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We used high-resolution Kelvin probe force microscopy (KPFM) to investigate
the immobilization of a prostate specific antigen (PSA) antibody by measuring
the surface potential (SP) on a MoS, surface over an extensive concentration
range (1 pg/ml-100 ug/ml). After PSA antibody immobilization, we demonstrated
that the SP on the MoS, surface characterized by KPFM strongly correlated
to the electrical signal of a MoS, bioFET. This demonstration can not only be
used to optimize the immobilization conditions for captured molecules, but can
also be applied as a diagnostic tool to complement the electrical detection of a
MoS, FET biosensor. © 2016 Author(s). All article content, except where other-
wise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http:/fcreativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4964488]

Label-free sensing methods for the detection of biomolecules have been intensively researched
in various applications because of their simplicity, convenience, and non-interference.'> Among
these label-free sensing methods, electrical detection methods using one-dimensional (1D) field-
effect transistor (FET) devices composed of carbon nanotubes,®® silicon nanowires,”'* and con-
ducting polymer nanowires'"'? have gradually increased during the past few years because their
sensing parameters, such as threshold voltage, mobility, and “OFF-current,” provide exquisite sensi-
tivity and high-throughput analysis. The large surface-to-volume ratio and Debye length in these
1D nano-scaled semiconducting biosensors also allow detection of a small number of biomolecules
on the biosensor surface. Even a few biomolecules dramatically change the surface charge carrier
density or surface potential (SP) of the device, resulting in much higher sensitivity than is available
with other detection devices.'>~'® However, 1D semiconductor biosensors still have limitations such
as device-to-device performance variation, non-uniformity, and a small integration area.!”-'3

2D layered semiconductor-based sensors with a high surface-to-volume ratio have fewer limi-
tations than 1D semiconductor biosensors. 2D devices offer highly sensitive detection for biomol-
ecules and ions and serve as the basis for conventional planar devices in large-area integration.'*->
Specifically, molybdenum disulfide (MoS,), which is the most investigated 2D material in the tran-
sition metal dichalcogenide family, is a promising candidate for applications in sensing devices.?!*>
Recent reports demonstrated that MoS,-based FETs could be candidates for biological sensors
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and excellent pH sensing alternatives.>>>* In most cases, a biological sensing element selectively
recognizes a particular biological molecule through a reaction, specific adsorption, or other physical
or chemical processes, and then the 2D MoS, FET converts this recognition into a usable electrical
signal. Recently, Lee et al. reported that MoS, FETs offer a highly hydrophobic MoS, surface
(water contact angle ~75.77°) without any other post-processing and they also show a high affinity
to prostate specific antigen (PSA) antibody (hydrophobic biomolecule).!” PSA antibodies adsorbed
on the MoS; surface yield SP variations on the FET surface, resulting in varying I-V characteristics.
However, the correlation between the amount of adsorbed PSA antibody and electrical performance
remains unclear. Furthermore, to the best of our knowledge, no relevant studies have been per-
formed even though a quantitative analysis of the SP generated by the adsorbed biomolecules is
important to designing and optimizing 2D MoS, FET-based biosensors.

Kelvin probe force microscopy (KPFM),>>?® an important technique for investigating surface
charges by measuring SP, can measure the charges of a bimolecular functionalized surface on
a substrate, thereby identifying the charge state of the adsorbates, the spatial distribution of the
charge carriers, and the SP of semiconductors’’ such as graphene,’®?’ carbon nanotubes,’®*" and
silicon nanowire.?! However, no reports yet describe the correlations among the physically adsorbed
biomolecules on the MoS; surface of a MoS, bioFET or the resultant electrical performance. In
this work, we have used KPFM to explore the variation of SP generated by adsorbed PSA anti-
bodies on a 2D MoS; bioFET biosensor. We also imaged the surface topology and uniformity to
confirm the proper absorption of biomolecules during SP measurement. Furthermore, the variation
of the drain-current in the MoS, bioFET was measured in the same experimental environment. The
relationship between the drain-current and the SP caused by PSA antibody-MoS; surface adsorp-
tion was examined by comparing those measurement results. This investigation can be useful for
designing and optimizing a label-free 2D FET-based biosensor.

