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3. Pristine and partially-oxidized 
phosphorene

Partially-Oxidized Phosphorene-Based Sensors and Surface Oxidation Effects5

• Phosphorene: single-layer black
phosphorus.

• Several approaches for fabricating
few- and single-layer black
phosphorus.
• The material is unstable under
ambient conditions.
• Surface degrades within hours.

https://commons.wikimedia.org/w/
index.php?curid=66262901

3. Pristine and partially-oxidized 
phosphorene

Partially-Oxidized Phosphorene-Based Sensors and Surface Oxidation Effects6

• Novel approach for few-layer
partially-oxidized black
phosphorus.

• Stability is significantly improved.
• Oxygen content has little variation
when compared with a 4-mo-aged
sample.

• Bandgap of obtained nanosheets
was 1.19 eV.

• P-O-P and O-P=O configurations are
prevalently observed from X-ray
photoemission spectroscopy (XPS)
measurements.B. Tian et al., Proceedings of the National Academy of 

Sciences 115, 4345–4350 (2018). 

suggest that BP can be prepared directly via a facile solvothermal
process at low temperature. The typical Raman peaks located at
360.2, 437.5, and 464.6 cm−1 (Fig. 1C) can be observed in the BP
sample obtained at 100 °C, corresponding to the characteristic
A1

g, B2g, and A2
g modes of BP (17). These results further con-

firm the formation of BP. Besides these three peaks, another
peak at about 400 cm−1 could be assigned to the P-O species
because of partial oxidation (18). Furthermore, the BP samples
prepared at the temperature range of 60–140 °C exhibit quite
similar Raman spectral profiles (SI Appendix, Fig. S3), further
confirming that BP can be obtained at this temperature range.
The as-prepared BP samples were also analyzed using X-ray

photoemission spectroscopy (XPS). All of the XPS spectra ex-
hibit a very similar feature with two narrow peaks in the range of
128–131 eV along with a broad band ranging from 131 to 136 eV
(Fig. 1D and SI Appendix, Fig. S4). The two peaks at 129.9 and
130.8 eV correspond to the 2p3/2 and 2p1/2 states of P element
(2). The broad band can be deconvoluted into three peaks at
131.8, 132.9, and 134.2 eV, attributed to P-O-P, O-P = O, and
P2O5 (19), respectively. O1s XPS spectrum (Fig. 1E) further
reveals partial oxidation of the product. Typically, there are two
intense peaks at 530.8 and 532.0 eV, which are assigned to P = O
and P-O-P bonds, respectively. Although the inevitable oxidation
occurred in our samples, the oxidation was reported to be ben-
eficial for the improvement of the stability of BP (18), as was
confirmed by our results as well. As shown in SI Appendix, Fig.
S5, we can see that the positions of all of the XPS peaks and

oxygen content in the 4-mo-aged BP nanosheets are almost the
same as those in fresh BP nanosheets (10.5% in 4-mo-aged BP
vs. 10.1% in fresh BP), indicating good stability of the BP
nanosheets prepared by the bottom-up route. However, the ratio
of the oxygenated species in the 4-mo-aged BP nanosheets
changes notably compared with that of the fresh sample. In
particular, the peak intensities at 131.8 and 132.9 eV decrease,
while the peak intensity at 134.2 eV increases, suggesting the
conversion of P-O-P and O-P = O species on the surface to P2O5
after 4-mo storage because of further oxidation in air. As a re-
sult, the inner BP component is protected against further oxi-
dation. Therefore, it can be concluded that the oxidation of
surface is beneficial for the improvement of stability of BP
nanosheets. In addition, the optical absorption edge (SI Appen-
dix, Fig. S6) and photocatalytic activity (SI Appendix, Fig. S7) of
the samples stay almost the same as before even stored in air for
4 mo. These results further demonstrate that the BP prepared via
the bottom-up route is stable, which is vital for the applications
of BP as well.
Morphology and structure of the as-prepared BP were further

characterized by several imaging techniques. As shown in Fig.
2A, a representative transmission electron microscopy (TEM)
image shows a typical 2D sheet-like structure with a lateral size
of 0.8–1.0 μm. Such a large size is beneficial for the application in
photoelectronic devices. The scanning electron microscopy im-
age also reveals their 2D sheet-like morphological feature (SI
Appendix, Fig. S8). The high-resolution TEM (HRTEM) image

