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ABSTRACT Electrical-based biosensing platforms offer ease of 15 =

fabrication and simple sensing solutions. Recently, two-dimensional = e g

(2D) semiconductors have been proven to be excellent for the § §

fabrication of field effect transistors (FETs) due to their large % | é 10 me/mi

transconductance, which can be efficiently used for developing 2 -é’ ' Tmcied c

sensitive bioplatforms. We present a 2D molybdenum trioxide ‘ '“: |/ 1mg/ml g

(Mo0s) FET based biosensing platform, using bovine serum albumin 00! 300 650 — 900 = % 52 _ 100 150
Wavelength (nm) Time (s)

as a model protein. The conduction channel is a nanostructured film

made of 2D -Mo0; nanoflakes, with the majority of nanoflake thicknesses being equal to or less than 2.8 nm. The response time is impressively low (less

than 10 s), which is due to the high permittivity of the 2D 0.-Mo0; nanoflakes. The system offers a competitive solution for future biosensing applications.
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n recent years, research on two-
Idimensional (2D) semiconductors has

intensified significantly. These materials
offer enhanced properties such as increased
carrier mobility and tunability of band struc-
tures as well as enhanced thermal and
mechanical properties.”™ Such desirable
aspects are achieved through the quantum
effects, which are imposed at atomically
thin dimensions.! Although these 2D semi-
conductors have so far been increasingly
studied for their various physical and
chemical applications,” " their biosensing
capabilities are yet to be fully explored.
More recently 2D molybdenum disulfide
(MoS,)-based sensing of biomolecules has
been reported, where the high fluorescence
quenching efficiency of monolayered MoS,
and different affinities toward single- and
double-strand DNA have been utilized in
sensing processes.'’ MoS,—graphene com-
posites have also been used in electroche-
mical sensing, which can be potentially
adopted for biosensing applications.'?

A semiconductor that is naturally found
in layered form and can be exfoliated into
highly crystalline 2D planes is molybdenum
trioxide (MoOs). MoOs has been proven
applicable in an extensive range of elec-
tronic, optical, electrochromic, and sensing
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applications."">~'® For research in the 2D
realm, the thermally stable polymorph
o-MoOs is of specific interest, as it exists
in a layered form that can be resolved and
exfoliated into atomically thin planes.
o-MoOs is composed of double layers of
edge-sharing MoOg octahedra, vertically
held together by weak van der Waals forces
(Figure 1).1718

Quite recently, a-MoOs has emerged as an
excellent 2D semiconductor for developing
field effect transistors (FETs) with enhanced
carrier mobilities, due to its favorable aspects
such as high dielectric value and easily tun-
able band structure.'” 2D MoO; layers have
also been widely used as charge generation/
injection layers in organic light emitting
diodes (LEDs) and photovoltaic devices.'? =3

Achieving 2D layers of MoOs via various
types of top down exfoliation and bottom
up synthesis methods has recently been
demonstrated.'®** The mechanical exfolia-
tion process has been shown to produce
MoOs sheets as thin as 1.4 nm composed of
a double layer."® Such a mechanical exfolia-
tion technique results in highly pure and
crystalline 2D sheets. However, it has a
low yield. High-yield probe sonication and
lithium ion (Li*)-based liquid exfoliation
techniques have been proven to produce
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Figure 1. a-MoO; crystal structure composed of edge-
sharing double layers of MoOg octahedra.

few-layered MoO; nanosheets.** Furthermore, the
oxidation of few-layered MoS, flakes has also been
employed in synthesizing 2D MoQ5.>* Nevertheless,
the effect of impurities and hydration during such
processes should always be addressed. All the afore-
mentioned aspects of 2D MoOs inspire further explora-
tion of its invaluable properties.

