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Abstract
A single-walled carbon nanotube (SWCNT) in a field-effect transistor (FET) configuration provides an ideal electronic path for

label-free detection of nucleic acid hybridization. The simultaneous influence of more than one response mechanism in hybridiza-

tion detection causes a variation in electrical parameters such as conductance, transconductance, threshold voltage and hysteresis

gap. The channel length (L) dependence of each of these parameters necessitates the need to include them when interpreting the

effect of L on the response to hybridization. Using the definitions of intrinsic effective mobility (µe) and device field-effect mobility

(µf), two new parameters were defined to interpret the effect of L on the FET response to hybridization. Our results indicate that

FETs with ≈300 µm long SWCNT exhibited the most appreciable response to hybridization, which complied with the variation

trend in response to the newly defined parameters.
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Introduction
Detection of nucleic acids such as deoxyribonucleic acid (DNA)

or ribonucleic acid (RNA) is an important issue in the field of

biomedical and life science research [1,2]. Currently, the detec-

tion methods for nucleic acids include northern blotting analysis

[3], in situ hybridization [4], real-time fluorescence quantitative

polymerase chain reaction (RT-PCR) [5] and microarrays [6].

http://www.beilstein-journals.org/bjnano/about/openAccess.htm
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These detection methods suffer from several limitations, such

as: a large sample volume requirement, complex data analysis,

requirement of fluorescent- or radio-labelling, low sensitivity

and high cost in addition to requiring multiple steps. The need

for a simple, robust, label-free ultrasensitive technique is

needed to overcome those shortcomings. Therefore, attention

has shifted towards the use of nanowires and nanotubes for

cost-effective, sequence-selective and label-free electrical

detection without the use of the PCR for rapid measurement [7].

Semiconducting single-walled carbon nanotubes (SWCNTs) are

excellent one-dimensional electronic materials, and their further

development has been encouraged in high frequency applica-

tions [8,9], chemical sensing [10,11] and biosensing [12,13].

Recently, SWCNTs have been demonstrated as one of the best

biosensors for a number of reasons: i) their diameter (several

nanometers) is comparable to the size of single biomolecules,

and to the electrostatic screening length in physiological solu-

tions, which offers high sensitivity because of their large

specific area; ii) their tubular structure allows fabrication of

ultrasensitive, single nanotube-based devices; and iii) their

excellent chemical stability favors the use of various functional-

ization schemes to improve the specificity and selectivity during

sensing [14,15]. For instance, SWCNTs used in a field-effect

transistor (FET) configuration are capable of electronically

detecting nucleic acids because of their ability to respond to

induced surface charges, which in turn, modulates their elec-

trical transport [16,17]. However, most of the previous FET-

based investigations for DNA–DNA hybridization detection

predominantly used short individual nanotubes or random

networks, which revealed Schottky barrier modification as their

dominant sensing mechanism in a dry back-gated configuration

[18,19]. A major issue with the Schottky barrier dependent

mechanism is distinguishing hybridization from other bio-

logical events in the presence of CNT–metal contact electrodes

during detection. These events increase the risk of a false signal

arising from contaminants during signal analysis, which might

affect the sensitivity and specificity of target detection. The effi-

cacy of SWCNT-based FETs for hybridization detection

depends on the number of hybridizations occurring on the

SWCNT surface; therefore, it is important to understand the

influence of the channel length on hybridization detection. One

proposed method to confine hybridization events on the channel

surface and to reduce the influence of contacts is the use of long

CNTs. Thus the signal response is a consequence of the alter-

ation in the intrinsic electronic property of the SWCNT alone.

