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Oxygen vacancy plays a crucial role in resistive switching. To date, a quantitative study about the distribution of
the oxygen vacancies and its effect on the resistive switching has not yet been reported. In this study, we report our
first-principles calculations in ZnO-based resistive switching memory grown on a Pt substrate. We show that the oxygen
vacancies prefer to be located in the ZnO (0001) plane, i.e. in the direction parallel to the film surface in the preparation
process. These oxygen vacancies drift easily in the film when a voltage is applied in the SET process and prefer to form a line
defect perpendicular to the film surface. An isolated oxygen vacancy makes little contribution to the conductivity of ZnO,
whereas the ordering of oxygen vacancies in the direction perpendicular to the film surface leads to a dramatic enhancement
of the conductivity and thus forms conductive filaments. The semiconducting characteristics of the conductive filaments
are confirmed experimentally.

Keywords: first-principles calculations, resistive switching, conductive filament, oxygen-vacancy ordering

PACS: 73.22.—f, 73.61.-1, 71.55.—

1. Introduction

The reversible resistive switching (RS) effect in transi-
tion metal—oxide thin film has attracted considerable attention
because of its potential for next-generation nonvolatile appli-
cations such as resistive random access memories.!'* Un-
derstanding the switching mechanisms is thus a major chal-
lenge in achieving better nonvolatile memory performance. At
present, several models>—1 have been proposed to understand
RS behavior. Among them, the role of defects, in particular
oxygen vacancies, has become a topic of interest. It has been
generally accepted that formation and rupture of conductive
filaments (CFs) based on oxygen vacancies is responsible for
RS between the high resistance state and low resistance state
(LRS).!'%1 However, as far as we know, a quantitative study of
the formation and the electronic structure of the CFs has not
yet been reported.

Oxygen vacancies are native defects in ZnO films and are
inevitable in the preparation process. The distribution of the
oxygen vacancies may, however, change during RS due to the
migration of oxygen ions under action of an applied electric
field, and extensive experimental studies have shown that oxy-
gen vacancies easily migrate in oxide thin films.!'°! The elec-
tronic property of ZnO has been widely studied using density
functional theory (DFT),[!!:12] however, the arrangement of
oxygen vacancies and its effect on resistive switching in ZnO
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film has not been reported. How the oxygen vacancies dis-
tribute when the films are first prepared, how they redistribute
when a voltage is applied during RS, and how the redistribu-
tion of oxygen vacancies affects the resistance of the film are
questions that remain to be further studied. In this work, we
perform first-principles calculations for ZnO thin films with
oxygen vacancy defects. The formation and the electronic
structure of the CFs is studied systematically.

2. Method and computation details

Our calculations were performed with the CASTEP
code,['3 which is based on DFT and the Vanderbilt ultra-
soft pseudopotential.['¥l The electron-exchange correlation
function is treated using the generalized gradient approxima-
tion (GGA)!! with the Perdew—Wang91!'% approach. To
give a proper description of the strong correlation effects,
GGA +U!""] methods were used. The values of the on-site
Coulomb parameter U for the 3d states of Zn and the 2p states
of O were taken to be 10.5 eV and 7 eV,[!® respectively. Cal-
culations were performed on a 3x3x2 ZnO supercell with 72
atoms. In order to ensure good convergence of the geometry
optimization, the cut-off energy was chosen as 340 eV in all
calculations. In order to ensure sufficient accuracy for the self-
consistent Brillouin zone integration, a 3 x 3 x 1 Monkhorst—
Pack k-point mesh was used.
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3. Results and discussion

To investigate the most stable configuration of the oxy-
gen vacancies, the interaction energy (Ei,) between oxygen

vacancies is calculated from the following expression: 1!

Eint=E (nVo)+E(ZnO) —E[(n—1) Vo] —E (1V,), (1)

where E(ZnO) is the total energy of the supercell with no de-
fects, E(nV,) is the total energy of the supercell with the va-
cancies whose number is indicated in parenthesis, and 7 is the
number of oxygen vacancies. Figure 1 shows schematically
the configuration (a), side (b), and top (c) view of wurtzite
ZnO. The oxygen vacancies located at positions a—j are de-
noted as V, ~ V.

