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‘We report on the calculations of a local electromechanical response
of ionic semiconductor thin films induced by local changes of the
concentration of ions (stoichiometric contribution) and free elec-
trons and holes (electron-phonon interaction via the deformation
potential). Dynamic strain-voltage hysteresis loops are obtained
for an ionic semiconductor thin film with mobile acceptors (donors)
and holes (electrons).

In case of ion-blocking electrodes, changes in the hole (electron)
concentration make a dominant contribution to the dependence of
the mechanical displacement of the film surface on the voltage ap-
plied to the probe, which is directly registered by scanning probe
microscopy (SPM) methods. Thus, the displacement of the ionic
semiconductor surface can provide an important information on lo-
cal changes of the charge state of acceptors (donors) and electron-
phonon correlations via the deformation potential.

1. Introduction

Progress in information technologies depends on high-
rate and high-capacity devices with energy-independent
memory. At the present time, the intense investiga-
tions of various alternatives to modern memory units
are aimed at the obtaining of more powerful and func-
tional systems [1]. One of the promising concepts is that
of resistive memory [2| based on semiconductors with
mixed conduction types, for example, the ion-electron
one [3,4]. In thin films used in resistive memory cells,
of principal importance is the electromigration and the
diffusion of ions.

The theory of the effect of diffusion and elec-
tromigration on the mechanical properties of ionic
semiconductors is not only of fundamental inter-
est. It is also very important for the optimiza-
tion of their electrophysical properties useful for
many applications [1].  That is why, of high in-
terest are resistive materials such as correlated ox-
ides Lal_ﬁserOyFel_y03_5, Lao,GSr0,4Coo,2Fe0,803_5,
Laj_,Sr,Co0O3_s5, and Sr(Fe,Ti;_;)O3_s having spe-
cific electrophysical characteristics [5-7].

Measurements of local mechanical displacements of
ionic-film surfaces can provide an important informa-
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tion on the diffusion and the migration of electrons and
ions (acceptors, donors), local oxidation levels, electron-
phonon interaction via the deformation potential [8] and
even Jahn—Teller deformations in films of correlated ox-
ides [9-11].

A local electromechanical response (local deformation
of the ionic film surface) is caused by the diffusion and
the electromigration of charge carriers (ions, vacancies,
electrons, and holes) under the action of the nonuniform
electric field of a scanning probe. Local displacements
of the film surface are registered by the SPM equipment
(Fig. 1).

In the case where a probe electrode and a substrate
are ion-blocking, a change of the electron and hole con-
centrations by means of the electron-phonon coupling
results in a mechanical displacement of the film sur-
face induced by the electric voltage applied to the probe
[12, 13]. The coupling constant is proportional to the
deformation potential, which can be intensified, in turn,
by Jahn—Teller local deformations existing in correlated
oxides. This allows one to link the electromechanical re-
sponse with the local deformation potential of correlated
oxides [12,13].

2. Motivation of the Work

A comprehensive analytic theory of electromigration and
diffusion of charge carriers in ionic semiconductors and
their thin films represents a complicated, incompletely
solved problem [1-4, 14]. In particular, the volt-ampere
characteristics were analyzed mainly numerically and
only in the framework of the Boltzmann approxima-
tion for the chemical potential and/or the linear De-
bye screening theory in the approximation of constant
conductivity independent of the particle concentration
[3,4,15-18|. These approximations and assumptions are
invalid in the regions of space-charge accumulation usu-
ally appearing close to surfaces and interfaces of ionic
semiconductor films [19-21]. Considering ionics, one
cannot neglect the electromigration of ions, as well as the
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Fig. 1.
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(a) Diagram of measuring the local electromechanical response of an ionic with the help of a scanning probe [11], (b) [13].

Experimental results for a LiCoO2 film: (c¢) amplitude maps of the SPM local electromechanical response and (d) hysteresis loops of
the local electromechanical response of an ionic measured at various points of the map (¢) [11]

mobility of acceptors (donors) and the intrinsic width of
the impurity band [21].

