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ABSTRACT

New artificial in-plane heterojunctions based on two-dimensional transition metal
dichalcogenides fabricated in recent reports are considered to be able to offer great
scope for applications. Here, we study by first principles calculations the adsorption
of CO, H,0, NH3, NO, and NO: gas molecules on the MoS2/WS; heterojunction. We
have determined the optimal adsorption positions and the adsorption strength, which
is driven by charge transfer between the molecules and the heterojunction. Except
NHs, which performs as the charge donor, all the other studied molecules act as charge
accepters to the heterojunction. The charge transfer mechanism has been discussed by
analyzing the electronic structure of the molecules and the heterojunction. Further
calculations show that the molecule adsorption significantly affects the electronic
transport properties of the heterojunction. Both the rectification behavior and the
value of the passing current can be altered by adsorption, and such sensitivity to
adsorption makes the heterojunction a superior gas sensor that promises wide-ranging

applications.

Keywords: First principles; MoS2/WS: heterojunction; Gas adsorption; Electronic

structure; Electron transport
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1. INTRODUCTION

Graphene, a two dimension (2D) material, has drawn a significant attention due to
its peculiar physical properties and potential applications'. However, the zero band
gap nature of graphene limits its applications in logic electronics. Therefore, a great
deal of effort has been made to search for 2D alternatives as replacements*®.
Transition metal dichalcogenides (TMDs), such as MoS,, WS,, have attracted great
interests because of its intrinsic band gap and their superior optoelectronic
properties’™. The presence of a band gap makes them to be promising candidates for
future electronic devices and allows them fabricated as transistors that can be tuned
and used as switches, logic circuits and amplifiers'®'2. For instance, it was reported
recently that a field-effect transistor (FET) constructed by monolayer/ few-layer MoS:
possesses a room-temperature current with an on/off ratio exceeding 10% and mobility
0of 200 cm?V~1s71.13

In parallel with the study of the isolation of TMDs materials, in-plane
heterojunctions consisting of two TMD monolayers stitched together have also gained
much attention. Previous theoretical studies has revealed that some TMD monolayers
and their heterojunctions can align their band structures to be suitable for potential
applications in spontaneous water splitting, photovoltaics, and optoelectronics'+'s.
Recently, in-plane heterojunctions including MoS2/WSz, MoSe>/WSe> and WS>/WSe»
have been fabricated by means of chemical vapor deposition (CVD) ®1°, These
heterojunctions greatly enhances localized photoluminescence and can be served as
intrinsic monolayer p-n junctions with rectification ratios as high as two orders of
magnitude. Further electrical transport measurements demonstrated that the
heterojunctions could be used to create complementary inverters with high voltage
gain.

2D TMDs are suitable for FET sensor applications to detect environmental
pollution due to their large surface-to-volume ratio®2>. Both theoretical and
experimental investigations have demonstrated that the monolayer MoS, and WS>

sheets are sensitive detectors for NH3, NO, NO, gas molecules?*3. This utilization is
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mainly based on the change in the resistivity due to molecules adsorption, where
charge transfer occurs at the molecule-substrate interface. It is expected that the
electrical resistivity and rectification effect of the lateral TMD heterojunctions would
be affected by molecules adsorbed especially on their in-plane interface. Hence, it is
desirable to explore and establish the trends and rules of gas molecule adsorption on
heterojunctions which can be used as high-efficiency sensors, and distinct
characteristics of the influence of the molecules on transport behavior.

In this paper, we carried out first principles calculations for the CO, H.O, NH3, NO
and NO: molecules, adsorbed on the in-plane MoS2/WS; heterojunction. Their
preferential binding configurations were identified and the charge transfer mechanism
is revealed. We also examined the response of electron transport properties of the
heterojunction upon the molecular adsorption. This response might be utilized as

potential gas sensors.

2. COMPUTATIONAL DETAILS

All the electronic structure calculations were carried out based on density
functional theory (DFT) with the projector-augmented wave (PAW) method, as
implemented in the Vienna ab initio simulation package (VASP) 3!. The generalized
gradient approximation (GGA) * functional of Perdew, Burke and Ernzerhof (PBE) is
used to approximate the exchange and correlation interactions. The van der Waals
(vdW) correction proposed by Grimme (DFT-D2)* is chosen to describe the
long-range interaction. The local density approximation (LDA) is also adopted in
some calculations for comparison. A cutoff energy of 400 eV for the plane-wave basis
set and a Monkhorst-Pack mesh of 4x6x1 for the Brillouin zone integration were
employed. A vacuum layer larger than 15 A is used to avoid interaction between
neighboring images. All the structures were fully relaxed by using the conjugate
gradient method until the maximum Hellmann-Feynman forces acting on each atom is
less than 0.02 eV/A. Spin polarization was included in the calculations of the
adsorption of NO and NO: since these molecules are paramagnetic but not considered
in other calculations. By means of Bader analysis, charge transfer between the

4
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monolayer substrate and the adsorbate is obtained.

