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Systematic theoretical studies based on a comprehensive heterogeneous stick percolation model are per-
formed to gain insights into the essence of doping effects in electrical sensing of biomolecules, such as proteins
and DNA fragments, using carbon nanotube network field-effect transistors �CNNFETs�. The present work
demonstrates that the electrical response to doping of CNNFETs is primarily caused by conductance change at
the electrode-nanotube contacts, in contrast to that in the channel as assumed previously. However, the pres-
ence of intertube junctions in the channel could reduce the sensitivity of CNNFET-based biosensors and is
partially responsible for the experimentally observed channel-length dependent sensitivity.
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I. INTRODUCTION

Carbon nanotube network field-effect transistors �CNN-
FETs� �Ref. 1� have recently been intensively studied for a
variety of potential applications including flexible electron-
ics, solar cells, and sensors.2–4 Building a CNNFET is rela-
tively straightforward since it avoids the extremely demand-
ing proposition, as is indispensable for devices based on
individual single-walled carbon nanotubes �SWCNTs�,3–5 to
control the property, position and/or orientation of individual
SWCNTs. High-yield production of CNNFETs is hence vi-
able. As for applications in sensing biomolecules, such as
proteins and DNA fragments, specific superiority of CNN-
FETs has further been proposed, including the considerable
sensitivity and significant suppression of electrical �1 / f�
noise.6 However, some studies have also pointed out that
CNNFET-based biosensors have much lower sensitivity than
those based on silicon nanowire arrays7 and no exclusive
mechanism can be concluded as responsible for the sensing.
Typically, two major sensing mechanisms have been pro-
posed to account for the detected conductance variations in
response to the introduction of biomolecules.6–12 One is elec-
tron doping resulting from adsorption of the molecules on
the SWCNTs, which has been correlated with fluorescence
studies.6,8 The other is the modification of metal work func-
tion of the electrodes, which may be supported by experi-
mental observations that the responsible region for sensing
�conductance change� is the vicinity of electrode-SWCNT
contacts, not the channel.9,11 In some studies,8 the former is
further categorized as channel-dominated mechanism since
doping is assumed to change the conductance of SWCNTs in
the channel, whereas the latter is contact-dominated mecha-
nism. Motivated by the experimental evidence6,9 for the ad-
sorption of protein and DNA on SWCNTs and in the light of
the various mechanisms discussed in the literature, we focus
on establishing a general understanding of the essence of the
doping-induced conductance change in CNNFET-based bio-
sensors and investigate the responsible factors for their re-
duced sensitivity.

II. COMPUTATIONAL METHOD

A. Development of stick percolation model

In the literature,2,4,13–19 the electrical characteristics of
CNNFETs are usually studied theoretically based on hetero-

geneous stick percolation models. Such models assume a
CNN to be composed of percolating networks of sticks
�SWCNTs�, with appropriate nanotube conductivity and in-
tertube �SWCNT-SWCNT� junction conductance obtained
experimentally or theoretically.13,15 Extensive studies have
shown that these models are rather sophisticated in calculat-
ing the gate-dependent conductance of the corresponding
CNNFET. However, their shortcoming in studies on biosens-
ing mechanisms is also significant. As mentioned above, one
of the most interesting issues of the CNNFET-based biosen-
sors is whether the conductance response upon detection of
biomolecules is channel dominated or contact dominated.
The existing models only take into account the conductance
of nanotubes and intertube junctions without any explicit
consideration of the effects of electrode-SWCNT contacts.
Though the nanotube conductance is in some cases taken to
be the average or effective conductance of the nanotubes and
the contacts based on experimental measurements, this kind
of treatment is unable to discern the difference between the
effects of nanotubes �channels� and those of contacts. Such a
shortcoming prevents the current models from providing a
sensible theoretical frame for investigation of the sensing
mechanisms of CNNFET-based biosensors.

