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ABSTRACT: In recent years when the demand for high-performance biosensors has been aroused, a field-effect transistor
(FET)-type biosensor (BioFET) has attracted great interest because of its high sensitivity, label-free detection, fast detection
speed, and miniaturization. However, the insulating membrane in the conventional BioFET, which is essential in preventing the
surface dangling bonds of typical semiconductors from nonspecific bindings, has limited the sensitivity of biosensors. Here, we
present a highly sensitive and reusable membraneless BioFET based on a defect-free van der Waals material, tungsten diselenide
(WSe,). We intentionally generated a few surface defects that serve as extra binding sites for the bioreceptor immobilization
through weak oxygen plasma treatment, consequently magnifying the sensitivity values to 2.87 X 10° A/A for 10 mM glucose.
The WSe, BioFET also maintained its high sensitivity even after several cycles of rinsing and glucose application were repeated.
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B INTRODUCTION

In recent years, the demand for highly sensitive and reusable
biosensors has increased because the applications based on
biosensors have become diverse, with the range including
medical, agricultural, industrial, and environmental fields."™* To
address this high-performance need, various types of biosensors
such as electrochemical biosensors,”™® optical biosensors,” ™ '*
piezoelectric biosensors,">™'® and electrical biosensors'’ >’
have been proposed. In particular, the field-effect transistor
(FET)-type biosensor (BioFET) has attracted great interest
because of its high sensitivity, label-free detection, fast detection
speed, and miniaturization. The concept of BioFETs was first
introduced by P. Bergveld in 1970' with a simple sensing
mechanism that the adsorption of target biomolecules into
bioreceptors on an insulating membrane directly modulates the
channel conductance, consequently changing the drain current
level. Conventional BioFETs have structure similar to that of
metal—oxide—semiconductor FETs, where a bioreceptor layer
is used instead of a metal gate on the insulating membrane.
Although BioFETs based on typical semiconductors such as
silicon (Si) can utilize the commercial complementary metal—
oxide—semiconductor fabrication process, using a membrane
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hinders high sensitivity and reliability. The sensitivity of the
BioFETs is strongly dependent on the thickness and dielectric
constant of the insulating membrane because the membrane
capacitance determines the sensing currents. In addition, the
bulk defects in the membrane and the interface defects at the
channel/membrane interface negatively affect the sensitivity
and reliability of the BioFETSs by causing irreversible current
degradation, parasitic coupling, and the threshold voltage shift
phenomenon.”' ~>* However, the membrane-based structure is
inevitable for conventional BioFETs owing to the countless
surface detects of semiconductor materials. Unless a membrane
is used, many surface dangling bonds not only react with the
targeted biomolecules but also with nontargets (nonspecific
bindings), thereby inducing noise and attenuating sensitiv-
ity 252

Here, we demonstrate a highly sensitive and reusable
membraneless tungsten diselenide (WSe,) BioFET, where the
channel material WSe, is one of the transition metal
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Figure 1. Effects of O, plasma treatment on WSe,. (a) Schematic illustrations of O, plasma treatment on WSe,. (b) Raman spectra of 0 s (black), 15
s (blue), and 30 s (red) plasma-treated WSe,. (c) Extracted Raman peak shift values as a function of O, plasma treatment time. XPS spectra of (d) Se

3d;/, and Se 3ds/, and (e) W 4f;, and W 4f;, states.

dichalcogenides with a layered structure based on the van der
Waals (vdW) interaction. The almost nonexistent defects on
the WSe, surface without dangling bonds allow for the highly
sensitive operation of the membraneless WSe,-BioFETs,
unaffected by the nonspecific binding. We generate only
small amounts of defects that serve as binding sites for
bioreceptors on the defect-free WSe, surface through weak
oxygen (O,) plasma, thereby maximizing the sensitivity of the
WSe, BioFET. In the first part of this paper, we investigate the
effects of the O, plasma process on WSe, by Raman
spectroscopy and X-ray photoelectron spectroscopy (XPS). In
the second part, we discuss the sensing performance and
reusability of our WSe, BioFETs using glucose oxidase (GO,)
as the bioreceptor and glucose as the targeted biomolecules.

B EXPERIMENTAL SECTION

O, Plasma Process on WSe,. Mechanically exfoliated WSe, flakes
were transferred onto 90 nm thick SiO, on a heavily boron-doped Si
substrate. The O, plasma process was performed on the WSe, flakes
using a plasma machine (Miniplasma Cube, Plasmart). For a 30 s
treated sample, we repeated 15 s of treatment twice, with an interval of
S's, to prevent severe damages or excessive etching on the flakes. The
set conditions during the O, plasma treatment are as follows: reactive
ion etcher power (20 W), plasma pressure (470 mTorr), and O, flow
rates (S sccm).

