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ABSTRACT The utilization of black phosphorus and its monolayer
(phosphorene) and few-layers in field-effect transistors has attracted a lot of
attention to this elemental two-dimensional material. Various studies on
optimization of black phosphorus field-effect transistors, PN junctions, photo-
detectors, and other applications have been demonstrated. Although chemical

sensing based on black phosphorus devices was theoretically predicted, there is
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still no experimental verification of such an important study of this material. In this

article, we report on chemical sensing of nitrogen dioxide (NO,) using field-effect transistors based on multilayer black phosphorus. Black phosphorus

sensors exhibited increased conduction upon NO, exposure and excellent sensitivity for detection of NO, down to 5 ppb. Moreover, when the multilayer

black phosphorus field-effect transistor was exposed to NO, concentrations of 5, 10, 20, and 40 ppb, its relative conduction change followed the Langmuir

isotherm for molecules adsorbed on a surface. Additionally, on the basis of an exponential conductance change, the rate constants for adsorption and

desorption of NO, on black phosphorus were extracted for different NO, concentrations, and they were in the range of 130—840 s. These results shed light

on important electronic and sensing characteristics of black phosphorus, which can be utilized in future studies and applications.
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ecently, the rediscovery of black phos-
Rphorus (BP)' 3 as a new single-element
two-dimensional (2D) layered material
has sparked the interest of scientists in var-
ious fields. Electronic and optical properties
showed great promise for using BP in numer-
ous applications. The field-effect transistor
(FET) of few-layer BP exhibited high charge
mobility, anisotropic transport behavior, high
operating frequencies, and relatively high
current on/off ratios, making BP a potential
candidate for future electronics.'® The re-
cently reported device optimization tech-
niques of BP FETs have yielded transistors
with even better performance (e.g., higher
mobility and lower contact resistance).”~'°
In addition, optical applications including
photovoltaics (PV), photodetectors, and im-
aging devices were created using BP FETs with
different device structures.®''~'* Moreover,
passivation and stability of black phosphorus
has also been studied.'>'® On the other
hand, other applications such as chemical
sensing of BP remain only theoretically
explored."”
Chemical sensing using various nano-
materials is one of the most promising
applications, due to the inherent large

ABBAS ET AL.

surface-to-volume ratios. A variety of nano-
materials including carbon nanotubes,'®'®
nanowires,”®?' and graphene®?* were
extensively studied for chemical and gas
sensing applications. In the 2D family, both
exfoliated and chemical-vapor-deposited
(CVD) MoS, with various thicknesses were
used for chemical sensing. The sensitivity
of these sensors varied significantly de-
pending on flake thickness, metal contacts,
method of synthesis, and other factors.2*~2®
For example, chemical sensitivity of MoS,
FETs to nitrogen dioxide (NO,) varied from
a few hundred parts per million (ppm) in
exfoliated samples to a few parts per billion
(ppb) in monolayer CVD samples.®*®

NO, is a common gas produced as a
byproduct in industrial plants and vehicles.
This gas is hazardous to humans and can
cause a number of health problems. Accord-
ing to the U.S. Department of Environmen-
tal Protection Agency (EPA), exposure to
NO, concentrations larger than 53 ppb can
cause possible health problems.?® Conse-
quently, detection of this gas with sensitiv-
ities better than the aforementioned limit
is of extreme importance. BP, being a 2D
material, is predicted to be sensitive to
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various chemicals with comparable or better sensitiv-
ities than MoS, and graphene because the adsorption
energies of molecules such as NO, and NO are larger
with BP than with graphene and MoS,."” On the basis
of our knowledge, there is yet no systematic experi-
mental verification of gas and/or chemical sensing of
BP FETs.

