exposed and
may detach from the surface, which gives rise to abundant Se
vacancies in 2L and 1L dendrites. Further, the electronegativity of
Se is lower than oxygen; as the vacancies increase, Se requires
lower binding energy to break the Pd-Se bond. As the sample is
exposed to atmospheric conditions, it forms a Pd-O bond by
atmospheric oxygen in place of Se vacancies. Due to the above,
two additional peaks at 337.8 eV and 343.4 eV are observed and
are attributed to the formation of Pd-O bond*®. It clearly indicates
that there exists a high density of Se vacancies in PdSe, dendrites.
The binding energy peaks of Se 3d spectra consist of Se 3ds/,
(55.1 eV) and Se 3ds,, (56.1 eV). Areal analysis of XPS reveals 9.3%
outer Se vacancies, 4.7% inner Se vacancies, and 4.7% Pd
vacancies in dendritic PdSe,. In the later section, a thorough
discussion on vacancies and edge construction on dendritic PdSe,
is presented and we show that, Sery (upper layer top Se)
vacancies are highest in dendritic PdSe,. Deconvoluted peaks
show an additional peak at 58.2 eV due to Se-O bond formation?’.
Non-bonded Se atoms in one side and Se adatoms at the dendritic
edge, and fewer Pd vacancies contributed to this peak. From the
above analysis, we may conclude that an abundant number of Se
vacancies and comparatively fewer Pd vacancies exist. Further, NIR
photoluminescence (PL) measurement of as-grown PdSe, was
carried out with 641 nm laser excitation. Figure 1f displays the PL
spectrum with fitted two Gaussian peaks centered at 1.3 eV and
1.55eV. As discussed earlier, there are many Se vacancies; as a
result, the bandgap is reduced and it requires less photon energy
to excite the electron. Depending on the concentration of
vacancies, the bandgap decreases. For example, Kuklin et al.
reported one vacancy per 4 unit cells of monolayer PdSe,
characterized by an energy gap of 0.67 eV, whereas one vacancy
per 16 unit cells corresponds to a bandgap of 1.03 eV2. As a result
of BZ lifting and depending on the number of Se vacancies in
monolayer and bilayer PdSe,, the bandgap decreases to 1.3 eV for
monolayer. In addition, it was stated that the optical bandgap of
non-defective 2L PdSe, is 1.89 eV and that of defective 2L PdSe, is
1.55 eV. Our experimental finding revealed a bandgap of 1.55 eV
for defective 2L PdSe, dendrites, which is the same as the
reported theoretical value of defective PdSe,?. Unlike other TMDs
(such as MoS,), 1L PdSe, shows comparatively higher FWHM
(0.3 eV) in the PL spectrum, which may be due to the presence of
defects and partly due to the distribution in the number of layers.
Other possible reasons for the higher FWHM are: (1) the
anisotropic lattice structure of PdSe,, and (2) ten valance electrons
in each Pd, which is higher than conventional TMDs. The low-
intensity peak at 1.55 eV may be arising from the 2L PdSe, and/or
recombination of carriers at the defects in PdSe,.

Defects and edge construction

Based on the signature of defects in PdSe;, dendrites from XPS and
PL, we undertook a detailed study of defects from electron
microscopic analyses. Figure 2a illustrates the dark-field TEM image
of three consecutive dendrites. The EDX mapping of Pd and Se is
shown in Fig. 2b, ¢, respectively. The EDX mapping over a small
area of brightfield TEM image is shown in Supplementary Figs. 7
and 8. A careful observation of the white-shaded region in the
mapping reveals that Pd:Se proportion increases at the end of
the dendrites, implying increasing Se vacancies at the end of the
dendrite. Figure 2d shows the atomic percentage of Pd and Se
from EDX, which further confirms the presence of Se vacancies. In
order to find the percentage of Se vacancies in the 2L middle,

npj 2D Materials and Applications (2023) 8
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At (%)
Pd = 35.96

Fig.2 TEM imaging of line defects in dendritic PdSe,. a Dark-field TEM image of PdSe, dendrites, b, ¢ the elemental distribution of Pd and
Se, respectively; d the corresponding atomic percentage spectrum. e HRTEM image of defect-free 2L PdSe; including armchair and zigzag
edges. f Magnified view of HRTEM image with the atomic arrangement. g Atomic model representation with interatomic distance of
experimental data. h Theoretically obtained 2D interatomic distance in the atomic model. i HRTEM image of defective 2L PdSe, including
series of line defects. j Magnified view of defective 2L PdSe, showing line defects; arrow indicates Ser, vacancies,which disrupts the

hexagonal structure.

