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Abstract.

A suspended carbon nanotube (SCNT)-based fieldtaféetransistor (SCNT-FET), which
was fabricated by utilizing the surface tensiotigpiid silver to suspend a CNT between two
Pd electrodes, was proposed for the detection oR DiMbridization. Benefits from the
separation between the CNT and the substrates beuttbserved; namely, the conductivity
of a SCNT-FET was much higher (two orders of magig) than that of a FET based on an
unsuspended CNT and about 50% sensing surface of Wid$ freed from substrate. The
Slater-Koster tight-binding method was adopted gepmetry optimization and transport
property calculation of the SCNT bound with DNA.€eTtesult showed that the conductance
(G = 1/R) of the SCNT decreased in order with timeling of single-stranded DNA (SSDNA,
probe DNA) and double-stranded DNA (DSDNA) and tinet ability of DSDNA to weaken
the conductivity of the SCNT was several times bigthan that ofSSDNA. SEM and
Raman spectroscopy were used to demonstrate thatdodld be bound successfully onto
the SCNT using a 1-pyrenebutanoic acid succinimidgter (PBASE) as a linkage.
Ultra-high sensitivity detection of DNA [with a litnof detection (LOD) as low as 10 aM]
was obtained using such an SCNT-FET, which showedwser value than that of a
previously reported FET DNA biosensor whose sensiatgrials were in direct contact with

the substrate.

Keywords: DNA sensing; Suspended carbon nanotubes; Filedteiéetransistor; Transport
properties calculation; Ultra-high sensitivity;



I ntroduction

Utilizing DNA information for the diagnosis and &teent of diseases at the molecular
level is extremely important for precision mediciiérough the comprehensive analysis of
DNA gene sequences, valuable medical informationb=obtained, which is beneficial for
the early prevention of diseases (Long et al., 20Hyslop et al., 2016). Therefore,
developing sensitive, selective, and rapid DNA digbe techniques is becoming increasingly
important. Various detection methodologies, suchlestrochemical (Jin et al., 2018; Zhao et
al., 2018), surface plasmon resonance (Daems,&l8; Fathi et al., 2017), and FET (Di
Ventra and Taniguchi 2016; Ping et al., 2016), Hasen reported for use in DNA detection.
Among them, FET-based sensors are currently bangidered as a potential DNA detection
tool, due to their advantages such as being label-fow cost, highly sensitive, and very
easy to operate (Sarkar et al., 2014; Schonin@6)20

FET-based sensors that detect charged moleculedegaonic responses generated by
the specific interactions of DNA with sensing matksr have been demonstrated to have
superior sensing performance when compared to ayjpes of sensors. Low-dimensional
materials (LDMs), including Mo$ graphene, and carbon nanotubes, have been exgnsi
studied for use as the sensing material of a FEDNMA detection (Cai et al., 2015; Tran et
al., 2016; Khosravi., 2017). Mgbased FET DNA sensors show superlative detection
performance, and the reported lowest LOD reachadblean 6 fM (Mei., 2018). This was
reported to be due to its layered sandwich stractwhich imbues this type of sensor with
unique capabilities, such as a high on/off curmetito and high flexibility (Lee., 2015).

Grapheneébased FET DNA sensors have also been viewed aly Inigimising candidates for



next-generation DNA sensors, due to their singbenat layer structures, leading to a high
surface-to-volume ratio and ultra-high carrier ntighiBased on this sensor’s capacities, the
binding kinetics of DNA hybridization and a LOD ithe sub-femtomolar range were
obtained (Xu., 2017; Gao., 2008). Similar to graghesvery atom of a CNT is exposed to
the environment due to its barrel-shaped monoatostiocture, making the electronic
properties of CNTs very sensitive to charged DNAefefore, CNTs have also been widely
studied as a sensing material for FET DNA sensiiis.( 2012; Tran; 2016; Khosravi.,
2017).

