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A novel biomolecular detection method, charge pumping, is investigated comprehensively as a
biosensing mechanism. Tunneling electrons located in channel interface are responsible for a charge
pumping current (/,) in a biosensing operation. The maximum tunneling distance (dyyy) of the
electrons is the dominant factor to determine the amount of generated /.,, which is closely correlated
with the sensitivity in a proposed nanogap-embedded biotransistor structure. Using an analytical
model in which biomolecules are considered as a trap-included insulator, the effects of the key
parameters that govern dy,,,q, in this case the nanogap height, frequency of the applied pulse, and
maximum pulse level, are analyzed. © 2010 American Institute of Physics.

[doi:10.1063/1.3443580]

I. INTRODUCTION

Recently, due to their large surface-to-volume ratio,’
field effect transistors (FET) based on silicon nanowires (Si
NWs) or carbon nanotubes (CNTs) have shown extraordi-
nary sensitivity for biosensing and have therefore attracted a
considerable amount of attention.”™ The reported biosensing
principle originates from the depletion or accumulation of a
channel induced by the specific binding of charged biomol-
ecules on the surface, which then affect the conductivity of
the channel.®

Although Si NW FETs or CNT FETs have been demon-
strated successfully in biosensor applications, their device
geometries restrict the feasibility of a monolithic integration
into conventional peripheral circuitry that consists of
complementary metal oxide semiconductors (CMOS) for
signal detection, processing, and transmission. Si NW or
CNT FETs can be prepared through either a top-down or a
bottom-up approach. For top-down approaches, advanced
optical or electron-beam lithography tools should be em-
ployed to pattern the nanometer features.” Although it is
compatible with conventional silicon technology, advanced
lithography is costly. On the other hand, metal-catalytic
growths for NWs (Ref. 8) or dispersed CNTs (Ref. 9) can be
utilized as bottom-up approaches. However, these inevitably
impose difficulty in positioning the device. These approaches
are also associated with poor process compatibility.

To solve these problems, an alternative approach for the
fabrication of a biosensor that utilizes the conventional FET
structure directly has been proposed.'o’ll Throughout this
process, no expensive lithography tools are needed for the
definition of nanoscale patterns. However, their sensitivity
levels are not comparable to NW-type biosensors, and their
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measured sensing signal typically shows severe data fluctua-
tion. On the other hand, the authors in a previous work dem-
onstrated a unique biomolecular detection method that was
based on a charge pumping technique used with a nanogap-
embedded conventional FET structure.'*"® In the proposed
technique, the trap density of the gate dielectric in a FET is
introduced as a sensing parameter. When additional trap
states are provided by biomolecules immobilized inside the
nanogap carved by the partial etching of the gate dielectric,
variation in the trap density results in a measurable change of
the charge pumping current (I.,). However, although the
modulation of /., depended on the concentration of specific
biomolecular bindings and could therefore serve as a sensing
parameter for biosensors applications, a clear explanation of
the mechanism and a physical analysis could not be provided
at the time.

In the present study, a charge pumping method is inves-
tigated comprehensively for use as a biosensing mechanism.
Using the analytical model and calculation, detailed mecha-
nisms and optimization strategies to improve the level of
sensitivity are presented.

Il. EXPERIMENT

The proposed nanogap-embedded biotransistor (hence-
forth simply the biotransistor) device structure is based on a
conventional n-channel FET, as shown in Fig. 1(a). A p-type
silicon wafer was used as a substrate. For a gate insulator, 40
nm of SiO,, corresponding to the nanogap height (Hip gap)
was thermally grown. N-type in situ doped polycrystalline
silicon was deposited and patterned for a gate electrode. The
source and drain were formed by ion-implantation and sub-
sequent thermal activation. The gate insulator was then par-
tially etched using a buffered oxide etchant to form the nan-
ogap underneath the polysilicon gate. The length of the
nanogap (Lg,,) depended on the wet-etching time, which was
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FIG. 1. (Color online) (a) Schematic diagram of the nanogap-embedded biotransistor and the experimental setup for the charge pumping measurements. (b)
Schematic of the band diagram at the gate voltage of V and (c) at that of V,. The shadowed area is the trap states in energy and space that will capture and

hence contribute to /., during the charge pumping measurements.