2L edge, and 1L, EDX spectra were collected in different regions
(Supplementary Fig. 4). In Supplementary Fig. 4a, ¢, and e, spectra
were recorded over a small region in the middle of 2L dendrite, a
slightly larger area in the 2L dendrite, and a comparatively large
area consisting of the edge of 2L dendrites as well as monolayer
PdSe,, respectively. From the atomic %, we believe that the vacant

npj 2D Materials and Applications (2023) 8

Se atom in the monolayer and the edge sites of PdSe, are
responsible for the highest Se vacancy in Supplementary Fig. 4e. In
Supplementary Fig. 4a, the density of vacancy in a small area is
relatively less than in Supplementary Fig. 4c. In Supplementary Fig
43, there are fewer Se vacancies, whereas Supplementary Fig. 4c
contains much Se vacancies due to existence of nanopores, which
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Fig. 3 Edge construction of dendritic PdSe, edge. a High-resolution TEM image of 2L PdSe, dendrites with measured edges in nanometers.
b Theoretical model showing edge geometry of 2L dendritic PdSe,, where black circles encircling the Se atoms denotes Ser, yellow circle
encircling Se denotes one side non-bonded Se-Pd, blue circle encircling Se are Se adatoms, green cross mark denotes excluded Ser.y from
the followed path. ¢ Theoretically calculated interatomic distance (in nm), which matches well with the experimentally obtained interatomic

distance from HRTEM.

are discussed later. The HRTEM image of 2L PdSe, dendrite is
shown in Fig. 2e, where hexagonal PdSe, (h-PdSe;) is clearly
visible. One h-PdSe, contains six Se atoms and two Pd atoms. For
better understanding, we divided them into top layer up Se (Sery),
top layer down Se (Serp), bottom layer up Se (Seg, y), bottom layer
down Se (Seg.p), and top layer Pd (Pdy), bottom layer Pd (Pdg,), as
shown in Supplementary Fig. 6. From the HRTEM image, we can
get a two-dimensional picture of the structure. An enlarged view of
a selected area of Fig. 2e is shown in Fig. 2f. From intensity contrast
and distance measurement in Fig. 2f, we obtained the arrange-
ment of atoms with atomic distance as follows, Seg y-Semu
(tilted) =0.21 nm, Seq y-Segy (vertical)=0.14nm, Seqy-Semp
(tilted) =0.18 nm,  Seg y-Seg p (tilted) =0.18 nm (shown in
Fig. 2g), which are consistent with the theoretical calculated values
(shown in Fig. 2h). Figure 2i illustrates a series of line defects with
Se vacancies at the middle of 2L PdSe,. These Se vacancies are
mainly Sery atoms, which are confirmed by HRTEM intensity
analysis. To better visualize the Ser  vacancies, a small area of Fig.
2i is shown in Fig. 2j. As revealed by the HRTEM image (Fig. 2e),
dendrites with the simplest edge orientation are mainly two types,
armchair, and zigzag. However, when we move to the edge part of
the dendrite, we observe different armchair and zigzag edges. Like
defects, edge geometry also plays an important role in the
properties of nanomaterials. Hence, it is relevant to know PdSe,
edge geometries and their chemical properties beyond standard
zigzag and armchair ones. Based on calculations and measure-
ments, we found that edge construction is different at the edge of
the 2L dendrite (Fig. 3a). Dendrites possess mainly two types of
edge structure, (1) armchair with pentagon and hexagon (one side
pentagon, other side hexagon) and (2) zigzag with hexagons. We
have analyzed the edge structure of a portion of the dendrite,
shown in Fig. 3a, with the help of the atomic model shown in
Fig. 3b. Figure 3a is the HRTEM image of the 2L dendritic edge. The
corresponding brightfield high-resolution TEM image of 2L PdSe,
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dendritic edge of Fig. 3a is shown in Supplementary Fig. 9. As the
HRTEM image is two-dimensional, we have measured the two-
dimensional distances of the edge in nanometers (shown in
Fig. 3a). To know how the edge construction happens, we have
first calculated each side of edge hexagons and pentagons (1 is a
pentagon, and 2, 3, 4, 5 are hexagons) from the HRTEM analysis of
Fig. 3a. These calculated sides from the HRTEM analysis are nearly
the same as the theoretically calculated distances given in Fig. 3c,
which are different from the normal defect-free hexagon sides
(shown in Fig. 2g). Assuming the path initiation atom as Seg y, we
have followed the distance from one atom to another in the
atomic model and traced the path. For example, starting with
Segu, if Seg y follows the next Seq y then the distance will be 0.21
(from Fig. 2g). However, the distance of the next atom from Segy
at the edge is 0.33 (in the HRTEM image Fig. 3a. If we exclude Seqy,
then Sep,y to the next Sepy distance is 0.33 nm. Similarly, we have
traced the entire edge construction of the dendritic PdSe,.
Assuming the edge growth from pentagon 1 with Seg,, it follows
the path excluding mostly edge Sery atoms. The green cross
marks are excluded Sery from the followed path of the edge
construction. In pentagon 1, it follows the path excluding 2 Ser_y,
and the distance between Seg, to Segy in Fig. 3c is 0.33 nm, the
distance between Seg,y to Pdg, (Seg y-Pdg,) is 0.23 nm, and Pdg, -
Serp =0.09 nm. In hexagon 2, it follows the path excluding one
Semu, Where Pdg -Seg y =0.22 nm. In hexagon 3, it follows the
path excluding two Sery, where Seg y-Pdg. (next hexagon
Pd) =0.23 nm, Pdg.-Seg y = 0.22 nm. In hexagon 4, it follows the
path excluding one Sery, where Seg y-Pdg. = 0.23 nm. In hexagon
5, nothing is excluded. Starting from pentagon 1 Seg, (encircled in
blue), it follows a path as follows, Seg y — Seg y — Pdg. — SepLy —
Pdg.— Seg .y — Pdp — Sepy — Segy — Pdg. — Segy — Sery —
Sepy — Pdg. — Sepy — Pdy. — Segp — Serp — Segp — Pdn—
Segy — Seqy —Segy — Pdy — Segp — Seqp — Pdg — Sepy —
Sery = Pdg. — Serp — Sepp — Serp — Sepio.

