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The piezoelectric response in polycrystalline films of doped ferro-
electric HfO, has been explored so far; however, the lack of texture in
most of the studied films prevents its full understanding. By selecting
the appropriate substrate orientation, the ferroelectric orthorhombic
phase ratio and crystallographic orientation can be modified in
epitaxial films. We exploit this possibility to get further insight into
the ferroelectric hafnium oxide piezoelectric response. While char-
acterizing in-plane and out-of-plane piezoelectric responses, it is
observed that their magnitude is mainly ruled by the presence of
the orthorhombic phase and the polar axis of the polarization along
the probing direction. It is also found for the as-grown state that along
the out-of-plane direction a single ferroelectric domain is formed, and
instead the in-plane response reveals a rich domain structure with a
domain size of ~10-30 nm. By characterizing the in-plane piezo-
electric response, it is observed that it is anisotropic if the specific
orientation, (110), of the SrTiO3 substrate is used. We propose that an
out-of-plane single domain is formed due to the presence of an
imprint electric field, whereas in-plane domains are formed by non-
purely electrostatic interactions as revealed by their relatively large
size. Besides, the small but sizeable in-plane anisotropic response is
found to result from the in-plane crystallographic configuration,
ultimately determined by the selected substrate.

Introduction

Ferroelectric doped HfO, is receiving technological interest for
memory applications due to its CMOS compatibility. Beyond
memory applications, it is also appealing to develop devices
based on other functionalities such as piezoelectricity and
pyroelectricity, inherently present in all ferroelectric materials.
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Pyroelectric and electrocaloric effects have been widely reported
in polycrystalline ferroelectric doped HfO, films."™ Piezoelec-
tric response, on the other hand, has gotten less attention, until
very recently when a negative piezoelectric response has been
theoretically predicted*® and experimentally probed.®’

So far, most of the studies related to the piezoelectric
response of ferroelectric doped HfO, make use of the Piezo-
electric Force Microscopy (PFM) tool. These studies mainly
focus on the characterization of PFM loops and/or PFM images
after electric lithography to further demonstrate the ferroelec-
tric character of the material.®*® More specific studies focus on
the ferroelectric switching dynamics''> or ferroelectric
retention.”® The findings in epitaxial ultrathin (~ < 2 nm)
films are also relevant, where P-E loops in macroscopic devices
and a ferroelectric PFM response have been observed.'*"> The
coexistence of ferroelectric and paraelectric regions, which are
attributed to the orthorhombic and monoclinic/cubic phases,
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respectively, has also been identified using PFM imaging.'®"”
However, the crystalline grains of the various phases are of the
same order as the normal PFM tip radii, making it challenging
to distinguish among them.'®'® Additionally, quantification of
the piezoelectric response using PFM is very limited, most
probably due to the low piezoelectric response of the material
(0.5-5.5 pm V') and the intrinsic difficulties of quantification
related to its very insulating character.’®*° Note that the
clamping effect produced by the presence of coexisting non-
ferroelectric phases with lower piezoelectric response can
reduce the out-of-plane deformation, whereas the presence of
the substrate clamps the in-plane deformation.>"**

Despite the listed difficulties, the characterization of the out-
of-plane and in-plane piezoelectric response is of relevance for
several applications. F.i., regarding in-plane responses, in
layered strain-mediated magnetoelectric systems composed of
a ferroelectric and a magnetic material, the in-plane deformation
of the ferroelectric layer (controlled by an external electric field)
dictates the magnetization of an adjacent magnetic material.?®
In particular, in-plane anisotropic piezoelectric effects can result
in the in-plane rotation of the magnetization, which can lead to
the observation of large magnetoelectric coupling effects.*>®
However, in polycrystalline HfO, films, the in-plane response
must be isotropic. Instead, in epitaxial films, the control of the
in-plane and out-of-plane crystalline orientations is possible by
the use of appropriate substrates, allowing in-plane anisotropic
piezoelectric effects. Besides, there are no systematic studies on
the as-grown ferroelectric domain development in ferroelectric
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HfO,, despite the fact that they would aid in a better under-
standing of the mechanisms underlying ferroelectric responses.