fixed to 200 nm. Finally, a reoxidation process was carried
out to form remaining oxide (z,,), which was followed by
annealing at 400 °C for 30 min with an ambient ratio of
N,:H,=9:1. Actually, this remaining oxide cannot be per-
fectly removed because native oxide always forms on a sili-
con channel surface when the device is exposed to ambient
air. Therefore, for good quality of the remaining oxide, the
reoxidation and annealing process was additionally per-
formed, and the effective nanogap height (H,,,) was defined.
All measured biotransistors in these experiments had a gate
length of 2 wum and a channel width of 20 um.
For the measurement of I, a pulse for charge pumping
(fep) was applied into the gate electrode using a pulse gen-
erator. I, was then measured from the substrate using a
semiconductor parameter analyzer with a grounded source
and drain, as shown in Fig. 1(a). For the applied pulse wave
form, whereas the pulse base level (minimum peak level of
pulse, V;) was fixed to —4 V, the maximum peak level of
pulse (Vi) was varied (duty cycle=50%, rising and falling
time=100 ns). When a pulse was applied into the gate elec-
trode for charge pumping, the state of the transistor was then
switched between the inversion mode by Vj and the accu-
mulation mode by V; repeatedly. Therefore, electrons
trapped in the inversion mode recombined with holes from
the substrate in the accumulation mode. This electron-hole
recombination gave rise to a current flow from the substrate
to the channel. This current is termed /., and contains infor-
mation pertaining to the trap properties in the gate
dielectric.'*"

To bind the biotin-streptavidin specific binding on the
nanogap surface, the immobilization of biotin on the nan-
ogap surface was accomplished in a two-step procedure. The

biotransistors were washed with an ethanol solution to re-
move contaminants and were then immersed in a 1% ethanol
solution of 3-amonopropyltriethoxysilane (APTES) for 30
min. Subsequently, they were washed with pure ethanol and
heated at 120 °C for 20 min. Sulfo-NHS-LC-biotin (10 mM)
in 1 X Phosphate buffered solution (PBS) solution (0.05%
Tween 20) was then utilized in a 1 h reaction with the
APTES-modified surface. The unreacted sulfo-NHS-LC-
biotin was removed by deionized water (DW). Without a
time delay, the biotinylated device was immersed into a
streptavidin/PBS solution for another hour. This was fol-
lowed by washing using DW and PBS.

lll. RESULTS AND DISCUSSION

Figure 1(a) shows a schematic of the charge pumping
measurement for biosensing. When Vy is applied to gate, the
channel is inverted. Inversion electrons are then supplied by
the source/drain contacts, and these electrons subsequently
fill the traps near the channel [flow 1a in Figs. 1(a) and 1(b)].
Once the voltage switches from Vj to V;, the channel accu-
mulates excess holes that stem from the substrate terminal.
For the trapped electrons (from the previous Vy step) near
the channel, holes are captured from the valence band [flow
2a in Figs. 1(a) and 1(c)] and recombine with a previously
captured electron, resulting in a positive current through the
substrate terminal. This is the classical generation mecha-
nism of /.,. On the other hand, in the case of the proposed
biotransistor, the biomolecules are not directly immobilized
on the silicon channel but are instead immobilized on the
regrown oxide, as shown in Fig. 1(a). Because the immobi-
lized biomolecules are separated from the silicon channel
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FIG. 2. (Color online) (a) Schematic diagram of the biotransistor after the
bioexperiment along with TEM images of the nanogap that show different
thicknesses of the regrown oxide (7,,). (b) The relationship between the
generated /,, values and the location of the trap states from the channel. As
f,, increased, I, was reduced, although the number of trap states that
stemmed from the biomolecules was identical among the three different 7,
cases.

due to the thickness of the regrown oxide (r,,), classical
mechanism for the generation of /., cannot properly explain
the modulation of /., by biomolecules.