In what follows, we will start from the existing models by
considering electrode-SWCNT contacts as an indispensable
part of CNNFETs. By doing so, a CNNFET comprises three
major components: SWCNTs, electrode-SWCNT contacts,
and intertube junctions, as schematically shown in Fig. 1.
Each component has an appropriate conductance. As in the
previous models,15–17 the conductance of the CNNFET is
calculated by establishing equations based on Kirchoff’s law
at each intertube junction along the percolation paths. How-
ever, finite conductance should be included between the
SWCNTs and the source-drain electrodes to account for the
existence of the electrode-SWCNT contacts.

B. Doping-dependent conductance

In order to conduct a systematic investigation on the dop-
ing effects in CNNFET-based biosensors using the developed
stick percolation model, it is necessary to determine the dop-
ing dependence of the conductance of all the three compo-
nents of CNNFETs. However, it is demanding to acquire
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such knowledge from experiments. Before treating the
CNNFET-based biosensors, the doping-dependent conduc-
tance of each component in a CNNFET is first calculated
based on previously reported semiclassic models as de-
scribed briefly below. Note that different from classical per-
colation, the SWCNT network is heterogeneous in the sense
that about one-third of the nanotubes are metallic and the
other two-thirds are semiconducting.2 Therefore, for each
component, both metallic SWCNTs �m-SWCNTs� and semi-
conducting SWCNTs �s-SWCNTs� should be considered
separately; cf. Fig. 1.

1. Conductance of SWCNTs

Under low bias, the hole �p� and electron �n� concentra-
tions in an SWCNT are related to VNT�x�, the average poten-
tial at position x along the nanotube, as18,20

p�x� = �
−�

0

D�E�F�eVNT�x� − E�dE , �1a�

n�x� = �
0

+�

D�E�F�E − eVNT�x��dE , �1b�

where F�E� is the Fermi distribution function, e is the elec-
tron charge, and D�E� is the density of states �DOS� per
atom.21 Adsorbed biomolecules are suggested to generate
uniformly distributed electronic doping on the SWCNT with-
out changing its band structure.22,23 The total charge density
is found as

��x� = eN�p�x� − n�x� + f� , �2�

where N= 4�d
3�3a2 is the atomic linear density along the

SWCNT with a=0.144 nm being the carbon-carbon bonding
distance, and d being the nanotube diameter, and f is the

doping fraction, i.e., the number of doped charge carriers per
atom of the SWCNT. The pinning effects between SWCNTs
and electrodes are ignored.24 Note that the m-SWCNTs are
treated in the same manner as s-SWCNTs with regard to
considering conduction carriers �holes and electrons� except
that they are assigned to different DOS.25,26

For an SWCNT in the channel but away from the two
electrodes �Fig. 2�a��, the charge density along the SWCNT
is assumed to be position independent and the corresponding
gate voltage is20

VG = VNT −
�

COX
+ VFB, �3�

where COX is the gate oxide capacitance and VFB is the flat-
band voltage. In this work, the effect of VFB is neglected and
a more accurate expression for the nonembedded cylinder-
on-plate gate oxide capacitance COX=2��0�OX / ln�4

tOX

d +2�
is used with tOX as the gate oxide thickness, �0 the vacuum
permittivity, and �OX=2.2 the effective dielectric constant of
the gate oxide.27,28 Self-consistent calculations of Eqs. �2�
and �3� generate the carrier density p and n. The conductance
of SWCNTs is given by Gp=

eNp�p

L and Gn=
eNn�n

L for holes
and electrons, respectively, with L being the length of the
SWCNT or SWCNT segment. In this work, low-field mobili-
ties �p=2.5�104 cm2 /V s and �n=2.0�104 cm2 /V s are
taken from previous studies28,29 for both s-SWCNTs and

