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Abstract

The atomic and electronic structures of the pristine PdSe, as well as various
intrinsic vacancy defects in PdSe, are studied comprehensively by combining
scanning tunneling microscopy, spectroscopy and density functional theory
calculations. Other than the topmost Se atoms, sublayer Pd atoms, the intrinsic Pd and
Se vacancy-defects are identified. Both Vg, and Vpy defects induce defect states near
Fermi level. As a result, the vacancy defects can be negatively charged by tip gating

effect. At negative sample bias, the screened Coulomb interaction between STM tip
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and the charged vacancies creates disk-like protrusion around Vpq and crater-like
features around V.. The magnification effect of the long-range charge localization at
the charged defect site makes sublayer defects as deep as Inm visible even in STM
images. This result proves that by gating the probe, scanning probe microscopy can be

used as an easy tool for characterizing sublayer defects in a nondestructive way.

Keywords: 2D material, Scanning Probe Microscopy, PdSe,, point defect.
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Two dimensional (2D) materials have been studied extensively, due to the unique
and unusual properties that promise novel applications'-”. The application of
atomically thick 2D materials in devices makes their optical and electronic properties
particularly sensitive to local stimulus like defects or edge states in graphene and
transition metal dichalcogenide (TMDs)3-12, The defects in TMDs can significantly
alter their physical and chemical properties!>. As an example, in MoS,, the most
promising electro-catalytic processes candidate, sulfur vacancies are newly
discovered to be active sites for electrochemical hydrogen evolution'#-'®. The intrinsic
activity can be optimized by fine tuning the S-vacancy concentration and introducing
elastic tensile strain, but the role of these S-vacancy sites in the hydrogen evolution
reaction catalysts are still unknown. Therefore, in-situ and nondestructive
characterization of vacancy defects, which are not only on surface, most importantly

few layers underneath the surface, is crucial in the tuning process.

Among the family of semiconducting TMDs, PdSe, with an uncommon
pentagonal structure has recently attracted a lot of attention as a potential material for
2D electronic devices because of its high carrier mobility!’, thickness-dependent band
gaps!'8-20, air stability and high photoresponsivity?!. The monolayer PdSe, pentagonal
structure is formed by a tilted Se-Se dumbbell crossing the Pd layer, which results in
the lack of rotational symmetry!® 22, Such a structure is potentially sensitive to
defects, as Se vacancies would break the symmetry of the Se-Se dumbbell and induce
large structural distortion??. Therefore, understanding the defect behavior in PdSe, is
important for its practical device application. We have reported previously that by
taking advantage of tip-induced band bending (TIBB) effect?*-2%, conductance map
can be utilized to image Se vacancy (Vse) in a 3D manner, and scanning tunneling

microscopy (STM) tip can be used to manipulate the Vg 2.

In this paper, we extensively study the atomic and electronic structures of pristine
PdSe, and various intrinsic vacancy defects in PdSe,. Although the Pd atoms are not

on the topmost surface as Se atoms are, special STM imaging conditions are found to
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visualize them. The bias-dependent STM images of pristine PdSe, are corroborated by
simulated ones using first-principles density functional theory (DFT) calculations.
Compared to the topmost surface Se atoms that are visible all the time, the underneath
Pd atoms can be imaged at energy lower than -1 eV where the contribution of the Pd’s
4d orbitals to the total DOS grows stronger. Besides the pristine surface, the intrinsic
Pd and Se vacancy-defects can also be identified by combining STM image, STS
spectra and DFT calculations. Consistent with calculations, both Vg, and Vp4 defects
induce a defect state near the Fermi energy. The vacancy defects can be negatively
charged by tip gating effect. At negative sample bias, the screened Coulomb
interaction between STM tip and the charged vacancies creates disk-like protrusion
around Vpg and crater-like features around Vg.. The magnification effect of the
long-range charge localization at the charged defect site renders sublayer defects as
deep as Inm visible even in STM images. This result provides STM imaging itself as
an easy tool for characterizing sublayer defects in a nondestructive way. We
anticipate that the same method can be used widely for other 2D materials and other

probing tools, for example, by gating with the probe of atomic force microscopy.