Hf, 5Zr, 50, (HZO) epitaxial films on La,;Sr;/3sMnO3(LSMO)/
SrTiO;3(001) show (111) out-of-plane texture and therefore polar-
ization is tilted by 54.7° with respect to the out-of-plane direc-
tion with three possible orientations (Fig. 1(a)) and three
possible in-plane orientations rotated by 120° are possible. In
addition, 4 in-plane crystalline variants rotated by 90° appear
(Fig. 1(c)), and thus polarization shows 12 possible directions.>
In films grown of LSMO/SrTiO5(110), (111) out-of-plane texture
is present with also three possible polar directions (Fig. 1(a)),
but two sets of 2 crystalline variants separated by only 8.5° are
formed. Each of these two sets is separated by 180° (Fig. 1(d)).*°
Finally, films on LSMO/SrTiO5(111) show tilted epitaxy with one
of the orthorhombic cell axes parallel to the [0-11] axes of the
substrate and the other two at 24° and 66° away from the out-of-
plane direction (Fig. 1(b)). Three crystalline variants are present
in this case separated by 120° (Fig. 1(e)).** Thus, the in-plane
response along perpendicular directions, in films grown on
LSMO/SrTiO;(110) and (111), is expected to be anisotropic
(Fig. 1(d and e)), but not on films grown on LSMO/SrTiO5(001).
In addition, an in-plane response is expected to depend on the
orthorhombic phase ratio, the presence of which is also tai-
lored by the selected substrate orientation.”™

In this work, we characterize the out-of-plane and in-plane
piezoelectric response of HZO epitaxial films grown on LSMO/
SrTiO; (001), (110) and (111). It turns out that the piezoelectric
responses from individual grains cannot be disentangled and
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(@ and b) Sketch of the out-of-plane crystallographic orientation of orthorhombic HZO films grown on (a) LSMO/SrTiO3(001) and LSMO/

SrTiO3(110), and (b) LSMO/SrTiOs(111) corresponding to one of the crystalline variants. (c—e) Sketch of all the possible in-plane directions of the polar axis
of orthorhombic HZO films grown on LSMO/SrTiO3(001), LSMO/SrTiO5(110), and LSMO/SrTiO3(111), respectively. Axes are along the two in-plane
orientations of the substrate along its edges. In (c—e) each crystalline variant is indicated by a different color.
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therefore distinguishing isolated contributions from grains
with different phases or orientations is not possible. Instead,
the out-of-plane and in-plane piezoelectric response magnitude
is found to be mainly determined by the fraction of the
orthorhombic phase and the projection of the polarization
along the probing direction. Characterization of the in-plane
piezoelectric response of the as-grown state allows the identifi-
cation of the presence of in-plane ferroelectric domains with
sizes ranging from 10 to 30 nm, contrary to what is observed
along the out-of-plane direction where Ej,,, field imposes the
as-grown state to be towards the bottom electrode. As expected,
these in-plane ferroelectric domains are not switchable under
the application of an out-of-plane external electric field. Finally,
it is also shown that the in-plane piezoelectric response is
sizeable and anisotropic in films grown on LSMO/SrTiO;3(110).

Materials and methods

Epitaxial HZO films (¢ = 6.5 nm) were grown on LSMO (¢ =
25 nm) buffered SrTiO;(001), SrTiO;(110) and SrTiOs(111)
substrates (see sketch of the structures in Fig. 2(a-c)), by pulsed
laser deposition (KrF excimer laser, 248 nm wavelength). Further
details of the deposition conditions are reported elsewhere.” "
Platinum circular top electrodes with a thickness of 20 nm and a
diameter of 20 um were deposited ex situ by sputtering through
stencil masks at room temperature and were used to perform
macroscopic ferroelectric characterization.