We first exfoliated thin-film MoS, flakes from bulk MoS, using cellophane tape and then
transferred the flakes with a thickness in the range of 30—100 nm onto a p-doped Si substrate (the
average thickness of 20 different thin-film MoS, flake samples ~42 nm + 10 nm) with SiO, (300
nm) as the gate insulator. To clean the wafers and remove residues from the substrates, we placed
the MoS, flakes on the Si wafer into acetone for 2 hours and sequentially isopropyl alcohol for
10 min. E-beam deposited Ti/Au (20 nm/300 nm) electrodes on the wafers formed the source and
drain. Finally, the wafers were annealed in a vacuum tube at 200 °C with H, gas (10 SCCM) and
Ar gas (100 SCCM) to improve the interface solidarity between the Au and MoS; and remove
organic residues. The PSA antibody (in phosphate-buffered saline [PBS], pH 7.2) was incubated on
the MoS,; surface of the biosensor for 30 min inside a humidity chamber to prevent evaporation.
The sensor was washed in PBS buffer for 1 min to remove weakly bound biomolecules. Three
Au-probe tips, including a manipulator for measuring the electrical characteristics, were connected
to the source, drain, and gate of the MoS, bioFET. Electrical characteristics were evaluated with [-V
measurements (Model 4200-SCA Semiconductor Characterization System, Keithley Instrument,
Inc., OH, USA). In this experiment, we used five PSA antibody concentrations from 1 pg/ml to
100 pg/ml to measure the currents produced by the MoS, biosensor.

After carrying out the procedures just described on the MoS, surface, we measured the surface
topology and potential using atomic force spectroscopy (AFM) (MultimodeV, Veeco, CA, USA) as
follows: we mounted a conducting cantilever tip (SCM-PIT, Bruker, rectangular, platinum-iridium
coated, CA, USA) in a tip holder (MMEFCH, Veeco, CA, USA) able to control the tip voltage,
where the functional resonance frequency and drive amplitude of the tip are between 60 and 75 kHz,
and 1V, respectively. The SP measurements were performed in a lift-mode KPFM. The SP mapping
images by KPFM (scan size: 1 um X 1 um) were obtained at the scan speed of 1 um/s, a lift
scan height of 33.03 nm, and a drive amplitude voltage of 1-1.5 V, where the temperature was
maintained at room temperature.

The aim of our experimental procedure was to analyze the nanoscale SP upon PSA antibody
binding to a MoS, FET biosensor, as shown in Figure 1. The PSA antibody was physically ad-
sorbed on the MoS; surface (i.e., non-specific binding), and then PSA was selectively bound to
the physisorbed PSA antibody (Fig. 1(a)), indicating that MoS, nanosheet-based PSA detection
is a classic label-free immunoassay. Figure 1(b) illustrates an electrical measurement method that
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FIG. 1. Schematic illustrations of the measurement system: (a) Anti-PSA binding process on the MoS; surface. The
hydrophobicity of MoS, enables physical adsorption of biomolecules without additional dielectric layers. (b) Electrical
measurement method of the bioFET. Physically adsorbed biomolecules cause the gating effect, which can induce a variation
of the drain current with respect to the concentration of PSA antibodies. (c) SP characterization by KPFM to identify the
charge state of the adsorbates and optimize the immobilization condition. (d) The optical image of the MoS, device on Si
substrate.

uses the variation in the MoS, FET biosensor current upon the change of conductance that occurs
when a charged molecule adheres to the MoS, sheet surface. The bioFET detection method has
several advantages, such as label-free detection, easy preparation, and rapid detection. However, the
bioFET method cannot detect at the single-molecule level, which is an important issue when trying
to improve the accuracy of a detection technique. In particular, MoS; bioFET demands verification
of sensor accuracy because the PSA antibody is physically adsorbed on the MoS, surface. This
technique has often suffered from optimization issues caused by the immobilization of the PSA
antibody. To address those issues, we applied high-resolution KPFM to optimize the immobilized
quantity of the PSA antibody by measuring the SP on the MoS, bioFET over an extensive PSA
antibody concentration range (Figure 1(c)).