In this report, we investigated the chemical sensing
performance of multilayer BP FET to NO, gas. We
studied the stability of our BP sensors by Raman
spectroscopy of flakes before and after sensing,
which revealed no difference in the spectra, indicating
the multilayer BP was stable for the time frame, and
repeated sensing we used. In our experiment, we
exposed the BP FET to varying concentrations of NO,
and monitored the relative conductance change in the
device. The BP FET showed a systematic increase in
conductance with varying concentrations, indicative of
hole doping charge transfer caused by NO, molecules.
The multilayer BP sensor exhibited a clear conductance
change to NO, concentrations as low as 5 ppb com-
paring favorably with the performance of almost all
other 2D sensors including monolayer MoS,.2%2®
Moreover, the devices showed a good recovery to
the original conductance after flushing the device
with argon, suggesting a reversible adsorption and
desorption of NO,. The relative conductance change
fitted fairly well with Langmuir Isotherm for molecular
adsorption on a surface. This implies that NO, molec-
ular adsorption via site binding and charge transfer
are the sensing mechanisms for our BP devices.
Additionally, we studied the adsorption and desorp-
tion rates of NO, molecules on the BP surface and
derived the rate constants for various NO, concentra-
tions. We also examined the drain current vs drain
voltage (l4—Vy) and drain current vs gate voltage
(lq—Vg) of the BP FET under varying concentra-
tions of NO,, which showed a systematic increase in
conductance and good consistency with Langmuir
Isotherm. The results presented in this paper may
stimulate further study on the interaction between
2D materials and gas molecules, and may lead to
various sensing applications.

RESULTS AND DISCUSSIONS

Figure 1a shows a schematic of the BP device used in
this study. First, chemically synthesized BP flakes (see
Methods) were exfoliated, using a scotch tape, ona P**
Si/300 nm SiO, substrate and subsequently patterned
with contact metals (0.5 nm Ti/50 nm Au) as source and
drain electrodes. In the back gate configuration, the
P2+ Si acts as a back gate and the 300 nm SiO, is the
dielectric. Figure 1b reveals an optical image showing
the multilayer BP FET used for NO, sensing. The I4—Vy
curves of the device at different back gate voltages
and an inset of an /4—V, curve are shown in Figure 1c.
The linearity of I4—V4 curves suggests Ohmic contacts
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between Au and multilayer BP. The nondepletable
performance of the multilayer BP flake is due to the
electric field screening effect in thick BP flakes.! 3
Figure 1d shows an atomic force microscope (AFM)
image of the multilayer BP sensor and a height profile
revealing a thickness of ~55 nm. The use of thick BP
flakes is of extreme importance to the stability of the
sensor and it was recently applied to other applications
of BP such as imaging."' Generally, a stable perfor-
mance over the sensing experiment is required for
reliable sensing. Specifically, BP FETs, using relatively
thin BP, have displayed degradation in performance
under ambient conditions due to the oxidation of
phosphorus. Recently, several solutions were devel-
oped to encapsulate and passivate BP FETs to maintain
good performance under ambient conditions.'>3%'
These methods are not applicable for sensing applica-
tions since direct exposure of the device active material
to the chemical is required. Accordingly, we decided
to use thick BP flakes for our sensing experiments to
enhance the stability of the device and reduce degra-
dation under exposure to NO,. Although thinner BP
flakes may theoretically offer better sensing perfor-
mance because of the larger surface-to-volume ratio
and larger bandgaps (i.e., reduced charge density),
thinner flakes maybe more affected by oxidation than
thicker flakes. On the basis of our experiments, we
observed that continuous electrical measurements of
thin BP flakes in air made the BP FET fail (Supporting
Information Figure S1). On the other hand, a bias stress
test of a thick BP flake in air showed relatively stable
performance with a conductance variation less than
4% (Figure 1e). To isolate the effect of NO, on BP
from other species such as oxygen and water vapor,
we carried out the sensing experiments in an argon
environment (i.e.,, NO, diluted in argon). Nonetheless,
the relatively stable conductance value in air is promis-
ing for more practical future sensing applications.
To further investigate the effect of NO, exposure on
BP flakes we compared the Raman spectrum of BP
flakes before and after exposure to NO,. Due to the
anisotropic nature of BP, care was taken to keep the
laser polarization, for a specific flake, in the same
direction in all Raman measurements. Figure 1f shows
a Raman spectroscopy taken on a multilayer BP flake
before and after exposure to 800 ppb NO, for ~30 min.
It can be seen that all peaks associated with BP (A'4 at
~362cm™ ', A%;at ~466 cm ', and B,g at ~440 cm ™)
remain in the same positions and show similar relative
peak intensity ratios before and after exposure.
This suggests minimal chemical degradation of multi-
layer BP flakes used in our experiments during NO,
exposure.

