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An extraordinary sensing ability of the SnP3-based single-material logical junction for harmful NO, gases was explored in the
present work through a set of first-principles electronic structure calculations. As a sensing platform, a metal-semiconductor-metal
lateral junction composed of a single material was designed based on the metallic/semiconducting characteristics of trilayer/
monolayer SnPs. Lacking a Schottky barrier at the electrode-channel interface, the gas-specific charge transfer between the SnP3
layer and gas molecules was precisely detected based on the current-voltage characteristics. NO, gases with strong adsorption
strength and charge transfer amount on the SnP3 substrate were shown to be particularly well detected in this manner, in terms of
either the absolute magnitude of the current or negative differential resistance (NDR) at a reasonably small bias voltage as a sensing
signal. This work will provide a new pathway to design a Schottky barrier-free metal-semiconductor junction for highly sensitive

sensor applications.
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INTRODUCTION

Industrialization and available means of transportation are
continuously increasing the amount of toxic gases, particularly
nitrogen oxides (NO,), in our environment'. Due to the
increasing demands on devices for indoor air quality control?,
flexible healthcare?, and gas leak detection®, the development of
high-sensitivity toxic-gas sensors is being actively pursued. Gas
sensors can be developed based on various principles, such as
semiconducting, catalytic combustion, electrochemical, and
gasochromic mechanisms®®. Among others, the semiconducting
mechanism is considered particularly promising due to its high
sensitivity and low manufacturing cost’”2,

Two-dimensional (2D) materials have been shown to be very
promising candidates for semiconductor-based gas sensors due to
their high surface-to-volume ratio and the exceptional ability to
modulate the electronic characteristics through doping and
functionalization®'3. Thus, a wide variety of 2D materials'*'®
with semiconducting properties have been investigated for toxic-
gas detection*®1°2', Along this line, various studies have
reported the fabrication of semiconducting-type gas sensors
using 2D material-based transistors'®2'-2*, While various 2D
materials and device geometries exhibit sensitivity to different
gas species, their working mechanisms commonly rely on
effective gating through the charge transfer between the 2D
materials and gas molecules adsorbed on them.

The basics of the charge transfer between various gas species
and novel 2D materials have been well investigated in many
simulation studies. Through theoretical studies, MoS,%?, C3Si'®,
boron-phosphorus?!, MoSe,?3, and WS,?* were suggested to be
excellent sensing materials for NO, and/or related gases. To
theoretically estimate the gas-sensing characteristics based on 2D
materials, the non-equilibrium Green’s function (NEGF) formalism
combined with density functional theory (DFT) simulations is
frequently adopted to obtain theoretical current-voltage (/-V)

curves. This is indeed a very impactful approach in estimating the
changes in electrical conduction induced by adsorption-induced
charge transfer. By considering the in-plane transport direction of
homogeneous semiconducting 2D materials as hypothetical
electrode-channel-electrode lateral junctions, variations in the
current magnitude due to gas adsorption have commonly been
reported. Interestingly, some studies have reported negative
differential resistance (NDR) as a characteristic signal of a target
gas within a hypothetical semiconductor-only junction, for
example, that based on a BP monolayer for NO, molecules?'?>2%,

However, directly translating the theoretical estimations of /-V
curves into the experimental -V characteristics is difficult due to
the Schottky barrier (SB) that arises at the interface between
metal electrodes and 2D materials. Since the formation of the SB
is inevitable when fabricating actual devices, the effective gating
of 2D materials due to gas adsorption modulates the SB
thickness rather than exhibiting the intrinsic /-V curves. Indeed,
the SB, which is formed when semiconductors (channels) are
brought into contact with metals (electrodes), has been noted as
a main bottleneck to large-scale application of 2D material-
based logical junctions?’. In fact, the considerable amount of
current dissipation at the channel-electrode interface causes, in
general, a great hindrance to realization of semiconductor-based
electronic devices.

To overcome this issue, the fabrication of SB-free metal-
semiconductor junctions is highly pursued?®-3'. Previously, redu-
cing the contact resistance via ion-implantation doping techni-
ques and the introduction of a semiconducting charge injection
layer have been reported®2. More recently, single-material devices
have attracted more attention since their semiconducting channel
and metallic electrodes that are constituted by the same material
in different phases overcome the complexity and current drop at
the electrode-channel interface. The most famous type along this
line is the lateral junction based on the semiconducting transition
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Fig. 1

