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Studies of molybdenum disulfide (MoS,) gas sensor prototypes report orders of
magnitude higher sensitivity toward nitrogen dioxide (NO,) over ammonia (NH3).
Based on the cluster formation model and density functional theory calculations of
charge transfer, NO, was found to form a tightly bound cluster of counter charges
upon carrier donation. In contrast, NHz forms only a semi-localized cluster of
counter charges over a wide area of MoS,, creating a larger collision cross
section of coulomb interaction between the charge carrier and the counter
charges. We discuss the potential effect of counter charge cluster localization on
the efficiency of molecular doping.
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1 Introduction

Ever since the prospect of single gas molecule detection was first discussed with a graphene
device (Schedin et al., 2007), whose high sensitivity was partially attributed to the surface nature
of graphene exposing its whole volume to the gas molecule adsorbates, a gamut of 2D materials
have been examined for gas sensor applications. In particular, transition metal dichalcogenides
(TMDC:s) have proven to be among the best materials for 2D gas sensor applications because of
their tunable electronic properties and high sensitivity at room temperature (He et al., 2012;
Late et al., 2014; Ko et al., 2016; Shokri and Salami, 2016; Yang et al., 2017; Pandey et al., 2020).
When exposed to the target gas, a TMDC gas sensor responds to the adsorption of target gas
molecules by changing its electrical conductivity. Based on the results of Hall measurements
(Schedin et al.,, 2007), photoluminescence (PL) spectroscopy (Mouri et al., 2013; Cho et al,,
2015a; Wang et al,, 2019), and theoretical considerations (Leenaerts et al., 2008; Wehling et al.,
2008), the molecular gas adsorption was recognized as inducing charge transfer on TMDC and
modulating the charge carrier density on the 2D device. Depending on whether the electrical
conductivity of the 2D sensor was increasing or decreasing, the target gas molecule would be
categorized as carrier-donating or -compensating.

Experimental studies of TMDC gas sensor devices often compare the sensitivity of the
device to various kinds of gas molecules, where the sensitivity is defined as the change in
electrical resistance upon gas sensing, normalized to the default resistance of the device in dry
air (Cho et al, 2015a; Cho et al., 2015b; Hau et al, 2021). The dry air normalization is
specifically used to reduce the amount of chemical doping from redox reactions involving water
vapor. The reported sensitivity involves a significant degree of reversibility correlated with the
partial pressure of the target gas molecules in the gas environment. This reversibility indicates
that a corresponding amount of carrier doping is induced by the physisorption of gas molecules
that readily desorb upon a decrease in the partial pressure of the target gas molecules in the air.
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The most frequently targeted gas molecules in TMDC gas sensor
studies are nitrogen dioxide (NO,) and ammonia (NHj3) as they are
the representative p-type and n-type molecular dopants. It has
consistently been reported in the experimental literature that the
sensitivity of TMDC gas sensors toward NO, is an order of
magnitude higher than for NH;, which holds true for both n-type
and p-type TMDC devices (Cho et al., 2015a, Cho et al.,, 2015b; Hau
etal, 2021). This means that the charge carrier density in the TMDC
gas sensor is much more strongly affected by the presence of NO, than
NH; in the gas environment under the same partial pressure. From
this, it may be concluded that NO, should be a dopant with a superior
efficiency compared to NH; and other gas molecules. However, the
concept of doping efficiency as used previously is rather vague because
correlating the experimentally measurable sensitivity with the partial
pressure of target gas molecule in the environment involves multiple
processes such as molecular adsorption and charge-state transition. In
the following section, we discuss the processes involved in molecular
doping and introduce counter charge cluster localization, which has
been seldom mentioned in the literature, despite the fact that it can
potentially affect doping efficiency.