FIG. 1. �Color online� Device structure of a CNNFET used as
the base for the heterogeneous stick percolation model. Each
SWCNT is represented as a stick, dark gray �red for color online�
for metallic �m-� SWCNT and light gray �green for color online� for
semiconducting �s-� SWCNT. The nanotube network consists basi-
cally of three components: SWCNTs �m or s�, electrode-SWCNT
contacts �ES or EM� and intertube junctions �SS, MM, or MS�. The
gray hatched areas �blue hatched areas for color online� exhibit two
examples of metallic �upper� and semiconducting �lower� percola-
tion paths.
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FIG. 2. �Color online� Geometries of the components in the
simulated CNNFETs for �a� an SWCNT, �b� an ES/EM contact, and
�c� an MS junction. �d� Equivalent circuit scheme of a typical high-
density nanotube network, which consists of m-SWCNT and
s-SWCNT subnetworks connecting each other by MS junctions. �e�
Doping-dependent conductance �VG=−10 V� of ES and EM con-
tacts. �W=0.1 eV. The horizontal dashed line is for SS junctions
with reference to the left coordinate axis. For MM junctions, the
conductance is about 6�10−6 S, also independent of doping.
Around the marked doping region, the conductance of the ES
contacts is significantly suppressed while the EM contacts have
weak sensitivity to doping. �f� Doping-dependent conductance
�VG=−10 V� of SWCNTs �1 �m long� and MS junctions. For con-
ductance calculation of the ES, EM contacts, and MS junctions, the
applied voltage is V=0 V and the SWCNTs are 300 nm long.
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m-SWCNTs. As the influence of carrier density on SWCNT
mobility is insignificant at room temperature,29 m-SWCNTs
and s-SWCNTs are assumed to have identical mobility.

2. Conductance of electrode-SWCNT contacts

In contrast, however, the potential along the SWCNTs
strongly varies with position near the electrode-SWCNT con-
tact �Fig. 2�b��. In this case, the potential distribution is ob-
tained by solving the Poisson equation. For SWCNT transis-
tors where the channel thickness �approximately the SWCNT
diameter d� is much thinner than tOX, the one-dimensional
�1D� Poisson equation is able to describe the electrical po-
tential along the SWCNT surface under low bias,19,30–32

d2VNT

dx2 −
VNT − VG

�2 = −
��x�

�0�NT
, �4�

where � is the effective screening length calculated through
�2= d2

2 +
�NTtOXd

�OX
with �NT�5 as the dielectric constant of

SWCNTs.19,31 In Eq. �4�, the hollow cylindrical structure of
SWCNTs is neglected. Instead, they are treated as solid
prisms. The 1D charge density ��x� in Eq. �2� is hence aver-
aged over its cross-sectional area d2 to yield the equivalent
three-dimensional �3D� charge density. In order to avoid
short-channel effects, the SWCNT length should be suffi-
ciently long. The boundary conditions for Eq. �4� are speci-
fied as follows. The potential at the interface is determined
by −eVNT�0�=�W where �W=WM −WNT is the work-
function difference between the electrode metal and the
SWCNT. The other end of the SWCNT is biased at the volt-
age of V. From self-consistent calculations of Eqs. �2� and
�4�, the potential distribution can be obtained and the contact
conductance GC is calculated from Landauer formula,

GC = Gq� T�E��−
�F�E�

�E
	dE , �5�

where T�E� is the energy-dependent transmission and is
evaluated based on the WKB approximation with

T�E� = exp
−
4

3at
�

xi

xf ��0
2 − �E + eVNT�x��2dx� �6�

for contacts between electrodes and s-SWCNTs �ES�, and

T�E� = exp
−
4

3at
�

xi

xf

�E + eVNT�x��dx� �7�

for contacts between electrodes and m-SWCNTs �EM�. Here,
t=2.5 eV is the tight-binding parameter, �0 is the half band
gap of s-SWCNTs, and xi and xf are classical turning
points.33–35

3. Conductance of intertube junctions

The conductance of the junction between m-SWCNT and
s-SWCNT �MS� �Fig. 2�c�� is calculated in a similar way to
that of ES contacts except that for MS junctions, the work-
function difference is neglected and the bias voltages at the
two ends of the SWCNTs are set to −V /2 and V /2,
respectively.25,26

