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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 semiconductingsSGSd 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. ©2005 American Institute of Physics. fDOI: 10.1063/1.1872221g
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Carbon nanotubes have attracted much interest in r
years because of their unique electronic and mecha
properties.1–3 Electronically, they can be metallic, semico
ducting, or small-gap semiconductingsSGSd, depending o
the orientation of the graphene lattice with respect to the
of the tube. Their electromechanical properties are
interesting4 and could lead to their use as piezoresistor
mechanical sensors such as strain gauges, pressure s
and accelerometers. Theorists have modeled nanotubes
axial strain and torsion and have predicted chira
dependent band-gap changes up to,100 meV/% strain.5–9

In an early experiment, Tombleret al.10 used an atomic forc
microscopesAFMd tip to stretch a metallic nanotube s
pended across a trench. They found a two-orde
magnitude conductance decrease and explained it by
deformation of the tube at the tip-tube contact. Others
gested that for an SGS tube, axial strain could induce a b
gap increase.11 Cao et al.12 stretched tubes suspended
tween a micromachined cantilever and platform
observed conductance decreases in all three types. Miet
al.13 used a method similar to Tombler’s to measure
pended tubes, estimated their band gapssEgd and rates o
change with strainsdEg/d«d, and found them to agree wi
theory.

Here we present measurements of the electromecha
response of nanotubes adhering to surfaces. We mad
vices consisting of metal-contacted tubes on silicon ni
membranessFig. 1d similar to those used in micromachin
pressure sensors.14 The tubes adhere to the surface by
der Waals forces and are also held down by the electrod
they experience the same strain as the membrane whe
deformed.

First, we used low-pressure chemical vapor depositio
put 1.14mm of low-stress silicon nitride on 4 in. wafers
s100d silicon. We opened a pattern on the backside and
KOH to etch the silicon anisotropically through the wafe
define 1035mm2 nitride membranes. We then grew sing
walled nanotubes from patterned catalyst islands and e
rated Pd electrodes to contact them.15–18 The device gap
were 0.3–1.0mm. Finally, we evaporated 15–20 nm
Ti/Pd onto the back of the membrane to form a comm
gate electrode.
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Using finite element analysis, we calculated the s
distribution on the membrane from the measured side le
of 1035±5mm, a thickness of 1.15±0.05mm, and materia
properties typical of the silicon nitride produced by
deposition systemsresidual stress=90±10 MPa, Youn
modulus=255±25 GPa, Poisson’s ratio=0.263d. We varied
the pressure from 0 to 20 psi, which gave us the strain
bothx andy, which range up to 0.2% on the membrane.
uncertainties in the inputs result in ±8% uncertainty in
strain.

We confirmed with AFM that the devices were sin
tubes and measured their diameter and their angle wit
electrodes, which allowed us to calculate the net strain a
the tube from thex and y components of the strain at th
point. To avoid water vapor and oxygen effects, we ba
our devices in argon or nitrogen. We applied pressure t
membrane with a standard gas regulator and measu
with a separate diaphragm pressure gauge with resoluti
,1 psi.

We measured current versus gate voltagesIds−Vgd for
twelve single-tube devices on three different chips und
10 mV biassVdsd. We found eight SGS, four semiconducti
and no truly metallic tubes with no gate dependence.
on-state resistances were 7–25 kV, close to the quantum r
sistance of 6.5 kV, due to the high transparency of the
contacts.17,18 While varying the pressure from 0 to 15 ps
1 and 5 psi increments, we measuredIds−Vg fFigs.
2sad–2scdg and current versus timesIds− td sFig. 3d. Figure
2sad showsIds−Vg curves for one device. The dip is typic

l:

FIG. 1. sad Schematic of a nanotube device on a membrane. The b
layer is the gate electrode.sbd Optical microscope image of a membra
s,1 mm on a sided with electrodes.scd Zoomed-in image of devicess14 mm
apartd near the edge of the membrane.sdd SEM image of a nanotube cro

ing the gaps,800 nmd between two electrodes.
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of an SGS tube,19,20 and the conductance decreased with
creasing pressure. The second 0 psi curve, taken afte
pressure changes, overlaps the first one, ruling out signi
drift or hysteresis. Figure 2sbd shows curves for another SG
device with increasing conductance, and Fig. 2scd shows
them for a semiconducting tube, characterized by a th
order-of-magnitude change from the on to the off state,21 also
with increasing conductance. Figure 3 showsIds− t for the
same device as Fig. 2sbd with the pressure alternately i
creased in 1 psi increments and returned to zero. We est
the sensitivity of the device as a pressure sensor as
Four of the SGS tubes showed conductance increase
four showed decreases. Three of the semiconducting
showed increases and one showed a decrease.

We attribute these changes to changes in the band g
the nanotube rather than to changes in the contacts be
the off current is much more sensitive than the on cur
We can estimateEg anddEg/d« for our tubes by calculatin
Rmax from the minima of theIds−Vg curves, plotting it versu

FIG. 2. sad–scd Ids-Vg curves for nanotube devices on the membrane at
10, 15, and 0 psisVds=10 mVd. The arrows show which way the curv
moved as the pressure increased.sdd–sfd Rmax values of theIds-Vg curves vs
simulated strain and a fit to an exponential.

FIG. 3. Ids-t curves from 0 to 15 psi for the SGS device in Fig. 2sbd sVds

=10 mV, gate groundedd. The pressure was alternated between zero a

positive pressure increasing in 1 psi increments.
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simulated strain, and fitting to it a curve of the fo
Rmaxs«d=R0+R1 expsb«d fFigs. 2sdd–2sfdg. In the off state
assuming the absence of tunneling through the Schottky
riers at the contactsssince the barrier width is large due
the thick gate dielectricd, the resistance is13

Rmax= RS+
1

utu2
h

8e2S1 + expSEg

kT
DD , s1d

where RS is a series resistance andutu2 is the transmissio
through the tube. The fitting parameters correspond to

R0 = RS+
h

utu28e2, R1 =
h

utu28e2 expSEg
0

kT
D, andb =

1

kT

dEg

d«
.

s2d

RS is negligible because the Pd contacts are transparen
utu2=6.5 kV /Ron. From the fit parameters and Eqs.s2d, we
calculate values forEg anddEg/d« for the ten of our device
for which there was enough datasTable Id.

For semiconducting and metallic tubes,Eg and its strain
dependence are predicted by1,8

Eg =
2ga
Î3d

+ sgns2p + 1d3gfs1 + nd« cos 3a + j sin 3ag, s3d

whereg is the tight-binding overlap integrals,2.6 eVd,22 a
is the graphene lattice unit vector lengths,2.49 Åd, andd is
the tube diameter. In the second term,p is defined by th
nanotube indicesn−m=3q+p, n is Poisson’s ratios,0.20d,
a is the chiral angle,« is the axial strain, andj is the torsion
Intrinsic SGS tubes are those for whichn−m=3q, and thei
band gap arises from the curvature of the graphene
alone. The band gap and its strain sensitivity are given9

Eg = USga2

4d2 −
abÎ3

2
«Dcos 3a −

abÎ3

2
j sin 3aU , s4d

where b is the rate of change of the transfer integral w
change in the bond lengths,3.5 eV/Åd.

Equationss3d ands4d relate the unstrained band gaps
tubes to their diameter. We plot our devices in Fig. 4.
semiconducting band gaps are close to the theory, bu
SGS band gaps are larger than expecteds,20 meVd and
show no correlation to diameter.

Mechanisms other than strain and torsion affect the
gaps of tubes. Transverse collapse of tubes can induce a

23

TABLE I. Summary of band-gap information, AFM-measured tube d
eter, and gauge factor for ten devices.