Crystal structure, electronic band structure, and transport properties of single- and few-layer SnP3. Atomic structures of a 1L, b 2L,

and ¢ 3L SnP; models in a rectangular unit cell representation with lattice vectors a and b. Each individual layer is composed of two sublayers:
upper (green downwards arrow) and lower (blue downwards arrow) layers of Sn and P atoms. h;, hy, P, P,, Snq, and Sn, indicate the possible
adsorption sites. In the 2L and 3L models, the layers are stacked in the AB and ABC manner, respectively. d-f Corresponding band structures
where dashed lines indicate the Fermi levels (Ef). Intrinsic zero-bias tunnelling probabilities of the pristine g 111, h 222, and i 333 SnP;
junction models near the Fermi energy level (Ef). The details for the size of the junctions used to calculate transmission functions are
presented in Supplementary Fig. 1. Atom colour code: H-white, C-grey, O-red, N-blue, Sn—purple, and P-light purple.

metal dichalcogenide (TMDC) channel of the 2H phase and locally-
induced metallic 1T phase electrode of the same TMDC material®3.
However, the metastable nature of the 1T phase makes fabricating
reliable junctions at room temperature difficult.

More recently, 2D materials whose metallic/semiconducting
phases can be controlled by the number of vertically stacked
layers and SB-free logical junctions based on them have been
reported from the simulation point of view. Ghorbani-Asl
et al.3* proposed and simulated the transport properties of a
logical junction made of 2H-PdS, metallic multilayer electrodes
and a monolayer (1L) semiconducting channel. Due to the
weak van der Waals interaction between each layer of vertically
stacked 2D materials, the fabrication of PdS,-based homo-
geneous logical junctions can be easily realized. Additionally,
there has been emerging interest in such noble-metal materials
for gas-sensing devices:**73%. For example, Teng-Yu et al.>®
successfully synthesized a PtSe,-based gas sensor to detect
NO, gas®®. However, since the cost of noble metal-based
materials might be a bottleneck for commercial use, materials
with earth-abundant elements should be developed for
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layer-dependent control over metals/semiconductors. Along
this line, some previous works, including ours' %37, have
recently reported that SnP; and GeP; layered materials show
quantum confinement effects similar to those of PdS, and
PtSe,, with the 1L and bilayer (2L) being semiconductors and
multilayers being metals. Furthermore, recent successful
separation of SnP3 nanosheets using liquid-phase exfoliation
techniques® has motivated us to further investigate SnP; as a
potential single-material gas sensor.

In this work, we investigated from first principles the potential
of SnP3 single-material devices for gas-sensing applications
involving common pollutants: CH,, CO,, NH3, NO, and NO,. Based
on the adsorption energy and corresponding recovery time, we
divided the molecules into two categories: type A (non-NO,; CH,,
CO,, and NHs) with weak charge transfer and type B (NO,; NO and
NO,) with strong charge transfer. The electron transport proper-
ties were calculated using trilayer (3L) SnPs as electrodes and 1L
SnP; as the electron transport channel with respect to gas
adsorption. The device showed excellent selectivity for type B NO,
molecules. Different from the cases with type A molecules, the I-V
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Fig. 2 The most stable configurations and charge density differences of gas molecules on SnP; substrate. Top and side views of the
energetically most stable configurations of gas molecules of a type A and b type B adsorbed on 1L SnPs. Green and blue circles indicate the
NO, adsorption through N-P interaction and NO-induced distortions of Pg ring, respectively. The real-space visualizations of CDDs of c type A
(CH,4) and d type B (NO) cases that are shown to visually compare the absolute magnitude of CDDs between type A and type B. For the cases
of CO,, NH3, and NO,, see Supplementary Fig. 4. Green and red areas represent charge accumulation and charge depletion, respectively, with
an isovalue of 3 x 107* eA~3, Atom colour code: H-white, C-grey, O-red, N-blue, Sn—purple, and P-light purple.

characteristics were noticeably reduced with NO, adsorption.
More interestingly, we observed NDR for the NO molecule within a
reasonably small bias voltage range (~ 0.5V). Therefore, the
simulation results strongly suggest that SnPs is more sensitive to
NO, than to other gas species. Our results potentially open up a
new class of SB-free gas-sensing devices based on single materials
that directly utilize the gas-specific modulation of the intrinsic
transport properties of the SnP3 channel.