npj 2D Materials and Applications (2023) 8
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All the calculated atomic distances from the HRTEM image
match well with the theoretically calculated values shown in
Fig. 3c. In PdSe,, each Se is bonded with one Se and two Pd atoms
(Se-Pd). But, at the edge of the dendrite, there exist many Se
atoms where one Se-Pd bond is absent (Fig. 3b). The yellow
encircled Se atoms are bonded with one Pd atom at the edge, and
one Pd-Se bond is absent. From the statistics, we concluded that
90% of edge Se atoms are bonded with only one Se-Pd bond at
the edge of the dendrite. Active sites mainly exclude Sey y atoms,
which is due to the fact that Seq y atoms can be removed more
easily than other atoms. The most common defect is the single
missing atom, called single vacancy (SV). In the case of PdSe,
dendrite, we did not observe any SV from experimentally obtained
TEM images. Most vacancies are associated with 2/3 V. in the
same row/column. Removal of more than two atoms leads to a
more complex defect configuration. When the vacancy is created,
the displaced atom may remain on the surface of the PdSe, layer
as an adatom. Vacancies and adatoms are relatively mobile, but
still unstable against recombination. From the end of the dendrite,
we can notice that Se is at the propagating tip, which suggests Pd-
edge is the initial nucleation edge which then is propagated by Se
(Fig. 3b). However, there exist two Se adatoms at the tip of the
edges encircled with blue line. The dendritic head consists of
adatom, which might be the cause of ending the dendritic growth
in that particular direction. Supplementary Fig. 10 illustrates the
tilted side view of monolayer PdSe,. TEM imaging depends on the
orientation of the material (crystal) with respect to the electron
beam direction. From Supplementary Fig. 10, we can distinctly
visualize the slightly tilted pattern of monolayer PdSe,. We
confirmed it as a monolayer by analyzing the HRTEM image
intensities. In fact, it is not easy to visualize the pentagonal shape
because with the tilted view of PdSe, we can see some
rectangular patterns PdSe, from the tilted top (shown in
Supplementary Fig. 10e). Supplementary Fig. 10c indicates a total
of three Se with one Pd vacancy in monolayer PdSe,. TEM imaging
enables us to identify a Vs (mono Se vacancy) along with Vse pg.se
(1 upper Se 1 Pd and 1 lower Se) atom vacancy from image
intensity analysis (Supplementary Fig. 10d). Here, we notice that
the vacancy exhibits closely a circular shape of about 1nm in
diameter. In monolayer PdSe,, we obtained two outer Se
vacancies, one Pd vacancy along with one inner Se vacancy.
Banhart et al. reported that vacancies with an even number of
missing atoms are energetically favorable over an odd number of
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missing atoms in graphene®. Similar to graphene, in PdSe,,
mainly Pd vacancy occurs along with inner Se vacancies as an
even number of vacancies are energetically favored, and more
energy is required to break the Pd-Se bond. Our XPS analysis
disclosed that there exist 9.3% outer Se vacancies, 4.7% Pd
vacancies, 4.7% inner Se vacancies in dendritic PdSe,. XPS analysis
supports our TEM image analyses, where outer Se vacancies are
dominated, whereas Pd vacancy is always associated with inner Se
vacancy. In bilayer PdSe,, we observe mainly Ser y vacancies or
sometimes Seg y vacancies. Most Pd vacancies are not seen in Fig.
2i, j. We did not observe isolated Pd vacancy as Pd drags inner Se
atoms. This is the key reason behind nanopore formation in 2L
PdSe,. Making a nanopore in PdSe, without any post-growth
treatment and without using the electron beam radiation
technique is challenging®®®'. We report a reliable, straightforward
approach to synthesizing dendritic PdSe, with distributed
nanopores. We consider these nanopores nearly circular, with
diameters ranging from 10 to 90 nm (Fig. 4a, ¢, e). Figure 4a, c
shows the AFM image of dendrites with distributed nanopores in
a 1 nm thickness PdSe, dendrite. Figure 4b, d depicts height well
for the estimation of nanopore diameters. Figure 4e shows the
TEM image of a dendrite with many nanopores. The inset shows a
magnified view of a ~90nm diameter nanopore. We can
differentiate between reported nanopores (where voids are
formed by electron beam radiation) and our nanopores (without
any treatment). Nanopores in PdSe, adopt an approximately
pentagonal geometry with well-defined edges (shown in the inset
of Fig. 4e). With the change in the ratio of PdCl, to NaCl during the
growth, we observe different sizes of nanopores and defects
(Supplementary Fig. 11). We exploit the vacancy-rich nanoporous
2D PdSe, dendrites for SERS applications, as discussed below.

