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Local current-voltage characteristics for low-dimensional transition-metal dichalcogenides (LDTMD),
as well as the reconstruction of their local density of states (LDOS) from scanning tunneling microscopy
(STM) experiments, are of fundamental interest and can be useful for advanced applications. Most of the
existing models either have limited applicability for complex-shaped LDTMDs (e.g., those based on the
Simmons approach) or require solving of an ill-defined integral equation to deconvolute the unknown
LDOS (e.g., those based on the Tersoff approach). Using a serial expansion of the Tersoff formulas, we
propose a flexible method to reconstruct the LDOS from local current-voltage characteristics measured in
STM experiments. We establish a set of key physical parameters, which characterize the tunneling current
of a STM-probe—sample contact and the sample LDOS expanded in Gaussian functions. Using a direct
variational method coupled with probabilistic analysis, we determine these parameters from the STM
experiments for MoS, nanoflakes with different numbers of layers. The main result is the reconstruction
of the LDOS in a relatively wide energy range around the Fermi level, which allows us to gain insight
into the local band structure of LDTMDs. The reconstructed LDOS reveal pronounced size effects for
the single-layer, two-layer, and three-layer MoS, nanoflakes, which we relate to the low dimensionality
and strong bending or corrugation of the nanoflakes. We hope that the proposed elaboration of the Tersoff
approach, allowing LDOS reconstruction, will be of critical interest for the quantitative description of
STM experiments and also of use to better understand the microscopic physical aspects of the surface,

strain, and bending contributions to the LDTMDs’ electronic properties.

DOI: 10.1103/PhysRevApplied.17.064037

I. INTRODUCTION

The tunneling effect is widely used in solid-state physics
for the spectroscopy of electronic states. The method is
based on the dependence of the tunneling current on the
number of states that form the tunnel contact in semi-
conductors over the energy range from 0 to eV, which is
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counted from the Fermi level, Er, and V is the tunnel-
ing gap bias. For scanning tunneling microscopy (STM),
it is necessary to take into account the coordinate depen-
dence of the local density of states (LDOS), which opens
the possibility for scanning tunneling spectroscopy (STS)
with high spatial resolution [1].

Local current-voltage (/-V) characteristics for low-
dimensional (LD) transition-metal dichalcogenides
(TMDs), as well as the reconstruction of their LDOS from
STM [-V curves, is of fundamental interest and can be
useful for advanced applications, primarily because their
semiconducting properties are versatile and tunable [2,3].

© 2022 American Physical Society
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For instance, the structural, polar, and electronic proper-
ties of low-dimensional MX, (M, metal, Mo, V, W; X,
chalcogen, S, Se, Te) [4,5] and Janus compounds MXY
(X, Y, chalcogens) [6,7] vary from a nonpolar to a fer-
roelectric state and from a direct-band semiconductor to
metallic conductivity [8,9]. Studies on the LD MoX; local
electrical conductivity attract much interest [10—12], and
the property is readily tunable. In particular, the structural
and electronic properties of LD MoS, may be different,
depending on the preparation conditions, concentration
of impurities, and defects [13—16]. The local bending of
MoX, nanoflakes can lead to a significant dependence
of the free carrier concentration on the strain gradient
[17-19].

Most existing models for the determination of LDOS
from local /-V curves have limited applicability for
complex-shaped LDTMDs, such as bent and/or corrugated
nanolayers, nanoflakes, and ultrasmall nanoparticles. In
particular, the one-dimensional tunneling-current model,
proposed by Simmons [20,21], is a priori not applicable
to nanoflakes due to the influence of strongly inhomoge-
neous “transverse” electric fields that can be created by
bending flakes and other edge effects. In addition, this
model is not applicable to atomically sharp probes. More
suitable is the Tersoff approach [22], which is widely
used in STS, and potentially allows the determination of
the LDOS of the studied substrate at the Fermi level,;
also, it can be adapted to modern atomically sharp probes
and substrate inhomogeneities [1,23]. However, the Ter-
soff approach [22] requires solving an ill-defined integral
equation to deconvolute the unknown LDOS in the finite
energy range around the Fermi level. Later on, Koslowski
et al. [24] proposed a method to recover the LDOS of a
sample from STM spectroscopic data based on a numer-
ical solution of the developed Volterra integral equation.
This approach was further elaborated by Passoni et al.
[25], who took different physical effects into considera-
tion, such as the influence of the nonconstant tip LDOS.
These and other approaches to the interpretation of STM
experimental results were reviewed by Palotas er al. [26].

Using a serial expansion of the Tersoff formulas [22],
in this work, we propose a method for how to reconstruct
the LDOS from the local /-V curves measured in STM
experiments for MoS; nanoflakes with different numbers
of layers. Below, we explain how to reconstruct the LDOS
over a relatively wide energy range around the Fermi level
and reveal pronounced size effects for the single-layer,
two-layer, and three-layer MoS; nanoflakes.