The first event that must occur in the sensing process is the
adsorption of gas molecules onto the exposed TMDC surface. The
adsorption energy is the thermodynamic observable estimating the
surface density of target gas molecules at equilibrium. Gas molecules
with lower adsorption energy would have a greater chance of affecting
the electronic properties of TMDC if the number of carriers donated
or compensated positively correlated with the surface density of the
gas molecules. Theoretical studies of gas molecule physisorption,
however, found only nonsignificant differences (less than 10 meV)
in the adsorption energies of NO, and NH; on TMDC (Yue et al,
2013). Therefore, the adsorption energy alone cannot be the main
cause of the large differences in sensitivity of a TMDC sensor toward
NO, and NH;.

In analyzing doping efficiency, we need to measure more than the
surface coverage of molecular adsorbates because not all the
adsorbates are activated as dopants. The dopant activation process
after adsorption results in charge transfer, for which there exist
multiple plausible scenarios. The so-called chemical doping occurs
especially at chemically heterogeneous reactive sites of structural
defects and edges of TMDC. Integer charge transfer results from
redox reactions involving not only the target gas molecule and TMDC
but also ambient molecules of nitrogen, oxygen, and water (Li et al.,
2017; Zhao et al.,, 2018). Such redox reactions are strongly dependent
on ambient temperature and result in charge distribution near defects
and edges, producing regions of carrier depletion and double-layer
potential (Gautam et al., 2021). The other viable scenario of charge
transfer involves physisorption of gas molecules, which is of our
interest in this report. In this case, the so-called standard model of
molecular doping examines the energies of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) of gas molecules relative to the Fermi level or
work function of the hosting TMDC (Peng and Cho, 2000;
Wehling et al., 2008; Park et al., 2019). If the LUMO of the gas
molecules is lower than the Fermi level of hosting TMDC, the
molecular gas adsorbate accepts electrons from TMDC. If the
HOMO is higher than the Fermi level, the gas molecules become
donors of electrons to TMDC. In essence, this model follows the
Schottky-Mott rule of interface band bending, which interprets
electron transfer as a transport phenomenon allowing two distinct
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bodies of electron distribution in contact to reach equilibrium (Zhang
and Yates, 2012). As this charge transfer process involves the Fermi
level as an electron reservoir, the efficiency of gas molecular doping
becomes a function of the Fermi level.

For conventional inorganic semiconductors where the conduction is
predominantly band conduction via delocalized conduction band or the
valence band, thermodynamic stability analyses of dopants at various
charge states are routinely performed to address the efficiency of the
dopant, such as whether it is a shallow or deep donor (Van de Walle and
Neugebauer, 2004; Freysoldt et al., 2014; Alkauskas et al., 2016). However,
the charged dopant stability analysis is not as frequently utilized for
molecular doping of 2D materials, partly because our understanding of
the conduction mechanism in TMDC gas sensors is still developing. It
should be noted that electrons or holes transferred to the Fermi level of
TMDC are not necessarily free-charge carriers if the Fermi level exists
within the localized gap states. When the transferred charges are near the
Fermi level but away from delocalized bands, they still conduct electricity
via ‘hopping’ conduction (Shklovskii and Efros, 1984). In fact, this
variable range hopping was reported as the governing conduction
mechanism of TMDC thin films when the temperature was lower
than room temperature (Qiu et al,, 2013; Xue et al,, 2019). Even near
room temperature, the variable range hopping remained as the major
channel of conduction in various 2D material thin films (Negishi et al.,
2014; Kovtun et al,, 2021). Considering the semi-crystalline quality of
TMDC materials often adopted for gas sensor applications and research, it
is plausible to assume that electrical conduction occurs through the multi-
channel type of band conduction and hopping conduction, where the
hopping conduction channel is rather predominant.