The interaction energies of oxygen vacancies Vj, ~ Vj,

with vacancy V, are shown in Fig. 1(d). During the calcula-
tions, the first oxygen vacancy V, is fixed and the second oxy-
gen vacancy is located at one of the positions labeled V;, ~
V), as shown in Fig. 1(a). According to our calculation, when
the second oxygen vacancy is in the (0001) plane (positions
Vp, Ve or V), the interaction energy is at its lowest. This
result is in agreement with that in [20], and implies that the
oxygen vacancies prefer to be located in the ZnO (0001) plane
in the deposition process. For the RS studies, ZnO films are
usually grown using pulsed laser deposition and tend to grow
with their c-axis perpendicular to the commonly used Pt sub-
strate surface.®! This means that the oxygen vacancies prefer
to be located in the direction parallel to the film surface in the
preparation process.
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Fig. 1. (color online) Schematic configuration (a), side (b), and top (c) view of wurtzite ZnO. The large balls represent the oxygen
atoms and the small balls represent the Zn atoms. The positions of the oxygen atoms are labeled as a—j. The positions of Zn atoms
near the oxygen vacancies are labeled I, II, III, and IV. (d) The interaction energy between the first oxygen vacancy (V,) and the
second defect at one of the positions V;, ~ V. The inset shows the partial atomic density of states (PDOS) of Zn atoms of Zn3503¢.

The PDOS for all four Zn atoms are indistinguishable.

Note that the interaction energy of Vj, is only 0.01 eV
greater than those of Vj, V., and V,, which implies that the
oxygen vacancies at Vj, V., and V,; can easily move to the
position of Vj, if an electric field perpendicular to the film sur-
face is applied in the SET process. The movement of oxygen
vacancies is a common phenomenon in various oxide materi-
als. Jeong et al.>! reported the direct observation of oxygen
vacancy drift in TiO; under action of an applied voltage. Since
the line connecting V, and Vy, is perpendicular to the film sur-
face, following such a migration, the oxygen vacancies would
lie in the direction perpendicular rather than parallel to the film
surface. It is generally believed that the oxygen vacancies in
the as-grown films move toward the bottom electrode when

a positive voltage is applied, and form CFs between the bot-

tom and top electrodes.!'’! This RS mechanism is in agree-
ment with our calculations described above.

In order to determine the position of the third oxygen
vacancy, we compare the interaction energies of Vg and V;
which are the nearest neighbors of the first two oxygen va-
cancies, V, and Vy, as shown in Fig. 1(a). The results show
that the value of the interaction energy in the oxygen vacancy
structure V4, Vp,, Vg (—2.257 eV) is smaller than that in the
other structure V4, Vp, V; (=2.059 eV). Consequently, we
take Vy as the third oxygen vacancy. Similarly, V; and V; are
tested as the fourth oxygen vacancy. The interaction energy in
the oxygen vacancy structure of V4, Vj, Vg, V; (=2.207 eV)
is found to be smaller than in the structure of V,, V, Vg, V;

(—2.015eV), so we take V; as the fourth oxygen vacancy. This
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kind of oxygen vacancy ordering in SrTiO3 has been observed
directly by Jia et al.l*?!

The energy band structures of Zn3sO36 (perfect ZnO),
Zn36035 (one oxygen vacancy V), Zn3sO34 (two oxygen va-
cancies V, and V},), Zn3cO33 (three oxygen vacancies V,, Vy,
and Vg), and Zn3¢03; (four oxygen vacancies Vg, Vj, Vg,
and V;), calculated using the GGA +U are shown in Fig. 2
where the Fermi level has been taken to be at zero energy.
The calculated band-gap width for Zn3gOs3¢ is ~ 3.42 eV as
shown in Fig. 2(a), which is close to the experimental value of
3.43eV.12

