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ABSTRACT:

A black phosphorous (BP)-based field-effect transistor (FET) biosensor was fabricated by using
few-layer BP nanosheets labeled with gold nanoparticle-antibody conjugates. BP nanosheets
were mechanically exfoliated and used as the sensing/conducting channel in the FET, with an
AlL,Oj; thin film as the dielectric layer for surface passivation. Antibody probes were conjugated
with gold nanoparticles that were sputtered on the BP through surface functionalization. The
sensor response was measured by the change in the BP’s electrical resistance after antigens were
introduced. The adsorbed antigens through specific antigen-antibody binding interactions
induced a gate potential, thereby changing the drain-source current. The as-produced BP
biosensor showed both high sensitivity (lower limit of detection ~10 ng/ml) and selectivity
towards human immunoglobulin G. Results from this study demonstrate the outstanding

performance of BP as a sensing channel for FET biosensor applications.

KEYWORDS: Phosphorene nanosheet, Field-effect transistor, Biosensor, Protein detection,

Immunoglobulin G



1. Introduction

Two-dimensional (2D) nanomaterials, such as graphene and metal dichalcogenides, have
attracted increasing attention due to their unique structure and properties (Coleman et al. 2011),
which stimulated the interdisciplinary research in physics, chemistry, biomedicine and
electronics (Radisavljevic et al. 2011; Yang et al. 2010). Because graphene and metal
dichalcogenide nanosheets are sensitive to electronic perturbations resulting from surface
adsorption and modification (Schedin et al. 2007), those 2D materials have been widely studied
for biosensors (Mao et al. 2013) (Mao et al. 2010; Sarkar et al. 2014), gas sensors (Schedin et al.
2007) (Li et al. 2012) (Late et al. 2013) and water sensors (Chen et al. 2012) (Chang et al. 2015).
Black phosphorus (BP), the most stable allotrope in the phosphorus family with an orthorhombic
lattice, is a recently rediscovered 2D layered crystal in which the monolayer (i.e., phosphorene)
sheets stack together through van der Waals interactions with an interlayer spacing of 5.3 A (Li
et al. 2014) (Xia et al. 2014). Unlike the semi-metallic graphene or indirect band gap metal
dichalcogenides, BP has a direct and thickness-dependent band gap that varies from 0.3 eV for
the bulk BP to 2.0 eV for the monolayer BP (Dai and Zeng 2014; Li et al. 2014). Transfer
characteristics of BP-based devices have shown the well-developed current saturation with a
large on-off current ratio ( > 10°) (Li et al. 2014). Moreover, BP also exhibits a high carrier
mobility and the field-effect extracted carrier mobility can reach up to ~1,000 cm®V™'s™ for a 10
nm-thick BP nanoflake at room temperature (Li et al. 2014), much larger than the carrier
mobility (~200 cm*V™'s™) for MoS, (Radisavljevic and Kis 2013). Therefore, the wide band gap
range and the high carrier mobility make BP an attractive material for various

electronic/optoelectronic device applications.



Recently, the field-effect transistor of few-layer BP has attracted growing attention for
high-performance sensor applications. Zhou et al. reported that BP nanosheets-based field-effect
transistor (FET) gas sensors show superior sensing performance towards NO, with a lower
detection limit down to 5 ppb (Abbas et al. 2015). Meanwhile, Cui et al. demonstrated that the
BP-based sensor features an ultrahigh gas adsorption density and layer-dependent sensitivity
(Cui et al. 2015). Importantly, the excellent sensing performance of BP is ascribed to its finite
band gap and high carrier mobility (Cui et al. 2015), which could also be used for the detection
of other types of adsorbates such as biomolecules. For example, Zhang ef al. reported that BP
has a unique interaction mechanism with proteins due to the puckered surface morphology
(Zhang et al. 2015), which suggests BP’s potential application for biosensors. In principle, to be
used as the channel material in an FET sensor, thin BP flakes can be fabricated by either liquid
or mechanical exfoliation of bulk BP (Brent et al. 2014; Li et al. 2014) to bridge the source and
drain electrodes. However, the as-produced BP nanosheets are unstable under the ambient
condition since significant surface roughening can occur within one hour of exposure to air
(Wood et al. 2014) (Koenig et al. 2014). Wood et al. reported that O,-saturated water can
irreversibly react with BP to form oxidized phosphorous species, leading to an increased
threshold voltage and degraded electronic properties (Wood et al. 2014). They further found that
atomic layer deposition (ALD) of AlOy can effectively passivate the surface of BP nanosheets
and the measurements of the transfer characteristics showed that the high on/off current ratio and
mobility could be maintained over two weeks under ambient conditions (Wood et al. 2014).
There have been quite a few published works regarding the protein sensing application of novel
semiconductor materials. For example, Li et al. reported that specific antibody functionalized