Electron transport properties are computed of the optimized structures using the
nonequilibrium Green's function (NEGF) method implemented in the TRANSIESTA
program®*. The current through the system is calculated according to the
Landauer—Biittiker formula:

=G, [TEV)f,(E)- fo(ENAE
where Go=2¢?/h is the unit of quantum conductance, T(E,V) is the transmission
coefficient at energy £ and the bias voltage V, fi(E) and fr(E) are the Fermi
distribution functions respectively at left and right electrodes. The k-point samplings
for the transmission spectra calculations are respectively 1, 100, and 100 in the x, y, z
directions.

To evaluate the stability of the adsorption of gas molecules on the heterojunction,

the adsorption energy is defined as

E =E

gas/ heterojunction

~E, —E

heterojunction

where Egus, Eneterojunction and Egas/neterojunciion are the total energy of the gas molecule,
heterojunction and the absorbate-substrate system, respectively. A negative value
indicates the adsorption of gas molecules on the surface of heterojunction is

energetically favorable.

3. RESULTS AND DISCUSSION

To model the in-plane MoS2/WS: heterojunction, a supercell with Ilattice
dimensions of 33.061 A x 9.542 A is used (Figure 1), this supercell consists of two
individual MoS; and WS: grains stitched along the zigzag direction, which has been
observed previously by Gong!® et al. The gas molecules were placed on different sites
near the interface of the heterojunction, followed by fully relaxation of the adsorption
configuration. We present two most stable configurations of each molecule adsorption
except NHs in Figure 1. The corresponding adsorption energies (E.), equilibrium
height (d), and charge transfer (4Q) upon adsorption calculated with LDA, GGA and
PBE+D2 are listed in Table 1. The equilibrium height is defined as the vertical
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distance between the lowest atom of the gas molecule and the top S-layer of the

heterojunction.
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Figure 1. Top (left panel) and side view (right panel) of the favorable configurations
for (a)CO, (b)H:0, (c)NH3, (d) NO, and (e)NO: on the heterojunction, respectively.

As previously mentioned, GGA functional cannot account for long-range electron
correlation effects and they tend to underestimate weak interactions such as vdW
interactions. A pragmatic method to work around this problem has been given by the
DFT-D2 approach??, which has been previously applied for weak interacting systems
finding a good agreement of the theoretical results with the experimental ones®* .
Indeed, all these adsorption energies are significantly increased when the vdW
interactions are included, but small changes are found in distances and charge transfer
values, as can be seen from Table 1. Different from GGA functional that

6
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underestimates the adsorption energy, LDA functional usually has a tendency to
overestimate it. As listed in Table 1, the adsorption energies obtained by using LDA
functional are even larger that using PBE+D2 method, due to error cancellation
between exchange and correlation effects®®. Meanwhile, LDA calculations predicted
shorter distances and higher charge transfer values compared with GGA and PBE+D2
results. Since both LDA and GGA cannot capture the van der Waals (vdW)
interactions in weakly bonded systems, the following discussions about the adsorption

properties are based on the PBE+D2 calculated results.

Table 1. Calculated adsorption energies of the molecules studied with LDA, PBE and
PBE with vdW correction.
Model | Site LDA GGA-PBE PBE+D2

Ea d AQ Ea d AQ Ea d AQ
(eV) A) (e) (eV) A) (e) (eV) A (e)
CcO Tmo | -0.1201 | 2.8257 | -0.0134 | 0.0087 | 3.2351 | -0.0094 | -0.0901 | 3.2353 | -0.0095
Tw | -0.1185 | 2.8774 | -0.0111 | -0.0017 | 3.4805 | -0.0071 | -0.0875 | 3.4809 | -0.0072
HO Hwmo | -0.2281 | 2.2161 | -0.0235 | -0.0355 | 2.5635 | -0.0165 | -0.1527 | 2.5346 | -0.0165
Hw | -0.2401 | 2.2052 | -0.0116 | -0.0351 | 2.7989 | -0.0119 | -0.1555 | 2.5878 | -0.0154
NHs Hp | -0.1864 | 2.7075 | 0.0427 | -0.0286 | 2.9638 | 0.0234 | -0.1585 | 2.9587 | 0.0233

