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Piezo-Semiconductive Quasi-1D Nanodevices with or

without Anti-Symmetry

Rodolfo Araneo, Giampiero Lovat, Paolo Burghignoli, and Christian Falconi*

Stress can modify the charge transport within piezoelectric
semiconductors as well as through junctions between piezo-
electric semiconductors and other materials. For instance,
stress-induced piezopotential can turn an electrically passive
nanowire into an electrical energy sourcel'? (e.g., suitable for
powering sensors and electronic interfaces)i; moreover, in
piezotronic and piezophototronic devices stress may change the
Schottky barrier heights and the width of depletion/accumula-
tion regions at junctions between the piezo-semiconductor and
adjacent materials.*'% However, despite significant efforts
have already given precious information,!'1124 at present, in the
absence of sufficiently accurate models, fabricated devices are
largely sub-optimal. These remarks apply to even the simplest
and most widely used mechanical input for quasi-1D piezo-
semiconductive nanostructures, that is axial stress.*!!l In this
paper, we observe that floating electrodes may result in higher
piezopotential and conversion efficiency; afterwards, we show
that, as an effect of the piezo-semiconductive equations, the pie-
zopotential in homogeneous, floating, quasi-1D piezo-semicon-
ductive nanostructures under axial stress is an anti-symmetric
(i-e., odd) function of force. Moreover, adopting typical simpli-
fications (i.e., by assuming ideal ohmic contacts and neglecting
both surface states and other anomalies), we explain why this
anti-symmetry may be not optimal for designing devices with
the highest possible on-off ratios. Finally, we demonstrate that
breaking the anti-symmetry can also result in better nanogen-
erators, piezotronic and piezophototronic devices.

Figure 1a shows our model, consisting of a nanowire sur-
rounded by free space and subject to axial forces. Though some
devices rely on different types of mechanical solicitations (e.g.,
lateral deflection), we deal with nanodevices under purely ver-
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tical compression/traction. For instance, one of the most typical
arrangements reported for piezotronic devices*’! consists in
fixing (e.g., with silver-paste) the two ends of a single nanowire
on a flexible substrate; when the substrate is bent, assuming
that the radius of curvature of the substrate is much larger than
the nanowire length (as it is usually the case), an almost purely
tensile/compressive strain is generated in the nanowire.!

The fully-coupled non-linear partial differential equations to
be solved are

V.-o=0

V-D=g(Ny+ p— Ny —n), (1)

where D = D; ¢, is the electric induction field, 6 = 0 ¢; ® ¢ is
the stress tensor, q is the magnitude of electron charge, Np*,
N,*, n, and p are the ionized donors, ionized acceptors, free
electrons, and holes concentrations, respectively. The constitu-

tive equations are

E
0ij = Cijuéu — euij Ex 2
Dj = Cju€k + Kolcjk E;

where cfjkl, eju , and /cj.k are the elastic, piezoelectric, and die-
lectric tensors, respectively (repeated summation index conven-
tion), Ey is the electric field and ey, is the strain tensor. We fully
take into account n and p free charges in the piezo-semicon-
ductor,'Z whose redistribution under thermodynamic equilib-
rium is given by the Fermi-Dirac statistics (which introduces a
non-linearity in the Poisson equation), where the valence and
conduction band levels g,(x) and &.(x) are functions of the spa-
tial coordinates x.">1¥ In particular, we assume the band edge
shift Ag(x) as the sum of the electrostatic energy part gV and the
deformation potential term, i.e.,

Ag(X) = &4(X) — €00 = &v(X) —8vo = —qV + adefi_:, (3)
where V is the electrostatic potential and adefi_(l; is the band-
edge shift due to the deformation, proportional to the relative
volume change ﬁ—ou through the constant ag."¥ For higher
accuracy we consider both anisotropy and the converse piezo-
electric effect. The system of nonlinear equations is solved
numerically (Supplementary Information). Due to both the
very large number of surface states and unpredictable residual
stress, metal-piezosemiconductor junctions can behave as
Schottky barriers or ohmic contacts; however, since our pri-
ority is providing insight for design, we restrict our analysis to
static calculations,!''"13] consider an open-circuit (i.e., no load)
condition,!''"1315 ideal ohmic contacts at both terminals,[*-131°]
and zero surface states and intrinsic strain (e.g., due to pack-
aging). Moreover, we neglect thermal effects and all dissipative
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Figure 1. Cylindrical nanowire (radius 150 nm and length 2 um) surrounded by free space and subject to compressive force. a) View and schematic of
the nanowire under analysis. b) Piezopotential along the entire axis of the nanowire with floating and grounded base. c) Piezopotential along the axis
of the nanowire in the top and bottom regions for different doping concentrations under a 442 nN'2l compressive force. d) Electrostatic energy W,,
mechanical energy W,,,, and ratio & between electrostatic and total energies as a function of force/pressure/strain.

mechanisms. We choose ZnO as it has been most widely used
for fabricating piezo-semiconductive nanodevices because of
its advantages, including its mechanical and optical properties,
easy fabrication with low-temperature, low-cost, large-area, and
CMOS/MEMS-compatible hydrothermal methods. However,
our methodology and conclusions can easily be extended to
other materials.