Characterization of Plasma-Treated and 3-Aminopropyl
Triethoxysilane-Treated WSe,. Raman spectroscopy (alpha300 M
+, WITec) was used to analyze the effects of O, plasma treatment and
3-aminopropyl triethoxysilane (APTES) treatment on the WSe, flakes.
In the Raman measurement, the excitation wavelength was 532 nm,
with 2 nW power. The laser beam size was approximately 0.7—0.9 ym,
and the instrumental spectral resolution was approximately 1 cm™.
The WSe, samples were measured with an integration time of 5 s and
the gratings of the spectrometer at 1800 g mm™". For the XPS (ESCA
200, VG Microtech Inc.) measurement, an Mg Ka twin-anode source
was used with the X-ray incident angle of 0°.

Fabrication of Membraneless WSe, BioFET. The WSe, flakes
with thickness of approximately 60 nm (Supporting Information

Figure S1) were mechanically exfoliated and transferred onto 90 nm
thick SiO, on a heavily boron-doped Si substrate. Subsequently, the
source and drain electrodes (channel length and width of S ym) were
patterned through optical lithography, followed by the deposition of Pt
(10 nm) and Au (30 nm) layers using an e-beam evaporator. The
fabricated back-gated WSe, devices underwent the surface treatment
processes of O, plasma treatment and bioreceptor treatment.

Bioreceptor Treatment on WSe,. To facilitate the interaction of
the WSe, surface with biocomponents,”® the WSe, region in BioFET
was first modified with a common chemical linker APTES (0.5% in
toluene) and the sample was dried at 120 °C for 30 min. Subsequently,
for the specific and sensitive detection of targets (glucose), we
immobilized the bioreceptors on the surface of the O, plasma-treated
WSe, channel. The device was kept in a glutaraldehyde solution for 2
h, followed by a GO, treatment (1% in phosphate-buffered saline, pH
7.4) at 4 °C for 10 h.

Electrical Characterization of Membraneless WSe, BioFET.
The electrical sensing performance of the membraneless WSe,
BioFET was analyzed using a Keysight B2912A semiconductor
parameter analyzer. The glucose solution (target) in different
concentrations (1, 5, and 10 mM in deionized (DI) water) was
dropped onto the channel region, followed by the electrical
measurements. The WSe, BioFET was reused after being rinsed in
DI water to remove the targets. We measured the current—voltage
characteristics (I—V;) of the device before and after the O, plasma
treatment, bioreceptor immobilization, and target adsorption. The
sensitivity was extracted from the I,—V( data, and all drain currents
were normalized by the channel width (W, = S um).

B RESULTS AND DISCUSSION

We performed O, plasma treatment for 15 and 30 s on WSe,
flakes that were mechanically exfoliated onto an SiO,/Si
substrate, as shown in the schematic illustrations of Figure la.
In particular, to create small amounts of defects while
minimizing the severe crystallinity damage and excessive
surface defects, we chose O, gas with a small kinetic energy
(oxygen molecular mass 32 g mol™') and set a weak plasma
power (20 W). The effect of the O, plasma treatment on WSe,
semiconductor was then investigated by Raman spectroscopy
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Figure 2. APTES treatment on O, plasma-treated and control WSe,. (a) Raman spectra before (dotted line) and after (solid line) APTES treatment
for 15 s (blue)/30 s (red) O, plasma-treated WSe, and control (black) WSe,. (b) Extracted Raman peak shift values as a function of plasma
treatment time. (c) Schematic illustrations showing APTES attachment on the O, plasma-treated and control WSe, surfaces. (d) Schematic
illustrations of the WSe, BioFET on which APTES molecules were attached. In—Vj characteristics before (black dotted line) and after (red solid
line) APTES attachment on (e) the control WSe, BioFET and (f) the plasma-treated WSe, BioFET.