As outlined so far, the molecular doping of charge carriers and
conduction in 2D material thin films are multifaceted phenomena. The
outstanding experimental challenge preventing quantitative analysis lies in
identifying the several physically distinguishable
simultaneously participating in charge transfer. Nevertheless, we can

mechanisms

attest phenomenologically that the charge transfer between the gas
molecular adsorbate and the hosting 2D material results in involves
charge carriers conducting electricity along with the counter charges of
the donated carriers localized upon the gas molecular adsorbate. As it is
localized, the counter charge left on the adsorbate does not participate in
the conduction. If anything, it would more likely hamper the mobility of
the free carriers through coulomb scattering. Coulomb interactions
between the free carrier and localized counter charges will affect the
separation and recombination between them as well. However, as the
subject of counter charge distribution has rarely been studied for molecular
dopants, our understanding of how this would affect the efficiency of
carrier doping is limited. As a side note, for polymer semiconductors, the
effect of counter-ion size on delocalization of carriers was studied, although
the subject was not the distribution of counter charges but the physical size
of the counter-ions (Thomas et al., 2020).

The counter charge distribution upon charge carrier donation was
first studied for conventional inorganic semiconductors, providing
valuable insights toward overall understanding of carrier donation
with unexpected findings (Schwingenschlogl et al., 2010). For carrier
doping of conventional semiconductors of silicon and diamond, group
III and group IV elements often substitute the host element to
compensate or donate electrons. From the theoretical analysis of
counter charge distribution upon carrier doping, it was found that
the carrier donation was not executed solely by the dopant element but
by the cluster of atoms composed of the dopant and nearby host atoms
(Schwingenschlogl et al., 2010; 2011; Smith et al., 2017).
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FIGURE 1
Schematic representation of gas molecules physisorbed on MoS,. The size of the MoS; supercell is 4a X 4a, where a is the lattice constant of the MoS,

primary unit cell, 3.197A. The atomic configuration depicted here shows the lowest energy configuration calculated (Yue et al, 2013; Zhao et al, 2014; Cho
et al., 2015a). (A,B) Side and top views of nitrogen dioxide physisorption configuration. (C,D) Side and top views of ammonia physisorption configuration.
Colors refer to the following: Mo (pink), S (yellow), N (blue), O (red), and H (white).

FIGURE 2
Redistribution of electrons upon physisorption of gas molecules is depicted with a density isosurface. Subfigure arrangement and atomic configurations

are identical to those of Figure 1. (A,B) For NO, adsorption, the electron density isosurface at Ap(;) =+ 0.46 e/A” isdrawn in green (=) and red (+). A fractional
charge of .04 (9)e was transferred from MoS, to NO, based on Bader charge analysis. (C,D) For NHs adsorption, the electron density isosurface at Ap(?) =
+ 0.69 e/A” is drawn in green (-) and red (+). A fractional charge of .04 (6)e was transferred from NH3z to MoS, based on Bader charge analysis. The color
scheme of sticks is as follows: Mo (pink), S (yellow), N (blue), O (red), and H (white).

The additional physical understanding provided by the cluster  doping using arsenic, as we look into the charge distribution between
formation model distinguishes two different types of charge transfer  arsenic atoms and nearby silicon atoms, the electron distribution is
associated with dopant-host interaction. For the example of silicon  shifted away from silicon toward arsenic because arsenic has stronger
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electronegativity than silicon. However, in terms of carrier doping
properties, arsenic is an n-type dopant donating an electron to the
silicon lattice, which contradicts the direction of charge transfer based
on strength of electronegativity. The cluster formation model of
carrier doping resolved this apparent inconsistency, when it was
found that the electron carrier was donated to the silicon lattice
not by the arsenic atom alone but by a cluster of atoms including
arsenic and nearby silicon atoms. Therefore, we note two
distinguishable and uncorrelated charge transfers: a local charge
transfer within a cluster with electrons shifting toward arsenic from
silicon and a charge transfer as carrier doping between the arsenic
cluster and the silicon lattice, wherein an electron moves from the
arsenic cluster to the silicon lattice.