RESULTS

Structural and electronic properties of pristine single- and
few-layer SnP;

The atomistic models of pristine 1L, 2L, and 3L SnP5 are shown in
Fig. 1a—-c. The 1L SnP3 has a puckered structure with upper and
lower sublayers composed of Pg rings connected by Sn atoms
(Fig. 1a). Note that there are six distinguishable adsorption sites for
molecular adsorption on the SnPs surface by considering the
symmetry due to its peculiar structure: h; (centre of the Pg
hexagon), h, (centre of the P,Sn, hexagon), P, (top of the P atom
of the upper sublayer), P, (top of the P atom of the lower
sublayer), Sn; (top of the Sn atom of the upper sublayer), and Sn,
(top of the Sn atom of the lower sublayer). When forming the
multilayer, SnP5 stacks in an ABC ordering (Fig. 1b, ¢ for 2L and 3L
SnPs, respectively). Corresponding band structures are presented
in Fig. 1d-f and clearly confirms that 1L and 2L SnP; is
semiconducting while their 3L SnP3 counterpart is metallic, as
reported in previous works'>?’. Note that the primary origin of
semiconductor-to-metal transition in SnP; is the well-known
quantum confinement that increases the bandgap when decreas-
ing the number of layers in many 2D materials. Additionally in the
case of SnP3, just as in some other special 2D materials such as
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GeP;' and PtSe,3°4°, its bulk phase shows metallic characteristic
due to its particularly strong interlayer coupling energy: an
additional valency introduced by the replacement of every fourth
P atom with Sn enforces interlayer interaction'®*'. Thus, the
synergetic effect of strong interlayer coupling and strong
quantum confinement in SnP3 results in the layer-dependent
metal-to-semiconductor transition. Figure 1f, g, and i show the
intrinsic electron transport properties of pristine 1L, 2L, and 3L
SnPs, respectively, by considering each of them as hypothetical in-
plane “electrode — scattering region — electrode” junctions
(Supplementary Fig. 1). The models are labelled as 111-, 222-, and
333junctions for 1L, 2L, and 3L SnPs;-based homogeneous
junctions, respectively. Being consistent with the band structures,
the zero-bias limit (V= 0) of the electron transmission functions,
T(E, V= 0), indicates that 3L SnP3 shows gapless metallic electron
transport, while its 1L and 2L counterparts are semiconductors
with finite energy gaps. This indicates that 3L SnPs; can be
considered a good metal electrode, while 1L/2L SnP3; can be
adopted as a semiconductor channel.

Energetics and electronic structures of the gas-adsorbed SnP;
substrate

To determine whether the adsorption of distinct gas species
results in meaningful differences in the electronic structure of 1L
SnPs, five different molecular species, CH,4, CO,, NHs, NO, and NO,,
were considered (Fig. 2a, b). Note that the optimized molecular
geometries were obtained as those having minimal adsorption
energy (E,gs) (see Methods for details) after considering various
molecular configurations on all the possible adsorption sites
shown in Supplementary Figs. 2 and 3. Interestingly, the gas
molecules can be categorized into two types based on the E,4s
provided in Table 1: type A (CH,4 CO,, and NHs; non-NO,) with
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Table 1. Details on adsorption configuration, energies, and charge transfer, with corresponding recovery time at room temperature for all gas
molecules on 1L, 2L, and 3L SnPs.
Gas Conf. Eads”' Eads2L Eads3L d Aq” T300K1L T300K2L T300K3L
CH, h, —0.45 —-0.29 —-0.30 0.738 0.04 3.04x107° 8.68x 1078 1.06x 1077
Co, Sny (H) —-0.36 -0.37 -0.37 1.766 0.24 1.26x 1076 1.38x10°° 1.91x 107
NH; hy (D) —-0.52 —-0.35 —-0.40 1.088 0.03 6.02x 107 735x 1077 4.58x107°
NO, Py (U) —1.52 —0.97 —1.32 0.657 0.67 3.10x10'3 1.66 x 10* 1.51x 10"
NO hy -1.33 -0.76 —0.94 0.179 0.59 1.82x 10" 6.61x10° 6.05x 10°

Adsorption configurations (conf.; see Fig. 1, Supplementary Figs. 2 and 3, and | Methods for details) and adsorption energies (E,q4s, in €V) of gas molecules on
1L, 2L, and 3L SnP5. Charge transfer amount from 1L SnP5 to an adsorbed molecule (Ag',, in e), based on Mulliken charge analysis, and distance (d'", in A)
between the gas molecule and the nearest atom of the 1L SnP; substrate along the plane-normal direction of SnPs. The recovery times at T= 300 K (T300k) for

the 1L, 2L, and 3L cases are also provided. For various t-values with higher temperatures, see Supplementary Table 1.

weak adsorption of | E g5 | < 0.55 eV and type B (NO and NO,; NO,)
with strong adsorption of | E,qs|>1.30eV. Among the type A
molecules, the CO, molecule prefers the horizontal orientation (H,
see Methods) at the Sn, site, while CH, and NH; adsorb on h; sites
(Fig. 2a). Note that, in contrast to their type A counterparts, type B
molecules show extremely small adsorption distances, implying
strong N (gas)-P (SnP3) interactions. Among the type B molecules,
NO, prefers the P, site with the N atom pointing directly to the P
atom by stabilizing the system through N-P interaction (green
dotted circle in Fig. 2b), while NO favours the h; site with a nearly
vertical orientation (Fig. 2b). Interestingly, the adsorption of NO on
SnP3 is accompanied by small distortions of the corresponding Pg
ring within the SnPs layer (blue dotted circle in Fig. 2b). Such
distortion is not observed for the cases with the other molecules.
Thus, SnPs is expected to possibly offer distinguishable signals,
which would be much stronger than the effect of simple charge
transfer, for the detection of NO,, especially NO molecules.

