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Electric potential of micro-sized blocks at the NaNbO; film surface
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Introduction

Improving the reliability and performance of non-volatile
memory devices requires a deep understanding of charge
injection/generation, transport, localization and storage
mechanisms [1]. Special attention is paid to nanoscale
ferroelectric (FE) materials — films. The methods their
characteristics are formed is called a ,,deformation en-
gineering” [2]. They exploit the misfit strain (MS) at
the film/substrate interface to control the film material
properties. The latter may differ significantly from the
properties of the crystal and from a film of the same
composition on another substrate [3-6].

Previously, an epitaxial [001]-oriented NaNbO3/SrRuOs/
MgO(NNO) heterostructure with a thickness of 500 nm
was obtained, the ferroelectric properties of which are due
to the misfit strain [7,8]. The morphology and dissipation
of the injected charge on its surface, formed by co-
directional blocks of size~ (0.8—1.1) x (0.1—-0.3) um and
height ~20—40nm (up to 50nm), were studied using
scanning probe microscopy (SPM). In [10] it is shown that
unstable MS is possible in it, creating an electret-like state
of surface blocks. Their small inherent electric potential
(~ (—=(15—=25)) mV) is clearly visible before charge injec-
tion (Fig. 1,a b). It changes over time otherwise than for
injected areas (Fig. 1,4) (see Sect.2 below).

The stability of the electret state depends on the external
field and on the field of the externally injected charge [11—
15]. Tts relaxation goes through two stages: after rapid
dissipation, the sign of the field inverts and the stage of its
slow attenuation begins [12,13]. The reason is considered
to be the mutual influence of two self-consistent processes:
the misorientation of dipoles and the neutralization of the
internal electric field due to the electrical conductivity of
the sample [12]. As a result, the relaxation time of the
electret state is significantly increased. However, until now
only weak electret properties of sodium niobate ceramics
are known [16]; for films, such data are not yet available.

It is known that initial state of the FE surface may
significantly influence the charge dissipation [17]. It can
be significantly influenced by the electret nature of the
electric potential of the blocks, in particular, when it is
inverted. Therefore, studying the features of the change
in surface potential during dissipation will allow us to check
the electret nature of the properties of blocks on the surface
of the NNO film and take it into account in a qualitative
model of dissipation of the injected charge.

1. Experimental conditions and models
for describing the MS properties

In order to take into account the dissipation of charges
that differ significantly in magnitude (intrinsic which are
inherent in the surface blocks and externally injected), it is
necessary to ensure that under the experimental conditions
in [9] there are no pecularites that interfere with this. It is
also desirable that the model describing the characteristics
of the film, including the surface potential, correspond to its
properties.

1.1. SPM experiment

The results of SPM measurements of ferroelectric films
can be affected by local polarization screening, polarization
reversal, surface screening, probe pressure on the surface,
and unexpected back switching (this was discussed in details
in the work [17]). We will briefly discuss this below. These
processes are known to require quite high level of voltage
on the probe (2 (4—13) V) ([17] and references in it), that
were not used in our work [9] (see below, Section 2).
Switching is possible under high pressure of the probe on
the surface. In [9], it is small: the force ~ 2 - 10?nN is not
enough to noticeably change the electrical potentials of the
blocks or cause the discharge of pre-existing surface charges
(if any). This is confirmed by the absence of electrical
potential in the area corresponding to the tip bias 0V [9].
In general, the experimental conditions in work [9] ensure
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Figure 1. Images of relief and electric potential of the NaNbOs film surface (the data are taken from [9]). a — relief, b—e — electrical
potential: b — before the charge injection (three typical blocks are designated by numbers 1, 2, 3; the background level are taken along
white lines traced close to the block); ¢ — through ~ 3000s; d — through ~ 5000s; e — through ~ 17000s. c—e -The contrast of
the images has been increased to make subtle details more visible; white ovals indicate the locations of the /—3 blocks in the figure b;
f — cross-sections of the block relief and its electric potential (example in the image relates to the block Ne 2 (b)); g — scheme for
calculating the electrical potential of surface blocks: ®packground — electric potential of the background, ®piock — electric potential of the
block, ®res — electric potential of the block after background subtraction, its values ®; and @, are taken at a distance of~ 1/4 from the
left and right edges of the block, respectively; h — electric potentials versus time dependencies: /—3 — for injected areas at tip bias
values —1, —2, and —3V respectively; 4 — for the surface blocks. Connecting lines are drawn for ease of perception. The method of

selecting the profile of the surface cross-section is shown in b, g.

that there are no feasible distortions of the measurement
results due to the reasons discussed in [17].