Piezoelectric force microscope (PFM) measurements were
performed with an MFP-3D microscope (Oxford Instrument Co.)
using the BudgetSensors silicon (n-type) probe with Pt coating
(Multi75E-G). The typical tip radius is less than 25 nm and the
spring constant is ~3 N m ™. PFM electric lithography was used
to test the switchable polarization. As sketched in Fig. 2(a-c), in
the dark region, —8 V is applied and in the inner bright region,
+8 V. In the outer bright region, no voltage was applied, and thus
it corresponds to the as-grown state. To achieve better sensitivity,
the dual AC resonance tracking (DART) method was employed to
read the out-of-plane state after electric lithography.** For as-
grown domain imaging, single-frequency vector PFM was also
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Fig. 2 (a—c) Sketch of HZO films grown on LSMO/SrTiO3(001), LSMO/
SrTiO3(110), and LSMO/SrTiOs(111), respectively. (d and e) Corresponding
[-V and P-V loops measured at 1 kHz for the three samples.
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employed. Piezoelectric response is evaluated at near resonance
in the same conditions in all the cases, and thus the amplitude
magnitude is comparable for all characterizations, but it does
not correspond to the intrinsic piezoelectric response and thus it
cannot be used to quantify it.>* Single-frequency vector PFM
mode was used to obtain the in-plane domain images and out-
of-plane simultaneously. The in-plane component of the piezo-
response is evaluated by the lateral deflection of the AFM
cantilever, which is perpendicular to the longest cantilever direc-
tion. When probing the in-plane piezoresponse along perpendi-
cular directions, the sample is physically rotated by 90°, and thus
the imaged region is another. The out-of-plane piezoresponse is
evaluated by the vertical deflection of the AFM cantilever. Recall
here that for ferroelectric domains with the polar axis pointing in
the opposite direction along the normal to the sample surface (for
out-of-plane response)** or along the perpendicular direction of
the cantilever longest side (for in-plane response), the amplitude
signal is expected to be constant with zero signal at the domain
walls, and the phase signal is expected to show 180° contrast. Note
also that single-frequency vector PFM and DART images are
collected at different frequencies; therefore the amplitude signals
are not comparable. Atomic force microscopy (AFM) in dynamic
mode was used to characterize the surface morphology in separate
experiments, and thus these are representative but do not corre-
spond to the same region of the PFM images.

An AixACCT TFAnalyser2000 platform was used to measure
ferroelectric polarization loops at room temperature. Current versus
voltage (I-V) loops were measured at 1 kHz by the dynamic leakage
current compensation (DLCC) procedure and positive-up negative-
down (PUND) modes in top-bottom configuration with the bottom
LSMO electrode grounded. From both measurement methods, the
polarization loops confirm that the HZO films on different crystal-
line oriented substrates are ferroelectric. In Fig. 2(d and e), the
current versus voltage (I-V) and polarization versus voltage (P-V)
loops, respectively, of the HZO films grown on LSMO/SrTiO5(001),
LSMOY/SrTiO;3(110), and LSMO/SrTiO5(111) are shown. The rema-
nent polarization (P,) is 18 pC cm™2, 32 uC ecm ™2 and 12 pC ecm >
for HZO/LSMO/STO (001), HZO/LSMO/STO (110) and HZO/LSMO/
STO (111), respectively. From the obtained P, values and from the
fact that P, is correlated with the quantity of the orthorhombic
phase,®® it can be estimated that the amount of orthorhombic
phase is 56, 100 and 55%, respectively (see S1 of ESIt). Note that
monoclinic and orthorhombic grains have a columnar shape, as
characterized by scanning transmission electron microscopy,
elsewhere.’***"*® The imprint electric field (Ein,) values are
—800.0 kv em ™, —861.5 kv em ™! and —738.5 kv em ™! for HZO/
LSMO/STO (001), HZO/LSMO/STO (110) and HZO/LSMO/STO (111),
respectively, thus similar and always pointing towards LSMO.
Corresponding PUND loops are shown in S2 of the ESIL,{ showing
slightly lower P; values but displaying the same trend.

Results

Fig. 3(a—c) show archetypical PFM phase images collected in
DART mode with 180° phase contrast between inner regions

J. Mater. Chem. C, 2023, 11, 7219-7226 | 7221
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Fig. 3 (a—c) PFM out-of-plane phase images for the three HZO films grown on LSMO/SrTiO3(001),
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HZO/LSMO/SrTiO,(111)

LSMO/SrTiO3(110), and LSMO/SrTiO5(111),

respectively, after applying +(—)8 V in the bright (dark) regions. The outer region corresponds to the as-grown state and no voltage has been applied.
(d—f) PFM out-of-plane amplitude images corresponding to the (a—c) phase image regions.