Simultaneously, the amount of charge transfer between the 1L
SnP; and the adsorbed molecules (Aq'") was extracted through
Mulliken charge analysis (Table 1). Mulliken analysis shows that
electrons were transferred from the substrate to the gas molecule
in all cases. Moreover, consistent with what we have obtained
with the E,y above, the amount of Aq'" (Table 1) again
quantitatively distinguishes type A molecules (CH,;, NHs, and
CO,) with small or intermediate charge transfer (< 0.25e) and
type B molecules (NO and NO,) with large charge transfer (> 0.5 e).
The spatial distributions of the charge density difference (CDD; see
Fig. 2c, d and Supplementary Fig. 4) visualize the adsorption-
induced charge transfer. CDD is defined as:

CDD = pSnP3+gas - (pSnP3 + pgﬂs) (1)

where Pgp. | gass Psnp,s @Nd Py, indicate the charge densities of 1L
SnP; with the adsorbed gas molecule, 1L SnP3;, and the gas
molecule, respectively. The CDD shows that the transferred charge
is localized for type A molecules around the gas molecule while
being delocalized for type B molecules.

Another important property of a gas-sensing material is its
recovery time (), which indicates the reusability of the SnP;
substrate. The recovery time can be calculated as follows:

ksT
where v, kg, and T are the attempt frequency of bond breaking,
Boltzmann constant, and temperature, respectively. E,ys is the
adsorption energy. One of the reference works showing a good
recovery time of T = 16s for v=1THz at room temperature is
based on simulations of NO, adsorption on carbon nanotubes?2.
For 2D materials, some experimental works showed T = 1505 for
NH; on WS, flakes and T = 240's for NO on In,05 nanosheets*344,
We also adopted the same attempt frequency value, v=1THz, to
calculate the room-temperature (T = 300 K) recovery times (t3gok)-

)

T=v 'exp
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Our results show layer-dependent recovery times for 1L SnPs: type
A molecules show ultrafast recovery of 3.04x 107°s,1.26 X 107 % s,
and 6.02x 10~* s for CH,, CO, and NHj, respectively. In fact, the
values are rather large for type B molecules: 3.10x 10'3s and
1.82x10' s for NO, and NO, respectively. Thus, additional
techniques to reduce the recovery time should be introduced for
the practical use of SnP; channel for gas sensors. Indeed, recent
developments of gas sensors utilize resistive heaters or micro-
heaters based on micro electro mechanical systems (MEMS) to
achieve high working temperature (T>>300K) and efficiently
desorb the gas molecules®. In this regard, T values for T>300K
are provided in Supplementary Table 1, reporting that the
extracted 1 values in this study are comparable to those of the
recently developed gas sensors. The values decrease for the case
of 2L SnPs, whereas metallic 3L SnP5 has a larger T than the 2L in
all cases. This indicate that the 2L SnP5; channel would provide a
better sensing platform than its 1L channel counterpart in terms
of response and recovery speed. Note that, however, since we
have already observed similar electron transport properties in the
1L and 2L SnPs substrates, we will focus only on the 1L SnP;
channel to reduce the calculation cost in the following parts of
this paper.

Gas adsorption-induced changes in quantum transport of
semiconducting 111-junction

Then, we observed the gas adsorption-induced changes in the
electronic structure and transport properties of the 1L SnP;
substrate. Figure 3a, b show the projected density of states (PDOS)
of SnP3 with gas adsorption for the cases with type A (Fig. 3a) and
B (Fig. 3b) molecules. The figures clearly reveal that the electronic
state contributions of the adsorbed molecules are either an
infinitesimal amount (CH,;) or located very far from the band
edges of SnP; (NHs) for type A molecules. Among the type A
molecules, the molecular states of CO, are located relatively close
to the Fermi level (Er) compared to those of the other molecules.
In contrast, prominent molecular states appear close to Er (NO) or
they are even located at £ (NO,) for type B molecules. For the
type B molecules, there is noticeably strong hybridization of the
electronic states between the molecule and the substrate so that
the PDOS of SnP; undergoes left-shift in both cases. In particular,
while the PDOS of SnP; only slightly left-shifted for NO,, the case
with NO shows the noticeable conduction-band filling and
correspondingly large E shift.