Application of dendritic PdSe, in SERS sensing

Thanks to the fingerprint of Raman spectroscopy due to its
remarkable sensitivity and chemical specificity. We have investi-
gated the surface-enhanced Raman scattering (SERS) of RhB on
PdSe, dendrites grown on a mica substrate. To investigate the
individual contribution of 2L edge, 1L vacancy, and nanopore on
SERS, we carried out position-dependent SERS measurements in
three different regions. Figure 5a represents the broad range
Raman spectrum of 10> M RhB on the edge of 2L PdSe, dendrite.
The presence of all the characteristic Raman modes of PdSe;,
including SERS of RhB molecule, makes it very interesting to find
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intensity mapping of 258 cm~' peak of PdSe, and 1647 cm~" peak of rhodamine B, respectively. Scale bar is 2 pm. d Stacked Raman spectra of
10> M RhB on different spots (2L edge, 1L vacancy, 2L surface, bulk). Inset shows the position-dependent Raman intensity (l1547). Proposed
mechanism of adsorption of RhB molecules at three different sites: e 2L edge, f 1L vacancy and g 2L nanopores.

the origin of SERS sensing in novel PdSe, dendrites. Raman
mapping was carried out on dendritic PdSe,/RhB for better
visualization of defect-induced hotspots, which are believed to be
responsible for the SERS enhancement, and it is added in Fig. 5b,
c. Figure 5b shows the Raman intensity mapping of 258 cm™'
peak of PdSe,, where uniform contrast is observed all over the
dendritic PdSe,, but contrast changes at 2L edges. The signature
of rhodamine B (1647 cm~") was taken into consideration to
obtain the Raman mapping of rhodamine B. Figure 5c shows the
Raman mapping of 1647 cm~' peak of rhodamine B, where
distinct brighter islands are found at the 2L edge of dendritic
PdSe,. Interestingly, edge sites of PdSe, dendrites act as a kind of
hotspot, and rhodamine B adsorption takes place at the Se vacant
sites with Pd chains at the edge sites. Figure 5d shows the
corresponding stacked Raman spectra of particular 2L edge, 1L
vacancy, 2 L middle portions of the dendrite, and bulk PdSe,. Inset
shows the ascending order of peak intensities of characteristics
Raman mode corresponding to C-C bending and C = C stretching
(1647 cm™"). Figure 5d reveals a huge variation in intensities (I)
between bulk PdSe, and dendritic PdSe, (2L edge, 1L vacancy, 2L
middle). Clearly, | (2L edge) > | (1L vacancy) > | (2L middle) > |
(bulk). Among these, the 2L edges exhibit the highest intensity
peak, which implies its highly sensitive nature toward SERS. It
clearly indicates that active edges, defects, and nanopores play a
vital role in SERS activity. Let us first consider the case of a 2L
dendritic edge. 2L PdSe, edge is mostly terminated with one side
bonded Se atoms as concluded from the TEM analysis (one Se-Pd
bond is absent) (Fig. 3b). If an even number of atoms are removed
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from the dendritic edge, then bonds can be healed to preserve
the connectivity. If an odd number of atoms are removed, a bond
exists that makes the structure most unstable and more
chemically active. Koskinen et al. reported that an armchair
edge with pentagons (Ac 56) is the most expensive edge with the
highest edge energy in graphene®2. Lu et al. reported that Se-ac
(110) is the most stable edge in 2L PdSe,'®. Our PdSe, edge
geometry mainly consists of Se-armchair (Se-ac), which suggests
us believe that it is an exclusive as well as stable edge. Edge stress
can be relieved by the addition of other atoms at the stable
edges®®. As discussed earlier, one Se-Pd bond is absent at
the active sites, enhancing the dipole-dipole interaction between
Se and C=N" (as N™ ion in RhB acts as an electron deficiency
site) of the RhB molecule. (Schematically shown in Fig. 5e-g).
The positively charged C=N* group in the RhB molecule will be
attracted by the negatively charged Se atoms at the active
edge sites. As RhB is a zwitterionic molecule, further adsorption of
the RhB molecule will happen in a head-to-tail manner. To further
validate the above concept, we have done an EDX analysis at
three different zones. Dendritic PdSe; is dipped into KOH solution
overnight in the transfer process. In an aqueous solution, KOH
dissociates to form K* ion.

