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Abstract

Objectives. Focused ion beam etching remains one of the most common methods for fabricating 2D photonic
crystals and structures based on functional materials. This technique is quite well developed for semiconductors.
But at the same time, the change in the properties of ferroelectric materials under the action of a focused ion beam,
including parameters of distribution and switching of the polarization state under the action of an electric field,
remains poorly studied. The purpose of this work is to determine the local piezoelectric parameters in perforated
ferroelectric films of barium strontium titanate (Ba, gSr, ,TiO5) with ordered vertical air channels fabricated by
focused ion beam etching.

Methods. Experimental studies were conducted using piezoresponse force microscopy under applied electric field
in planar geometry.

Results. It is shown that the perforation of a ferroelectric film leads not only to the formation of significant
inhomogeneities in the piezoelectric response distribution in the structure, but also to the noticeable increase in
the magnitude of both the vertical and lateral components of the piezoresponse near the perforation holes. The
calculation results showed that the greatest enhancementis observed for the lateral component of the piezoresponse:
from 5 pm/V for a nonperforated film to 65 pm/V in the perforated area.

Conclusions. The most probable mechanism for such a change in properties is the influence of a disturbed layer
that occurs at the boundary and the inner surface of vertical air channels. The properties of this layer are due to
two factors: amorphization of the structure as a result of the focused ion beam etching and the appearance of
pinned domain states near the hole, leading to the formation of the complex piezoresponse distribution both at the
hole boundary and in the gap between the perforations. The information obtained is important for understanding
the peculiarities of the formation of local piezoelectric and ferroelectric responses in photonic crystals fabricated
by focused ion beam etching, as well as for finding ways to control their state when an external electric field is
applied.
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Pe3iome

Llenu. MeToanka TpaBneHus GOKyCUpPOBaHHbIM MOHHLIM My4KOM OCTaeTCsl 04HOW 13 Hanbonee BocTpeboBaH-
HbIX 0151 U3rOTOBNEHUS ABYMEPHbIX GOTOHHbLIX KPUCTANIOB U CTPYKTYP Ha OCHOBE MYHKLMOHAsbHBIX MaTepua-
noB. [laHHas meToanka 40CTaTo4yHO XOPOoLwo oTpaboTaHa s NonynpoBoAHUKOB. Ho B TO e BpeMsi USMeHeHue
CBOIACTB CErHETO3/IEKTPUYECKMX MaTepPMasnoB Noa AenctenemM GoKyCMpoBaHHONO MOHHOMO Ny4yka, B T.4. napame-
TPOB pacnpefeneHns N nepekstoyeHns Nonsapm3aLmMoHHOro COCTOSHUSA Nog AENCTBMEM 3NeKTPUYECKOro nons,
ocTaeTcs cnabounsydeHHbIM. Llenb paboTbl — onpeaeneHmne nokasnbHbIX Nbe303NeKTPUYECKNX NapaMeTPOoB B Nep-
$OPMPOBAHHbBIX CErHETOINEKTPUYECKMX MIIEHKax TuTaHarta Gapua-cTpoHums (Bay ¢Sy ,TiO3) ¢ ynopanoyeHHbl-
MW BEPTUKAJIbHbIMM BO3AYLLIHBIMW KaHanamMm, N3roToBIEHHbIMM METOLOM TPaB/eHUs GOKYCUPOBAHHbLIM MOHHbBIM
My4YKOM.

MeTopabl. SKkCneprMeHTaNbHble NCCeA0BaHMS NPOBEAEHbI METOA0M CUI0OBON MMUKPOCKOMNUM Nbe300TKANKa Npu
NPUIOXEHUM 3/IEKTPUYHECKOrO MOS B MiiaHapPHOM reoMeTpum.