The manuscript is structured as follows. Section II con-
tains the formulation of the problem of LDOS reconstruc-
tion from the STM current and analytical expressions for
the tunneling current derived for LDOS expanded in Gaus-
sian functions. Section III provides an analysis of the local
I-V curves measured by STM in single-layer, two-layer,
and three-layer MoS, nanoflakes, and the reconstruction

of the LDOS from these curves. Section IV is a brief sum-
mary. Calculation details and auxiliary figures are listed in
the Supplemental Material [27].

II. MODELING OF THE TUNNELING CURRENT
AND LDOS OF MOS; NANOFLAKES

Typical STM images of MoS; nanoflakes on HOPG and
the surface topography along the 4-B direction are shown
in Figs. 1(a) and 1(b). STM images of different parts of
the samples are obtained for MoS, nanoflakes of arbitrary
shape and size.

It is shown in Ref. [28] that bulk MoS, is an indirect-
band semiconductor with a band gap of 1.2 eV, which
begins at point I and ends at the bottom of the conduction
band, halfway between points I and K. As the number of
layers decreases, the main indirect band gap (from point I
to the middle between point I and point K) increases due
to a quantum constraint and becomes larger than the direct
band gap located at point K in the case of a MoS, mono-
layer. Within a flat monolayer, MoS, is transformed from
a bulk nonindirect semiconductor into a two-dimensional
straight-band semiconductor with a larger band gap. The
indirect band gap of bulk MoS; (1.2 eV) is replaced by a
direct band gap (1.9 eV) at point K of monolayer MoS,.
The local strains, large strain gradients, bending, and espe-
cially corrugation can strongly affect the DOS of MoS,
nanoflakes, making them semimetallic or metallic in the
1T phase [7,8,17—19]. To probe the influence of strain,
we used strongly deformed nanoflakes. The strong defor-
mation of the studied nanoflakes is clearly visible from a
typical SEM image in Fig. 1(c).

Using multidimensional tunneling-current models [29]
and perturbation theory, the tunneling current, /, through
the space between the sample and the probe can be writ-
ten as

2
16y) = T30 ED = By + el ()18
v

x (E, — E,), (la)

where f(E) = 1/(1 + exp((E — Er)/kpT)) is the Fermi
function; Er is the Fermi level; and eV is the applied volt-
age, which may depend on the “transverse” surface relief.
The matrix element, M,,,, is

hz
Muu = _% / (¢ZVWU - W:Vlﬂu)dsa (lb)

between the undisturbed states of the probe v, and the
sample surface V,; E, is the energy of state v, with-
out tunneling. Integration is carried out on any surface
S in the air-vacuum gap between the probe and the
surface. According to perturbation theory, these wave
functions satisfy the stationary Schrdodinger equation,
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—(R?)2m)Ay + e(Vs + V)¢ = E , where the poten-
tial, V7, which is created by the STM probe, is considered
to be a small perturbation in comparison with the potential
of the sample surface, V5. Summation in Eq. (1a) is con-
ducted on all possible electronic states (see Appendix A
within the Supplemental Material for details [27]).

When performing STM studies on semiconductor sam-
ples, the applied voltage, V, can reach (0.5-2) V, which
is significant compared to kz7 at room temperature
(26 meV). At such voltages, the local densities of the probe
and substrate states can still be introduced, but the point-
probe approximation, which is valid at very low voltages of
about (1-10) mV, cannot be used. Under these conditions,
Eq. (1a) can be roughly written in the following form [30]:

4re Ep+eV

I, )= —
h Jeg

pr(E + eV ps(r, EYT(r, E, V)dE,
2)

where pr(E + eV) is the LDOS related to the probe,
ps(r, E) is the LDOS related to the sample in point r, and
T(r,E, V) = |[M|? is the local probability of electron tun-
neling. Notably, if LDOS has a singularity at the Fermi

FIG. 1. (a) “Sparking” and
corrugated nanoflake  placed
between the STM tip and con-
ducting HOPG substrate. (b)
Surface topography along the
A-B direction. (¢) SEM image of
a corrugated single-layer MoS,
nanoflake. Schematics of STM
experiment (d) and zone scheme
(e) used in our calculations.
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energy, £ = Er, the value of /(r, 0) is nonzero and deter-
mined by the surface states [30], work-function difference,
and/or Schottky barriers. For the purposes of correct fit-
ting, we separate /(r,0) = Iy and introduce the “regular”
part of the sample LDOS denoted as p,(r, E).

Within the Wentzel-Kramers-Brillouin (WKB) approx-
imation, the value of the barrier transparency coefficient,
T(r,E,el),is given by [1]

T(r,E, V) = exp[—2«d]

2 V
=~ exp |:—2d\/$ (‘PT—;fﬂs —E—|—5>:|,
(3a)

where d is the probe-sample distance, which can vary
during scanning (e.g., in dc mode), and « is a damping con-
stant. Equation (3a) is based on the assumption that only
the s functions of the probe make a major contribution to its
LDOS near the Fermi level, pr(Er), which is proportional
to [y, |* ~ exp(—2«d). The damping constant is given by

2me (@1 + @s V
= | (== _F+—
K \/h2 < 2 +2>,

(3b)
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where @7 and @g are the work functions of the electron
at the surface of the probe and at the sample surface,
respectively. Hereinafter, we measure them in voltage
units.