carbon nanotubes can be used as the sensing channel to detect prostate-specific antigen (Li et al.



2005). Ohno et al. demonstrated that the immunoglobulin E (IgE) aptamers immobilized
graphene FET sensor shows a real-time response to IgE molecules (Ohno et al. 2010). And a
more recent study shows that biotin functionalized few-layer MoS, FET device can be used in
detecting streptavidin with a higher sensitivity than graphene due to MoS,’s unique band gap
(Sarkar et al. 2014). Discovering semiconductor materials with better electrical properties as the
conducting channel can help to improve the overall performance of the FET biosensor. Our
study shows the possibility of using surface-passivated BP as the sensing channel for the
detection of biomolecules under aqueous conditions.

Here, we report using a mechanical exfoliation (Scotch tape) method (Li et al. 2014) to
fabricate few-layer BP nanosheets for human immunoglobulin G (IgG) detection. The as-
produced device was coated with an Al,Os thin film for surface passivation by using ALD. Anti-
human IgG-conjugated gold nanoparticles were deposited on the surface of Al,O; dielectric layer
as the probes for antigen (IgG) detection. After the IgG was pipetted onto the sensor, the binding
of antibody and IgG induced a significant change in the BP’s electrical conductivity, which was
recorded as the sensing signal. The BP-based FET sensor shows good stability under the ambient
condition for about one week with relatively small changes in the electrical resistance and on-off
current ratio (Fig. S1). The sensor exhibits a high sensitivity (down to 10 ng/ml) to human IgG
with a response time on the order of seconds. This study demonstrates the potential of using BP
as the sensing channel in the FET biosensor for biomolecule detection. We believe this study will
expand the 2D material applications in FET biosensors especially for beyond-graphene based

nanomaterials.

2. Material and methods



2.1 Device fabrication

Gold interdigitated electrodes with inter-finger spacing of 1.5 um and thickness of 50 nm
were fabricated by using e-beam lithography on a highly doped silicon wafer with an SiO, top
layer (thickness of 200 nm). BP nanosheets were mechanically exfoliated from commercial bulk
BP by using a “Scotch tape” method (Buscema et al. 2014; Cui et al. 2015) and then transferred
onto gold electrodes. The BP device was annealed in argon flow (1 L/min) at 250 °C for 30
minutes to improve the electrical contact between BP nanosheets and gold electrodes. A thin
layer of Al O3 (thickness ~ 3 nm) was grown on the surface of BP nanosheets by using ALD
(CambridgeNanoTech, Savannah 100) for surface passivation. Gold nanoparticles (NPs) were
deposited onto the surface of the BP device by using an RF (60 Hz) Emitech K550x sputter
coater apparatus with a gold target. Gold NPs on the BP surface were functionalized with the
cysteamine solution (1 mg/mL, Aldrich) for 30 minutes, followed by the glutaraldehyde solution
(50% in water, Sigma) for one hour (Chang et al. 2013b). The anti-human IgG (Sigma) was
pipetted onto the sensing area of the BP device to be conjugated with the functionalized gold
NPs, and then the device was incubated at room temperature for one hour. Finally, the device
was incubated in the blocking buffer (SuperBlock T20, Thermo Scientific) for another hour to
avoid non-specific protein bindings to BP nanosheets. The BP device was thoroughly washed
with DI water and dried with compressed air to remove the excess chemicals after each step of

functionalization.

2.2 Structure characterization
A Hitachi S-4800 UHR FE-SEM was used for characterizing the BP device with an

acceleration voltage of 10 kV. Raman spectroscopy was conducted using a Renishaw Raman



spectrometer (Inc 1000B) with a HeNe laser. Atomic force microscopy (AFM) was conducted

using an Agilent Technology 5420 AFM with a cantilever (Nanosensors PPP-NCH).