In this paper, we describe the nature of the charge transfer between
a gas molecular adsorbate and 2D TMDC material based on the
counter charge cluster formation model and density functional theory.
Our system of interest is 2D molybdenum disulfide (MoS,) as the
archetypal TMDC along with ammonia (-NHj3) and nitrogen dioxide
(-NO,) as the representative molecular dopants of opposing doping
property. As we addressed the differences between NO, and NHj as
molecular dopants, we directed our attention not to the donated
charge carrier but rather to the counter charges left localized on
the molecular dopant. Unlike the donated charge carrier whose spatio-
temporal property keeps varying as it transports, the counter charge
distribution left on the molecular dopant would be essentially
constant, as long as other charge carriers were not nearby. As
discussed in the following sections, the counter charge cluster
formation analysis upon carrier doping by molecular dopants
allowed us to determine the drastically different activities of NO,
and NH;. NO, molecular adsorbates, upon donation of a hole, form a
tightly localized cluster of counter charges centered around a NO,
molecule. On the contrary, the counter charge cluster formed by NH;
upon electron donation is only semi-localized and exhibits a
dimension that is not well defined. The implication of such a
qualitative difference on the doping efficiency is conjectured and
discussed.

2 Materials and methods

To investigate the charge distribution in the gas molecular
adsorbate complex, we used the Vienna ab initio simulation
(VASP) for the (DFT)
calculations (Hafner, 2008). Along with the exchange-correlation
kernel of Perdew-Burke-Ernzerhof revised for solids (PBEsol), the
projector augmented wave (PAW) pseudo-potentials for molybdenum
(Mo) and sulfur(S) were adopted (Blochl, 1994; Csonka et al., 2009). In
this context, the electronic band gap energy of MoS, as the difference

package density functional theory

between the valence band maximum (VBM) and the conduction band
minimum (CBM) in the ground state band structure was calculated to
be 1.28 eV for the bilayer with a separation distance of 6.14 A.
Additional Bader charge analysis was also performed to attribute
the electron distribution to each atomic and molecular entity (Tang
et al, 2009). As Bader charge analysis utilizes the gradient of charge
distribution, which is grid-based in VASP, a high-resolution grid
between elements is necessary in charge-density calculations to
reduce errors in Bader analyses. For the high-resolution grid,
VASP calculations were performed with the ‘Accurate’ setting for
PREC and the energy cutoff set to 420 eV, which is 1.5 times the
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energy cutoff used for the molybdenum pseudo-potential, to convert
the charge density on gas molecules with significant figures down to
two decimal places of fundamental charge.

Figure 1 shows the ground state configurations of gas molecular
physisorption widely studied and reported for MoS, gas sensing devices.
The NO, and NH; molecules are characterized as hole donors and
electron donors, respectively. Such gas molecular adsorbates affect the
trion peaks of photoluminescence (Tongay et al., 2013; Cho et al.,, 2015a),
indicating variations in the carrier density. The configurations shown in
Figure 1 were used to calculate the charge distribution. For charged
systems, the periodic image charge interaction should affect the charge
cluster confinement. Therefore, four different values of the supercell lattice
constant (L) were used to address the system size dependency of charge
distribution, as with L = 4a, 8a, 12a, 16a where a = 3.20 A is the lattice
constant of the MoS, unit cell.

The charge distribution was calculated before and after carrier
donation (Schwingenschlogl et al., 2010; 2011; Smith et al., 2017). The
charge transfer before carrier donation occurred locally in the dopant
complex, a region of adsorbate and nearby host elements. A weak
hybridization between nearby molecular orbitals rearranges the
The
magnitude of such charge transfer is only fractional, however.
More importantly, it does not contribute to electrical conduction

electron distribution resulting in shifting of charges.

because transferred charges are localized at the adsorbate complex.
The charge state of the overall system remains neutral because no
charge leaves the adsorbate and its surroundings. On the contrary,
when charge transfer happens between the adsorbate complex and the
electron reservoir of the system’s Fermi level, as in carrier donation,
the adsorbate complex becomes counter charged. By analyzing the
distribution of this counter charge in the adsorbate complex, we
investigated the formation of the counter charge cluster.