PeaynbTaTbl. [TokazaHo, 4To Nnepdopaums CerHeTo3IeKTPUIYECKON MEHKM MPUBOANT HE TOJIbKO K GPOPMUPO-
BaHWIO 3HAYMTENbHbIX HEOOHOPOAHOCTEN B pacnpeaeneHnn Nbe3oaieKTPUYEeCKOro OTKaMKa B CTPYKType, HO
M K 3aMEeTHOMY POCTY BEJINYMHbI Kak BEPTUKaSIbHOW, Tak U naTepasbHO KOMMOHEHTbl Nbe300TKAnka B6IN3n
oTBepcTuin nepdopaumn. Pedynbtatel pacyeTta nokasanum, 4To Hanbosnbllee ycuneHne HabnwogaetTca gnsa na-
TepanbHOWN KOMMOHEHTbI Nbe300TkAnKa: oT 5 nNM/B ansa HenepdopupoBaHHOI nNneHkn Ao 65 nm/B B obnactu
nepdgopaymn.

BbiBoabl. Hanbonee BepoOATHbIM MEXaHU3MOM MOA0OHOro M3MEHEHUST CBOMCTB SBNSIETCS BANSIHNE HAPYLLUEHHO-
ro C/osl, BOSHMKAIOLLLErO HA rpaHnLEe 1 BHYTPEHHEeM NOBEPXHOCTU BepTUKasbHbIX BO3AYLIHbIX kKaHanoB. CBoMcTBa
3TOro cnosi 06ycnoBfeHbl ABYMS dakTopamu: amopdusaumeint CTPYKTypbl B pedyfibTaTte TpaBieHns GoKyCupoBaH-
HbIM NOHHbIM MY4YKOM W BO3HWKHOBEHMEM BOM3N OTBEPCTUSA 3aKPENIEeHHbIX AOMEHHbIX COCTOSIHUI, NPUBOASILLMX K
dOPMNPOBAHNIO CITOXHOMO pacnpeneneHns Nbe300TKIMKA Kak Ha FpaHuLLEe OTBEPCTUI, TaK U B MPOMEXYTKE MEXAyY
oTBepcTuaMM nepdpopaumm. MNMonyyeHHas nHpopmaums MMeeT 3HavYeHne oist NoOHMMaHUA ocobeHHoCcTen dopMu-
POBaHUS NOKaSIbHbIX MbE30- W CEerHEeTOJNIEKTPUYECKNX OTKIIMKOB POTOHHBLIX KPUCTANIOB, N3rOTOBMIEHHbLIX TPaBJe-
HMeM POKYCUPOBAHHLIM MOHHbLIM MYYKOM, a Takxe A1 noucka nyTer ynpasieHus UX COCTOSTHUEM MPU NPUTOXEHUN
BHELLIHErO 3/1eKTPMYECKOro nons.

KnioueBble crioBa: CerHeToaekTpuk, GOTOHHbIE KPUCTaSIbI, CUI0Bask MUKPOCKOMUS Nbe300TKIINKA, TPaBNEHNE
GbOKYCMPOBaHHBLIM MIOHHBIM MY4YKOM

e Moctynuna: 04.08.2021 » fopa6oTaHa: 18.10.2021 ¢ MpuHaTa k ony6nukoeaHuio: 02.03.2022

Ana uutupoBaHus: LlepcTiok H.D. JlokanbHble NMbe30aniekTpu4eckne CBOMCTBA NepdOpPUPOBaHHbIX CErHETO3IeK-
TPUYECKMX MNEHOK TUTaHaTa 6apusi-ctpoHums. Russ. Technol. J. 2022;10(2):28—-34. https://doi.org/10.32362/2500-
316X-2022-10-2-28-34

Mpo3payHocTb GUHAHCOBOW AeATEeNIbHOCTU: ABTOP HE MMeeT PMHAHCOBOM 3aMHTEPECOBAHHOCTM B NPEACTABMEH-
HbIX MaTepuanax uam meTogax.

ABTOp 3asaBnseT 00 OTCYTCTBUA KOH¢)J1VIKTa NHTEPEeCOB.
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INTRODUCTION

The practical application of ferroelectric thin
films is due to the peculiarities of the formation of the
domain structure and its change under the action of
an external electric field. At film thicknesses below
100 nm the average domain size becomes close to the
film thickness, and the distribution of domains per unit
volume is significantly affected by defects of various
nature, surface topology, and properties of interfaces.
These factors lead not only to noticeable distortions of
the switching parameters (for example, the magnitude
of the coercive field changes, the asymmetry of the
hysteresis loop arises, etc.), but also to changes in
the optical and nonlinear optical properties of the
ferroelectric film due to its polarization state [1, 2].
Nevertheless, this approach opens up the possibility
of creating, within the framework of one technology,
a wide range of functional elements of integrated
electronics and photonics with a controllable change in
parameters due to the formation of ordered structures
with certain geometry on the surface or in the volume
of a functional material—superlattices and photonic
crystals (PCs).