KOH + H,0 = K*(aq) + OH™ (aq)

Interestingly, K+ adsorption happens in vacancy and edge sites
of PdSe, which is confirmed by EDX. EDX analysis showed that the
dendritic PdSe, contains Pd, Se, K. These results further support
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microscopy image of RbB molecules on the defective sites (scale bar: 5 pm).

the validity of the above possible route. EDX analysis at two
different locations (2L middle, 2L edge) of the PdSe, dendrites are
shown in Supplementary Fig. 8. K atomic percentage is highest at
the edge of the dendrites, which indirectly confirms K* adsorption
is more at the 2L edge and 1L. It is interesting to note that the sum
of Se and K atomic percentages is exactly double the Pd atoms.
This implies that Se vacancy at the active site act as a bonding site
for K atoms. In the middle of a 2L dendrite, K adsorption happens
with less atomic percentage (Supplementary Fig. 8). As K+ and N™
are positive ions, we can expect similar phenomena for the
adsorption of Nt ions. Thus, it indirectly indicates that the
bonding of C=N" of RhB molecules is highest at the 2L edge.
Whereas the oxygen bonding (0%~ of -COOH group) of RhB is
highest at the 2L middle and 1L middle due to vacancies and
nanopores. At Se vacancies, there is a bonding between one side
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non-bonded Pd with 02~ (~COOH group) of RhB form Pd-O bond.
As Pd is a noble metal, the Pd-O bond produces a robust
electronic coupling between the RhB molecule and the metal®*. Se
vacancies act as electron trapping sites for oxygen because
oxygen has the same outermost electrons as Se. At the edge,
there exists a smaller number of Pd termination, which gives rise
to comparatively less Pd-O bond formation. As nanopore sizes
are ~10-90 nm, the chemical adsorption is more at the active sites
than the middle of the nanopore void. More physisorption is
expected at the center of the nanopore. The size of the RhB
molecule is ~1nm, so 1L vacancy sites act as trapping sites for
RhB, which makes vacancies quite interesting for SERS activity.
Further, we have performed SERS measurements of different
concentrations of RhB molecule to calculate the detection efficiency
of PdSe, dendrites. Figure 6¢c shows the SERS spectra of RhB with
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different concentrations. The enhancement factor (EF) in SERS

sensing is calculated using the following equation, EF = ’%’f x %

where Isgrs and Igs are the SERS and Raman signal (Supplementary
Fig. 12) intensities, respectively, and Csgrs, Cgs are the corresponding
concentrations for which the intensities are considered. The
calculated enhancement factor vs. RhB concentration log plot
reflects a linear increment of EF as a function of concentration. It is
evident that the pristine 2L PdSe, can serve as a SERS substrate
with very low concentration (1078 M) RhB detection with an
enhancement factor of 10°. Such a high enhancement factor arises
due to charge transfer between RhB molecules and PdSe,
dendrites. To ascertain the same, the band positions of PdSe, were
obtained using the cyclic voltammetry (CV) measurement (Supple-
mentary Note 1 and Supplementary Fig. 13). PdSe, CBM and VBM
are at —4.20eV and —5.52eV, respectively. It has been reported
that the work function for ideal monolayer PdSe, is 5.20 eV>>.
However, from KPFM measurement, the measured work function of
1L and 2L PdSe, dendrites are 4.83 eV and 4.87 eV, respectively
(Supplementary Note 2 and Supplementary Fig. 14). The lower work
function is due to the presence of defect energy states in PdSe,.
There exists a high density of electronic states at Ex because most
edges of dendrites terminate with electron-rich Se. As the density of
vacancies increases, additional defect states appear near the Fermi
level. Thus, defect states are generated close to Fermi energy (E).
As a result, an additional charge transfer route between the RhB
molecule and PdSe, is introduced.