and XPS (0, 15, and 30 s plasma-treated samples). As shown in
the Raman spectra from Figure 1b, we confirmed that the
conventional WSe, E%g peak (in-plane vibration) and Ay, peak
(out-plane vibration) were at 248.39 and 257.88 cm’’,
respectively, with full width at half-maximum (fwhm) values
of 6.49 and 7.51 cm ™, respectively, on the control WSe, sample
(no plasma treatment). After the O, plasma treatment, the
fwhm values of the E%g peak and Ay, peak increased to 7.22 and
8.09 cm™', respectively, for the 15 s plasma-treated WSe,
sample and to 9.14 and 8.37 cm™, respectively, for the 30 s
plasma-treated WSe, sample. The increase in FWHM values
indicates that the plasma process damaged the crystallinity of
WSe, and that crystal defects were created on the surface, as we
intended.” ' We also observed slightly red-shifted Eig and A,
peaks after O, plasma treatment to 248.21 and 257.34 cm™,
respectively, for the 15 s plasma-treated sample and 246.89 and
256.27 cm™, respectively, for the 30 s plasma-treated sample.
For a precise comparison, we extracted the Raman peak shift
values from nine different samples after 15 and 30 s treatments
based on O, plasma, where the measurement was performed at
three different points in each sample (Figure 1c). After 1S s of
O, plasma treatment, the Eég and A, peaks shifted —0.13 and
—0.72 cm™!, respectively; after 30 s, the Eig and A, peaks
shifted —0.15 and —1.41 cm™, respectively. Previously reported
works have shown that the red shift phenomenon is mostly
induced by the n-doping effect.””~** We then performed XPS
on the 0, 15, and 30 s plasma-treated samples to clarify the
doping type and further investigate the surface modification of
WSe, by O, plasma treatment. Figure 1d,e shows the XPS
spectra of Se 3d and W 4f on WSe, before and after O, plasma
treatments (1S s/30 s). In the control WSe, flakes, two
distinctive peaks occurred at 54.54 and 53.65 eV, which
represent the Se 3d;/, and Se 3d;, states, respectively (Figure
1d). As the O, plasma treatment was applied, the Se 3d;, and

Se 3d;,, peaks slightly upshifted to 55.15 and 54.16 eV (30 s
plasma-treated sample), respectively. The shift of the Se 3d
peaks toward higher binding energies indicates the elevation in
the WSe, Fermi level and the decrease in the work function (n-
doping),35’3’6 which is also coincident with the Raman analysis
result. In addition, the Se 3d peaks attenuated after the O,
plasma treatment as a result of the broken bonds between W
and Se atoms and the generation of Se vacancies in WSe,. 37
Similarly, the upshift phenomenon [W 4f;, peak from 33.60 eV
(0's) to 34.05 eV (30 s) and W 4f,, peak from 31.54 eV (0 s)
to 32.14 eV (30 s)] and the attenuation of peaks after O,
plasma treatment were also observed at W 4f peaks, as shown in
Figure le. Furthermore, two extra peaks were presented in the
O, plasma-treated W XPS spectra at 37.15 and 35.13 eV (15 s)
and 37.80 and 35.60 eV (30 s), which did not exist in the
control W XPS spectra. The new peaks are consistent with
previously reported WO, peaks at ~37 and ~35 eV,*"*” which
indicate the formation of W—O bonds. According to these XPS
results, we speculated that the O, plasma treatment broke the
‘W-—Se bonds and subsequently generated Se vacancies and W—
O bonds on the WSe, surface.

Next, to investigate how well the bioreceptors (glucose
oxidase: GO,) are immobilized on the WSe, surface after O,
plasma treatment, we prepared the control, 15, and 30 s
plasma-treated WSe, samples and incubated the samples in the
APTES solution for 30 min. We then performed Raman
analysis on the samples before and after the APTES treatment
process. Here, a self-assembled organic material with amine
(—NH,) functional group, APTES, was served as a chemical
linker to immobilize the GO, bioreceptor molecules on the
WSe, BioFET. Because of W—O bonds generated after the O,
plasma treatment, more number of APTES molecules is
expected to be attached on the WSe, surface as silanes attached
well on the oxygen-rich surfaces.’® Figure 2a shows the Raman
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Figure 3. Glucose-sensing performance of the membraneless WSe, BioFET. (a) Schematic illustration and optical image of WSe, BioFET with GO,
bioreceptor. (b) Schematic illustrations explaining (i) redox reaction between glucose (target) and glucose oxidase (bioreceptor) and (ii) electron
transfer to the WSe, channel surface. (c) In—V; characteristics of the WSe, BioFET exposed to different concentrations (1, S, and 10 mM) of
glucose. (d) Sensitivity values as a function of gate voltage under different glucose concentrations. (e) Average sensitivity values obtained from five

different devices as a function of glucose concentration.