First, we have calculated the piezopotential for a cylindrical
n-type ZnO nanowire under axial compression (F = —442 nN,[12
Np = 10'® cm™3); the values of all the relevant geometric and
physical parameters used in the numerical simulations are
given in the Supplementary Information. Figure 1b shows the
piezopotential along the axis of the nanowire in both the cases

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

of grounded and floating bottom electrode (the tip is floating in
all cases); both the total voltage difference and the stored elec-
trostatic energy are clearly higher for the floating case. Though
the bottom electrode potential may be fixed at zerol'?! (con-
sistently with experiments where the bottom electrode is con-
nected to ground), here we restrict to floating tip and base elec-
trodes which corresponds to not applying any other boundary
condition on the electrical potential except, obviously (general
solution for Laplace’s equation for charged structures of finite
dimensions), the zero value at infinity (enforced by means of
open boundary conditions). With floating electrodes, since
the typical conductivity of the weakly enhanced base of the
nanowire is not so high that there may be no significant voltage
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drop in the enhanced part, two non-negligible voltage drop
regions are present; clearly, the higher voltage drop is in the
depleted part (Figure 1b). Figure 1c shows the piezopotential
for n-type doping levels ranging from 10°cm™ to 10%¥cm™ (for
clarity, throughout the paper, we only show the extreme parts of
the nanowire where the voltage drops are confined).

Figure 1d shows the stored electrostatic energy W, and
mechanical energy W, as functions of pressure (or, equiva-
lently, strain or force) for three different doping levels and for
an hypothetical nanowire without free charges (as a limiting
case, see also Figure S2-S3); W,, W,,, and the parameter & have
been computed according to

1
Wm=/—cfjk18,’j8kld9

2
Vl’lW
1 &
W, = E/cijE,ijdQ (4)
Vaw+ Vi
- We
W+ W

where V,,, and Vi, are the volumes of the nanowire and sur-
rounding free-space, respectively.*®l

Only a fraction of W, may be transferred to a load and,
moreover, dissipative mechanisms may be present; therefore,
& represents an upper bound to the ability of the piezoelec-
tric nanostructure to convert mechanical energy into electrical
energy at low frequencies; & is obviously a key parameter for
nanogenerators, but may also concisely quantify the electro-
mechanical coupling efficiency in other piezotronic or piezo-
phototronic devices. Remarkably, W,, W,,,, and & have been
computed for several configurations, but only for purely insu-
lating devices;'""°! though, clearly, free charges are expected
to reduce both the piezopotential and &, it was never reported
before how large this reduction could be and if there may be
methods for increasing & in practical devices. As shown in
Figure 1d, W, is proportional to the squared strain and is, obvi-
ously, not affected by doping; at all doping levels, & is almost
constant at low strains and gradually increases with strain (a
saturation is reached at very high strain, where linear elastic
mechanical models may become questionable). In fact, the total
polarization charge Qp; is proportional to strain; additionally,
in each voltage drop region, the voltage drop obviously depends
on Qpy. W, may be computed as the energy required to move
charges from the equilibrium no-stress condition to the final
state

Qpz
= 5
W, / V(Q)dQ 5)

Since zero polarization charge corresponds to zero voltage
drop, for small strains we may use the truncated Taylor
expansion

v(Q =10+ 0] ©)

where ¢ has the dimension of a capacitance. Therefore, for
small strains
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W_/ 4o = (7)

Since the magnitude of Qp; is proportional to the magnitude
of strain, similar to W,,, at low strains W, is also proportional to
the squared strain, and therefore, consistently with Figure 1d,
& is constant at low strains. At very small strains, an increase
in the strain results in additional depletion or enhancement
charges very close to the junction; at sufficiently higher strains,
a further increase in the strain results in additional deple-
tion or enhancement charges located at larger distances from
the junction which may be intuitively seen as a reduction of ¢
and, therefore (Qpy is always proportional to strain), in a rela-
tively larger increase of W, or, equivalently, in an increase of &
(though easy to visualize, this is not strictly correct; actually, ¢ is
constant, but other terms of the Taylor expansion in Equation
(6) will become not negligible and give a similar effect). The
proportionality between electrostatic energy and the squared
strain at low strains also applies to structures with non-homo-
geneous sections discussed below.