Generally speaking, the sensing material of FEdgandless of whether they are based
on MoS, graphene, or carbon nanotubes, is directly ctedawith the substrate, which
causes several non-ideal behaviors: 1) electrio&denis induced by the changed surface
potential along the material, which is caused by #dditional carriers trapped from the
substrate (Lin et al., 2007); 2) the rough substczin decrease the mobility of the sensing
material, which affects the conductivity of a FEN® sensor (Katsnelson and Geim 2008);
and 3) part of the sensing area is lost due taltfeet attachment of sensing material to the
substrate, which dramatically weakens the perfoomasf the FET DNA sensor. Therefore,
the advantages of an LDM (a high surface-to-voluate and ultra-high carrier mobility)
are severely limited in DNA hybridization detectioli the sensing material could be
separated from the substrate, it would undoubtegler improve the sensitivity of a FET

DNA sensor.

Thus, we proposed and fabricated an SCNT-FET, whpidvides an ultra-sensitive

platform for DNA hybridization detection. A simpfaethod that utilized the surface tension



of liquid silver to suspend a CNT between two Ret&bdes in a high-temperature annealing
process was used to fabricate it. The shortcomifdsaditional FETs that underutilize the
key advantages (high surface-to-volume ratio atw-igh carrier mobility) of LDM were
solved by such a design. A 10 aM LOD for DNA hylration was obtained, which far
exceeds that of other reported FETs. Moreover, ualigtively verify the experimental
results, the Slater-Koster tight-binding method \edspted for geometry optimization and
transport properties calculation of CNT bound WiXtRA, which is rarely studied in current
related reports but was necessary for the systeityadind accuracy of our experiments. The
successful application of this design opens up aesnues for employing suspended LDMs

as the FET sensing material to improve the LOD NRADybridization.

1. Experimental Section
2.1. Suspended CNTFET fabrication

The specific process of fabricating the SCNT-FEBh®wn in Fig. S1. Source/drain
electrodes (Pd, patterned by using electron-betfrogiiaphy) were first deposited on a $iO
(800 nm)/Si substrate. The Pd electrodes were depoby metal evaporation of 3 nm
chromium (Cr) as an adhesive layer with 100 nmapilim. The patterned electrodes were
then obtained by a lift-off process. Next, a 400k silver film was deposited by thermal
evaporation, as shown in Fig. S1b. Then, an ind&idCNT was deposited onto the surface
of the Ag film at the deposition zone of the CN'Dwth furnace as shown in Fig. S1c. The
CNTs were obtained by using floating catalytic CWidh 1000 sccm Ar and 10 sccm Chk
110C0C, and the deposition time used was about 1~2obtin isolated individual CNTs, as

reported previously (Zhang et al., 2017). Finale devices were placed in a tube furnace to



be treated at a high temperature of @B1This was crucial for forcing the liquid silvew t
move to either side of the Pd electrodes (solite}jtatraightening the CNT. The specific
process of straightening of the CNT was as follae: device was first heated to 961for

90 min in an atmosphere of 800 sccm Ar and 90 ddgand then treated at this temperature
(962°C) for 1 min. Finally, the sample was cooled tormotemperature. After the above
thermal treatment process, the CNT was suspendethasgn in Fig. S1d. Palladium and

silver are infinitely miscible, which was importdot straightening of the CNT.
2.2. Device functionalization

PBASE dissolved in N,N-dimethylformamide was usedle linkage of probe DNA to
CNT. Second, 10 mM PBASE is added in channel sertacinfiltrate CNT, 1 hours later,
N,N-dimethylformamide was used to remove extra PBASThird, 1uM 5’-amino
modification probe DNA was dropped in channel stefto combine the PBASE, nonbound
DNAs were rinsed off with PBS buffer solution. Higa100 mM ethanolamine was used to
deactivate the excess reactive groups of PBASEpaedent possible nonspecific binding
events, then rinsed by DI water. After above, ttevick have been modified. DNA
hybridization was conducted by dropping an appeipri concentration of
full-complementary DNA (FCDNA) solution onto thewiee and incubated for 1 hour. To
prove specificity, the same procedure was repelayedsing the non-complementary DNA
sequences instead of the FCDNA sequence to petfainybridization with the probe DNA.
Detailed information about above materials is shawhig. S2.

2.3. Characterizations

The electrical properties of the SCNT-FET were aetieed using a Keithley 4200-SCS



semiconductor parameter analyzer and vacuum prolstadion. Scanning electron

microscopy (SEM, Zeiss Gemini Ultra-55) was usedharacterize the morphologies of the

samples. For accurately distinguishing the sultenges in the characteristic peaks of CNTs

caused by DNA interaction, a 1800 g/mm diffractgpid was used. The laser power was set

to 0.5 mW to avoid sample heating and photo-indugachage. The Raman spectroscopy

instrument used in this study was a Horiba HR BEna@hu800 with laser excitation (532 nm).

