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Superior Sensing Properties of Black Phosphorus as Gas
Sensors: A Case Study on the Volatile Organic Compounds

Pengfei Ou, Pengfei Song, Xinyu Liu, and Jun Song*

The unique structure and prominent properties of black phosphorus (BP) and
its monolayer and multilayers in device applications have attracted significant
attention to this elemental 2D material. In this study, a comprehensive
evaluation of the candidacy of monolayer BP as a channel material for
high-performance volatile organic compound (VOC) sensors is conducted
combining first-principles density functional theory calculations and
non-equilibrium Green’s function formalism. The adsorption configurations
and energetics of several typical VOCs (ethanol, propionaldehyde, acetone,
toluene, and hexane) on monolayer BP are examined and it is demonstrated
that VOCs generally exhibit stronger interaction with monolayer BP than with
the widely studied monolayer MoS,, indicative of monolayer BP potentially
being a more sensitive VOC sensor. Monolayer BP is shown to exhibit highly
anisotropic transport behaviors, whereas the absolute modification of
current-voltage responses due to VOCs is found to show a trend that is
direction independent. Moreover, the adsorption of VOCs on monolayer BP is
strong enough to resist thermal disturbance, yet allows fast recovery time.
The results suggest that BP is a compelling and feasible candidate for sensing

for use in optoelectronic devices,?

memory devices,”® radio frequency
transistors,”” Schottky diodes,!'*13 and en-
ergy storage/conversion systems.'*15] BP
has a layered structure and the interaction
in few-layer BP is associated with a signif-
icant charge redistribution, caused by the
non-local electron—electron correlations.!'*!
Within the monolayer BP that comprises
puckered honeycomb structure, each
phosphorus atom is bonded covalently with
three adjacent phosphorus atoms, arranged
in a non-planar fashion.-?’Atomically
thin BP flakes have been successfully
fabricated by methods of micromechanical
cleavage using an adhesive tape from
their parent bulk crystal,'”-#! liquid-phase
exfoliation,??l  and  plasma-assisted
fabrication.?* Besides, the band gap of
monolayer BP is measured to be ~1.45 eV
by photoluminescence spectra.’!
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SIMULATION;  Check for

applications of VOCs.

1. Introduction

Since the discovery of the wonder material graphene,!! new
2D materials with novel electronic and optoelectronic properties
continue to emerge. The 2D counterpart of black phosphorus
(BP), being the most stable form among numerous allotropes
of elemental phosphorus and introduced as “phosphorene,”?
has received great attention recently due to its great promise
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Among various applications of mono-
layer and/or multilayer BP, one promising
area is its usage in gas/molecule sensors for

environmental analysis or bioanalysis. Numerical theoretical
studies have been performed to investigate the sensing properties
of BP.2>20 Kou et al.?® studied the adsorption properties of CO,
CO,, NH3, NO, and NO, on monolayer BP using first-principles
calculations. They demonstrated that those gas molecules, when
adsorbed on monolayer, act as donors or acceptors and cause the
modification of electronic properties. A larger change in, for ex-
ample, the band structure and/or charge transfer, indicates a high
sensitivity. Their results show that monolayer BP is more sen-
sitive to NO and NO,, indicating possible application of mono-
layer BP to nitrogen-based gas induction. Moreover, Kou et al.»’!
showed that different gas molecules lead to distinctive current—
voltage (I-V) responses, for example, the adsorption of NH; or
NO induces reduction and increase of current, respectively. In an-
other study, Suvansinpan et al.?% performed first-principles cal-
culations to study metal-doped monolayer BP. For the group of
metal dopants (i.e., alkali [Li and Na], p-shell [Al, P, and Bi], 3d
[Fe, Co, and Ni], 4d [Pd and Ag], and 5d [Au and Pt]) examined,
it was shown that metal doping generally enhances the chemical
activity of monolayer BP in sensing NO molecules.

