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Polymer Functionalization for Air-Stable n-Type 10 *is sufficient to shift the Fermi level into the conduction band
Carbon Nanotube Field-Effect Transistors of a txgti)%al semiconducting SWNT, yielding a highly n-doped
systenme®

In this Communication, we introduce a new concept of
n-doping of carbon nanotubes by functionalization of SWNT
sidewalls with polymers. Nanotube/polymer systems have re-

Department of Chemistry, Stanford Wafsity celveq_ r_nuch attentlonlgecently for light emlttlng_dlo?j_eanq
Stanford, California 94305  solubilizing nanotube¥** Here, we show that functionalization
of SWNTs by amine-rich polymers leads to the evolution of
Receied August 29, 2001  SWNTSs from p-type to n-type. Thus, doping by functional groups
S of irreversibly adsorbed polymers on nanotubes presents a novel

Miniaturization by bottom-up approaches to length scales and simple means of changing the doping level of molecular wires.
beyond the current semiconductor processing technology hasgor the first time, we obtain n-type FETs based on individual
generated tremendous research efforts in the areas of synthesisianotube wires that are stable in air without resorting to sealing
characterization, and assembly of novel nanoscale materials suchhe nanotubes in a vacuum or an inert environment.
as quantum dots and wiré.Single-walled carbon nanotubes Individual SWNT FETs were obtained by patterned chemical
(SWNTs) are one-dimensional (1D) molecular wires ideally suited 401 deposition on SigBi substrates and a controlled integration
for elgmdayng bas!c_phenomena_ln 1D ar_1d could p_Iay important step described earlié?13The sample was submerged in a 20 wt
roles in bU|Id_|ng m|n|atur|zeq devicégor instance, it has been % solution of polyethylene imine (PEI, average molecular weight
shown that field effect transistors (FETS) can be constructed by .5 0o, Aldrich chemicals) in methanol overnight, followed by
using individual semiconducting SWNTsypening up the pos-  orough rinsing with methanol. This removed PEI nonspecificaily
sibility of bu_lldlng more complex electronic architectures with  54sorbed on the sample surface, leaving nearly a monolayer of
molggullarkWIre elgmﬁnts.b ning both g ol PEI irreversibly adsorbed on SWNTs as described below.

Widely known is that obtaining both p- and n-type materials Figure 1 shows the drastically altered electrical characteristics
and controlling their charge carrier densities are crucial to the of a SWNT device after PEI adsorption recorded under ambient
current microelectronics. With SWNTS, an interesting phenom- . jiions prior to PEI adsorption, the as-made semiconducting
enon has been that tube-FETs under ambient conditions are always, v T exhibits ptype FET characteristics revealed by the
p-type with holes as the majority carriers. This has recently been decreasing conductance as a gate voltagig stepped to more

revealed to be due to electron withdrawing by @olecules L . -
- . positive values (Figure 1a). The p-type behavior is also clear from
adsorbed on SWNTsThe ability to tune SWNTSs into both n- the current vs gatel €V,) data (lower inset of Figure 1a), as

and p-type should be important to their applications in molecular positive V, shifts the Fermi level away from the valence band

electrpnlc_s. A classical approach to n-type ele_ctror%-nch carbon into the band gap of the nanotube, thus depleting hole carriers in
matene}Is |s(;/|a pharr(;:)e-trlagsfer dopmgév\;t/hNgllk?I:HnJe ahgeed, bled the system. The p-type behavior is due to adsorbgtidn the
Fhoéacjssmr:tiogpcg??no?; cgmt?ez-gyee/?ces such as isnt?g-tu%ga €0 ambient and each Omolecule withdraws~1/10 of an electron
uncti ith interestin eler::tronic functiods However alkalip from the SWNT* After PEI adsorption, the SWNT exhibits clear
Jclimc |otns W'ﬁ f >ting diate d dati ' ’ 0 ai n-type FET characteristics. The conductance of the system

opka_\n stshu er r%m |_mnl;|e |fa e Zgra. a |ofn§\p/)\;)’\rl1_rexposure t'o al'r’increases wheNl| is stepped to more positive values (Figure 1b).
(rjna <Ing elm ltJ.n esirable for n-doping o S In practical ;g g completely opposite to the behavior prior to PEI

evice applications. . . modification of the nanotube (Figure 1a).