23 Sensor performance characterization

A Keithley 4200 semiconductor characterization system was used for the sensor device electrical
property characterization (direct current and transistor measurements) and sensing tests (dynamic
measurements). The direct current measurement was performed by recording the drain current
with the drain-source voltage V;, sweeping from -2.0 to +2.0 V. In the transistor measurement,
the drain current was measured with a fixed V, (0.01 V) while sweeping the gate voltage V,
from -40.0 to +40.0 V. The dynamic measurement was carried out by recording the drain current
with a fixed V;(0.01 V). The sensing test was performed in an ambient environment at room
temperature and the sensor repeatability was studied by using four sensors under each sensing

test/condition.

3. Results and discussion

Fig. 1 shows a schematic of the BP FET device where antibody probes were immobilized
on the BP nanosheet for specific binding to antigen. Scanning electron microscopy (SEM) was
conducted on the BP sensor for investigating the structure of the as-produced device. As shown
in the SEM image in Fig. 2A, transparent BP nanosheets bridge the gap between the finger
electrodes, serving as the conducting channel. The typical size of the nanosheets varies from
several hundred nanometers to several microns. Since the gap of the electrode is 1.5 pm, only
nanosheets that can bridge the gap function in the sensor. As shown in the inset of Fig. 2A,

isolated gold NPs with a size of ~5 nm were uniformly and densely distributed on the BP



nanosheet. The uniform and non-continuous distribution of gold NPs is critical for the sensor
performance. A high density of gold NPs may lead to a high density of antibodies in the sensor,
which could enhance the sensor response upon the antigen binding (Mao et al. 2011). However,
if the NP density is too high, a continuous layer of NPs may form and thus short the sensor
circuit. The ‘Scotch tape’ method could produce BP nanosheets with various thicknesses. AFM
was used to characterize the exfoliated BP nanosheets with different thicknesses. As shown in
Figs. 2C-D, the measured thickness of the BP nanosheet was in the range of 30-40 nm.
Considering the random distribution of the thickness of BP made from the ‘Scotch tape’ method,
the thickness of nanosheets in our sensor may vary from 10 to 60 nm. The thickness suggests the
BP nanosheets have multiple layers. The Raman scattering measurement on the BP nanosheets
is shown in Fig. 2B. Three Raman peaks located at around 359, 434 and 461 cm™ are identified
in the spectrum, which correspond with A,', Byg and A,> modes of the pristine BP nanosheets,
respectively. The Raman spectrum of the sample is in good agreement with previous
observations (Buscema et al. 2014) (Liu et al. 2014).

To investigate the electrical characteristics of the BP FET device, at first, we performed
an [-V measurement on the device. As shown in Fig. 3A, the typical resistance of BP devices
ranges from 10° to 10*€, which depends on the density and thickness of the BP nanosheets on
the electrodes. The device I-V curve shows a basically linear characteristic with slight bent,
which indicates a small barrier at the interface between BP and the gold electrode. A Schottky
barrier at the interface between the electrodes and the 2D nanomaterial can suppress charge
transport (Popov et al. 2012). The small barrier height between BP and the gold electrode could
degrade the performance since it lowers the charge injection efficiency from the electrode into

BP. The BP nanosheet has a direct band gap that varies from 0.3 eV for the bulk BP to 2.0 eV for



