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Epitaxial Pb(Mg4,3Nb,,3)O5-PbTiO3 (67/33) thin films with large tunable
self-bias field controlled by a PbZr,_,Ti,O3 interfacial layer
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Epitaxial Pb(Mg;,3Nb,/3)O3-PbTiO5 200 nm thick, (001) oriented, perovskite phase-pure films were
grown on a range of PbZr, ,Ti,O;3 buffer layers (x =0.2-0.8) and sandwiched between SrRuO;
electrodes on (001) SrTiO; substrates to form a ferroelectric capacitor structure. Devices without a
buffer layer or with a buffer layer of highly tetragonal PbZr, _,Ti,O5; show very large self-bias fields
up to 1.0 x 10’ V/m. These self-bias fields correlate with strain gradient layers near the bottom
electrode observed in these devices only. The large self-bias was explained quantitatively in terms
of the flexoelectric effect. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4874978]

Ferroelectric oxides, most notably PbZr, ,Ti,O3 (PZT),
are very useful for micro electromechanical systems (MEMS)
for the purpose of sensing and actuation."> An alternative to
PZT is a relaxor ferroelectric like Pb(Mg;,3Nb,/3)O3-PbTiO;
(PMN-PT), which is a solid solution between a relaxor
(PMN) and a ferroelectric (PT) material. Recent develop-
ments in relaxor ferroelectrics yielding giant piezoelectric
response have propelled them to the forefront for sensor and
actuator research and development.*” Bulk PMN-PT can
demonstrate an enormous strain level (=1.7%), and its piezo-
electric coefficients can be five to ten times larger than bulk
PZT ceramics. The large electromechanical coupling coeffi-
cient (k33 ~0.9) of PMN-PT promises exciting applications.”
At low temperatures, PMN-PT is rhombohedral up to some
specific PT concentration. Above this concentration, it under-
goes a morphotropic phase transition and becomes tetrago-
nal.® In the bulk PMN-PT ceramic solid solution system, the
morphotropic phase boundary occurs at 33% PT.” The giant
piezoelectric response in PMN-PT ceramics has been
observed near this morphotropic phase boundary, in particu-
lar in single crystalline material with (001) orientation rather
than in polycrystalline samples.*~

For many applications, one requires materials in thin
film form. It is well known that the properties of the PMN-
PT thin films depend upon factors such as chemical compo-
sition, stoichiometry, phase purity, defect density, orienta-
tion, and mechanical boundary conditions. One of the major
difficulties in fabricating PMN-PT thin films is the purity of
the perovskite phase, and the most prominent second phase
that typically appears during synthesis is the pyrochlore
phase. This lead deficient, non-piezoelectric phase
(Pb,Nb,O5) forms due to ineffective incorporation of vola-
tile constituents (for instance, PbO) into the film,® and its
presence degrades the piezoelectric properties. The multi-
step columbite process was developed for the synthesis of
the pure bulk perovskite phase PMN-PT ceramic that
bypasses the pyrochlore phase formation by facilitating the
reaction between magnesium, niobium, and lead oxides.®
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However, this method is not suitable for thin film synthesis.
Bu et al. and Baek er al.*” demonstrated the perovskite
phase stabilization in PMN-PT films deposited on miscut
SrTiO3 (STO) and Si substrates, respectively. There, the
high density of steps on the (miscut Si) surface helps to
maintain film stoichiometry due to the effective incorpora-
tion of volatile constituents (PbO).

In the present work, we achieve a (001) oriented, pure
perovskite phase of epitaxial PMN-PT (67/33) thin films on
(001) oriented STO low miscut substrates by carefully opti-
mizing the film growth conditions. Secondly, we use a PZT
buffer layer of varying composition that introduces a large
build-in self-bias field for tetragonal compositions. This self-
bias field is remarkably stable on prolonged cycling and can
be tuned by the PZT composition. Such a tunable self-bias is
of great importance for devices like energy harvesters, which
are operated at zero bias. By tuning the self-bias, one can opti-
mize the operation point and potentially the device
performance.