However, any two SWCNTs crossing each other are actu-
ally separated by the van der Walls distance.36 Therefore, an
additional junction transmission probability Tj is included
yielding the final conductance of the MS junctions as GMS
=TjGC. For junctions between two m-SWCNTs �MM� or two
s-SWCNTs �SS�, no Schottky barrier is present for identical
diameter and doping of the SWCNTs.36 The conductance is
dominated by the junction transmission probability, i.e., GMM
�or GSS�=TjGq, which should be independent of doping and
gate voltage. Here Gq= 4e2

h is two units of quantum conduc-
tance with h being Planck’s constant. Based on the experi-
mental results,36 Tj =0.04 is found for MM and MS junctions
and Tj =0.015 for SS junctions. Note that finite separation is
also proposed to exist at the electrode-SWCNT �ES or EM�
contacts,37 especially for the side-contacted structure, due to
some experimental observations of very low conductance for
metal-SWCNT contacts. However, depending on their con-
tact conditions, metal-SWCNT contacts are not always of
low conductance38 and we only consider CNNFETs with
high contact conductance and high nanotube density for the
sake of low 1 / f noise.39 Consequently, Tj =1 is assumed for
ES and EM contacts in this work.

III. RESULTS AND DISCUSSION

The conductance defined above for all the components
forms the basis for evaluation of the conductance response of
CNNFETs. In this work, we focus on the room-temperature
�T=300 K� electrical characteristics in linear-response re-
gion �i.e., low-bias assumption19� of back-gate CNNFETs
with a 100-nm-thick SiO2 layer as the gate insulator. All
CNNFETs are assumed to be near equilibrium. SWCNTs of
diameter d=1.1 nm and length LS=2 �m are randomly gen-
erated by Monte Carlo procedure13,16,17 to form 5-�m-wide
networks as the channels of CNNFETs.

A. Responsible region

The equivalent circuit scheme of a simple but typical
nanotube network, for example, that in Fig. 1, is shown in
Fig. 2�d� illustrating the function of SWCNTs, contacts and
junctions in CNNFETs. In our simulation, the effects of the
ES and EM contacts at the drain electrode are neglected as
long-channel devices are dealt with.35 Usually, CNNFETs
exhibit unipolar p-type behavior and the sensing is based on
the hole conductance change at the ON state, the state on
which the present work will focus. Figures 2�e� and 2�f�
show the doping dependences of the calculated ON-state
�VG=−10 V� conductance for all the contacts, junctions and
SWCNTs in a CNNFET. Their conductance sequence is
m-SWCNT �1 �m long��s-SWCNT �1 �m long�	EM
	ES�MM�SS
MS. As seen, the ES contacts and MS
junctions are sensitive to doping level as low as f �10−4,
while the EM contacts and SWCNTs are only sensitive to
high-doping level of f 	10−4. Referred to Fig. 2�d�, since
both m-SWCNT and s-SWCNT have much higher conduc-
tance but lower doping sensitivity for f �10−3, they should
play a negligible role in the conductance change in CNN-
FETs induced by doping. Though the MS junctions are sen-
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sitive to doping, they do little contribution to the conduc-
tance of CNNFETs due to their extremely low conductance
and hence could not be responsible for the doping-induced
conductance change either. As a result, the doping-induced
conductance change in CNNFETs is determined by ES and
EM contacts. This conclusion is supported by the simulation
results for VG-dependent hole conductance of a CNNFET in
Fig. 3. Under doping, only ES and EM contacts have appre-
ciable contributions to the conductance change. In particular,
when approaching the detection limit of low doping �Fig.
3�a��, only ES contacts are responsible. In contrast, doping in
SWCNTs contributes significantly only in high f and low VG
region �Fig. 3�b��, which suggests their negligible effects in
low f and high VG region, the preferred operation conditions
for normal sensing. Interestingly, here comes an unexpected
observation that even if the sensing mechanism of CNNFETs
is dominated by electron doping instead of work-function
modulation, the responsible region is actually near the
electrode-SWCNT contacts, not in the channel region. Our
simulation results show that electron doping can effectively
reduce the electrode-SWCNT contact conductance �Figs.
2�e� and 4�a�� by thickening the barrier at the electrode-
SWCNT interface �Fig. 4�b��. Therefore, the conductance
change of the electrode-SWCNT contacts should not always
be ascribed to the work-function modulation of the electrode
metal. It can also result from doping. In addition, doping is
found to take effect only when the doping region is close to
the electrode-SWCNT interface. Figure 4 also shows the
conductance of the ES contacts with partially doped
SWCNT, where there is an undoped region of width w at the
electrode-SWCNT interface. When w is as wide as about 10
nm, the effects of doping disappear. It is clear in Fig. 4�b�
that at ON state, the barrier at the ES contact is very thin �a
few nm�. Without doping in the barrier region, the barrier
cannot be thickened so that no significant conductance
change can be seen. Therefore, in order to achieve observ-
able doping-induced electrical signal in CNNFETs, doping
should take place very close to the electrode-SWCNT inter-
face. This may provide an explanation to the experimental
observations that showed no distinct electrical signal when
the electrodes were passivated by photoresist8 or chemicals.9