the monolayer BP (Dai and Zeng 2014). The band gap of BP is thickness-dependent if the
thickness is below 10 nm, while it becomes invariant for thicknesses above 10 nm (Li et al.
2014). Thick BP nanosheets (> 10 nm) can be assumed to have the same band gap, Fermi level,
and thus the same carrier density (Cai et al. 2014). Therefore, the thick BP nanosheets (> 10 nm)
have the same conductivity considering they also have the same carrier effective mass and
mobility (Cai et al. 2014). The transistor measurement was carried out to study the
semiconductor nature and the on-off current ratio of the BP device. The FET transfer curve of
the BP device was characterized in air, in which a fixed bias (0.01 V) was applied across the
channel and the gate voltage was swept from —40 to 40 V. The results show that BP is a typical
p-type semiconductor by nature, with an on-off current ratio of 4 (Fig. 3B). Due to the scattering
effect from the surface absorbed gas molecules, the as measured on-off ratio is smaller than the
values measured in vacuum (Island et al. 2015). The electrical properties of the FET devices
suggest that BP nanosheets could work as the channel material for high performance biosensors.
The sensing mechanism of the FET biosensor is based on the specific binding of the
immobilized antibody probe and the antigen (Mao et al. 2011) (Song et al. 2010). The gate
potential that is induced by the specific binding contributes to the change in carrier
concentration/electrical conductivity of the sensing channel (Liu et al. 2012; Zhan et al. 2014).
To study the BP FET sensor performance for IgG detection, at first, we characterized the
dynamic response of the sensor to IgG with various concentrations. For the sensor test, 0.01%
PBS buffer was pipetted onto the device first to create the baseline. The electrical conductivity of
the sensor had an observable increase because the testing environment was switched from air to
aqueous condition. After the signal became stable, antigens (IgG) with different concentrations

(10-500 ng/mL, 1 pL) were then pipetted onto the anti-IgG immobilized device and the



conductivity of the BP increased correspondingly. The response (/;) was recorded by a
semiconductor analyzer with a constant bias (0.01 V) across the electrodes. Fig. 4A shows the
dynamic response of a BP device with antibody probes. To quantitatively study the sensor
response, the sensitivity is defined as AG/Gy, where AG is the change of the device’s electrical
conductivity and Gy is the original conductivity before the antigen injection. Since the source-
drain voltage (V) was fixed at 0.01 V, sensitivity can also be represented by Al/ly, where Al is
the change in the source-drain current and Iy is the baseline current. The sensitivity of the BP
device increased from 5% to 10% when the concentration of IgG increased from 10 to 500
ng/ml. As shown in Fig. 4A, the sensor responds to the target protein instantaneously with a
typical response time on the order of seconds.

Control experiments were carried out to better understand the role of gold NP-antibody
conjugates. A BP device without anti-IgG probes was tested as a control group with exactly the
same testing procedures. As shown in Fig. 4B, the sensor without probes showed slightly
increased current responses to the IgG addition. However, the device current increases were
unstable and the current gradually recovered to the original value after about 20-25 seconds.
This phenomenon indicates that the slight response of the sensor may result from the non-
specific binding of IgG molecules to the BP surface. Another control experiment was designed
to study the selectivity of the BP device, in which a non-specific protein (avidin) was used as the
antigen. As shown in Fig. 4C, after avidin was pipetted onto the BP biosensor with anti-IgG
probes, a similar response as that of the device without probes was observed, indicating the
nonspecific binding of proteins onto the BP surface will lead to fleeting signals. Fig. 4A shows a
slightly different response to the PBS addition with Fig. 4B and C. This phenomenon can be

ascribed to the mechanical perturbation upon drop casting the sample and the slightly loose
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contact between BP and the electrode. The control experiments indicate that successful
conjugation of antibody probes is critical for the specificity of the biosensor and the BP FET
device is highly specific to a particular protein. Figure 4D plots the sensor sensitivity as a
function of antigen concentration for normal devices with specific proteins, devices without
probes, and devices with non-specific proteins. The anti-IgG immobilized devices show much
higher sensitivities compared with the other two control groups. For non-specific binding
groups, the sensitivity was negligible, although the concentration of IgG increased from 10 ng/ml
to 500 ng/ml. IgG molecules carry negative surface charges in the PBS buffer (Lee et al. 2011).
The probes specifically pick up the IgG molecules in the sample. The captured IgG molecules
will induce a negative gate potential on the BP nanosheet and thus increase the drain-source
current based on the p-type semiconducting nature of BP (Wang et al. 2014). Meanwhile, the
charge transfer, which was supposed to decrease the drain-source current in this case, is
minimized by the Al,Os dielectric layer (Chang et al. 2013a). So the net effect of IgG adsorption
onto the device is dominated by the gating effect, which is confirmed by the increased current in
Fig. 4A. Fig. 4D also confirms that the BP FET biosensor has high selectivity towards a specific
protein since the sensitivity for IgG is much higher than that for avidin.