With the evolution of integrated photonics and
the development of new principles for the functioning
of its elements, systems, based on a combination of
PCs of several types (for example, one-dimensional—
two-dimensional) or on a combination of PCs of the
same type, but with different geometric parameters,
are of particular relevance, which ensures the
implementation of various processes within a chip.
This approach is already used in the design of hybrid
electron-photonic chips based on semiconductor
materials. Similar devices based on two-dimensional
ferroelectric photonic crystals (FEPCs) are obviously
not so common, but the fundamental possibility of
creating tunable devices controlled by an electric field
with their help maintains the interest of researchers in
these materials [3—6].

Focused ion beam (FIB) etching is one of the most
common methods for fabricating two-dimensional
FEPCs, which, compared with lithography methods,
has a number of advantages. It is easier to adapt to
various materials and makes it possible to fabricate
structures with different geometries within one
technological cycle, while providing relatively low
energy consumption at the sufficiently high spatial
resolution, up to 5 nm [7].

Based on numerical simulations, it was shown in [8]
that the domain structure of two-dimensional FEPCs,
which are an ordered array of submicron holes, is quite
complex even in simplified model that does not take
into account defects in the structure and surface layer.
In this case, the polarization distribution depends on the

number and mutual arrangement of the channels, as well
as on the depolarizing field that appears on the inner
surface of the channels. In particular, it was shown that
periodic perforation of a homogeneous ferroelectric film
by cylindrical vertical air channels leads to the formation
of polarization vortices at the edge of the holes, which,
in turn, significantly increase the electric field in the
region between the holes. This statement was partially
confirmed by the method of electric force microscopy
and optical second harmonic generation (SHG)
in [9—11]. However, the results obtained by the SHG
method, due to the spatial resolution of the technique,
which is limited by the wavelength of the radiation used,
make it possible to obtain only a qualitative agreement
with the results of [8].

Despite the significant number of studies, the
influence mechanism of the manufacturing method
and geometric parameters of FEPC elements on the
polarization distribution in the perforated region and,
consequently, on the ability to control the state and
properties of the material when an external electric field is
applied, remains poorly understood. This paper presents
the results of the experimental study by piezoresponse
force microscopy (PFM) of the ferroelectric polarization
state in the edge region of holes in perforated ferroelectric
films of barium strontium titanate when an electric field
is applied in planar geometry. Such a structure makes
it possible to carry out local studies of the switching
process both in the film and in the near-electrode region;
in this case, in contrast to the z-geometry, the recorded
piezoresponse is not averaged over the entire film
thickness.

RESEARCHED STRUCTURES
AND EXPERIMENTAL DETAILS

Thin barium-strontium titanate films Ba,, ¢Sr,, ,TiO5
(BST) of 1 pm thick were epitaxially grown on a
MgO(001) substrate by high-frequency sputtering of
ceramic targets [12]. An external electric field was
formed in the film plane using an aluminum interdigital
electrode (IDE) system with a gap between the
electrodes of 1 um and a period of 2 pum; the electrode
height was 200 nm. Using the FIB method, a system
of ordered vertical air channels with a hole diameter
of about 880 nm was formed in the gaps between the
electrodes. A Quanta 3D microscope (FEI Technology,
United States) was used for etching; etching was
performed with gallium ions; the etching current was
0.5-0.7 nA (Fig. 1a). The hole depth estimated by the
etching time was about 1 um.