spectra of the control, 15, and 30 s plasma-treated WSe,
samples before (dotted lines) and after (solid lines) the
APTES treatment. Conventional Ej, and A;; WSe, peaks
appeared around 247 and 256 cm_%, respectively, from all
samples (control, 15, and 30 s plasma-treated samples). After
the APTES layer was coated on the WSe, surface, the red-shift
phenomenon was observed in the Raman peaks because the
negative poles of the —NH, molecules in APTES pushed the
electrons away from the APTES/WSe, interface, thus inducing
the n-doping phenomenon.””** In particular, as the O, plasma
process time increased, the Raman peak shift became more
obvious compared to the control sample, in which negligible
shifts were observed. We extracted the Raman peak shift values
before and after APTES treatment from the control, 15, and 30
s plasma-treated samples (Figure 2b). In the control WSe,
sample without O, plasma treatment, the Eig peak and A, peak
shifted only —0.03 and —0.10 cm ™/, respectively, after attaching
the APTES molecules. The Raman peak shift values increased
according to the O, plasma treatment time such that the E}

and Ay, peaks, respectively, shifted —0.45 and —0.33 cm™! after
15 s and shifted —0.52 and —0.41 cm™" after 30 s. On the basis
of these Raman analysis results, more APTES molecules are
predicted to attach on the WSe, surface that was treated by the
O, plasma process for a longer time (i.e., the surface has more
crystal defects). The intentionally created surface defects on the
plasma-treated WSe, surface are expected to serve as extra
binding sites for holding the APTES molecules, as shown in the
schematic illustrations of Figure 2c. To verify this prediction,
we then fabricated a membraneless WSe, BioFET and analyzed
the electrical characteristics on the control and the 30 s plasma-
treated BioFETSs. Figure 2d shows the schematic illustrations of
the WSe, BioFET with the APTES chemical linkers. The
electrical characteristics of the control and O, plasma-treated
WSe, BioFETSs are shown in Figure 2e,f, where the current

values are normalized by the channel width. Figure 2e presents
the drain current—gate voltage (I,—V) characteristics of the
control WSe, BioFET before (black dotted line) and after (red
solid line) the APTES treatment. Because the WSe, channel
was n-doped by APTES, the threshold voltage (Vth) shifts
negatively and the current level decreased by a factor of 10 (at
Vg = 0V) after the APTES treatment. In Figure 2f, the plasma-
treated BioFET also showed n-doped characteristics by the
APTES molecules. In particular, the n-doping effect of the
APTES molecules increased so much that the current level
significantly decreased by a factor of 10° (at V; = 0 V). This
considerable decrement in current level indicates that the
amount of APTES molecules attached on the surface of the
WSe, channel is much greater at the plasma-treated BioFET
than at the control device, which is also in agreement with the
Raman analysis.

To investigate the sensing performance of the membraneless
WSe, BioFET, the O, plasma-treated WSe, BioFETs under-
went the surface functionalization process by applying APTES,
glutaraldehyde (middle-linker), and GO, (final bioreceptor).
Figure 3a shows the schematic illustration and optical image of
the WSe, BioFET with a drop of glucose (target). The WSe,
BioFET senses the current change when GO, interacts with
glucose and the redox reaction occurs. GO, on the surface of
the WSe, channel oxidizes glucose to form gluconolactone,
simultaneously reducing GO, itself. Subsequently, GO, is
reoxidized by consuming O, as a mediator to form hydrogen
peroxide (H,0,) as follows

Glucose (C,H;,04) + glucose oxidase .,
— gluconolactone (C4H,;,O4) + glucose oxidase (red)
Glucose oxidase(,.q) + O, — glucose oxidase,,) + H,0,
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where glucose oxidase(,, is the oxidized form of GO, and
glucose oxidase(,.q is the reduced form of GO,.>”7 In these
chemical reactions, electrons are produced and directly
transferred to the WSe, channel owing to the membraneless
structure, as depicted in Figure 3b. The electrical characteristics
(Ip—Vg characteristics) of the WSe, BioFET were examined
with three different concentrations of glucose (1 mM (green
line), 5 mM (yellow line), and 10 mM (red line) in DI water)
in Figure 3c. The chosen concentrations were in the range
between 1 and 10 mM, which is known as the glucose
concentration range in the human body. The black dotted line
represents the current level of the WSe, BioFET with the
receptor GO, immobilized on the channel surface. After
dropping the glucose solution on the channel, the overall
current level increased as the electrons generated from the
redox reaction were transferred onto the WSe, channel,
consequently increasing the channel conductivity. The redox
reaction, which becomes more active in proportion to the
glucose concentrations, seems to make the current level to
gradually increase according to the glucose concentrations. We
then calculated the sensitivity values defined as the ratio of the
current difference between the sensing (glucose-dropped state)
and the base current (GO,-immobilized state) to the base
current value [(Lensing = Ibase)/Tpase)- The extracted sensitivity
values are shown as a function of gate voltage in Figure 3d. For