The NO, sensing experiment starts by loading the
device in a gas chamber while flushing the system
with argon for 10 min. Afterward, the NO, gas is diluted
with argon to produce various concentrations and
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Figure 1. Schematic, images, electronic properties and stability of multilayer BP FET used for chemical sensing. (a) Scheme
of a multilayer BP FET. (b) An optical image of the multilayer BP flake between two Ti/Au electrodes used in this study. The BP
flake is bordered by a dashed black line to guide the eye. (c) I4—Vq4 curves of the multilayer BP FET in (b) showing linear
curves, which is a characteristic of an ohmic contacted device. Inset shows an /y—V, curve measured at 50 mV V4 with a
nondepletable current. (d) An AFM height profile of the BP flake revealing a height of 55 nm. Inset showing an AFM
amplitude image of the multilayer BP FET in (b). (e) A bias stress test of a BP multilayer flake in air showing a maximum
fluctuation in relative conductance of less than 4%. (f) Raman spectra of multilayer BP FET before (red) and after (black)
exposure to 800 ppb NO, for 30 min showing qualitatively identical spectra (A‘g at~362cm™’, AZg at ~466 cm ™' and B,y at

~440 cm™").

the BP device is subsequently exposed to the desired
concentration. After the exposure to a certain NO,
concentration, the system is flushed with argon for
300 s to partially recover the device and to observe
a conductance change opposite to the NO, exposure
period. Finally, when the device is exposed to all
desired concentrations, the system is flushed with
argon until the device recovers to the original con-
ductance value. Figure 2 shows the results from the
above-described sensing experiment. In Figure 2a, the
relative conductance change AG/G is plotted vs time
(where AG = G — Gy, G is the instantaneous conduc-
tance of the device, and Gy is the conductance of the
device before exposure to NO,). The inset of Figure 2a
illustrates the point in time where the device is ex-
posed to 5 ppb NO, concentration (i.e., ON) and when
the device is flushed with argon (i.e., OFF). It can be
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clearly observed that the BP sensor responds to NO,
concentrations down to 5 ppb evident by a conduc-
tance change of 2.9%. The relatively high sensitivity to
NO, for multilayer BP is very interesting and may be
further improved by reducing the layer number and
increasing the surface-to-volume ratio. Additionally, it
can be seen that the conductance change is mono-
tonic and systematically increases as the concentra-
tion increases from 5 to 40 ppb. After exposure to all
NO, concentrations, the device recovers while being
flushed with argon in a period of ~35 min and can be
used again for another round of sensing (Figure 2a).
In Figure 2b, the measured AG/Gy is plotted vs NO, gas
concentration. AG/Gy is extracted by taking the differ-
ence of the ON and OFF values (Figure 2a inset) for
each concentration. The data points in Figure 2b fit
with Langmuir Isotherm for molecules adsorbed on a
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Figure 2. NO, gas sensing performance of multilayer BP FET. (a) Relative conductance change (AG/Gy) vs time in seconds for a
multilayer BP sensor showing a sensitivity to NO, concentrations (5—40 ppb). Inset shows a zoomed in image of a 5 ppb NO,
exposure response with identification of points in time where the NO, gas is switched on and off. (b) AG/G, plotted vs NO,
concentration applied to the BP FET showing an agreement between the measured values (red squares) and the fitted
Langmuir isotherm. The equation in the bottom right is the fitted Langmuir isotherm.