Device Type
Eg

smeVd
dEg/d«

smeV/%d
d

snmd
Gauge
factor

8.1a-CT SGS 19.7±0.3 −13.9±3.3 1.8±0.8 −3
8.1a-CR SGS 44.4±0.1 −68.7±1.0 5.6±0.8 −12
8.1b-CL SGS 24.8±0.3 91.5±2.9 2.5±0.8 31
8.1b-B4 SGS 40.5±0.6 180.9±6.9 3.4±0.8 85
8.1b-L3 Semi. 186.0±0.1 −132.2±0.5 4.4±0.8 −37
8.1b-R2 Semi. 173.0±0.6 −106.7±9.4 3.7±0.8 −31
8.1b-R3 SGS 61.9±0.5 49.5±6.2 3.1±0.8 20
16-T1 SGS 28.2±0.4 −30.0±5.4 2.6±0.8 −8
16-B4 SGS 42.9±0.1 12.1±1.2 3.0±0.8 4
16-L2 SGS 64.1±1.1 −102.5±15.8 2.3±0.8 −30
gap of up to 0.1 eV in metallic or SGS tubes.The van der
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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Waals interaction between a tube and a smooth surfac
partially collapse it.24 In addition, if tubes form covalen
bonds with silicon nitride, as they have recently been
dicted to do with some metals,25 this could change the ba
gap directly by changing the electronic structure or indire
by deforming the tube. The roughness of the silicon nit
s1 nm rmsd likely induces local strains, torsions, and c
lapses along the tube even when the membrane is unstr
Our “SGS” tubes are likely metallic or intrinsic SGS tub
scurvature-induced band gapd with band gaps increased
these effects, which may also explain why none of the t
behaved as metallic. In multiwalled tubes, interaction
tween shells can open a band gap of,50 meV in a metallic
tube or even more in an SGS tube.26 In bundles, interactio
between tubes can induce a band gap in metallic tub27

Some of the larger-diameter tubes may actually be m
walled or bundles.

According to Eqs. s3d and s4d, small axial strain
s,0.2%d can induce band-gap increases or decreas
semiconducting tubes, but only decreases in intrinsic
tubes, and no change in metallic tubes. We found incre
and decreases for semiconducting and “SGS” tubes. In
tion, some of the measureddEg/d« values exceed the pr
dicted maxima of ±94 meV/% for semiconducting a
−75 meV/% for SGS, and this cannot be accounted fo
the uncertainty in the strain. Surface interactions prob
translate increased strain in the membrane into a com
tion of axial strain, torsion, and collapse in the tube, wh
change band gaps differently than axial strain alone wo
For example, metallic or SGS tubes have band-gap incr
under torsion or collapse, which could explain the obse
band-gap increases in the “SGS” tubes. In addition, ad
torsion and collapse to axial strain could account for
anomalously large responses of some of the tubes.

In conclusion, we have measured the electromecha
response of carbon nanotubes on silicon nitride membr
Semiconducting and “SGS” tubes both showed both
creases and decreases in conductance, probably becau
rough substrate caused some of the tubes to experienc
sion and collapse in addition to axial strain. The deforma
also appeared to increase the unstrained band gaps
“SGS” tubes, some of which may have been intrinsic
metallic. In addition, some tubes showed anomalously l
responses, probably also caused by interaction with the
face. Clearly, interaction with a rough substrate strongly

FIG. 4. Eg at 0 and 0.1% strain vs tube diameter for ten devices along
theory curves.
fects both the band gaps and the electromechanical respons
Downloaded 24 Feb 2005 to 171.64.120.244. Redistribution subject to AIP
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of the tubes. This may be an area for additional theore
exploration.

In order to compare nanotubes with silicon piezore
tors, we have calculated the gauge factorbGF=sDR/Rd /«

from theIds−Vg curvessTable Id. In the off state, where the
are most sensitive, the semiconducting and “SGS” t
have gauge factors of up to 400 and 850, respectively.
maximum achievable in silicon is 200.28 In addition, nano
tubes have a much lower thermal coefficient of resist
due to the reduced phase space for phonon scattering
one-dimensional system.29 In ballistic devices, the temper
ture dependence can even disappear.18 Nanotubes could als
be utilized on a variety of substrates, including flexible p
tics.
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