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Piezoresistance of carbon nanotubes on deformable thin-film membranes
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Carbon nanotubes have interesting electromechanical properties that may enable a new class of
nanoscale mechanical sensors. We fabricated two-terminal nanotube devices on silicon nitride
membranes, measured their electronic transport versus strain, and estimated their band gaps and the
strain-induced changes in them. We found band-gap increases and decreases among both
semiconducting and small-gap semiconducti®§59 tubes. The SGS band gaps exceeded the
predicted curvature-induced gaps for their diameter. Some of the band-gap changes for both types
of tubes exceeded the predicted maxima. These anomalies are likely caused by interaction with the
rough silicon nitride surface. @005 American Institute of PhysidDOI: 10.1063/1.1872221

Carbon nanotubes have attracted much interest in recent Using finite element analysis, we calculated the strain
years because of their unique electronic and mechanicalistribution on the membrane from the measured side length
propertiesl.‘3 Electronically, they can be metallic, semicon- of 1035+5um, a thickness of 1.15+0.0&m, and material
ducting, or small-gap semiconductit§GS, depending on properties typical of the silicon nitride produced by our
the orientation of the graphene lattice with respect to the axigeposition system(residual stress=90+10 MPa, Young's
of the tube. Their electromechanical properties are alsgnodulus=255+25 GPa, Poisson’s ratio=0.268/e varied
interestind and could lead to their use as piezoresistors irfhe pressure from 0 to 20 psi, which gave us the strains in
mechanical sensors such as strain gauges, pressure sensbgshx andy, which range up to 0.2% on the membrane. The
and accelerometers. Theorists have modeled nanotubes undgicertainties in the inputs result in £8% uncertainty in the
axial strain and torsion and have predicted chirality-Strain.

dependent band-gap changes up~tb00 meV/% strair. We confirmed with AFM that the devices were single
In an early experiment, Tomblet al*° used an atomic force tubes and measured their diameter and their angle with the

microscope(AFM) tip to stretch a metallic nanotube sus- electrodes, which allowed us to calculate the net strain along

pended across a trench. They found a two-order-ofthe tube from thex andy components of the strain at that

magnitude conductance decrease and explained it by locQPNt: To avoid water vapor and oxygen effects, we bathed

deformation of the tube at the tip-tube contact. Others sug®4 devices in argon or nitrogen. We applied pressure to the

gested that for an SGS tube, axial strain could induce aban@jembrane with a standard gas regulator and measured it

gap increasé! Cao et al? stretched tubes suspended be_vllihpe;iseparate diaphragm pressure gauge with resolution of

n micromachin ntilever an latform an
tween  a cromachined cantilever and platfo and We measured current versus gate voltabg-V,) for

observed conductance decreases in all three types. Mot twelve single-tube devices on three different chips under a
al.®® used a method similar to Tombler’s to measure sus: 9 P

pended tubes, estimated their band géfg and rates of 10 mV bias(V4e). We found eight SGS, four semiconducting,

. ; . and no truly metallic tubes with no gate dependence. The
f::;rg/e with straifdE,/de), and found them to agree with on-state resistances were 7-28,lclose to the quantum re-

sistance of 6.5, due to the high transparency of the Pd

Here we present measurements of the eIeCtromeChaniC%ntact§7'18While varying the pressure from 0 to 15 psi in

response of nanotubes adhering to surfaces. We made dg- 54 5 psi increments, we measurdg—V, [Figs
’ g .

vices consisting of metal-contacted tubes on silicon nitridez(a)_z(c)] and current versus timég—1t) (Fig. 3. Figure

membranegFig. 1) similar to those used in micromachined 2(a) showsly—V, curves for one device. The dip is typical
pressure sensot$.The tubes adhere to the surface by van g

der Waals forces and are also held down by the electrodes, so
they experience the same strain as the membrane when it is
deformed.

First, we used low-pressure chemical vapor deposition to
put 1.14um of low-stress silicon nitride on 4 in. wafers of
(100) silicon. We opened a pattern on the backside and used
KOH to etch the silicon anisotropically through the wafer to
define 1035um? nitride membranes. We then grew single-
walled nanotubes from patterned catalg/st islands and evapo-
rated Pd electrodes to contact th&Wm-° The device gaps
were 0.3-1.Qum. Finally, we evaporated 15-20 nm of

Ti/Pd onto the back of the membrane to form a common

gate electrode. FIG. 1. (a) Schematic of a nanotube device on a membrane. The bottom

layer is the gate electrodéb) Optical microscope image of a membrane

(~21 mm on a sidewith electrodes(c) Zoomed-in image of devicgd&4 um

dauthor to whom correspondence should be addressed; electronic maiapar} near the edge of the membrarid) SEM image of a nanotube cross-
hdail@stanford.edu ing the gap(~800 nnm) between two electrodes.

(a)
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TABLE |. Summary of band-gap information, AFM-measured tube diam-

eter, and gauge factor for ten devices.