If the sample LDOS, ps(r, E), is dominated in the spec-
trum, and the probe states, pr, are stable, Eq. (2) can be
simplified as

N 4 v
Ir,V) =1+ ?PT os(r,E + EF)
0

2 v
X exp [—201\/% <¢T—;—§0S_EF—E+E>i|

x dE. “

The “residual” current, /g, is related to the LDOS pecu-
liarity at £ = Er in Eq. (2). All energies in Eq. (4) are
written in voltage units, and the condition (¢7 + ¢s)/2 —
Er — E 4 (V/2) > 0 should be valid.

Equation (4) is suitable for the deconvolution of the
sample LDOS with STS maps. Since a tunneling current is
measured with a significant error, it makes sense to decon-
volve it using a direct-variation method, similar to that for
piezoresponse force spectroscopy [31].

The tunneling-current values, /,(r), are measured for
voltages of V,, where n = 1,...N. For each scan point r,
we need to find the parameters of the transparency coeffi-
cient, T'(r, E, eV), and the DOS ps(r, E), which minimize
the following functional:

N

00 =+ U0 — 1, V)T (5)

n=1

From Eq. (4), the parameters are the probe-sample dis-
tance, d; the voltage shift, Vs; the sum of the work func-
tions, ¢ = (¢r + ¢s)/2; and the sample LDOS, p,(r, E),
the form of which is a priori unknown but may depend
significantly on the number of MoS, layers and the local
electric fields, which “distort” it. The selection of the form
of this function and its parameters is the main purpose of
the model. We need to go through several case studies and
choose the most appropriate results. Below, we use the
sum of several Gaussian functions, which can model the
well-localized LDOS of various types:

il E—Ep —E,)?
p(rE) = gy exp {—(AF—Z)} (6
m=1 m

Here, the number N and the fitting parameters, such as
the number of states, g,,; the maximum positions of the
corresponding DOS, E,,; and their dispersions, A,,, can
be defined from STM data using Eq. (5) and, e.g., stan-
dard numerical packages based on conventional Gaussian

fits [32]. The Fermi energy, Er, is determined by the band
structure of the tip-gap-sample-substrate system. Below,
we omit the argument “r” in p,(r,E) for the sake of
simplicity.

First of all, one should try to optimize (in fact, to mini-
mize) the number N to reach an appropriate accuracy of
fitting without including extra terms in Eq. (6a), which
could be artifacts rather than have physical meaning. Use
of the series in Eq. (6a) can only be rigorous enough for a
well-localized LDOS, and this limitation is assumed to be
valid hereinafter for LDTMDs. In other words, Eq. (6a)
with a minimal number N (e.g., 1 <N <5) “captures”
only the central part of the real LDOS around the Fermi
level, while its possible “tails” cannot be determined by
the method. Let us underline that other methods of LDOS
reconstruction [24—26] should be used in all questionable
cases and especially for LDOS delocalization, and the most
efficient should be selected. The general case is out of the
scope of this work.

For model cases of an intrinsic p-type or n-type
semiconductor, semimetal, or metal with a simple well-
localized LDOS, it is enough to regard that 1 < N < 2, and
remove the first terms from the series in Eq. (6a):

E — Er — E,)?
po(E) = geexp [—(A#}
E —Ep+E,)?
+ gy exp {——( F;L 2 } (6b)
AP

The LDOS in Eq. (6b) contain only six fitting parameters:
the number of electron and hole states, g, and g, ; the max-
imum positions of the corresponding DOS, E, and E,,; and
their dispersions, A, and A,. For the impurity-free case,
8 =8gp, Ae = A, = A, and E, = E, = E,. The standard
automated fitting procedures can unambiguously resolve
these cases if |Es| > A/ V/3. Sketches of the LDOS calcu-
lated from Eq. (6b) for several ratios of |E|/A are shown
by curves 1, 2, and 3 in Fig. 2. The case of g, > g, (includ-
ing the case of g, =0, and so, N = 1) corresponds to
n-type doping, and g. < g, (including the case of g. = 0,
and so, N = 1) is valid for p-type doping.

Despite Eq. (6b) having a limited applicability range,
it can describe the special cases that we are primarily
interested in. Specifically, for flat and weakly deformed
areas of multilayer MoS; nanoflakes, their LDOS may
be close to a proper semiconductor with a well-separated
band gap,i.e.,g. = gy, Ae = A, = A, E, =E, = E,, and
|Es] > 3A. Using the results obtained by the authors of
Ref. [28], it can be assumed that, for strongly bent sections
of corrugated MoS, nanoflakes, the LDOS are similar to
those of a semimetal or even metal in the 17” phase. This
means that the LDOS of the electron and hole overlap, and
SO we can assume g, ~ g, and A/N3 < |E,| < /3A in
this case.
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LDOS

FIG. 2. Red, blue, and black curves
2 1 illustrate LDOS calculated from

1 Eq. (6b) for parameters E; =2.5A
(curves 1), E; = A (curves 2), and
E; =0.75A (curves 3), g. =g, (a)
and g, =0.1g, (b). For all curves,
A=A, =A and E,=E,=E,.
Dashed curves show the contribution
of two Gaussians to solid curves 2 and
3.