The PdSe; single crystals were synthesized by a self-flux method as reported'®.
The crystal was cleaved in situ at low temperature in an ultra-high vacuum. All the
experiments were performed using an Unisoku low-temperature STM with chemically
etched tungsten tips at a cryogenic temperature of 77 K under a base pressure of 1 X
10-1° Torr. Calculations were carried out using the plane-wave DFT software
VASP?728, Electronic exchange-correlation interaction was described with the
generalized gradient approximation (GGA) and the Perdew-Burke-Ernzerhof (PBE)
functional in combination with projector augmented wave (PAW) pseudopotentials®.
Van der Waals (vdW) interactions between the PdSe, layers were considered using
the vdW density functional method optPBE-vdW3(. For bulk PdSe,, both atomic
coordinates and lattice constants were optimized until the atom force convergence
was below 0.01 eV/A, with a cutoff energy at 350 eV and a 12x12x8 k-point

sampling. Then six-layer PdSe, structure was built to simulate the surface by a
1
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periodic slab geometry with a vacuum separation of 21 A in the out-of-plane direction
and a 12x12x1 k-point sampling. All atoms were relaxed until the residual forces
below 0.01 eV/A and in-plane lattice constants were also optimized. To simulate
defects on the surface, a 4x4x1 supercell structure of the six-layer PdSe, surface was
considered, where various types of vacancy, such as a single Se or Pd vacancy, were
introduced. For the supercell structure the atoms were relaxed until the residual forces
were below 0.02 eV/A, where a reduced k-point sampling (3x3x1) was used. STM

images were simulated using converged electronic densities within the

S
BHi

Fig. 1. Bias dependent STM images of pristine PdSe, surface. (a) Top view and side

Tersoff-Hamann approximation.
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view of the lattice structure of PdSe, with the blue, green and gray spheres
representing the top Se, bottom Se and Pd atoms, respectively. (b) Calculated density
of states of bulk PdSe,. The Fermi energy is set to zero. (c-f) Atomically resolved
STM images at bias -1.4 V, -0.6 V, 0.6V and 1.0 V. The scale bar is 0.5 nm. (g-j)

Simulated STM images of PdSe, at corresponding biases.

The PdSe, surface has a strong bias dependent behavior as most of the
semiconductors do. The crystal is cleaved in-between the Se-Pd-Se trilayer slabs, with
the topmost Se atoms in two equivalent sites as shown in Fig. 1(a). Pd atoms are
0.074 nm underneath the top Se layer. Figs. 1(c)-(f) show atomically resolved STM

images of PdSe, at different bias voltage. While at most of biases, only those Se atoms

5
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in the zigzag chains from the topmost Se layer are visible in the STM images, the
signal of Pd atoms underneath can be detected at relatively large negative bias
(valance band), as shown in Fig. 1(c) at -1.4 V, which are in agreement with the
simulated STM images shown in Figs. 1(g)-(j). The origin of the Pd contrast comes
from the stronger contribution of the 4d electron band of the Pd atoms to the total
DOS at energy lower than -1 eV, as shown in the calculated total and partial DOS plot
in Fig. 1(b) and a previous theoretical work 3!. Since the Pd 4d state (blue line in Fig.
1(b)) is suppressed as the bias getting closer to the Fermi level and in the conduction
band, the STM images start to reflect the surface morphology more, so only the
zigzag chains composed of the Se atoms on the topmost layer appear as shown in

Figs. 1 (d)-(f) and their simulated images in Figs. 1(h)-(j).
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Fig. 2. STM images of defects on PdSe,. (a) Side view of the lattice structure of
PdSe,. Lla; L1b; ..., define Se sublayers along the ¢ direction where the Se top
surface layer is counted as layer L1a?®. The black rectangle outlines the unit cell. (b)
A typical STM topographic image of PdSe, surface, where three types of defects are
outlined (Vs = 0.6 V, I =50 pA). (¢)-(¢) Zoomed in images of the red, green and blue

6
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square areas in (b), revealing the L1a Se vacancy (Vs 112), L1b Se vacancy (Vs i)
and Pd vacancy (Vpq) (see text) marked by dashed circles respectively. The scale bar
is 0.56 nm. (f-h) Simulated STM images of three types of defects, respectively, with
the PdSe; lattice structure overlaid on top, and dashed circles highlighting the defect

locations.

