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A transistor-based biosensor for the extraction of physical properties

from biomolecules

Sungho Kim, David Baek, Jee-Yeon Kim, Sung-Jin Choi, Myeong-Lok Seol,

and Yang-Kyu Choi®

Department of Electrical Engineering, KAIST, 291 Daehak-ro, Yuseong-gu, Daejeon, 305-701, South Korea
(Received 4 April 2012; accepted 26 July 2012; published online 14 August 2012)

An analytical technique is proposed that uses an asymmetric double-gate field-effect transistor
(FET) structure to characterize the electrical properties of biomolecules, including their
permittivity and charge density. Using a simple measurement with the proposed FET structure, we
are able to extract the physical properties (i.e., permittivity and charge density) of biomolecules. A
reliable analytical tool for the characterization of biomolecules can be provided by the proposed
FET structure without a complex measurement system. It is expected that the proposed method
will be expanded into a universal analysis technique for the electrical evaluation of biomolecules in
applications beyond biosensing. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4745769]

The electronic detection of biomolecules using various
nanostructures has attracted a great deal of attention in the
last 10 years. This technique has become viewed as a feasi-
ble application as a result of the development and fusion of
bio- and nanotechnologies.' Owing to the fast, low-cost, and
high-throughput analysis capability of biological processes,
systems based on nanosensor arrays promise to revolutionize
many areas in medicine and biochemistry, ranging from the
detection and diagnosis of diseases to the discovery of drug
delivery systems.

Thus far, biosensor applications capable of diagnosing
disease have been successfully demonstrated, particularly
when they have been based on the nanowire transistor struc-
ture. A very high level of sensitivity, detectable below the
fM regime, has been achieved, and an analysis of its mecha-
nism has been clearly developed.” In contrast, research into
electrical characterizations capable of evaluating the physi-
cal properties of biomolecules remains in its infancy. Most
previous reports have utilized massive and complicated opti-
cal systems to measure the thickness and refractive index of
biomolecules.? Others have used demanding numerical simu-
lation techniques to determine the amount of charge inside a
biomolecule.* In addition, previous characterization methods
have not been optimized for the detection of the specific
binding of biomolecules, thus leading to a low sensitivity for
biosensing.’

In this work, an analytical technique is proposed for the
characterization of the physical properties of biomolecules,
specifically, the permittivity and charge density. With an
asymmetric double-gate transistor structure, the physical
properties and the specific binding of the biomolecules can
be monitored through this simple measurement technique.
Consequently, both biosensing and the electrical characteri-
zation of biomolecules can be carried out in a single test de-
vice, demonstrating the potential for an all-in-one type of
analytical methodology.

®Author to whom correspondence should be addressed. Electronic mail:
ykchoi@ee.kaist.ac.kr. Tel.: +82-42-350-3477.

0003-6951/2012/101(7)/073703/4/$30.00

101, 073703-1

Figure 1(a) shows a schematic of the asymmetric
double-gate transistor composed of a Si nanowire (Si-NW).
One notable feature of the proposed structure is its asymmet-
ric gate dielectric layer. As shown in Fig. 1(a), the gate
dielectric between gate-1 (G/) and the Si-NW is composed
of a thin oxide (7,y). In contrast, the gate dielectric on the
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FIG. 1. (a) Schematic of the proposed asymmetric double-gate transistor
structure. The open-air gap between G2 and the Si-NW serves as the loca-
tion for the immobilization of the biomolecules. (b) SEM images of an
asymmetric double-gate transistor. After the bias (Vs; =10V) is applied,
the Si-NW adheres to GI. (c) A TEM image after the attachment of Si-NW
to GI.
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opposite side, between gate-2 (G2) and the Si-NW, is com-
posed of an air gap in which targeted biomolecules are im-
mobilized. Thus, by monitoring the change in the drain
current (Ip) before and after the immobilization of the bio-
molecules, the physical properties (permittivity and charge
density) and the specific binding of the biomolecules can be
characterized.

