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Fabrication and electrical characterization of polyaniline-based nanofibers
with diameter below 30 nm
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We fabricate and electrically characterize electrospun nanofibers of doped polyaniline/polyethylene
oxide (PAn/PEQ blend with sub-30 nm diameter. Fiber diameters near 5 nm are obtained for
optimized process parameters. Scanning conductance micro$s8@) shows that fibers with
diameter below 15 nm are electrically insulating; the small diameter may allow complete dedoping
in air or be smaller than phase-separated grains of PAn and PEO. Electrical contacts to nanofibers
are made by shadow mask evaporation with no chemical or thermal damage to the fibers. Single
fiber | =V characteristics show that thin fibers conduct more poorly than thick ones, in agreement
with SCM data.l —Vs of asymmetric fibers are rectifying, consistent with formation of Schottky
barriers at the nanofiber-metal contacts. 2003 American Institute of Physics.
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One-dimensional nanowires are of interest for fundathermal damage to the sample. SCM indicates that fibers
mental physics and application as interconnects, functionakith diameter below 15 nm are electrically insulating. The
devices, and molecular sensors. Devices have been fabgmall diameter may allow enhanced dedoping by atmo-
cated from semiconductors, metals, and carbon nanotubespheric gasese.g., water vaporor be smaller than phase
and most recently electroni¢“conducting”) polymers. separated grains of PAn and PEO. Single-fibey measure-
Polymer-based nanodevices should have advantages of lowents show that fibers of diameter 20 and 70 nm have con-
cost, and flexible, controlled chemistrElectrospinning is a  ductivity of 10°2 and 102 S/cm, respectively, sharply less
well-established approach to polymer nanofiber fabricatiothan bulk material(1 S/cm.® Fibers with strong diameter
with the possibility of large-scale production of meters-longvariation show rectifying behavior, consistent with the for-
fibers for incorporation into smart textiles and wearablemation of a low-transparency Schottky barrier at the contact
electronics’ We showed previously that electrospinning canto the thin end.
produce fibers as small as 100 nm, and that fibers with 600 To make the base fiber solution, 100 mg emeraldine base
nm diameter have electrical conductivity near that of thePolyaniline was doped with 129 mg camphorsulfonic acid
bulk 34 and dissolved in 10 ml chloroform. The solution was stirred

Here we report the fabrication of electrospun nanofiberdor 6 h and filtered. Next, 10 mg PEQnolecular weight
with sub-30 nm diameter from conducting polyaniline doped200 000 was added, and the PAn.HCSA/PEO blend solution
with camphorsulfonic acidPAn.HCSA blended with insu- ~ Stirred for 2 h. The sample was left in a capped bottle for 72
lating polyethylene oxidéPEO. Nanofibers with diameter N and then filtered with a 450 nm teflon filter to give a
as low as 20 nm are uniform and smooth, and discontinuou@omogenous liquid. The electrospinning setup was as re-
fibers with diameter as small as 5 nm are present in th@°rted ear_hef‘. About 1 ml of the solution was placed in a
sample. Samples were characterized by atomic force microdlyPodermic syringgB-D 1 ml 26 3/9 mounted a few de-
copy (AFM), scanning conductance microscdSCM),° and grees below horizontal. The tip of the needle was held at a

single-fiber electrical transport measurements. We fabricatBo'[emIal of 8 kv, and electrospun fibers were collected for

submicrometer electrical contacts to single fibers using £0_30 min on an oxidized Si wafer placed 30 cm from the

shadow mask evaporation process to avoid chemical and™ , .
The nanofibers produced are hundreds of micrometers

long, most with diameter below 30 nm, a tenfold improve-
dpresent address: Carbon Nanotechnologies, Inc., IBM T.J. Watson Renent over our earlier repo‘ftFigure 1a) shows a typical
search Center, Yorktown, New York 10598. . . . . . . .
Ypresent address: Department of Mechanical Engineering, Columbia Uni‘—A‘FNI iImage. Fiber A, is Stralght’ W|t_h dmmet?r decreasmg
versity, New York, New York 10027. smoothly from 50 to 25 nm. Other fibefs.g., fiber B are
“Electronic mail: cjohnson@physics.upenn.edu curled, with stronger variation in fiber diameter and occa-

9Also at: Department of Physics and Electronics, University of Puerto Rico,siona”y “beads” 200—500 nm in size. We observe discon-
Humacao, Puerto Rico 00791. :

9Also at: Departments of Chemistry and Physics, University of Texas att?nuous _ﬁber_s with diameter bel_OW S nm, suggesting that
Dallas, P.O. Box 830688, Richardson, Texas 75083. fibers with diameters corresponding to just a few molecules
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FIG. 2. (a) AFM image of S1 with a 70 nm diameter nanofiber in a &ra

FIG. 1. () AFM image of the nanofibergb) Line scan along the black line gap.(b_) AFM i_mage of S3 with two nanofibers; the _diameter of the right_-
in (a). (¢) Simultaneously acquired SCM image) Line scan through the most fiber varies sharplyc) Proposed energy band diagram for the nonuni-