The natural cleavage surface of PdSe, is never defect free. Actually, many
interesting physical properties are originated from the existence of various defects in
the crystal. Fig. 2(b) is a typical large area STM image from the PdSe, surface in
atomic resolution showing randomly distributed defects. With the help of atomically
resolved bias dependent images and spectroscopy images, these defects can be
classified into three types as marked in red, green and blue squares. The zoom-in
images of the red, green and blue squares are shown in Figs. 2(c)-2(e), respectively.
The first type of defect shown in Fig. 2(c) is represented by a dark region marked by
the red circle and a bright protrusion on the top Se position. The second type of defect
is shown in Fig. 2(d), apparently with only bright protrusion regions near the defect
area. The darkest region in the third type defect is in-between the Se zigzag chain and
extend to the neighboring Se atoms, as shown in Fig. 2(e). The third type is less
common than the other two types. To identify the origin of the defects, DFT
calculations of various defect configurations, including Se and Pd single vacancy as
well as Pd and oxygen substitutional doping, are performed. The simulated STM
images with missing Se atom (top or bottom Se sublayer) and missing Pd atom, as
circled in red, green and blue in Fig. 2(a), resemble the experimental data well. Fig.
2(f) shows a simulated STM image of a single Se vacancy on the topmost layer
(Vse L1a). The missing of a Lla Se atom has asymmetric influence on the two
neighboring Se atoms, which matches well with the experimental image in Fig. 2(c).
This behavior is due to the inequivalent neighboring Se atoms in the unique

pentagonal lattice structure of PdSe,. The removal of the L1a Se atom relaxes only Pd

7
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atom on one side but both Pd and bottom Se on the other side. As a result, there is
almost no contrast change on one side, but on the other side, a bright protrusion is
created due to the upward relaxation of the Se atom and the pop up of the Pd atom.
The L1b Se vacancy (i.e., missing bottom layer Se atom) introduces dangling bonds
and causes reconfiguration of nearby atoms, and it creates a bright protrusion rather
than a dark area as shown in the simulated and experimental images in Figs. 2(g) and
(d), respectively. The asymmetric pentagonal lattice again plays a role in the resulted
images. In Fig. 2(h), we show a simulated STM image of a single Vp, defect located
on the topmost PdSe2 layer. Our calculations found that the missing Pd atom leads to
downward relaxation of the two Se atoms bonded with it, and therefore the two Se
atoms are apparently darker than others, which is consistent with the STM image in

Fig. 2(e).
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Fig. 3. Experimental dI/dV spectra (a) and LDOS ((dI/dV)/(I/V)) spectra (b) taken at
the Vpg, Vse L1a, and Ve 11 of the topmost PdSe; layer and pristine PdSe,. Inset in (a)
shows the zoomed in dI/dV curves from -1.0 V to 0.75 V. For comparison, DFT

calculated DOS corresponding to Vg, Vse 112 and Vs, 11p as well as the pristine PdSe,

8
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is also shown in (c).

The comparison of the dI/dV spectra and LDOS of three types of defects and the
pristine PdSe, is shown in Fig. 3(a) and 3(b), respectively. At higher bias voltage in
both conduction and valance band, the existence of the Se vacancy creates sharp
peaks compared to the pristine dI/dV spectra. In the low energy conduction band, a
clear peak is observed at the dI/dV spectrum of Vg 11, as shown by an arrow in the
inset of Fig. 3(a). As discussed in detail later in this paper, this state is very localized,
and it is a new peak created by Se vacancy rather than a shift of the pristine-state at
0.5 V in the LDOS. The Vs, 11, defect spectrum is similar but less pronounced than
the Vg 112 defect spectrum. The main feature of the Vpgspectrum is the peak at -1.2 V
and a new state near the Fermi level (+0.2 V) as shown in Fig. 3(b). The calculated
DOS curves for the pristine surface and three vacancy defects are shown in Fig. 3(c),
which reveal that the Se and Pd vacancies induce localized defect states near the
Fermi level, consistent with the experimental trends. Note that the energy levels of the
defect states in the calculations cannot be quantitatively compared with experimental
data for two reasons: one arises from the limitation of the DFT theory such as the
approximation for the exchange-correlation functional; the other is related to the
limited supercell size and number of layers involved in the calculations due to