On the experimental side, Abbas et al.?’] reported the pioneer
study on the chemical sensibility of NO, by field-effect transistors
(FETs) based on multilayer BP. They showed that the BP sensors
exhibit enhanced conduction and high sensitivity when exposed
to NO, down to 5 ppb, and further when the multilayer BP is
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exposed to NO, concentrations of 5, 10, 20, and 40 ppb, the rela-
tive conduction changes in FETs followed the Langmuir isotherm
for molecules adsorbed on the surface. The systematic enhance-
ment in conductance with the increase in NO, concentration in-
dicated that BP was doped with holes and the NO, molecules
withdraw electrons from BP. It was confirmed that the charge
transfer between BP and NO, is the dominant sensing mech-
anism. Compared with other 2D materials, such as MoS,,?%%
the sensitivity of multilayer BP was found to be significantly
higher.””) For instance, the conductance change in a 55 nm mul-
tilayer BP exposed to 5 ppb NO, was 2.9%, whereas the relative
change for an 18 nm thick MoS, to 1200 ppb NO, was only ap-
proximately 1.0%. Cui et al.®” investigated NO, sensing proper-
ties of multilayer BP as its thickness varies and proposed that a
thickness of 4.8 nm led to the maximum response of the devices.
Recently, Cho et al.B! accurately compared various aspects of the
NO, sensing performance (i.e., adsorption behavior, selectivity,
response/recovery time, and mole response factor) of chemically
exfoliated BP, MoS,, and graphene with similar flake-size distri-
bution (on average ~400 nm). The electrical sensing measure-
ments showed that the sensitivity (molar response factor) and re-
sponse of BP can be up to 20 times higher and 40 times faster
than those of MoS; and graphene when working at 0.1-100 ppm
levels.

In addition to NO, detection, multilayer BP has also been
shown to be a promising material for methanol and hydrogen
sensors. Mayorga-Martinez et al.*¥ demonstrated that BP is capa-
ble of detecting methanol vapor with electrochemical impedance
spectroscopy. The impedance phase that measured at a constant
frequency is used for selective quantification of methanol. The
low detection limit (LOD) of 28 ppm in this BP vapor sensor is
substantially below the approved exposure limit of 200 ppm. This
vapor sensing system displayed a high selectivity to methanol
at a constant frequency of 1 kHz, a good stability over a 20-day
period, as well as a long-term response of about 90% of its ini-
tial response for 1140 ppm methanol vapor. Lee et al.** recently
functionalized exfoliated multilayer BP flakes with Pt nanoparti-
cles and showed that a significant electrical response to H, can
be achieved by the Pt-functionalized BP sensors with a drain—
source current decreased from 2.46 to 1.17 uA under the voltage
of +10 meV. They also showed that when the sensor was exposed
to alow concentration (4%) H, gas, the Ion/Iorr and pes ratio in-
creased by 115% and 15.6%. Sensing of H, by BP-based sensors
has also been studied by Cho et al.,?* which showed that noble
metal (i.e., Au and Pt) incorporated BP enables detection of low
concentration of H, with high response amplitude. In particular,
the as-synthesized Pt/BP sensor exhibited selective response and
is highly sensitive to approximately 1% concentration H, gas with
aresistance variation of ®500% in the channel, showing that het-
eroatom doping process is an effective way to modify the intrinsic
properties and tune the H, sensing properties of BP. However,
the mechanism underlying this Pt-incorporation induced highly
selective H, gas sensing is still need to be clarified.

In the present study, we will limit our discussion of BP in
its application to the sensing of volatile organic compounds
(VOCs) as a case study. VOCs are defined as organic compounds
with relatively high volatility or vapor pressure, many of which
can be highly neurotoxic and/or cause long-term compounding
health concerns. The analysis of VOCs in exhaled air is a newly
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developed methodology for early-stage screening and diagnosing
diseases, which is significant for enabling effective treatment
and improving the survival rates of patients.’>3¢ Various meth-
ods have been developed to detect the existence of VOCs, which
includes gas chromatography-mass spectrometry,?”) flow-tube
mass spectrometry,®® surface acoustic wave sensors,*! quartz
crystal microbalance,*” and chemiresistors.’®) Among various
methods, the chemiresistor is particularly interesting due to its
power-efficiency, cost-effectiveness, rapidness, reversibility, and
high sensitivity. The detection of target VOCs in a chemiresistor
is dependent on the change in electrical resistance of channel
material when it interacts with analytes. Therefore, developing a
highly efficient channel material is essential to the realization of
a high-performance chemiresistor. Monolayer BP is considered
as a promising candidate of channel for field-effect transistors
due to its extraordinary properties. It has been shown to exhibit
higher molecular adsorption energies than other 2D nanomate-
rials (such as MoS, and graphene),?3! and it possesses larger
inherent surface-to-volume ratio due to its puckered lattice
configuration.*!! Monolayer BP also shows less out-of-plane
electrical conductance compared to other 2D nanomaterials,
therefore is able to induce a much more sensitive response to
target analytes near the phosphorus surface.”’] Additionally,
Kou et al.[®! demonstrated that BP is a superior material for gas
sensors due to its adsorption sensitive surface and distinctive
I-V characteristics along armchair and zigzag directions. Given
the extraordinary electronic properties of monolayer BP, it is
highly desirable to explore and establish the trends and rules of
VOCs adsorption on monolayer BP and distinguish the charac-
teristics of the molecular influences on the transport behaviors,
which can be used as effective biomarkers for diagnosing lung
cancer.

