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Hyper-sensitive piezophotovoltaic effects in ferroelectric nanocylinders
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Photocurrent system of the ferroelectric nanocylinder (FNC), including nanodisks, nanorods, and
nanowires, sandwiched between metal electrodes with the short-circuit boundary conditions has
been designed and investigated. Taking into account the polarization charge screening in the
electrodes and near-surface inhomogeneous polarization distribution, a theoretical model for
investigating the photoinduced current of the FNC under the illumination of light was established.
Our results show that the photocurrent of the FNC can be totally controlled by adjusting its size and
states of the polarization “up” and “down.” Especially, reversing an applied stress can obviously
change the photocurrent of the FNC, which is particularly significant near the stress-dependent
para/ferroelectric phase transition. This piezophotovoltaic effect may have good potential for
applications in high-sensitivity photomechanical sensors, memories, switchable nanodevices, or
other photovoltaic nanodevices. © 2010 American Institute of Physics. [doi:10.1063/1.3428477]

. INTRODUNCTION
Ferroelectrics  like  BaTiO;, LiNbO;, PbTiOs,
PbZrTiO5(PZT), LiTaOs, (PbLa)(ZrTi)O3(PLZT),

BiFeO;(BFO), or (PbTiO;),(BiFeOs),_(PTO,BFO,_,),
etc.,' ™ are photovoltaic, and can produce a steady voltage
or direct current when illuminated with ultraviolet (UV) or
near-UV light. These materials have potential applications in
many areas, such as optical microsensing, wireless actuation,
microactuation in microelectromechanical systems, high-
sensitivity photomechanical sensors (HSPMS), switchable
nanodevices, nondestructive read out of memory, optoelec-
tronic devices and optical information storage, etc. Histori-
cally, bulk photovoltaic effect has been observed in BaTiO5
by Chynoweth as early as 1956,* which was confirmed by
Chen et al.” in LiNbO; in 1969. Glass et al.® introduced the
Glass coefficient to characterize the bulk photovoltaic effect
of the ferroelectrics, and established a relationship between
the photocurrent density and light intensity. The most re-
markable of the ferroelectric photovoltaic (FPV) effect is its
high output voltage of over kilovolts. Recent experimental
and theoretical works have established that among all known
perovskite ferroelectric materials, (Pbg 9712 o3)
X (Zry5Tiy503) (PLZT), or BFO could be the most promis-
ing candidates for photoelectric applications.m_24
Photovoltaic effects occur generally in systems with
asymmetric interfaces, such as semiconducting p-n junctions
or metal-semiconductor  interfaces  with  Schottky
barriers. >?*? Both experimental and theoretical works
have shown that the FPV effect is different from that in
conventional p-n junctions or Schottky barriers of the
semiconductors.'®*’ Although a complete understanding of
the physical mechanisms involved in the FPV effect in
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metal-ferroelectric-metal (MFM) structures with the short-
circuit boundary conditions has not yet been accomplished, a
widely accepted explanation of the photoelectric current is
the separation of the photon-generated electron-hole pairs
(excitons) by the internal electric ﬁeld,zo_24 which also pro-
vides the potential difference that drives the photocurrent in
the external circuit connected to the ferroelectrics. In absence
of an external electric field, the internal electric field comes
from the depolarization field produced by polarization
screening charges in the metal electrodes and the inhomoge-
neous polarization distribution near interfaces. Here the ho-
mogeneous polarization distribution is affected by complex

1.8.28— . .
factors, 8.28-35 Such as surface discontinuity of the ferroelec-
. 8,27,31,32 . .
tric layer,”"""" and Schottky barriers at interface,
etc, 10142729

Theories and experiments on FNCs taking various forms
such as nanodisks (ND), nanorods (NR), nanowires (NW),
and nanotubes (NT) have indicated that their phase-transition
or near-phase-transition properties are very sensitive to the
applied stress.” % In these investigations, stresses produced
by surface tension and external mechanical loads have been
found to significantly affect the Curie temperature, polariza-
tion, susceptibility and other related properties near the ferro/
paraelectric phase transition, resulting in remnant polariza-
tion and coercive fields that may exceed the bulk values.
Indeed, under an uniaxial load of suitable magnitude and
frequency, an appropriately dimensioned ferroelectric NW
may produce a sizeable ac voltage, sufficient as a nanopower
source for energy harvesting, or as an effective nanome-
chanical sensor.*"**?