computational cost (see the Method).
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Fig. 4 (a)-(b) STM topographic image and corresponding dI/dV map at a sample
bias voltage of -0.7 V. Red circles, red and yellow arrows mark vacancy defects (see
text). (c) Line profiles taken across a Vpqg (blue) and a Vg, (red), respectively. (d)-(f)
Sample bias dependence of STM topographic images of three Vg, located at different
lattice layers (labeled in (f)), same as the green square area of (a). (g) and (h) The

change of outer and inner circle diameter as a function of sample bias.

We demonstrated previously that the Vg, defects (surface and subsurface) can be
imaged as circular-ring features in spatially resolved differential conductance dI/dV
maps under positive sample bias range from 0.9 V, as a result of defect charge state
from V° to V- due to TIBB effect 2°. However, for negative sample bias, which means
at a condition of pushing further for the negatively charged states, the STM image and
spectroscopy become quite complicated. Fig. 4 (a) and (b) show a pair of typical
negative sample bias topographic image form PdSe, surface and corresponding dI/dV
map collected simultaneously. By combining the two images, three types of features

are observed, labeled by red circles, yellow and red arrows. By comparing the positive
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and negative bias images as well as atomically resolved images and spectra described
above, we identify that the features with red circles and yellow arrows are Vg, defects
and Vp, defects, respectively. The red arrows point to close-packed defect combos of
Vse + Vpg. The line profiles in Fig. 4(c) show the qualitatively different topographic
features of Vg, and Vp4 defects from the -0.7 V STM image. While the Vpq shows a
disk-like protrusion, Vg, defect has a crater-like feature, with an 21 nm outer-circle of
the enhancement disk and a depression region started at an 8§ nm inner-circle. The

inner-circles are also imaged as bright rings in the differential dI/dV maps (Fig. 4(b)).

The size and contrast of the crater (Vs.) and disk (Vpq) in STM images depend on
the depth of the defects from the surface, and of course also depend on the sample
bias of imaging. The Pd vacancies at the L3 and L4 layers (Fig. 4(a) and (b)) can be
easily recognized from even the STM image, which is more than 1 nm underneath the
surface. The bias dependent images from the three Vg, defects (Vse r1a, Vse Lip and
Vse 124 as labeled in Fig. 4(f)) in the green square area in Fig. 4(a) are shown in Figs.
4(d)-4(f). The sample bias dependence of the inner and outer circles for the three
defects at different subsurface layers is shown in Fig. 4(g) and (h). While the size of
the outer-circle increases slightly when the sample bias changes from -0.7 V to -1.0
V, the size of the inner-circle decreases. A similar crater-like feature was previously
observed in single-atom dangling bond defect with a bound state below the

conduction band in silicon, an sp? orbital facing a silicon atom vacancy3?.

The outer-circle is the long-range effects of charge localization at the defect site.
The sample bias dependence is the result of the screened Coulomb potentials with the
STM tip playing a role as a gate. The electrostatic gating effect of the tip on the
substrate scales with bias, so as the size of the outer-circle?3. The similar enhanced
ionization range around charged defects (vacancies or substitutes) has also been
described in GaAs?, graphene* and Al,O3/NiAlI®. As for the reason of weaker bias
dependence for Vg 11, and Vg 12, than Vg 11, (Fig. 4(g)), as demonstrated in the

numerical simulation previously®® that the electrostatic potential created by tip is

11
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drastically different underneath (0.15 nm for Vg, 1, and 0.43 nm for Vg 1,,) or on

the surface (Vs 11a) of samples.