2 4
Energy E-EFr (rel. units)

For a metallic n-type MoS, and/or electron-conducting
substrate, the LDOS is maximal at the Fermi energy, so
ge > g (including the case of g, — 0). For the p type, we
have g, < g, (including the case of g. — 0). The problem
with parameter determination appears at |E,,| < A,/ V3
and g, = g,, and, naturally, it does not appear in the case of
ge = 0 (or g, = 0) at arbitrary ratio [E./A.| (or |E,/A,])
since N = 1 in Eq. (6a) in this case. So, it makes sense to
limit potential fitting by two simple cases.

Case study (a), toregard A, = A, = Aand E, = E, =
E, and vary the parameter |E,| in the range A / V3 <|E| <
V3A and the ratio (g, — g»)/(ge + gp) in the range 0 <
(g — €)/(8e + )| < 1 [when N =2 in Eq. (6a)].

J

2 4

Energy E-E_ (rel. units)

Case study (b), to consider the special case, N = 1, cor-
responding to g. = 0 (or g, = 0) without any restrictions
on the ratio |E,/A,| (or |E,/A,)).

The restrictive division on case studies (a) and (b)
allows us to exclude the “unresolved” region of parame-
ters in Eq. (6b), |E,,| < Ae,p/\/g and g, = g,, from the
iteration procedure and to select the best fitting corre-
sponding to either N = 1 or N = 2 in the actual parameter
space, depending on overlap of the electron and hole
states.

Prior to applying the results of the case studies to Eq. (6),
we expand the tunneling current of Eq. (4) in the Taylor
series with respect to the voltage powers:

INZIs+ ) oV, (7a)

i=1

where n is an integer, and the offset current, /g, can be related to several factors, including instrumental errors (e.g., the
leakage current at the current amplifier). To avoid artifacts, it makes sense to subtract the bias current value from the /-7
curves and subsequently analyze only the difference to determine the fitting parameters o; in Eq. (7a).

The first-five expansion coefficients, o;, are given by

o1 = pe V7 py(Ep), (7b)
oy = Levm 0B (7c)
_ Pz | 29+ V7P 1 |Z0pE) | 9’ pu(E)
03 = ¢ 1697 ps(E)+4 o OE + Y , (7d)
E—Efp
2 3
gy z Lo | DEATR 0D | L \ﬁ o® | Fa®] 70
24 8¢ OE 2\ ¢ OE 0B ||, .
P 75| 152 + 22 + 15VZ¢ + 6(Z¢)* 3Zp 4+ 3JZ¢ + (Z$)*'* 8 p4(E)

%= 120° 2564° ps(E) + 3247 OE

Z¢ + JZp 0° py(E) n 3JVZp 3 ps(E) L 84ps(E)} (79

42 JE> 49  IE3 OE* |y,
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where we introduce the factor Z = (8em/h?)d?, which is
proportional to the second power of the tip-sample sepa-
ration, d; the barrier height, ¢ = ((or + ¢s)/2) — Er; and
the tip LDOS magnitude, p = (47 /h)pr.

It may seem that Eq. (7), based on a Taylor-series expan-
sion of classical tunneling current in Eq. (4) about zero
bias, is valid for arbitrary LDOS. Here, the first expan-
sion coefficient, o1, contains information about the sample
LDOS at the local Fermi level, py(Er); the second and
other coefficients contain a mixture of information about
the LDOS and their derivatives, 9'p,(E)/0E" at E — Ef.
Equation (7) attempts to reconstruct the whole LDOS
curve, ps(E), from its n derivatives at zero voltage. The
attempt has several limitations.

First, the polynomial expansion, Eq. (7a), would neces-
sarily diverge at energies far from Er. Below, we try to
overcome the divergency by restricting the series expan-
sion to the well-localized Gaussians in Eq. (6a), where
the derivatives in Egs. (7b)—~(7f) are evaluated at £ — Ep,
and the fitting of STM curves is used to estimate the
Gaussian parameters. Next, one should realize that the
double-Gaussian assumption limits the validity range of
the series expansion approach, as discussed for Eq. (6b).

Second, the case of a semiconductor with well-separated
electron and hole bands far from Er, modeled by a widely
spaced double Gaussian with |Eg| > 3A (see, e.g., red
curves 1 in Fig. 2), corresponds to zero density of states at
the Fermi level; its derivatives are very small at £ — Er
and become experimentally indistinguishable from zero at
|Es| > 3A. For the latter case, one cannot reconstruct the
LDOS based on a Taylor-series expansion, Eq. (7), taken at
the Fermi energy, £ — Er. For the gapped semiconductor,
one should directly substitute the double-Gaussian LDOS,
Eq. (6b), into Eq. (4) and determine the fitting parameters
by the variational method in the double-Gaussian param-
eter space. However, the correct realization of this direct
way appears to be much more complex and less reliable