Figure 1d also reveals that at all strain (or, equivalently, pres-
sure) levels, both W, and & are higher for lower doping levels;
in particular, not only the low strain value of & is higher for
lower doping, but the threshold strain above which £ increases
with strain is also lower for lower doping levels.

In the literature, only n-type nanowires under compressive
strains and with grounded base have been investigated by FEM
calculations when considering free charges.!'?l Figure 2 shows,
with floating electrodes, the switch of the two voltage drop
regions under change of doping type or of stress sign; for clarity,
we have chosen Aep= Agp= 35 meV, so that, apart the sign, the
only (weak) numerical difference between n-type and p-type is
due to the different effective hole and electron masses, which
however is practically negligible. In fact, the inset in Figure 2
shows that, at all pressure (or, equivalently, strain) levels the
magnitude of the total voltage difference between the tip and
the base is practically equal for n- or p-type, tensile or compres-
sive strain. Consistently with other studies,'”] from Figure 1b
and 2 we conclude that the sign and magnitude of the piezopo-
tential under traction and compression can be related to their
doping type and doping levels, respectively.

With floating and cylindrical nanowires under axial stress,
qualitatively, the piezo-semiconductor will be depleted at one
junction and enhanced at the other junction;**! no axial stress
can act on a single junction only; moreover, Figure 1 shows that
with typical doping levels, both the voltage drop regions are
important. Furthermore, Figure 2 demonstrates that the voltage
between the tip and base of the floating nanowire is an odd
function of force (or strain), thus revealing anti-symmetry for
traction and compression; an applied (axial) stress will unavoid-
ably have effects on both the junctions and reversing the sign of
stress will reverse the sign of the voltage between tip and base
(this result holds for any strain magnitude). Such anti-symmetry
may or may not be desirable and is a direct consequence of the
piezo-semiconductive equations in case of two floating, nomi-
nally identical junctions under similar stress (enhancement or
depletion is dictated by orientation of c-axis).**l However, the
two voltage drops add “constructively” to give the open circuit
output voltage of the strained nanowire, but add “destructively”
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Figure 2. Cylindrical nanowire (radius 150 nm and length 2 um) surrounded by free space and subject to compressive/tensile force. Displacement,
piezopotential, and charge concentrations under traction/compression in n- and p-type cylindrical nanowires. Inset shows the absolute value of the
total piezopotential drop between the tip and the base of the wire as a function of force/pressure.

in tuning the conductance of the nanowire, which reduces the
on-off ratios. Though in practice other effects (e.g., surface
states, residual stress,...) may somehow break the nominal anti-
symmetry, it is generally not convenient to rely on spread of
parameters for proper operation (e.g., reproducibility would typ-
ically be very poor). For instance, a tensile strain would induce
depletion at one junction and enhancement at the other one
and the two effects would add destructively; moreover, when
changing the sign of strain there would still be one junction with
depletion and one with enhancement. Therefore, higher on-off
ratios can be obtained by piezo-semiconductor devices whose
piezopotential-force relationship is not anti-symmetric. Though
other strategies may be possible (including the grounded base
approach which would, however, reduce both the piezopotential
and conversion efficiency), we suggest that non-homogeneous
doping and/or sections may effectively break the anti-sym-
metry; in the following, we focus on quasi-1D piezo-semicon-
ductors with non-homogeneous sections (e.g., truncated con-
ical nanowires, nanotips,...) which may also give substantially
higher piezopotential and conversion efficiency for a given
applied force as a result of higher strain (when compared with
cylindrical nanowires having a cross-section equal to the largest
cross-section of the truncated conical nanowire); we do not deal
here with fabrication, but only mention that such nanostruc-
tures have been extensively reported in the literature. Figure 3a
shows the z-component of the displacement in ZnO nanowires
(drawn in different scales because of very different aspect ratios)