surface with equation:

AG  0.257
Go 21.8
1+

C (ppb)

(where C is the concentration in ppb). The fitting
further confirms that charge transfer is the sensing
mechanism for NO, sensing in the multilayer BP de-
vices. Moreover, repeated sensing experiments re-
vealed very similar sensing performances of the same
device suggesting a stable performance over the time
frame of our experiment (Supporting Information
Figure S3). We note that the BP sensor is not specifically
selective to NO,. To improve the selectivity of the BP
sensor to NO,, further efforts must be applied to
modify the BP surface or sensor structure to be selec-
tive to a specific chemical species.

We define the sensor response time as the time
required to change the conductance after introducing
either NO, (conductance increase) or argon (conductance
decrease) in a specific range by 90%. Accordingly, we
calculated the response time of our sensor to be in the
range of ~280—350 s for different concentrations. This
value is an indication of the rate the molecules are
adsorbed on BP surface and it is comparable to other
reports using other 2D materials, such as MoS; as gas
sensors.*?*?8 To further analyze the adsorption and
desorption of NO, molecules on BP, we extracted the
absorption/desorption rate constants (z) of the multi-
layer BP device. The first-order rate equation is of the
form: G = G + (Go — Goe~ %, where G is the instanta-
neous conductance, Gs is the final conductance after
the end of an adsorption/desorption period, G is the
initial conductance before an adsorption/desorption
period, and t is the time3? Figure 3a, shows the
measured conductance decrease associated with NO,
desorption and the fitted curve when the BP FET is
flushed with argon after being in a 20 ppb NO,
environment. The measured and fitted curves show a
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Figure 3. NO, gas sensing adsorption and desorption rate
study. (a) Measured time-dependent conductance change
of a multilayer BP FET (black) flushed with argon after being
exposed to 20 ppb NO,, showing a continuous decrease
in conductance and the corresponding fitted curve (red)
using the equation in the bottom of (a). (b) Rate constant (7)
extracted from curve fitting vs NO, concentration showing a
saturation behavior for higher concentrations of NO,.

nearly perfect agreement with a fitting error of ~1.5%.
This agreement suggests that there is only one time
constant and therefore only one mechanism associated
with NO, molecular adsorption/desorption in our ex-
periment. Theoretical study of NO, preferential binding
position and binding energy was previously reported.'”
The single mechanism of adsorption/desorption corre-
sponds to a single binding energy, which is most likely
the preferential binding position that corresponds to
a distance of 2.2 A between NO, and phosphorus
atoms with no covalent bond formation.'” Figure 3b
plots the adsorption and desorption rate constants (z) vs
different concentrations of NO,. The extracted 7 values
varied from ~130 s for a concentration of 5 ppb to ~840 s
for a concentration of 40 ppb. It can be observed that 7,
which is a metric for how fast the NO, adsorption/
desorption process is, decreases as the gas concentration
increases and saturates at high concentrations.

The surprisingly high sensitivity of the thick (i.e.,
55 nm) multilayer BP flake compared to other multi-
layer 2D materials such as MoS, is worth noting.2>% For
instance, He et al. observed a ~1% change in AG/Gq
when exposing an 18 nm MoS, flake to 1200 ppb NO,,
while we observe a 2.9% change in AG/Gy when
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Figure 4. Electronic properties of multilayer BP FET under different NO, gas concentrations. (a) Is—V, curves of multilayer BP
FET under different concentrations of NO, showing a clear upshift in the curves as the concentrations increase. (b) Measured
Ion vs NO, concentration (red) and the corresponding fitted Langmuir isotherm (black) showing a good agreement. Inset
shows 1/l vs 1/NO, concentration exhibiting a linear relation further illustrating Langmuir isotherm fitting. (c) I4—Vq4 curves
of the same device under different NO, concentrations showing a monotonic increase in conductance with increasing NO,
concentrations. (d) Measured G vs NO, concentration (red) and the corresponding fitted Langmuir isotherm (black) showing
good agreement. Inset shows 1/G vs 1/NO, concentration exhibiting a linear relation.