1.2. Models for describing the properties of MS
in films

The principles of the phenomenological modeling of
the interface properties in thin ferroelectric films were
considered in the works of Glinchuk et al. [18,19] and
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Tagantsev et al. [18]. These approaches differ, among other
things, in their understanding of the role of MS in the
formation of film properties and the reasons for the origin
of its characteristics. Comparison of these approaches will
allow us a reasonable estimation of the NNO film properties.

In the [18-21] models, the source of the field constituted
at the interface is the mechanical coupling between the
ferroelectric and the substrate. However, in the models
of works [18,19] and [20,21] the sequence of reasons of
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its occurrence is considered differently. In [18,19] the
combination of the misfit between the lattice parameters
of the film and the substrate and the piezoelectric effect (a
ds; coefficient) creates an electric field, which magnitude
estimation for the PZT 50/50 film gave quite reasonable
agreement with the experimental data. The initial assump-
tions take into account the temperature dependence of MS.!
In [10] the characteristics of NNO film were estimated
according to the model [18,19]. The obtained values made
it possible to explain the measurement results in [7] and
to assume the possibility of the existence of an electret-like
state for the surface blocks of the NNO film in [10].

In works [20,21], models of interface-induced phenom-
ena affecting the switching characteristics and dielectric
properties of thin ferroelectric films were considered. It
was assumed that deformation at the interface leads to the
appearance of misfit dislocations (MDsl) on it, which are
localized in a small vicinity near it (no more than a few
monolayers). While moving away from the border, the strain
decreasing, creating a deformation gradient that causes
linear polarization due to the flexoelectricity (FIE) and
stimulates the release of dislocation stresses. Due to FIE,
an electric field is created, and its out-of-plane component
creates polarization [20,21]. With that, the authors warn
that the sizes of the objects they are considering may be
close to the border of suitability of the continuum approach.
The temperature dependence of the MS was not taken into
account, and this dependence itself was used only as a
parameter for assessing the boundary of the influence of
MDsl. Recent studies of [22-24] have shown a different
situation: for example, in a material with a large lattice
misfit, dislocations appear mainly at a certain distance from
the interface (~ 6nm in [19], up to ~ 100nm in [24]).
Therefore, in our case this approach is less preferable,
especially since the thickness of the NNO film under study
is significantly greater than those considered in [20,21].

In general, the conditions of the surface electric potential
measurements in [9] do not indicate that there’s a significant
impact from the effects that could distort or influence
the measurement results. The approach to describing
the properties of NNO surface blocks proposed in the
model [18,19] gives results that agree with experiment.
This allows the analysis of low contributions to the surface
potential when considering the dissipation of the injected
charge.

2. Results and discussion

In [9] the charge was injected by SPM probe in regions
(0.5 x 0.5) um; the tip bias values were: 0, —1, —2 and
—3 V under constant experimental conditions. In Fig. 1,b—e
changes in the scan images of the surface blocks electric
potential during the measurements are shown. First, we

1 Most often, the material parameters allow ignoring the temperature
dependence of MS. There’s a different story for sodium niobate [10].

discuss the morphological features of the surface potential,
and then the charge dissipation.

The possibility of non-stationary MS in obtaining NNO
films is shown in [10]. Its manifestation is possible both in
the transverse and lateral directions relative to the interface.
In the first case, due to the difference in lattice parameters,
the lower layer acts as a substrate for the upper one. The
lateral MS forms a lateral anisotropic deformation in the
epitaxial film. As a result, areas of heterogeneity with a
deformation gradient appear, which creates heterogeneity
in the properties of surface blocks. This is consistent
with the results of [25,26], where MS forms a lateral
anisotropic deformation that depends on the thickness,
lattice parameters, and thermal expansion coefficient of
the epitaxial film. It is also known that in polycrystalline
ceramics, the strong anisotropy of thermal expansion creates
mechanical stresses [27]. This description is quite consistent
with the results of SPM measurements in Fig. 1: on the
scans of the electric potential there are blocks with positive
or close to zero potential values, which appear lighter than
others in the image. At the same time, in the histograms
of the distribution of the surface electric potential in [9],
negative values predominate, which explains the unipolarity
of the film observed in [7].