The deformation of the film surface accompanying the
ion electromigration and/or recharging is usually ne-
glected in theoretical considerations [12, 13]. The de-
formation effect is very important for the operation of
modern ion materials used for energy accumulation, as
well as in memory units. However, the majority of
studies devoted to this problem ignore the space charge
layers formed during the ion diffusion and the origina-
tion of electric fields, whereas the main efforts are con-
centrated on the consideration of nonplanar geometry,
which makes the problem very complex.

Based on the performed literature review, the follow-
ing conclusions can be made:

1. Volt-ampere characteristics of ionic semiconductors
and their thin films were theoretically analyzed mainly
numerically and only in the framework of the common
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Boltzmann approximation in the linear drift-diffusion
theory.

2. The local electromechanical response of ionic semi-
conductors measured by SPM methods has no theoreti-
cal description.

These facts have motivated our theoretical investiga-
tions. This work reports on the calculations of the lo-
cal electromechanical response of an ionic semiconduc-
tor film with the energy state density typical of corre-
lated oxides with mobile acceptors, donors, electrons,
and holes. The obtained results were compared with
those calculated in the Boltzmann approximation.

The aim of the work was to perform analytical and
numerical calculations of the local electromechanical re-
sponse of an ionic semiconductor film with the specified
state density with mobile acceptors, donors, electrons,
and holes and to compare the obtained results with those
calculated in the Boltzmann approximation.
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3. Problem Statement and Solution Techniques

The theoretical calculations were carried out in the
framework of the classical theory of semiconductors,
electrodynamics, and continuum mechanics.

The Maxwell equations for the electric potential ¢ of
an ionic semiconductor film with mobile ions (acceptors
or donors), electrons, and holes

Ap (I‘, t) -

e CACUER

) +p(r,t)—n (r,t)) (1)
were solved in the quasistatic approximation. Here,
e denotes the elementary charge, e is the static
dielectric susceptibility of an ionic semiconductor,
€0 is the wuniversal dielectric constant, n({) =
ffooo de gn (E)f(s—(—i—_ ‘u;;) is the electron con-
centration in the conductlon band, and p(¢) =
ffooo de gy (e) f (C — xu” ) is the hole concentration

in the valence band with Hg’vstanding for the defor-
mation potential of electrons and holes, respectively
[22, 23]. In addition, N (¢) = [ dega(e) f(¢—¢)
is the concentration of ionized donors and N, (¢) =
[ dega(e) f(e =) is the concentration of negative
acceptors, where the function f (z) = m is the
Fermi-Dirac distribution function. The electrochemical
potential ¢ (z) = p + ep (z) determines the equilibrium
concentration of charge carriers as a function of the dis-
tance r to the film surface.

The equilibrium energy state density of charge carri-
ers g (¢, Em, 0 Eyy) was specified in the form of localized
distributions with the width §F,, and different expo-
nents k > 1, which is characteristic of strongly doped
semiconductors [5]:

(€, Em, 0By = _M (2)
g \&, Lim, m) = gm €XP 5E7,k@ y

where ¢, is a constant, the indices m = a,d,n,p
mark acceptors, donors, electrons, and holes, respec-
tively, and k£ > 1. For comparison and determination
of the degree of degeneracy of electrons or holes, we also
used the Boltzmann approximation, g (e, By, 0E,,) ~

Jm €Xp ( Em TE), instead of Eq. (2).
The boundary conditions for Eq. (1) corresponded to
the geometry and properties of the electrodes:

SD(P, z = Oat) - VO(p) exp(iwt), w(z = h,ﬂ) =0, (3)

1214

where h is the film thickness, and Vj (p) exp (iwt) is the
periodic potential distribution created by the scanning
probe (see Fig. 2).

The kinetics of charge carriers was calculated from the
continuity equations without regard for the processes of
generation-recombination of “hot” carriers:

ONS 1 _ON,
it dividg =0, T =0, (4a)
88—7;+ “divd, =0, 27+ “divd, = 0. (4b)

The ion and electron currents were supposed to be pro-
portional to the gradients of their electrochemical poten-
tials (4 ¢ (r) and Fermi quasilevels ¢, ,, (r):

J, = —enppgrad(,,
p (r))
Do '