Fig. 1. Synthetic protocol and spectroscopic analysis of the BP. (A) Few-layers BP nanosheets were synthesized through a solvothermal process at the
temperature range of 60–140 °C using white phosphorus as raw material and ethylenediamine (EN) as solvent. The image shows ∼2 g of sample. (B) XRD
pattern of the BP nanosheets obtained at 100 °C. Peaks are labeled based on the orthorhombic lattice of BP. (C) Raman spectrum. The excitation wavelength
is 633 nm. (D and E) XPS fine spectra of P 2p and O 1s in the BP nanosheets. The C 1s (284.8 eV) is the charged correction benchmark.
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(Fig. 2B) shows the lattice fringes with an interlayer spacing of
0.507 nm, corresponding to d spacing of the (020) plane of or-
thorhombic BP. The TEM images of the BP nanosheets pre-
pared at different temperature show the flake thickness
decreases with the increase of temperature until 100 °C (SI
Appendix, Fig. S9). Further increasing temperature leads to the
increase of flake thickness. Atomic force microscopy (AFM) was
used to verify the sheet-like structure of the BP. As shown in Fig.
2C, thin BP flakes can be observed clearly in the AFM image.
Multiple cross-sections were recorded of the sample laid onto a
mica substrate, and a number of step heights were measured
across the relief of the sample. The thickness of the BP flakes
was determined to be in the range of 1–15 nm, which corre-
sponds to 2–28 atomic layers of BP using a layer-to-layer spacing
of 0.53 nm (20). This also suggests that the solvothermal method
developed here is a reliable approach for the synthesis of few-
layer BP nanosheets. In addition, we can also find some small-
sized nanosheets in Fig. 3C, which have lateral size of about 100–
200 nm and thickness of around 20 nm (SI Appendix, Fig.
S10), respectively.
Our protocol for the large-scale production of few-layer BP

nanosheets is conceptually simple and can be performed in all
chemical laboratories. A delicate interplay is also identified be-
tween raw material and solvent. Herein, we found that ethyl-
enediamine is a reliable medium for the formation of BP
nanosheets (SI Appendix, Table S1). In the ethylenediamine
medium, white phosphorus is not only readily solubilized, but
also is transformed to a brown intermediate, which is tentatively
assigned as red phosphorus based on the EDX and Raman
spectra (SI Appendix, Fig. S11). Meanwhile, the liquid medium
acts as a heat sink, which is similar to LiCl (21), further driving
the reaction from the red phosphorus to BP at low temperature.
Besides solvent, suitable temperature is required as well (SI

Appendix, Table S1). There is no precipitate formed at the low
temperature below 60 °C, while an unknown white crystal is
obtained instead of BP over the temperature of 140 °C. The
highest yield of 65% is achieved at 140 °C. Note that commercial
bulk BP is very expensive [∼500 US dollars per gram (USD/g)],
which is the main source for the research of BP nanosheets (6,
22–24). By contrast, our synthesis cost is not more than 1 USD/g.
Moreover, compared with the exfoliation technique, sol-
vothermal method is more suitable for the large-scale synthesis
of BP nanosheets.
Thermogravimetric analysis (TGA) was carried out under N2