After PSA antibody immobilization, the SP of the PSA antibody on the MoS; bioFET (as char-
acterized by KPFM) correlated with the electrical sensor response of the MoS, bioFET. For precise
measurement from the KPFM, we optimized the lift scan height and scan speed of the conductive
cantilever tip on the KPFM based on previous work.>>=> We measured both the high-resolution
topology and SP images, as shown in Figure 2. Figures 2(c), 2(e), and 2(g) depict representative
3D topology and SP images of the bare MoS, surface. From those images, we found that the bare
MoS; surface has an extremely low surface and SP roughness (Ra < 0.1 nm, 1 mV). In other words,
the MoS; surface is atomically flat. That information is important®® because the underlying quality
of the substrate, in terms of surface roughness, subsurface damage, and impurity content, critically
affects the threshold and component lifetime. To find the optimal conditions for imaging a single
PSA antibody, we used KPFM to obtain the height and SP maps of a PSA antibody on the MoS,
bioFET surface. In Figures 2(d), 2(f), and 2(h), an individual PSA antibody is imaged as a green
dot with a height of less than 3 nm, which is consistent with previous studies.’’ Despite the low
concentration (1 pg/ml), the PSA antibody is clearly shown in the height and SP images. In an SP
map of a PSA antibody on the MoS; bioFET, the antibody has positive SP (~200 mV) due to the
relatively low work function of MoS,. It should be noted that the SP of the MoS; films used in
this experiment might be varied because of the thickness variation of the MoS; films. However, as
you see in Figure 2(f), the SP of a pristine MoS, film is extremely lower than the one of the PSA
antibody adsorbed region (e.g., greater than 200 times). Hence, the SP variation due to the thickness
variation of the MoS, film can be ignored.
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FIG. 2. ((a) and (b)) Schematic representation of (a) the MoS; device, and (b) PSA antibodies adsorbed on the MoS; bioFET
device. ((c) and (d)) Height map images observed by tapping mode AFM: (c) the bare surface of the MoS, bioFET device, and
(d) PSA antibodies adsorbed on the MoS, FET device. ((e) and (f)) SP map images probed by KPFM: (e) the bare surface of
the MoS; bioFET device, and (f) PSA antibodies adsorbed on the bioFET device. The white or black dotted lines in images
((c)—(f)) represent the trajectory of the line scan for the following cross-sectional views. ((g) and (h)) The corresponding
cross-sectional views taken through the height map images and SP map images from ((c)—(f)): (g) the bare surface of the
MoS, bioFET device, and (h) PSA antibodies adsorbed on the MoS; bioFET device. The black line in each graph represents
a topological cross-section of the image, whereas the blue line depicts the cross-sectional SP.

To optimize the immobilized PSA antibody concentration topologically, we performed SP
analyses of PSA antibodies at five different concentrations: 1 pg/ml, 100 pg/ml, 10 ng/ml,
1 pg/ml, and 100 pg/ml (Figure 3). Remarkably, at 100 pg/ml, we could not distinguish a
single molecule because of antibody aggregation, as shown in Figure 3(e). To precisely detect
the SP of the antibody, we further conducted quantitative and statistical analyses of the SP at
the same five antibody concentrations (Figures 3(f) and 3(g)). The average SP of each distinct
PSA antibody is about 200 mV from 1 pg/ml to 1 ug/ml. On the other hand, the average SP
is about 400 mV at 100 ug/ml, after the antibodies became aggregated. We also performed a
t-test using the SP data from neighboring conditions, and the results are shown in Figure 3(g). In
the t-test, all P-values were estimated to be much larger than 0.05 except between 1 ug/ml and
100 pg/ml. In other words, the SP at different concentrations is statistically identical for neigh-
boring conditions except between 1 ug/ml and 100 ug/ml. According to these results, there exists
a critical concentration for a proper distribution without aggregation when PSA antibodies are
adsorbed on to a MoS; surface. Figure 3(h) reveals a consistent probability (SPio1/SPmax) trend of
the SP of the adsorbed PSA antibodies with respect to concentrations from 1 pg/ml to 1 pg/ml,
where SPy, is the surface potential of the total number of adsorbed single PSA antibodies on the
MoS,; bioFET surface, and SPy,, is the surface potential when distinct PSA antibodies fully cover
the MoS; bioFET surface. Therefore, the probability is approximately proportional to the antibody
concentration except at 100 pg/ml, where at 100 ug/ml of antibody, the probability was calculated
by the SPy,; on the area of aggregated antibodies per the SPyx.
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FIG. 3. ((a)—(e)) Surface potential map images observed by KFPM: (a) 1 pg/ml, (b) 100 pg/ml, (c) 10 ng/ml, (d) 1 pg/ml, and
(e) 100 pg/ml of PSA antibody. (f) Histograms of the SP of different PSA antibody concentrations and their average values.
(g) To confirm whether our approach can discriminate between two neighboring conditions, we performed t-tests between
neighboring groups. P-values were calculated using the t-test (*P > 0.05, **P < 0.05). (h) Probability (SPiota1/SPmax) of PSA
antibodies with different antibody concentrations.