3. Results and Discussion
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Fig. 1. (a) Schematic of a SCNT-FET. (b) Optical micrograplthe device with 100-nm-thick patterned Pd etmes. (c) SEM

image of an SCNT between two electrodd}.Typical k+Vsq curve of the SCNT-FET device.

A schematic structure of the proposed SCNT-FETh@m in Fig. 1a. It can be clearly
observed that the whole surface of the SCNT coelddund with by DNA molecules, which
effectively increased the sensing area of the FBmpared to that of an unsuspended
CNT-FET. To explore the optimal suspended effenta €NT, a 4*4 mriwafer of substrates

designed with four kinds of palladium electrode rohels (1.2.34um) was patterned using



electron-beam lithography (Fig. Sla). The 100-niokthpattered Pd electrodes and
400-nm-thick silver films were deposited in sequeby thermal evaporation (Fig. S1b). A
CNT was then deposited and adhered to the surfatte ailver substrate (Fig. S1c). Such
samples were then heated to 961°C (the meltingt pdisilver) for 90 min under an Ar/H

atmosphere. After thermal treatment for 1 min,iph@NTs broke or sunk and had a channel

spacing of 234 m as shown in Fig. S1d and the left inset in Figb@ CNTs could be
100% suspended between the Ag/Pd electrodes wetteanel length ofiju ras shown in

Figs. S1d and 1c.

3.1. Fabrication and electrical properties of suspended CNT-FETs
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Fig. 2. (a) Schematic of a suspended and an unsde@eCNT. The left inset shows a partially enlar@M image of an

SCNT-FET with a channel spacing 02.34um . (b) Comparison of the conductivity between a snslgd CNT with an

unsuspended CNT. In the insex50 represents that the resistance of suspended Catfipsfied 50 times. (c)dVg curve of

the SCNT-FET.



Silver aggregation to the nearby Pd electrodesthant surface tension on the CNT

were the reasons why the CNT could be straightemeldsuspended (Plateau 1861). Due to

the hydrophobic-like characteristics of silver o®i®, substrate, liquid silver tends to form

particle-like shapes to satisfy minimum surfacergpavhen a silver film is heated to its

melting point of 961C, which was explained by Plateau-Rayleigh insitgb{Wright et al.,

1999). When the silver film in the channel turnatbia liquid and was infinitely miscible

with Pd (melting point: 155Z), a constant force caused by surface tension6af AN per

micrometer was applied to the CNT in the silver iomtprocess (Zhang et al., 2017). Thus,

the CNTs were straightened and suspended in suchalmg processes. Such suspended

CNTs could be easily formed when the channel sgagigs 1j1 min our experiments, which

is shown in Fig. 1c. We designed four kinds of gdilhm electrode channels with different

lengths (Fig. 2), which all had different suspensédfects on CNTs. Longer channel spacing

could cause unsatisfactory effects such as sinirtreaking of a CNT (left inset in Fig. 2).

This may have been due to the channel being tap dorthe carbon nanotubes receiving too

much force. It is worth mentioning that our methafdFET fabrication was transfer-free,

which avoids the complex transfer processes usetladitional FET fabrication, as the

sensing material inevitably becomes damaged andusaimpurities remain.

Eliminating the adverse effect of a substrate dDNA is extraordinarily effective for

improving the electrical performance of a CNT. $figant changes in the conductivity of a

suspended or unsuspended CNT were easily obsaagezhown in Fig. 2b. The slope of a

typical source-drain currentfl versus voltage () characteristic curve exhibited great

difference, and the resistance of such an SCNT rnedsced by two orders of magnitude



compared to an unsuspended CNT (inset in Fig. THg.FET transfer characteristics in Fig.
2c suggested that the SCNT was a p-type semicaoilughich indicated that the main
carrier in the CNT was its hole. Similar to fabtes p-type graphene, the negative effect of
the substrate was mainly due to its donating edes(Vang et al., 2012). The trapping and
detrapping of carriers change the number of loeatiers along a CNT and also vary the
surface potential along it. In addition, the rougésm of a substrate can introduce short-range
scattering centers that cause the decrease initgdhilCNTs (Lin et al., 2007; Katsnelson
and Geim 2008).