all concentrations, the largest sensitivity values appeared at
around Vi = 20 V because the base current is the lowest at Vg
=20 V. Here, we achieved an extremely high sensitivity of 6.99
X 10* A/A for 1 mM, 5.76 x 10* A/A for S mM, and 2.87 X 10°
A/A for 10 mM. In addition, we investigated the sensing
performance for each condition with five different WSe,
BioFET devices to evaluate the reliability of this experiment.
In Figure 3e, the average sensitivity values extracted from the
devices are shown with error bars as a function of glucose
concentration. The average sensitivity values were 3.47 X 10
A/A, 1.58 x 10* A/A, and 2.86 X 10° A/A for 1, 5, and 10 mM,
respectively, which showed approximately 20% of device-to-
device variations at V5 = 20 V. In spite of these variations in
sensitivity, the increasing tendency in the sensitivity values was
obvious according to the glucose concentration increased.
Finally, we examined the reusability of the membraneless
WSe, BioFET by monitoring its sensing performance while
sensing and rinsing glucose repeatedly. The Figure 4a shows
the overall process for the reusability experiment, where the
“bioreceptor GO,-immobilized state” is named as state #1 and
the “target glucose-sensed state” as state #2. With the WSe,
BioFET in which the GO, immobilization process had finished,
we measured its electrical performance before (state #1) and
after (state #2) dropping the glucose solution onto the WSe,
channel region. Subsequently, the WSe, BioFET was rinsed in
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DI water and reverted to the device state before sensing
glucose, where only the bioreceptor GO, was left on the
channel (state #1). These series of processes was regarded as
one cycle, and this cycle was repeated several times to see if the
WSe, BioFET is reusable. After we confirmed the thorough
removal of glucose and the return to state #1 by the rinsing step
in Supporting Information Figure S2, we repeated several cycles
of the application and rinsing of glucose processes on the
device and we measured the electrical characteristic at each
step. Figure 4b presents the current values extracted at Vg = 20
V after GO, was immobilized (state #1) and 10 mM glucose
was applied (state #2) on the channel. The current increased
from 9.76 X 107" A/um (state #1) to 2.81 X 1075 A/um (state
#2) owing to the electrons generated in the glucose-GO, redox
reaction. In the second cycle, the current decreased back to 7 X
107" A/um after glucose was removed from the channel (state
#1), and then it increased to 4.33 X 107° A/um when glucose
was sensed (state #2). Similar changes in current were also
observed in the following cycle, as shown in Figure 4b. In
addition, we varied the concentrations of glucose in every cycle
and calculated the sensitivity values for six different cycles
(Figure 4c). In the first cycle, when 1 mM of glucose was
detected, the sensitivity value was 1.08 X 10> A/A, and then,
the values were changed to 5.99 X 10° A/A (second cycle: 5
mM of glucose) and 4.43 X 10° A/A (third cycle: 10 mM of
glucose). For the following three cycles, we varied the glucose
concentration in the same order (1, 5, and 10 mM) and
extracted the sensitivity values. The sensitivity values were 1.28
X 10% A/A, 5.22 X 10° A/A, and 2.88 X 10° A/A, respectively,
for the 4th (1 mM), Sth (5§ mM), and 6th (10 mM) cycles.
Because the WSe, BioFET presented almost the same
sensitivity values under the same concentrations of glucose
for the six cycles, we expect that this device can be used
repeatedly. Finally, this biosensor was compared with the
previously reported devices, in terms of the biosensor type,
channel material, detection molecule, sensitivity, and reusability
in Supporting Information Table SI.

B CONCLUSIONS

In this work, we demonstrated a highly sensitive and reusable
membraneless WSe, BioFET. The membraneless structure was
achieved by exploiting defect-free WSe, as the channel material,
consequently magnifying the sensitivity of the WSe, BioFET.
The sensitivity was further enhanced by creating a small
number of surface defects through weak O, plasma treatment,
which serve as extra binding sites for bioreceptor immobiliza-
tion. We discovered that the O, plasma treatment damaged the
crystallinity of WSe, by Raman spectroscopy and XPS analyses,
thereby creating Se vacancies and W—O bonds on the surface.
We also confirmed that the created surface defects enabled
more APTES molecules (chemical linkers) to be attached on
the WSe, surface. The sensing performance of the WSe,
BioFET was investigated in detail under different concen-
trations of glucose by electrical measurements, where we
achieved a superior sensitivity of 2.87 X 10° A/A for 10 mM
glucose. In addition, the reusability of the WSe, BioFET was
presented in repeated cycles of application and rinsing of
glucose, while maintaining its high sensitivity. This study
suggests an effective platform for future sensitive and reusable
biosensors based on defect-free vdW materials.
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