The BP-based FET biosensor shares similar working principles with previously reported
semiconducting 2D materials such as reduced graphene oxide (rGO) and MoS,. For example,
Mao et al. reported that the vertically-oriented graphene based FET sensor can detect IgG with a
limit down to 2 ng/ml (Mao et al. 2013). There are also reports on using mechanically exfoliated
graphene for protein detection with real-time response features (Ohno et al. 2010; Ohno et al.
2009). Table S1 in the Supporting Information shows a comparison of the sensing performance

for BP, rGO and other 2D materials on protein detection. Compared with rGO and MoS,, BP has
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a finite band gap and a much higher carrier mobility, leading to an enhanced sensitivity (Cui et
al. 2015). The BP FET biosensor has potential applications such as rapid diagnostics of diseases
by detecting specific biomarker molecules and early screening of pestilence. The BP sensor’s
performance is dependent on the thickness of the nanosheet (Cui et al. 2015). If the distance
between the probe and the channel is above the Debye length of the PBS buffer, the gating
potential is completely screened considering that the conductance of channel is dominated by the
BP layers adjacent to the electrode. Future work will be focused on further improving the
performance of BP FET biosensors by controlling the thickness of the nanosheets and the

antibody probe density.

4. Conclusions

In summary, we have demonstrated the outstanding performance of BP-based FET biosensors
for protein detection. The as-produced BP device can detect IgG with a lower detection limit
down to 10 ng/ml and a response time on the order of seconds. The surface of BP nanosheet was
passivated by an Al,O; dielectric layer for protecting BP from being oxidized in aqueous
solutions. Thus, the electrical properties of BP can be preserved, leading to enhanced stability
and sensitivity. Anti-IgG probes can be immobilized on the device through surface modifications
of gold NPs and by doing so, IgG molecules specifically bind to antibody probes, thereby
leading to the increase on the drain-source current due to the negative gate potential induced by
the absorbed IgG. The major sensing mechanism for the surface passivated BP biosensor is the
gating effect, instead of charge transfer, which is minimized by the Al,O; passivation layer. The
BP FET biosensor can potentially be used for precise and rapid diagnostics of diseases in point-

of-care applications.
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Figure 1. Schematic of the BP FET sensor. BP nanosheets were mechanically exfoliated and
transferred onto the device, bridging the drain and source electrodes. Antibody probes were
conjugated with Au NPs through chemical modifications. The Al,O; dielectric layer was used to

passivate the surface of BP nanosheet from being oxidized.

13



(B) |

Intensity (a.u.)
?H

L. _/) AL __/ v/ \ =4 AL

300 350 400 450 500 550 600
Raman shift (cm'1)

Figure 2. BP FET sensor characterization. (A) SEM image of mechanically exfoliated BP
nanosheets on interdigitated gold electrodes. The inset shows the high magnification image of
the BP nanosheet. Isolated and densely distributed gold NPs were observed on the surface of the
BP nanosheet. (B) Raman spectrum of BP nanosheets. Three Raman peaks located at around
359, 434 and 461 cm™ are identified in the spectrum. The 519 cm™ peak is from the Si substrate.
(C-D) AFM images of the BP nanosheet. (C) The thickness of the nanosheet was measured as

30 nm to 40 nm. (D) 3D view of the BP nanosheet positioned across the gold electrodes.
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Figure 3. [-V and FET measurements on a typical sensor device. (A) Direct current
measurement of the BP FET sensor, with the sensing channel labeled with gold NP-antibody
conjugates. (B) Transistor measurement of the BP FET sensor. The drain-source voltage was

fixed at 0.01 V.
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Figure 4. IgG detection with BP FET biosensors.
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(A) Dynamic response of the sensor for

different concentrations of IgG. (B) Control experiment of non-specific binding to the BP sensor

without antibody probes. (C) Control experiment of detecting a non-specific protein, i.e., avidin.

For (A-C), the source-drain voltage was fixed at 0.01 V during the test.

(D) Plotting of

sensitivity as a function of target protein concentration. Specific binding of IgG molecules on the

device leads to the highest sensitivity compared with the devices without probes and with non-

specific proteins.
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A black phosphorous (BP) nanosheet field-effect transistor biosensor is reported.

A surface passivation layer is used to enable stable operation of the BP biosensor.
The biosensor shows fast response, high sensitivity, and selectivity for IgG protein.
The sensing mechanism is dominated by the gating effect instead of charge transfer.
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