Capacitor stacks of a 100nm SrRuO;3 (SRO) base elec-
trode, 25 nm thick PZT buffer layer, 200 nm PMN-PT, and a
100nm thick SRO top electrode were grown on TiO, termi-
nated (001) oriented STO substrates’ (samples S1-S6).
Further, one sample with a 1% Nb-doped PZT (52:48) buffer
layer was prepared (sample S4N) and one without buffer
layer (SO). We have used a growth process of the PMN-PT
layer that was optimized for phase purity, film smoothness,
and maximum piezoelectric coefficient ds;. There is a rela-
tively narrow process window around the following process
parameter values: All layers are subsequently deposited by
pulsed laser deposition using a KrF Excimer laser (248 nm)
without breaking the vacuum. The PMN-PT films were de-
posited at a substrate temperature of 600 °C, at a pure oxygen
pressure of 0.28 millibar, a target-substrate distance of 6 cm,
and at a laser fluence of 2.25 J/cm2 at 4 Hz repetition rate.
The deposition conditions of the PZT buffer layers are similar
except for the oxygen pressure (0.10 millibar). The deposition
conditions of the SRO electrodes are reported elsewhere.'®
The layer stack is cooled down from deposition temperature
to room temperature in a 1 bar pure oxygen atmosphere. The

© 2014 AIP Publishing LLC
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capacitor structures are defined by photolithography and Ar
ion beam etching.

X-ray diffraction (XRD) 0-20, azimuthal ¢-scans, rock-
ing curves, and reciprocal space mapping were performed to
determine the crystallographic structure of the stack. Part of
the 0-20 spectra of the film stacks with and without PZT
interfacial layer is shown in Fig. 1. The reflections from the
substrate, electrodes, PZT interfacial layer, and PMN-PT
peaks are indicated. In the full spectrum (not shown), the
PMN-PT reflections can all be attributed to (001) growth ori-
entation. No additional peaks representing secondary phases
(pyrochlore phase) or orientations are detected. ¢@-scans
show in-plane epitaxy with a cube on cube relation with the
substrate. Rocking curves of the PMN-PT reflections have a
full width at half maximum of 0.05°-0.21° for the films with
PZT buffer layer and 0.52° for the PMN-PT film deposited
directly on the SRO bottom electrode. The narrowness of
these peaks demonstrates the high degree of oriented growth
and good crystallinity of these films.

From Fig. 1, it is seen that the PMN-PT reflections in
most cases are slightly shifted from the angle expected for
rhombohedral, unstrained PMN-PT. The broad shoulder at
lower angles causing the asymmetric PMN-PT reflection for
samples with PZT(x > 0.6) and for sample SO, without PZT,
indicates compressive strain relaxation from the in-plane lat-
tice constant of the underlying (PZT or SRO) layer to that of
the bulk value of PMN-PT. The XRD data of the sample
S4N (not shown) are practically equal to that of S4, thus the
doping does not influence the lattice parameters and the
strain state. For buffer layers PZT (x < 0.6), there is a small
in-plane tensile strain in the PMN-PT layer and thus a mar-
ginally decreased out-of-plane lattice parameter. In the 6-20
for films with PZT (x <0.5), a single PZT reflection (inten-
sity I;(x)) is observed, whereas for the tetragonal composi-
tions a second, weaker peak (/>(x)) appears with a larger out-
of-plane lattice constant. For the tetragonal compositions,
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FIG. 1. XRD spectra of 200 nm PMN-PT ferroelectric capacitors on STO
substrates with 100 nm SRO electrodes without (sample S0) and with (S1-
S6) 25nm PZT buffer layers. The bars indicate the positions of reflection
peaks of unstrained PZT and PMN-PT films. The square denotes the position
of PZT and PMN-PT strained fully to the substrate.
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there is no signature of structural domains with the long axis
in plane (¢ domains), which would show up near the angles
indicated by @err pzr. unstrainea- The main out-of-plane reflec-
tions for x=0.7 and 0.8 correspond well with an unstrained
long-axis value of the unit cell (¢;err pzT unstrainea)- The second
lower intensity peak corresponds to strong in-plane compres-
sion with an in-plane lattice parameter of about 3.95 A,
approaching that of the STO substrate (3.905 A). (If the PZT
were fully strained to the substrate, the out-of-plane reflec-
tion would appear at the positions denoted by ¢pzr srainea 1o
sto-) The broad plateau in between the peaks (x=0.7 and
0.8) and the wide shoulder (for x =0.6) at the low angle side
of the main PZT reflection of the tetragonal composition
films is attributed to a gradual strain relaxation from the
highly strained layer to the bulk of the film. For x=0.6 and
0.5, the PZT is slightly tensile strained and the films with
rhombohedral PZT compositions are slightly compressively
strained. The measured c/a ratios of the PMN-PT and PZT-
films are depicted in Fig. 2(a), together with the values for
bulk PZT."' In Fig. 2(b), the unit cell volumes (V,.) are
given, showing constant V,.(PMN-PT) and bulk V,.(PZTx)
corresponding to the /; reflections. The data points corre-
sponding to the reflections /> on the other hand correspond to
an extremely large compressive strain (large (c/a) and
slightly enhanced V/,,,.