It is clear that FPV effects may become very small when
the average internal electric field in FNC is zero."®2* In this
case, the photocurrent is only due to charge transport via
diffusion.

For the FNC with the short-circuit boundary conditions,
the internal electric field is mainly due to the spontaneous
polarization and interface effects, which is known to be very
much affected by an applied mechanical load, particularly
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FIG. 1. (Color online) Schematic illustration of the FNC, (a) sandwiched between the top electrode (TP) and bottom electrode (DP) with the short-circuit
boundary conditions, (b) the mechanism of the photocurrent generation for the two possible orientations of the polarization down, and up relative to the top
electrode, (c) the photocurrent can be adjusted under the external compressive and tensile stress loads.

near the para/ferroelectric transition region.43_49 It then fol-
lows that the FPV effects in a FNC should also be sensitive
to the external applied stress, and give rise to a piezophoto-
voltaic (PPV) effect that couples the photocurrent with me-
chanical loading. The aim of the present paper is to investi-
gate the feasibility of such an effect. A simple model is
constructed, in which the internal depolarization field driving
the photoelectric current is calculated using a thermody-
namic model based on the Ginzburg—Landau-type free en-
ergy functional. The photocurrent in a UV-illuminated FNC
is calculated as functions of sample dimensions and applied
stress. Using the PLZT FNC as an example, the efficiency
and usefulness of the PPV effect is evaluated.

Il. THE PHYSICAL MODEL

A FNC sample is sandwiched between short-circuited
(SC) metal electrodes, and with length H and radius R as
shown in Fig. 1(a). We assume in the present paper that all
vector fields in the FNC, such as polarization and electric
field, are along the z-direction. The FNC is illuminated from
the top electrode, and the incident light is parallel or antipar-
allel to the polarization. We note that direction of the light
can also be controlled by its polarization.15 Free charge car-
riers generated by the illumination are driven by the internal
electric field in the FNC to produce an electric current [see
Fig. 1(b)], which can be changed by applying an external
mechanical load [see Fig. 1(c)]. To facilitate discussion, we
classify the FNC according to H<0.5R (ND), 0.5R=H
<4R (NR), and H>4R (NW).

In the case of ferroelectric nanodisks (FNDs) where the
sample radius is very large, i.e., R>H, the sample can be
considered as a ferroelectric thin films (FTFs) of largely ex-
tend in the x-direction and y-direction. Based on previous
works by Razeghi and Rogalski50 and Qin et al., ™ the
carrier concentrations n and p then obey the following con-
servation equations:

dn 1dJ,

—=-—"4G-A,

dt gq dz (1)
d 1dJ

P_"TryG-a,

dt gq dz

where ¢ is the time, ¢, the electronic charge, and z, the depth
from the top surface of the FNC (Fig. 1). J, and J, are,
respectively, the electron-current and hole-current densities.
G is the generation rate of the electron-hole pairs from the
photon flux and A is the annihilation rate due to the recom-
bination. In most cases, the FPV effect is produced by UV-
induced electrons and holes, with particle fluxes composed
of diffusion and drift contributions, i.e., ¢~'J,=D,dn/dz
+u,nE and —q‘IJp=Dpdp/dz—,uppE, where D, and u, are,
respectively, the diffusivities and mobility of the electron, D,
and w, are the corresponding properties of the hole. E is the
internal electric field.

