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The high-bias electrical transport properties of suspended metallic single-walled carbon nanotubes (SWNTSs)
are investigated at various temperatures in vacuum, in various gases, and when coated with molecular solids.
It is revealed that nonequilibrium optical phonon effects in suspended nanotubes decrease as the ambient
temperature increases. Gas molecules surrounding suspended SWNTSs assist the relaxation of hot phonons
and afford enhanced current flow along nanotubes. Molecular solids of carbon dioxide frozen onto suspended
SWNTs quench the nonequilibrium phonon effect. The discovery of strong environmental effects on high
current transport in nanotubes is important to high performance nanoelectronics applications of 1D nanowires
in general.

The effect of environment on the electrical transport properties to desorb gases from the contacts and minimize systematic
of small structures is an interesting topic with implications to a variations in sample treatment and history.
wide range of applications, from high performance nanoscale We measured large numbers of individual suspended SWNTs
electronic devices and interconnects to nanosensors. Thus farin vacuum at variousT, (defined as the metal electrode
it has been largely unexplored how extrinsic factors affect high- temperature (Figure 1c)) between 250 K and 400 K and always
field electron transport in 1D nanostructures, and how to exploit observed their hallmark negative differential conductance (NDC)
them to tune and manipulate the high-current carrying abilities behavior at high biases (Figure Za)nterestingly, thel—V
of 1D materials. As an extreme example, it has been shown curves taken at differenf, tend to converge in the high bias
recently that freely suspended SWNirsvacuum(in an isolated regime, and NDC appears less pronounced at highéfigure
environment) display negative differential conductance (NDC) 2a). To understand tHe-V data, we adopt and extend a recently
and drastically reduced current levels compared to nanotubesintroduced electrothermal model for suspended SWhBigefly,
lying on solid substrateX? caused by substantial self-heating the resistance of a SWNT under self-heating can be written as
and scattering by nonequilibrium optical phonons (OPs) in the
suspended isolated SWNT#lere, we present the first system- _ h L+ 44(V.T)
atic investigati i i RVT=R+"> @

gation of how various environmental factors affect 4q2 AV, T)

high-field electron transport, phonon scattering, and phonon
relaxation in SWNTSs. These factors include ambient tempera- whereR; is the contact resistance angk = (1/Aac + 1A op,ems
ture, gas molecule pressure and type surrounding nanotubess 1/4,, )2 is the bias and temperature-dependent electron

and molecularsolid condensates. mean free path (MFP), including scattering with AC phonons,
Suspendedl(~ 1-3 um long,d ~ 1.8-3.8 nm diameter) and OP emission and absorptibithe current is computed as
metallic SWNTs were obtained by CVD growth across pre- | = V/R The lattice temperature distribution along the SWNT

formed trenches and Pt electrodes (Figure 1) as describedis obtained by solving the heat conduction equation Witk

previously*5 The devices were characterized by scanning To boundary conditions at both ends of the tube

electron microscopy (SEM) to obtain nanotube length informa-

tion. Electrical measurements were carried out in a variable- AV(kgpVT) +p —g(T—Ty) =0 2)

temperature environmental probe station in vacuund((®

Torr) or various gases between temperatilies 250-400 K, ~ Wherex is the SWNT thermal conductivity' = I(R-Ro)/L

or atTo ~ 50 K with condensed COIt is important to note IS the Joule heating per unit length, = zdb is the cross-
that, prior to measurement, each sample was first baked at 4005ectional areal(~ 0.34 nm: tube wall thickness), agds the

Kin h|gh vacuum 610*6 Torr)’ then left in vacuum Overnight net heat loss by radiation and heat conduction per unit Iength
With «n vs T as fitting parameters, we solve egqs 1 and 2

: o - iteratively until the temperature profile at each point along the
* Corresponding author. E-mail: hdai@stanford.edu. o . .
* Department of Chemistry and Laboratory for Advanced Materials. ~ SVWNT converges within 0.1 K, while obtaining the best current
* Department of Mechanical Engineering and Thermal Sciences. fit with experimental data, at every bias. This temperature profile
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Figure 1. Suspended nanotube devices. (a) SEM image of a device
showing a trench and source (S) and drain (D) electrode structures. (b)Figure 2. Electrical transport characteristics of a suspended nanotube
Close-up SEM (1kV acceleration voltage) of a SWNT suspended over in vacuum at various ambient temperatures.|{a&) characteristics of
the trench. (c) Schematic drawing of the device. Metallic and quasi- a SWNT withL ~ 2.6um, d ~ 1.7 nm, andR; ~ 8 kQ at four ambient
metallic nanotubes under a high negative gate voltage (in fully “on” To: experimental data (symbols) and model calculations (lines) based
state) are used for all measurements in this work. on SWNT thermal conductivity(T) ~ 3400(3007) Wm~1K . Data
fitting at high bias ¢& 0.3 V) allows the extraction of the OP
corresponds to AC phonond ), which are the main heat nonequilibrium coefficient. at eachTo. (b) Extracted OP nonequilib-
carriers in the temperature range considéréde capture the rium coefficiento. (symbols) from (a) and trend lines as a function of

nonequilibrium OP effects in suspended SWNTs with an contact/ambient temperatufg. Decreasingx indicates reduced non-
effective OP temperatute equilibrium OP effects at higher ambient temperatures.