—(p (r) =~ +ep (r) + kgT'Iln (

Jn = ennn gradq,,

Cn (r) = —ep (r) + kgT'In ( (5b)

n(r)>
o '
Ja = 677aNa_ gradga,
N, — N~
Co(r) = —ep(r) —kgTIn (a“(r)) ,
N,
Ja = —engN grad¢y,

Nde*(r))’

= N7 (0

¢ (r) — kgT'In ( (5d)

where 7, is the carrier mobility. The signs of approxi-
mate equality in Eqgs. (5a) and (5b) correspond to the
Boltzmann approximation. The approximation of the
linear drift-diffusion theory was considered separately.
The boundary conditions for the currents on the film
surface were considered in two limit cases of the Chang—
Jaffe conditions [24] for electrodes being blocking and
conducting for various charge carriers. We mainly con-

sidered electrodes that were blocking for ions (or vacan-
cies), i.e.

sz,a (p,Z:(),t):O, J;,d(pvz:hvt):()v
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Fig. 2. (a) Diagram of the studied asymmetric heterostructure “probe electrode/gap/ionic semiconductor film”. (b) Band structure near

the surface z = 0: Ay, is the work function difference, U is the electric voltage applied to the probe tip (upper electrode) at z = -H, ¢ is

the electric potential, x is the electron affinity in the semiconductor, and p is the chemical potential level. (¢) Localized state densities

g(g) for holes, acceptors, donors, and electrons.

Filled regions with uneven edges mark the typical state density calculated from the

density functional theory. Exponential approximations (2) are shown by smooth lines

0<p<oo, (6)

though ohmic for electrons (or holes), i.e. the total
charge was equal to zero: pg (0,h) = 0.
The mechanical deformation of the film u;; was calcu-

lated from the linear Lamé equation:
aQUk- _ 0

Cijkl m— = = ——X
I 0z 0z Ox;

y (— 5 (N (r)—N‘) = B (N () = Ngp) +>
Efj (n(r) = no) +E} (p(r) — po)

where c;; is the elastic-stiffness tensor and ﬁfj’“ are the
Vegard expansion tensors [25-27] for ions (donors, ac-
ceptors) or vacancies. Electrons and holes make a con-
tribution to the mechanical deformation of the film pro-
portionally to the deformation potential EZV

The mechanical boundary conditions depend on the

elastic properties of the substrate and the upper elec-
trode (probe or gap). In particular, normal strains at
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the probe/film contact are negligibly small, and the dis-
placement at the contact with the substrate is absent:

o3; (1,22,2=0) =0, u;(x1,22,2="n)=0. (8)

In the approximation of separation of the electromechan-
ical coupling, the deviations 6N (r) = (N (r) — Nj),
6N; (r) = (Ng (r) — Nyg), on(r) = (n(r) —ng), and
op(r) = (p(r) —po) of the concentrations of donors
N (r), acceptors N, (r), electrons, and holes from the
equilibrium values N 700 Naos Mo, and po are determined
from the solution of Egs. (1)—(4) without regard for the
elastic subsystem. In this way, the approximate solution
of the Lamé equation (6) was obtained by the Green’s
function method [12]:

oo

L / dkJo (kp) k

C33
0

uz(z =0, p,w)
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Fig. 3. Normalized static mechanical displacements of the surface
ug calculated for various film thicknesses h/Rg = 0.5, 1, 2, 4, and
10 (see numbers near curves). The activation energy of acceptors
E, = 0.7 éV, the acceptor concentration N,=10%4 m—3, the donor
concentration N4 = 1020 m~—3, the screening radius Rg = 3.0 nm,
and p = -0.80 eV

2% [exp (—kz)on (k, z,w) dz+
0
+2Y; [exp (—kz2)op (k, z,w) dz
0

—B4; [exp(=kz)ON, (k,z,w)dz—
0

—B%5 [exp (—kz) N, (k,z,w)dz
0

where SN (k, z,w), on (k, z,w) are the Fourier spectra,
k?* = k2+k:, and Jo ( x) is the zero-order Bessel function.

It follows from Eq.(9) that, in the case of the one-
dimensional geometry (k = 0) and ion-blocking elec-
trodes with the conservation of the ion charge, the me-
chanical displacement of the film surface due to the
electric voltage applied to the probe is caused only by
changes in the hole and electron concentrations. This
displacement can be directly registered by SPM meth-
ods.