The XRD analysis indicates that the PZT layers with
rhombohedral compositions and the main part of the tetrago-
nal PZT films are slightly strained. The tetragonal films with
large bulk c/a ratio show a relaxing strain gradient with max-
imum strain at the base electrode/PZT interface, relaxing
into the film. Strain relaxation occurs by the incorporation of
lattice defect, which are generally accompanied by defect
charges. Further, the high strain and an increased defect den-
sity increase the PZT unit cell volume.

The polarization hysteresis loops were measured from
which the self-bias field Ey, = (E — E_)/2 and the coer-
cive field E. ., = (EX — E.)/2 were obtained. In Fig. 3(a),
the self-bias field and the coercive field are shown as func-
tion of the PZT-composition of the buffer layer. The devices
with large E. correspond to those with a large strain relaxa-
tion layer at the base-electrode/ferroelectric interface, both
in the devices with (S1 and S2) and without PZT-buffer layer
(S0). The devices with predominantly constant (small) strain
in the PZT and PMN-PT layers (S3 to S6) have negligible
self-bias. The coercive field shows a similar trend. The Nb-
doped device S4N has an increased negative self-bias field
as compared to the undoped comparison sample S4. The co-
ercive field of S4N is reduced with respect to that of S4. In
Figs. 3(b) and 3(c) E. and E, are shown as a function of the
number of aging cycles (cycling through the complete PE-
loop up to +/—500kV/cm) for the devices SO, S1, S2, and
S5. The devices S0, S3-6, and S4N are very stable up to the
maximum number of cycles, 10®, implying that the charge
density profile in the device is very stable upon cycling. For
S1 as well as S2, the self-bias and coercive field both
decrease monotonically upon cycling and stabilize after
about 107-10% cycles, which indicates that a new, stable
(charge) configuration has been established. The large coer-
cive field values of the devices S1 and S2 appear to be corre-
lated with the large Eg;,. For E. < 2.5 MV/m, another pinning
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mechanism is dominant, that is apparently not linked to the
charge density.

In spite of many theoretical and experimental works on
possible causes of field self-bias in ferroelectric capacitors,
the physical mechanism behind the built-in fields is often
hard to identify, since many extrinsic and intrinsic factors
may play a role.'? In the devices SO, S1, and S2, we identi-
fied compressively strained layers next to the base electrode.
In such a layer, the strain is relaxed by dislocations, which
can be accompanied by charged defects. This charged layer
might be the (extrinsic) mechanism behind the field bias. On
the other hand, the strain gradient can also give rise to an in-
ternal field. This is then considered an internal cause.