poled with —8 V (P,,, away from the bottom electrode) and with
+8 V (Pgown, towards the bottom electrode) revealing the ferro-
electric nature of the films. The outer region corresponds to the
as-grown state, in all cases, Pgown. This agrees with the negative
internal Ej,,, inferred from the P-V loops (Fig. 2(d and e)),
which indicates that the P4,., state is favored. The corres-
ponding PFM amplitude images (Fig. 3(d-f)) show small con-
trast between the Pyown and Py, regions and a decrease of the
response at their boundary, except in some regions where likely
charging effects are more relevant.>’” The PFM amplitude
decrease at the domain walls is less visible in the sample on
LSMO/SrTiO;(110), although it is present, probably due to its
better insulating character®® in front of films grown on LSMO/
SrTi0;(001)*° resulting in larger charging effects.'® The ampli-
tude PFM signal seems at first sight very similar in the three
samples in the as-grown state. More precise comparison of the
out-of-plane amplitude PFM signal can be done by inspection
of images collected using vector PFM of the as-grown state and
shown in S3 of the ESI,} where it can be concluded that the film
on LSMO/SrTiO3(110) shows larger response in agreement with
the larger fraction of orthorhombic phase®® and the larger P, of
this film (P, = 32 pC cm™?). A smaller response is found for the
film on LSMO/SrTiO; (001) and slightly smaller for the film on
(111), in agreement with the fact that these show P, = 18 uC cm™>
and 12 uC cm™?, respectively. In addition, note that the histogram
of the as-grown state (ESIt S2), only shows 1 contribution,
indicating that the contribution from monoclinic and orthorhom-
bic grains for all the samples or from the orthorhombic grains
with different polarization direction for the LSMO/SrTiO3(111)
sample, cannot be distinguished. Therefore, different contrast in
the PFM amplitude image can only be ascribed to gradients of
response resulting from convolution of different contributions.
Now we turn to the analysis of the in-plane piezoelectric
response. In Fig. 4(a—c), the PFM phase images of the as-grown
state reveal the presence of domains with opposite in-plane

7222 | J Mater. Chem. C, 2023, 1, 7219-7226

orientation (towards the top and towards the bottom part of the
image). Note that the particular polarization sign for the bright
or dark regions cannot be inferred due to the absence of a
reference region.” Similar shapes are observed if deflection
along the perpendicular axis is probed (Fig. 4(d-f)). The
domains have a maze-like shape with lateral lengths between
10 and 100 nm or larger. Note also the similar total fraction of
domains pointing along opposite directions in the three sam-
ples as expected due to the absence of preferential sign for the
in-plane ferroelectric polarization. Finally, it is also emphasized
that there is no dependence of the domain shape orientation
depending on the different used substrate. This is expected for
the film grown on LSMO/SrTiO3(001), due to the in-plane
perpendicular directions being equivalent, but not necessarily
for the films on (110) and LSMO/SrTiO5(111). In Fig. 4(g-i), the
in-plane signal collected after prepoling with the indicated
voltage is shown. Inner and outer regions do not show sig-
nificant contrast. Therefore, as expected by the fact that the
applied electric field is perpendicular to the in-plane polariza-
tion direction, the out-of-plane external electric stimuli do not
result in a modification of the in-plane domain configuration
contrary to the out-of-plane case (Fig. 3). Note that as-grown in-
plane ferroelectric domains are not distinguishable due to the
larger size of the image compared to Fig. 4(a—f).

Further information on the in-plane PFM response can be
obtained by analyzing the in-plane PFM amplitude images
shown in Fig. 5. In Fig. 5(a-c), the amplitude PFM image of
the as-grown state for the films grown on LSMO/SrTiO5(001),
(110) and (111), respectively, is shown. Grainy morphology is
here observed with similar grain size around 10-30 nm for the
three films. The insets correspond to the topographic images
(same scale) showing smaller grain size. Therefore, the collected
PFM response corresponds to the convolution of different grains
with different orientation and/or phases. The different size of the
grains/domains in the topography/PFM images also disregards

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a—c) PFM in-plane phase images for the three HZO films grown on LSMO/SrTiOs(001), LSMO/SrTiOs(110), and LSMO/SrTiOs(111), respectively.
Response is probed along the vertical in-plane direction as indicated in the inset. (d—f) [dem, while probing along the horizontal in-plane direction. (g—i)
PFM in-plane phase images for the three HZO films after applying + and —8 V in the inner and outer regions as indicated. The in-plane substrate
orientation in (g—i) is the same as in (a—c).