Let us consider a qualitative description of the influence
of the electret state of surface blocks on the dissipation of
the injected charge.

The cross-section profiles of the relief and potential of
the surface block in Fig. 1 have a rectangular-like shape
with a ratio of the axis lengths ~ 1/(4 —5). This is
~ (1.8 —2.5) times larger than for the elliptical spots
of injected potentials in [9], and may indicate different
charge dissipation mechanisms for the surface blocks and
for the injected regions. Comparison of the dependencies
in Fig. 1,/ confirms this: injected regions — curves I—3;
blocks — curve 4.

The shape of the electric potential spots from the injected
charges is an ellipse with the axial ratio a/b ~ (1.8—2.8)
(their morphology is described in detail in [9]). This value
depends on the time and on the tip bias during injection
(Fig. 2). For the tip bias —3V and —2V the dependencies
are generally similar. The highest value of a/b=2.8 is
achieved in the same time interval in which the electric
potential of the surface blocks in Fig. 1,2 ( ~ 5100s)
changes its sign (inversion). For the tip bias —1V the
ratio a/b ~ (1.8-2.0).

According to the principles of crystallography, the value
of a/b is determined by the mutual orientation of the
surface of the epitaxial film and the principal axes of its
conductivity tensor, the directions of which depend on the
space group describing the phase state. If the orientations
do not correspond to each other, then the ratio a/b depends
on the linear combination of the corresponding projections.

Technical Physics, 2025, Vol. 70, No. 6
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Figure 2. Change of a/b ratio over time for spots of electric
potential of the injected charge at different tip biases. Connecting
lines are drawn for ease of perception. The horizontal dashed
line corresponds to ideal“ value of a/b = 2.88 calculated for the
r-phase of NaNbOs.

In the work [18,19] it was established that the electret-
like state is formed from the r-phase’ of the film sur-
face material. Thus, assuming that according to [28],
a/b = (ex/ey)'/?, from the data for ther- phase of NNO
in [29,30], we obtain: a/b = 2.88 (dashed line in Fig. 2)
which is close to the highest value 2.8. This is achieved
in the time interval corresponding to the inversion of the
electrical potential of the blocks (Fig. 1, ).

Let’s qualitatively describe the dependences a/b in Fig. 2.
We assume that the effective field E acting on the charge
carriers is formed by the contributions Ein; of the injected
charge field, Eq¢ of the electret charge field of the blocks
and (if present) by the Eex of the external charge field (in
Fig. 1,b—e - a large spot of positive charge is observed in
the upper part of the scans; see also [9]):

E= Einj + Eeqit + Eext, (la)

Einj = E¢rst + Es. (lb)

The field Einj of injected charge consists of two compo-
nents: E¢st — lateral (,crystallographic® contribution) and
Es — normal (that causes leakage into the substrate). In
pure form, Eq s can appear when other contributions to
(1a) cancel each other or are negligible.

Eqt — field induced by the electret state of surface
blocks.  During inversion and transition to the slow
relaxation stage, the sign of this field changes (Fig. 1,4).
This occurs at t ~ (5000—5100) s, when a/b = 2.8 value is
maximum, which estimates the Maxwellian relaxation time
of the electret state in the NNO. film. The sophisticated
lateral distribution of the electric potential over the surface
of film [9], due to unstable MS [10], does not allow us

2 The designation of the phase state of the film corresponds to that used
in [18,19].

Technical Physics, 2025, Vol. 70, No. 6

to obtain the values of Ee¢ from the estimate in [10] for
field inducing the electret state. Moreover, the lateral
components of the field in the thin-film electrets are
negligible, and due to high surface resistance, it do not
support the charge spreading [31]. Therefore, it is believed
that the electret charge field is mainly directed normal to
the surface.