Earlier studies suggest that long SWCNTs, particularly those in

the range of a few hundred micrometers, have a large coverage

area, excellent normalized conductance, and extraordinary

mobility at room temperature [20,21]. These properties open

avenues for detecting hybridization occurring on the nanotube

surface. However, with increasing channel length, the large

channel resistance could be a limiting factor in the detection

sensitivity. In particular, the FET electrical parameters such as

conductance, transconductance, threshold voltage and hysteresis

gap extracted from the current–voltage characteristics, which

are indicators of the various contributing FET biosensing mech-

anisms [19], vary with channel length. A change in more than

one of these electrical parameters after hybridization indicates

the influence of multiple FET mechanisms. Therefore, it

becomes essential to take into consideration the multiple para-

meters when interpreting the effect of channel length on the

FET response.

In this paper, we show the controlled procedure of a SWCNT-

based, FET system that allows for detection of DNA hybridiza-

tion. In this system, FETs with short, long and ultra-long

channel lengths were fabricated, and individual SWCNTs were

functionalized. Furthermore, we investigated the effect of

channel length on the response of the SWCNT-based FET to

hybridization. In a separate experiment, certain parameters were

defined using the intrinsic effective mobility and device field-

effect mobility, which define the change in the aforementioned

electrical parameters caused by hybridization, in order to inter-

pret the variation in the response with channel length.

Experimental
SWCNT growth
Individual, long SWCNTs were grown on n-type Si capped by

1 µm thick, thermally grown SiO2. A gas-flow-guided ethanol

chemical vapor deposition (CVD) process at 950 ºC was

utilized to grow SWCNTs, in which 0.01 M FeCl3 ethanol solu-

tion was used as the catalytic precursor similar to our previous

works [22,23].

Fabrication of SWCNT-based FETs
We prepared three types of SWCNT-based FETs with different

channel lengths, L, namely: (i) short channels (L = 6 µm),

(ii) long channels (L = 300 µm), and (iii) ultra-long channels

(L = 1500 µm). To obtain the short channel FETs, source–drain

electrodes were patterned onto the substrates containing

SWCNTs using standard photolithography (AZ7220, positive

photoresist) at 25 ºC, followed by deposition of Ti (5 nm)/Au

(50 nm) through electron beam evaporation (≈8 × 10−4 Pa) and

a lift off process using acetone. The long and ultra-long channel

FETs were fabricated by shadow mask-facilitated, electron

beam evaporation using the same parameters. These were

deposited onto the Si/SiO2 substrates containing the CVD-

grown SWCNTs. The 1 µm thick SiO2 acted as the dielectric

gate. Selective photoresist capping using photolithography was

applied to cover the CNT–metal junction which resulted in

devices with only the channel exposed. Only devices with a
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single CNT as a channel were considered for the detection

studies. Specifically, only semiconducting FETs were used for

the study.

SEM (Jeol, JSM-7600F) was used to verify the existence of the

CNTs between the electrodes. AFM (Asylum Research, Cypher

AFM) in tapping mode was used to obtain the height profile,

which gives the diameter of the CNT. To confirm the semicon-

ducting nature of the SWCNT devices, Raman spectroscopy

was performed using a Raman spectrometer (Renishaw, inVia

Raman Microscope). For the Raman measurements, the laser

power was kept below 1 mW and an excitation wavelength of

633 nm was used. The radial breathing mode (RBM) and

G-band were used for verification in combination with confocal

imaging.

Functionalization of SWCNTs
1-Pyrenebutanoic acid succinimidyl ester (PASE) was pur-

chased from Life technologies, Singapore. Dimethylformamide

(DMF), 100 μM single-stranded probe DNA (5′-NH2 (CH2)3-

CAAACACCATTGTCACACTCCA-3′), 100 μM single-

stranded complementary DNA (cDNA, 5′-TGGAGTGTGA-

CAATGGTGTTTG-3′), single-stranded non-complementary

DNA (ncDNA, 5′-TGGTGTGTGACAGTGGTGTATG-3′),

ethanolamine (EA, pH 9.0) and 0.1% Tween 20 were pur-

chased from Sigma-Aldrich, Singapore. Phosphate buffer saline

(PBS, pH 7.4, Biotechnology grade) consisting of 137 mM

NaCl, 2.7 mM KCl, and 10 mM phosphate buffer in 1000 mL

distilled H2O was purchased from BST Scientific Ltd., Singa-

pore.