3.2. Functionalization and hybridization of SCNT-FET
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Fig. 3. Schematic illustration of a suspended CNTFET forADitection. (a) Functionalization of the SCNT aud by PBASE.

(b) Schematic of PBASE interacting with an SCNT.RBASE interacting with probe DNA to achieve prdb¥A binding to

an SCNT. (d) Probe DNA interacting with FC DNA torh double-stranded DNA.



The detailed process of probe DNA immobilizatiord aarget DNA hybridization is
shown in Fig. 3. PBASE dissolved in N,N-dimethylf@mide was used as the linkage to
ensure the probe DNA could be successfully boun@rtoSCNT and avoid introducing
defects (caused by covalent interaction) to a S@SBhown in Fig. 3@Wang et al. 2018;
Khosravi et al. 2017)As shown in Fig. 3b, PBASE binds to an SCNT througstacking
(non-covalent interaction) of its pyrene group otite SCNT surface. The succinimide
portion of PBASE extends out from the SCNT surfarel permits immobilization of
5’-amine-modified probe DNAs through a conjugati@action between the amine group of
the probe DNA and the amine-reactive succinimideugrof PBASE, as shown in Fig. 3c.
Finally, to prevent nonspecific adsorption, ethanahe was used as a blocking agent, as its
tail end amino groups can work as a blocking agewt react with excess PBASE termini
(Fig. S3).After the above steps, complementary DN#are added to hybridize with the probe
DNAs through base pairing. At each step of the grpmt, the sample was dried in a dry
box at 40°C (DNA be inactivated above 90°C), arel dietection of+V4proceeded after it

had dried.

3.3. Characterization of suspended CNT-FETs after functionalization and

hybridization
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Fig. 4. (a) SEM image of suspended carbon nanotubes cemhbiithout any substancéa) SEM image of suspended carbon
nanotubes after completing DNA binding and hybatiian. (c) Raman spectra of an SCNT before and tifeecompletion of

functionalization and hybridization. (d) SEM imagfea sunk or broken CNT.

For demonstrating such SCNT-FETs can successfuligkvas a DNA sensor, it was
necessary to demonstrate that the SCNT could efédgtbind to DNA and that the SCNT
did not break or sink during detection. A DNA bouwnd unbound SCNT was thus
characterized by Raman spectroscopy and SEM. ISEM image of a bare SCNT with a
diameter of about 10 nm, the surface was smoothwatitbut attachment (Fig. 4a). After
DNA hybridization, the surface of the SCNT becamewen and was wrapped with layers of
attachments, and the diameter also changed to 1¥nl8 shown in Fig. 4b. To demonstrate
that the attachment was DNA, we characterizediiiguyRaman spectroscopy. Compared to

that of a bare SCNT, Raman spectroscopy of an SB8&hd with DNA displayed more



characteristic peaks in the low-frequency regidfig.(4c), which could be readily assigned
to PBASE and DNA. The peak at 1337.2tmas from sp bonding. The peak at 1615.4
cm’* could be assigned to pyrene group resonance harpkak at 1361.7 chwas due to the
introduction of disorder arising from orbital hythzation of the molecule with the CNT
surface. The peaks at 122.16 tn1415.8 crit, and 1687.9 cth were attributed to the
addition of probe DNA and target DNA, which wasaigreement with published results (Xu
et al., 2017) and more information which proves tha attachments were DNA was added
in the section A in supplementary materials. Coragdo a broken or sunken CNT caused by
the fabrication process (Fig. 4d), the SEM imagamfSCNT bound with DNA shows that

the CNT was still suspended and not broken or surdé®shown in Fig. 4b.

3.4. Sensitivity
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from 0 to 0.1 V; \§= 0 V). (b) The resistances of SCNT to DNA hybration detection at different concentrations. (cgTh

calibration curve for the detection of DNA. DasHee represents a triple noise level (~22.5%) frarblank control test. (d)



DNA concentration (gva)/the amount of net drain currentll was plotted as a function obGa.

From Fig. 5a and 1d, it can be seen that the LOBnoSCNT-FET reached 10 aM and
the sensor showed good specificity, proving thabitld perform DNA detection. The slope
of the Virlsg curves became smaller in turn after adding PBAB&he DNA, and FCDNA.