The double-gate transistor structure is composed of an
asymmetric gate dielectric layer and was realized with the
implementation of a mechanically bendable device known as
a fin flip-flop actuated channel transistor (FinFACT).® A
p-type (100) silicon-on-insulator (SOI) substrate with a top
silicon thickness of 100nm was used as a starting material.
Boron ions (N, = 10'® cm™3) were implanted into the silicon
layer. A Si-NW with a width of 40nm was patterned with
the aid of a nitride hard mask. An oxide layer with a thick-
ness of 20 nm was conformally deposited over the Si-NW as
a sacrificial layer, followed by the in-situ deposition of an n™
polycrystalline silicon (poly-Si) layer for the gate electrode.
The poly-Si gate was then separated by a chemical-mechani-
cal polishing (CMP) step. The two separated gate electrodes
were placed on both sides of the Si-NW. Each gate can con-
trol the current—voltage characteristics independently. After
the gate electrode was patterned (the nominal gate length
used for these experiments was 500 nm), source/drain (S/D)
ion implantation using phosphorus was carried out. The sac-
rificial oxide was then removed using a dilute HF solution,
and the buried oxide (BOX) beneath the Si-NW was simulta-
neously etched. At this point, the suspended Si-NW was
anchored at both ends, i.e., the pads for the source and the
drain probing. When the Si-NW was floating in the air, it
was movable and bendable. The exposed surfaces of the Si-
NW and the gate were reoxidized with a 5-nm-thick oxide.
The Si-NW was forced to adhere to G/ by applying a voltage
V=10V, Ve=Vp=V5,=0V) to it, as shown in Fig.
1(b). Thus, the gate dielectric between G/ and the Si-NW
was entirely composed of the oxide. In contrast, the gate
dielectric between G2 and the Si-NW was composed of an
air gap and the oxide. This air gap functions as the immobili-
zation location for the targeted biomolecules. Finally,
annealing was carried out under a forming gas (N,:H, =9:1)
atmosphere at 450 °C to remove interface defects.

To measure the permittivity of targeted biomolecules
using the asymmetric double-gate transistor, the subthres-
hold slope (SS) characteristic governed by the rate of gate
bias sweeping was investigated. This technique involves
simultaneously sweeping a voltage, Vi for gate G/ and Vi,
for gate G2, while maintaining a constant gate bias ratio, k
(= V62/Ve1). In the fully depleted (FD) SOI film, the corre-
sponding potentials at the front and back interface, q;f and
@y, respectively, are related to Vi, and Vi, as follows:

Csi + Ciy Cs; 04/2
Ve =V |4 ST - 1
Gl FB1 T ( + Coy >(/)f Cort Pp C,. (D
Ovio Csi ( Csi+C itb)
Vor = Vi + =22 — (1)
o ree Ctotal Ctotal f Ctotal &
2
_ %’/ . @)
total

Appl. Phys. Lett. 101, 073703 (2012)

Here, the following variables are defined. Q; = —gN,ts; is
the depletion charge, Oy, is the additional charge density
from the biomolecules, Cg; is the silicon depletion capaci-
tance, C,ys is the capacitance between G/ and the channel,
Crotal = Coxbl//Cbia//Cair//cbio//cobe is the total CaPaCi'
tance between G2 and the channel, C;; and Cjy, are the inter-
face trap capacitance at the front and back interfaces of the
SOI films, respectively, ¢, and ¢, are the surface potential
at the front and back interfaces of the SOI films, respectively,
and Vpp; and Vpp, are the corresponding front and back
channel flatband voltage.

Because Vo = k - Vi under double-gate operation, the
respective rate of increase in ¢, and @, can be expressed as
follows:

doy Coxf (Csi + Chio + Ciy) + kCipCs; )
dV1  (Csi+ Coy + Cig)(Csi + Chio + Cinn) — Coi®’
do, kCpio(Csi + Chio + Citf) + CoyCsi "
dVG2 (CSi + COXf + CiUC)(CSi _|_ Cbi() + Cith) — CSI-Z .

As a consequence of the capacitive coupling between the
front and back interfaces in the FD SOI film, the change in
¢y can significantly influence the change in ¢;,. An optimum
coupling condition occurs when both surface potentials
increase at the same rate with respect to the applied front
gate voltage, ie., when do;/dVi = dp,/dVe,. Setting
Egs. (3) and (4) equal to each other yields the corresponding
optimum gate bias ratio, k,, which is given as

ko _ Coxf(ctotal + Citb) ~1 + Citb ) (5)
Ctotal (Coxf + Citf ) Ctoml

The approximation made in Eq. (5) is valid if the front gate

dielectric is sufficiently thin, such that C,y > C;;y. Because

the front gate dielectric thickness (Z,) is less than 10 nm, as

shown in Fig. 1(c), this assumption is valid.