In this regard, we provide the first theoretical study on the
investigation of chemical sensing properties of monolayer BP
with five different VOC analytes, specifically, ethanol (C,HsOH),
propionaldehyde (C,;HsCHO), acetone ((CH;),CO), toluene
(C¢HsCH3), and hexane (CsHi4). These VOCs selected herein
are representative examples which individually belongs to the
VOC categories of alcohols, aldehydes, ketones, aromatic com-
pounds, and hydrocarbons that could be the potential biomarkers
for diagnosing lung cancer.*® Employing first-principles density
functional theory (DFT) calculations, preferential adsorption
sites of VOCs on monolayer BP are identified and the cor-
responding adsorption energies are obtained. Our results
demonstrate that VOCs generally exhibit stronger interaction
with monolayer BP than that with the widely studied monolayer
MoS,, indicative of monolayer BP potentially being a more
sensitive VOC sensor. The adsorption energetics of VOCs on
monolayer BP are shown to be tunable via strain engineering.
The -V characteristics of monolayer BP with and without VOC
adsorption are calculated using the non-equilibrium Green’s
function (NEGF) formalism, demonstrating highly anisotropic
transport behaviors, yet the absolute modification of -V re-
sponses due to VOCs is found to show a trend that is direction
independent. Moreover, the simulated recovery time is well
within the detectable range for most of the VOCs molecules,
which indicates good reusability. Our findings suggest that
monolayer can be a compelling candidate material, combining
high sensitivity and fast recovery time for VOC sensors.
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Figure 1. a) lllustrations of typical VOCs adsorbed on the monolayer BP. Side projection views along the two featured directions: b) armchair and c)
zigzag directions of the atomic structure of monolayer BP, with the three types of potential sites for VOC adsorption, namely, the B-site on top of a PP
bond, H-site above the center of a hexagon, and T-site on top of a P atom indicated.

2. Methodology

2.1. First-Principles DFT Calculations

First-principles DFT calculations were employed for relaxing the
structures of VOC/BP systems and computing the energetics and
electronic properties. The calculations were performed using the
Vienna Ab-Initio Simulation Package (VASP)®*! with exchange—
correlation interaction treated in the generalized gradient ap-
proximation (Perdew—Burke-Ernzerhof functional).*3! The long-
range van der Waals interactions were considered and modeled
by the DFT-D2 method of Grimme."*Y A cut-off energy of 500 eV
was used for the plane wave basis set, and the gamma-only and
4 x 4 x 1 k-meshes were employed for the self-consistent re-
laxation and non-self-consistent calculations, respectively. In the
calculations, the system comprises a 5 x 7 supercell of mono-
layer BP with one VOC adsorbed. Additional scaling studies were
performed to confirm that this system size is sufficient to elimi-
nate the intermolecular interaction. The in-plane lattice parame-
ters of the monolayer BP were optimized to be a = 4.57 A and
b = 3.31 A along armchair and zigzag directions, respectively
(Figure 1), which are in great agreement with the values reported
in previous studies.[*>*5 A vacuum slab of 20 A in thickness was
added in the out-of-plane direction to eliminate interactions be-
tween periodic images. The structural relaxation was regarded as
a convergence when the magnitude of the Hellmann—Feynman
force fell below 0.01 eV A~ for all atoms, and the energy con-
vergence criterion for the electronic wave function was set to be
1075 eV.