A schematic illustration in Fig. 6c shows the corresponding
energy levels and subsequent charge transfer mechanism.
According to the literature, LUMO and HOMO energy value with
respect to the vacuum of RhB is —3.08eV and —545¢eV,
respectively®®. When RhB is exposed to a laser excitation of
532 nm, the excitation energy is 2.33 eV which is less than or close
to the energy difference between HOMO and LUMO (2.37 eV) of
RhB. This laser excitation energy is unable to amplify the Raman
signal. When RhB/PdSe, hybrid system is exposed to 532 nm laser
excitation, the charge transfer process may follow three possible
paths. Absorption of a photon by RhB excites an electron from the
highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO) through Path 1 (Fig. 6¢).
Part of these charges may go to the conduction band (CB) of 2D
PdSe, as depicted by the dashed curve in Fig. 6¢ and partly come
back to the HOMO to recombine radiatively. Experimental
evidence for the electron transfer from the RhB to PdSe, comes
from the photoluminescence quenching of RhB, discussed later.
Next, part of these electrons in CB of PdSe, may transfer to the
HOMO of RhB through Path 2 and partly through Path 3, ie,
through the defect levels of PdSe,. The electronic transitions
through Path 2 and Path 3 may cause lower energy recombina-
tion/emission, which is indeed reflected in the PL emission spectra
discussed below for the hybrid system. Note that with the incident
laser excitation, the electrons in PdSe, is also excited from the VB
to the CB as well as to defect states and these electrons also partly
follow Path 2 and Path 3 for relaxation. Thus, the transitions
through Path 2 and Path 3 results in high density of electrons in
the HOMO and LUMO of RhB, which gives rise to the highly
intense Raman signal, i.e., SERS effect from RhB. A large amount of
vacancy defects result in highly intense Raman modes?°. Evidence
of charge transfer and doping is further confirmed from the
Raman spectrum. Figure 6d shows the stacked Raman spectra for
pristine 2L PdSe, and RhB/2L PdSe, on mica substrate. Careful
observation of Fig. 6d reveals that B]  intensity increases in RhB/2L
PdSe, system. The intensity ratio of A}/B}, is 2.36 in 2L PdSe,,
which decreases to 1.27 in the RhB/2L PdSe, system. As the RhB
injection mainly happens in Se vacancy sites, among all other
modes B}, mode becomes more intense due to the strongest
coupling between RhB molecule with Se atoms. Peak shift in the
Raman spectrum is a non-destructive way to understand the
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doping, and charge transfer®”->, The spectral shift in Raman peak
A} (13cm™") and A3 (1.6cm™") in the RhB/2L PdSe, system is
definite evidence of effective charge transfer in the hybrid system.
Here charge transfer between RhB molecule and PdSe, was
assumed to be the dominant factor which is accompanied by a
large spectral shift in 2L PdSe,. For further confirmation, we have
performed photoluminescence spectroscopy of the bare RhB and
the RhB/2L PdSe, system (Fig. 6e). We notice a considerable
redshift along with a significant quenching (68.7%) of photo-
luminescence spectrum in the hybrid system. The significant
quenching may be attributed to the charge transfer from
the RhB LUMO to CB and defect levels of 2D PdSe,. The redshift
is a result of the lower energy transitions through Path 2 and Path
3, shown in Fig. 6¢c. Recently, Zhao et al. reported that for
monolayer PdSe, with Se defect, there is a reduction in the
bandgap and the band of midgap state goes through the Fermi
level, and the PdSe, shows metal characteristics®. Series of Ser.y
line vacancies in Fig. 2i in PdSe, act as metallic edge in the
presence of excess Pd, similar to the report on extended defects in
graphene acting as a metallic wire®®,

To substantiate our conjecture, we performed DFT calculation of
the band structure and density of states of the bilayer PdSe,
system without and with line defects (Se vacancies). The details of
the calculations are provided in the computational methods
section. We have calculated the electronic properties of bilayer
PdSe, without defect (2L PdSe,) and with line defects (defective 2L
PdSe,) using PBE-GGA (Supplementary Figs. 15 and 16) and HSE06
(Fig. 7) functionals. Supplementary Fig. 15a and Fig. 7a represent
the unit cell of 2L PdSe;, and the side view of the defective 2L
PdSe,, respectively. The calculated band structures along high
symmetry k-points°? illustrate an indirect bandgap of 0.86 eV in 2L
PdSe, (Supplementary Fig. 15b), and the corresponding DOS is
displayed in Supplementary Fig. 15c. Introduction of Se defects
(edge) leads to drastic change in the band structure, where some
bands are seen touching the Fermi level (Supplementary Fig. 16a),
indicating the metallic characteristics of the defective 2L PdSe,
system. The corresponding electronic density of states (DOS) is
displayed in Supplementary Fig. 16b, which shows no bandgap
and it confirms the metallic behavior of the system. Further, using
3 x 3 supercell for PBE-GGA, we verified the electronic properties of
the materials, and the DOS plot shown in Supplementary Fig. 16¢
also confirms the metallic properties of defective 2L PdSe,. Since
the HSE06 functional provides a more accurate description of
the band structure, we have calculated the band structure and the
corresponding DOS of defective 2L PdSe, using HSE06 functional
and the results are shown in Fig. 7b, c. It is evident from Fig. 7b that
two different bands cross the Fermi energy (Ef) along X-M and -M
direction and it indicates the metallic nature of defective 2L PdSe,.
Interestingly, the density of states (DOS) plot reveals the electron
occupation in the Fermi-level in the case of defective 2L PdSe,,
which demonstrates the metallic feature of the material. When the
RhB molecule is attached to such metallic edges, the quenching is
maximum due to which we observed SERS associated PL signal
with lower separation between molecule—Pd®. Quenching of
photoluminescence suggests that there is a strong interaction
between RhB molecule and defective PdSe, which contributes to
the efficient charge transfer in the RhB/2L PdSe, system. A redshift
in the photoluminescence peak corresponds to lower energy
emission. Due to defects and nanopores, charge transfer may take
place to the lower energy, and subsequent recombination
(through Path 2 and Path 3) may give rise to lower energy
emission band. In Fig. 6d, B], mode is defect-related peak, which
gets intense in 2L PdSe,/RhB. Thus, 2L edge sites are very crucial
for the observed effect. Moreover, photoluminescence gives the
intrinsic response of RhB/ 2L PdSe, system. Lin et al. reported the
difference in photoluminescence fingerprint of Au nanorods and
MGTIC molecule adsorbed Au nanorods®'. Taking TEM analysis into
account, some rows of Sery vacancies (Fig. 2i, j) along with excess
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Pd behave like a metallic edge and acts as a defect-induced
hotspot for SERS in detecting foreign molecules. Thus, the vacant
sites in PdSe, basically act as a hotspot for SERS enhancement with
RhB molecule. It is worth highlighting that we observed the PL
emission peak along with the SERS signal of RhB/2L PdSe; system.
Such photoluminescence-associated SERS signal retrieve a finger-
print of defects, and defective dendritic PdSe, acts as a defect-
induced hotspot. Defect level close to the fermi-level produces a
local doping site for RhB molecule in a narrow stripe along the line
defect (created by Sery vacancies), which further contributes
towards quasi-one dimensional metal-like behavior in 2d PdSe,%2.
Orange fluorescence was observed over the 2D PdSe, dendrites
denoting adsorption of Rhb molecule. Confocal microscopy
imaging (inset of Fig. 6e) shows an altering contrast in
fluorescence, which is due the plasmon-like behavior of vacancy-
rich edges, line defects, and nanopores in dendritic PdSe;,. To
check the stability, we carried out SERS measurements after several
months on 10~> M Rhodamine B deposited PdSe, sample, which
was kept in the laboratory atmosphere (Supplementary Fig. 17).
From the distinct Raman peak, it is clear that the samples are quite
stable up to a few months. Any change in signal intensity is due to
the partial evaporation of the dye molecules from the sample
surface. To prove the versatility of the as-grown defect-rich 2L
PdSe, dendrites as a very powerful SERS substrate, we have also
carried out the SERS measurement with other molecules, such as
methylene blue and methylene orange (107*M, Supplementary
Fig. 18). The result signifies its versatility for SERS detection with a
variety of probe molecules. The strong Raman signals indicate a
strong interaction between 2L dendritic PdSe, with probe
molecules. Thus, it has the potential to be used as a commercial
SERS substrate in the near future.