Then, the 111-junction shown in Fig. 3c is constructed to
investigate the zero-bias transmission of 1L SnP; upon adsorption
of molecules of type A (Fig. 3d) and type B (Fig. 3e). While we will
focus on 313-junction where the metallic 3L SnP; is adopted as
the electrode and the semiconducting 1L SnPs acts as scattering
region in the later part of this paper, investigating the intrinsic
transport properties of 111-junction is beneficial to deeply
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Fig. 3 Electronic structure and transport properties of 111-junction in the presence of gas molecules. PDOS of 1L SnP3 with adsorbed gas
molecules of a type A and b type B. Black, red, green, blue, and magenta colours indicate CH,;, CO,, NH3, NO, and NO,, respectively. PDOS for
each molecule are marked with colour-filled peaks and were scaled up ten times for visibility. Dashed lines represent the PDOS of the SnP3
substrate for each adsorption model, as indicated by SnP;™m°'ecu!®) jn the legend. Note that the states of CH, lie outside the energy range
plotted here. The red downwards arrow indicates the electronic state of CO, near Eg. ¢ Top view (top) and side view (bottom) of the device
(111-junction) used to calculate the transmission. Blue and orange shaded regions indicate the left and right leads, respectively. Transmission
functions for 111-junction with each adsorbed gas molecule with d type A and e type B molecules, indicated by solid lines with the colour
corresponding to those used in PDOS. The T(E, V=0) of the pristine 111-junction is marked in grey. Note that this model is designed to
observe the effect of molecular adsorption on electron transport, so that the dimension of this model is different from what is used in Fig. 1g
(Supplementary Fig. 1) with which we compare pristine 111-, 222-, and 333-junctions without molecular adsorption. Furthermore, the model is
designed to be also comparable to 3L SnP; (metal)—1L SnP3 (semiconductor)—3L SnP3 (metal) junction which we will denote as 313-junction
in the later part of this paper. In order to accommodate molecules in the scattering region and avoid the possible effects of edge states comes
from the 1L-3L SnP; interfaces, the scattering region in this model is longer by almost two times than what is used in Fig. 1g (Supplementary
Fig. 1). The red downward triangles indicate the first transmission peaks above Eg of the 111-junction with NO and NO, adsorptions. Note that
the slight difference between this T(E, V = 0) of pristine 111-junction and Fig. 1g comes from above-mentioned difference in the dimension of

atomistic models.
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Fig. 4 Zero-bias transmissions and /-V curves of all gas molecules on 313-junction. a Atomic structure of 313-junction with 1L SnP3
transport channel and 3L SnP; electrodes. The device model is constructed with 3L SnP; electrodes (highlighted with blue and orange
rectangles), overlap regions of 3L SnPs as buffers, and a 1L SnPs transport channel. b Zero-bias transmission function, T(E, V=0) of 313-
junction with type A (top) and type B (bottom) molecules adsorbed on top of the transport channel (T(E, V=0) of the pristine SnP3 313-
junction is shown in grey shaded area for comparison), and ¢ corresponding /-V curves. Grey, red, blue, and magenta downwards arrows
indicate the electronic states originating from SnP3;, CO,, and NO, and the NOj-induced suppression of the T(E, V=0) peak near E,
respectively. The /-V curve for the pristine 313-junction is marked as grey lines (see Supplementary Fig. 7). Grey downward arrows indicate the
three notable bias voltages in describing NDR, namely, base (Vg = 0.25 V), peak (Vp = 0.50 V), and valley (W, = 0.75 V) points. d Bias-dependent
transmission functions, T(E, V), for Vg, Vp, and W, with the case of NO molecule. For each bias, green and grey downwards triangles correspond
to the transmission eigenchannel inside and outside of the bias window (marked as the green shaded area), respectively. The eigenchannels

are labelled to simplify the convention Ej2t 052 as a(EQ9sY), B(Egsoy” ), Y(Egdey' ), 6(Eg72y’), and €(E73y") and are spatially visualized in e.