B. Reduction in sensitivity

As demonstrated above, ES contacts are the predominant
region of CNNFET-based sensors for detecting biomolecules
in low-concentration analytes. Figure 5�a� shows the normal-
ized conductance G /G0 of the ES contact conductance at low
doping, where G0 is the conductance at f =0. The doping
sensitivity of the ES contacts decreases with increasing �W,
which can be readily understood. For low �W �i.e., high
barrier to holes�, the injected carriers from the electrodes are
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less and the effects of doped carriers are more significant
resulting in higher sensitivity. This is in agreement with the
experimental results8 where CNNFETs contacted with differ-
ent electrode metals were found to have different sensitivi-
ties. In Fig. 5�a�, when the doping approaches
f �10−6 /atom, easily detectable conductance changes
�	1%� have already been seen. So far there seems no gen-
eral formula relating the doping fraction f to the concentra-
tion C0 of the detected biochemical analyte. However, one
can roughly estimate the detection limit by the simple scaling
relationship,40

Nf � 2�DC0ts, �8�

where ts is the response or settling time to capture the bio-
molecules to reach a certain doping fraction f on SWCNTs
and D is the diffusion coefficient of biomolecules. For pro-
tein or low-base-pair DNAs, D is usually around
10−6 cm2 /s,40–42 and ts is of the order of 100 s.7,9,43 Hence,
f =10−6 /atom �d
1.0 nm� corresponds to C0�3 fM. How-
ever, in practice, the detection limit of usual CNNFETs for
proteins or DNAs is at the level of pM.7 Consistently, our
simulation results in Fig. 5�b� also show that compared with
ES contacts, the G /G0-f curves of CNNFETs diffuse in the
direction of high doping, implying significantly reduced sen-
sitivity, especially at high �W, corresponding to, e.g., Au,44

the frequently used electrode metal in CNNFET-based sen-
sors.

At first sight, the percolated m-SWCNT subnetworks
would form high-conductance but insensitive metallic paths
which might reduce the sensitivity of CNNFETs. However,
at ON state, the s-SWCNT subnetworks in long-channel CN-
NFETs �LC	LS� have comparable conductance with the
m-SWCNT subnetworks. The effect of metallic paths should
not be significant as shown in Fig. 5�c�, where the nanotube
density is decreased to avoid percolated metallic paths, but
the sensitivity is not conclusively improved.

Here we propose a more reasonable mechanism for the
sensitivity reduction in CNNFETs. At ON state, the ES con-
tact conductance may compare with that of SS junctions.
With plenty of SS junctions in the nanotube networks, the
conductance of CNNFETs is actually dominated by SS junc-
tions. Since SS junctions are shown in Fig. 2�e� to be insen-
sitive to doping, the sensitivity of CNNFETs is reduced as a
result. The effect of SS junctions can be confirmed by the
simulation results in Fig. 5�d�, where the significance of SS
junctions is suppressed by assuming their conductance to be
as high as Gq and the sensitivity of CNNFETs improves ob-
viously. When the ES contact conductance is improved, for
example, by increasing �W �i.e., decreasing the barrier to
holes�, the effect of SS junctions should be more significant
and hence the sensitivity would reduce more severely, as
shown in Fig. 5�b�.

