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Role of Pr Segregation in Acceptor-State Formation at ZnO Grain Boundaries
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The role of Pr doping on double Schottky barrier formations at ZnO single grain boundaries was
investigated by the combination of current-voltage measurements, atomic-resolution Z-contrast scanning
transmission electron microscopy, and first-principles calculations. Although Pr segregated to the specific
atomic site along the boundaries, it was found not to be the direct cause of nonlinear current-voltage
properties. Instead, under appropriate annealing conditions, Pr enhances formations of acceptor-type
native defects that are essential for the creation of double Schottky barriers in ZnO.
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Electroceramics such as ZnO, BaTiOs3, and SrTiO; are
utilized in a broad range of electronic devices [1-6]. In
such electroceramics, the unique properties originate from
electrostatic potential barriers [i.e., double Schottky bar-
riers (DSBs)] formed at the grain boundaries (GBs). Be-
cause of their importance for applications, the formation
mechanisms of DSBs have been investigated over several
decades [1-9]. The DSB formation is thought to be
strongly dominated by atomic-scale factors, such as the
GB atomic structure, dopants segregation, and/or forma-
tion of native defects.

Zn0 is commonly used as surge-protecting devices (va-
ristors), because they show nonlinear current-voltage (I/-V)
properties [2—6]. It has been thought that the properties
result from DSB formation at the GBs [4]. The origin of the
DSB is believed to be the formation of acceptor states at
ZnO GBs. Since ZnO grains are n-type semiconductors,
the acceptor states trap electrons from the adjacent grains,
and as a result, DSBs are formed [3,4]. Previous reports
have demonstrated that the atomic structure of the undoped
GBs does not contribute to DSB formations [10—13]. On
the other hand, doping of impurities like Pr or Bi is well
known to be an effective method to cause nonlinear /-V
properties [2—6]. These dopants are found to segregate to
GBs [9,14,15], and the nonlinear I-V properties strongly
depend on the amount of dopant segregation [16]. These
results indicate that the dopant plays a key role for the
formation of nonlinear /-V properties. In addition, it has
been well demonstrated that the nonlinear /-V properties
strongly depend on the annealing conditions, such as an-
nealing time, atmosphere, and cooling rate [7,17]. As there
is a strong correlation of the concentration of native defects
with annealing conditions, it follows that the accumulation
of native defects at the GB may also play a strong role for
the formation of nonlinear /-V properties [18]. In particu-
lar, oxygen-excess—type defects, like a ‘“monolayer of
excess oxygen” [7] or ‘“chemisorbed oxygen™ [2], have
been considered to be plausible origins of the DSB. On the
other hand, based on results from first-principles calcula-
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tions, Carlsson et al. recently suggested that the ““interfa-
cial complex” of Biz, + O; + V, is the origin of the DSB.
[8].

Until now, the effects of the GB atomic structure, dop-
ants, and native defects have been often considered indi-
vidually. However, in practice, these atomic-scale factors
can have a complex interdependence. The GB atomic
structure may change by the presence of dopant as found
in MgO GBs [19], and conversely, the location and distri-
bution of the dopants should be dependent on the GB
atomic structure [16,20,21]. Additionally, native defects
formations are expected to depend on the GB atomic
structure and dopant segregations, and vice versa. There-
fore, in the present study, we investigate in detail the
relationships between these atomic-scale factors and the
1-V properties of Pr-doped ZnO single grain boundaries to
understand the origin of the acceptor states. We applied the
combination of -V measurements, atomic-resolution
Z-contrast scanning transmission electron microscopy
(STEM), and first-principles calculation to the single
GBs. Based on these results, the ensuing discussion will
focus on the role of that Pr doping plays in the DSB
formation at the ZnO GB.

ZnO bicrystals with [0001] 3, = 7 symmetric tilt GBs
were fabricated by hot-pressing two ZnO single crystals at
1100 °C for 10 h in air. The details of the fabrication
procedures were previously described elsewhere [16]. Pr
was sputtered onto one side of the single crystal before
joining to ensure that Pr would segregate and be present
along the GB. In this orientation, both single crystals have
a common [0001] axis and the GB planes are parallel to
(1230). The Pr-doped bicrystal was cut in half to inves-
tigate the effects of different cooling processes. One half
was subjected to a postanneal at 1200 °C for 10 h in air and
then quenched (at the rate of about 6000 °C/h). The
remaining half was cooled at a slower rate of 300 °C/h.
These samples will be denoted as the “quenched” speci-
men and as the “slowly cooled” specimen, respectively.
Subsequently, the -V properties across the GBs were
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measured by a dc four-probe method. The atomic structure
of the GBs was investigated by a STEM (JEOL 2100F)
equipped with an aberration corrector (CEOS Co.). A high-
angle annular dark-field detector with an inner angle
greater than 60 mrad was used. In these collection con-
ditions, the image contrast of an atomic column in the
incoherent Z-contrast image is approximately proportional
to the square of the average atomic number (Z) [22].
Electron energy loss spectroscopy (EELS) was performed
using a Gatan Enfina system equipped on a Topcon EM-
002BF transmission electron microscope. The energy reso-
lution at full width at half maximum was measured to be
1.6 eV.