SWCNT-based FETs were incubated with 5 mM of the linker

molecule PASE in pure DMF for 3 hours at room temperature

followed by washing with DMF and deionized (DI) water. 5 µL

of the 10 µM probe DNA dissolved in PBS was pipetted onto

the devices and incubated for 16–24 hours in a humid environ-

ment. This was followed by rinsing with PBS and DI water and

air drying with nitrogen to remove the unbound probe DNA.

Then the devices were incubated with 0.1 M EA for 1 hour to

quench the unreacted succinimidyl ester group on the linker

molecules. A similar washing procedure was adopted as stated

earlier. To passivate the uncoated CNT area, the devices were

incubated for 1 hour with 0.1% Tween 20 followed by the same

washing procedure. Finally, 5 µL of 1 µM cDNA dissolved in

PBS was added to the probe DNA immobilized channel and

junction area, and incubated in a humid environment for

hybridization to take place. After approximately one hour, the

devices were washed with PBS and DI water, and dried in a

nitrogen stream. As a control, the devices where only the

channel was exposed were tested with 5 µL of cDNA and 1 µM

ncDNA.

Electrical characterization
All electrical measurements were recorded using an Agilent

4156B semiconductor device analyzer under ambient labora-

tory conditions (25 ºC and <70% humidity). The drain current

(ID) versus gate voltage (VG) characteristics were measured at a

constant drain–source voltage (VDS) of 1 V. The slope of the

ID–VDS curve in the range of −0.1 to 0.1 V at VG = −24 V (on

state) for the FET gives the on state conductance (Gon). The

threshold voltages for the forward (Vfth, −24 to 24 V) and

reverse (Vrth, 24 to −24 V) gate voltage sweeps were extracted

by extrapolating the steepest portions of the ID–VDS curve for

both the gate voltage sweeps to intersect with the x-axis. The

instantaneous slope of the ID–VDS curve at a particular VG gives

the transconductance (gm) at that VG. The gm of the ID–VDS

curve near the threshold voltage gives the peak transconduc-

tance (gmp). The difference between the threshold voltages

obtained from the forward and reverse gate voltage sweeps

gives the hysteresis gap (H). At least 5 devices of each length

(L = 6 µm, 300 µm and 1500 µm) were fabricated and used for

the sensing experiments.

Calculations
The effective mobility (µe) represents the intrinsic physical

charge carrier mobility of the CNT channel without including

any device attributes and is given by,

(1)

where G = δID/δVDS at constant VG, G is the conductance at a

particular gate voltage and Vth is the threshold voltage [24]. The

capacitance per unit length of the nanotube, (when modeled as a

cylinder on a planar substrate) is given by

(2)

where ε0 is the permittivity of free space (8.8542 ×

10−12 Fm−1), εr is the dielectric constant of the SiO2 gate insu-

lator (≈3.9), tox is the SiO2 thickness, r is the radius of the

nanotube, and L is the length of the CNT [20,24]. Another defi-

nition of mobility, which includes device attributes such as

contact resistance, parasitic resistance, and surface effects, is the

conventional device field-effect transistor mobility (µf). It is

obtained from the ID–VDS curve and is related to gm by,



Beilstein J. Nanotechnol. 2014, 5, 2081–2091.

2084

Figure 1: (a) SEM image of long CNTs grown by the CVD process. (b) AFM image and (c) height profile of a long individual SWCNT with a diameter
of ≈1.51 nm. (d) A histogram plot of the diameter distribution of the as-grown SWCNTs.