in comparison with the use of Egs. (7b)~7f), because the
corresponding /-V curves (either simulated or real experi-
mental data) contain a wide region of zero current around
V] < Vp followed by a sharp increase of the tunnel cur-
rent at |[V] > V5. The sharp increase or “opening” occurs at
high voltage, V, > (1 — 3) V and is usually accompanied
by irregular jumps and a significant difference between
the forward and backward directions of the /-V curves
related to high uncertainty (a typical example is shown
in Appendix C within the Supplemental Material [27]).
The sharp opening at high voltages and irregular jumps do
not allow us to estimate reliably (i.e., with small errors)
the double-Gaussian curve parameters from the /-V curves
using the direct algorithm. Based on the discussion, the
fitting most probably fails for the widely spaced double
Gaussian, but can succeed in other cases (e.g., as shown
by curves 2 and 3 in Fig. 2).

In addition to the above limitations, we should underline
that the system in Eq. (7), written for n coefficients, o,,
contains n unknown characteristics of the sample LDOS,
0s(Er), dps(Er)/OE, ..., (3" 1 py(EF))/dE"!, and three
unknown parameters of the tip, tunneling gap, and contact,
o, Z and ¢, respectively, which are included as com-
binations of pe V%%, Z¢, and 1 /¢. Since the system of

n equations contains (n + 3) unknown variables, it is ill
defined for the unique reconstruction of the Tailor series:

0 gn (Ep) (E — Ep)"
ps(E) = py(Ep) + ) ’;éf)( n! o ’

n=1
for arbitrary p,(E). To approximately solve the ill-defined
problem, we need to use an estimation for p,(F), signif-
icantly reducing the number of unknown parameters in
ps(E).
For the LDOS from Eq. (6b), the first expansion coeffi-
cients, o;, are given by

EJ’
o1 = p(ge +8p) exp [—\/7 - F} , (8a)
E, E?
0y = p(ge — gp)p exp [—\/7 - F] , (8b)
E2N| Z¢p +Z 1 |Z E, 2E2 — A?
03 = %exp [—@ - F] |:¢T;§_¢(ge +g) + 5\/;(& - gp)P +2(ge +gp)T:| s (8¢c)
0 E’N| Z¢p + VZo E, Z2E? — A? 2E? —3A? E,

04 = 5 eXp |:—\/ZTZ5 - F] [T(ge _gp)p + ET(& +g) + 4TF(& —8) |-

(8d)
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E2N | 15Z¢ + (Z¢)* + 15Z + 6(Z¢p)*/? 3Z¢ + 3JZd + (Zp)/? E,
05=Le><p —JZp - = L)) grEnEe) (g +gp) + ¢ ¢+ ) & — &)=
120 A2 256¢% 7 16¢3 P72
Z¢ + JZp 2E> — A? Z2E>2 —3A? E, AEP2(E — 3A%) +3A%
247 Al (ge +gp)+3 ET(ge_gp p 4 A8 (g +g |-

The system in Eq. (8) written for n coefficients, o,, con-
tains four unknown characteristics of the sample LDOS,
Ze> &, Ey, and A?, and three unknown parameters of the
tip-sample contact, p, Z and ¢. Therefore, rigorously,
we need seven experimental values of oy — o7 for fit-
ting. However, the accuracy of the polynomial fitting of
the local /-V curves in the range of small voltages may
not allow the determination of so many coefficients o;
without significant noise-related errors. For instance, for
STM data considered in the next section, only the first
4-5 coefficients o; can be reliably extracted from data.
This noise-related problem forces us to use probabilistic
analysis for the determination of the unknown LDOS.

By equating expressions in Eq. (8) for the coefficients
Ui(t), as determined from the fitting of the STM cur-
rent o; ", we can extract the unknown parameters of the
nanoflake’s effective LDOS. Using the probability analysis

(8e)

(

(Bayesian formula), we obtain the following system of
equations for the determination of P;:

2
exp G)
o, = ZP]OI' )

2
Y P=1,0=P <l (9
j=l1 j=l1

The probabilities, P;, of a priori jth estimation realiza-
tion, along with corresponding LDOS parameters, can be
determined. Notably, the Bayesian analysis is success-
fully used for atomically resolved scanning transmission
electron microscopy data [33].

III. DETERMINATION OF THE DOS PROPERTIES
FROM STM EXPERIMENTS

Measured by STM, local /-V curves of a HOPG sub-
strate without nanoflakes are shown in Fig. 3(a). Local /-V

% 1] 0.3F

1.5¢

FIG. 3. Local /-V curves measured in
the forward (red symbols) and backward
(blue symbols) directions, and their fit-
ting with Eq. (8) (black curves). I-V
curves are measured by STM in the mid-
dle of the white circle of the HOPG
substrate (a), single-layer, two-layer, and
three-layer MoS; nanoflakes of thickness
h=~0.63 nm (b), 7~ 1.21 nm (c), and
h~2.03 nm (d), respectively.