The local piezoelectric properties of the obtained
structure were studied by the PFM method using
the contact mode of an Ntegra Aura scanning probe
microscope (NT-MDT, Russia) in the vertical and
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Fig. 1. Topography of the studied structure in the perforation area obtained by atomic force microscopy (a)
and the distribution of the vertical (b) and lateral (c) components of the piezoresponse obtained by the PFM method
for two adjacent perforation holes in the area marked by a dotted line at position (a). The white circle marks
the vertical channel boundary

horizontal planes (Figs. 1b and 1c), respectively.
During the scan, the movement of the cantilever
was severely limited by the complex structure of the
connecting electrodes and significant fluctuations
in the sample topography. Therefore, scanning was
carried out only in one direction perpendicular to the
electrodes (along the Y axis in Fig. 1a). Cantilevers of
the PPP-EFM series (resonant frequency 45-115 kHz;
force constant 0.5-9.5 N/m, NANOSENSORS,
Switzerland) were used for measurements; the voltage
applied to the IDE system was in the range of 5-30 V.
PFM measurements were carried out with alternating
voltage applied with a frequency of 50 kHz and an
amplitude of 5 V.

RESULTS AND DISCUSSION

Examples of PFM images of the vertical (vertical
piezoresponse force microscopy, VPFM) and lateral
(lateral piezoresponse force microscopy, LPFM)
components of the piezoresponse at the edge of
the air channel (region 1) and in the region located
approximately in the middle between the two
channels (region 2) are shown in Fig. 1b and Fig. lc,
respectively. It can be seen that the distributions of the
piezoresponse in these regions are distinctly different.
In the nonperforated region between the electrodes, the
distributions of both components of the piezoresponse
are more or less uniform. When voltage is applied
to the electrodes in a nonperforated structure, the
maximum value of the piezoresponse is localized in
the near-electrode region. This agrees with the results
of [13], in which it is shown that both components
of the electric field sharply increase at the electrode
boundary. In our measurements, the decrease in
intensity from the maximum to the average value in the

gap is observed at a distance of approximately 250 nm
for both the lateral and vertical components. When a
field of the opposite sign is applied, the near-electrode
peak of the piezoresponse has a different value: the
maximum intensity of the piezoresponse, when a
constant voltage of +10 V is applied, significantly (by
a factor of 2.8 for the lateral and about 1.7 times for
the vertical component of the piezoresponse) exceeds
the same value when a constant voltage of =10 V is
applied. One of the reasons for this difference may be
the nonswitchable polarization, which usually occurs
at the film/substrate interface due to mechanical stress
caused by the lattice period mismatch. However, at a
film thickness of 1 um the effect of this polarization
on the lateral component of the piezoresponse near
the surface can be considered insignificant. Another
explanation for this difference in the piezoresponse
may be the contribution to the recorded signal due to
a change in the profile of the entire structure caused
by the piezoelectric effect in the film under the
electrodes. Previously, we showed [9] that an electric
field can lead to a change in the structure profile within
a few hundred nanometers. When a voltage of +10 V
is applied, the change in the profile does not exceed
50 nm, but this may be sufficient for a noticeable shift
of the laser beam in the recording system of an atomic
force microscope, which, as a result, manifests itself
in the asymmetry of the piezoresponse. This issue
requires clarification.

On the perforated structure hole boundary,
there are points at which a change (switching) of
polarization is observed when an opposite potential
difference is applied to the electrodes (for example,
region 1) and points that retain their state at any
value of the applied field (Fig. 2a). This distribution
is explained by the influence of not only the features
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Fig. 2. Maps of the distribution of the piezoresponse in the area of one hole of the perforated structure
when an external field is applied to the interdigital electrodes (a) and the dependence of the amplitude
of the vertical (upper panels) and lateral (lower panels) piezoresponse on the voltage at the electrodes
of the interdigital system of electrodes measured in regions 1 (Fig. 2b) and 2 (Fig. 2c¢). The red line is the result
of averaging over 5 measurements for each cycle

of the topography, but also several mechanisms.
The distribution of the piezoresponse is affected by
structural defects that appear on the inner surface
and on the hole edge as a result of etching. Firstly,
the impact of high-energy ions is manifested in
the implantation of high-energy Ga® ions into the
material structure, and secondly, in the formation
of a large number of microdamages on the surface
and, as a result, in the amorphization of the near-
surface layer. These factors create a defective layer
on the structure surface (on the hole edge and on
the air channel inner surface), which properties
may differ significantly from those of the base
material [14, 15]. It was also shown in [15] that
the damaged region is not limited by the structure
specified by the electronic template but extends no
less than 1 um from its edge into the depth of the
region not subjected to etching. These damages and
related distortions of properties are all the more
significant, the more complex and more dependent
on local polarization properties is the structure of PC
elements. A rough estimate of the grains parameters
in the hole region, performed using the NT-MDT
Ntegra Aura scanning probe microscope software,
showed that most of the grains in the holes have an
average size of less than 100 nm, which corresponds
to an amorphous structure.