understand the details in 313-junction. Note that 111-junction is type B molecules, reflecting the strong hybridization and charge

prevalently adopted in the field of computational analysis on 2D
materials-based gas sensors, as discussed in the introduction
section. The values of T(E, V=0) indicate that the molecules of
type A induce only a negligible change in the intrinsic transport
properties of the pristine 1L SnPs (grey area in Fig. 3d, e), which is
consistent with what we have seen in the PDOS. Note that such
negligible changes in T(E, V= 0) for type A molecules are due to
the insignificant hybridization and charge transfer between the
molecular and SnP; electronic states. In contrast, a noticeable
reduction of T(E, V= 0) over a wide energy range is observed for
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transfer between the molecular and substrate electronic states. In
both NO and NO, cases, the valence-band maximum contribution
of T(E, V=0) moves downwards than in pristine 111-junction, in
terms of electronic energy. Also, the upper energy bound of the
first peak above the Er also downshifts so that the peak point
(indicated by red downward triangles) effectively comes closer to
Er. Note that the effect is particularly strong for the NO molecule
due to the strong hybridization of the molecular states. The
mechanism behind such reduction and downshift in T(E, V= 0) lies
on above-mentioned left-shift of PDOS in type B cases (Fig. 3b).
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Since the electrode of 111-junction is semiconductor with a finite
bandgap, the meaningful charge transfer between the molecule
and SnPs in the type B cases results in energy mismatch between
electrode and scattering region. This results in the reduction of
possible eigenchannel to electron tunnelling, effectively reducing
the size of the transmission peaks. The visual explanation on this is
provided in Supplementary Fig. 5.

Fingerprint signals of NO, on the transmission and /-V curve
for 313-junction

As we have discussed in the introduction section, constructing a
gas-sensing platform that consists of SB-free interfaces is
extremely beneficial for direct detection of gas-induced electrical
signals. Thus, we here construct a single-material logical junction
based on 3L SnP; (metal)—1L SnP3 (semiconductor)—3L SnP;
(metal) interfaces, as shown in Fig. 4a, which we call a 313-junction
(see Methods for details). To investigate the performance of the
313-junction in the electrical detection of gas molecules, zero-bias
T(E, V=0) curves are first obtained, as shown in Fig. 4b. Upon
adsorbing type A molecules which shows very small amount of
charge transfer with SnP3 as discussed above, T(E, V= 0) is almost
unchanged from that of the pristine 313-junction. To clearly
observe the T(E, V= 0) of the pristine 313-junction in comparison
to the 111-junction, see Supplementary Fig. 6. The transport peak
just above Ep within the 313-junction (grey downwards arrow in
Fig. 4b) is very slightly depressed since the type A molecules act as
scattering centres rather than additional transport states. The
slight T(E, V= 0) peak at E = Ex — 0.55 eV (red downwards arrow in
Fig. 4b) reflects that the observed PDOS peak in CO, below E¢ (red
downwards arrow in Fig. 3a) indeed contributes to the electron
transport in this junction. For type B molecules, the strongest
change is again visible for the NO molecule: the valence-band
edge contribution and the first peak above Er of T(E, V = 0) shift to
lower energies compared to the cases with the other molecules
(blue downwards arrow in Fig. 4b), while a new peak emerges at
Er + 0.75 eV. For NO,, a suppression of the transport peak above
Er is particularly noticeable (magenta downwards arrow in Fig. 4b),
indicating that the current flow through the junction would be
greatly decreased with the adsorption of NO, than that of type A
molecules. This is because NO, shows stronger hybridizations and
charge transfers with SnPs (Fig. 3b), so that it acts as stronger
scattering centre than its type A molecules counterparts. However,
for NO with much stronger hybridization, the electronic states of
scattering region would shift toward lower E as discussed in
Fig. 3b. Being different from the 111-junction, the metallic
electrode of 3L SnPs in 313-junction covers such shift so that
the T(E, V=0) peak above Eg is greatly left-shifting (blue
downwards arrow in Fig. 4b) rather than disappearing.

To evaluate the gas-sensing performance of the suggested 313
single-device logical junction, -V curves for the adsorption of
different molecules were obtained from the Landauer-Bittiker
formula*® shown in Eq. (5) (see Methods). The curves can be
divided into two categories based on their shapes for the bias
range up to 1.0 V: (i) the conventional diode-like /-V curve, where
the current increases with voltage—obtained for all molecules
except NO (Fig. 4c)—and (ii) the -V curve with NDR, where for
some bias values, the current decreases—obtained for the NO
molecule. The molecules within the first category show reduced
currents compared to that for pristine SnPs (grey lines in Fig. 4c),
indicating electrical resistance upon molecular adsorption (to
clearly observe the I-V curve of the pristine 313-junction, see
Supplementary Fig. 7). However, due to the above-mentioned
T(E, V=0) channel in the CO, case near the band edge (red
downwards arrow in Fig. 4b), the COj-adsorbed 313-junction
shows almost unchanged /-V characteristics. Noticeably, the NO,
molecule (lower panel in Fig. 4c) shows a significantly suppressed
current magnitude compared to the other molecules as we
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expected above, which distinguishes NO, from the other
molecules in the diode-like I-V curves.

