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In situ investigation of filament growth in films of stabilized zirconium
dioxide by contact capacitance atomic force microscopy
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The contact capacitance atomic force microscopy method was used to study processes of electroforming and
resistive switching in a thin film of yttrium-stabilized zirconium dioxide on a conducting substrate. During linear
voltage sweep between a probe and the substrate, there was non-linear increase of probe-sample capacitance
related to formation of cluster that consisted of oxygen vacancies (a conducting filament) in the dielectric layer
under the probe. With subsequent cyclic switching by sawtooth voltage, there was cyclic increase and decrease
of probe-sample capacitance, which was related to respective changes of filament sizes under effect of an electric
field between the probe and the substrate. Results of the present study demonstrate capabilities of the contact
capacitance microscopy method for studying filament dynamics during resistive switching in the oxide films.
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1. Introduction

The memristor is a solid-state microelectronic device
based on a capacitor structure, whose insulating layer can
vary resistance under effect of voltage U applied to plates
and preserve a resistive state after deenergizing [1]. The
memristors are considered to be promising for application
in nonvolatile computer memory devices [2], neuromorphic
computing devices [3], etc. The principle of operation of the
most types of the memristors developed by now is based on
formation and rupture of conducting cords (filaments) in the
insulating layer in the electric field between electrodes of the
memristor structure [4]. In the memristors based on metal
oxides the filaments consist of the oxygen vacancies [3],
while in the memristors of the ,,conducting bridge”“ type
(CB) they consist of metal atoms that are injected into an
insulator from metal electrodes during anode oxidation [6)].

Up to now, processes of growth of the conducting
filaments in the memristors were visualized in situ by
using a high-resolution transmission electron microscopy
(TEM) method [7] as well as scanning probe microscopy
(SPM) methods: scanning tunneling microscopy (STM) and
atomic force microscopy (AFM) with measuring amperage
of electric current through an AFM probe [8]. It is quite
difficult to prepare samples for such studies. But these
studies are unique and by now there is a very limited
number of studies on the said topic in the literature.

The contact capacitance AFM method [10] was used
in the study [9] to investigate in situ growth of filaments
in films of yttrium-stabilized zirconium dioxide (SZD)
ZrO,(Y) on the Si substrate with a Ni sublayer. It was
found that capacitance C between the AFM probe and
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the Ni sublayer was increased when applying voltage U
between them, which was related to formation and growth
of a filament of Ni atoms in the SZD film. But the
most memristors developed by now are based on metal
oxide films, in which the conducting filaments consist of
the oxygen vacancies. At the same time, the conducting
filaments in the SV-type memristors are characterized by
metal conductivity, whereas electron transport via the
vacancy filaments in the oxide memristors occurs, as a
rule, as per a hopping mechanism [11]. In this regard,
it is of considerable interest to experimentally investigate
applicability of the contact capacitance AFM method for
in situ investigation of dynamics of the filaments in the
oxide films.

The contact capacitance AFM method was applied in the
present study to investigate formation and growth of vacancy
filaments in the SZD/Pt films.

2. Materials and methods

The objects of research were thin-film SZD/Pt structures
on the standard substrates Si(001), on which the insulating
SiO, layers of the thickness of ~ 500 nm, the adhesion Ti
layers and the conducting TiN layers of the thickness of
~ 25nm each were preliminarily formed. The thin-film
structures were formed using a vacuum installation Torr In-
ternational 2G1-1G2-EB4-TH1. The SZD layer (12 mol.% of
stabilizing oxide Y,03) of the nominal thickness of ~ 10 nm
was formed by high-frequency magnetron deposition, while
the Pt layer of the thickness of ~ 40nm was formed by
direct-current magnetron deposition.
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Figure 1. Block-diagram of measurement of capacitance between
the AFM probe and the sample in the contact capacitance AFM
mode. / — the compensatory electrode; 2 — the AFM probe,
3 — the cantilever; 4 — the base of the AFM probe; 5 —
the sample; 6 — the measuring insert of the AFM head; 7 —
the remote module; 8 — the synchronous detector; 9 — the
summator; /0 — the AFM controller; // — the circuit of control
of an electrical parasitic capacitance compensator (adapted from
the study [12] under permission of © NT-MDT).

The contact capacitance AFM method was used to mea-
sure in the AFM ,Solver Pro manufactured by NT-MDT
in the atmospheric conditions at the room temperature by
means of a special add-on device AUO30 produced by NT-
MDT for the contact capacitance AFM [12], which had
two-step system of compensation of parasitic capacitance
between the sample and other (except for the AFM probe)
parts of the AFM installation (Figure 1).

1) Electromechanical compensation: a half-ring compen-
sation electrode is placed above a cantilever beam and
(partially) a base of the AFM probe; the AFM beam and
the compensation electrode are connected to inputs of a
differential amplifier.

2) Electrical compensation: the compensation electrode
is connected to common earthing via a varicap.