Another factor affecting the inhomogeneity of the
resulting distribution of the piezoresponse is the pinning
of domains to the inner surface of the air channel, which
interact with the side surface of the conducting needle
of the cantilever. As a result, the overall piezoresponse

in the hole region has a much greater intensity and
inhomogeneity than the typical response of an amorphous
structure.

To study the effect of a defective layer on the
piezoresponse parameters, piezoelectric hysteresis
loops were measured in the region containing the
switched domain (region 1 in Fig. 2a) and in the
gap between two air channels (region 2 in Fig. 2a).
Details of the measurement technique are given
in [9]. Since the structure has a significant number
of defects, 5 measurements for each cycle were
averaged. The results of individual measurements,
the averaged value, and the errors for the vertical and
lateral piezoresponse are shown in Figs. 2b and 2c,
respectively. During the measurements, the external
bias voltage changed from the initial state (0 V) to a
positive value and back.

The vertical piezoresponse loop in region 1 is not
symmetrical and has a relatively low saturation state at
+10 V and a large, about 3 GV/m, saturation field at a
negative value of the applied field (Fig. 2). The vertical
piezoresponse loop in region 2 (in the gap between the
holes) is more symmetrical and slightly shifted to the
negative part. The nonswitchable polarization caused by
mechanical stresses at the interface with the substrate
does not affect the formation of the piezoresponse.
Therefore, such a shift can be explained by the influence
of pinned domain states near the boundary of the air
channel opening. The possibility of the formation
of short-range mesoscale domains in a perforated
ferroelectric structure is confirmed in a number of works

(e.g., [16]).
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The field dependences of the lateral piezoresponse
recorded in region 1 show a more complex
piezoelectric behavior compared to that observed in
the gap between holes (region 2). This behavior is
consistent with the relaxation of mechanical strain
near the holes, where the film material is removed by
ion etching [17]. However, an important feature of
these results is that the perforated structure showed a
high response in the LPFM signal even with hysteresis
behavior. The increase in the PFM signal and the
different loop termination tendencies can be explained
by the assumption that the LPFM domains formed
a closed structure around the hole with the opposite
orientation of the spatial domains. In accordance with
this assumption, the LPFM signal in the second region
is formed under the influence of two 180-degree
domains from adjacent holes, resulting in the formation
of 90-degree domains between the holes, which are
visualized by measuring VPFM. This mechanism
partly agrees with the simulation results presented
in [8] and requires further detailed study.

Based on the measured piezoelectric hysteresis,
the piezoelectric coefficients in regions 1 and 2 were
estimated in accordance with the approach described
in [9, 10], in which it is assumed that the effective
piezoelectric coefficients of the vertical &y, and lateral
response d; are: dy, = dyy, dp =d 5+ dy).

The calculation results showed that perforation of
a ferroelectric film leads to an increase in the lateral
component of the piezoresponse from d; = 5 pm/V
for a nonperforated film to 65 pm/V in the region of
perforation. The VPFM tensor also increased but not as
sharply, from 11 to 40 pm/V.

CONCLUSIONS

When an ordered structure of vertical air channels
is formed in an epitaxial film of the Ba, ¢Sr;,TiO,
ferroelectric by etching with a focused ion beam,
a damaged layer is formed on the inner surface of
the air channel, the properties of which are due to
two factors: amorphization of the structure and the
appearance of pinned domain states near the channel
boundary. This, in turn, leads to the formation of a
complex piezoresponse distribution in the area of
the perforation hole. If the vertical component of
the piezoresponse dominates in the nonperforated
structure, then in the perforated structure the
contribution of the lateral component increases due
to the formation of a complex structure with opposite
domain orientations in the region adjacent to the hole
boundary. Perforation leads to an increase in both the
vertical and lateral components of the piezoresponse
compared to the nonperforated film. The results
obtained must be taken into account when calculating

and modeling the distribution of the piezoelectric
properties of two-dimensional photonic crystals based
on ferroelectric films.
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