The numerical stationary solutions of the nonlinear
equations (1)—(8) were obtained with the help of a special
Matlab program.

4. Results and Their Discussion

The static local electromechanical response is depicted
in Fig. 3. Graph (b) represents graph (a) on the log-log
scale. The displacement graph is strongly asymmetric
with respect to the change in the voltage sign (“rectifi-
cation” of the electromechanical response by two orders
of magnitude), which is an analog of the diode effect.
The dynamic local electromechanical response calcu-
lated in the linear approximation is shown in Fig. 4. In
this approximation, loops have the elliptic form and are
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Fig. 4. Hysteresis loops of the linear local electromechanical re-
sponse: the real part of the surface displacement u3 as a function
of the real part of the applied voltage at various frequencies w Tas
dimensionless for the Maxwellian charge relaxation time 73; (num-
bers near curves) calculated for a gap with the width H /Rs =0
(a, b) and 1 (¢, d). The film thickness h/Rg = 100, the bound-
ary conditions: JS (0) = 0, pw (h) = 0 (gap at the surface, ohmic
contact with the upper electrode)

degenerated into a straight line in the static case of zero
frequency. Hysteresis loops appear due to a delay of the
carrier phase with respect to the change in the voltage
one.

The typical nonlinear dynamic strain-voltage hystere-
sis loops in an ionic semiconductor thin film with mobile
acceptors and holes are given in Figs. 5 and 6. Graphs
(a, ¢, e) are plotted with the use of localized DOS for
ions and electrons, while graphs (b, d, f) are constructed
in the Boltzmann approximation.

Some types of hysteresis with pronounced memory
windows (hysteresis loop width) and double loop are ob-
served experimentally in correlated oxides and materi-
als with resistive memory. The theoretically predicted
strain-voltage hysteresis loops of the piezoelectric type
that have the butterfly shape must be confirmed exper-
imentally by SPM methods.

It is worth noting that independent measurements
of the capacity-voltage characteristics (i.e. the depen-
dence of the total electric charge on the applied volt-
age) and their comparison with the electromechanical
(i.e. voltage-deformation) ones allow one to estimate
the corresponding constant of the deformation poten-
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Fig. 5. Nonlinear local electromechanical response calculated for various frequencies: wty; = 0.001 (a, b), wras = 0.01 (¢, d), and

wry = 0.1 (e, f).

Different loops correspond to different values of the maximum voltage V = 2, 5, 10, and 15 (in units of kg7T'/e).

Graphs (a, ¢, e) are plotted with the use of localized state densities (LSD), graphs (b, d, f) — in the Boltzmann approximation (BA).
LSD parameters: k =4, 6Eq/kT = 2, 0Ep/kgT = 20, Nq = Np; the film thickness h/Rgs = 5, the acceptor and hole mobilities relate
as 1q/mp = 0.1. Asymmetric boundary conditions are imposed: the lower electrode is hole-conducting ps (h) = 0, the upper one is

blocking J¥ (0) = 0 (p is the charge density, J is the current)

tial that is sometimes poorly known. For this pur-
pose, one can use the following relation between the
displacement of the film surface (dus(z = 0,w)), the
components of the tensor E};, and the hole concen-
tration 0p in a film with mobile acceptors: dus(z =
=V =V
0,w) = % E§/3> foh dz0p(z,w). The elec-
tromechanical response of a film with mobile ionized
donors and electrons can be analyzed in a similar

way.

5. Conclusions

The work is devoted to the calculation of the static and
dynamic local electromechanical response of ionic semi-
conductor thin films. Using the well-localized state den-
sity and the Boltzmann approximation, we have ana-
lyzed how variations in the concentrations of ions, holes,
and electrons result in the mechanical displacement of
the film surface due to the electric voltage applied to
the probe, which is directly registered by SPM methods.
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It is shown that, with increase in the maximum volt-
age amplitude, the Boltzmann approximation becomes
invalid for the description of a local electromechanical
response of films, and one should use the localized state
density to calculate the Fermi quasilevels, electric cur-
rents, and electromechanical response.