atmosphere to estimate the content of small molecules on the
surface of BP nanosheets. We can see that the BP nanosheets
have about 5% weight loss in the first weight-loss step (<350 °C)
(SI Appendix, Fig. S12), attributed to the removal of physically
adsorbed water, hydroxyl (-OH) groups and other organic species.
The results also demonstrate that the content of the absorbed
species on the surface of the as-prepared sample is quite low.
A more dramatic weight loss starts to occur at 350 °C, associated
with the decomposition of BP (20). Additionally, three exothermic
peaks at 450, 500, and 520 °C are observed in the differential
scanning calorimetry curve, indicating the decomposition of
BP accompanied by exothermic processes (25).
BP nanosheets exhibit a thickness-dependent band gap span-

ning from 0.3 to 2 eV (3) for bulk and monolayer, respectively.
To determine the band gap of the as-prepared BP nanosheets,
therefore, the optical UV-vis–near-infrared (NIR) absorption
spectra were recorded. As shown in Fig. 3A, a broad absorption
band covering visible and NIR wavelength can be observed. Such
an absorption spectrum suggests that the BP nanosheets are
capable of harvesting solar energy and excellent electric con-
ductivity. The band gap of BP nanosheets is firstly estimated to
be ∼1.19 eV (Fig. 3B) from the Tauc plot [(ahv)2 vs. hv curve],

Fig. 2. TEM and AFM images of the BP nanosheets. (A) TEM image of the BP nanosheets. (B) HRTEM image corresponding to A. Lattice image of a BP flake
shows d spacing of the (020) plane of orthorhombic BP. (C) AFM image of BP flakes. Estimated layer numbers are indicated. [Scale bar (thick white line):
0.2 μm.] (D) Line scans performed along the numbered lines shown in C. Layer numbers are identified based on their thickness. (Scale bar: 1 nm.) The BP
nanosheets shown here were prepared at 100 °C.
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4. Computational designs and 
characterization

Partially-Oxidized Phosphorene-Based Sensors and Surface Oxidation Effects7

• Possible configurations for partial oxidation.

J. M. Marmolejo-Tejada and A. Jaramillo-Botero, Partially-
oxidized phosphorene sensor for the detection of sub-nano Molar
concentrations of nitric oxide: A First-Principles study, Physical
Chemistry Chemical Physics 21 (35), 19083-19091 (2019).

This journal is© the Owner Societies 2019 Phys. Chem. Chem. Phys.

2 Phosphorene as a sensing material
2.1 Sensitivity to VOCs

Theoretical and experimental studies have shown that phos-
phorene is very reactive to many small molecules.24–35

The adsorption of gas molecules on phosphorene change its
resistance, making it possible to selectively detect a variety of
molecules.24 Small molecules adsorbed on the surface of phos-
phorene change its carrier density by chemical doping of p-type
(with O2 and NO2) or n-type (with CO, H2, H2O, and NH3), where
NO2 molecules have the strongest interaction.27

Several authors have reported phosphorene-based sensors
with improved selectivity. For instance, Nagarajan and collea-
gues present an armchair phosphorene nanoribbon device with
H-passivated edges to selectively detect NO2, CO2 and O2,35

while Cui et al.28 demonstrated phosphorene’s insensitivity to
CO, H2S and H2 molecules, and Srivastava et al.29 observed
that NO2- and NH3-adsorbed on pristine phosphorene-based
devices lead to differentiable signals in the device’s current vs.
voltage (IV) characteristics. Yang et al.34 enhanced pristine
phosphorene’s selectivity to SO2 by doping it with B or Si, making
it a possible metal-free catalyst. Kulish et al.30 also showed that
phosphorene’s electronic and magnetic properties can be modified
by doping it with adatoms without compromising its mechanical
stability.