(3)

where gm= δID/δVG at a constant VDS [20,24]. The influence of

various device attributes makes the estimated field-effect

mobility different from the effective intrinsic mobility. There-

fore, mathematically, µf can be related to µe by a device factor

constant, φ, that is, µf = µe/φ, where 1/φ indicates the contribu-

tion of device attributes [25,26].

If Δ represents the hybridization-induced, absolute change in

mobility, and b and a refer to before hybridization and after

hybridization, respectively, then Δµe and Δµf can then be

expressed in terms of the device factor using µeb = φbµfb and

µea = φaµfa as,

(4)

and

(5)

To include the change in G, gm and Vth induced by DNA

hybridization, and to represent them by a single parameter, we

divide Equation 4 by Equation 5:

(6)

Equation 6 succinctly describes the change in the electrical

parameters and is related to φ. If φ remains unaffected after

hybridization, then φa = φb = φ in Equation 6, resulting in

K = φ. Hence, Δφ = 0 is the condition for which the contribu-

tion of device attributes to mobility change is minimum, that is,

K = φ will yield a maximum response from the CNT channel. K

can be used for the analysis of the effect of gate voltage,



Beilstein J. Nanotechnol. 2014, 5, 2081–2091.

2085

Figure 2: (a) The Raman spectrum of a 1 cm long SWCNT with a RBM at ≈129.7 cm−1 and a G-band with G− and G+ peaks at 1590 cm−1 and
1603 cm−1, respectively, under 633 nm wavelength excitation. The inset shows the Raman mapping image of the SWCNT. (b) SEM image of
as-prepared SWCNT-based FETs with channel lengths of 6 µm (short), 300 µm (long) and 1500 µm (ultra-long), shown with source and drain elec-
trodes. (c) Schematic setup for DNA hybridization detection using SWCNT-based FET. cDNA represents the complementary target single stranded
DNA and DNA–DNA represents the double stranded DNA formed by complementary base pairing between probe DNA and cDNA.

channel length, channel number, etc. on the response of FET

when multiple sensing mechanisms contribute to a change in G,

gm and Vth.

Results and Discussion
Figure 1a shows an SEM image of the as-grown, long CNTs.

Figure 1b,c shows the AFM image and height profile of an indi-

vidual SWCNT. The diameter distribution of the SWCNTs is

shown in Figure 1d. The average diameter of the SWCNTs was

≈1.55 nm.

Figure 2a shows a typical Raman spectrum of an individual

SWCNT spatially resolved from the Raman mapping image

(shown in the inset). A SWCNT with a RBM frequency at

129.7 cm−1 is assumed to be semiconducting within the reso-

nance window. The G-band displays a typical Lorentzian line

shape with two peaks at 1590 cm−1 and 1603 cm−1 for G− and

G+, respectively, which further demonstrated the semicon-

ducting characteristic of the SWCNT.

Figure 2b shows the as-fabricated short, long and ultra-long

type of FETs. All of the devices with a particular L

used here for testing had similar ID–VG characteristics. For

L = 6 µm, Gon , gmp, Vfth, Vrth and H were calculated to be

4.5 ± 1.1 × 10−6 Ω−1, 3.1 ± 1.2 × 10−6 Ω−1, 0 ± 2 V, 5 ± 2 V

and 6 ± 3 V, respectively. For L = 300 µm, Gon , gmp, Vfth, Vrth

and H  were estimated to be 8.8 ± 1.4 × 10−8  Ω−1 ,

6.1 ± 2.4 × 10−8 Ω−1, −8 ± 2 V, 0 ± 2 V and 10 ± 2 V, respect-

ively. For L = 1000 µm, Gon , gmp, Vfth, Vrth and H were calcu-

lated to be 1.4 ± 0.4 × 10−8 Ω−1, 9 ± 4 ×10−9 Ω−1, −12 ± 2 V,
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−2 ± 2 V and 15 ± 3 V, respectively. After the additional

photolithographic step for junction capping, Gon, gmp, Vfth, Vrth

and H showed notable changes for the different channel lengths:

−16%, −11%, −0.5 V, +0.5 V and +1 V (L = 6 µm); −11%,

−8%, −1 V, +1 V and +2 V (L = 300 µm); and −12%, −10%,

−2 V, +2 V and +3 V (L = 1000 µm). Here, +/− indicates

increase/decrease in Gon, gmp and H, and a positive/negative

shift for Vfth and Vrth after the photolithographic step for junc-

tion capping. Figure 2c shows a schematic setup of the

SWCNT-based FET used to detect DNA hybridization.