exposing a 55 nm BP flake to 5 ppb NO, (240 times
lower in concentration).?> This staggering difference in
response of multilayer samples is potentially material
dependent. As we mentioned earlier, the high adsorp-
tion energies of NO, to BP is one reason causing the
high sensitivity of our BP gas sensors.'” Additionally, it
was theoretically predicted and experimentally ob-
served that BP layers have less out-of-plane conduc-
tance than other 2D materials such as graphene and
Mo05,.337% This low conductance in the out-of-plane
direction in BP compared to the in-plane conductance
may explain the high sensitivity we observe. Since only
the topmost BP layer and edges are exposed to NO,
during sensing, and since the metal contact to the
multilayer BP flake is mostly to the top layer, the
transport and doping of the top layers may dominantly
control the conductance of the device because of the
low conductance in the out-of-plane direction. To
further explore the conductance of the out-of-plane
direction in BP, we fabricated a vertical structure com-
prised of a monolayer graphene bottom contact to
multilayer BP and a 0.5 nm Ti/50 nm Au top contact
(Supporting Information Figure S2). It can be observed
that the ON current value in the vertical BP transistor
structure (Supporting Information Figure S2) is approxi-
mately 2 orders of magnitude lower than that in the
traditional lateral transport FET structure (i.e,, 10 uA for
V4 = 0.05 V in lateral FET compared to 20—100 nA for
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V4 = 0.1 V in vertical FET). Moreover, comparing to a
vertical MoS, with flake thicknesses in the same range
and similar device structure, BP vertical FET structure
revealed a vertical current density of 0.5—2.4 A/cm? at
V4 = 0.2 V (Supporting Information Figure S2), while
MoS, at the same V4 exhibited a current density of
~800 A/cm?3® This notably large difference further
supports our explanation and hypothesis about the
observed high sensitivity in multilayer BP sensors
compared to its other 2D counterparts.

We further characterize the electronic properties
of the multilayer BP FET via observing the change in
la—V4 and I4—Vq curves after exposing the device to
different concentrations. First, the device was flushed
with argon to clear the system from any contaminants
or residual gas species. Then the device was exposed to
a specific NO, concentration for 500 s. Subsequently,
measurements of Iy—Vy4 and Iq—Vy curves were re-
corded while the device is still exposed to NO,. After-
ward, the device was flushed with argon for 300 s
before exposing the device to a new concentration of
NO,. The time of 500 s we used to expose BP to NO,,
and the time of 300 s we used to flush the BP devices
for recovery are chosen as reasonable durations for
typical chemical sensing and recovery experiments. As
we can tell from the response amplitudes and speeds
in Figure 2a, either shorter or longer exposure times
can also be used. Figure 4a shows the I4—V curves of

VOL.XXX = NO.XX = 000-000 = Xxxx ACS\JA

J

WL

N

Na

WWwWW.acsnano.org

E


http://pubs.acs.org/action/showImage?doi=10.1021/acsnano.5b01961&iName=master.img-004.jpg&w=317&h=264

the BP device under different concentrations. An up-
shift in the curves with increasing NO, concentrations
associated with extra hole doping was observed.
Figure 4b plots the on current (lon) (defined as current
at Vg = —60 V) extracted from Figure 4a vs the
concentration of NO, to which the BP device was
exposed. The measured data points reveal a saturation
behavior at higher concentrations and follow the
Langmuir Isotherm with equation:

1.19 x 10~

fov =086 W
T+
C (ppb)

which further supports that charge transfer is the
main mechanism for BP FET sensors. The inset of
Figure 4b shows that 1/loy vs 1/C (ppb) has a linear
relationship, which is another representation of the
Langmuir Isotherm in Figure 4b. I4—Vy4 curves at dif-
ferent concentrations of NO, are plotted in Figure 4c.
As can be seen, the conductance increases monotoni-
cally with increasing NO, concentrations. Moreover,
the I4—Vy4 curves maintain their linearity with various
NO, concentrations indicating minimal effect of
Schottky barrier modulation induced by NO, exposure
under the conditions we used in the experiment.
Figure 4d shows the conductance (G) of our BP sensor
extracted from Figure 4c vs the concentration of NO..
The fitted Langmuir Isotherm equation is

METHODS

BP Synthesis. We synthesized BP samples from red phos-
phorus (Chempur, 99.999+ %) and tin/tin(IV) iodide (Sn/Snl, =
10/5 mg per 250 mg batch) in evacuated (p < 10~ mbar) silica
ampules according to literature procedures.” Subsequently,
the temperature of the starting materials was raised to 650 °Cin
a period of 8 h and that temperature was held for 5 h. Then, the
oven chamber was cooled down to 550 °C in a period of 7.5 h
and was kept at that temperature for 6 h. Eventually, the mixture
was cooled to room temperature.

BP Device Fabrication. BP flakes were exfoliated using a com-
mercial tape on a P> Si/300 nm SiO, substrate with alignment
marks patterned. After the flakes were located using optical
microscopy, electron beam lithography (EBL) defined electrodes
were patterned on the target BP flake. Subsequently, electron
beam evaporation of 0.5 nm Ti as an adhesion layer and then
50 nm thick Au layer for contacts were carried out. Then, the
sample was soaked in acetone for ~30 min to do metal lift-off.
Afterward, the devices were manually bonded using indium
wire bonds after mounting the substrate on a chip carrier.
Finally, devices were loaded inside the gas sensing chamber
and measurements were recorded.

NO, Gas Sensing. Gas sensing was carried out by exposing the
BP FET device to NO, gas diluted in argon in a closed chamber.
Concentrations of NO, were adjusted by changing the flow
rates of both gases while keeping the total flow rate constant.
For each curve, the device was exposed to the desired concen-
tration for 500 s and then flushed with argon for 300 s. Similar
procedure was followed to measure Iy—Vy and Iq—V, for BP
devices.

Conflict of Interest: The authors declare no competing
financial interest.
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1.6 x 1074

¢= 1%

C (ppb)

which agrees with the measured data points. Similar

to Figure 4b, the inset of Figure 4d shows a linear

dependence of 1/G vs 1/C (ppb) which agrees with the
Langmuir Isotherm fitting.

®)

CONCLUSIONS

In summary, we experimentally demonstrated NO,
gas sensing performance of multilayer BP FETs. The BP
sensors were sensitive to NO, concentration down to
5 ppb making them comparable in sensitivity to the
best 2D material based sensors. Raman spectroscopy
comparison revealed no apparent change in the spec-
tra before and after exposure to NO,, which shows that
thick BP flakes can maintain their relative stability after
sensing. Moreover, the BP device sensing performance
fitted well with the Langmuir Isotherm for molecules
adsorbed on a surface, which confirms charge transfer
as the dominant mechanism for sensing. The system-
atic increase in conductance with increasing NO,
concentrations suggests NO, molecules withdraw
electrons and dope BP flakes with holes. These results
lay the groundwork for BP to be applied to various
sensing applications including chemical, gas, and
biosensors.

Supporting Information Available: Failure of a BP thin
flake device in air (Figure S1), BP vertical FET measurements
(Figure S2), and repeatability of BP sensor (Figure S3). The
Supporting Information is available free of charge on the ACS
Publications website at DOI: 10.1021/acsnano.5b01961.
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