The larger binding energies for NO and NO2, when compared
to CO2 and CO,24 makes pristine phosphorene significantly more
sensitive to paramagnetic molecules as NO and NO2 and spin-
induced polarization.24 Both mechanisms, paramagnetism and
spin polarization, are used for sensing applications. In spite of
the low binding energies for the carbonated species on pristine
phosphorene, silicon-doping was shown to convey improved
sensitivity to CO and CO2

32 while calcium-doping enhances its
sensitivity to CH4, CO2, H2 and NH3.31 Substitutional doping of
phosphorene was also explored by Suvansinpan et al.,33 who
showed anionic X (X = O, C and S) dopants lead to highly
dispersive electronic states and the formation of covalent X–P
bonds for added structural stability, alkali atom (Li and Na)
doping form ionic bonds with P and decrease the bandgap,
and metal doped phosphorenes exhibit an enhanced chemical
activity compared with pristine phosphorene. In general, surface

adsorption of atoms on phosphorene tends to be energetically
more favorable in the hollow sites, hence do not disrupt the
material’s bandgap or induce metallic or magnetic states;
depending on the type of adatom.36 Nonetheless, metallization
could be used to avoid Schottky barriers found in contacting
phosphorene with typical metal electrodes.37 For instance,
Cu adatoms have been added experimentally to few-layer phos-
phorene for n-type doping.38

Field-effect transistor (FET) devices based on bulk and
few-layer phosphorene have been demonstrated with better on-
current and carrier mobility than devices based on TMDs.39 Li and
collaborators15 presented a back-gated FET based on few-layer
phosphorene with current modulation of 105 and carrier mobility
up to 1000 cm2 V!1 s!1 at room temperature. Abbas and
co-workers25 presented a multi-layer phosphorene back-gate FET
device for sensing NO2 molecules with concentration in the
range of 5–40 ppb and adsorption–desorption rates in the range
of 130–840 s. Donarelli and colleagues26 presented a sensor based
on chemically exfoliated phosphorene, which is capable of
detecting NH3 and NO2 with a measured limit of detection
(LOD) of 10 ppm and 20 ppm, respectively, at room temperature.

2.2 Air stability of few- and mono-layer black phosphorus

In ambient conditions, phosphorene characteristics change
dramatically and in just a few minutes because of oxidation
and exposure to atmospheric water, given the 3-fold coordi-
nated phosphorus atoms in phosphorene have free electron
pairs on the surface, forming an active site to bind oxygen
atoms. The two uncoupled pairs of electrons in each phos-
phorus atom (caused by sp3 hybridization) and its high surface-
volume ratio make it highly reactive to combinations of oxygen,
water and light.40 Under these conditions, it undergoes degra-
dation where oxidized phosphorus species41 and phosphoric
acid are formed. The degradation by oxidation followed by the
exothermic reaction with water, severely limits its use in gas
sensor applications. Kuntz et al.42 observed that oxidation at
room temperature with high-purity oxygen produces a protec-
tive oxide layer in the surface, while oxidation with water vapor
occurs at pre-existing defects (such as steps, edges and grain
boundaries) which degrades the material and causes surface

Fig. 3 Optimized geometries for semi-infinite phosphorene with adsorbed atoms and molecules: (a) pristine, (b) dangling O-adsorbed, (c) cusp bridging
O-adsorbed, (d) wall bridging O-adsorbed, (e) NO-adsorbed, (f) CO-adsorbed, (g) *OH-adsorbed, and (h) Cu-adsorbed.
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phorene is very reactive to many small molecules.24–35

The adsorption of gas molecules on phosphorene change its
resistance, making it possible to selectively detect a variety of
molecules.24 Small molecules adsorbed on the surface of phos-
phorene change its carrier density by chemical doping of p-type
(with O2 and NO2) or n-type (with CO, H2, H2O, and NH3), where
NO2 molecules have the strongest interaction.27

Several authors have reported phosphorene-based sensors
with improved selectivity. For instance, Nagarajan and collea-
gues present an armchair phosphorene nanoribbon device with
H-passivated edges to selectively detect NO2, CO2 and O2,35

while Cui et al.28 demonstrated phosphorene’s insensitivity to
CO, H2S and H2 molecules, and Srivastava et al.29 observed
that NO2- and NH3-adsorbed on pristine phosphorene-based
devices lead to differentiable signals in the device’s current vs.
voltage (IV) characteristics. Yang et al.34 enhanced pristine
phosphorene’s selectivity to SO2 by doping it with B or Si, making
it a possible metal-free catalyst. Kulish et al.30 also showed that
phosphorene’s electronic and magnetic properties can be modified
by doping it with adatoms without compromising its mechanical
stability.