It should be noted that our interest is in charge distribution only,
not on the free energy of the charged system. Addressing free energy of
the various charge states of a dopant system often assumes a single
isolated dopant in an infinite host, which requires corrections of
various supercell artifacts (Van de Walle and Neugebauer, 2004;
Persson et al., 2005; Lany and Zunger, 2008; Freysoldt et al., 2009;
2014; Alkauskas et al., 2016). For 2D charged systems of slab and
surfaces, the methodological consensus is still being sought after
regarding the correction of even stronger coulomb self-interactions
through a vacuum (Komsa and Pasquarello, 2013; Komsa et al., 2014;
Freysoldt and Neugebauer, 2018; O’Hara et al.,, 2019; Rutter, 2021).

3 Results with discussion

As outlined in the Introduction section, the molecular doping via
gas molecular physisorption goes through processes of adsorption and
charge-state transition. Adsorption is a local event, while the transition
in the charge state of the adsorbate is a process depending on the Fermi
level of the host. Each process is accompanied by charge transfers with
different characteristics and magnitudes, which are discussed
separately in the following sections.

3.1 Adsorbate complex formation

First, we discuss the local charge transfer upon adsorption. As gas
molecules approach the MoS, substrate, weak hybridizations between
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molecular orbitals result in redistribution of electrons among the
elements belonging to the physisorbed gas molecules and the substrate
atoms near the adsorption site, satisfying the difference in electron
affinity among elements involved in the specific adsorbate
configuration. Quantitatively, the redistribution in electron density

(Ap) upon adsorption can be expressed as follows:
Ap(;) = p(;; MoS, + mole) - {p(;; MoSZ) + p(;; mole)}, (1)

where p(;; MoS; + mole) is the electron density at position 7 after
adsorption, while p(MoS,) and p(mole) are electron densities of the
MoS, substrate and the gas molecules (mole) when widely separated.
The charge transfer during this adsorption process is a redistribution
within the system without any charge leaving or entering the system.
Therefore, the overall charge state of the adsorbate system is neutral:
j drAp = 0. Figure 2 shows such a redistribution with charge density
iso-surfaces for the adsorption of NO, and NHj.

Applying Bader charge analysis to Ap (r), we identified the amount of
charge transfer between the gas molecular adsorbate and the substrate
atoms near the adsorption site. In our calculations, roughly 5% of the
fundamental charge is shifted toward NO, from the substrate, while a
similar amount of charge is shifted away from NH; toward the substrate.
Although the amount of shifted charge may vary slightly depending on
the level of theory and the charge analysis method adopted in DFT
calculations, the magnitude is only fractional and minuscule in other
reports as well (Leenaerts et al., 2008; Yue et al,, 2013). What should be
noted is that the fractional charge, either positive or negative, shifted to the
adsorbent is spatially localized and confined to the region proximate to the
adsorbate, rendering a small yet finite charge dipole or polarization in the
region around the adsorbate.

More often than not, the direction of this polarization is
qualitatively associated with the experimental categorization as to
whether the gas molecule is an electron donor or an acceptor (Yue
etal, 2013; Wang et al., 2019). However, this is only coincidental and
situational because of the following reasons. First, the transferred
charge is not free to be conducted because it is spatially localized near
the molecular adsorbate. Second, the amount of charge transferred is
fractional, representing only a few percent of the elemental charge,
while the photoluminescence spectroscopy data are consistent with
integer charge carrier doping with a trion peak (Cho et al,, 2015a).
Such minuscule amounts of fractional charge are thought to
accumulate into integer charges when combined from an ensemble
of dopants (Tongay et al., 2013). However, such arguments could be
realized only if the transferred charge resides in the delocalized band
or metal where charges are free to move and gather. Third, the
direction of polarization depends on the adsorbate configuration,
which contradicts the standard doping model where the doping
property is independent of the adsorbate configuration (Leenaerts
et al., 2008). Fourth, this hypothesis assumes that the carrier donation
should happen between the gas molecule and the nearby adsorbent
atoms. As observed in the counter charge cluster formation model, it is
not the donor alone but a cluster of atoms including the donor and
nearby host atoms that donates the carrier (Schwingenschlogl et al.,
2010; 2011).