Eq dE,/de d Gauge

Device Type (meV) (meV/%) (nm) factor
8.1a-CT SGS 19.7+0.3 -13.9+£3.3 1.8£0.8 -35
= 8.1a-CR SGS 44.4+0.1 -68.7£1.0 5.6+0.8 -121
-10 VO(V) 10 0.0 0~gtrain1-0X10 8.1b-CL  SGS 24.8+0.3 91.5+2.9  2.5%0.8 315
9 8.1b-B4 SGS 40.5+0.6 180.9+£6.9 3.4+0.8 856
8.1b-L3 Semi. 186.0£0.1 -132.2+£0.5 4.4+0.8 -376
8.1b-R2 Semi. 173.0+£0.6 -106.7+9.4 3.7£0.8 =317
8.1b-R3 SGS 61.9+0.5 49.5+6.2 3.1+0.8 206
16-T1 SGS 28.2+0.4 -30.0£5.4 2.6+0.8 -81
16-B4 SGS 42.9+0.1 12.1+£1.2 3.0+0.8 40
™ 16-L2 SGS 64.1+1.1 -102.5+£15.8 2.3+0.8 -300

simulated strain, and fitting to it a curve of the form
Rmade) =Ry+Ry exp(Be) [Figs. 2d)—-2(f)]. In the off state,
assuming the absence of tunneling through the Schottky bar-
riers at the contactésince the barrier width is large due to

the thick gate dielectric the resistance 18

1)

1
Rmax=Rs+ _21<1 + 9X45g>),
|t|? 8e? KT

whereRg is a series resistance afitf is the transmission

FIG. 2. (8)(c) l45V, curves for nanotube devices on the membrane at 0, 5 "
10, 15, and 0 psiV,.=10 mV). The arrows show which way the curves through the tube. The fitting parameters correspond to

moved as the pressure increas@llf) Ry« values of the 4V, curves vs h h Eg) 05 1 dE
, an =—

simulated strain and a fit to an exponential. =R+ ——, R =——ex .
Ro=Rs t28e?” T |86 \KT kT de
of an SGS tubé?’zo and the conductance decreased with in-

(2
creasing pressure. The second .0 PSI Curve, taken.aft_e_r t 5 is negligible because the Pd contacts are transparent, and
pressure changes, overlaps the first one, ruling out S|gn|f|car|1t

2=6.5k)/R,, From the fit parameters and Eq®)
. oo =6. o p , we
dnft.or hy.ster.e3|s. Flgure(E) shows curves for another SGS calculate values foE, anddE,/de for the ten of our devices
device with increasing conductance, and Figc) 2shows ; 9

: . . for which there was enough daf@able ).
them for a semiconducting tube, characterized by a three- For semiconducting and metallic tubds. and its strain
order-of-magnitude change from the on to the off staso 9 1 %

dependence are predicted by

with increasing conductance. Figure 3 sholys-t for the
same device as Fig.(l) with the pressure alternately in- 2va )
creased in 1 psi increments and returned to zero. We estimake = ad +sgr(2p+ 1)39[(1 + v)e cos v + £ sin 3a],
the sensitivity of the device as a pressure sensor as 1 psi. v
Four of the SGS tubes showed conductance increases amtherey is the tight-binding overlap integréh2.6 eV),* a
four showed decreases. Three of the semiconducting tubgsthe graphene lattice unit vector lendth2.49 A), andd is
showed increases and one showed a decrease. the tube diameter. In the second termijs defined by the

We attribute these changes to changes in the band gap ffnotube indices—m=3q+p, v is Poisson’s ratid~0.20),
the nanotube rather than to changes in the contacts becauggs the chiral angles is the axial strain, and is the torsion.
the off current is much more sensitive than the on currentintrinsic SGS tubes are those for whinkm=23q, and their
We can estimaté&, anddEy/de for our tubes by calculating pand gap arises from the curvature of the graphene sheet

5 10 00 04  1.2x10°
Strain

Vo)

3

Rmax from the minima of the 4=V curves, plotting it versus  ajone. The band gap and its strain sensitivity are giveh by
2 J,_ r’_
va- aby3 aby3 .
490 “M Eq= ‘(4—(12— > S)COS ?a—Tgsm?a , (4)
480 i M ) , ,
N 11 whereb is the rate of change of the transfer integral with

change in the bond lengi+-3.5 eV/A).

Equations(3) and(4) relate the unstrained band gaps of
tubes to their diameter. We plot our devices in Fig. 4. The
semiconducting band gaps are close to the theory, but the
SGS band gaps are larger than expedte@0 meV) and

ENY L
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FIG. 3. Iyt curves from 0 to 15 psi for the SGS device in Figh)2(Vys

Time (s)

show no correlation to diameter.
Mechanisms other than strain and torsion affect the band

=10 mV, gate groundédThe pressure was alternated between zero and &J@ps of tubes. Transverse collapse of tubes can induce a band

positive pressure increasing in 1 psi increments.
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200 — A of the tubes. This may be an area for additional theoretical
180 . exploration.
160 ° In order to compare nanotubes with silicon piezoresis-
la0 ¢ T tors, we have calculated the gauge facByr=(AR/R)/e
120 ¢ if;f::i :?r.(ildﬁ)cug from thely—Vy curves(Table )). In the off state, where they
E 100 } — Theory SGS are most sensitive, the semiconducting and “SGS” tubes
o 80t have gauge factors of up to 400 and 850, respectively. The
60 : 8 maximum achievable in silicon is 268.In addition, nano-
40 0 . tubes have a much lower thermal coefficient of resistivity
20 + due to the reduced phase space for phonon scattering in a
0 . : i one-dimensional syste?ﬁ.ln ballistic devices, the tempera-
0.0 2.0 4.0 6.0 8.0 ture dependence can even disapp&atanotubes could also

d (nm) be utilized on a variety of substrates, including flexible plas-

tics
FIG. 4. Eg at 0 and 0.1% strain vs tube diameter for ten devices along with
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