A first-principles plane-wave pseudopotential (PWPP)
calculation using the VASP code was performed to obtain
atomic structures of the undoped and the Pr-doped ZnO
[0001] 3 = 7 GBs and the corresponding vacancy forma-
tion energies [23]. For the exchange correlation potential,
the generalized gradient approximation was employed [24]
and a plane-wave cutoff of 400 eV was used, as we found
that the difference in GB energy was only 14 meV when
using a plane-wave cutoff of 500 eV. In our previous study,
atomic structure for the undoped ZnO [0001] 2 = 7 GB
was calculated by using a static lattice method [13], and the
obtained supercells were again optimized by the PWPP
method. Supercells contain approximately 150 atoms and
have two equivalent GBs. Numerical integrations over the
Brillouin zone were performed only at the I'-point because
of the large size of supercells. All atoms in the supercells
were optimized until the residual forces were less than
0.1 eV/A. In this study, the formation energies of V,
and O; defects are calculated because it is thought that
these were the most likely defect types to form acceptor
states in ZnO GBs [2,7-9,18,25-27]. The formation en-
ergies of V, and O,(E[Vz,] and E[O;]) are calculated by
the following formulas:

E[VZH] = Etot[defeCt] - Etot[hOSt] + uzn — 21“’@ (1)

E[O;] = Ey[defect] — Ei[host] — po = 2u..  (2)

Here, E,[defect] and E,,[host] are the total energies of the
supercells with and without the point defects, and wy,, ®o,
and u, are the chemical potentials of Zn, O, and the
electron (i.e., the Fermi energy), respectively. At the
oxygen-rich condition, g is equal to pg in a O, molecule,
and w7, = Uz.0 — Mo, Where w0 is the chemical po-
tential of the ZnO perfect crystal. In the present calcula-
tions, we assumed that u, is 1 eV, which corresponds to
n-type ZnO [27]. The charge states of V, and O; are
assumed to be —2, as these charge states are reported to
be stable under the n-type and oxygen-rich conditions [27].

Figure 1 shows the -V properties across the GBs in both
the slowly cooled and the quenched specimens. The [-V
properties of both specimens are significantly different,
depending on the annealing conditions. The quenched

quenched

slowly cooled
0.8} . ‘,,
5
2 0.6} ° #
x /
~ ° e
§ 0.4f . y
S e o
O }/‘ o
0.2 ol 5
.,r" /‘
0 ’ L L L L
0 5 10 0 0.05 0.1
Voltage (V)

FIG. 1 (color). The I-V properties across the GBs in slowly
cooled and quenched specimens. Linear properties are extrapo-
lated by dotted lines. The -V property of the quenched specimen
is linear, while that of the slowly cooled one is nonlinear.

specimens show linear -V properties, whereas the slowly
cooled specimens exhibit nonlinear /-V properties that are
considered to be due to DSB formation at the GB. This
indicates that the DSB formation is more enhanced during
the cooling rather than during annealing at high tempera-
ture. Therefore, important changes in one or more of the
atomic-scale factors (GB atomic structure, Pr segregations,
or native defects accumulations) must occur during the
cooling.

Figure 2 shows a typical Z-contrast STEM image of the
GBs. In the image, atomic columns of very bright intensity
are found to be present periodically along the GB. The
intensity profile along the line A-B is shown in the inset, in
which much brighter spots exhibit higher intensity than the
others. Since the atomic number of Pr (59) is larger than
that of Zn (30), the very bright spots indicate the presence
of Pr. Pr is found to be localized at the GB core; this dopant
distribution is commonly found in both the slowly cooled
and the quenched specimens.

FIG. 2 (color). A typical Z-contrast STEM image of the Pr-
doped ZnO [0001] 3, = 7 GBs. The position of the GB plane is
indicated by the arrows, and the inset shows the intensity profile
along the GB (A-B). Very bright spots appear along the GB,
indicating the presence of Pr.
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Figures 3(a) and 3(b) show typical atomic structures
found in the GBs of the slowly cooled and the quenched
specimens, respectively. Both images show that the GBs
are atomically sharp, with no secondary phases or amor-
phous regions present. Furthermore, neither a monolayer
of excess oxygen nor chemisorbed oxygen [2,7] could be
observed even in the slowly cooled boundary with the
nonlinear I-V characteristics. Moreover, it was found that
both the slowly cooled and the quenched specimens have
very similar atomic structures. Thus, the change of anneal-
ing conditions seems not to affect the basic GB atomic
structures. Comparing the atomic structure of the Pr-doped
3, =7 GBs with those for the undoped X =7 GB (see
Ref. [13]) suggests that Pr segregates to specific atomic
columns that are periodic along the GB. First-principles
calculation will later reveal that Pr does indeed substitute
for Zn at the GB. Figure 3(c) shows the EELS Pr-M, 5 edge
obtained from both the GBs. Both spectra show the appear-
ance of a shoulder at the left side of the second peak (M,
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FIG. 3 (color). Magnified Z-contrast images of the GBs in
(a) the slowly cooled specimen and (b) the quenched specimen.
Positions of atomic columns at the GB core are superimposed by
light blue and green circles. (From [0001] incident direction, Zn
and O are projected in the same column. Green circles indicate
atomic columns including Pr.) (c¢) Pr-M, s edge EELS spectra
obtained from both the GBs. Hatches and arrows show the
shoulders appearing at left side of the second peaks.