To identify the possible configurations for VOCs adsorption on
the monolayer BP, three potential adsorption locations (Figure 1),
that is, on top of i) a P-P bond (B-site), ii) the center of a hexagon
(H-site), and iii) a P atom (T-site), were considered.*’! As a VOC
molecule was introduced, its center of mass was positioned at
one of these sites and different orientations of the molecule were
evaluated. For instance, for (CH;),CO, the molecular axis can be
oriented parallel or perpendicular to the monolayer BP with ei-
ther the C or O atom pointing toward the monolayer BP. The
adsorption strength of a VOC on the monolayer BP can be quan-
titatively assessed via the adsorption energy E.q, defined as
E.q = E(VOC/BP) —

E(VOC) — E(BP) 1)
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where E(VOC/BP) represents the total energy of the monolayer
BP with an adsorbed VOC, while E(VOC) and E(BP), respec-
tively, denote the energies of the corresponding isolated VOC
and pristine monolayer BP. A negative value of E,4 indicates
that the adsorption is exothermic. Furthermore, to examine the
effect of strain on the VOC adsorption on the monolayer BP,
biaxial strains within the lateral plane varying from —5% to
5% with an interval of 1% were applied. The strain was ap-
plied through scaling the in-plane lattice parameters of mono-
layer BP, for which the details can be found in our previous
studies.[*84)

2.2. Transport Property Calculations

In order to further quantitatively assess the potential of mono-
layer BP as a VOC sensor, the transport properties of mono-
layer BP prior to and post VOC adsorption were carried out
using the NEGF technique within the Keldysh formalism as
implemented in TranSIESTA package.”” Geometry optimiza-
tion has been achieved when the maximum difference between
the output and input on each element of the Density Matrix is
less than 107*. The energy cut-off for the real-space mesh was
set to 150 Ry. The electron wave function was expanded using
a double-¢ polarized (DZP) basis set. Monkhorst-Pack k-point
grids of 1 x 2 x 50 and 1 x 2 x 1 were employed for electrodes
and transport calculations, respectively. The current through the
atomic scale system is calculated from the Landauer—Biittiker
formula.>!

I(Vi) = Go / CT(EVUS(E - ) — f(E—p)ldE ()

L

where V;, is the bias voltage, 11 and py are the two electrochem-
ical potentials of left and right leads, respectively. T(E, W) is the
transmission coefficient at energy E and bias voltage W, f(E)
is the Fermi-Dirac distribution function, and G, = 2¢?/h is the
quantum conductance. As seen from the above equation, the cur-
rent is the integral of the transmission coefficient over the bias
window.
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Table 1. Values of the adsorption energy (E .4, in meV; bold numbers indicate energetically preferable sites) and distance (cq, in A) of the closest atom
in VOCs above the monolayer BP for VOCs adsorbed at different adsorption sites, and the charge transfers (Ap, in electron) from monolayer BP to the
VOCs on energetically preferable site. The calculated adsorption energies of VOCs on bilayer BP, along with available adsorption energies of VOCs on

monolayer MoS; in the literature, are also included for comparison.

B-site H-site T-site Bilayer BP MoS, 54 MoS, 54
Ead (7] Eag cd Ead cq Ead Ap Eog? Eqq®
Cy;HsOH —244 2.80 —239 2.94 —241 2.86 —256 0.01 —-210 —220
C;HsCHO —214 2.59 —350 2.44 =211 2.60 —362 0.05 -210 —220
(CH3),CO —320 2.76 —247 2.77 —328 2.56 —338 0.04 —140 —160
Ce¢HsCH3 —432 2.47 —417 2.53 —499 2.42 —508 0.04
CeHis —360 2.58 —341 2.69 -370 2.53 —383 0.02

3 DFT-D3 calculations; ?vdW-DF2 calculations.

3. Results and Discussion

For the five VOCs considered, the adsorption sites along with
the associated adsorption energies and the equilibrium positions
(i-e., distances) of the molecule above the monolayer BP are
given in Table 1. The O-based VOCs generally exhibit smaller
adsorption energies than hydrocarbon molecules lacking oxygen
groups, namely, CeHsCH; and CqHy4, due to fewer total num-
ber of atoms in the oxygen-functionalized VOCs. The energet-
ically preferable adsorption configurations for different VOCs
are noted in Table 1, C;Hs;OH and C,HsCHO prefer adsorption
at the B-site and H-site with adsorption energies of —244 and
—350 meV, whereas (CH;),CO, CcHsCHj;, and C¢Hy4 prefer T-
sites with adsorption energies of —328, —499, and —370 meV, re-
spectively. It is worth noting that for all the VOCs considered, the
adsorption energy is sufficiently larger to resist thermal distur-
bance at room temperature, that is, the magnitude of E,q being
much beyond kg T (kg is the Boltzmann constant).”>53 As noted
from Table 1, the distance of a VOC molecule from monolayer
BP ranges from 2.42 to 2.94 A, similar to those for VOC adsorp-
tion on monolayer MoS, previously reported by Tian et al.* It is
also interesting to see that the most energetically preferable ad-
sorption configuration is the site where VOC is at the shortest
distance from monolayer BP, suggesting that the distance be a
direct indication of the interaction strength between a VOC and
a monolayer BP.