The larger binding energies for NO and NO2, when compared
to CO2 and CO,24 makes pristine phosphorene significantly more
sensitive to paramagnetic molecules as NO and NO2 and spin-
induced polarization.24 Both mechanisms, paramagnetism and
spin polarization, are used for sensing applications. In spite of
the low binding energies for the carbonated species on pristine
phosphorene, silicon-doping was shown to convey improved
sensitivity to CO and CO2

32 while calcium-doping enhances its
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showed anionic X (X = O, C and S) dopants lead to highly
dispersive electronic states and the formation of covalent X–P
bonds for added structural stability, alkali atom (Li and Na)
doping form ionic bonds with P and decrease the bandgap,
and metal doped phosphorenes exhibit an enhanced chemical
activity compared with pristine phosphorene. In general, surface

adsorption of atoms on phosphorene tends to be energetically
more favorable in the hollow sites, hence do not disrupt the
material’s bandgap or induce metallic or magnetic states;
depending on the type of adatom.36 Nonetheless, metallization
could be used to avoid Schottky barriers found in contacting
phosphorene with typical metal electrodes.37 For instance,
Cu adatoms have been added experimentally to few-layer phos-
phorene for n-type doping.38

Field-effect transistor (FET) devices based on bulk and
few-layer phosphorene have been demonstrated with better on-
current and carrier mobility than devices based on TMDs.39 Li and
collaborators15 presented a back-gated FET based on few-layer
phosphorene with current modulation of 105 and carrier mobility
up to 1000 cm2 V!1 s!1 at room temperature. Abbas and
co-workers25 presented a multi-layer phosphorene back-gate FET
device for sensing NO2 molecules with concentration in the
range of 5–40 ppb and adsorption–desorption rates in the range
of 130–840 s. Donarelli and colleagues26 presented a sensor based
on chemically exfoliated phosphorene, which is capable of
detecting NH3 and NO2 with a measured limit of detection
(LOD) of 10 ppm and 20 ppm, respectively, at room temperature.

2.2 Air stability of few- and mono-layer black phosphorus

In ambient conditions, phosphorene characteristics change
dramatically and in just a few minutes because of oxidation
and exposure to atmospheric water, given the 3-fold coordi-
nated phosphorus atoms in phosphorene have free electron
pairs on the surface, forming an active site to bind oxygen
atoms. The two uncoupled pairs of electrons in each phos-
phorus atom (caused by sp3 hybridization) and its high surface-
volume ratio make it highly reactive to combinations of oxygen,
water and light.40 Under these conditions, it undergoes degra-
dation where oxidized phosphorus species41 and phosphoric
acid are formed. The degradation by oxidation followed by the
exothermic reaction with water, severely limits its use in gas
sensor applications. Kuntz et al.42 observed that oxidation at
room temperature with high-purity oxygen produces a protec-
tive oxide layer in the surface, while oxidation with water vapor
occurs at pre-existing defects (such as steps, edges and grain
boundaries) which degrades the material and causes surface