NO Tmo | -0.2169 | 2.2240 | -0.0031 | -0.0219 | 2.9083 | -0.0050 | -0.1224 | 2.9060 | -0.0253
Tw | -0.1870 | 2.4269 | -0.0112 | -0.0103 | 2.8988 | -0.0038 | -0.1196 | 2.9002 | -0.0040
NO2 Tmo | -0.5509 | 2.4097 | -0.1132 | -0.0103 | 2.9361 | -0.0540 | -0.1614 | 2.8932 | -0.0546
Tw | -0.5431 | 2.5222 | -0.1093 | -0.0283 | 3.3439 | -0.0336 | -0.1525 | 3.2135 | -0.0405

The calculated results indicate that the CO and NO prefer to locate at the on-top
site of the transition metal atoms. H>O is stably adsorbed on the hollow site with two
hydrogen atoms pointing toward the surface whereas the oxygen atom resides close to
one of the transition metal atoms. The NH3 molecule also prefers to adsorb at the
hollow site with the nitrogen atom pointing to the surface. For NO; molecule
adsorption, the two stable configurations are different, one with NO> located at the
on-top site of the Mo atom and in the other configuration it is adsorbed at the hollow
site with one oxygen atom close to the W atom. In addition, we observed that the
adsorption of CO, NO and NO> molecules are more stable as close to Mo atom than

those close to W atom, although the discrepancies of the adsorption energies are small
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(less than 6%). However, for HO molecule, the adsorption configuration near W
atom (-0.1555eV) is more stable compared with that near Mo atom (-0.1527¢V).
There is only one stable configuration for NH3 adsorption, in which the NH3 molecule
locates at the center of the puckered honeycomb, with adsorption energy of -0.1585
eV. It is worth to note that CO adsorption is the weakest while other molecules exhibit
much stronger adsorption energies, especially NO2, which has the largest adsorption
energy (-0.1614 eV) among the gas molecules studied in the present work. This
indicates that the heterojunction is more sensitive to NOz, which is similar to the
previous results for gas molecular adsorption on graphene and MoS,?! 3.

Bader charge analysis is performed to examine the charge transfer upon adsorption.
It is found that most molecules studied are charge acceptors with 0.007 ~ 0.055e
transferred from the heterojunction, except NH3 behaves as a charge donor, providing
0.0233e to the heterojunction. The amount of transferred charge can be correlated
with the adsorption energy and the adsorption distance. Strong charge transfer usually
corresponds to higher adsorption energy and shorter adsorption distance for the same
molecule adsorbed at different positions of the heterojunction. These results are
similar to the previous reports on the adsorption of gas molecules on graphene?' and
carbon nanotube®’, where the gas molecules also behave as either charge acceptors or
donors. Recently, in situ photoluminescence measurements also confirmed the donor
and acceptor nature of NH3 and NO: adsorption?. The charge transfer between the
molecule and the heterojunction is expected to have a great impact on the electronic
and transport properties of the heterojunction.

Besides the gas molecules adsorbed on the interface of the heterojunction, the
adsorption energies of the molecules away from the interface are also calculated with
different functionals as shown in Figure 2. It can be seen from Figure 2 that both LDA
and GGA-PBE calculations indicate the molecules adsorbed on the interface are more
stable than those on the region away from it. As the vdW interaction involved, the
most favorable adsorption sites shift to WS, region. We should notice that the
molecules adsorbed on WS> have different adsorption strength comparing with those
on MoS». This asymmetric adsorption energy may cause the nonuniform distribution

8
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of the molecule on the heterojunction, which probably also have great influence on
the electronic and transport properties of the heterojunction. However, further
discussions upon this point are out of the scope of present paper, where we will

concentrate on the case of the molecule adsorbed on the interface.
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Figure 2. The adsorption energies of the molecules adsorbed on different positions of
the heterojunction with different functionals.