In summary, we demonstrated a simple low-temperature CVD
synthesis technique to grow 2D PdSe, with attractive dendritic
edges. Precise layer number and structure have been identified by
AFM and Raman analyses. XPS analysis reveals about 9.3% outer
layer Se vacancies, 4.7% inner Se vacancies, and 4.7% Pd vacancies
in dendritic 2D PdSe,. Our finding, for the first time, shows a NIR
photoluminescence from dendritic PdSe, and the influence of
intrinsic defects on its bandgap. The comprehensive study on
vacancies, nanopores, and edge geometry of PdSe, dendrites
provides new insights into how intrinsic defects influence the
properties. We speculate that Se vacancy sites in dendritic PdSe,
behave as a metallic edge and it acts as a non-plasmonic hotspot for
SERS detection of RhB molecule. Here, we have explained a defect
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state-mediated charge transfer mechanism accompanied by a large
spectral shift. To the best of our knowledge, this is the first report on
high SERS activity on 2D PdSe, dendrites with extended defects. To
validate our conjecture on the metallic behavior of the defective
PdSe,, DFT calculations were performed for the electronic density of
states in bilayer PdSe, with Se defects (edge) using PBE-GGA and
HSE06 functionals and it clearly revealed metal-like behavior of the
dendritic PdSe,. In the field of nanopore sensing applications, there
exist two major limitations fundamental to conventional methods of
fabricating nanopores: (i) high dependence on high-end instru-
ments like STM, TEM to drill nanopores, (ii) only a single nanopore
can be processed at a time. Therefore, there is a constant demand
for a stable pore fabrication technique for the mass production of
nanopores. Recently, Rani et al. reported a SERS enhancement up to
~10* at the sculpted plasmonic hotspots in monolayer MoS,%3. It has
constantly been debated whether plasmon-free SERS substrate can
compete with plasmonic SERS substrate. Interestingly, without any
post-treatment, our plasmon-free dendritic PdSe, detects Rhoda-
mine B (RhB) with a significant SERS enhancement (>10°); with post-
growth treatment, it might exceed the plasmonic SERS substrate
limit. Our findings offer insights into the field of SERS sensing,
nanopore sensing, gas sensing, biosensing, and device fabrication
applications, where we believe PdSe; will be a rising star in the near
future. The observations, analysis, and related findings presented
here show the trivial nature of dendritic PdSe, which can be
expected to replace the existing plasmon-free SERS substrates in
high demand in the coming generation and blossom into the
affluent area of commercial products.