Fig. 3 Optimized geometries for semi-infinite phosphorene with adsorbed atoms and molecules: (a) pristine, (b) dangling O-adsorbed, (c) cusp bridging
O-adsorbed, (d) wall bridging O-adsorbed, (e) NO-adsorbed, (f) CO-adsorbed, (g) *OH-adsorbed, and (h) Cu-adsorbed.
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the binding energy per O2 molecule, indicating the dangling
position is energetically favored over the bridged configura-
tions. This suggests an oxidation mechanism that proceeds by
top site PQO insertions, followed by surface mobility of O into
the bridging P–O–P configurations (cusps, walls, and valleys)
after a particular surface coverage threshold. It is worth men-
tioning that we used the total ground-state energy of the system
as reference and do not provide a correlation between this
ground-state energy and the effect on the band structure or
bandgap, which would require an exhaustive sampling of the
conformation and compositional space of the system. However,
we do know, that the relationship will be driven by orbital
interactions along the plane (cusp bridge) and out of plane
(wall bridge), that there is a significant gain in energy due to
oxygen chemisorption on phosphorene, and that increasing
concentrations of oxygen in phosphorene lead to a monotonic
increase in the bandgap (up to B8.5 eV).

Consequently, we started from the dangling O configuration
(top T1 sites) and gradually added O atoms on random T1 sites
while optimizing the structure at each insertion. Fig. 4(b)
compares the band structure of pristine phosphorene to those
of surfaces with different adsorbed O concentrations, between
4.2–16.7%. It shows a direct bandgap for all structures that

increases from 2.4% to 27%, respectively. Similar to predictions
in ref. 50, higher concentrations lead to indirect bandgap
structures on the transport direction z, as shown in the inset
of Fig. 4(b), however, a fully oxidized structure, i.e. a phos-
phorus pentoxide (P2O5) monolayer, results in a 5.413 eV direct
bandgap (7.45 eV using hybrid functionals43). We obtained a
normalized binding energy per O atom of !67 kcal mol!1 for
low O concentrations, which increased to !63.6 kcal mol!1 in
larger O concentrations, as shown in the inset of Fig. 4(b).
T1 sites are preferred over hollow or bridge sites, which have
binding energies of !8.4 and !2.7 kcal mol!1, respectively. The
inset of Fig. 4(b) shows that the po-phosphorene structures
with 4.2–8.3% have equivalent normalized O-binding energies
to the P T1 po-phosphorene surface sites, while at higher
concentrations it becomes increasingly, energetically less favor-
able. Given that the structure with 4.2% surface O concen-
tration has less atoms than the one with 8.3%, albeit with
similar bandgaps (as shown in the same inset), we chose the
former as the reference system for all the electronic transport
calculations that follow.

Zhou and coworkers70 suggest that the po-phosphorene
degradation mechanism in ambient conditions proceeds via
the generation of a superoxide, its catalytic dissociation in the

Fig. 4 Band structure of (a) pristine and O-adsorbed phosphorene in the dangling, cusp and wall bridging positions, (b) pristine O-adsorbed phosphorene
with different dangling oxygen concentrations, (c) NO-adsorbed, CO-adsorbed and *OH-adsorbed phosphorene, and (d) Cu-adsorbed phosphorene. The
inset in (a) shows the corresponding bandgap energy (red crosses) and binding energy per oxygen molecule (blue circles) for the different adsorption
configurations. The inset in (b) shows the corresponding bandgap energy (red crosses) and binding energy per oxygen atom (blue circles) for different
adsorbed concentrations in the dangling position. The inset in (c) shows the adsorption energy per *OH-, NO- and CO-adsorbed molecule.
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The dangling position is energetically favored over the bridged configurations.
This suggests an oxidation mechanism that proceeds by top site P=O insertions,
followed by surface mobility of O into the bridging P-O-P configurations.

4. Computational designs and 
characterization

Partially-Oxidized Phosphorene-Based Sensors and Surface Oxidation Effects8

• Partially-oxidized phosphorene sensor for the detection of sub-
nano molar concentrations of nitric oxide.

J. M. Marmolejo-Tejada and A. Jaramillo-Botero, Partially-oxidized
phosphorene sensor for the detection of sub-nano Molar concentrations
of nitric oxide: A First-Principles study, Physical Chemistry Chemical
Physics 21 (35), 19083-19091 (2019).