important cross-talk effects of topography in the collected amplitude, as denoted by their different brightness. This can
amplitude images. We do also observe in the PFM amplitude be ascribed to the fact that the response is modulated by the
image that different domains show different piezoresponse different presence of the orthorhombic phase. But the response
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Fig. 5 (a—c) PFM in-plane amplitude images for the HZO films on LSMO/SrTiOs(001), LSMO/SrTiO3(110), and LSMO/SrTiOs(111), respectively. Response
is probed along the vertical direction as indicated in the bottom-left. Top-right insets show the topography images. (d—f) Idem, while probing along the
horizontal direction.
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of the out-of-plane piezoelectric amplitude shows less contrast
among grains (see S3 of the ESIt). Therefore, the different
amplitude response likely corresponds to a convolution of the
different direction of the polarization added to the presence of
monoclinic grains with lower response, as discussed in more
detail in the discussion section. When the piezoresponse is
probed along the perpendicular orientation (Fig. 5(d-f)), a sig-
nificant amount of brighter grains for the film grown on LSMO/
SrTiO;3(110) (Fig. 5(d)) is observed.

To better visualize the different amplitude in-plane response
depending on the probed direction for the three films, histo-
grams of the PFM amplitude images of the six 500 x 500 nm*
regions shown in Fig. 5 are presented in Fig. 6. In Fig. 6(a), it can
be observed that for the film on LSMO/SrTiO;3(001), the response
is similar irrespective of the probed direction, SrTiO;[010] or
[100]. Instead, in Fig. 6(b), a strong different amplitude distribu-
tion can be observed for the film on LSMO/SrTiO5(110), despite
the similar position of its maxima. In particular, more grains of
larger amplitude response are observed when probing along the
SrTiO;[1-10] direction than for the [001] one. Finally, for the film
on LSMO/SrTiO5(111) (Fig. 6(c)), the maxima of the histograms
occur at similar positions while probing along the SrTiO;[1-10]
or the [11-2] directions.

Discussion

The main results of this study are summarized in Fig. 7(a). The
center of the lognormal distribution for the out-of-plane (see S3
of ESIT) and in-plane (Fig. 6) directions of the films is plotted
(left-axis), together with the remanent polarization value (right
axis), as a function of the SrTiO; substrate orientation. It can be
observed that the out-of-plane and in-plane PFM amplitude
scales with the remanent polarization, and therefore with the
amount of orthorhombic phase.

From the analysis of vector PFM images of the as-grown state,
it is found that the films are fully downwards polarized with a
single out-of-plane domain, in agreement with the Ej.,, direction
inferred from ferroelectric characterization using macroscopic top
electrodes (Fig. 2). In addition, all the films show maze-like shape
in the in-plane phase images with the size of domains of around
10-100 nm, whereas the amplitude images show grainy shapes

View Article Online
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with sizes of around 10-30 nm. The different domain distribution
of the in-plane and out-of-plane images can be explained by the
fact that the phase can only be 0 or 180°, depending on the sign of
the projection of the polarization vector, and that the amplitude
signal depends on the amplitude of the in-plane polarization, but
also on the amplitude of its projection along the probing direc-
tion. Fig. 7(b) shows a schematic example of the PFM amplitude
and phase image of three domains when the piezoresponse is
probed along the horizontal direction. The amplitude response
displays three regions because the projection along the probing
direction is different for each of the domains, in contrast to the
phase response only displaying two regions. Therefore, the num-
ber of distinguishable domains by phase is always less than by
amplitude. The effective amplitude images are shown in S4 of the
ESI,t where A.¢ = A sin(Q) is plotted, where A is the amplitude and
® is the phase of the PFM signal helping to better visualize the
different polarization direction of the domains. However, one
should also consider that the contribution of the monoclinic
grains can also affect the image contrast, as discussed as follows.
In out-of-plane amplitude images (see S3 of ESI}), it can be
observed that different grains also show different amplitude
response, although the image is more uniform, and the signal
between grains is not zero as a result of the fact that the
polarization is pointing along a single (downwards) direction
and therefore ferroelectric domain walls are not present. More
precisely, polarization points 54.7° away from the normal direc-
tion and therefore its projection along the out-of-plane direction is
always the same. Thus, the different contrast in the out-of-plane
images only results from the presence of grains with different
response, ie. presence of non-ferroelectric phase. The contrast
being larger in in-plane image data suggests that the different
polarization direction of domains and the presence of monoclinic
phase contributions coexist in the in-plane response. In arche-
typical ferroelectrics, square periodicity (w*) of domains is found
to be similar to the ferroelectric thickness according to Kittel’s
law.*® Characterized films are around 6 nm thick and domains are
10-30 nm in width. Therefore, it can be concluded that the size of
the domains with polarization pointing in-plane is larger than
those determined by the electrostatic boundary conditions. The
fact that ferroelastic domains are typically found to be larger than
non-ferroelastic ones® indicates that the observed large domain
size probably results from ferroelastic interactions.