The results were derived within the linear Debye
screening theory (the corresponding hysteresis loops of
the electromechanical response have the elliptic form)
and beyond it (nonlinear approximation). We have ob-
tained a large variety of nonlinear static and dynamic
strain-voltage hysteresis loops in an ionic semiconduc-
tor thin film with mobile acceptors (donors) and holes
(electrons).

If a probe electrode and a substrate are blocking for
ions (acceptors or donors), a change in the hole (electron)
concentration via the electron-phonon coupling results
in a mechanical displacement of the film surface mea-
sured by SPM methods. The magnitude of the coupling
is proportional to the deformation potential that can be
intensified, in turn, by Jahn—Teller local deformations
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Fig. 6. Nonlinear local electromechanical response calculated for various frequencies: w7y = 0.01 (a, b), wrpy = 0.03 (¢, d), and

wTpy = 0.1 (e, f).

Different loops correspond to different values of the maximum voltage Vo = 2, 5, 10, and 20 (in units of kgT/e).

Graphs (a, ¢, e) are plotted with the use of localized state densities (LSD), graphs (b, d, f) — in the Boltzmann approximation (BA).

LSD parameters (2):

k=4, 0E./kgT = 2, Ep/kT = 20, No = Np; the film thickness h/Rg = 5, the mobility ratio nq/np = 0.1.

Symmetric boundary conditions for the charge densities are imposed: pg (0) = pg (h) =0

existing in correlated oxides such as Laj_,Sr, MnOg3 and
La;_,Sr,CoOg3. This allows one to link the electrome-
chanical response with the local deformation potential
of correlated-oxide ionics.

Thus, it is proved that the studies of a displacement of
the ionic-semiconductor surface can provide the impor-
tant information about local changes of the charge state
of acceptors (donors), as well as about electron-phonon
correlations via the deformation potential.
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Agency of Ukraine for Science, Innovation, and Informa-
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JIOKAJIbHUM EJIEKTPOMEXAHITYHUN BIJINYK TOHKUX
TIJIIBOK HAIIIBITPOBIAHUMKIB-IOHIKIB

I"M. Mopososcvka, I.C. Cseeunirxos, K.B. Heprxau
PeszmowMme

ITpoBeieHo po3paxyHKH JOKAJIBHOTO €JIEKTPOMEXaHIYHOTO BiATyKY
TOHKHUX ILIIBOK HAIiBIIPOBIIHUKIB-I0HIKIB, BUKJIMKAHOTO JIOKAJIb-
HUMM 3MiHaMM KOHIEHTpauil ioHiB (cmexiomempuurull 6Hecok)
Ta BIIBHMX €JIeKTPOHIB i Aipok (esexmpon-dororna 63acmoois
snacaidor depopmanitinozo nomenyiasy). OTpuMano JuHAMIYHI
nedopMaliitHO-BOJIBTOBI IETJIi ricTepe3ucy B TOHKIM MBI i0HIKa~
HAIIBIPOBIAHUKA 3 PyXJIUBUME akuenropamu (goHopamn) i gipka-
MU (€JIeKTPOHAMH).

Y Bumaky “6/I0KyI0UNX”’ €JIEKTPOLIB, SIKi He IPOIIyCKAIOTh 10HH,
3MiHM KOHUEHTpalil AipOK (€JeKTPOHIB) BHOCATH OCHOBHUII BHECOK
Yy 3aJIe2KHICTh MEXaHIYHOrO 3MIIEHHSI IMOBEPXHI IUIIBKU Bij eje-
KTPUIHOI HAIPYTH, IPUKJIAIEHOI O 30H1a, 10 6€3II0CEPEIHBO Pee-
CTPYETHCS METOAAMHE CKaHyI0401 30H70Bo1I Mikpockomil (C3M). Ta-
kuM ynHoM, C3M nepemitieHHs MoBepxHi i0HIKa-HAIIBIPOBITHUKA
MOKe HaJIaTH BaXKJIUBY iH(OPMAIIiIO PO JIOKAJIbHI 3MiHU 3apsi/io-
BOI'O CTaHy aKIenTopiB (JOHOPIB) Ta eJ1eKTPOH-(POHOHHI Kopessiil
aepe3 pedopMariiinuil moTeHmia.
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