According to the Born approximation equation,
several parameters increase the charge carrier scatter-
ing and as a result reduce electron mobility.>> This
includes acoustic and optical phonon scattering, Cou-
lomb charges, and surface roughness.'’?® The change
in the carrier mobility alters the transconductance
of the FET platform, and as such, this change can be
associated with environmental stimuli that are tar-
geted. Especially in biosensing applications, the effect
of Coulombic charges can efficiently be used for
influencing the field effect parameters of the 2D plat-
forms. Many of the biomaterials, such as proteins, are
intrinsically charged. Many other biosensing processes
are associated with redox interactions that involve
ionic charges. Additionally, the polar nature of the
MoOs surface facilitates the affinity and eventual ad-
hesion of the Coulomb charges (the formation of
electrical double layer for ionic charges and immobili-
zation of organic entities such as proteins) onto its
surface. 2D MoOs can potentially be a great platform
for the formation of FET-based chemical and biosen-
sors. FETs based on 2D MoOs structures with charge
carrier mobilities exceeding 1100 cm? V™' s™' have
been realized." These values exceed mobilities of
many of those of doped silicon and other 2D FETs.”'7-2
Such enhanced mobilities and high sensitivity to Cou-
lombic charges, due to their 2D morphology, allow 2D
MoOs-based FETs to be potentially used as transducing
platforms for developing sensors with high sensitiv-
ities. Such aspects provide extensive opportunities for
developing both charge- and electrochemical-based
biosensors with enhanced performance, potentially
competing against the current state of the art 1D and
0D biosensors.?”?® As a-MoO; is a wide-band-gap
material (~3.3 eV),'”?° the threshold voltage (V) to
turn on the conduction channel would be relatively
high. However, simple processes that offer band-gap
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Figure 2. (a) Three-step liquid exfoliation process. Green
lines denote atomically thin a-MoO; nanosheets. (b) Three-
dimensional schematic illustration of the fabricated sensor
(not to scale).

tuning, such as embedding of Columbic charges via
ion intercalation, placing metallic catalysts on the
surface of the material, and partial reduction of the
compound, have all been proven to be effective in
reducing the band gap."'7*°

In this work, we explore the viability of a 2D a-MoOs-
based field effect biosensing platform and study the
effect of Coulombic charges on this 2D transducing
platform. Bovine serum albumin (BSA) is used as a
model protein for this purpose. We propose a high-
yield liquid exfoliation method for realizing nanostruc-
tured thin films made of 2D MoOjs flakes and, based on
such films, present successful sensing of BSA at various
concentrations.

RESULTS AND DISCUSSION

A three-step liquid exfoliation process was estab-
lished, based on previously reported literature, in order
to obtain 2D 0-MoO5 nanoflakes.3'>* Figure 2a sche-
matically demonstrates the process of obtaining the
nanoflake suspension, and Figure 2b shows the three-
dimensional (3D) schematic illustration of the sensors
fabricated from the 2D a-MoO5 nanoflakes. The details
are presented in the Experimental Section.

The UV—vis absorbance spectrum of the exfoliated
MoOs nanoflake suspension (Figure 3) shows an in-
crease in absorbance in the range 350 to 450 nm. The
suspension appears to be blue/yellow in color (Figure 3
inset), which is in agreement with the absorbance
spectrum.
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Figure 3. UV—vis range absorbance spectra of the exfo-
liated 0-MoOj; suspension and bulk a-MoO; crystal with
inset showing their corresponding optical image.
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Figure 4. (a) TEM image of the 2D MoOs nanoflakes, with
inset showing a magnified HRTEM image, clearly indicating
the lattice spacing of a-MoOs. (b) AFM scan of the MoOs
nanoflakes with their cross sectional thickness profile (x-axis
to scale) indicating the presence of double-layered and
multiples of double-layer MoOs sheets (L ~1.4 nm for a
double layer).

Transmission electron microscopy (TEM) and atomic
force microscopy (AFM) analyses were conducted in
order to determine the crystal arrangement and 2D
nature of the a-MoOs nanoflakes from the suspension.
TEM images (Figure 4a) reveal that the majority of
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Figure 5. (a) Cross sectional SEM images of a nanostruc-
tured thin film made of 2D MoOj; nanoflakes on an alumina
substrate with inset showing the thickness of the film. (b)
XRD patterns of a bulk MoOs crystal and a drop-casted
nanostructured 2D MoOs thin film indicating the dominant
presence of the layered a-MoO; phase. Peaks correspond-
ing to hydrated MoO; are denoted by [*].

suspended particles are 2D a-MoOj; flakes with typical
lateral dimensions in the range 50 to 150 nm. Some
nanorod features are also occasionally seen. The high-
resolution TEM (HRTEM) image (Figure 4a inset) clearly
shows the typical lattice spacing of highly ordered
a-MoQ; crystals as previously reported.'”'® The lattice
spacing of 0.39 nm is observed as evidence for a
perfectly crystalline o-MoOs planar structure.