We first take the long channel type FET for example to

study the response of FET to hybridization. The long channel

FETs used in this study exhibited high µe and µf values of

≈1.04 × 104 cm2 V−1 s−1 and 2.53 × 103 cm2 V−1 s−1, respect-

ively, obtained using Equations 1 and 3. The output (ID–VDS)

and transfer (ID–VG) curves of the various functionalization

steps involved in DNA hybridization detection are given in

Figure S1a,b in the Supporting Information File 1. The pyrene

group of PASE non-covalently interacted with the CNT through

π-stacking forces and the other loose end containing the succin-

imidyl ester group (or N-hydroxysuccinimide, NHS) covalently

bound with the highly reactive amine group in the probe DNA.

It was observed that the pyrene-functionalized SWCNT-based

FETs showed a 5–10% reduction in ID in the on state and a

negative shift in the Vfth by about −3 V after probe DNA

immobilization. This is perceived to be the result of electron

doping by negatively charged probe DNA. After addition of EA

and Tween 20, a slight reduction in the on current occurred

because of carrier scattering by coating of these molecules on

the CNT surface.

Figure 3 shows typical ID–VG curves of a SWCNT-based FET

(L = 300 µm) with the channel and junction exposed to cDNA.

After DNA hybridization, Gon and gmp decreased by about

44.4% and 72.3%, respectively. In addition, Vfth and Vrth shifted

by about −2 V and +2 V, respectively, in the transfer curve

resulting in an increase in H by about 4 V.

The drop in conductance and transconductance suggests carrier

scattering due to the formation of hybridized double stranded

DNAs (ds-DNAs) by complementary base pairing between

probe DNA and cDNA whereas the negative shift in Vfth

implies electron transfer to the SWCNT by the negatively

charged cDNA molecules as the possible mechanisms [27]. The

increase in H is proportional to the number of charge traps

formed by ds-DNA hybrids immobilized on SWCNT, which

indicates the contribution of charge-trapping mechanism to the

observed behavior [27,28]. Similar DNA detection studies using

CNTs based on the principle of impedance exhibited detection

limits as low as 100 aM [29].

Figure 3: ID–VG curves of SWCNT-based FETs with the channel and
junction exposed to cDNA (L = 300 µm). The “before cDNA” step
corresponds to the recording obtained after PASE, probe DNA, EA and
Tween 20 incubation steps. The “after cDNA” step represents the
recording after incubation with cDNA. The arrows indicate the direc-
tion of the gate voltage sweep.

To verify whether the source of the signal is from the CNT

channel, ID–VG curves of FETs with only the channel region

exposed to cDNA were analyzed. Such FETs showed similar

characteristics to those devices with both the channel and junc-

tion exposed to cDNA, that is, a reduced Gon, negative shift in

Vfth, decrease in gmp and an increase in H (Figure S2a in

Supporting Information File 1), which suggests that the channel

region contributes significantly to the observed response.

Furthermore, to confirm the specificity of complimentary

target hybridization, we repeated the experiment using ncDNA

for FETs with only the channel exposed, similar to earlier

studies [30]. The results show no significant change in the

transfer characteristics (Figure S2b in Supporting Information

File 1). This suggests that ncDNA failed to induce any

response, and the source of signal for the earlier experiment

using cDNA is a result of complementary base pairing, and not

due to non-specific binding or any other irrelevant biological

events.