For Zn3¢035 with a single oxygen vacancy, V,, the defect

state is located about 1.112 eV above the valence band maxi-
mum as shown in Fig. 2(b). This result indicates that the de-
fect state of an isolated oxygen vacancy is too deep to elevate
electrons to the conduction band at room temperature, thus
making little contribution to the conductivity of the system.
These characteristics are consistent with previous calculations
presented by Oba et al.>*! However, with additional oxygen
vacancies, the defect bands are considerably more spread out
and the Fermi level turns closer to the conduction band mini-
mum as shown in Figs. 2(c)-2(e). This means that the energy
band-gap of the material decreases dramatically with the fur-
ther introduction of the oxygen vacancies.
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Fig. 2. (color online) Energy band structures of Zn3¢Os¢ (a), Zn3sO3s (one oxygen vacancy V) (b), ZnzsO34 (two oxygen vacancies
Vg and V},) (c), ZnzsO3;3 (three oxygen vacancies V, Vj, and V) (d), and Zn3sO3; (four oxygen vacancies Vy, Vi, Vg, and V;) (e).

The dashed curves represent the defect states.

Figure 3 shows the PDOS of neighboring Zn atoms sur-
rounding the oxygen vacancies (the locations of the Zn atoms
are shown in Fig. 1(a) as I-IV) of Zn3603s, Zn36034, Zn36033,
and Zn303,. The PDOS of the same Zn atoms in Zn303¢ is
shown in the inset of Fig. 1(d). It can be seen from Fig. 3(a)
that the defect state is observed only for the nearest neighbor
Zn atoms, I and IV, after the introduction of the first oxygen
vacancy V,, indicating that two electrons occupying the oxy-
gen 2p orbit are highly localized on the Zn atoms I and IV.
There is almost no defect state formed in Zn atoms II and III
since these atoms are relatively far from the oxygen vacancy
V,. Compared with the scenario of single oxygen vacancy
V,, the introduction of the second vacancy V, affects the de-
fect states of the Zn atoms [-1V, especially Zn atoms II, III, as
shown in Fig. 3(b). This is due to the short distance between

Zn atoms II, ITI, and vacancy V. With the introduction of the
third oxygen vacancy V,, the defect states of Zn atoms I-IV
spread out considerably, especially in Zn atoms I, II, and IV
as shown in Fig. 3(c), showing that the vacancy cluster Vg,
V., and V significantly affects the redistribution of electrons.
The result is that a larger proportion of the electrons are local-
ized around Zn atoms I, II, and I'V. With the introduction of the
fourth oxygen vacancy V;, the defect states of Zn atoms [-IV
are further spread out and defect levels are distributed over a
large range in the forbidden band as shown in Fig. 3(d), im-
plying that the electrons are more uniformly localized around
the Zn atoms I-IV. As a consequence, the conductivity in this
ordered oxygen vacancy channel is improved greatly and thus

forms the conductive filament.
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Fig. 3. (color online) The PDOSs of neighboring Zn atoms I-IV surrounding the oxygen vacancies in Zn3sOss (a), Zn3cOs4 (b),
Zn36033 (c), and Zn3603; (d). The PDOSs of Zn atoms I and III are overlapped and the PDOSs of Zn atoms II and IV are overlapped
in part (b). There is almost no color for (d) since the PDOS curves overlap.
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Fig. 4.
Zn3603s (a), Zn3s034 (b), Zn3s033 (c), and Zn303; (d) in the (1010)
plane. In all four parts, the scale of the charge density difference runs
from —0.2 e/A% to +0.5 /A3