AFM analysis (Figure 4b) of the MoOs nanoflakes
indicates the presence of single and few layers. The
thickness profiles indicate that the flakes mostly exist in
multiples of 1.4 nm, which corresponds to the thick-
ness of a fundamental double-layered orthorhombic
a-MoO; nanosheet.'”'® This is generally expected
and commonly observed, since the double layers
are composed of strong, covalently bonded MoOsg
octahedra.'”'® The typical lateral dimensions observed
in the AFM scans are also in agreement with the TEM
results. The majority of the flakes were made of one
double layer (1.4 nm) or two double layers (2.8 nm).

Figure 5a shows the cross sectional scanning elec-
tron microscope (SEM) image of a drop-casted MoO;
thin film on a rough alumina substrate of micrometer
size profile, annealed at 220 °C. The rough alumina
substrate was chosen, as this superstate allows the
formation of a homogeneous nanostructured MoO;

VOL.7 = NO.11 = 9753-9760 = 2013 @% )

VI N

WWww.acshano.org

9755



film after the drop casting. In contrast, homogeneous
films were not obtained onto optically smooth silicon,
glass, and quartz substrates. A compact layer of MoO;
was observed to have adopted the surface profile of
the alumina substrate. As seen in the Figure 5a inset,
the typical thickness of the film was approximately
between 150 and 170 nm. The X-ray diffraction (XRD)
analysis of the drop-casted and annealed thin film
shows dominant peaks of layered orthorhombic
a-MoOs and minor contributions of hydrated MoO;
(Figure 5b). The dominant peaks observed at 12.8°,
25.8°, and 39° correspond to (020), (040), and (060)
planes of a-MoOs; (ICDD Card No. 35-0609), res-
pectively.'®3 This is indicative of the thin film compo-
sition that is largely composed of layered a-MoO;
nanoflakes, which is also in agreement with the TEM
analysis. In comparison to the bulk crystal, the (060)
peak intensity was observed to have decreased for
the nanostructured thin film made of 2D flakes. As the
thin film is composed of 2D MoOs nanoflakes, which
are exfoliated at the van der Waals point of contact
between planes, such a reduction in the peak intensity
is expected.

As suggested in the introduction, BSA is used as a
model protein for the sensing experiments presented
in this paper. BSA sensing has been undertaken
using different optical systems based on transmission/
absorbance spectroscopy, surface-enhanced Raman
spectroscopy (SERS), fluorescence spectroscopy,
and resonance light scattering.>*3° BSA has also
been used for assessing electrochemical sensing
platforms.*%4!

FET-based sensors, made of nanostructured 2D
a-MoOQs thin films, were fabricated, and liquid wells,
for applying the biosamples, were incorporated. Details
of the fabrication of the sensors are presented in the
Experimental Section. Prior to the BSA (Invitrogen)
biosensing measurements, 15 uL of Milli-Q water was
poured into the polydimethylsiloxane (PDMS) well
using a micropipet, and we waited ~3 to 5 min to
achieve a stable baseline. This was followed by the
addition of 15 uL of solution containing different con-
centrations of BSA in Milli-Q water using a micropipet
into the already existing 15 uL of Milli-Q in the well. The
total 30 uL solution was stirred for ~5 s to allow the BSA
solution to completely mix, resulting in the concentra-
tion of the BSA in the well to become half that of the
added solution. After this, 15 uL of the solution was
extracted from the well in order to maintain the solution
volume at a constant value to eliminate any effect of
volumetric change in the dynamic response. The base-
line was then adjusted to zero in order to remove any
possible effect due to the pH change. Approximately
15 devices were fabricated, and each device was used
for only a single sensing measurement. For these
devices, the resistance of the active channels was in
the range 10 to 60 kQ.
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Figure 6. (a) Dynamic response of the sensor as percentage
resistance change at different concentrations of BSA
(concentrations of 1, 2.5, 10,and 25 mg mL™"). (b) Sensitivity
graph: percentage resistance change vs concentration.

Electrical measurements were carried out to assess
the effect of BSA immobilization onto the active sur-
face of the a-MoOs FETs. The dynamic responses of the
sensors, which were acquired at room temperature at
different concentrations of BSA, are shown in Figure 6a.
It was observed that the MoOjs film resistance increased
on average by ~1.0% for BSA concentrations as low as
1 mg mL™" (~15 uM). The average percentage change
in resistance values of ~24.5% was observed for max-
imum BSA concentrations of 25 mgmL~". The response
times were observed to be less than 10 s for all BSA
concentrations. Measurements at each concentration
were repeated on three devices to assess the repeat-
ability of the sensors. Figure 6b shows the variation in
the percentage resistance change as a function of the
BSA concentration. The detection limit was obtained
using the standard deviations in the signal/noise fluc-
tuation, which was ~0.23%, equal to 250 ug mL™".