Absent an external electric field, the applied electric field
is entirely due to the depolarization field, i.e., E=E,, which
is determined by the spontaneous polarization and interface
effects. The short-circuit current is given by I,,=AyJ,., Where
Ay is the top electrode area, J,. is the photocurrent density.
Here J,, can be written as a function of temperature 7, quan-
tum efficiency [, incident photon flux density ¢, transmit-
tance of the electrodes Ty, and electron 7, and hole 7, life-
times. The photocurrent has been derived using an
approximate solution of Eq. (1), and is given by,

[ =~ AgBaeTy,
[ mup(qEs— k)T + alg

exp(— aH), (2)

where « is the optical absorption coefficient and & is Bolz-
mann constant. Note that the depolarization field £, in Eq.
(2) was assumed to be uniform, neglecting effects due to the
interface between metal electrodes and ferroelectric layer in
previous works.?0

We consider as our thermodynamic reference a crystal of
infinite extent (surfaceless) absent an applied field. Let P be
the spontaneous polarization field (simply referred to as the
polarization in the following).‘mﬁ48 In general, the depolariza-
tion field E; has two components, one coming from the in-
complete charge compensation in the electrodes, and the
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other from the inhomogeneity of the polarization field near
the interface. The first component can be formulated in terms
of the screening length /; in the electrodes,”' ™ where lf
~ (3/8m)*(h%,/3¢°m*ny>), h, the Planck constant, &,, the
dielectric constant of the electrode, m*, the electron effective
mass in electrode and n, the mean electron density at zero
electric field. The second component is more complex and is
determined by several factors, including space and surface
charges, the small size effect, interface effect or Schottky
barriers etc.*?" 2465761 The effects of the surface and inter-
face on the profile of the depolarization field in the FNC and
FTF have been discussed in previous works.*#334%53 n gen-
eral, the profile of the depolarization field is nonuniform near
the interfaces, and can be opposite to those at the center of
the FNC and FTF.

Following Mehta®!' and our previous work,46 the internal
electric field and compensation charges in the top and bottom
electrodes for the “down” polarization state [Fig. 1(a)] are
given by,

L—- 2z>
E =—¢, sinh
eT(Z) qe ( 2lsT

L-1\|"
X{seTsinh(—ﬂ , for HR2=z=1L/2

20y
+H/2,
)= h(L+2z> , h(L—l) -1 ;
E p(z) =¢q, sin 20, g,p SIN _2lsB , for
—L2-HR2<=z=-H?, (3)

where e,r, €,5 and [y, [ are, respectively, the dielectric
constants and screening lengths in the top and bottom elec-
trodes, ¢, is the compensation charge density in the elec-
trodes, LL/2—H/?2 is the thickness of the electrodes. Absent
an external electric field, the internal electric field in the FNC
can be derived via the Maxwell’s equations,l’&27’32’47 and is
related to the depolarization field by E (z)=—[P(z)+q.]/ &,
for —-H/2=z=H/2, here ¢, is the background dielectric
constant of ferroelectrics.**~*%1-%6

In the following, we assume that the top and bottom
electrodes are the same, i.e., €,7=¢g.,3=¢€, and [ ;;7=[ =1, re-
spectively. When R>H, the condition [“2,E(z)dz
=ff/Lz/2[EeT(z)+Ed(z)+EeB(z)]dz=O must be satisfied for the
short-circuit boundary condition. Taking into account size

and interfacial effects, the depolarization field E, is given
by*6:51-55

Eyz)=- Pe)+g. L P(z) - Hiey

—<P> 9
gp g 2l /e, + Hle,

(4)

here the compensation charge density can be derived as g,
:(P}:%, JJfyPdv under conditions of electrostatic
equilibrium,47 (P) is the average polarization and V is the
volume. We note that approximations of the depolarization
field in the FNC have been de1rived,34’37’42 based on the as-
sumption of complete charge compensation in the electrodes.
Equation (4) is a more general expression for the inhomoge-
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neous depolarization field £, in the FNC, taking into account
both the incomplete charge compensation and inhomoge-
neous polarization field near the surface and interfaces. For
the cylindrical geometry, Eq. (4) can be approximated by