In the following part, we shift our focus on the effects of gas adsorption on the
electronic properties of the heterojunction. We carried out non-spin polarized
calculations for nonmagnetic molecules CO, H>O, and NH; and spin polarized
calculations for paramagnetic molecules NO and NOz. The corresponding density of
states (DOS) of the most stable configurations and the positions of important
molecule orbitals are displayed in Figure 3. The adsorption of nonmagnetic molecules
CO, H>0, and NH3 does not substantially affect the valence or conduction band of the
heterojunction near the Fermi level (Figure 3 (a)-(d)). This can be attributed to the fact
that the positions of these molecules’ orbitals are far away from the Fermi level,
which only hybrid with deeper states. The mixing orbitals cause the charge transfer
between the molecules and the heterojunction, but produce no noticeable

modifications of the DOS near the Fermi level.
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Figure 3. Total DOS of heterojunction (a) with each gas molecule adsorption (b) CO,
(c)H20, (d)NH3, (e¢) NO and (f)NO:. The blue dotted lines show the positions of the
molecular orbitals. The Fermi level is shifted to zero indicated by the black dashed
lines. (g), (h) show the spatial spin density distribution on NO and NO: molecules.

The adsorption of paramagnetic molecules NO and NO:> introduces new states near
the Fermi level. For NO absorption (Figure 3(e)), the total magnetic moment is -1.0
us. A spin-down impurity state derived from the lowest unoccupied molecular orbital
(LUMO) of NO appears at the Fermi level. Since charge transfer occurs when the
energies of the valence (conductance) band of the substrate match the LUMO
(HOMO) of the molecules. In the case of the molecular HOMO is higher than the
substrate Fermi level, charge transfers from the molecule to the substrate, and charge
transfers in the opposite direction when the molecular LUMO is lower than the
substrate Fermi level. Charge transfer is also affected by the mixing of the molecular
HOMO/LUMO with the substrate states. We note that the LUMO (2mx,]) of NO is
located 0.2 eV below the substrate Fermi level. As the consequence, charge transfers
form the heterojunction to the molecule. Adsorption of NO2 on the heterojunction
(Figure3(f)) leads to a magnetic moment of 1 up, and the Fermi level shifts
downwards to the top of the valence band, indicating a hole doping to the
heterojunction. The charge transfer from the heterojunction to the molecule can be

11
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caused by the orbital mixing especially the highest occupied molecular orbital
(HOMO) (6a1, t ). However, we also notice that the LUMO (6ai, |) is located at 0.4
eV above the Fermi level, which cause some charge transfer in the opposite direction.
The latter charge transfer is relatively weaker and these two effects in total lead to a
net charge transfer from the heterojunction to the molecule. The real space
distribution of the spin density depicted in Figure 3(g) and 3(h), respectively, illustrate
that the spin-polarized electrons are mainly located at the NO or NO2 molecules in
both cases.

Although the adsorption of CO, H>O, and NH; does not substantially affect the
electronic structures of the heterojunction, the charge transfer upon adsorption is
expected to vary the electron transport characteristics due to hole or electron doping.
These effects are potentially applicable as gas sensors. In order to explicitly evaluate
the performance of the heterojunction as a gas sensor, a two-probe system, as shown
in Figure 4 (a), where two semi-infinite electrodes are connected with the central
scattering region, is employed to calculate the electron transport properties at
nonquillibrium conditions. The corresponding current-voltage (I-—V) characteristics
and their response upon gas molecule adsorption are examined. We selected two
representative cases of gas adsorption on heterojunction (NH3, non-spin-polarized;

and NOa2, spin-polarized in our electron transport simulation.
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Figure 4. (a) Two-probe systems where semi-infinite left and right electrode regions
are in contact with the central scattering region, the upper panel is top view, while the
lower one is side views. (b) and (c) The I-V curve of the heterojunction without and
with NH3 adsorption, respectively. The rectification ratio R(V) is shown in the insets.
(d) and (e) The I-V curve of the heterojunction without and with NH3 adsorption in
positive and negative bias region, respectively. (f) Transmission spectra in 0 V and +
2.2 V. The blue dashed lines indicate the bias window for the transportation.
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The I-V characteristic of the bare heterojunction is shown in figure 4(b). The
junction remains switched off for bias voltage below 2.0 V, and switched on above. As
the bias voltage further increases, we noticed that the current through the
heterojunction in positive bias region is larger than that in the negative bias region,
implying a good rectification character. This asymmetric feature of the I-V curve is
quantified by a rectification ratio defined as R (V) =[I (V)/I(—V) |. We found that the R
for the heterojunction at 2.2 V is 90 which is close to the experiment result'® where
the current at positive bias is two orders of magnitude higher than the reversed. It is
interesting that, when NH3 is adsorbed on the junction, the rectifying direction is
inversed, as shown in figure 4(c). Moreover, the rectifying effect is greatly improved
upon NH3 adsorption, with a rectification ratio of ~190. However, the current of the
heterojunction with NH3 is significantly decreased compared with that without NH3 in
the positive bias region (figure 4(d)). The reduction of current indicates the increase
of resistance after the NH3 adsorption, which can be directly measured in the
experiment. While an opposite trend of current change is displayed in the negative
bias region (figure 4(e)). We notice that the decreased current value in the positive
bias is much larger than the increased value in the negative bias, which implies that
the heterojunction response to NHj is rely on the bias direction.