Fundamentally, the sensitivity of a channel material is dictated
by the intercorrelated quantities of adsorption density or cover-
age, and interaction strength between the analyte and channel
material, that is, the adsorption energy.®> Larger adsorption en-
ergy would lead to more VOC molecule adsorption on the chan-
nel material and consequently enhanced sensitivity. In a previous
study, Kim et al.*®l demonstrated that MoS, sensors exhibit high
sensitivity to VOCs, specifically, down to a concentration of 1 ppm
for C;HsCHO and (CH;),CO and about 10 ppm for C;HsOH,
CeHsCH3, and C¢Hi4. As seen in Table 1, adsorption of VOCs
on monolayer BP shows notably larger adsorption energies than
those on Mo$, (from either DFT-D3 or vdW-DF2 calculations).>*
This indicates stronger analyte—channel interaction and suggests
that monolayer BP potentially may exhibit higher sensitivity to
VOCs than MoS,.

In addition, monolayer BP was theoretically predicted to hold
up almost 30% critical strain,’”) signaling the potential of tun-
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Figure 2. The adsorption energy under the application of biaxial strain for
C2HsCHO and CgHsCH3 adsorbed on the monolayer BP. The solid and
dashed lines are fitted lines to guide the eyes.

ing its chemical and physical properties by strain engineering.>®!
Therefore, we examine the influence of strain on the adsorp-
tion energetics of VOCs on monolayer BP. The effect of strain is
demonstrated in Figure 2 in the presentative cases of C;HsCHO
and CsHsCH3 adsorption. We note that the application of £5%
biaxial strain can tune the adsorption energies of C,HsCHO and
CsH;sCH; in the ranges of [—385, —332] and [—467, —551] meV,
with compressive strain enhancing the (magnitude of) adsorp-
tion energy while tensile strain doing the opposite. The results
imply that compression may be used as a means to magnify
the sensibility of monolayer BP, for example, for weakly bind-
ing VOC molecules, while tension can help facilitate the removal
of VOCs. Moreover, it is important to mention that those adsorp-
tion characteristics reported above are well retained as BP goes
from monolayer to bilayer or even few layers, except for the fact
that the adsorption energy is further enhanced, as demonstrated
in Table 1, indicative of robust performance in spite of possible
BP thickness variation.

To further elucidate the role of charge transfer between
VOCs molecules and monolayer BP, we provide the isosur-
face plot of charge density difference for these systems. In
particular, we employed the Bader charge analysis®*®? to
examine the charge density difference and thus to determine

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Top and side views of the charge density difference contour plots for a) C;HsOH, b) C;HsCHO, ¢) (CH3),CO, d) CeHsCH3, and e) CeH14
adsorbed on monolayer BP (only a 4 x 4 supercell is shown for readability). The white, brown, red, and purple spheres represent hydrogen, carbon,
oxygen, and phosphorus atoms, respectively. Yellow and blue colors correspond to charge accumulation and depletion, respectively. For the contour

plots, the isosurface value is 0.002 e A=3.

the charge transfer value and direction. The charge density
difference

Ap(r) = pvocssr(r) — pvoc(r) — pep(r) (3)

is calculated from the spatial charge density distributions of the
combined system (pvoc;gp), isolated VOC (pyoc), and monolayer
BP (pgp). Figure 3 shows the charge density differences for the fa-
vorable geometries, where the charge densities of pristine mono-
layer BP and the isolated VOCs are separately calculated. We find
that the VOCs act as charge acceptors, taking charge between
0.01 and 0.05 electrons from monolayer BP. Strong charge redis-
tribution is observed for the cases of C;H;OH, C,HsCHO, and
(CH3),CO, as seen in Figure 3a—c, which can be attributed to the
strong electronegativity of oxygen atom in those VOC molecules.
On the other hand, there is significantly less charge redistribu-
tion for C¢HsCH3 and CqHy4 (see Figure 3d,e). Comparing the
charge transfer and redistribution behaviors with those of VOCs
on monolayer MoS,,** C,HsOH acts as charge acceptor while
C,HsCHO and (CHj3),CO act as charge donors, when adsorbed
on MoS,;. Furthermore, there is generally larger degree of charge
transfer and redistribution for VOCs on monolayer BP than on
monolayer MoS,, consistent with the higher adsorption energy
level.B4