Recently, controlled exposure of SWNTS to inorganic ¢NH The results above are highly reproducible with 10 independent

NO,)® and organic molecules (aminés revealed the extreme SWNT FETs and lead to %e\)/leraﬁ important conclusiong First
sensitivity of the electrical properties of semiconducting SWNTs PEI irreversibly adsorbs onto the sidewalls of SWNTSs. Extensive

to molecular species, and has suggested the possibility of building . ~. f th | i PE| letely 1 th
ultra-sensitive nanosensors. Such sensitivity also hints at a new!/!NSING of thé sample cannot rémove compietely from the
method of tuning charge carriers in SWNTs by mere adsorption nanotubes. This is consistent with a recent finding of irreversible
of molecules with suitable functional groups. Rather than a polymleor wrapping around SWNTS for solubilizing nanotubes in
complete ionization of each donor or acceptor as in alkali or water:) Second, the adsorbed PEI is capable of and responsible

- . : . for n-doping of SWNTs. Furthermore, n-doping by PEI can
halogen doping, partial electron donating or accepting by adsorbed . ; .
molecular functional groups could be exploited to vary charge readily overcome p-doping effects op.Qeading to stable n-type

carriers in SWNTs. After all, from a theoretical point of view, a Z)pr;ll—a?neehda\t;i; {hig e?tierclzt;medgiggtli};lge git():iiligto?;jrgmg%r%ﬁgj:l it?\e
. . 3_ -
doping fraction (number of charges per carbon atomy b0 polymer and the fact that PEI contains one of the highest densities
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— — fas { ? | Figure 2. Normalized conductance without an applied gate voltage as
600 PEIl-coated SWNT is exposed to UV (maximum intensity at 254 nm)
r and when air is allowed back in. The corresponding/y plots of the
400 F - SWNT device as prepared (curve 1), UV-exposed under Ar (curve 2),
F -5V ] and reexposed to air (curve 3) are shown in the inset.
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E 0 : represents a novel qhemical doping approach to high-performance
@ = n-type molecular-wire FETs.
= 200 Em It is shown recently that exposure of SWNTSs to ultraviolet (UV)
e 1] light can lead to efficient molecular photodesorption from
-400 1 SWNTs!’” We find that photodesorption of Grom PEl-coated
600 i SWNTSs renders nanotube FETSs to higher n-doping levels. Figure
L , ] 2 shows that the conductance of a PEI coated nanotube n-FET
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increases upon UV illumination. This is due to an increase in

. _ electron density upon photoremoval of, @dsorbed on the
Bias (V) nanotube prior to PEI functionalization. The increased n-doping
Figure 1. Current versus voltage characteristic of SWNTs before (a) is also clearly observed in the evolution lofVy characteristics
and after (b) PEI functionalization. The lower right insets are the of the sample (inset of Figure 2). The doping fraction increases
corresponding current versus gate voltage plots measured at 10 mV biasfrom ~2 x 1073 (curve 1) to~6 x 1073 (curve 2) with an increase
The upper I_eft inset in part a is an AFM image %23 um) of the actual in electron mobility from~1 x 10°to ~4 x 10 cm?/V+s upon
SWNT device. photoremoval of @ When reexposed to£the conductance and
|-V, of the sample exhibit incomplete recovery, indicating
We have estimated the doping-fraction by PEI using the FET readsorption of @onto the PEl-coated SWNTs but to a lesser
characteristics of the n-type SWNTs. From tkig at which degree, presumably due to blocking effects of PEI. The nanotube
electron depletion occurs and the capacitance of the gate estimate@xhibits excellent n-FET characteristics that remain stable under
following ref 15 the doping fraction is calculated to bé& x ambient conditions.
1072 for the sample in Figure 1b. The doping fractions range from  we have demonstrated a new scheme for n-doping carbon
1 x 103to 6 x 1072 for 10 independent samples, significantly nanotubes by polymer functionalization. Unlike the classical alkali
high to shift the Fermi level into the conduction band of a SWNT. metal approach, doping by functional groups leads to air-stable
Noteworthy is that transmission electron microscopy studies reveal n-type SWNT FETs. Such devices are expected to facilitate the
roughly a monolayer of amorphous PEI coating on the SWNTSs development of miniature electronics based on nanotube molecular
after dip-coating and thorough rinsing with solvents. The thin wires. With the abundance of organic molecules and polymers
layer of PEI, albeit not uniform at the molecular scale, is and a wide range of electron-donating and -withdrawing functional

responsible for the observed drastic n-doping effect. groups attached to them, functionalized nanotubes could play an
Importantly, the PEI functionalized nanotubes exhibit excellent jmportant role in shaping nanoelectronics.

n-type FET characteristics. The conductance of the n-type SWNTs
is typically comparable to that of p-type SWNTSs (insets of Figure
la,b). Further, electron mobility in the n-FETSs is high. For the
sample shown in Figure 1b, the transconductandd\/g is 4 x

10°° A/V in the linearl—V, regime. Under a source-drain bias
voltage of 10 mV, we estimate the electron mobilityto be ~

6 x 10 cn?/V-sl!® The highest electron mobility measured in o D) Martel, R, Schmi

our samples is~8 x 10 cnm?/V-s, higher than that of heavily ys. Lell. y 48T : ! i

doped n-SP and p-type tube FE‘F%obtain_ed previ_ously. These Inc(.:lelzlesvf/e\'((ik,Mng)flcs of Semiconductor biees John Wiley & Sons
results strongly suggest that PEI functionalization of SWNTs  (17) Chen, R. J. et aBppl. Phys. Lett2001, 79, 2258.
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