Assuming that the self-bias is due to a homogeneous
charge distribution p(x) due to dislocations in the strain
relaxation layer with thickness a,, we calculated the field
outside this layer as

= paya,
E,, N st et e,
&0&p 2L

6]

X > a,,

where ¢, is the dielectric constant of the background dielec-
tric (assumed to be constant over the total stack thickness L)

which is of the order of 10.'> The thickness a, is a fraction
of the PZT layer thickness and is estimated from the inte-
grated XRD intensity ratio to be 5 and 10 nm respectively for
S1 and S2 and 16nm for SO. Since a,/L is small, the
observed self-bias field is then largely due to the constant
field for x > a,. The space charge density is estimated from
the measured self-bias field to be of the order of
p=1.6x10" C/m’ or 6.4 x 10~ |e|/unit cell for sample S1
with the largest bias field, Ey = 101kV/cm. This corre-
sponds to a positive charge of one |e| in each cube of
5.4 x 5.4 x 5.4 unit cells. This charged defect density is con-
sistent with defects concentrated in the grain boundaries and
defect planes, which create the necessary stress relaxation.
Upon continuous cycling, the self-bias and coercive field
decreases. This can be interpreted as being due to compensa-
tion of the positive charges in the strained layer by electrons
injected from the electrode in an irreversible process. The
coercive field decreases due to reduced pinning of the do-
main walls at the reduced density of charged defects. In this
picture, the very small self-bias fields for S3-6 (|Eg| <
10°V/m) are ascribed to a very thin, lightly charged layer,
or “dead” (passive) dielectric layer adjacent to the electrodes
and/or dielectric grain boundaries.'?
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The observed strain gradient in the devices with large
self-bias suggests a second possible cause, the flexoelectric
effect.'>'* Here, we follow the model of Ref. 12. Due to the
strain gradient in the stress relaxation layer at the bottom
electrode, a large effective electrical field E. is created in
this layer (with thickness d, approximately equal to a,)
through the flexoelectric effect

M) A}
Eer = E3 = ¢113—x2+2¢128—x;- ()

Here, ¢; are the strain gradient electric field coupling coeffi-
cients. The out-of-plane gradient term can be estimated as
0S3/0x3 =~ AS3/d = (¢(d)) — ¢(0))/a.d, where ¢(0) is the
(measured) c—axis length of the strained layer with thickness
d and c(d) that of the unstrained PZT and the in-plane gradi-
ent term as 05, /0x3 = AS/d = (a(d) — a(0))/a.d, where a
is the measured in-plane lattice parameter. The values of the
flexoelectric tensor components have been estimated as
|¢ij/ac| = Ear- Eq4 is a typical atomic electric field of about
100MV/cm for perovskites and a. is the pseudocubic lattice
parameter. Further, it is reasonable to assume that ¢, has a
sign opposite to that of ¢,;. The resulting estimate of the
absolute value of the effective field in the strained layer is
|Eett| = |Eat(AS3 — 2AS))(a./d)| =4.6 x 10" V/m for SI.
The effective field can be so large that the thin layer becomes
non-switchable for all applied external field values with a
fixed polarization P,,. Further, at the interface of the
non-switchable layer and the switchable layer, a free charge
layer with charge density ¢ may be present. The self-bias
voltage V, (or (apparent) self-bias field Ey, = Vi, /L) is
given by'”

d

E0Ef str

Vi =

(Py + 0) + dEcss, (3)

where ¢ g, is the relative dielectric constant of the strained
layer. We have observed that over time V, changes with cy-
cling and reaches a new, lower, stable value. Following the
suggestion of Ref. 12, we assume that in the initial state the
free (interface) charge density is (negligible) small, hence a
large initial self-bias voltage, VZ’)" =dPy/ eo&f sir + dEess, 18
present. After long cycling, free charge builds up and com-
pensates the field in the strained layer, reaching a value
0 = —é&oefarEefr, so that the final self-bias voltage is
V’;,'," = dPy/eo¢s . From the measured self-bias voltages
and strained layer thickness, we estimate E.;=1.7 X 108
V/m for S1. This is only a factor of 3 larger than the value
estimated above from the flexoelectric effect. Assuming the
value of Py, to be equal to the spontaneous polarization
P,=0.70 C/m? of bulk material,'® one obtains & sir = 274
and o =—0.40 C/m>. This suggests that the permittivity of
the strain-gradient layer is significantly enhanced over that
of the bulk value (& pr =86 for x:O.S).16 This may be
ascribed to the fact that the layer is not only subjected to a
strain-gradient but also to a very large strain, considering
that the c/a ratio reaches a value of approximately 1.09 in
this layer. The large self-bias voltage of S2 and its cycling
dependence can be explained in the same way. SO does not
show any cycling dependence of E;,, suggesting that the