H,R H/e
7H.R) P(r,z) £

E (r,z) = - -
) ep 2l /e, + Hle,,

P, 6

where 77(R h) can be estimated using the relation 7(R,L)
~1/[1+(£)7]3

The depolanzation field E,(r,z) in Eq. (5) has to be
solved self-consistently with P(r,z) across the para/
ferroelectric phase boundary. A proven effective approach is
via a thermodynamic formulation based on a Ginzburg—
Landau-type free energy functional 3337434647 Taking into
account effects of the surface tension, interface, surface, de-
polarization field and uniform external applied stress o, the
total free energy for the FNC can be written as, 344636

1 R
ag
F= Zﬂf dzj rdr {_(T—Tco)—Zleﬂiv(M,R)
a2 Jo 2

—Q110':|P (r,z) + 4P4(r 7))+ 6P6(r 7)

1
+ [VP(V DI = (511 +512) 0, (. R) - _5110'2

1
- ZSIZO-X(IU“’R)Uz - PEd - Estgzl} + Fs-w + FInterface?

(6)

where «, B, ¥, 1, and g are the expansion coefficients of the
free energy of the reference crystal, and T,y is the corre-
sponding Curie-Weiss temperature. Q;; are the electrostric-
tive coefficients. o(u,R) is the uniform compressive radial
stress induce by the surface tension, given by o (u,R)=
-l R34 w is the effective surface tension coefficient. o,
is the external applying stress along z direction determined
by the external applying force f, and o.=f/(mwR?). F_,, is the
energy solely determined by the surface effect of the cylin-
drical sidewall. Fi,.race 1S the energy associated with effect
of the planar end interfaces, and is due to contributions from
the a myriad of contributions, including space and surface
charges, size effect, interface effect or Schottky barriers. Dif-
ferent theoretical models have been established to investigate
the effects of the interface on the internal electric field near
the interface of the MFM system % In this work, we adopt
conventional models, in which F_,, and Fieface are empiri-
cally represented, respectively, as F.
—277Rg/5 h/hZ/2P2|r-RdZ and FInlerface_27Tgf0 5I_TP |z—H/2
+ 8L P2 | _pp)rdr>** Here 8., is an extrapolation length
due to the surface effect of the cylindrical sidewall, 3435 oLt
and &g are extrapolation lengths that should take into ac-
count effects on the distribution of the polarization due to
space and surface charges, interface effect or Schottky barri-
ers etc. of the top and bottom interfaces.®***>"%! In the
present work, the extrapolation lengths of the top and bottom
interface are same, i.e., 5I-T=5I-B=51-61 Note that 6.t and
o have different physical origins, such as different top-
bottom electrodes, interface effect and polarization switching
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etc., which may be obtained from first-principle
calculations®*** and a combination of first-principle and
phenomenological calculations.””®

At equilibrium, the polarization P and depolarization
field E, at a fixed temperature and electromechanical bound-
ary conditions are related through the stationary solutions of

the Euler-Lagrange equation,3l’32’46 ie.,

SFISP =0, (7)

here the corresponding boundary conditions due to the sur-
face and interface effects are expressed as dP/dr=—P/ 5,
for r=R, and dP/dz=* P/ &, for z= £ H/2. In this way, so-
lutions of the polarization P and depolarization field E,; of
the FNC can be obtained numerically as functions of the
sample dimensions and external mechanical load.
Expressing the depolarization field as functions of length
H, radius R and external applied stress o, the photocurrent
for the FNC from Eq. (2) can be approximately rewritten as,

I WRZ:BaQDTeIe
SC =~ —_
{r,u[gE(H.R,0,) — kakT}™" + kalq

exp(— aH),

(8)

where E,(H,R,0,)=V ' [[[,E,(r,z)dV is the mean depolar-
ization field, obtained from the numerical solution of Egs.
(5)—(7). Schematics of the internal depolarization field across
the FNC z and x axes are similar to results in Ref. 34. Here
k takes on the value of 1 or —1 according to whether the

polarization field is directed down (i.e., E;>0) or “up” (i.e.,
E;<0).

lll. RESULTS AND DISCUSSIONS

The study in this paper is conducted for PLZT which is
one of the most promising candidates for ferroelectric-based
photovoltaic applications, and has been successfully fabri-
cated and implemented recently. We consider a PLZT FNC
sandwiched between Au top-bottom electrodes with the
short-circuit boundary conditions. To focus on the PPV effect
of the FNC we consider a fixed radius of R=50 nm, for
which the surface energy and surface tension effects are
11eg1igible.34’42’61 We note that when the radius or length of
the FNC is less than 10 nm, the surface energy and surface
tension effects becomes important, which have been compre-
hensively discussed.***?