Capacitance between the AFM probe and the sample is
measured by applying high-frequency variable voltage of the
frequency of 10MHz between them. The output signal
of the differential amplifier is supplied to a synchronous
detector. The signal at the output of the synchronous
detector is proportional to the magnitude C + Cg, where
C — capacitance between a point of the AFM probe and the
sample, Cy — incompletely compensated parasite capaci-
tance between the sample and the other AFM parts. Special
AFM probes CSG-01 produced by NT-MDT and provided
with the Pt coating were used for contact capacitance AFM
(a probe point curvature radius is R, ~ 35nm as specified
by the manufacturer).

The experiment included measurement of capacitance
C between the AFM probe and the Pt sublayer during
filament formation (electroforming) and cyclic switching of
a virtual memristor that is formed by contact of the AFM
probe point with the SZD film on the Pt sublayer with
linear (sawtooth) sweep of a (quasi)-constant component
of voltage between the AFM probe and the Pt sublayer U.
The sweep amplitude was from 1 to 5V, and its period
was from 1 to 10s. Besides, maps of capacitance
distribution between the AFM probe and the Pt sublayer

were recorded along the sample surface C(x,y) (x,y are
coordinates of the AFM probe within a sample surface
plane). The said measurements were carried out by means
of the AFM probe DCP-30 manufactured by NT-MDT
and provided with a wear-resistant conducting diamond-like
coating (R, ~ 100 nm).

3. Results and discussion

It was found that capacitance of the contact of the AFM
probe with the surface of the SZD/Pt film C increased
during linear sweep of U from 0V to 5V (Figure 2) due
to drift of the oxygen vacancies in SZD towards the AFM
probe and formation of the filament in the depth of the
SZD film (the electroforming process, Figure 3). Surge-like
increase of C at the end of the voltage sweep process is
related to growth of the filament across the entire thickness
of the SZD film up to the Pt sublayer and closing of the
electric circuit the AFM probe — the filament — the Pt
layer.

The experimental curve of Figure 2 was interpreted using
a one-dimensional model of the memristor [13]. Let us
consider formation of the conducting filament of the oxygen
vacancies under the contact of the Pt-coated AFM probe
with the surface of the SZD/Pt film of the thickness of d.
We assume that the filament is a cylinder with a base area S
and a length ¢.

The filament growth rate d¢/dt, where t is the time,
can be expressed via a flow of the oxygen vacancies that
penetrate through a surface of the cylinder base per unit
time.

de no
dt n
where n and ny — values of concentration of the oxygen
vacancies in the filament volume and the SZD film,

no
r— F’ 1
Var = (1)
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Figure 2. Dependence of capacitance of the contact of the AFM
probe with the SZD/Pt film C on voltage between the probe and
the sample U during electroforming.

Physics of the Solid State, 2025, Vol. 67, No. 8



In situ investigation of filament growth in films of stabilized zirconium dioxide by contact capacitance... 1387

Figure 3. Diagram of formation of the filament of the oxygen
vacancies (Vo) in the SZD film.

respectively, u — mobility of the O>~ ions in SZD, v,, and
F — a drift velocity of the oxygen vacancies and strength
of the electric field in SZD in a gap between a filament
extremity and the surface of the Pt sublayer. The latter
can be approximately evaluated by the formula F = U/w,
where U — the difference of potentials between the AFM
probe and the sample (it was assumed that the filament
surface was an equipotential, whose potential was equal to
the probe potential), w = d — £ — the thickness of the gap
between the filament extremity and the surface of the Pt
sublayer. Thus, (1) can be rewritten as

dw ny uU
—_— = 2
dt now @)
Let us assume that U linearly increases with time:
U(t) = At, where A — the voltage increase rate. Then,
by separating variables in (2) and integrating, we obtain

wzz—@,uAtz—l-Cl. (3)
n
For the initial

where C; — the integration constant.
conditions w = d when r = 0, C; = d? and

no

w(t) =4/d?— Z‘uAtz. (4)

Capacitance between the cylindrical filament and the Pt
sublayer was evaluated using a formula for capacitance of

the flat capacitor

eenS
C=——, 5
0 (5)

where ¢ — permittivity of SZD, ¢y — the electric constant.

The area of contact of the AFM probe point with the
surface of the SZD film was evaluated by solving the Hertz
problem [14]. A radius of the area of contact of two elastic
balls with the radii Ry and R,

3| FuR
K’

Rc =
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where F, is a loading force, 1/R = 1/R; + 1/R>,

1 3 /1—p2 1-y?
E‘Z( ETTE ) )

E and E’ — the values of the Young’s modulus, y and ' —
the values of the Poison’s ratio for SZD and Pt, respectively.
For contact of the flat sample (R, = co) and the AFM probe
with the point curvature radius R, we have R = R; = R,,.
In the experiment, the value of the loading force F,, ~ 1 nN,
R, ~ 35nm, then we obtain Rc ~ 5nm [15].