(a) 4000 (b) 3000 (C) 4000 x
i SITiO,[001] SITiO,[11-2]
= z;g%gg} I srTiO[1-10] I SrTiO;[1-10]
3000 ’ 3000}
2000 "
[} i2) . = "
§ 2000 HZO/LSMO/SrTiO,(001) = HZO/LSMO/SrTiO,4(110) § 2000| HZO/LSMO/SrTiO,4(111) |
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0 . s 0 0
0 25 50 75 100 25 75 100 [} 75 100
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Fig. 6

50
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25 50
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(a—c) Histograms of the PFM out-of-plane amplitude images for the three HZO films grown on LSMO/SrTiO5(001), LSMO/SrTiO=(110), and LSMO/

SrTiO3(111), respectively, along the indicated directions. The line above the histogram corresponds to lognormal fitting.
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direction for the HZO films grown on LSMO/SrTiO3(001), LSMO/SrTiO3(110

In-plane asymmetric piezoresponse is only observed in the
film grown on LSMO/SrTiO5(110), with larger response along
[1-10] compared with the [001]. As anticipated in the introduction,
in films grown on LSMO/SrTiO;(110) and (111), an asymmetric
response could be expected. In Fig. 7(c-e), the calculated projected
sum of all possible polarization directions with the polarization
normalized to its theoretical value (D)'**' for all the possible
probing directions on the three HZO films grown on LSMO/
SrTiO;(001), (110) and (111), respectively, is shown. Equations to
calculate the projection of the polarization are shown in S5 of the
ESI.} The contrast along the perpendicular directions (SrTiO3[001]
and [1-10]) is the largest for the film on LSMO/SrTiO3(110)
(Fig. 7(d)). In the film grown on LSMO/SrTiO;(111), asymmetry
in the in-plane response along the perpendicular [11-2] and [1-10]
directions is also expected (Fig. 7(e)). However, the modulation in
absolute values is smaller than in the case of the film grown on
LSMO/SrTiO;3(110), which is most probably the origin of the lack of
clear observation of the in-plane anisotropy by PFM. In the film
grown on LSMO/SITiO3(001), the same response along the
perpendicular in-plane directions should be expected (Fig. 7(c)),
as found.

Conclusions

The out-of-plane and in-plane piezoelectric response of HZO
films with different crystalline orientations has revealed that
the magnitude of both signals is mainly ruled by the amount of
orthorhombic phase ratio and the projection of the polar axis
along the probing direction. The signal from individual grains
is not distinguishable due to their small size. The ferroelectric
domain structure in the as-grown state characterization shows
that, whereas a single ferroelectric domain is found along the
out-of-plane direction, in-plane domains with size in disagree-
ment with Kittel’s law are present. Therefore, it has been
concluded that the out-of-plane polarization state is mainly

This journal is © The Royal Society of Chemistry 2023

), and LSMO/SrTiOs(111), respectively.

driven by the presence of built-in electric fields (Ejnp) and the
in-plane domain configuration by non-purely electrostatic
interactions. It has also been concluded that the impact of
the in-plane crystallographic orientations of the HZO variants
on the in-plane piezoelectric response is sizeable. The results
presented here, where epitaxial films with tuned crystalline
orientation are reported, entail a major step of fundamental
interest to reveal the tensorial piezoelectric response of ferro-
electric doped HfO, and for applications where elastic coupling
and mechanical stress can largely have a positive or negative
impact on functional properties.
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