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

with Np = 10'® cm™3, compressive 442 nN force (same as for
Figure 1b,c,e), circular base with 150 nm radius, and circular tip
with radii ranging from 150 nm (i.e., cylindrical nanowire) to
25 nm (much smaller tip radii may result in poor electrical con-
tact). Figure 3b and 3c shows the piezopotential and the charge
carrier concentrations at both the tip and base, respectively. As
a remarkable difference with respect to cylindrical nanowires,
especially for very small radii of the top section, the variations
of both piezo-potential and free charge concentrations at the
tip are much larger than at the base, as a consequence of the
substantially larger pressure (and thus strain) at the narrow tip
(in order to maximize the effect, we chose a compressive stress
which results in depletion at the narrow tip; effects of traction
and compression with both n-type and p-type doping are not
explicitly shown but may qualitatively be deduced from previous
discussions). The conical devices exhibit, altogether, a large
increase of the piezopotential, an extremely stronger depletion
(the charge carrier concentration is reduced by many orders of
magnitude, compare Figure 3¢ and S1), much smaller effects
of stress at one junction, and are expected to give higher on-off
ratios; additionally, grounding the base of the conical nanowire
has almost no effect on the efficiency because the stored ener-
gies at the tip largely dominate. In comparison with very thin
nanowires, conical nanowires are expected to have significantly
better mechanical stability (e.g. buckling).

Figure 3d also shows W, W., £ and the voltage differ-
ence between the tip and the base as a function of the applied
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Figure 3. Conical nanowire (bottom radius 150 nm and length 2 um) surrounded by free space and subject to compressive/tensile force. a) Displace-
ment in truncated conical nanowires with different tip radii. b) Piezopotential at the base (left) and tip (right) of the truncated conical nanowires.
c) Carrier concentration at the base (left) and tip (right) of the truncated conical nanowires. d) Electrostatic energy W,, mechanical energy W,,,, and ratio
& between electrostatic and total energies as a function of force. e) Voltage difference between the tip and base of the nanowire for tensile and compres-
sive forces; as expected, at small tip radii the anti-symmetry is completely lost. Inset shows a zoom of the voltage difference for tensile forces.
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compressive force (we use force as the independent variable
because pressure is not constant along the devices). As expected
from Equation (7), at low force & is constant and gradually
increases with force. Both £ and the voltage difference between
tip and base significantly increase (for a given force) when com-
pared with the cylindrical nanowire; at 1 uN compressive force,
& is about 1.6% for the truncated cone with the smallest tip
radius and about 0.2% for the cylindrical nanowire. We men-
tion that the pyroelectric coefficient of nanowires for harvesting
energy from thermal variations('®l is greatly increased by down-
scaling; such a strong size effect may affect the pyroelectric
parameter for arbitrary shapes when any of its dimensions
approaches a critical threshold.l'® Though, similarly, all mate-
rial properties (e.g., piezoelectric coefficient and Young mod-
ulus) may have important size-effects at nanoscale, in absence
of sufficiently accurate data, we have used constant coefficients;
however we suggest that, in practice, a conical shape may be
even more advantageous than predicted by our simulations
because of significant size-effects (e.g., piezoelectric coefficients
at the narrow tip may be significantly higher).

Figure 3e shows the voltage difference between the tip and
base of the nanowire for both compressive and tensile stresses;
as expected, in striking contrast with cylindrical nanowires (i.e.,
tip radius equal to base radius), for nanowires with smaller tip
radii the piezopotential-force relation is not anti-symmetric so
that, as evident from Figure 3b, the piezopotential is almost
exclusively located at the narrow tip and much higher on-off
ratios are possible. The breaking-off of the anti-symmetry is due
to both the geometry and the coupling of the piezo-semicon-
ductive equations and would not be obtained with insulating
piezoelectric conical nanowires (Figure S3d).

In conclusion, we have introduced quasi-1D piezo-semicon-
ductive nanostructures with floating electrodes for maximum
piezopotential and efficiency; in these devices we have verified
the existence of two voltage-drop regions under axial stress and
their switch under change of doping type or of stress sign. We
have also given the first (taking into account free charges) estima-
tion for the electrostatic energy stored in axially deformed piezo-
semiconductive quasi-1D nanostructures as well as for the ratio
between the stored electrostatic and the total (electrostatic plus
mechanical) energies, & We have also shown that £ is almost inde-
pendent of strain at small strains and increases at higher strains,
thus confirming that the ability of nanostructures to withstand
extreme deformations without fracture may be very important.
Moreover, we have explained why anti-symmetric piezo-semicon-
ductive nanodevices are likely not optimal for maximizing on-off
ratios. Finally, we have discussed how non-homogeneous doping
and/or sections may break the anti-symmetry and have demon-
strated through fully coupled non-linear FEM calculations that
piezo-semiconductive nanowires with truncated conical shape
and homogeneous doping, upon breaking the anti-symmetry
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of the piezopotential-force relation, can allow fabricating better
nanogenerators, piezotronic, and piezophototronic devices.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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