In the charge transfer depicted in Figure 2, the charge state of the
whole system remains neutral because there is no change in the total
number of electrons in the system. Actually, what we observe from the
charge redistribution in Figure 2 is the formation of an adsorbate
complex encompassing the adsorbate molecule and proximate
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adsorbent atoms affected by the adsorbate, which has little to do
with charge carrier doping. As we refer to an analogical charge
transfer, which is both fractional and local, a similar dopant complex
formation can be identified in conventional silicon doping despite the
difference in chemical bonding. When a group III or IV dopant atom
substitutes for a silicon atom in the silicon lattice, the dopant atom forms
multiple covalent bonds with nearby silicon atoms. Due to differences in
the electronegativity between silicon atoms and the dopant atom, the
covalent bonds of the silicon—-dopant pair become polar with a fractional
shifting of charges. However, this fractional rearrangement of charge
distribution near the dopant atom has nothing to do with carrier doping
resulting from the charge transfer between the dopant complex and the
delocalized conduction or valence band of the lattice. For example,
although both boron and gallium are p-type dopants in a silicon lattice,
the polarity in the polar-covalent bonds in the boron-silicon pair and
the gallium-silicon pair are opposite to each other because boron is
more electronegative than silicon, while gallium is less electronegative
than silicon (Schwingenschlogl et al.,, 2010). The direction of polarity in
the polar-covalent bond involving a dopant atom may agree or disagree
with the actual doping property of the dopant, which is only
coincidental.

3.2 Counter charge cluster formation

The standard molecular doping model describes the energetically
favored charge transfers between HOMO (or LUMO) of the molecular
adsorbate dopant and the Fermi level of the hosting material as
electron reservoir (Peng and Cho, 2000; Wehling et al., 2008; Park
et al,, 2019). The charge carrier, whether it is an electron or a hole
donated by the molecular adsorbate to the hosting material, should
participate in the electrical conduction in the host, while the counter
charge of the carrier remains on the adsorbate dopant. Assuming
charge transfer between the dopant and the Fermi level of the host
(Schwingenschlogl et al., 2010; 2011; Smith et al., 2017), we calculated
the distribution of counter charges in the supercell of MoS, with
molecular adsorbate. The counter charge distribution indicates the
domain of the cluster from which the charge carrier is donated.

If the Fermi level of the system is near the delocalized conduction
or valence band of MoS,, the charge transfer between the molecular
adsorbate and the Fermi level will donate free carriers for band
conduction in the hosting lattice. However, as hopping conduction
is often reported as the major conduction mechanism in 2D TMDC
thin films (Qiu et al., 2013; Xue et al., 2019; Kovtun et al., 2021), we
assumed that charge transfer happened between the molecular
adsorbate and other defect sites near the Fermi level. The
transferred charge would conduct electricity through hopping along
the percolated path of defect sites (Shklovskii and Efros, 1984). To
address the counter charge distribution on the molecular adsorbate
after carrier doping, we subtracted the electron density of the
adsorbate system (MoS,+mole) in the neutral charge state p’l&‘(’)lsel (;; q=
0) from the electron density of the same system in the counter-charged
state: pﬁglsez (r; q=q'), where q' is the counter charge of the donated
carrier in units of elemental charge localized on the adsorbate:

Apiee (riq=q') = pice (rig =q') - pice (riq =0). ()

For the p-type dopant of the NO, molecular adsorbate, Figure 3

shows the counter charge distribution, Apg&z (r;q = -1). The
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NO3 on 12 x 12 supercell of MoS2

FIGURE 3

Distribution of added electrons in the NO, adsorbate complex.
Isosurfaces are rendered in different shades of blue at the;zthree different
values of: ApN2 (F;q = 1) =13.5,6.75,3.375 [x 1073 e/A]. (A) A 4 x 4
supercell of MoS; is used. The atomic configuration is identical to

that in F'\gyzre 1B. Coupter charge densityp\garies in the range of
-0.074 e/A” < App%, (r;q = -1) <0.236 e/A”. (B) A 12 x 12 supercell of
MosS; is us)ezd. Counte[ charge density va(ises in the range of

