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Computational design of carbon nanotube electromechanical pressure sensors
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We investigate electronic transport properties of single-walled carbon nandi®WésT’s) under hydro-
static pressure, using first-principles quantum transport calculations aided by molecular-dynamics simulation
and continuum mechanics analysis. We demonstrate a pressure-induced metal-to-semiconductor transition in
armchair SWNT'’s, which provides a basis for designing nanoscale tunable pressure sensors.
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Recent advances in computational algorithms and super- In order to carry out self-consistent DFT analysis of the
computers have brought us into a new era of computationalanotube systems under the nonequilibrium transport condi-
modeling and simulation. Computation has emerged as 3fon, we calculate the electron charge density majrixia
additional method for scientific research in parallel to experi,o NEGF(Refs. 8,9 G<
ment and theory, not only used for elucidating experiments ' '
but also as an effective method for designing new materials

R i
and devices prior to their existence. One example is the com- p=- 2—f dEG=(E), (D)
putational design of the suqezr-hard material of boron nitride m
demonstrated by Cohest al™ where G< is obtained by using the Keldysh equatid®;

So far, computational design has mostly focused on pre= gRy <GA. Here GRA is the retarded/advanced Green's

dicting new materials, using first-principles total-energy cal-f;nction of the device that we calculate by direct matrix in-
culations. Here, we demonstrate an example of another "eRiersion; 3= is the self-energy representing injection of

ertoire of computational design to predict device SUUCIUreSyp, 5 g6 from the electrodsi® which is obtained from self-
using first-principles quantum transpd@T) calculations.

. L R . . -
The correlation between mechanical and electrical propg—:-nerg|esE and %" arising from coupling o the left and

erties of carbon nanotubes has led to the exploration Olijght nanotube electrodes, respectively, and the Fermi distri-

nanotube-based electromechanical devices. For exampIBl,Jtion functions of'these glectrgdéWith the dens.ity matrix
computations have shown that radial deformation can induc® Carry out DFT interactions in the usual fashion until nu-
electrical transitions in single-walled carbon nanotubegdnerical convergence up to 1Bev. The bias potential en-
(SWNT's).3~® However, in these earlier studies, the radia|ters.the_ se_lf—conS|stent reql—space soIonn of the Hartree po-
deformation is caused by artificially squashing the tube, éegtlal, its important effect is naturally mc_Iuded_m theli\_lEGF
process that is difficult to quantify and control for designing G~ (E). We use &, p, d real-space atomic basis Set*%in
devices. Here, we investigate the mechanical and electrici® DFT analysis, where atomic cores are treated by the stan-
properties of SWNT’s under hydrostatic pressure, using firstd@rd nonlocal norm conserving pseudopotential sch’éme.
principles QT calculations aided by molecular dynamic After DFT self-consistency is reached, the/ curve is
(MD) simulations and continuum mechanics analysis. WePbtained a%
demonstrate that hydrostatic pressure can induce radial de- 26 (u
formation and hence electrical transition of SWNT, through a 1= ""dE(f,— f,)T(E,Vy), )
physical process that can be readily quantified and con- Mmin
trolled. It provides a unique and promising basis for creatin
nanoscale tunable pressure sensors.

The transport properties of armchair SWNT’s under di

g1/\/here,umm (mmay is the smaller(largep of the chemical
f_potentials of the left and right reservoir$(E,V,) is the

ferent pressures, including the current-voltafie/j curves, ganff {lesmn coefficient at energly and bias potential

. y b
are calculated using a newly developed formalignat com-
bines the Keld_ysh nonequilibriqm Green’s functioéEGH) _ T(E,Vy) =4 T{IM(SR)GRIM(SA)GA]. 3)
(Refs. 8—10 with pseudopotential-based real-space density-
functional theory(DFT).”** The main advantages of this Itis emphasized that the functions inside the trace in(8Q.
NEGF-DFT approach aréi) a proper treatment of theper  are all functions of bias potentidd,, as the current is cal-
boundary conditions for the device system as required forculated from a self-consistent analysis.
quantum transport under external bias potenti@ilsan ato- MD simulations were first performed to obtain the equi-
mistic treatment of the electrodes; afiil) a self-consistent librium structures(shapey of nanotubes under hydrostatic
calculation of the charge density via NEGF thereby incorpopressure, which are used as input atomic structures for QT
rating the effects of both thecatteringand bound states  calculations. The pressure induces a series of mechanical
present in the system. shape transitions, as shown in Fig. 1 fof1®,10 armchair
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FIG. 2. The dependence of transition pressures on tube radius.
The data point§squares, circles, and trianglese results from MD
FIG. 1. MD simulated equilibrium shapéeross sectionsof a  simulations and lines are results from continuum mechanics calcu-
(10,10 SWNT at pressures ofg) 0, (b) 1.55,(c) 1.75, and(d)  |ation and variational geometry analys®, (squares shape tran-
2.2 GPa. sition from circle to ellipseP, (circles: shape transition from el-