Values of the expansion coefficients of the free energy,
electrostrictive coefficients, elastic properties and back-
ground dielectric constant are obtained from the
literature.***>62"% We use the extrapolation lengths obtained
in previous works***? which are only approximated, for fu-
ture calculations, values obtained from the first-principle-
based calculations® or ﬁrst—principle—phenomenological5 8
calculations may provide a more reliable input database.
Other parameters used in our calculations are: 00 |
=1.38X 1072 J/K; ¢=1.6X10"" C;8=1.06X107%T,,
=0.6; 7,=7,=200 ps;a=2 X 10* cm‘j; “,=3 cm?/V 3y
=293X107% cm?/V's; [,=0.5X10 A; e,=8g); £,=8.85
X 1072 F/m.
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FIG. 2. (Color online) (a) The average polarization vs the length of the FNC
and (b) the average internal depolarization field vs the length of the FNC for
polarization down.

We first consider an unilluminated and unstressed FNC
under short-circuit boundary conditions. Directions of the
polarization and internal depolarization field are as shown in
Fig. 1(a). Solving Eq. (7), the average polarization (P) as a
function of sample length H is plotted in Fig. 2(a) for tem-
peratures 7=0, 300, and 500 K. Temperature-dependent criti-
cal lengths H, of 8 nm for 0 K, 26 nm for 300 K, and 50 nm
for 500 K can be seen, below which the FNC is paraelectric,
and above, it is ferroelectric. In the ferroelectric region, the
spontaneous polarization P behaves almost like a step func-
tion, increasing sharply with H and quickly saturating near

the bulk polarization values. Figure 2(b) shows E, as a func-

tion of sample geometry and temperature. E, can be seen to
be negligible when the length H of the FNC is either too

large or too small. The peak depolarization field Eg‘a" at room
temperature is only 1/4 of EJ** at 0 K, but is more than four

times larger than E7™ at 500 K.

In the static polarization state'® and neglecting the asym-
metric interfacial effects,67’68 Fig. 3 shows the normalized
photocurrent I ./ 12C as a function of specimen length H at
room temperature. Here I is the diffusion component of the
photocurrent, i.e., IgC=ISC| E=00 and I is obtained by solving

Egs. (7) and (8). Figure 3 suggests that the polarization state
of the poled memory cell can be nondestructively read out
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FIG. 3. (Color online) The normalized photocurrent of the FNC for the
polarization (a) down and (b) up at room temperature.
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using light illumination.'®"*'> We note that although this fea-

sibility has been confirmed by many investigations in FTF
capacitors with the short-circuit conditions, similar informa-
tion to facilitate the use of FNCs as FPV nanodevices has not
been available.

As discussed earlier in this paper, the application of an
external stress is expected to affect the polarization state of
the FNC, producing a PPV effect [see Fig. 1(c)]. Numeri-
cally solving Egs. (5) and (7) with the boundary conditions,
the resulting average polarization and depolarization fields
and I./I, at room temperature (300 K) are shown as func-
tions of H for different external stresses in Figs. 4(a)-4(c).
Comparing Fig. 4(a) with the 300 K curve in Fig. 2(a), it can
be seen that the application of a tensile stress reduces the
critical lengths H, and raises the average polarization (P) in
a PLZT FNC, and a compressive stress has the opposite ef-
fect. Figures 4(b) and 4(c) show that the application of a
tensile stress above the critical length H_ increases both the

average depolarization field E, and the photocurrent /.. This
increase is very sensitive to the specimen geometry. Thus,
for lengths H between 20 and 26 nm, application a tensile
stress of 0,=0.3 GPa may increase the photocurrent by a
huge amount of ~100 times. Between 30 and 50 nm, appli-
cation of a compressive stress of o,=-0.3 GPa can reduce
the photocurrent by a similarly huge amount of ~80 times.