(color online) Charge density difference contour plots for

In order to demonstrate the electron transport directly, we
also plot the charge density difference contours for Zn3¢Oss,
7136034, Zn36033, and Zn3603; in the (1010) plane in Fig. 4.
With the introduction of V,, the charge density of Zn atoms I

and IV near V, increases significantly as shown in Fig. 4(a),
indicating that a portion of the electrons that previously hy-
bridized with the O 2p orbit transfer to Zn atoms I and IV.
Thus Zn atoms I and IV are reduced and become more metal-
lic. The charge densities of Zn atoms II and III are less affected
by V,. By introducing the second vacancy Vy, the charge den-
sities of Zn atoms II and III increase significantly as shown in
Fig. 4(b), implying that Zn atoms II and III are reduced by the
vacancy Vj,. When we introduce the oxygen vacancies V,, the
charge densities of the Zn atoms I-IV are further increased as
shown in Fig. 4(c). This result reveals that a greater portion of
electrons transfer to the Zn atoms I-IV and reduce them to a
lower chemical state. After the introduction of the fourth oxy-
gen vacancy V;, the charge densities of all four Zn atoms I-IV
are increased and become identical as shown in Fig. 4(d), im-
plying that the four Zn atoms I-IV are all reduced to the same
chemical state by the vacancies V;. As a consequence, a struc-
ture with ordered oxygen vacancies tends to make neighboring
Zn atoms more metallic, thus the electrons may be transported
through this oxygen-vacancy ordered structure more easily.
This result is consistent with the calculated PDOS as shown
in Fig. 3.

From the above analyses, we can see that with the in-
crease in the number of oxygen vacancies in the direction per-
pendicular to the film surface, each neighboring Zn>* cation
tends to be reduced to the metallic state by redistributing the
electrons. These line defects composed of ordered oxygen va-
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cancies create a conductive path in the insulating ZnO matrix,
thus causing the system to enter the low resistance state. Fig-
ure 5(a) shows a schematic structure of the conductive fila-
ment in the insulating ZnO matrix. It seems logical that when
areverse electric field is applied to the system, the oxygen va-
cancies will be drawn back toward the top electrode and the
configuration of oxygen vacancies will be destroyed. Thus the
system will RESET to the high resistance state.
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Fig. 5. (color online) (a) Schematic structure of the conductive filament
in the insulating ZnO matrix. (b) Plot of resistance versus reciprocal of

the temperature for Ti/ZnO/Pt ReRAM in a low resistance state. The
inset shows the I-V characteristics for this device.

The conductivity in the region with ordered oxygen va-
cancies, namely in the CFs, is improved greatly. However,
the conduction is still semiconductive rather than metallic in
characteristic. In order to check the semiconducting charac-
teristics of the CFs, it is necessary to measure the temperature
dependence of the resistance in the LRS. To test this idea, a
Ti/ZnO/Pt sandwich structure is prepared as in our previous
work. 3] The inset of Fig. 5(b) shows the IV characteristics of
the ZnO film which displays a typical bipolar resistive switch-
ing behavior. Figure 5(b) shows the measured resistance as

a function of the inverse of the temperature of the ZnO film
in the LRS. It may be seen that the resistance exhibits an ex-
ponential decrease with a temperature increase and follows a
thermally activated Arrhenius law:

R = Roexp (Ey/kT), ¥

where Ry is the extrapolated resistance at infinite 7, k is
the Boltzmann constant, and E, is the activation energy of
the conduction.> This temperature dependence of resistance
confirms the semiconductor-like behavior of the CFs and is

[25.26] The calcu-

consistent with previously reported behavior.
lated value of E, is about 0.14 eV, indicating that the energy
band-gap is reduced to about 0.28 eV due to a large number of

oxygen vacancies existing in the conductive filament.[>!

4. Conclusions

In this paper, our calculations show that the oxygen va-
cancies prefer to be located in the ZnO (0001) plane, i.e. in
the direction parallel to the film surface in the preparation pro-
cess. These oxygen vacancies drift easily to form a line de-
fect in the direction perpendicular to the film surface when a
voltage is applied in the SET process. With the number of
ordered oxygen vacancies increasing in the direction perpen-
dicular to the film surface, the defect bands are considerably
dispersed and the Fermi level moves closer to the conduction
band minimum. Oxygen vacancy ordering causes chemical
reduction of their neighboring Zn ions by redistributing the
electrons, thus the conductivity is greatly improved along the
line defects. This mechanism is also applicable to other binary
metal-oxide system such as TiO, and HfO,.
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