For the electrons and the traps in the biomolecules to
interact with each other, the electrons should tunnel through
the regrown oxide [flow 1b and 2b in Figs. 1(b) and 1(c)]. It
was previously confirmed that the modulation of /., de-
pended not on the regrown oxide but only on the concentra-
tion of specific biomolecular bindings.n’13 Therefore, it can
be understood that tunneling electrons located instead in the
channel interface are the main contributor to the modulation
of I, during the biosensing process, as the number of trap
states in the regrown oxide is negligible compared to the
number of biomolecules. Accordingly, to understand the bio-
sensing mechanism in this biotransistor, the tunneling pro-
cess of electrons during the charge pumping process should
be considered. First, to investigate the relationship between
the tunneling process and sensitivity experimentally, #,, was
intentionally controlled, as shown in Fig. 2(a). Figure 2(a)
shows transmission electron microscope (TEM) images of
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the biotransistor. Using a reoxidation process controlled by a
thermal oxidation process after the carving of the nanogap,
t,. was controlled at 2.2 nm, 4.6 nm, and 8.3 nm, respec-
tively. Using these biotransistors with various 7, values, the
effects of different #,, are represented in Fig. 2(b) when f,,
=1 MHz. The initial amounts of generated I., are nearly
equal in the three cases. However, although /., should be
increased by the trap states additionally provided by the bio-
molecules after the bioexperiment, the increment of /., is
reduced as 1, is increased. This result implies that trap states
far from the channel cannot contribute to the generation of
I.,, even with the high trap density provided by the biomol-
ecules. Consequently, the tunneling process, especially maxi-
mum tunneling distance of electrons (dyn,e;) is the critical
factor that governs the sensitivity of the biosensing process.

To develop an analytical model for a tunneling and trap-
ping process in charge pumping, a biomolecule was consid-
ered as a trap-included insulator, as shown in Figs. 1(b) and
1(c). Because the electrical insulating properties of biomol-
ecules, such as the permittivity, band gap, electron affinity, or
trap distribution, are unknown, the physical parameters for
modeling were obtained from silicon nitride, which is a well-
known trap-included insulator.'® Although the physical prop-
erties of silicon nitride may differ greatly from those of the
biomolecules, even a simplified model can give valuable
guideline to improve the sensitivity of the biotransistor. To
calculate the tunneling probability of a channel electron, the
potential barriers in the regrown oxide and the biomolecules
can be obtained by [Fig. 1(b)],

Voxide(x) = ¢ox - qux(x + tox) for —lox <x< 0?
EoxqE X
Vbio(x) = ¢0x - ¢nilride - quxtox - for x> 07
Enitride

where ¢,,=3.1 eV is the oxide barrier height for the elec-
tron injection,17 Gniride=1.05 eV is the conduction-band off-
set of the oxide and silicon nitride,17 q is the electron charge;
&, and epiiq. are the dielectric constants of the regrown
oxide and the silicon nitride, respectively; and E,, is the
electrical field in the oxide and is a function of V. In addi-
tion, the trapping time constant, in other words the average
time before an electron is trapped, is given by15

= 1/(vlh0-nns) B

where n is the surface concentration of the electrons, v, is
the thermal velocity, and o, is the capture cross-section of
the electrons. During the total tunneling time (1=D/f,,, D is
the duty cycle of the pulse), only tunneling electrons partici-
pate in the trapping process. Hence, the following applies:18

tunneling probability of electron

trapping time constant

total tunneling time

Consequently, from the  Wentzel-Kramers—Brillouin
method,'” the relationship between d,,,,; and the total tun-
neling time (f) can be obtained by
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FIG. 3. (Color online) (a) Maximum electron tunneling distance as a func-
tion of f,, for various values of Vy, Hy,,, and &,ige- (b) The shallowest
nitride-trap energy as a function of V.
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where ng is the carrier density of the Si substrate extracted
from a MEDICI simulator according to Vy, v,,=107 cm/s,"”
Ooride=4X 10710 cm?,"” and Cpiride=3 X 10713 cm?2." My
=0.5mq and my;q.=0.9m are the effective masses in the
oxide and silicon nitride,"” respectively.