To study the correlation between the electrical performance of the MoS, bioFET and the SP
generated by the adsorbed PSA antibodies, we measured the electrical sensor response of the MoS,
bioFET with respect to the PSA antibody concentration, as shown in Figure 4(a). The 13-V, curve
for an as-fabricated MoS, bioFET without PSA antibody absorption indicates n-type behavior,
where 14 and Vg are the drain current flowing between S and D and the voltage applied to the Si
gate, respectively, as described in Figures 1(b) and 1(d). The minimum drain current (I,g) lies in
the negative Vg regime. Upon increasing the applied PSA antibody concentration from 1 pg/ml to
1 pg/ml, the I, for the MoS, bioFET increased. However, I, decreased dramatically when the
applied PSA antibody concentration was increased to 100 ug/ml. These results indicate that the
electrical performance of the MoS, bioFET is unrelated to the high concentration (~100 ug/ml)
of applied antibodies, which is similar to the previous SP analysis from KPFM. To examine these
results more clearly, we constructed an off-current probability curve for the MoS; bioFET in the
PSA antibody concentration range tested, where I gsorved 1 the Iog at each treatment of the target
biomolecules, and I, is the highest current value at 1 ug/ml, as shown in Fig. 4(b). This trend
is similar to the SP probability distribution (Figure 3(h)). More specifically, when the positively
charged PSA antibody concentration ranged from 1 pg/ml to 1 ug/ml, the concentration of the
adsorbed PSA antibody also increased, and all the PSA antibodies that can be distinguished at the
single molecule level are well distributed on the MoS, surface (Figures 3(a)-3(d)), resulting in
increased SP. This increased SP, generated by the positively charged PSA antibodies, is attributed

(a) (b)
10'5 + v, =1V g 1.0 P
10° ——100ug/mL g 0.8
Tug/mL - |
—~ 107} ——10ng/mL 2 0.6 l
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FIG. 4. (a) Transfer curves of the MoS; transistor under varying concentrations of PSA antibodies from 0 to 100 pg/ml.
(b) The probability distribution showing the current response at different PSA antibody concentrations on MoS; biosensors
(n=5).
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to an increase in electron concentration in a negative Vg regime. As a result, the off-current of the
MoS; bioFET gradually increased, as shown in Figure 4(a). On the other hand, at 100 ug/ml, the
adsorbed PSA antibodies were no longer distinguishable at the single molecule level. As a result,
the aggregated antibodies created a PSA antibody network (Figure 3(e)) that decreased the surface
SP despite the high concentration (Figure 3(h)), resulting in the degradation of I, in a negative Vg
regime. Hence, the electrical performance measured by the MoS, bioFET is strongly correlated to
the SP of the MoS, surface, which is a function of the concentration and distribution patterns of the
adsorbed PSA antibodies. Moreover, an optimized condition also exists for generating an electrical
signal from the MoS; bioFET, which responds to the physically adsorbed PSA antibodies on the
MoS, surface.

In conclusion, while varying the PSA antibody concentration, we examined the characteristics
of physically adsorbed PSA antibodies on a MoS, bioFET surface using single-molecule imaging,
and we also examined the SP using KPFM. In this characterization, we found that at a critical
concentration, the adsorbed PSA antibodies aggregate and become a protein network. The SP
decreased at the aggregate concentration, even though the number of PSA antibodies increased.
Moreover, we measured the I4-V curves of the MoS; bioFET after the PSA antibodies were phys-
ically adsorbed on the bioFET surface using the same conditions as for the KPFM. This measure-
ment is correlated with the SP values of the MoS, surface on which the PSA antibodies are ad-
sorbed. The experimental results reveal that the electrical performance of a MoS, bioFET depends
on both the antibody concentration and the distributed surface quality. Hence, an investigation of the
optimal conditions for appropriate distribution of biological molecules on a MoS, surface is needed.
This study provides insight into the local electrical properties of various bioFET devices and other
electronic biosensors. Furthermore, the measurement of SP on a bioFET by KPFM analysis could
be applied as a diagnostic tool to complement the electrical detection of a FET biosensor.
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