C. Channel-length dependent sensitivity

Considering the significant effect of SS junctions on the
sensitivity of CNNFETs, an alternative to improve the sensi-
tivity is to use small LC devices. Decreasing LC leads to a
decrease in the number of SS junctions and thus the sensi-

tivity is increased. Previous experimental studies8 have also
suggested that shorter channel CNNFETs have higher sensi-
tivity for DNA detection. Here, we have found that for dif-
ferent doping, CNNFETs have different scaling behaviors
with respect to sensitivity. For low doping, due to the effects
of SS junctions, the sensitivity increases with decreasing
channel length LC as expected �Region I in Fig. 6�. For high
doping, the conductance of ES contacts is completely sup-
pressed by electron doping resulting in negligible conduc-
tance contribution of the s-SWCNT subnetworks. For such
high doping, EM contacts are sensitive. Therefore, CNN-
FETs behave similarly to those at low doping except that the
responsible part is the m-SWCNT subnetworks, not the
s-SWCNT subnetworks. Therefore we can see in Region III
of Fig. 6, like that at low doping, sensitivity also increases
with decreasing LC. However, here the scaling behavior of
sensitivity is attributed to the effects of MM junctions, which
act similarly to the SS junctions in low-doping CNNFETs.

Interestingly, as shown in Region II of Fig. 6, different
from low- and high-doping regions, in medium-doping re-
gion the sensitivity decreases with decreasing LC. Note that
at medium doping �i.e., around the marked region in Fig.
2�e��, the ES contact conductance is negligible and mean-
while the EM contacts are weakly sensitive to doping.
Hence, neither SS nor MM junctions are responsible for the
scaling behavior of sensitivity. Since in this case the doped
conductance G is approximately the conductance of
m-SWCNT subnetworks in undoped CNNFETs, the normal-
ized conductance G /G0 is nearly the conductance percentage
of the m-SWCNT subnetworks in undoped CNNFETs. Be-
cause EM contacts have much higher conductance than ES
contacts, with increasing the same number of MM/SS junc-
tions, conductance reduction in the m-SWCNT subnetworks
is more significant than that in the s-SWCNT subnetworks.
Longer-channel CNNFETs have more intertube junctions
and hence are of smaller conductance percentage of the
m-SWCNT subnetworks. Therefore, longer-channel CNN-
FETs have smaller G /G0, i.e., higher sensitivity.

Figure 7 exhibits the experimental8 and simulated results
of the channel-length effect on electrical sensing of DNA. In
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Ref. 8, the conductance response of biosensors based on Au-
contacted and Cr-contacted CNNFETs is carefully studied.
According to our analysis above, these sensors most likely
worked in different doping regions. The Au-contacted CNN-
FETs would work in the low-doping region since after either
immobilization or hybridization, the ON-state �VG=−10 V�
conductance was higher than the OFF-state �VG=10 V� con-
ductance of the bare �undoped� devices �see Fig. 3�a� in Ref.
8�, implying that the conductance of the s-SWCNT subnet-
works was not completely suppressed. For the Cr-contacted
CNNFETs after immobilization, they should work in the
high-doping region since the ON-state conductance was
lower than the OFF-state conductance of the bare devices
�see Fig. 3�b� in Ref. 8�, suggesting an appreciable sensitiv-
ity of the m-SWCNT subnetworks. After hybridization, they
should work in the medium-doping region since the ON-state
conductance was close to the OFF-state conductance of the
bare devices �see Fig. 3�b� in Ref. 8�, indicating a complete
suppression of the s-SWCNT subnetworks and weak sensi-
tivity of the m-SWCNT subnetworks. According to the clas-
sification of doping regions here, consistency in the scaling
behavior of sensitivity is evidently shown in Fig. 7 between
the simulation and experimental results. Note that in Ref. 8,
the Cr-contacted CNNFETs show exceptional conductance
reduction upon immobilization. After hybridization, the con-