Based on equations developed above, d,,.; can be cal-
culated as a function of f,, for various values of Vy, Hgy,p,
and &40, as shown in Fig. 3(a) where 7,, is defined as 2
nm. It is shown in Fig. 3(a) that d,,,, is increased when V
is increased, because as a higher value of E,, is applied to
the regrown oxide (7,,), the tunneling probability is in-
creased. In addition, Fig. 3(b) shows the relationship be-
tween @ivide and V. Ppiide 15 the shallowest trap energy at
duumel- As Vi is increased, ¢;yiqe 1 reduced, which implies
that a wider energy level of the traps can contribute to the
generation of /,. Thus, the increment in Vj can improve the
sensitivity of biosensing in that more traps contribute to the
generation of /., due to the increased value of dyny and the
range of trap energy levels. Figure 3(b) shows the measured
and simulated /., values after the bioexperiment. The values
exhibit consistency with aforementioned explanations. More
I, was found with higher values of Vy; hence, higher sensi-
tivity can be achieved by increasing V.

Another important parameter for increasing dyyney 1S fep-
As shown in Fig. 3(a), dyyye is increased as f,, is lowered.
Essentially, /., is defined by /,,= f(‘pquD,Al,/fs where Ay, is

for  dypne > 0,
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FIG. 4. (Color online) (a) Q,, as a function of the frequency. In the high-
frequency range, only traps near the channel interact with electrons in the
channel. In contrast, in the low-frequency range, trap states located far from
the channel can contribute to the generation of /., due to the tunneling
process. (b) Measured I, values as a function of the frequency. The sensing
margin is increased in the low-frequency range.

the change of the surface potential, D, is the average trap
density in energy, and A is the channel area.””> When this
equation is divided by f., on both sides, the new parameter
(Qys» Qs5=1,,/f.,) can be defined. Q, represents the amount
of recombined charge per pulse cycle > Given that O, 18

independent of the frequency, the value of Qg should be
constant for different pulse frequencies during the charge
pumping process. Figure 4(a) shows the experimental results
for O, according to f,,. With a fresh biotransistor, the value
of Q,, is mostly constant over all frequency ranges. After the
bioexperiment, only a slight increase in Q,, was observed in
the high-frequency range because only trap states near the
channel can interact with electrons flowing in the channel. In
contrast, a sudden increase in Q,, was observed in the low-
frequency range because d,,, is increased due to the longer
total tunneling time, allowing trap states far from the channel
to contribute to the modulation of Q,, and IC,,.20‘21 In addi-
tion, the increment in Q,, is reduced as 7, is increased. It is
also understood that a greater values of 7, reduces the prob-
ability that electrons will tunnel from the channel to the
traps. These results assure that the sensitivity can be im-
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proved if a lower pulse frequency is used during the charge
pumping process. Figure 4(b) shows the measured values of
I, as a function of f.,. When 1 MHz of pulse is applied for
charge pumping, the sensing margin cannot sufficiently de-
tect 2 pM of streptavidin. This sensing margin can be im-
proved if f,, is lowered. This implies that the additional trap
states inside the biomolecules contribute to the modulation
of I, in the low-frequency range via the tunneling process of
the electrons. Consequently, sensitivity can fall below the
picomole concentration regime, even when the biotransistor
has a microscaled device dimension.

IV. CONCLUSIONS

In summary, a biosensing mechanism of charge pumping
in a nanogap-embedded biotransistor was investigated. Im-
mobilized biomolecules in the nanogap region provide extra
trap states, and this leads to the modulation of /,. Tunneling
electrons located instead in the channel interface are respon-
sible for /., in the biosensing process. When the frequency
and the maximum level of the applied pulse were optimized
by the development of an analytical model, the microsized
biotransistor showed sensitivity that was comparable to a
NW-type FET without a scaled dimension of the nanostruc-
ture. This makes the fabrication of low-cost and highly sen-
sitivity biosensor applications feasible.
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