In the most interesting case of the NO molecule, the current first
increases to a maximum value of ~150nA at 0.5V and then
decreases with increasing voltage to ~42 nA at 0.65V, resulting in
NDR (lower panel in Fig. 4c). From that point on, the current again
increases to another maximum at 0.90 V and then decreases again.
To better understand the NDR for the NO molecule, we analysed
the finite-bias transmission function, T(E, V), with respect to
different V values (Fig. 4d) and the corresponding scattering
eigenchannels (Fig. 4e) at three representative voltage points,
marked with downwards arrows in Fig. 4c: namely, the base point
(Vg, at 0.25V), peak point (Vp, at 0.50V) and valley point (Vy, at
0.75V). At Vg, well-localized scattering states at a (at 0.0 eV) are
present on both electrodes and in the additional overlap region
(bottom panel of Fig. 4e) due to the lack of transport
eigenchannels within the 0.25V bias window around Eg. At Vp,
due to the additional electronic states in the channel region
evolving upon NO adsorption, there is a well-established electrical
connection throughout the device, as indicated by the eigen-
channel § (at 0.18 eV) inside the bias window. Further increasing
the bias voltage to V4, starts to slowly break this connection
(eigenchannel 6 at 0.15eV) and causes the current to drop,
because the NO-induced electronic state is energetically localized.
In contrast, for the pristine 313 junction which is absent of NDR in
V< 1.0V, the transport peak at the conduction-band area (grey
downward arrow in Fig. 4b) rigidly shift upwards without
emerging any new states when increasing V values in T(E, V)
(Supplementary Fig. 8). As a result, the tail of the peak smear into
the bias window from larger V than the NO-adsorption case. Based
on such adsorption-induced modulation of transport eigenchan-
nels, the SnP3 313-junction particularly well detects NO molecules
through the fingerprint NDR characteristics.

DISCUSSION
In summary, we highlight the main points of this work as follows:

® Theoretical suggestion of a new single-material logical
junction using SnP3 that avoids the common “high contact
resistance” problem and its device application.

® Step-by-step design and investigation of the working
mechanism of a NO,-sensitive gas sensor based on electrical
fingerprints within a single-material logical junction.

In detail, we started with the idea that the layer-dependent
electronic properties of SnP3 can be exploited for single-material
logical junctions, overcoming problems arising from electrode-
channel junctions such as high SBs. To theoretically suggest its gas
sensor applications, several common gases were considered, CHy,,
CO,, NH3, NO,, and NO. Throughout a set of first-principles
simulations, the molecules were categorized as type A (CH,4, CO,,
and NHs; non-NO,) and type B (NO, and NO; NO,) based on their
adsorption strength, charge transfer amount, and electronic
hybridization with SnPs. Correspondingly, the electrical signals of
a single-material junction (313-junction) where 1L and 3L SnPs
were used for the transport channel and electrodes, respectively,
can distinguish NO, from non-NO, molecules by reflecting the
electrical interaction between SnP3 and gas molecules. While the
I-V curve of the 313-junction shows only a small change with
the adsorption of non-NO, molecules, a drastic change is
observed when adsorbing NO, molecules. A drastic current drop
for NO, compared to the other molecules is observed, and more
importantly, NO shows an exceptional NDR at a relatively low bias
voltage. Thus, the SnP; 313-junction has sensitivity towards
harmful NO, molecules based on both current depression (NO,)
and NDR (NO) as fingerprint characteristics.

Finally, we would like to mention that this theoretical study
focuses on the new idea on gas sensing through the qualitative
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feature of NDR, rather than being quantitative. We adopt PBE
functional by considering the computational cost related to rather
large atomistic model and numerically tough NEGF method in this
study, but there is a well-known bandgap underestimation of DFT
with PBE functional. Thus, the bandgap of SnPs as well as the
energy gap between highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) is under-
estimated in this study. We have briefly checked that such
bandgap underestimation does not change the qualitative
feature, but the exact voltage that NDR appears should not be
understood as quantitative feature. Instead, we would like to
highlight the concept of Schottky-barrier free SnP3 single-material
junction and qualitative understandings of its molecular sensing
property via NO,-specific electrical signal. We hope this work gives
a new insight to the experimentalist as well as computational
scientists who studies related topics such as gas sensor or 2D
materials-based electrical devices. Furthermore, we expect this
work to shed light on the vast applicability of SB-free single-
material junctions in general.