To facilitate discussions in the following, we focus on
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FIG. 4. (Color online) (a) The average polarization, (b) internal depolariza-
tion field, and (c) normalized photocurrent of the FNC as function of the
length with compressive and tensile stress loads.

FNCs with H/R ratios of 4, 1, and 1/4, corresponding to the
respective geometries of the typical NW, NR, and ND. We
also adopt the convention that compressive stresses are nega-
tive, and tensile stresses are positive. Figure 5(a) shows (P)
as a function of the applied stress o, at room temperature
(300 K). It is clear that critical stresses o, exists for all ge-
ometries, on the tensile side of which the FNC is ferroelec-
tric, and on the compressive side of which, the FNC becomes
paraelectric. The critical stress o, is a function of the H/R
ratio, decreasing toward the compressive side as H/R in-
creases. Thus, for the typical ND with H/R=0.25, o. is ten-
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FIG. 5. (Color online) (a) The average polarization, (b) internal depolariza-
tion field, and (c) normalized photocurrent of the ferroelectric ND, NR, and
NW as function of the applied stress loads, respectively.

sile with a magnitude of 0.54 GPa. For the typical NR with
H/R=1, o, is compressive and is equal to —0.28 GPa, and
for the typical NW with H/R=4, o, is more compressive at
—0.5 GPa. Figure 5(b) shows the average depolarization
field as a function of the applied stress. For the typical NW,
this field remains less than 10 kV/cm for whole range of o,
under consideration, from —0.5 to 0.8 GPa. We note that this
range of the applied stress correspond to a mechanical force
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FIG. 6. (Color online) The stress sensitivity S of the photocurrent measures
the magnification in the photocurrent due to a relative change in the applied
stress.

from —4.0 to 6.3 uN for a FNC with a radius of 50 nm. With
the same applied stress, the depolarization field for the NR
and ND geometries can be seen to vary over a large range of
well over an order of magnitude.

The normalized photocurrents I ./, are plotted in Fig.
5(c) as functions of the applied uniaxial stress. It can be seen
that in all cases the photocurrent increases as the applied
stress becomes more tensile. The PPV effect is found to be
highly sensitive to the applied stress in a region of about 100
MPa near o,. An order-of-magnitude change in the photocur-
rent can be produced in this region with a change in stress of
just a few percent. In Fig. 6, we plot the stress sensitivity of
the photocurrent S=(o/ Igc)(dlsc/d(r), which measures the
magnification in the photocurrent due to a relative change in
the applied stress, i.e., (Al./I1°)=S(Acd/o). It can be seen
that S may magnify a stress signal by hundreds of times in a
region near o, which is adjustable via the sample geometry,
such as the H/R ratio.

Although the present study is based on PLZT which is
one of the most promising candidates for ferroelectric-based
photovoltaic applications, the BFO system may provide a
much larger photocurrent than PLZT thin films." In this re-
gard, BFO or PTO,BFO,_, etc may be used to make FNCs in
photovoltaic or PPV nanodevices of even higher sensitivity.

IV. CONCLUSIONS

In summary, the effects of applied stress on the photo-
electricity in a ferroelectric nanocylinder (FNC) sandwiched
between SC metal electrodes have been investigated. The
internal depolarization field determined by the spontaneous
polarization that drives the photoelectric current is calculated
using a thermodynamic model based on the Ginzburg—
Landau-type free energy functional. The PPV effect is found
to be highly sensitive to the applied stress near the stress-
induced para/ferroelectric phase transition. An ultra sensitive
stress regime exists, in which a few percent change in the
applied stress can be magnified into hundreds of times in the
change in the photocurrent. That the stress regimes in which
this occurs can be adjusted by varying the dimensions of the
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104120-7 Y. Zheng and C. H. Woo

FNC makes this phenomenon even more interesting. This
effect offers a good potential for applications in HSPMS,
memories, switchable nanodevices, or other photovoltaic
nanodevices.
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