To understand the effect of NH3 adsorption on the transport properties, we consider
the bias dependent transmission spectra of the heterojunction with and without the
NH; adsorption. Figure 4(f) shows the transmission spectra at 0 V and + 2.2 V. We
start from the case of zero bias. It is seen that there is a region of zero transmission
around the Fermi level with a width of 1.6 eV, which is near the value of the band gap
of the heterojunction. Beyond this region, it is clear that the transmission ability
decreased below the Fermi level especially in the region of around —1.5 eV and
increased slightly above the Fermi level by the NH3 adsorption. We consider that the
reduced and increased transmission abilities have contribution to the reduction and
increment of passing current under the positive and negative bias, respectively. When
the bias is applied, the current is mainly attributed to the transmission coefficient
around the Fermi level within the bias window. For the transmission spectra of the

14
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heterojunction under the bias 2.2 V, the nonzero transmission peak emerges around
the Fermi level and naturally leads to much larger current. However, the peak is
vanished due to NHj3 adsorption, which results in no transmission under the bias
window and largely lessens the current. Contrary to the transmission spectra under the
positive bias, there is no transmission peak near the Fermi level for the heterojunction
under the negative bias. Nevertheless, some faint transmission peak exists near the
Fermi level as the NH; adsorbed on the heterojunction, which causes the occurrence
of the current.

The adsorption of paramagnetic molecules NO and NO; on the heterojunction
induce spin polarization as indicated above, which leads to spin-polarized current. We
take heterojunction with the NO; adsorption as a representative example to explore
the spin-dependent transport and the I-V curve. The spin-polarized -V curves for the
heterojunction with the NO; adsorption are presented in figure 5 (a). It should be
noted that the rectifying directions for both spin-up and -down current are not
changed by NO; adsorption and the largest rectification ratio at 2.4 V is 123 and 119,
respectively. However, it decreases the spin current in two directions: for example, the
current of the heterojunction under the positive bias is 1.4 pA, with the adsorption of
paramagnetic NO», the spin-up and —down current is decreased to 0.24 and 0.59 pA,
respectively. The current decline is probably because the NO; adsorption introduces
backscattering centers that reduce the electron transmission ability. The evolution of
the transmission spectra under bias is also plotted in Figure 5 (b). It is clear to see that
the transmission peak exits under the positive bias but disappears under the negative
bias, which efficiently controls the passing current and leads the rectifying behavior.

From above discussions, we can see that the molecule adsorption has a great impact
on the electronic transport properties of the heterojunction. The changes of the
resistance and rectifying behavior are expected to make the heterojunction a good
candidate for the gas sensing application. Here, we only consider the lateral
heterojunction with a zigzag interface but not involved that with armchair interface,
which also have been observed in the experiment. Moreover, the asymmetric doped
by the transition metal existed in two sides of the heterojunction is also found in the

15
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experiment and its effect on the molecule adsorption and transport properties will be

discussed in further work.
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Figure 5. (a) Spin-polarized -V curves of heterojunction with the NO: adsorption.
The rectification ratio R(V) is shown in the insets. (b) Transmission spectra in 0 V and
+ 2.2 V. The blue dashed lines indicate the bias window for the transportation.

4. CONCLUSIONS

In summary, first principles calculations have been applied to systematically study
the geometry, electronic structures, and electron transport properties of the MoS2/WS»
in-plane heterojunction with and without CO, H>0, NH3, NO, and NO; gas molecular
adsorption. Our results indicate that the heterojunction is sensitive to gas molecules
except CO and NO; which possesses the largest binding energy among the gas
molecules considered here. This behavior is attributed to the modification of the
substrate electronic structure and the charge transfer occurred upon adsorption.
Electron transport calculations suggest that the heterojunction possesses an
outstanding rectification character. The rectifying direction can be inversed by NH3
adsorption and the tunneling resistance can be greatly enhanced. The changes of the
resistance and rectifying behavior provide potential applicability for the junction used

as gas sensors.
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