Raman spectroscopy was employed to investigate
the immobilization of BSA onto nanostructured
films made of 2D MoOs nanoflakes. Figure 7 shows
the Raman spectra acquired only on BSA and MoOs as
well as BSA (25 mg mL™") immobilized onto MoO;
(BSA/M0Os). Sharp peaks at 820 and 996 cm ™" corre-
sponding to the dominant M—O stretching modes as
well as other vibrational modes are observed in the
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MoOs spectrum.'®*? The broad peak appearing at
840 cm™" and the broadening of the 666 cm™' peak
indicate the presence of hydrated MoO;,*® which is in
agreement with the XRD analysis. The BSA spectrum
shows distinct peaks at 2925 and 2872 cm™' as well
as broad, low-intensity, organic peaks in the range
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Figure 7. Normalized Raman spectra of drop-casted MoO3
thin film, BSA, and BSA/MoO; on unpolished silicon sub-
strates. Peaks denoted by (O-) MoOs, (®) BSA, and (#) Si.

-150 nm

#7200 nm

s

200 nm

1600—1850 cm~'. The spectrum obtained on BSA/
MoOs displays clearly distinguished peaks of hydrated
MoOs as well as BSA, without any notable changes to
the bond vibrational frequencies. The loss of sharpness
and intensity in the dominant MoOs peaks can be
attributed to further hydration of the active MoO;
surface during the baselining and immobilization pro-
cess. These results also suggest that the BSA has not
covalently bonded to the MoO; surface and that the
immobilization has been achieved via collective van
der Waals forces and electrostatic interactions, as also
suggested previously.****

AFM was used for studying the surface roughness
and the surface adhesion of both MoOs and BSA/MoOs
surfaces. Figure 8a and b show the AFM roughness
comparison between the MoOs thin film and BSA/
MoOs surfaces. The average surface roughness value
for MoO3 was observed to be 45.3 nm, whereas for the
BSA/MoOs surface it was 0.4 nm and became very
smooth. This suggests that the BSA is densely immo-
bilized onto the MoOj; surface and also fills the gaps.

Surface adhesive force mapping was conducted
to assess the adhesion property of the surfaces. The
voltage scale bars on Figure 8c and d directly corre-
spond to the adhesive force between the AFM tip and

& e

2nm 2v

Figure 8. AFM surface roughness images of (a) MoO3 and (b) BSA on MoOs. AFM adhesion mapping images of the (c) MoO3
and (d) BSA on MoOs samples, for (a) and (b), respectively. The voltage scale bar directly corresponds to the adhesive force

between the surface and the AFM tip.
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Figure 9. Cross sectional schematic illustration of the MoO3
FET-based sensor (a) without BSA and (b) with BSA immo-
bilized onto the active surface. Blue spheres indicate elec-
trons, and the arrowheads denote their directional mobility.
BSA is negatively charged.

the scanned surface. Surface adhesion for most of the
MoOs area (Figure 8c¢) lies below ~0.6 V, whereas the
minimum observed adhesive force for the BSA/MoOs
surface (Figure 8d) was >1.3 V. This clearly proves the
dense coverage of highly adhesive BSA on the MoO;
thin film, which is in agreement with previous reports.*®

On the basis of the aforepresented observations, we
propose the following field effect sensing mechanism.
Figure 9a illustrates the MoOs conduction channel
before BSA immobilization, and Figure 9b shows the
effect of BSA on the conduction channel width. The
MoOs nanostructured thin film is composed of 2D
a-MoOs nanosheets that are stacked parallel to the
substrate. Collectively, these planar nanoflakes form a
conduction channel with a large electron mobility that
is a base for a FET of large transconductance, which
results in an acceptable sensitivity. We have previously
shown that the carrier mobility in individual nanoflakes
with a thickness of less than 10 nm can exceed
1100 cm? V=" s~ 1.7 As BSA is injected into the liquid
well, it densely immobilizes onto the active surface of
the MoOs channel. The immobilization occurs in less
than 10 s as the very high permittivity of MoOs film
(relative permittivity of ~300)*>% produces a strongly
polarized surface for rapidly attracting the BSA