The inner-circle of the crater feature is a result of non-equilibrium charging
effect. As the tip moves closer to the vacancy defect, a depression region (~8 nm
across in Fig. 4 (c)) that surrounds the Se vacancy indicates that the defect does not
remain negatively charged. This is analogues to a single electron transistor (SET) case
as analyzed in detail for dangling bond defect at silicon surface’?. The STM tip is
similar to the gate in a SET. The negative sample bias results in an electron
accumulation region around the Vg, which decouples the vacancy from the PdSe,
bulk. Then the charging strength of the Vg, is then governed by the electron transfer
rates on and off the defect, rather than by the band bending effect. As a consequence
of the lower tunneling rate between the tip and sample, which is proportional to the
transmission probability and tip LDOS, the spatial extent of the inner-circle decreases

with increasing sample bias value (from -0.7V to -1.0V) as shown in Fig. 4 (h).
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Fig. 5. (a) Color map of a log(dl/dV) taken crossing a Vs, 1, along the white

dashed arrow in Fig. 4(f). 7 characteristic dI/dV and LDOS curves are shown in
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(b)-(d). (b)-(c) Spatially resolved dI/dV spectra corresponding to the green dashed

square and yellow dashed square in (a), respectively.

The dI/dV map of the Vg, further reveals the nature of the crater feature. Shown
in Fig. 5 are line spectra collected crossing one of the Vg r1,. Fig. 5(a) is a 3D color
map of log(dl/dV) line profile as a function of sample bias and position taken across a
Vse L1a defect (positioned at 0 nm) marked with white arrow in Fig. 4(f). The bright
spot in the conduction band (around 0.5 V) is observed right at the Se defect position
corresponds to the peak P; in the black “1” spectrum in Fig. 5(c), which is the defect
state near the band edge as described above. In the corresponding LDOS spectra in
Fig. 5(d), the intensity of the defect state gradually decreases while the intensity of the
0.5 V pristine-state increases from “1” to “2” and “3” spectra. In other words, the
influence range of the Se vacancy defect state to the conduction band is less than 3 nm
(5 unit cells). On the valance band side, as shown in Fig. 5(a), there are two areas at
the bias voltage around -1.4 V located on both sides of the Vg, 11, defect, with a
distance of 5 nm (close to the inner-circle edge), which corresponds to the peak P, in
red “2” spectrum [Fig. 5(b)], same as the valance band state of pristine PdSe, as
shown in Fig. 3(b). When crossing over the inner-circle edge, the -1.4 V valance band
state is bending toward the higher energy direction as discussed above, shown as

curves 2-7 in Fig. 5(b).

Pd vacancies also show similar depth dependence. As shown in Fig. 6, Pd
vacancies which locate at the L1, L2 and L3 Pd sublayers show different height
protrusions in STM topographic images and different depth holes in dI/dV maps. As
the Pd vacancies locate deeper, the height of protrusions in STM images and the depth

of holes in dI/dV maps become weaken.

13
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Fig. 6 (a)-(b) and (c)-(d) STM topographic images and corresponding dI/dV maps at
the sample bias voltage of -0.6 V and -0.8V, respectively. The red, black, and yellow
arrows represent Pd vacancies located at the L1, L2 and L3 Pd sublayers, respectively.

(e) Line profiles taken along the red, black, and yellow lines in (a), respectively.

In summary, we found the bias-dependent STM images of pristine PdSe,, which
are corroborated by DFT calculations. Although the topmost surface Se atoms are
visible all the time, the underneath Pd atoms can only be imaged at energy lower than
-1 eV where the contribution of the 4d electron bands of the Pd atoms to the total
DOS grows stronger. Furthermore, the intrinsic Pd and Se vacancy defects can be
identified by combining STM images, STS spectra and DFT calculations. Both Vg,
and Vpq defects induce a defect state near the Fermi energy. The vacancy defects can
be negatively charged by tip gating effect. As a result, at negative sample bias, the
screened Coulomb interaction between STM tip and the charged vacancies creates
disk-like protrusion around Vpq and crater-like features around V.. The long-range of
charge localization at the defect site magnifies the influence of the vacancy defects,
rendering sublayer defects as deep as Inm visible even in STM images. Similar
defects are widely exist in MoS, and other 2D systems®¢-3°, and this work
demonstrates STM imaging as a powerful tool for ready characterization of surface

and subsurface defects for applications of 2D materials!® 1% 21, We believe that by
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gating the cantilever of atomic force microscopy, the same method can be extended to

other imaging technique in SPM family for defect characterizations.
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