To clarify the effects of VOCs adsorption on the electronic
structures, the total density of states (DOS) of monolayer BP post
VOC adsorption and projected DOS from various VOCs are cal-
culated and presented in Figure 4. Our calculations show that
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Figure 4. Density of states (DOS) plot of pristine monolayer BP (top) in
comparison with the projected DOSs of monolayer BP (black) and the
VOCs (blue) post adsorption. The zero-energy point corresponds to the
Fermi energy.
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Figure 5. lllustrations of the two-probe systems where semi-infinite left and right electrodes of monolayer BP (blue shaded region) are in contact with the
central scattering region with one VOC analyte along a) armchair and b) zigzag direction, respectively. Calculated current-voltage (I-V) characteristics
of monolayer BP before (black dashed line) and after (color solid lines) the exposure of VOCs analytes along c) armchair and d) zigzag direction,

respectively.

the pristine monolayer BP exhibits a direct band gap of 0.9 eV,
in agreement with previous reported values of 0.91 and 0.80 eV
from first-principles studies by Wang et al.®*l and Kulish et al.,[**
respectively, and the experimentally measured transport band
gap of 1.0-1.5 eV.I®] We can see that overall the adsorption of
VOCs hardly modifies the band gap, exerting rather minor influ-
ence on the valence and conduction bands. The adsorbed VOCs
molecules only contribute deeply in the valence band within the
range from —1.5 to —4.0 eV, producing no noticeable modifica-
tions of the DOS near the Fermi level and thus have no relevant
influence on the electronic properties. This is consistent with the
small adsorption energies of VOCs.

Although the electronic properties of monolayer BP are not
much affected by the adsorption of VOCs, the charge transfer
induced by the adsorption is expected to affect the resistance of
the material system, which can be experimentally measured and
serves as a marker for VOCs sensors. To quantitatively estimate
the sensitivity of monolayer BP as a VOC sensor, the I-V charac-
teristics through the material with and without VOC adsorption
in the scattering region between two semi-infinite electrodes are
studied using the NEGF technique.* As shown in Figure 5a,b,
two semi-infinite electrodes (armchair: 9.14 A x 9.96 A, zigzag:
9.96 A x 9.14 A) of monolayer BP connect to a central scatter-
ing region (armchair: 36.56 A x 9.96 A, zigzag: 39.84 A x 9.14
A), being built from the preferential VOC adsorption configura-
tions (see Figure 3) previously obtained from DFT calculations.
The corresponding I-V characteristics of monolayer BP with and
without VOC adsorption, along the armchair and zigzag direc-
tions, are shown in Figure 5c¢,d, respectively. With a bias voltage
applied, the Fermi level of the left electrode shifts upward with
respect to that of the right electrode. The current starts to flow
only after the valence band maximum (VBM) of the left electrode
reaches the conduction band maximum (CBM) of the right elec-
trode. As a result, there is no current passing through the center
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scattering region when the bias voltage is smaller than ~0.9V, the
band gap of monolayer BP. As the bias voltage further increases,
the currents increase monotonically with the voltage. Compar-
ing Figure 5c and d, we note highly anisotropic I-V responses
along the two directions, with decreased current at the scale of
uA along the armchair direction after monolayer BP exposed to
VOC analytes, whereas increased current at the scale of nanoAm-
pere along the zigzag direction. The anisotropic transport prop-
erties of monolayer BP originate from its anisotropic electronic
band structures, which exhibit much more significant disper-
sions along the armchair direction, namely the 'Y direction in
the reciprocal space.®! Nonetheless, if only the absolute value (in
current change) is considered, a similar trend can be observed
regardless of the direction, with C;HsCHO causing the largest
change in current, followed by C,HsOH, C¢HsCH;, C¢Hy4, and
(CH3),CO, at a certain applied bias voltage. After the determina-
tion of I-V characteristics of monolayer BP, we further calculate
the response of the VOC sensor in terms of the resistance vari-
ation. Figure 6a presents the normalized response (A R/R;,) of
the monolayer BP sensor for the five VOCs at bias voltage of 2 V.
Here, R, and AR, respectively represent the baseline resistance
of the sensor and the change in resistance of the sensor after ex-
posure to VOC analytes. The monolayer BP channel shows simi-
lar response behaviors with five VOCs, with the largest increment
in resistance of approximately 19% for C,HsCHO. The reduction
of current or increase of resistance after the VOCs adsorption can
be directly measured in experiment.®®