METHODS

Atomistic modellings and first-principles calculations

Layered structures (1L, 2L, and 3L) were cut out from bulk SnPs,
which had an R3m space group®’. In each layer of SnPs, every Sn
atom is attached to three P atoms, while each P atom is bound to
one Sn and two other P atoms (Fig. 1). The layers are stacked on
top of one another in an ABC manner. Each individual layer forms
a honeycomb pattern. All layered models were subsequently
optimized (atomic positions and lattice vectors) as follows: 2L
(a=b=7255A) and 3L (a=b=7.283A) were modelled as
hexagonal unit cells, while 1L (@=7.111, b=12318A) was
modelled as a rectangular unit cell to account for possible atomic
reconstruction’®. We found, however, no reconstruction in the
latter. Adsorption of gas molecules and electronic transport
calculations were performed on rectangular supercells. As gas
molecules, we considered CH,; CO, NHs;, NO, and NO,, and
calculations of the adsorption sites, charge transfer, and CDDs
were performed on the 2 x 3 supercell. Various adsorption sites
were considered (cf. Fig. 1a): h;—middle of the P hexagon, h,—
middle of the P,Sn, hexagon, and P, (Sn,) and P, (Sn,)—on top of
the P (Sn) atom of the top (1) and bottom (2) atomic layers,
respectively. At each adsorption site, several representative
molecular orientations were considered: horizontal (H) and vertical
(V) or facing upwards (U) and downwards (D) for linear (CO, and
NO) or nonlinear (CH,, NHs, and NO,) molecules, respectively
(Supplementary Fig. 2).

For geometries and electronic structure calculations, we used
DFT as implemented in the SIESTA (Spanish Initiative for
Electronic Simulations with Thousands of Atoms) package®®.
We employed double-{ plus polarization basis sets and Troullier-
Martins-type norm-conserving pseudopotentials*® to describe
core electrons, whereas the exchange-correlation potential was
treated with the Perdew-Burke-Ernzerhof (PBE) functional of the
generalized gradient approximation (GGA)*°. We used an
8% 16x%x 1 (6%x6x 1) Monkhorst-Pack k-point mesh for unit cell
(supercell) calculations. A vacuum of 30 A along the direction
perpendicular to the surface was used to avoid artificial
interaction between periodic images, but dipole correction was
not considered since the effect of the dipole would not change
the adsorption-dependent in-plane quantum transport through
the 2D material SnPs.

The geometries were relaxed to 10~*eV and 0.01 eV per A for
the electronic energy and total atomic force convergence,
respectively. The adsorption energies were calculated as follows:

Eags = ESnP3+gas - ESnP3 - Egas — E¢c (3)
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where E,4; denotes the adsorption energy, while Esqp, i gas, Esnp,,
and Eg,s are the total energies of the system, the substrate, and
the gas molecule, respectively. Here, E. = Esnp,ighoststates +
Egas - ghoststates — (Esnp, -+ Egas) refers to the counterpoise correc-
tion to correct the basis set superposition error which may occur
due to incompleteness of the basis sets in calculating the
interaction energies. The term Esnp, ; ghoststates Fepresents the total
energy of substrate in the presence of the basis functions on the
gas molecule and conversely for Egas  ghoststates” -

The single-material device was constructed from metallic left
and right electrodes based on 3L SnP3 and a scattering region
based on 1L SnPs. The difference between the lattice constants
of the 3L and 1L was ~2.4 %, so we used that of the latter for
the whole device, with no significant change in the electronic
properties of the electrodes, which remained metallic. We used
a 2x 1 supercell of 3L SnP3 as electrodes, with an additional
2 x 1 overlap region as a buffer, and a 2 x 5 supercell of 1L SnP;
as the transport channel (313-junction). For comparison, we
also constructed a model with electrodes (2 x3 supercell)
and a transport channel (2 x6 supercell) made of 1L SnP;
(111-junction).

Quantum transport calculations

Quantum transport calculations were performed using NEGF
theory as implemented in the TranSIESTA code®2. The transmis-
sion function, T(E), is written as:

T(E,V) = Tr[IL(E,V)G(E, V)TR(E, V)G (E, V)] )

where ' (Tr), G, and V are the broadening matrix of the left (right)
electrode, Green's function, and the bias voltage, respectively. The
current-voltage (/-V) characteristics were obtained using TBtrans
code based on the Landauer-Biittiker formula*®:

2e?

v == / (fL(E) — fa(E))T(E, V)dE 5)

where e, h, and f are the electron charge, Planck’s constant, and
Fermi-Dirac distribution function, respectively. The applied bias, V,
can be thought of as the chemical potential difference between
the two electrodes divided by the electron charge, 428, The
Fermi-Dirac distribution function of the electrode left/right lead

(L/R) is written as fip = ———— where kg is Boltzmann’s
e(f—uL/R),/kBr+1
constant and T is the electronic temperature.
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