edge) as indicated with hatches. This feature shows that Pr
is identified to be in the 3+ state [28]. As the substitution
of Pr** for Zn>* in ZnO would produce donor states rather
than acceptor states, Pr itself cannot be the direct cause of
DSB formation at the GB. Here, it is worth noting that,
using EELS, we also investigated O-K edges and Zn-L
edges from both the slowly cooled and the quenched GBs.
However, neither the fine structure nor the Zn-O ratio
showed any major differences.

Figures 4(a) and 4(b) show the stable atomic structures
of the undoped and Pr-doped GBs obtained by the PWPP
calculation. The location of Pr was determined by calcu-
lating the substitution energy of Pr for Zn. It was found that
the calculated atomic structures of the GBs match well
with the STEM image. (See Ref. [13] for the undoped
case.) The formation energies of Vy, defects at sites 1
and 2 and O; defects at sites 3 and 4 [shown in Figs. 4(a)
and 4(b)] were also calculated, and the results are summa-
rized in Fig. 4(c). For both the undoped and the Pr-doped
cases, the V, defect is found to be more stable than the O;
defect, indicating that the Vy, defect is the dominant
species among the acceptor-state forming point defects.
Another key feature is that Pr-doping lowers the formation
energies of those defects mentioned above. This strongly
indicates that Pr plays an important role of promoting the
point defects formations, particularly the V,, defect.

Recently, Carlsson et al. reported a theoretical study of
Bi segregation in a ZnO GB [8]. Their first-principles
calculation revealed that the formation of a defect complex

(C) Atomic site (species) Formation enargy (sV)
Undoped Pr doped
1(Vzn) 0.9 0.4
2(Vzn) 1.4 1.0
3(0j) 2.9 21
4(0j) 3.0 2.1

FIG. 4 (color). The atomic structures used in the first-
principles calculation for (a) the undoped and (b) the Pr-doped
GBs. Arrows indicate the positions of the GBs. Blue, green, and
red circles denote Zn, O, and Pr, respectively. V, or O; was
introduced at four different sites indicated by 1-4 for both GBs.
(c) Formation energies of V, or O; at sites 1-4 for both GBs.
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of Bi and native defects (Biz, + Vz, + O;) is energetically
favorable at the GB in oxygen-rich conditions. They sug-
gested that these complexes would create the localized GB
acceptor states essential for DSB formation. Our experi-
mental and theoretical results clearly show that Pr substi-
tutes only for specific Zn sites along the GB and that they
promote the formation of V,, and O; in their vicinity.
These findings are basically consistent with the Bi case,
but our /-V property measurement indicates the impor-
tance of the annealing processes for the actual DSB for-
mation. We found experimentally that the /-V properties
are strongly dependent on the different thermal histories,
whereas the atomic structure, Pr segregation, and the Pr
valence state are found to be independent of the annealing
conditions. These results suggest that the native defects are
indeed the most plausible origin of DSBs, but their for-
mation should be strongly affected by the annealing pro-
cesses. Carlsson et al. suggested that the complexes of Bi
and native defects are initially formed during sintering and
subsequently frozen in during the cooling processes. In this
scenario, the DSB would already be formed during the
high-temperature anneal and kept constant during cooling,
which, however, is not consistent with the present Pr-doped
case. We think that the native defects are likely to accu-
mulate at GBs during the cooling process, and that further
investigations are needed for this issue. For example, con-
centrations and distributions of vacancies may be observed
using Cs-corrected TEM [29]. However, the fundamental
effect of Pr doping is to enhance the native defect forma-
tions under appropriate conditions, which may be also
applicable to other dopant systems.

In summary, investigations of ZnO bicrystals were used
to identify the effect of Pr doping on the nonlinear /-V
properties across GBs. It was found that Pr itself is not the
direct cause of the property, but with the suitable annealing
conditions, Pr enhances the DSB formation at the GBs.
Atomic-resolution Z-contrast images clearly revealed that
Pr segregates only to the specific atomic sites along the
GBs. According to the first-principles calculations based
on the obtained structure, it was found that the Pr enhances
the formation of acceptor-type native defects (V, and O;),
which are essential for DSB formations. This is believed to
be the fundamental role of Pr, and the effect is likely to be
enhanced under suitable annealing conditions.
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