The effect of channel length on FET prop-
erties after DNA hybridization
After comparing the FET with only the channel exposed to

cDNA/ncDNA to those with both channel and junction

exposed, we further investigated the effects of L on FET prop-

erties. Here, the effect of L on the change in each of the elec-

trical parameters induced by DNA hybridization is studied by

comparing FETs containing three channel lengths: short

(L = 6 µm), long (L = 300 µm) and ultra-long (L = 1500 µm)

channels.
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Figure 4: The relative (a) on state conductance (ΔGon/Gon) and (b) peak transconductance (Δgmp/gmp) after cDNA exposure, expressed in percent,
for three different FET channel lengths (L = 6 µm, 300 µm and 1500 µm) with both the channel and junction exposed. The negative sign on the y-axis
indicates the decrease in magnitude of these two parameters after DNA hybridization. (c) The variation of the change in forward sweep threshold
voltage (ΔVfth), reverse sweep threshold voltage (ΔVrth) and hysteresis gap (ΔH) induced by DNA hybridization with L. The negative and positive
signs of the threshold voltage shifts indicate the negative and positive shift in the transfer curves. A positive ΔH indicates the rise in hysteresis. The
changes in all electrical parameters induced by DNA hybridization are obtained with respect to the “before cDNA” ID–VG curves. The solid lines are a
guide to the eye.

As shown in Figure 4a, the variation of the relative on state

conductance (ΔGon/Gon) increased from 12% to 47% with

increased L from 6 to 300 µm, and then decreased to 27% for

L = 1500 µm. For the same variation in L, the relative peak

transconductance (Δgmp/gmp) increased from about 20% to

69%, and thereafter, dropped to about 34% as shown in

Figure 4b. From Figure 4c, the variation in threshold voltage

shift for forward (ΔVfth) and reverse (ΔVrth) gate voltage

sweeps, and the change in hysteresis gap (ΔH) with L increased

from about −0.5 to −2.5 V, 1 to 3 V and 1.5 to 5 V, respective-

ly. The shift in Vth to more negative values for the forward

sweep indicates electron trapping by the guanine and adenine

bases [28,31]. Similarly, the shift in Vth to more positive values

for the reverse sweep is an indicator of hole trapping by the

cytosine and thymine bases [28,31]. Thus, the increase in

charge traps in the channel region leads to an overall shift in Vth

for forward and reverse sweeps reflected as an increase in

hysteresis. This differs from the CNT-FET-based DNA detec-

tion studies reported by Gui et al. [32], where charge density

modification near the CNT–metal electrode junction through

electron doping causes a negative shift in the forward and

reverse sweep threshold voltages.

For short channel lengths, the change in contact resistance

(ΔRc) and channel resistance (ΔRch) (Figure S3 in Supporting

Information File 1 for L = 6 µm) contributed significantly to the

change in total on state resistance (ΔRon) after hybridization.

Moreover, the detection response of the channel region is low,
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Figure 5: The variation in (a) Δφ and (b) K with L in the linear and near-threshold regimes for the forward sweep. The solid lines are a guide to the
eye.

which indicates that the modulation in the CNT–metal work

function also influences the response, in addition to the afore-

mentioned mechanisms [18]. With increasing L, the number of

additional charges present on the CNT surface in the form of

ds-DNA hybrids increases, thereby ΔVth increases. Similarly,

the additional number of charge traps formed during hybridiza-

tion increases along the length of the nanotube, thus, offering

more trapping/detrapping sites leading to an increase in ΔH

with L. Hence, ultra-long channel FETs exhibited greater charge

transfer and charge trapping mechanisms, but the conductance

response was lower when comparing with devices of

L = 300 µm (Figure S3 in Supporting Information File 1 for

L = 1500 µm), which suggests that a very high channel resis-

tance could be a limiting factor in ultra-long channel FETs [33].