Eext — external charge field. It defines by the charge
presence in the vicinity (e.g., see the upper part of the
electric potential images in Fig. 1,b—e).

The total leakage into the substrate are found by the sum
Es + Eqt (we assume that lateral leakage from the small
charges of the blocks is negligible). At the beginning, at high
injected charge density, Es is predominate and Eg > Eg.
Over the time Eg declines and the contributions Eg and Ec,
are become comparable. If the leakage into the substrate is
low or absent (for example, for a thick film), the electret
field of blocks Eg¢ can exceed Es.

When analyzing the a/b dependencies in Fig. 2, three
variants are possible: a large field Einj (tip bias is —3V);
injection in the presence of positive electric potential (for
the spot created at —2V bias); and a weak field (—1V).

For the tip bias —3V the injected charge is the largest,
and E¢; < Es (about ~ 10 times at initial stage, Fig. 1,4).
Over time, the density of the injected charge decreases, as
well as E¢st and Es. Since the film thickness of 500 nm is
significantly smaller than the distances between the injection
areas (> 5—7um), the leakage into the substrate prevails
and Es decreases faster than E. s, which relative contri-
bution increases. This case, the ratio a/b increases which
corresponds to Fig. 2. By the time of t ~ (5000—5100)s
the contribution Eg becomes comparable with Eg;, which
at this stage is inverted with change of sign (Fig. 1,h).
Then mutual compensation of E¢; and Es becomes possible,
when the contribution E¢st remains almost the only one,
and a/b =2.8 is the largest. Subsequently, the density
of the injected charge decreases due to leakage into the
substrate. Herewith, the contribution from the electret
blocks remains practically unchanged, and, consequently,
the relative contribution of lateral leakage becomes greater.
In this case, the ratio a/b gradually decreases, reaching the
value ~ 1.9 at the end of the measurements. The value Egt
corresponds to the slow relaxation stage when the electret
external field is low.

The possibility of the external charge field influence on
dissipation is confirmed by the analysis of the spot created
at the tip bias of —2V. At a distance of ~ 2um from it
(~ 4 of typical size of the injected area) there is a region
with a positive potential (see the upper part of the scan
images in Fig. 1,b—e). At initial stage, up to ~ 5100s,
the dependencies at biases —2V and —3V are similar,
however, after ~ 8000s their dependencies are different.
Beginning from ~ 10000s, for bias —2V the value a/b
is ~ (2.4—2.6) while for bias —3 V the a/b decreases from
~ 2.4 to ~ (1.9—1.8) (Fig. 2). Apparently, the field of the
positive charge reduces leakage into the substrate and lateral
spreading. Its effect is limited to the nearest area only, it has
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(almost) no effect on the spots for —3V and —1V biases,
located at a distances of ~ (1.5—2) times larger.

At the bias —1V the injected charge is small, therefore,
the relative contributions Es, E¢rst and Eg; are comparable.
Further, the dependence in part is similar to that observed
for —3V and -2V, while the value of a/b slightly
increasing, reaching ~ 2.0 in the interval ~ (2800—5000) s.
After this, a/b decrease to ~ (1.6—1.7) in the end of
measurements.

Generally, the qualitative model described above allows
us to explain the experimentally observed a/b dependences
of the injected charge dissipation and to take into account
the electret nature of the surface blocks electric potential.
By varying the bias on the probe during injection and the
distance to the adjacent charge region, the relaxation time
and the resultant charge dissipation can be controlled.

Conclusions

The qualitative model of injected charge dissipation is
consistent with the assumption of the electret origin of
the electric field of the blocks on the surface of the
[001]-oriented NaNbO3/SrRuO3/MgO heterostructure. The
maximum ratio of axes a/b of the elliptical spots of the
injected charge electric potential (2.8) is close to that
calculated from the crystallographic data for the r-phase of
sodium niobate (2.88). When the surface charge dissipates,
its value changes: it is greatest in the time interval when
the electret potential of the surface blocks inverts. The
charge dissipation is influenced by the charge located close
(~ 2um) to the injected region, while more distant regions
have virtually no effect. By varying the magnitude of
the probe bias during injection and the distance to the
adjacent charge region, it is possible to control the charge
relaxation time in the injected region and the result of charge
dissipation.
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