Besides the sensitivity, another important aspect to assess the
performance of a gas sensor is its reusability, which can be typi-
cally achieved by heating. Theoretically, the recovery time is pre-
dicted by the following equation(®®

_ |Ead|
I
= exp(kBT> (4
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Figure 6. a) The normalized resistance variation under the bias voltage of 2V, and b) recovery time of the monolayer BP sensor exposed to various

VOCs.

where v denotes the attempt frequency of bond breaking, and
thus small | E,q| indicates a fast desorption of VOCs molecules.
Calculated from Equation (4), the recovery time (we assume
v=1 THz and T = 300 K) for different VOCs are shown in
Figure 6b. We see that C;HsCHO, C,HCO, and CsHy, show
microsecond scale recovery times while C;HsCO exhibits a mil-
lisecond scale recovery time. Those 7 values are well within the
detectable rangel®!! and indicate very fast recovery.*”-%l One ex-
ception is the case of C;HsOH, which shows very small recov-
ery time (at 300 K), that is, T = 12.34 ns, and would be chal-
lenging to detect at room temperature. However, microsecond
or millisecond scale recovery time may be achieved for C,HsOH
via strain engineering (to enhance its adsorption energy, as men-
tioned earlier) or increasing the temperature (e.g., 6.59 us at 500
K). Therefore, overall, the above demonstrates that monolayer BP
promises a good combination of high sensitivity and fast recovery
as VOC sensors.

4. Conclusion

In conclusion, we have studied the adsorption of VOCs on
monolayer BP using first-principles calculations and examined
its potential for application in VOC sensors. The energeti-
cally preferable adsorption sites for VOCs on monolayer BP
have been identified and the corresponding adsorption ener-
getics have been determined. VOCs were found to generally
exhibit stronger interaction with monolayer BP than with the
widely studied monolayer MoS,, indicative of monolayer BP po-
tentially being a more sensitive VOC sensor. The adsorption
energetics of VOCs on monolayer BP can be engineered by elas-
tic strain, with compressive (tensile) strain increasing (decreas-
ing) the adsorption energy. Furthermore, the adsorption char-
acteristics of VOCs on monolayer BP are well retained in the
event of thickness variation, albeit enhanced adsorption energies
for bilayer and few-layer BP. VOC molecules were found to act
as charge acceptors and draw charge from monolayer BP, yet
have little influence on the electronic properties of monolayer
BP. Monolayer BP exhibits highly anisotropic transport proper-
ties, nonetheless, the absolute modification of -V responses due
to VOCs shows a direction-independent trend. Moreover, the re-
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covery time of VOC sensor is found to be within the detectable
range and indicative of a short recovery time for next detection.
Our findings suggest that monolayer BP can be a compelling can-
didate material to achieve high sensitivity and good reusability for
VOC sensors.

The present study demonstrated the capability of computa-
tional modeling as an effective means in the design and explo-
ration of BP-based sensors. However, it is important to recog-
nize that there remain limitations and challenges to be overcome.
Taking VOC sensing as an example, realistically there will be co-
existence of multiple VOCs. This necessitates the evaluation of
the competitive resistance variation and mutual interference be-
tween VOCs, and in certain cases, the exact VOC adsorption se-
quence and possible reconstruction of VOC clusters, in order to
obtain a more accurate assessment of VOC sensing and selec-
tivity of BP. Meanwhile, monolayer and multilayer BP can be
susceptible to oxygen and water in ambient environment, ren-
dering a serious stability concern for BP-based sensors and mak-
ing protective functionalization and/or processing treatments a
necessity. Consequently, the impact of these treatments on sens-
ing properties and performance of monolayer and multilayer BP
needs to be assessed. Moreover, abundant lattice defects and het-
eroatoms are often expected from the fabrication of BP, which
not only may modify the properties of BP but also affect its inter-
action with VOCs. The above challenges, along with many others
not mentioned here, require dedicated research studies and de-
velopment of new computational tools.
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