_ _ We give a theoretical account for the nonequilibrium phonon
Top= Tact &Tac— To) 3) coefficienta as follows. The average AC temperature can be
written asT,. = To + P%4, and the average OP temperature as
Top = Tac + PAop, Where ¢, and %y, are thethermal
resistances for OP decay into AC phonons and for AC heat
conduction along the tube, respectively. The Joule pdwvisr
dissipated first to the OP modes which then decay into AC
modes, a sensible assumption for suspended SWNTs under high
bias, when transport is limited by high-enerdywe, ~ 0.18
eV) OP scattering. Consequently the OP nonequilibrium
coefficienta can be written as

where the nonequilibrium phonon coefficient > 0. The
physical picture is that OP phonons emitted by hot electrons
relax by decay into AC mode3{, to T, that are subsequently
carried out of the tube through the contadg {o To). OP decay
by direct propagation out of the tube is not appreciable due to
their low group velocity as compared to AC modes. With
anda as fitting parameters, eqs—38 are used to calculafB,c
and Ty, along the tube, the respective AC and OP scattering
MFPs, and consequently theV characteristics of the nanotube
to fit the experimental data. 7 . /C .
In vacuum wheregy ~ 0, Joule heating in the tube dissipates a=_0P _opTop 12A)(opth (4)
along its length to the contacts, resulting in a parabolic R LI(12Aky,) L\ Cop
temperature profile along the SWNT. For the(T) ~ 1/T
dependence (consistent with umklapp phonon scattering at highThe OP lifetimez,, ~ 1/T scales approximately as the phonon
temperatures)® our model enables good reproduction of the occupatiofiand is consistent with previous observations of OP
experimentall—V curves in the high-bias region (Figure 2a) Raman line widthg] T.8° The thermal conductivityy, ~ T at
and numerical extraction af (Figure 2b). The nonequilibrium  low T (in 1D) and 17 at highT,»8 and the OP heat capacity
coefficient is found to behave as~ 2.3(300Mp)™ with m ~ Cop ~ T at low T and approaches a constant at highThese
1.5 (Figure 2b), suggesting reduced nonequilibrium OPs when lead to an expected temperature dependence-ofL/T at low
the suspended SWNT is at a higher ambi&st T and 172 at highT (see trend lines in Figure 2b). Our extracted
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o~ 1/Tet>falls within the theoretically expected trends (Figure 9
2b). These results represent the first observation of ambient 8l ¢‘+"3AAA& (a)
temperature stimulated reduction of nonequilibrium OPs and
its effects on high-bias transport in SWNTs. The reduced U
nonequilibrium effect at high€r, is owed to stimulated OP to 6
AC decay at higher temperatures and the~ 1/T AC thermal &" st
conductivity (eq 4). =,
. . - ~ 4t o Vac

Next, we investigate the effects of molecules on nonequilib- — . 1/3amN
rium phonons in suspended metallic SWNTs (at 300 K). We 3r 2/3 atm NZ
have consistently observed increased high-bias currents of ol * 1 atm N 2
suspended SWNTs in various gases and pressures when ’ 4 Model 2
compared to in a vacuum (Figure 3a, 3b). We have considered
gas molecules’ effect on conduction heat loss (or heat sinking)

(g factor in eq 2) and nonequilibrium OPsg)(in suspended 0 02 04 06 08 1 12 14
SWNTs. An upper limit ofg ~ (nv/4)(3ks/2)(zd) = 0.428 V (V)