-0.047 e/A’ < Apmggz (r;q =-1)<0.162 e/A”. The color scheme of the
sticks is as follows: Mo (purple) and S (yellow).

added electron is distributed over a tightly bound cluster composed
of NO, and nearby host atoms of MoS,. It should be noted that the
cluster is well centered on NO, as its shape depends little on
changes in the MoS, supercell dimensions. Figure 5A shows that
the characteristic size of the counter charge cluster is well defined as
the counter charge density in MoS, shows an exponential decay
with distance from NO,.

The n-type doping of NHj; involves an electron transfer from a
cluster surrounding NH; to the Fermi level of MoS,. Figure 4 shows
the distribution of counter charge, Apﬂlggz (; q = +1), from where
the donated electron left the adsorbate. Although the counter
charge distribution is centered on NH;, it is not as strongly
bounded as in the case of NO,. Along with the increase in the
lattice constant of the MoS, supercell, the spatial extent of the
counter charge distribution also expands. Figure 5B shows the
semi-localized nature of the counter charge cluster on NH;. The
counter charge density in MoS, is higher near NHj as it is localized,
but then it slowly decreases with distance from the adsorption site.
The distribution is a strong function of the system size without any
characteristic length definable as it is delocalized. The maximum
counter charge density decreases as the counter charge spreads out
further with increasing system size.
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FIGURE 4

Distribution of added holes in the NHz adsorbate complex. (A)

A 4 x 4 supercell of MoS; is used. The atomic configuration is
identical to that of Figure 1D. Isosurfaces are rendered in dark,
medium, and light shades of red, at three different values of
Appte, (F;q = +1) = -13.5,-6.75,-3.375 [x 10 5e/A’]. Counter charge

density varies in the range of —0.081 e/A’ < Appe, (7 = +1) < 0.027 elA”.

(B) A 12 x 12 supercell of MoS; is used. The three different density values for

the isosurface are Ap\g (r:q = +1) = -2.70,-1.35,-0.675 [x 10 SelA’).

NH3
MoS;

(7; q =+1)<0.0034 e/Az. The color scheme of the sticks is as follows: Mo

Counter charge density varies in the range of —0.0095 e/A’ < Ap

(purple) and S (yellow).

From Bader charge analysis, which specifies the amount of
counter charge assumed by the gas molecule itself, we can
estimate the Fukui index (f,,_) of gas molecular adsorbates as
follows:

f+ (NO;) = Quo, (N + 1) = Qno, (N), (3)
f-(NH;) = Quu; (N) = Qi (N = 1), 4)

where Qp01e(N) is the charge on a gas molecule when N is the
number of electrons in the system at neutral charge state. The Fukui
index estimates the electrophilicity (f,) of NO, and the
nucleophilicity (f-) of NH; when the system is charged with
additional or a reduced number of electrons (Geerlings et al,
2003). Figure 6 and Table 1 show that the electrophilicity of the
NO, molecule converges to around 0.25 with increasing system
size, while the remaining 75% of electron is distributed over the
MoS, atoms in the cluster. However, the NH; molecule shows a
nucleophilicity that diminishes as the system size increases. The
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FIGURE 5

Line profile of counter charge density in MoS, against the distance
from the molecular adsorbate. The density is followed on the AB plane of
MoS, along the direction of A+ B. The coordinate of the probing line
along the C direction is at the position of the Mo atom. The distance

(D) is measured from the nitrogen atom’s AB planar coordinate. Refer
Figure 1 for lattice vectors A, B, and C. (A) p-type doping of NO,. The line
density profile of the additional electron is calculated for three different
supercell sizes. The color schemes are identical to that of (B). The density
exponentially decays with distance except in the boundary region. The
purple line is a trend line of exponential decay with a characteristic
length of 7.4A (B) n-type doping of NHz. The line density profile of the
hole added is calculated for NHz physisorbed to a MoS, supercell. Line
colors differentiate the supercell lattice constant L = 8a, 12a, 16a, where
a is the lattice constant of the MoS, primary unit cell, 3.197A. Although
the density is higher near the NHz adsorbate, a considerable portion of
the counter charge is delocalized. The counter charge density does not
feature a characteristic decay length.

amount of counter charge residing on the NH; molecule becomes
negligible for an isolated NH; adsorbate.