HOPG @) single- (b)
1.0t | substrate 1 02f | layer MoS:2 ]
= §
< osf 1 o1}
£
o OO ] oo}
t I
> F.
O -05¢ : {1-0.1}
-1.0f ]
i 1-02}
<
R W o3k .| |
~06 -04 -02 00 02 04 06 ~06 -04 -02 00 02 04 06
0.3F T ™5 0.3F T -
(c) (d)
two-layer . three-
02 MoS2 102t layer MoS,
< 01 1 01t
S
g 00 0.0
£
: .
O -0.1 1011
-02 ]-02}°
-03 4-03E

06 =04 -02 00 02 04 06
Voltage (V)

06 20402 00 02 04 06
Voltage (V)

064037-7



ANNA N. MOROZOVSKA et al.

PHYS. REV. APPLIED 17, 064037 (2022)

curves for single-layer, two-layer, and three-layer MoS,
nanoflakes of thickness 2~ 0.63 nm, A~ 1.21 nm, and
h=~2.03 nm are shown in Figs. 3(b), 3(c), and 3(d),
respectively.

The local /-V curves are measured at different moments
in time at the points on the nanoflake marked with a white
circle in the insets in Fig. 3. We also collect 20 curves in the
forward (red symbols) and backward (blue symbols) direc-
tions. We sweep the voltage forward and record the current,
then sweep it backward, making multiple round trips. The
variability of the local /-V curves, the difference between
forward and backward sweeps, and the typical jumps in
them indicate that the randomness of a particular path of
tunneling current can be associated with drift—the local
inhomogeneity of electrical conductivity near the surface
of MoS; nanoflakes—the evolution of which is most likely
caused by changes in shape and dynamic deformation dur-
ing the flow of current. The charge in the inhomogeneity of
electrical conductivity is bipolar, as can be seen from the
local I-V curves. However, we cannot explain why the dis-
crepancy for the HOPG substrate is also high, despite the
voltage changing between —0.5 and 4-0.5 V [the vertical
scale in Fig. 3(a) is different from those in Figs. 3(b)-3(d)],
and we also cannot explain why the difference between
forward and backward spectra is most pronounced in the
three-layer sample [Fig. 3(d)], which is counterintuitive

because the STM tip is positioned in the most homogenous
region, making drift minimal.

It can be seen from Fig. 3 that the forward and back-
ward local /-V curves are well fitted by Eq. (8) (black
curves). Notably, we subtract the zero-bias current value,
I, from the /-V curves and subsequently analyze only
the difference to determine the fitting parameters o; in
Eq. (7a). Thus, the value of Iy does not affect the procedure
for determining the local DOS from the current-voltage
characteristics of the tunnel current. We are especially
interested in the dependences of the fitting parameters o;
on the thickness, %, of the MoS, nanoflakes, which can be
interpreted as a size effect. Below, we use # = Nhg, where
N =0,1,2,and 3 and Ag ~ 0.63 nm is the thickness of
single-layer MoS,.

The dependence of the offset /;, voltage shift Vg, and
fitting parameters o; on the number, N, of MoS, layers is
shown in Fig. 4. The residual value of the tunneling cur-
rent /;(N) decreases by more than 2 times as N increases
from 0 to 3 for the backward run and increases less than 2
times for the forward run [comparing red and blue curves
in Fig. 4(a)]. The dependences of /;(N) are nonmonotonic
and slightly different for the forward and backward direc-
tions (“run”) of the /-V curves. The highest error bars are
for N = 0, corresponding to the HOPG substrate, while the
errors are relatively small for N = 1 — 3.

FIG. 4. Dependence of fitting
parameters o; (a)~d), on the num-

Ni

] ber, N, of MoS, layers (0, 1,
2, and 3) extracted for the for-
ward (red symbols) and backward
(blue symbols) local /-V curves of
MoS, nanoflakes on HOPG sub-
strate, as shown in Fig. 3. Solid red
and blue curves are spline interpo-
lations.
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The voltage shift, Vs, is always negative, and its abso-
lute value decreases significantly from very small values of
about —0.01 to —0.25 V as N increases from 0 to 1, then
|Vs| decreases for N = 2 and increases again for N = 3
[see Fig. 4(b)]. The nonmonotonic dependences of V(N)
are similar for both backward and forward runs. Allowing
for the error bars for N = 0, the size dependences of the
odd coefficients, o1 (N) and o3(N), are quasi-monotonic;
they decrease from relatively high positive values (1 nA/V
and 6 nA/V?, respectively) to very small positive values as
N increases from O to 1 [comparing Figs. 4(c) and 4€].
Allowing for the error bars for N = 0, the size depen-
dences of the even coefficients, o,(N) and o4(N), are
also quasi-monotonic, but their signs are different; they
decrease from relatively high negative (or positive) values
to very small negative (or positive) values as N increase

from 0 to 1 [comparing Figs. 4(d) and 4(f)]. The functional
form and values of the dependences of (V) are similar for
both backward and forward runs. It is important to mention
that the higher coefficients, o¢(N) and o;(N), appear to
be 0 within the accuracy of experimental error. Therefore,
their formal inclusion to determine the LDOS parameters
is not required.