To determine k, experimentally, the SS of the FD SOI
MOSFET under double-gate operation was investigated. In
actuality, the subthreshold slope at the point of optimum
coupling during double-gate operation has been previously
determined

SS = In(10) - (1 + Ci‘f). 6)
Co,\f

This is approximately 60 mV/dec at room temperature
because C,y > Cjr. Therefore, by plotting the measured
subthreshold slope values according to k, the value that cor-
responds to 60 mV/dec is ky. Subsequently, C,,,; can be cal-
culated from Eq. (5) and the well-known value of the
interface trap density (Cip = q* - Diy, Diy = 1010cm’zeV).
As shown in Fig. 1(a), C,, consists of a series of five differ-
ent capacitances, Croat = Coxp1//Chio//Cair//Chrio/ | Coxp2-
Consequently, if the thickness of the biomolecules (7;,) is
known with precision, the permittivity of the biomolecules
(&pio) can be extracted by Cpip (= €pio/thio)-

In addition, the relationship between Vi, and the thresh-
old voltage (V) was determined as shown below.’
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dVr  dVr dQOpi,
dVgy  dOpio dVi2

_ CSiCrotal - (7)
Cnxf (CSi + Ciotal)

Using dQpi,/dVa = Cior from Eq. (2), this can be obtained
as follows:

Csi

AVp=—e =S
! Coxf(CSi + Cmml)

AQpio- (8

As a result, from the measured difference of Vi (AVr) and
the extracted Cy,, value, the charge density of the biomole-
cules (Qpi,) can be calculated.

Prior to the bio-experiments, the asymmetric double-
gate transistor with the air gap was cleaned thoroughly with
deionized water (DW) and dried in a stream of high-purity
nitrogen. The cleaned device was then placed in a 1% (v/v)
solution of 3-aminopropyltriethoxysilane (APTES, Sigma) in
ethanol for 30 min, rinsed five times in ethanol, and dried at
120°C for 10min. The device, which had an amino-
functionalized surface, was subsequently immersed in a sul-
pho-NHS-LC-biotin (Pierce) solution for 1h, which had
been dissolved in a phosphate-buffered saline solution (PBS,
Sigma-Aldrich). The concentration was adjusted to 10 mM.
The device was then washed with DW and PBS to remove
any unreacted residual molecules from the surface. The bio-
tinylated device was then immediately immersed into a
streptavidin/PBS solution for another hour, followed by
washing with DW and blow-drying in nitrogen.

Figure 2 shows the measured drain current-gate voltage
(Ip-Vg) characteristics before and after the bio-experiments
when k=1 (Vg = Vg2). Two distinctive characteristics
were revealed after the bio-experiments. First, the subthres-
hold slope steepened after immobilization of the biomole-
cules inside the air gap. This occurred due to an increase in
Cioar as a consequence of a permittivity increase from &, to
&pip caused by the biomolecules. Second, the curve shifted to
the right-hand side after the bio-experiments. This was due
to a combination of both the additional charge (Qpi)
included in the biomolecules and the increase in permittivity

10 E Lo/W;;,=500/40 nm
E k=1 (Vg,=Vg), Vo=1V
6|
10 2) After bio-experiment:_ 1) Initial device
< APTES + biotin (10mM) "),
el 10'7 L
2 3) After bio-experiment:
- 5 APTES + biotin (10mM) +
g 107 ¢ streptavidin (200pM)
S
5 9
3 10°F .
c = SS improvement
a 10_1 o[ — permittivity increase
S
o « V, shift
1 0-11 — additional charge from
E biomolecules + permittivity change
10-12 L 1 R 1 L 1 . 1 A 1

-1 0 1 2 3
Gate1 voltage, V, [V]

FIG. 2. The measured drain current-gate voltage (Ip-V;) characteristics
before and after the bio-experiments for the condition of k = 1 (Vg1 = V).
The steepened subthreshold slope and shifted threshold voltage provide the
information about &p;, and Qp;,.

Appl. Phys. Lett. 101, 073703 (2012)

(an analogy can be seen in Eq. (8), where AV is affected by
both Ciyer and Qpi,). It is known that APTES has positive
charges in solution at a neutral pH.” Because all bio-reagent
solutions were prepared and adjusted to pH 7.4 using PBS,
APTES was positively charged in the present experiment. In
contrast, biotin (pl=3.5) and streptavidin (pl =5-6) were
negatively charged, as their pl values were lower than that of
PBS."'? Accordingly, the net charge polarity of the APTES
+ biotin + streptavidin bindings is expected to be negative,
and the predicted charge of AV is positive, which is consist-
ent with the shift in direction of the measured curve, as
shown in Fig. 2.