MWK ~Im~1is estimatet for a nanotube in 1 atm of Nwhere

nis the molecular density ands the average molecular velocity
(dependent on gas type via molecular mass). This is much
smaller tharg ~ 100 mWK™m~1 estimated for tubes lying on
solid SiQ; substrate§, indicating little heat sinking by the
gaseous molecules around the nanotube. The combined SWNT
heat loss to the gas ambient and to radiation is estimated to be
< 2% of the power dissipation at all relevant temperatures. By
including the N g factor in eq 2 and using the coefficient in
vacuum, our modeling fails to reproduce the high-bias current
enhancement by Nseen experimentally. On the other hand,
when allowing the variation ak from its value in vacuum, our
calculations successfully reproduce the/ curves of suspended
SWNTs in various N pressures (Figure 3a). A systematic . L . L .
decrease im is found as the gas pressure increases, indicating 0 02 04 06 08 1 12 14
reduced nonequilibrium OPs. This is an interesting result that V (V)

reveals gas molecules stimulating the relaxation of OPs (reduced

a) in suspended SWNTs and thus enhancing the high-bias 1.4
current carrying capability of nanotubes. We note thatiohe CH,
bias resistance of the suspended tubesas affected by the 1.2 (C) H 2 .
presence of gases studied here (Figure 3a,3b), indicating CHaq
negligible gas chemical gating effétto the nanotubes. The 1 co

hot phonon relaxation effect of molecules on individually =< o8l Nz . z
suspended SWNTs also differs from the recently reported 3 ) 0, ¢
molecular indentation effect on SWNT bund#és. = 06l Ar

By varying the type of gas molecules surrounding suspended <
SWNTSs (at 300 K, in 1 atm pressure), we find that polyatomic 0.4r
gases are more effective than monatomic gases in relaxing hot
OPs in suspended SWNTs, and the degree of relaxation 0.2
(reduction ina) increases with the number of atoms in the gas 0 Vacuum _ , _ _
molecule. (Figure 3b, 3c). Additionally, although He has & 10 0 1 2 3 4 5 6
higher thermal conductivity than Ar, He and Ar afford com- # of Atoms
para,ble Currept enlhancement., again suggesting that heat Conduqfigure 3. Electrical transport characteristics of suspended nanotubes in
tion is not primarily responsible for the observed gas effect. yacuum and various gases. (a) Experimental data (symbols) and model
Based on these results, we propose that the mechanism of ORalculations (lines) of a nanotube devite+ 2.1xm, d ~ 2.4 nm andR.
relaxation by molecules is the coupling of phonon modes in ~ 4 kQ) in several N pressures. The gas pressure-dependent data can be
the nanotube with various degrees of motion of the molecules réProduced by model (eq—B) calculations by varying. approximately
ir?clud.ing the vibrational ques. Notably, coupling between the Tgagl/):r\r/]v 'tg Ergsg L:]rr% gfméfef 1253‘31)0:nl;,?’éé(falmc’u;\\;i?;?ddgﬂieéf
vibrational modes of physisorbed molecules and surface OPS; aim pressure, respectively. The symbols are experimental data and the
of solids have been previously documenttéd’3For nanotubes,  lines are model calculations revealing reduced nonequilibrium OP phonons
infrared spectroscopy has clearly revealed vibrational frequencyfrom o ~ 2.4 in vacuum tooar ~ 1.8, anz ~ 1.5, andocarsa ~ 1.1. No
shift of CO, molecules when physisorbed on SWNT surfaces hysteresis in the high bias NDC region of ﬂhev'curv_es is ob;erved upon
due to moleculenanotube interactiolt Our current work back and forth voltage scans. sz_ill hysteresis exists at tl_rngs beyond the

. current peak of thé—V curves in various gases but can be eliminated when
suggests that the physisorbed gas molecules on SWNTSs are alsg,e sample is baked (400 K) and pumped on-fldorr) prior to

capable of affecting and relaxing energetic OP modes in measurement. (c) High-bias (1.5 V) current enhancem&btly various
nanotubes. gas ambient at 1 atm pressure relative to vacuum the number of atoms in

For the unreactive gases used. molee®&VNT interaction the molecules investigated. The molecule-induced current enhancement
g ’ increases with the number of atoms in the molecule and is uncorrelated

is expected .to be van der Waalls (binding energié@—loo with the thermal conductivities of the gases, which follow: HeCH,; >
meV),* leading to short absorption resonance times on nano- 0; > N > Ar > C;Hy > CO,.

. e o (b)
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20 SWNTSs and their effects on SWNT high-bias electrical transport
- ? o properties. High ambient temperature reduces nonequilibrium
el E | tical ph by stimulated d ic ph H
OOOOCDOO: optical phonons by stimulated decay to acoustic phonons. Hot
15} l phonons in nanotubes can be coupled with and relaxed by
¢ surrounding molecular gases and solids. To our knowledge, this
— is the first time that phonon coupling with adsorbed molecules
< 1ol OOO ] on surfaces is found to affect high-field electrical transport
= O properties in any bulk or nanoscale solid. For 1D nanowires or
- q>9+++ " 0D dots with ultrahigh surface areas relative to volume, adsorbed
® ++++ + surface species can profoundly affect how current flows in these
5p © Ty - - . .
iy structures, which should be understood, avoided, or exploited.
O wm ] by
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