Since the size dependences of the fitting parameters,
0;(N), are regular, their functional form and values are
similar for both backward and forward runs of the local /-V
curves, and therefore, we have an opportunity to determine
accurately (“deconvolute”) the parameters of the LDOS of
HOPG and MoS, nanoflakes given by, e.g., Eq. (6a) using
data shown in Fig. 4.

To make the deconvolution procedure more reli-
able, hereinafter, we introduce positive dimensionless

FIG. 5. Dependence of dimension-

less fitting parameters g (blue curves),

f (red curves), § (orange curves), and

& (black curves) on parameter R cal-
culated for HOPG substrate (a, b) and
single- (c, d), two- (e, f), and three-
layered (g, h) MoS, nanoflakes on the
HOPG substrate. Plots correspond to
the forward (a, c, e, g) and backward
(b, d, £, h) local -V curves of MoS; on

HOPG substrate, as shown in Fig. 3.
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parameters, which determine the Gaussian-type LDOS,
ps(r, E), in Eq. (6a) and the barrier transparency coeffi-
cient, T(r, E, V), in Eq. (3a):

g —&p
ge + g

f —
(10)

where the dispersion, A, is dimensionalized on the bulk
band gap of MoS,, E, = 1.2 eV.

Parameters in Eq. (10) have a simple physical meaning.
Parameter g determines the ratio of the electron-to-hole
states and varies from —1 to 1. Parameter f is the ratio
of the sample LDOS halfwidth to the energy factor, |¢|, in
the transparency, 7(r, E, V). Parameter ¢ is the ratio of the
electron or hole LDOS maximum to its halfwidth. Param-
eter § is the ratio of the electron or hole LDOS halfwidth
to the bulk band gap of MoS,. Parameter R is proportional
to the STM tip-surface separation, d. Since the parame-
ter R determines the exponential factor in 7(r, E, V), its
values cannot be very small; otherwise, the tunneling cur-
rent, I (r, V), vanishes. In addition, it cannot be very small,
because STM operates in the tunneling regime. The range
0.5-5 appears to be optimal. Using Eq. (10), one could
rewrite Eq. (8) for the dimensionless variables, as listed in
Appendix C in the Supplemental Material [27], and then
determine the LDOS parameters numerically.

The dependences of the dimensionless parameters g, £, ¢,
and § on parameter R are calculated for HOPG and single-,
two-, and three-layer MoS; are shown in Fig. 5. The left
column corresponds to the forward run, and right column
corresponds to the backward run of local /-V curves of
MoS, on HOPG substrate, as shown in Fig. 3. The depen-
dences of g(R), f (R), €(R), and §(R) are very similar, for
both the forward and backward runs. Parameters g, 6, and f
strongly, and monotonically, increase with an increase in R
for HOPG and three-layer MoS,, while their dependences
on R are weaker for two layers and weakest for single-
layer MoS; (see blue curves in Fig. 5). The parameter &
very weakly decreases with an increase in R for HOPG
and single-layer and three-layer MoS, (see black curves
in Fig. 5). The reduction of ¢(R) with an increase in R is
stronger for two-layer MoS;, but only starts at R > 1.

Notably, the dependences of g(R), f (R), e(R), and §(R),
shown in Fig. 5, were obtained from the numerical solution
of Eq. (8) in the range of 0 < R < 10. It appears that pos-
itive solutions, which have a physical meaning, exist over
a narrower range of R, namely, for 0.1 < R <5, which is
shown in Fig. 5. Since the dependences of g(R), £(R), and
8(R) are monotonic and unambiguous functions of R, the
LDOS parameters can be uniquely defined for a fixed R.
In reality, the parameter R is often unknown due to the
uncertainty of the Fermi quasi-level, Er, and tip-surface
separation, d. Therefore, probabilistic methods should be
used for LDOS reconstruction.

; x x x d T FIG. 6. Reconstructed LDOS for
14f HOPG 12} (b) single- HOPG substrate (a) and single- (b),
12} substrate layer MoS2 two- (c), and three-layered (d) MoS,
= 1.0f ] nanoflakes on the substrate. Red solid
= 10 ] curves correspond to the forward direc-
5 08¢ tion, and blue solid curves correspond
. 08f ] ’
[ 06l to the backward direction of local /-
c\/)/ 06} ] curves, as shown in Fig. 3. Parameter
@) 0.4k R = 1. Dashed and dotted curves show
Q 04t ] the contribution of two Gaussians to the
o2l 1 0.2} solid curves.
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Reconstructed LDOS for the HOPG substrate and
single-, two-, and three-layer MoS; nanoflakes are shown
in Fig. 6 as solid curves for R =1. The red curves
correspond to the forward direction and blue curves to the
backward direction of local /-V curves, as shown in Fig. 3.
The LDOS reconstructed from the forward and backward
runs are very similar for the HOPG substrate and single-
layer and three-layer nanoflakes. The LDOS for two-layer
nanoflakes are a bit wider for the forward run. As one
sees from the dashed and dotted curves, which are the
expansions of the solid curves, all reconstructed LDOS
significantly differ from a single Gaussian and are well
described by two of them.