_ ) ) lipse to dumbbellP; (triangles: electrical transition from metal to
SWNT. It first transforms the tube from a circle to an ellipse semiconductor.

at a critical transition pressure &, ~1.55 GPdFig. 1(b)],
and then from an ellipse to a dumbbell at a pressur®.of P,=P,—Bdn(A,/A,), (4
~1.75 GP4Fig. 1(c)].

Detailed analysé§ show that the first shape transition where A, and A, are the tube cross-sectional area at the
from circle to ellipse is physically well defined, driven by a transition pressures oP, and P,, respectively.B is the
competition between compression and bending of the tubgadial modulus of the tube after the first transition, which
under pressure. Above a critical pressuRy) it becomes  approximately equals to3¥/R3.}” Geometrically,A, corre-
easier to bendincreasing the curvaturehan to compress sponds to the point where the curvature becomes zero at the
(reducing the perimetgthe tube. This leads to a spontane- middle of the flattened argmormal toy direction, as shown
ous shape instability, transforming the tube from an isotropiGn Fig. 1(c)]. Geometric analysis using the variational theo-
circular shape to an anisotropic elliptical shape. Microscopiyem shows thaf the ratio of A, over A; turns out to be a
cally, it reflects the fact that it costs less energy to changgniversal constantA,/A;~0.819, independent of tube ra-
bond angle than bond length, as evidenced from our MQyjys. Thus, we havé®,~1.2P,. This universal relation is
simulations:*** For this reason, the radial modulard-  further confirmed by MD simulation¥,as shown in Fig. 2.
ness of the tube decreases by two orders of magnitude upon The pressure induced SWNT shape transition in turn in-
the first transition at a well-defined transition pressidre. §yces an electrical transitign® Figure 3 shows QT calcula-
Continuum mechanics calculatidfishow that the transition tions of the conductance versus energy at four different pres-
pressureP; scales with the tube radius inversely in a third- gyres, for thé10,10 SWNT. The equilibrium conductance is
power law,P;~3D/R3, whereR, is the original tube radius defined ass=G,T(E,V,=0). HereG,=2¢e% h is the con-
at zero pressure arialis flexual rigidity, a constant related to ductance quantum. For the original armchair nanotubes at
the modulus and Poisson ratio of the tube. Thus, the larggr =0 there are two bands crossing Fermi enefgy(Refs.
the tube, the sooner the transition. The dependenéy @i 18,19 thereforeG=2G, at E=E;=0. Experimentally, by

Ro is shown in Fig. 2. making good electrical contact to SWNT, such a high con-
The second shape transition from ellipse to dumbbell is

not physically well defined. It is actually caused by the geo-
metric constraints, while the physical propertiesich as
hardnesk of the tube are the same for the two different
shapedellipse vs dumbbell As the tube continues to shrink
(reducing its cross-section ayaader pressure, after the first (b)
transition it tends to reduce the overall curvature of the tube .
(maximizing bending but maintain the length of its perim-
eter(minimizing compress,io).l15 (In contrast, before the first i

transition, the tube shrinks under pressure by reducing its I

radius, i.e., perimeterln doing so, it must eventually trans- (C) (d)
form into a dumbbell shape, giving rise to the second shape & 0 -
transition. This is consistent with a mathematical thedfem E (eV)

that an enclosed boundary with fixed perimeter and con-

strained curvature will adopt a dumbbéfieanut shape to FIG. 3. Conductancgin units of Go=2e?/h) vs energy of a
have the minimum area. The second transition pres$ye ( (10,10 SWNT at pressures ofa) 0, (b) 1.55, (c) 1.75, and(d)
can be simply calculated as 2.2 GPa.
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FIG. 4. The current-voltagel {V) characteristics of the dumb- FIG. 5. The schematics showing a conceptual design of a tun-
bell (10,10 SWNT at 2.2 GPa, obtained from first-principles QT able pressure sensor consisting of an array of armchair SWNT’s of
calculations. different sizes, sensing a broad range of pressures.
ductance has been recently obtaif®dway from E=E;, The unique mechanical and electrical response of