Phosphorene’s surface reactivity allows the adsoroption of NO and other
small molecules, that can modify its electronic transport properties for
single-molecule detection, with differentiable electronic signature when
compared to single CO-adsorbed and *OH-adsorbed.
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4. Computational designs and 
characterization

Partially-Oxidized Phosphorene-Based Sensors and Surface Oxidation Effects9

• Comparison of electronic transport properties using DFT/DFTB.
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J. M. Marmolejo-Tejada and A. Jaramillo-Botero, Effect of surface oxidation on the electronic transport
properties of phosphorene gas sensors: a computational study, RSC Advances 10 (12), 6893-6899 (2020).

DFTB calculations provide a very
accurate bandgap prediction
(~1.93 eV vs. ~0.81 eV with DFT).

We also study variations in
bandgap energy due to random
surface oxidation at T1 sites.

4. Computational designs and 
characterization

Partially-Oxidized Phosphorene-Based Sensors and Surface Oxidation Effects10

• Electronic contributions from adsorbed NO and NO2 molecules.

Fig. 1(a) compares the analyte's binding energy to phos-
phorene, using DFT, DFTB, and existing published
data.17,21,23,25,26,29,30 As observed by Kou et al.,17 NO and NO2

molecules consistently have the largest binding energy to pris-
tine phosphorene, implying it is more sensitive to these

molecules. Fig. 2(a–i) depicts the changes in band structure as
a function of analyte adsorption, and Fig. 3(a–i) shows the PDOS
obtained for each system. NO and NO2 are the only molecules
among the tested gas phase molecules, that exhibit a signicant
contribution to the system's electronic properties around the

Fig. 2 Fat bandstructure of (a) pristine phosphorene, and phosphorene with adsorbed (b) CH4, (c) CO, (d) CO2, (e) HCN, (f) HNC, (g) NH3, (h) NO,
(i) NO2, (j) 4.2% O, (k) 50% O and (l) Na. Fat bands in blue show the contribution of the adsorbed molecule to the electronic structure of
phosphorene.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 6893–6899 | 6895
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Electronic contributions from adsorbed NO
and NO2 are located near the Fermi level.

J. M. Marmolejo-Tejada
and A. Jaramillo-
Botero, Effect of
surface oxidation on
the electronic transport
properties of
phosphorene gas
sensors: a
computational study,
RSC Advances 10 (12),
6893-6899 (2020).



7/9/20

6
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characterization

Partially-Oxidized Phosphorene-Based Sensors and Surface Oxidation Effects11

• Partially-oxidized phosphorene sensor for the detection of sub-
nano molar concentrations of nitrogenated species.

J. M. Marmolejo-Tejada and A. Jaramillo-Botero, Effect of surface
oxidation on the electronic transport properties of phosphorene gas
sensors: a computational study, RSC Advances 10 (12), 6893-6899
(2020).

The device is capable of detecting single
physisorbed NO and NO2 molecules on the channel,
with differentiable electronic signatures at VG=-1V
and VDS=-2V, disregarding surface oxidation.

5. Conclusions and future work

Partially-Oxidized Phosphorene-Based Sensors and Surface Oxidation Effects12

• Partially-oxidized phosphorene could be practically used for gas
sensing applications of nitrogen–oxygen moieties (adsorbed
molecules whose electronic contribution is located near the
systems' Fermi level).
• Controlled oxidation of T1 sites on the phosphorene surface, up to 50%

coverage, leads to preserved semiconducting properties, and sufficient
binding sites for the potential detection of small organic molecules.

• NO and NO2 gas molecules bind to po-phosphorene's surface with favorable
energy, and they can be selectively detected by means of a field-effect
sensor.

• The presented designs provide basic architectural nodes for more
complex bio-sensing logic circuits.
• These may be embedded in mobile sensing devices for multiple applications.

• Next step: Experimental verification - Prototyping.
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