Although the subject of counter charge clusters is a rare topic
in the literature of molecular doping, there are multiple scenarios
of possible effects of counter charge distribution and localization
on charge carriers. The electrostatic interaction between the
carrier and its counter charge is central to the activation and
transient recombination of the carrier. The interaction between
counter charges is another subject deserving of attention as its
screening would affect the surface density of the activated
dopants. Not only the carrier density but also the mobility of
the carrier depends on counter charge distribution; the spatial
dimension and strength of localization of the counter charge
clusters will generate the interaction potential landscape which
the carrier has to navigate through. Considering the stronger 2D
coulomb interaction rendering short exciton lifespans of a few
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TABLE 1 Fukui index of molecular adsorbates.

System size  Electrophilicity of NO, = Nucleophilicity of NH3
(L/a) f.(NO,) f_(NH53)
4 39 (4) 07 (4)
8 31(9) 02 (7)
12 24 (8) .01 (0)
16 25 (2) -.00 (1)
1
e o ° °
0.1} e
ki -
0.01 | [
- f,(NOy e
f(NHy) m
0.001
0.01 0.1
1L AT
FIGURE 6

Fukui index of gas molecular adsorbates. Values from Table 1 are
plotted. The solid blue line (~ L™?) is shown for reference and not as a
trend line.

nanoseconds (Palummo et al,, 2015; H-L et al., 2020), the
influence of counter charge distribution on the efficiency of
carrier doping deserves greater attention from the research
community.

NO, and NH; are gas molecules with opposite doping
characteristics most frequently adopted in testing gas sensor
application of layered MoS,. Based on the counter charge
cluster formation upon carrier donation, NO, fits the physical
picture of the standard doping model quite well, rendering a
spatially well confined cluster of counter charge localized on
NO,. In contrast, NH; forms only a semi-localized cluster of
counter charge centered on the molecule. It is noteworthy that
these two gas molecules with vast differences in doping efficiency
feature counter charge clusters of qualitatively distinguishable
characteristics.

4 Conclusion

Gas sensor devices based on two-dimensional layered transition
metal dichalcogenides feature desirable properties such as high
The
mechanism is based on the change in charge carrier density upon

sensitivity and room temperature operation. sensing
gas molecular adsorption. MoS, gas sensors show an order of
magnitude higher sensitivity toward NO, over NH; (Cho et al,
2015a; Hau et al, 2021). For the case of charge carrier doping
from gas molecular physisorption, the counter charge cluster
formation was

investigated using density functional theory
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calculations of charge density. The standard doping model assumes a
delocalized charge carrier with a localized counter charge at the
dopant, which accords well with the p-type dopant molecule, NO,.
A quarter of an elemental charge is physically distributed on the NO,
molecule, while the remaining portion of the elemental charge is
distributed over the hosting MoS, within the counter charge cluster.

The nature of the positive counter charge clusters formed by NH;
upon electron donation is very different. Although the distribution of
the counter charge is centered around the NH; adsorbate, the cluster is
only semi-localized and does not have a definite size. The amount of
actual counter charge possessed by NH; molecules is actually
negligible as most of the counter charge is assumed by host atoms
in the cluster. Although the effect of counter charge distribution on
carrier dynamics and doping has not been systematically studied, it is
conjectured that the wider distribution of semi-localized counter
charge may hamper the sensitivity of gas sensors by reducing the
carrier mobility through an enhanced scattering cross section and also
by promoting transient recombination with the delocalized carriers.
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