Appl. Phys. Lett. 104, 182909 (2014)

displacement of free charges does not take place. The
self-bias voltage of SO is low compared to the initial V, val-
ues in S1 and S2. The lowest value that can be obtained is
when E. is fully compensated by trapped free charge from
the very first fatigue cycle onwards, thus Vg, = dPy/ E0Ef sir-
In this case, the polarization is directed approximately in the
body diagonal of the rhombohedrally distorted pseudocubic
lattice of PMN-PT, hence Py =~ Ps/ V3 =0.32C/m>% With
this value one obtains &y, =1240, a factor of 2 larger than
the literature value 680 for poled PMN-PT.'” From this argu-
ment, one has to conclude that already during cooldown after
fabrication of the SO device free charge is trapped in the
PMN-PT that compensates the effective field. The samples
S3-6 do not show any significant self-bias nor any significant
strain gradient in the PZT and the PMN-PT layer. This is
taken as a strong indication that the strain gradient is the
dominating mechanism behind the large self-biases in the
devices SO-2.

The observation that the very thin tetragonal PZT layers
(S1-2) grow in a single c-domain phase with the long axis
out-of -plane is in accordance with the model of Perstev
et al."® for strained, single domain PZT thin films. In this
model, there is a transition to the (rhombohedral) r-phase for
PZT(x ~ 0.6) on STO. We observe a transition at approxi-
mately this value from the highly strained initial growth
layer to what can be interpreted as a slightly tetragonally dis-
torted rhombohedral phase, in accordance with this model.
Further, it appears that in the samples S1-2 the high initial
strain relaxes largely within the first 5-10 nm, whereas in
S3-6 it is practically immediately relaxed, which is indica-
tive for a high density of misfit dislocations p and therefore
short strain relaxation layer thickness. The 1% Nb—doped
PZT(x=0.5) sample S4N shows a negative self-bias field
that slightly decreases from —1.34MV/m to —1.28 MV/m
after 10°® cycles. The XRD data do not give any indications
of a strain gradient layer therefore we ascribe the self-bias to
the charged Nb—doped PZT-layer. Using Eq. (1) in the small
thickness approximation of the charged layer, one obtains a
charge density p=—8.5 x 10* C/m’ or 3.4 x 10> electron/
unit cell. This implies that the 1% Nb doping, causing an
electron doping of 1 electron per 100 unit cells, is largely
cancelled. All the doped electrons are apparently strongly
trapped to compensate the positive charges of the Nb-ions
and even some extra electron charge is permanently trapped
in the Nb—doped PZT layer that creates the small negative
charge density in the Nb-doped layer, causing the self-bias.

In conclusion, we have grown ferroelectric capacitors
consisting of a 25nm PZT buffer layer of varying composi-
tion and a 200 nm PMN-PT (67:33) layer on STO substrates.
XRD analysis shows that all layers are grown with (001) ori-
entation. The PMN-PT layers are perovskite phase pure and
do not show any signatures of the pyrochloric phase. The PZT
buffer layers with tetragonal composition are initially com-
pressively strained to the substrate and relax fully over the
layer thickness. The PZT layers with nearly cubic bulk lattice
structure are only slightly and homogeneously strained. The
samples with strain gradients near the bottom electrode show
large and fairly stable self-bias voltages. The large self-bias
samples also show strongly increased coercive fields. The
large self-bias was discussed in two ways. First, in the strain
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gradient regions the enhanced defect density can be associated
with trapped charges. However, in this model the charge den-
sity and its sign are free parameters. Second, the strain gradi-
ent layers can create a self-bias field through the flexoelectric
effect. The observed self-bias voltages are consistent with the
measured strain gradients and layer thicknesses. The self-bias
voltage can be tuned in a fairly wide range by the composition
of the buffer layer. This is of significance for devices like
energy scavengers and low energy consumption sensors that
preferably operate at zero bias voltage.
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