In contrast, only small differences were observiéer adding NC DNA, and the lake blue
line almost coincided with the black line, suggegtihat an SCNT-FET is highly specific as
shown in Fig. 1d (Xu., 2017; Kim., 2012). The sém#y and the linear relationship were
investigated by determining the hybridization of (WA with probe DNA (Fig. 5a and c).
We observed that the slope of thgMsqcurve was significantly decreased with the addition
of increased concentrations of target DNA (fromahM to 1 pM). The changes in resistance,
corresponding to the4dV¢4 curve, are shown in Fig. 5b, where the error badsthe relative
standard deviations (RSD) suggest that the devim@ ¢ood repeatability. The linear
relationship of A resisiance Was represented b$R/Ryone (%) = 33.8 Gna’? (aM) (R =
0.99397), which clearly showed that as the conatintr of DNA increased, the resistance
increased exponentially, similar to previous pudtiiens(Kim et al. 2012)as shown in Fig.
5c. Note that the concentration of DNA at 1 aM \ab® tested. As previous article reported
(Mei et al. 2018) the detection signal of the lowest concentrabbriarget DNA must be
higher than the noise signal to be considered vhlivever, the detected signal of DNA at 1
aM was lower than the noise level (22.5%), so @ ébout DNA with a concentration of 1
aM were not valid and could not be placed in FayaBd c. The concentration of DNA as low
as 10 aM was determined based on a signal levéb)4bat exceeded the background by
threefold (noise level 22.5%). The above resultmalestrate that the LOD of such an
SCNT-FET sensor should be approximately 10 aM. Uidhér demonstrate that the
SCNT-FET could effectively detect DNA at such a lgancentration, the affinity of the

reaction between probe DNA and target DNA was itigatked. DNA concentration
(Cpna)/the amount of net drain currerk) was plotted as a function dE,, , as shown in
Fig. 5d. From the results (Fig. S4), we know tlnet adsorption of target DNA onto probe

DNA on CNT channels followed the Langmuir adsomptisotherm, which is given by (Abe

et al., 2007; Maehashi et al., 2009)



Cona - Cona + Kq
Al Al Al

(1)

where K, is the dissociation constant of the reaction betwgrobe DNA and target DNA,

sat

and Al _, is the amount of saturated drain current. From eduitting, the dissociation

constant was estimated to be 4a®° M. The value oK ,was almost identical to reported

results (Su et al. 2018; Esteban Fernandez de Atilal. 2013; Park et al. 2006), which
demonstrates that there was a fine affinity betwbertarget DNA and probe DNA, and that
the DNA at such a low concentration could be eifety detected by the SCNT-FET.

3.5. Theoretical ssimulation

Fig. 6. Amodel constructed based on a CNT covered by éestishnded DNA and the calculated transmissiontspac

In order to qualitatively verify our conclusionbgbretical calculations were performed,
of which the common tendency accords well with experimental result. Fig. 6 depicts the
model constructed based on a CNT covered by DADNe models of a pristine CNT

device (CNT) and a SSDNA CNT covered device arewshin Figs. S5 and S6. Three



models were designed with reference to the repastdéidles about molecular dynamics
simulation (Roxbury et al., 2012; Johnson et &09. The model could be divided into
three parts: the semi-infinite left electrode, ttentral region, and the semi-infinite right
electrode. The structural optimization and eleatritansport properties were calculated
using the Atomistix ToolKit (ATK) package. Limitedy computational resource, it was
impossible to perform the calculations for such énugimbers of atoms using the density
functional theory (DFT). Hence, SSDNA was simplifias a single base, and DSDNA was
simplified as two bases that were complementaryedch other, and the Slater-Koster
tight-binding method was adopted for geometry optation and the following transport
properties calculations. Basis sets were selecse@R2K, and the residue force on every
atom was less than 0.05 eV/A. Transport propertiese calculated by using the
nonequilibrium Green’s method, combined with a tigind DFT. A 1x1x100 mesh was
used for the k-point sampling in the Brillouin zof#Z), and the convergence criterion for
the Hamiltonian matrix was chosen as' Hartree. As shown in Figs. 6 and S5-S7, the depth
of the valley peak in the transmission spectraasgmted the degree of weakening in the
CNT conductivity. For CNT, the transmission coa#fict was always equal to 2 in the range
[-0.5 eV, 0.5 eV] except at Fermi Energy (Fig. S&hich originates from the twofold
degenerate energy bands. The conductance (G =ofld&rpare CNT decreased in order from
Gent > Gent+ssona™> Gent+psona With the addition of SSDNA and DSDNA, and the epibf
DSDNA to weaken the conductivity of a CNT was mdren twice (at least 5~6 times or
even higher) than that of SSDNA. The above resuie deduced from the following three