ductance increases unexpectedly. Our analysis is in agree-
ment with Ref. 8 in that electronic doping is not the only
major contributing factor for DNA sensing in this case. A
possible explanation to the electrical behavior is that the pro-
cess of immobilization has not only introduced electron dop-
ing, but also modulated the electrode work function probably
through interaction between Cr and DNAs. Consequently, an
extremely low conductance was obtained. The process of
hybridization recovered to some extent the effect of the Cr-
DNA interaction and hence only doping was responsible so
that the conductance increased though the CNNFETs should
be more heavily doped after hybridization. However, no mat-
ter whether doping or work-function modulation is respon-
sible, they can only effectively influence the conductance of
the ES or EM contacts. In this sense, work-function modu-
lation can be regarded as extra doping. Therefore, after im-
mobilization the sensitivity of the Cr-contacted CNNFETs
exhibited the scaling behavior in the high-doping region
though the actual doping might not be really so high.

Short-channel devices �LC�LS� seem to be the preferable
alternative as it comes to improvement of the detection limit
for CNNFET-based biosensors since they can completely
avoid the negative effects of the SS junctions and thus im-
prove the sensitivity at low-doping levels. However, in short-
channel devices, metallic paths may have significantly higher
conductance than the s-SWCNT subnetworks due to the lack
of MM junctions. In this case, the effect of metallic paths,
high conductance but insensitive, may become prominent
and the sensitivity of CNNFETs can also decrease �Fig.
7�b��. The significant effects of metallic paths in short-
channel devices can also be confirmed in Fig. 6, where
around the two boundaries of Region II, which is dominated
by the conductance percentage of metallic paths, the short-
channel devices �LC=1.0 �m� exhibit unexpected scaling
behaviors in contrast to long-channel devices.

IV. CONCLUSIONS

In conclusion, systematic theoretical studies have been
performed to investigate the essence of doping-dominated
sensing of biomolecules using CNNFETs. The simulation
shows that the contribution of the SWCNTs to the doping-
induced ON-state conductance change is negligible due to
their invisible effect on the conductance of CNNFETs and
insensitivity to doping whereas the contribution of electrode-
SWCNT contacts is significant. If the doping region covers
the close vicinity of the electrode-SWCNT interfaces, the
interface barrier thickness can be effectively altered resulting
in significant conductance change in the electrode-SWCNT
contacts. Therefore similar to work-function modulations,
the responsible part for the doping-dominated conductance
change in CNNFET-based biosensors is also the electrode-
SWCNT contacts. It is not the channels themselves, in con-
trast to previous assumptions. However, for long-channel de-
vices, the insensitive SS and MM junctions in the channel
may significantly reduce the sensitivity of CNNFETs. These
intertube junctions should also be responsible for the scaling
behavior of sensitivity found experimentally. Our systematic
simulation shows that the sensitivity increases with decreas-
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FIG. 7. �Color online� Comparison of experimental �data are
from Table 2 in Ref. 8� and simulation results of the channel-length
effects on the normalized conductance of CNNFETs. The experi-
ments are for �a� Au-contacted CNNFETs upon immobilization
�Au�I�� and hybridization �Au�H��, �c� Cr-contacted CNNFETs
upon immobilization �Cr�I��, and �e� Cr-contacted CNNFETs upon
hybridization �Cr�H��. The dashed curves in �a�, �c�, and �e� are
meant as guides to the eyes. The simulation is performed for CN-
NFETs �4 �m−2, �W=0.1 eV� in �b� low-doping region, f =5
�10−5 and 8�10−5, �d� medium-doping region, f =2�10−4 and �f�
high-doping region f =2�10−3. LS=2 �m for simulations and LS

=5
10 �m for experiments. Each simulation data point is the
average over the results of 200 independent simulation attempts.
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ing channel length in low and high-doping regions due to the
effects of SS and MM junctions, respectively, while de-
creases in medium-doping region due to the effects of the
conductance percentage of metallic paths. In low-doping re-
gion, the effects of metallic paths are negligible for long-
channel devices. Nevertheless, for short-channel devices
such effects might become prominent possibly also resulting
in reduced sensitivity. In order to improve the detection limit
of CNNFET-based biosensors, the effects of both intertube

junctions and metallic paths should be suppressed appropri-
ately.
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