SCM image. Peaks 1, 2, 3, and 9 show negative-positive-negative phaggrm fiber of sample S3. Asymmetric Schottky barriers form due to variation
shift contras.t that is d’ue ‘to nductingnanofiber (€) SCM image of an in the sample diameter. The left end of the fiber is thinner and has the more

insulating PEO nanofiber. The fiber diameter varies from 40 nm near the to pia\qtuesblarfrien.—v g_haractleriitics 3f nanlc)filkJetr sgrzngf)lest.hs3 tchonducts simi-
of the image, to 4 nm at its thinnest, to 60 nm at the bottom of the imag arly to or one bias polarity and similarly to or the other.
(AFM data not shownh (f) Line scan along the black line i®). The phase

shift measured in SCM ialways positivefor insulating nanofibers. of 15—25 nm may show the dark line contrast or lack it
(peaks 7 and B SCM thus indicates a transition from con-

could be fabricated if the instability that breaks the fiber canducting to insulating as the fiber diameter drops below 15
be suppressed. nm. Given the detection limit of 10° S cm, we infer a bulk

We use SCM for initial characterization of nanofiber fiber conductivity less than 100 S/cm for sub-15 nm diam-
conductivity> SCM is a rapid technique that does not requireeter fibers. This transition may be due to full dedoping of
electrical contacts. It has a low detection limit for one-thin PAN.HCSA fibers by atmospheric gases, e.g., water
dimensional conductivity®,;p,=GL; G is the fiber conduc- vapor!® Alternatively, phase separation of PAn.HCSA and
tance and. its length, estimated at 10'® Scm? that is set PEO in the nanofiber may lead to discrete nanoscale con-
by the R—C time constant of the nanowire. Conducting andducting polymer grains separated by insulating PEO
insulating fibers can be distinguished by SCM, but fiber conregions®
ductivity is not quantified. SCM is done on a Digital Instru- Organic solventge.g., acetonedissolve nanofibers so
ments Dimension 3000 NS-IIIA AFM using gold-coated tips they cannot be contacted by electron-beam lithography, as is
(CSC12A, Micromasch Topographic AFM and SCM im- done for other nanowires, e.g., SWNfsWe therefore use
ages are acquired simultaneously by tapping mdtle  chemical-free shadow mask evaporation based on a nanos-
grounded and interleave scans with a 100 nm lift heigtip ~ cale patterned silicon nitride membrahéo deposit 10um
voltage of +8 V), respectively. During the interleave scan, wide electrical leads separated by a micrometer-scale gap.
the tip is driven near its resonance frequency. If the tip is |-V characteristics are measured in air at room tempera-
near a conducting nanostructure, induced charge alters there. The AFM image of sample $FEig. 2(a)] shows a single
tip-sample electric force. This shifts the resonance frequencyO0 nm diameter nanofiber contacted by leads separated-by
of the tip, and produces megativephase shift of the tip 1.5 um. Thel-V for S1 is symmetric and relatively linear
oscillation. We took many SCM images of single-wall car- with resistance of 600 K1 over the range-2 to +2 V [Fig.
bon nanotubeg SWNT) control samples. As in Ref. 5, we 2(d)]. This corresponds to a bulk fiber conductivity of 0
observe that both metal and semiconducting SWNTs appe&/cm, much smaller than that of PAn.HCSA cast filfds
as conducting in SCMthat they show aegativephase shift ~ S/cm).® Sample SAAFM image not shownconsists of two
(black line contragtthat iswider than the nanotube itself due nanofibers in parallel, with diameters of 18 and 25 nm. The
to the long range electric interaction, and that the phase shift-V [Fig. 2(d)] is symmetric and linear, with resistance near
is larger for longer nanotubes. 20 GO, yielding a fiber conductivity of 10° S/cm, further

Figures 1a) and Xc) are AFM and SCM images of reduced from the bulk value. The reduction in conductivity
PAN.HCSA/PEO nanofibers. As a control, we did SCM of might be a bulk effecte.g., dedopingbut sample S3, dis-
insulating electrospun nanofibers of pure PH®igs. 1e) cussed in the next paragraph, provides compelling evidence
and Xf)].” PEO fibers always show positivephase shift of for formation of opaque Schottky barriers at the nanofiber-
uncertain origin that increases with fiber diameter. In con-electrode contact, as occurs for semiconducting SWNTs
trast, PAn.HCSA/PEO fibers with diameter larger than 30 nm  Sample S3Fig. 2(b)] consists of two nanofibers in par-
show a negative-positive-negative phase shift “double darlallel. The leftmost fiber has a uniform diameter of 20 nm,
line” contrast[1, 2, 3, and 9 in Figs.(t) and Xd)] indicating  while the diameter of the rightmost nanofiber varies from 20
they are conducting. The negative phase gldidirk line con- nm at the top contact to 70 nm at the bottom contact. The
trasy associated with conduction is superimposed upon thé—V for S3 is strongly rectifying: For one bias polarity the
positive phase shift associated with an insulating fiberconductivity is small and resembles that of S2, while under
Sub-15 nm diameter fibefpeaks 4—palways show gosi-  forward bias the sample conducts strongly, similar to S1.
tive phase shifequalto that found for insulating PEO fibers We interpret this as evidence for the formation of opaque

of the same diameter. PAn.HCSA/PEO fibers with diameteSchottky barriers at metal contacts to nanofibers with diam-
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eter below 25 nm. Contacts to the 70 nm diameter fiber arelear avenues for future development of engineered nanofi-
more transparent due to a larger number of free carriers buter electronic devices and sensors.

may still limit transport as argued later. The thin, uniform .
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