On the other hand, long channel FETs showed appreciable

charge transfer and charge trapping mechanisms comparable to

the ultra-long channels with high response from the channel, but

with low contribution from the CNT–metal junction (Figure S3

in Supporting Information File 1 for L = 300 µm). Overall, the

300 µm long channel FETs make use of their excellent coverage

area, freedom from contacts and higher mobility to confine

more hybridizations in the channel area, while showing better

response compared to short channel FETs. In addition, they do

not suffer from the very high channel resistance hindering the

detection sensitivity compared to ultra-long channel FETs.

Clearly, for all devices, the transfer characteristics showed a

change in transconductance, threshold voltage and hysteresis

gap, which confirms the contribution of carrier scattering,

charge transfer, and charge trapping in detecting hybridization.

However, the response had a varying degree of contribution of

each mechanism for different L, thereby resulting in the

observed trend with L. These mechanisms include the effect of

electron transfer, CNT contact work function modulation,

DNA–DNA duplex affinity on the SWCNT, hopping conduc-

tion, etc. on the response [27,28,33]. Therefore, it is necessary

to consider the contribution of the change in gm, Vth and H

caused by hybridization when explaining this result. Therefore,

it is proper to use Δφ and K to explain the observed trend in the

conductance response.

Δφ and K variation with channel length
Depending on the gate bias, Δφ and K can be extracted in the

linear, near-threshold, or the sub-threshold regimes [34]. Equa-

tions 1 and 3 are valid only above the threshold voltage, there-

fore, we restrict our analysis to the linear (on state) and near-

threshold (gmp) regimes [25]. The variations in Δφ and K

(forward sweep) with L are shown in Figure 5a,b for both linear

and near-threshold regimes. We found that with an increase in L

from 6 µm to 300 µm to 1500 µm, in the linear regime, Δφ

decreased from about 5 to 0.6, and then increases to about 2.

K also follows the same trend and decreases from about 5.4 to

2, and then increases to about 3.3. In the near-threshold regime,

Δφ decreases from about 3.2 to 0.3, and then increases to about

1. Furthermore, in this regime, K values for the three channel

lengths (6 µm, 300 µm and 1500 µm) were calculated to be

approximately 3, 1 and 2, respectively. We also estimated Δφ

and K for the three channel lengths for reverse gate voltage

sweep (Figure S4a,b in Supporting Information File 1). The

magnitudes of Δφ and K were slightly different for forward and

reverse sweeps, but the variation trends with L remained the

same for both regimes.
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From the above results, two important points are noteworthy.

Firstly, in both of the regimes, Δφ and K showed high values for

devices with L = 6 µm and 1500 µm (Δφ >> 0 and hence

K ≠ φ), comparing to devices with L = 300 µm (Δφ → 0 and

hence K → φ). Secondly, the magnitude of Δφ and K in the

linear regime is greater than that in the near-threshold regime.

The plausible reasons for the observed behavior are discussed

subsequently.

Ideally, Δφ should be close to 0, however, in reality, φ could be

influenced by contact resistance [35,36], optical/acoustic

phonon scattering [33], and trapped charges [37] depending on

L and VG, which leads to Δφ ≠ 0, and consequently, K ≠ φ. For

short channel lengths, after hybridization, ΔRc also contributed

significantly to ΔRon, and the CNT–metal work function is

altered, which affects the mobility. Phonon scattering is promi-

nent for all VG and increases with L [38]. The degrading effect

of phonon scattering on the mobility with L will have a

profound impact on the detection capability of the FETs.

Finally, the presence of defects at the CNT–gate dielectric inter-

face (interface defects) or within the gate dielectric (bulk

defects) results in injected electron trapping/detrapping around

the CNT/SiO2 surface during forward and reverse gate voltage

sweeps, which is responsible for the hysteresis behavior [39].