The thinnest LDOS corresponds to the HOPG substrate;
the LDOS of a three-layer MoS, nanoflake is at least 2
times wider, the LDOS of a single-layer MoS; nanoflake
is about 5 times wider, and the LDOS of a two-layer MoS,
nanoflake is the widest. The LDOS for the HOPG substrate
and the three-layer MoS; nanoflake have a gaussoid form
with a maximum near £ = Ep [see Fig. 6(a) and 6(d)],
while the LDOS of single-layer, and especially two-layer,
MoS, nanoflakes consists of two gaussoids, which are
inseparable for a single layer and separable for two layers
[compare Fig. 6(b) and 6(c)].

The unusual form of the reconstructed LDOS can be
explained by the fact that they correspond to strongly
corrugated nanoflakes, like that shown in Fig. 1(c). Specif-
ically, the joint action of the size effect and corrugation
can lead to a strong modulation of the free carrier den-
sity in MX, nanoflakes [4,17]. This conclusion is sup-
ported by the variability and multiple jumps in the local
1-V characteristics of a STM-probe—sample contact (see
Fig. 3), which reflect the randomness of a particular path
of tunneling current associated with the local inhomogene-
ity of electrical conductivity near the surface of MoS,
nanoflakes, most likely caused by changes to the nanoflake
shape and dynamic deformations during flow of the cur-
rent.

IV. CONCLUSIONS

Using a serial expansion of the Tersoff formulas,
we propose a flexible method to reconstruct the LDOS
from local current-voltage characteristics measured in
STM experiments. We establish a set of key physi-
cal parameters, which characterize the tunneling current
of a STM-probe—sample contact and the sample LDOS
expanded in Gaussian functions. Using a direct variational
method, coupled with probabilistic analysis, we determine
these parameters from the STM experiments for MoS;
nanoflakes with different numbers of layers. Three case
studies are used, a proper semiconductor, a semimetal-
type overlapping hole and electron LDOS, and a metallic
LDOS.

From the fitting of the /-V characteristics for different
thicknesses of MoS, nanoflakes, we determine the LDOS
parameters and use the interpolation function describing
changes to these parameters with continuous thickening
of the MoS; layer. The reconstructed LDOS reveal pro-
nounced size effects for the single-layer, two-layer, and
three-layer MoS, nanoflakes, which we relate to the low
dimensionality and strong bending or corrugation of the
nanoflakes. This conclusion is supported by the variabil-
ity and multiple jumps in the local /-V characteristics of a
STM-probe—sample contact, which reflect the randomness
of a particular path of tunneling current associated with
the local inhomogeneity of electrical conductivity near
the surface of the MoS, nanoflakes, most likely caused
by changes to the nanoflake shape and their dynamic
deformations during flow of the current.

The main result of the work is the reconstruction of
the LDOS over a relatively wide energy range around
the Fermi level, which allows us to gain an insight into
the local band structure of LDTMDs. It is calculated in a
range of 0.5 V from the Fermi level and the results reveal
that the full width at half height of the LDOS is max-
imal for two-layer MoS,, and it begins to decrease for
thicker nanoflakes. The unusual forms of the reconstructed
LDOS can be explained by the fact that they correspond
to strongly corrugated nanoflakes. Specifically, the joint
action of the size effect and corrugation can lead to strong
modulation of the free carrier density in MX , nanoflakes.

The proposed elaboration of the Tersoff approach,
allowing LDOS reconstruction, is suitable for a quanti-
tative description of versatile STM experiments, and the
obtained results can be useful for a microscopic phys-
ical understanding of the surface, strain, and bending
contributions to the LDTMDs’ electronic properties.

V. SAMPLE PREPARATION AND STM
MEASUREMENT TECHNIQUES

To characterize the structure of MoS, nanoflakes by
STM, physisorbed two-dimensional MoS, nanoflakes are
deposited on the surface from a solution in n-tetradecane
(C14H30). To do this, a drop of solution is applied to
a freshly made substrate of highly oriented pyrolytic
graphite (HOPG). Scanning of the samples is performed
under nonvacuum conditions, varying the scan parame-
ters. The probes are made by the mechanical sharpening
of Pt-Ir (80:20) wire with a diameter of 0.25 mm. Typical
scanning parameters are a voltage of U;=0.5-1.8 V and
a current of [, =50-200 pA. Scanning speed varies from
0.1 to 3 um/s. The STM images are obtained in dc mode.
Local /-V characteristics are measured with open feedback
and locked scanning. SEM images of MoS, nanoflakes are
obtained on a conductive gold substrate and formed by
secondary electrons in a Tescan Vega 3 SBH EasyProbe
scanning electron microscope. The sample has the form of
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a thin crystal with a complex shape deformed by stresses.
The thickness is about 1-3 layers, arranged randomly. For
elemental analysis, a Bruker Quantax 610M spectrometer
is used and shows the presence of Mo, S, and Cu and O
impurities in trace quantities.

DATA AVAILABILITY

Data supporting reported results was visualized in Math-
ematica 12.2 [34] and can be found at the Notebook
Archive [32].
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