points. Firstfrom Figs. S6 and S7, we know that there were nalley peaks that appeared



at 3 and 4 after adding FCDNA, which was due to DNybridization. After careful
observation, we found that the depth of the vagllegks at 3 was almost equal to that at 2 and
that the depth of valley peaks at 4 was deepergniwain twofold) than that at 1, which
suggested that the additional factors caused byidigation had almost the same ability to
weaken the resistance of a CNT as that of singgexded DNA. Second, the peaks in the
wireframes marked A and B (top right in Fig. 6) shthat the valley peaks caused by
DSDNA (blue line) were much deeper (~three time$ a&nd ~five times at 6) than that
caused by ssDNA (red line), which was consisterth veixperimental results. Third, the
location of valley peaks caused by SSDNA moved tdwhe Fermi energy after adding
FCDNA, which suggested the conductivity was furtherakened (top right in Fig. 6; after
adding FCDNA, the red line moved to blue line). Himve simulation results fully explain
the experimental results that the resistance dfia«Probe DNA decreased with the addition
of FCDNA and that the variation in the resistanta €NT+PBASE caused by the FCDNA
was much larger than that caused by probe DNA,istam with previous reports (Figs. 5b
and 1d).

The improvement in LOD of the DNA hybridization iee focus studied by many
groups, as shown in Table S1. As observed, theesdspl SCNT-FET biosensor developed
in this work exhibited the highest sensitivity (&01). We believe that there were two
mechanisms for this phenomenon. First, the locaiezaconcentration and mobility of the
CNT were mainly affected by doping effects (chatgensfer) caused by the substrate or
adsorbed molecules. Electron donation from the @roblA, target DNA, or the charged

molecules trapped on the substrate resulted irceedge in the charge carrier concentration



of the p-type SCNT, which leads to step-like chanigeresistance. Second, the local carrier
concentration and mobility of a CNT are also a#elcby the scattering effect of absorbs or
substrate, which introduces short-range scatteramgers. For the case of a suspended CNT
that was separated from substrate, there were lrgiasices that could lead to doping effects
or scattering effects on the CNT except for DNA. tBe purity of detected signal was
enhanced. Also, an SCNT-FET significantly improvbeé sensing area and conductivity,
which accelerated the signal transmission. The aoamion of the above advantages enables
it to possess extremely high detection performance.
4. Conclusion

We developed an SCNT-FET sensor for DNA hybridmatdetection. Such sensors
successfully avoid the adverse effects of a sulestia a sensing material and have a larger
sensing area, better conductance, and purer elcsignals than those with a traditional
FET sensor. DNA can bind well to a suspended CNiiclvwas not broken during detection.
A detection limit up to 10 aM was obtained by ussugh an SCNT-FET sensor. Theoretical
simulations show that the conductance (G = 1/Ra G@NT decreased in the ordegns >
Gen+ssona™> Gent+pspna @nd the ability of dsDNA to weaken the condudtyivif a CNT was
several times higher than that of ssSDNA. The comtfiém of experiment and theoretical
simulation demonstrated that an SCNT-FET coulddstias an effective DNA sensor. Here,
gate-controlled FET was not formed due to the smiak of a suspended CNT, and the
effects of the gate voltage were not analyzedh&future, we will investigate a moderate
DNA reaction vessel to form a liquid-gate FET DNA&nsor. We believed that using

suspended graphene or TMDCs (such as Mao® their heterostructures as the sensing



materials will further improve the sensitivity.
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Highlights

1.Carbon nanotube is suspended on the Pd electrodes 100% with the channel length [pum

2.High performance: A limit of detection (LOD) as low as 10 aM was obtained

3.Ability of DSDNA to weaken CNT’s conductivity is several times than that of SSDNA
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