The effects arising from the permittivity change and
Opi, are not separately analyzed from simple -V, charac-
teristics because these effects are coupled together. This can
be one of the constraints in conventional FET-based biosen-
sors. In other words, both effects can lead to changing the
Ip-V, characteristic simultaneously. Therefore, it is not pos-
sible to determine which effect is dominant. When a FET is
used for a biosensor application, the coupling issue is no lon-
ger a concern, even though other information cannot be
obtained from simple Alp characteristics. With the proposed
technique, these effects can be investigated individually and
quantitatively. To measure the effect of the permittivity
change quantitatively, regardless of Qp;, (to extract the per-
mittivity of the biomolecules (&;,,) experimentally), Fig. 3
shows the measured SS values dependent on different gate
bias ratios, k& (=Vg2/Vi1). As mentioned earlier, the sub-
threshold slope reaches 60mV/dec when an optimum
coupling is made between do;/dVs, and d¢,/dV,. From
the measured optimum gate bias ratio (k,) and according to
Eq. (5), Cipr and, consequently, &y, (= Cpip - tpip) can be
extracted.

To confirm the validity of the proposed technique, an
initial device with only an air gap was tested. As shown in
Fig. 3, the measured optimum gate bias ratio was 3.5, and
the extracted permittivity of air was 1.15, showing good
agreement with the known values (the ideal value of &, is 1).

300
thio £40
2o e T
Biotin O@Getn;c ( Rzefei;1 )
200 P Streptavidin ?Qe’r‘sr‘;‘ (RZe} 15)

N

a

o
T

Initial device (air gap)

o

After

Subthreshold slope, SS [mV/dec]

100 bio-experiment\. \l\ k,=3.5,¢,, =115
\. n’_
s} wo\ “““ < g
Q\.\.
k, = 2.35, &, = 2.14
0 L 1 " 1 L 1 L 1 1 L 1 n 1 L 1 "
00 05 10 15 20 25 30 35 4.0 45

k(=VedVer)

FIG. 3. The measured subthreshold slope values depending on the different
gate bias ratios of k (=Vg2/Vi1). €pio can be extracted from the point where
the subthreshold slope reaches 60mV/dec. The inset table summarizes the
reported permittivity and thickness values for APTES, biotin, and
streptavidin.
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Therefore, the validity of the proposed technique is guaran-
teed for the extraction of the permittivity. Next, the same
measurement was carried out after the immobilization of the
biomolecules (APTES + biotin + streptavidin) in the air
gap. Because streptavidin is thicker than the others, as sum-
marized in the inset table of Fig. 3, the overall capacitance of
the biomolecules (Cp;,) is primarily determined by the per-
mittivity of streptavidin. In Fig. 3, the measured value of &,
after the bio-experiment changed from 3.5 to 2.35, and the
extracted permittivity was found to be 2.14, which is in good
agreement with reported values of streptavidin from optical
measurements.”''™'* Figure 4 shows an additional verifica-
tion of the proposed technique using a three-dimensional
(3-D) numerical device simulation.'> As shown in Fig. 4, the
measured subthreshold slope characteristics occurring due to
the different gate bias ratios matches that of the simulation
results well, serving as an alternative confirmation of the va-
lidity of the proposed analytical technique.

Additionally, the total charge density of the biomole-
cules (Qpi») was calculated to be —4.48 x 10" coulomb/
cm?, or approximately 280 electrons/cm?, from the measured
value of AVy = 0.45V with 200 pM of streptavidin, accord-
ing to Eq. (8). Unfortunately, quantitatively calculated
charge density values for biotin-streptavidin bindings have
not been reported in the literature. Therefore, a comparative
analysis of the extracted value of O, is not available; there
is a need for further verification by other methods.

In summary, the proposed technique was able to extract
the permittivity (&,) and charge density (Qy;,) of biomole-
cules electrically without the use of a complicated measure-
ment system. In addition, this technique was able to clearly
differentiate the effect of the permittivity change from that
of an additional charge, permitting a quantitative analysis of
the biosensing mechanism. Moreover, the specific binding
between biomolecules was also detectable by measuring
AV7. Thus, the application of the proposed technique can be
expanded to an all-in-one analysis technique for the evalua-
tion of the physical properties of biomolecules in applica-
tions beyond biosensing.

This work was supported by the Center for Integrated
Smart Sensors funded by the Ministry of Education, Science
and Technology as Global Frontier Project (CISS-2011-
0031845) and the National Research and Development
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FIG. 4. 3-D device simulation results to confirm the validity of the proposed
technique. The measured subthreshold slope data are consistent with the
simulation results.
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medical function monitoring biosensors.
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