EXPERIMENTAL SECTION

Exfoliation Process. The exfoliation process of MoOs; was
adopted from the report by Yao et al. for the exfoliation of
MoS,.3* Briefly, 1 g of MoO3; nanopowder (China Rare Materials
Co.) was ground for 15 min in acetonitrile (1 mL) using a mortar
and pestle. The mixture was then probe sonicated (Ultrasonic
Processor GEX500) for 2 h in 40 mL of an ethanol/water (1:1
ratio) solution. The resulting exfoliated MoOs suspension was
then centrifuged at 4000 rpm for 30 min in order to separate the
exfoliated nanoflakes (supernatant) from the rest of the mixture.
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molecules onto the surface of the conduction channel.
The negatively charged BSA produces a negative po-
tential on the surface of the active sensing area. As the
2D MoOs sensing film forms an n-type FET, such a
negative potential results in the reduction of the chan-
nel conductance. This change in the channel conduction
produces a detectable sensor response. The increase in
the concentration of BSA results in more BSA molecules
forming multiple layers on the active sensing surface.
Such an increase in immobilized BSA molecules pro-
duces stronger electric fields, which associates with a
further reduction in the channel conductance.

A discussion regarding the effect of the 2D nano-
structured MoOs film thickness on the performance of
the sensors and the effect of the positive charges, in
an ion-sensitive FET configuration, are presented in the
Supporting Information.

CONCLUSION

We presented a high-yield liquid phase exfoliation
process to obtain a suspension solution of 2D a-MoOs3
nanoflakes. These nanoflakes showed to have a mini-
mum thickness of ~1.4 nm, corresponding to a funda-
mental double layer of a-MoOs. The drop-casted thin
films, made of this solution, were composed of highly
crystalline 2D a-MoOs nanoflakes suitable for estab-
lishing an electron conduction channel with large
carrier mobility, in FET configurations. We also pre-
sented the viability of using the FET templates made of
these nanostructured 2D o-MoOs films as biosenors
and used BSA as a model protein to show successful
biosensing behavior at different concentrations. The
sensor detection limit was as small as 250 ug mL™". The
small response time (on the order of <10 s), achieved
due to the high permittivity nature of the MoOs nano-
flakes, offers a highly competitive electronic-based
biosensing platform.

The presented process in this paper is valuable
considering the increasing interest for 2D MoOs syn-
thesis for electronic and optoelectronic applications.
The biocompatibility of MoQs, its high permittivity,
and its large electron mobility, along with relative
abundance and ease of synthesis, deem 2D a-MoO;
favorable for future nanoelectronics and sensor
applications.

Device Fabrication. The supernatant of the centrifuged sus-
pension was drop casted on rough alumina substrates. The
samples were then annealed at 220 °C for 45 min. After cooling,
a 1to 1.5 nm Au layer was deposited on the MoOs thin films
using a precision etching and coating system. This layer of Au
plays two roles: (1) facilitates charge transfer from the source/
drain electrodes to the film as suggested by Cattin et al. and Chu
et al,?"* as the work function of Au (5.1 eV) is aligned with the
valence band of MoOs; (5.3 eV) (electrical characterization of a
drop-casted 2D Au/MoOs film can be found in the Supporting
Information) and (2) provides the active surface for the model
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protein in this work to be immobilized onto, as BSA has a high
affinity toward gold. A cylindrical PDMS well with a volume of
~50 uL was mechanically adhered onto the substrates covered
with the thin films. Electrodes for electrical measurements were
then fabricated using conductive Ag paste (Figure 2b).

Measurements and Characterizations. The exfoliated MoOs sus-
pension was characterized using UV/vis absorbance spectro-
sopy by means of an Ocean Optics HR4000 spectrophotometer
equipped with a Micropack DH-2000 UV—vis—NIR source. TEM
and HRTEM images of the MoOs nanoflakes were acquired on a
JEOL 2100F HRTEM. Cross sectional SEM images of the drop-
casted thin films were obtained using an FEI Nova Nano SEM.
A Bruker Multimode 8 AFM was used to analyze the surface
topography as well as adhesion mapping of the MoOs and BSA/
MoOs surfaces. XRD patterns were obtained using a Bruker D8
microdiffractometer equipped with a general area detector
diffraction system. Data were collected at room temperature
using a copper source with a potential of 40 kV and a current of
40 mA. A Renishaw InVia Micro-Raman system equipped with
a 5 mW, 633 nm laser and a Leica microscope with a 50x
objective was used for Raman spectral analysis. A Keithly 2001
impedance analyzer with a data acquisition setup was used for
attaining the dynamic sensor response.
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