Figure 4 shows the model dependence C(U) for elec-
troforming with linear sweep of U from 0 to 5V for
5s (A=1V/s). The parameters of the SZD film were
assumed to be: p~4-107Pem?V-Is7! [16], & =25,
d = 10nm.The concentration of the oxygen vacancies in the
initial material was assumed to be equal t one vacancy per
four lattice SZD cells (which corresponds on average to one
Y atom per two lattice cells, which in turn corresponds to a
molar portion of the stabilizing oxide Y,O3 in SZD 0.125),
while inside the filament it was two oxygen vacancies per
one lattice cell (which corresponds to replacing on average
1/4 of oxygen ions with the vacancies).

It should be noted that since the formula (6) does not
take into account edge effects, it can be applied when
d < 2Rc. Since, as shown above, in the experiment
d ~ 2R¢, the provided calculations are of an estimated
nature.  Nevertheless, the model dependence C(U) of
Figure 4 qualitatively reproduces the dependence C(U) that
is experimentally measured (Figure 2).

It should be also noted that the estimated filament
capacitance C ~ 10717 F exceeds a detection threshold of
the used measurement installation, which can be considered
as substantiation of traceability of the filament growth by
the contact capacitance AFM method.

Besides, it should be underlined that electron transport
via the filament is performed as per the hopping mechanism
across the oxygen vacancies [11]. In order to measure
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Figure 4. Model dependence C(U) for electroforming with linear
sweep of U from OV to 5V.
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Figure 5. Dependence of capacitance of the contact of the AFM
probe with the SZD/Pt film C on voltage between the probe and
the sample U during cyclic switching.

the filament capacitance, it is necessary that an average
frequency of electron hops between adjacent vacancies
exceeds a frequency of testing variable voltage. Tunneling
transparency D of a potential barrier between the two oxy-
gen vacancies that are separated by a gap of the thickness
of L can be evaluated in a quasi-classical approximation:

D =~ exp (—%\/ZmEi) , (8)

where E; ~ 0.4eV [17] — the energy of ionization of a deep
level related to the oxygen vacancy in SZD, m ~ 0.6mg —
the effective mass of the electron at the conduction band
bottom in SZD [18] (my — the mass of the free electron).
Probability of tunneling of the electron to the adjacent

X, um

vacancy per unit time can be evaluated by the formula
o~ DE;/h. For L =0.4nm (which corresponds to an
average distance between the oxygen vacancies in the
SZD lattice when 1/4 of oxygen ions in the lattices are
replaced with the vacancies) we obtain w =~ 10'3 Hz, which
significantly exceeds the frequency of the testing variable
signal (10 MHz).

It should be also noted that the experimentally measured
dependence C(U) includes a constant component due
to parasitic capacitance between the studied sample and
the other parts of the installation. This component was
neglected during simulation.

The dependence C(U) that was measured during cyclic
sweep of U from —5V to 5V and backwards (Figure 5) is
related to variation of the filament geometry (increase and
decrease of its sizes) in the electric field between the AFM
probe and the Pt sublayer.

Hysteresis of the dependence C(U) in Figure 5 may be
related to resistive switching. It should be noted that the
above-described model takes into account only the flow of
the oxygen vacancies to the surface of a growing filament
due to drift of the vacancies in the electric field between the
AFM probe and the Pt sublayer. At the same time, it did
not take into account a diffusion flow of the vacancies due
to the difference of concentrations of the oxygen vacancies
inside and outside the filament (n and ng, respectively).
The more precise model of filament growth shall take into
account not only the processes of drift and diffusion of the
oxygen vacancies, but a real form of the filament in the
dielectric film.

Figure 6 shows the AFM image of the surface microrelief
and the map of distribution of capacitance along the
surface of the AFM/Pt C(x,y) after measurement of the
dependence C(U) during cyclic sweep of U. On the map
C(x,y), in the point of measurement of the dependence
C(U) we observed local increase of C, which was related to
formation of the vacancy filament. The AFM image of the
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Figure 6. Microrelief of (a) and the map of capacitance distribution along the surface of (b) the SZD/Pt sample after measuring the

dependence C(U).
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surface of the sample (Figure 6,a) exhibited local swelling
of the surface of the SZD film in a location of filament
formation, which was related to accumulation of the O?~
ions under the surface of the film under effect of the electric
field between the AFM probe and the Pt sublayer [15] (the
end of sweep of U corresponded to a positive potential of
the AFM probe in relation to the Pt sublayer, i. e. the O?~
ions were attracted to the AFM probe).

4. Conclusion

The results of the performed studies show that it is
possible to apply the contact capacitance AFM method
for tracing dynamics of variation of the geometrical size
of individual conducting filaments during electroforming
and cyclic switching of the virtual memristor that is the
contact of the AFM probe with the surface of the oxide
film on the conducting substrate, by variation of capacitance
between the AFM probe and the conducting substrate
using the mathematical model that relates the latter to the
filament geometry. At the same time, further improvement
of the mathematical mode of filament dynamics during
electroforming and resistive switching is needed, which
would take into account the processes of drift an diffusion
of the oxygen vacancies in the oxide film as well as the real
geometrical form of the filament.
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