These charge traps could participate in Coulombic scattering

[40], and thereby influence mobility. If Δφc, Δφs and Δφh repre-

sent the influence of contact resistance, phonon scattering, and

charge traps respectively on Δφ, then, the absolute change in the

device factor after hybridization (Δφ) is Δφc + Δφs + Δφh,

which upon on substituting in Equation 6 yields,

(7)

where .

The influence of the change in contact resistance (i.e., Δφc)

reduced with increasing L, and conversely, the influence of

phonon scattering [38] (i.e., Δφs) reduces with decreasing L. If

we consider Δφc >> Δφs for L = 6 µm, Δφc + Δφs ≈ 0 for

L = 300 µm and Δφc << Δφs for L = 1500 µm, then these

devices have an additional term of Δφc for L = 300 µm and Δφs

for L = 300 µm (both regimes) resulting in K > φ. However, for

devices with L = 300 µm, Δφ → 0 (both regimes) thereby

resulting in K → φ, which is in agreement with the first obser-

vation.

To illustrate the second observation, we use terms with addi-

tional subscripts of “l” and “t” to denote parameters extracted in

the linear and near-threshold regimes respectively. In the linear

regime (high gate voltage), the influence of Schottky barrier

reduces, which results in lower contact resistance [35], as

compared to the near-threshold regime (lower gate bias).

Therefore, the contribution from the contacts to the mobility

change at higher gate voltage is greater compared to lower gate

voltage, that is, φcl >> φct. Moreover, phonon scattering exists

at all VG [38], therefore, φcl + φsl >> φct + φst. The influence of

φhl is neglected in the linear regime because the potential of the

back gate is high enough to convert all injected charges in SiO2

into holes, that is, in this regime all the charge traps are in the

filled state [35,37]. On the contrary, in the near-threshold

regime, the lack of dissipation of injected charges on account of

hysteresis causes the potential induced by the trapped charges to

exceed the potential of the back gate voltage [37], which

emphasized the need to include the influence of trapped charges

(Δφh) in Δφ. However, earlier reports [40] suggested that

Coulombic scattering by trapped charges have a weaker effect

on the CNT mobility than acoustic phonon scattering at lower

gate voltage, that is, φst >> φht. Thus, taking into consideration

all these factors, the magnitudes of Δφ and K in the linear

regime are greater when comparing to those obtained in the

near-threshold region (Δφl > Δφt and hence Kl > Kt). These

results suggest that the near-threshold regime will produce

greater response to hybridization with minimum variation in

device attributes as compared to the linear regime for all

channel lengths.

The variation of Δφ and K with L for both the regimes is

similar to the trend observed in the variation of ΔGon/Gon

with L. Evidently, from the Δφ versus L and K versus L plots

(Figure 5a,b and Figure S4a,b in Supporting Information File 1)

when compared to the other channel lengths, the FETs

with L = 300 µm approach the condition of Δφ = 0, and hence

K = φ, thereby resulting in the highest response to DNA

hybridization.

Conclusion
DNA hybridization was detected using individual SWCNT-

based FETs with different channel lengths. The SWCNT-based

FET for hybridization detection resulted in a reduced

conductance and transconductance, a shift in threshold voltage,

and an increase in the hysteresis gap, which varied with channel

length. The response of FETs employing 300 µm long

SWCNTs exhibited the best response to hybridization, when

compared to short and ultra-long channels. Using the defined

parameters Δφ and K, which include the change caused by

hybridization in the different electrical FET parameters, it was

found that such long channel FETs showed the least variation in

device factor after hybridization, namely that Δφ → 0 and

hence K → φ, resulting in the maximum response to hybridiza-

tion.
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Supporting Information
The Supporting Information contains 1) ID–VDS and ID–VG

plots of different functionalization steps, 2) ID–VG plots

comparing the response to cDNA and ncDNA in

channel-exposed FETs, 3) the variation in the conductance

response of channel and junction exposed devices with L

and 4) plots of Δφ and K variation with L in the linear and

near-threshold regimes for the reverse sweep.
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Additional experimental data.
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