METHODS

Low-temperature CVD growth of PdSe, dendrites

All precursors were purchased from Sigma Aldrich and used for
experiments without further purification. We adopted a novel
synthesis technique with a slight addition of NaCl to obtain dendritic
PdSe,*. Briefly, we followed a two-step process, (i) PdCl, solution
preparation (with adding a small amount of NaCl) and (ii) relatively
low-temperature chemical vapor deposition. Firstly, we dissolve
PdCl, powder (99.999%, 27 mg) in Mili Q water. When the powder
was dissolved entirely, NaCl was added and stirred to dissolve
completely. Then it is kept for a few hours for further use in CVD.
Secondly, the solution is drop-casted on the freshly cleaved mica
substrate and heated on a hot plate in atmospheric conditions to
use as a CVD substrate. To conduct the CVD process, a single-zone
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tube furnace was used. Then, the as-prepared substrate was inserted
into the quartz tube and placed at the lower temperature zone. At
the center of the tube, Se precursors were kept. A rotary pump was
used to evacuate the quartz tube, and Argon was purged with
300 sccm to pump out other residues from the tube. Then the
furnace temperature was elevated to 450°C to vaporize the Se
precursor, and a flow rate of 110 sccm was introduced to carry the
precursor to the substrate for nucleation and growth of PdSe; film.

SERS measurement

Water solutions of RhB were prepared with different concentra-
tions by diluting sequentially. Further, it was drop-casted over the
CVD-grown PdSe; dendrites and kept for a few minutes to soak up
the RhB molecule completely. An excitation source of 532 nm
equipped with the Raman instruments (LabRam HR800, Jobin
Yvon) was used to obtain the SERS spectra on PdSe,.

Sample preparation for TEM characterization

The as-prepared samples were transferred to the TEM grid
following our previous report*. In short, PMMA based transfer
process has been conducted. First, PMMA was spin-coated on the
PdSe, dendrites, followed by drying. After that, it was immersed
into a KOH solution till the lift-off of PMMA/PdSe, from mica
substrate. Further, it was dipped into deionized water. Then the
floated PMMA/PdSe, was scooped with the carbon-coated Cu-grid
(300 mesh, pacific grid, USA). After that, it is rinsed with acetone to
remove PMMA, followed by IPA cleaning.

Characterization technique

The structural morphology is obtained using field emission electron
microscopy (FESEM, Sigma, Zeiss). The as-grown sample thickness
was estimated via atomic force microscopy (AFM) (Cypher, Oxford
Instruments) in non-contact mode scanning. KPFM measurement
was performed on conducting surface (ITO-coated glass) with Ti/Ir-
coated silicon tip in the AFM instrument above. The high-
magnification surface morphology of dendritic PdSe, has been
carried out by a transmission electron microscope (TEM) (JEOL-JEM
2010 operated at 200 kV). The samples for TEM analysis have been
prepared on a carbon-coated Cu-grid of 300 mesh size (Pacific Grid,
USA). The crystallinity in the as-grown PdSe, flakes has been
studied by high-resolution micro-Raman spectroscopy (LabRam
HR800, Jobin Yvon) with an excitation wavelength (A.,) of 532 nm
(Ar ion laser). The excitation laser light was focused with a 100X
objective lens to a spot size of 1 um, with a laser power of 1.5 mW,
which discards the possibility of laser heating-induced damage. A
charge-coupled device equipped with the same system collected
the signal in a backscattering geometry sent through a multimode
fiber grating of 1800 grooves mm~". Micro-PL in PdSe,/RhB and
RhB have been conducted in the Raman instrument with 532 nm
laser excitation. X-ray photoelectron spectroscopy (XPS) measure-
ment was executed using a PHI X-tool automated photoelectron
spectrometer (ULVAC-PHI, Japan) with an Al Ka X-ray beam
(1486.6eV) at 20kV, 84W for the analysis of the chemical
compositions. NIR PL has been taken with laser excitation 641 nm
with a power of 50 mW. Confocal microscopy imaging was
performed with 488 nm laser excitation (Zeiss LSM 880).

Computational methods

The calculation of the electronic properties of the bilayer PdSe,
without and with line defects were performed within the framework
of density functional theory (DFT), including van der Waals
Correction (vdW) with a plane-wave basis set using Quantum
ESPRESSO software*-%5, The core electrons were described using the
projector-augmented-wave (PAW) pseudopotentials®’, and the
exchange-correlation potential was estimated using the generalized
gradient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE)%®
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functional. To model, the Se defect in 2L PdSe, structures were built
by a periodic slab geometry with a vacuum of 20A along the
Z-direction. Subsequently, the upper Se-atom present in the upper
layer of the slab was removed from the unit cell and obtained the
desired structure (defective 2L PdSe,). The optimized lattice
constants of the unit cell of defective 2L PdSe, were a=5.72 A
and b=5.80A which are slightly lower than those of pristine 2L
PdSe, (@=5.75 and b=587%. Using a convergence test, a
12x12x 1 k-point sampling was employed with cut-off energy of
680 eV. Additionally, the band structure as well as the DOS of the
defective 2L PdSe, were calculated using the HSEO06 exchange
hybrid functional as it provides a more accurate description of the
band structure®. Then 3 x 3 x 1 supercells of pristine 2L PdSe, and
defective 2L PdSe, were constructed with k-point sampling 8 x 8 x 1.
To achieve self-consistency, a force of 10-2 eV/A was employed.

DATA AVAILABILITY

The data that support the findings of this study are available in the Supplementary
Information file.
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