G(E) shows the familiar quantized steplike structéteach SWNT'’s to external_pressure provides a direct and effective
time another electronic band of the SWNT is “cut” by the method for designing nanoscale pressure sensors. Most
energyE, G increases by a unit @, . This steplike structure Promising, the onset pressurePy) for the metal-to-
correlates perfectly with the band structure of the tube. ~ Semiconductor transition depends on tube size, decreases
As pressure increases, the tube first transforms into afonotonically with increasing tube radius, as shown in Fig.
elliptical shape, breaking the original circular symmetry. The2- This allows us to create tgnable sensors _detectlng_ different
breaking symmetry lifts the degeneracy of the electronic enfanges of pressures by using tubes of different sizes. For
ergy bands. Consequently, the conductance curve displagxample, the critical transition pressueg for a (6,6) tube is
extra steps at@, as shown in Figs.(®)-3(d). The energy 8.5 GPa, but it becomes only 0.003 GR&® atm for a
width of the extra steps increases with increasing pressurel00,100 tube. Therefore, it is possible to sense a wide
[from Fig. 3b) to Fig. 3d)], as the splitting of the range of pressures, e.g., from 30 to°Hm, by using a
degeneracy-lifted bands increases, due to larger structural deombination of tubes of different radii, e.g., fro(6,6) to
formation. As pressure further increases to 2.2 GPa, a noticé100,100. The fabrication of SWNT's of the size up to
able qualitative change in conductance curve occurs. TheS0,50 has already been achievéd. _
conductance around Fermi energy drops by two orders of Figure 5 shows a proof-of-principle design of such a pres-
magnitude to zero, as shown in Figdg This indicates that Suré sensor consisting of an array of armchair SWNT's of
the tube undergoes a metal-to-semiconductor transitiorflifferent sizes (radii) of (14,14, (16,16, (18,18, and
which opens a band gap 6f0.12 eV. Figure 4 shows the (20,20. At a given pressure<0.3 GPa), tubes will adopt
|-V curve calculated by using E) for the dumbbell tube different shapes_dependmg on the|r sizes: the smaller tubes
at 2.2 GPa. It displays typical semiconductev character- (14,14 remain circular; the medium tube46,16 become
istics, in qualitative contrast to the linear behavior of theelliptical; and the larger tubeid8,18 and (20,20 change to
original metallic tube. dumbbell. Furthermore, among the dumbbell tubes, the larg-
The metal-to-semiconductor transition for the dumbbell€St 0ne&(20,20 will undergo the electrical transition becom-
tube at 2.2 GPa is caused by a combined effect of the intef’d Semiconducting. The combination of different shapes of
action between the two flattened argasrmal toy direction, ~ tube, and hence the combination of the numbers of metallic
as shown in Fig. ()] of the dumbbell tube and a spontane- Versus semiconducting tube changes with pressure, as more
ous breaking of mirror symmetry aboytaxis, which makes tubes become semiconducting with increasing pressure.
the two equivalent sublattices in the SWNT physically Thus, by connecting all the tubes into a cwcwt,_the overall
distinguishablé. The onset of transition can be estimated atconductance for all the tubes effectively determines the ex-
where the minimum distance between the two flattened arernal pressure. More interestingly, tunable pressure sensors
eas, d, is short enough so that atoms from the two flattene@r sensing different ranges of pressure can be made by using
areas start to interact with each ottfearming new bondg  different combinations of the number and size of tubes.
as indicated in Fig. (t). The corresponding transition pres- MD simulations show that, at least up to a tube size of

sure (P5) can be calculated, similar ©,, as (20,20, the pressure induced shape transition, and hence the
electrical transition is reversible upon releasing of pressure.
P;=P;—BdJn(As/A,), (5)  Consequently, the pressure sensors made of these tubes can

be used for many times with a long lifetime, given the ex-
whereA; is the tube cross-sectional areaPat By using the  cellent mechanical durability of carbon nanotubes. However,
minimum distancel between the two flattened area of 2.6 A, this reversibility may not sustain to even larger tubes, which
the cutoff length of C-C interaction, we can also numericallyare metastable in the original circular form, with a collapsed
estimate the ratio oA over A, for different tube size from ground-state geometfy.For such tubes, however, one may
MD simulations!’ It is found that it varies slightly from 0.6 still think of making a kind of one-time use pressure-sensible
to 0.3 for armchair tubes ranging fro(6,6) to (50,50. The  nanoscale alarming device, which cuts off the circiait
dependence dP; on Rj is shown in Fig. 2. powen at a particular pressure.
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In conclusion, using first-principles quantum transportbon tubes or to nanoscale tubes. Therefore, the principles we
calculations aided by MD simulations and continuum me-demonstrate here can be extended to other kinds of nano-
chanics analysis, we demonstrate a reversible pressure ifibes as well as to microtubes or macrotubes, with a broad
duced shape transition for armchair SWNT's, which in turnfange of potential applications.
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