VOLUME 75, NUMBER 22

PHYSICAL REVIEW LETTERS

27 NOVEMBER 1995

Direct Imaging of Spatially Varying Potential and Charge across Internal Interfaces in Solids
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Transmission electron holography is utilized to study the electrostatic potential and associated space
charge across grain boundaries in SrTiO;. While pristine boundaries show only the effect of a reduction
in density of atoms, doped boundaries indicate the presence of potential barriers and associated space
charge due to accumulation of charged point defects. This Letter demonstrates the viability of electron
holography as a bulk sensitive tool to directly image and quantify the magnitude, sign, and spatial extent
of electrical potential and charge across internal interfaces in solids.

PACS numbers: 61.72.Ff, 61.16.Bg, 61.72.Mm, 73.30.+y

Frenkel [1] in 1946 predicted a dipole region at ionic
crystal surfaces (later extended to line and planar defects
[2]) due to the presence of a surface charge and compen-
sating space charge resulting from the differences in free
energy of formation of point defects. Internal interfaces
where at least one phase is nonconducting decorate them-
selves with charged defects and accumulate compensat-
ing (opposite) charge leading to a space-charge potential
across the interface. This phenomenon plays a key role in
technologically important systems, especially those con-
taining electrically active interfaces, e.g., p-r junctions
in semiconductors [3] and grain boundaries (GBs) in elec-
troceramics [4]. Space charge at electroceramic interfaces
has been indirectly deduced from measuring bulk proper-
ties via /-V, C-V curves and impedance spectroscopy [4].
While attempts have been made to determine the potential
barrier height of p-n junctions [S] and leakage fields [6]
in semiconductors, direct imaging of electrostatic poten-
tial profile and determination of the sign, magnitude, and
distribution of the associated interface and space charge
(and therefore defect density) in electroceramics have re-
mained elusive for many decades.

Space charge and dopant segregation to the interface
are interrelated, as they influence each other. Electro-
ceramics such as varistors [4,7] are usually doped with
aliovalent solutes to modify the space charge and thereby
the electrical activity at the GB. A large number of
researchers have pursued the identification of this relation-
ship and analyze electrostatic potential and charge pro-
file at such interfaces [4,7,8]. Deriving the local defect
population from cation concentration profiles obtained by
x-ray or electron energy loss spectroscopy (EELS) mi-
croanalysis across GBs [4,7] is suspect since the con-
nection between chemical profiles and defect chemistry
is usually not obvious. Also the local defect chemistry
at the GB core is not well understood, and the results
suffer from preconceived notions of dominating defects.
Scanning tunneling spectroscopy (STS) of GBs [8] is a
more direct technique; however, it probes only the surface
and is thus not bulk sensitive. Also, tip-induced space
charge in STS poses considerable problems in inter-
pretation of the spectroscopy data. We have utilized

0031-9007/95/75(22)/4063(4)$06.00

transmission electron holography to directly image and
quantify the barrier height and the local charge density
distribution across grain boundaries in SrTiOj, a func-
tional electroceramic material. The results forecast a re-
alistic opportunity to probe the statics and dynamics of
electrostatic field and charge distribution across interfaces
in technologically useful materials.

Electron holography, a coherent interferometry tech-
nique based on interference of a reference wave with a
scattered wave, is directly sensitive to the potentials in
solids. Using a Mollenstedt-type biprism [9] (placed in
the plane of the selected area aperture and rotatable through
360° in this plane perpendicular to the optic axis) in a cold
field emission transmission electron microscope operated
at 200 keV, a reference wave and a scattered object wave
are allowed to interfere, forming an interference fringe pat-
tern that contains information on the phase and amplitude
of the scattered wave. The phase of the electron wave
at the GB region can be altered by [5,6,10,11]: (i) varia-
tion in local mean inner potential (related to the change
in density of atoms at the GB), (ii) differential diffraction
conditions across the interface, (iii) change in the local
specimen thickness, and (iv) presence of local electrostatic
(electrical charge) and magnetic field (see Fig. 1). In a
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FIG. 1. Various contributions to the change in phase at GB.
By using a symmetric tilt bicrystal or by making sure that
both crystals are very weakly diffracting, phase changes due
to differential diffraction of either grain can be minimized.
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FIG. 2. An electron hologram of an undoped 3 = 5 (310)
symmetrical tilt GB in SrTiO;. Hologram interference fringe
spacing =0.09 nm.

general case of crystalline interfaces, interpreting the lo-
cal interface effects from GB core-region holograms is
difficult because of nonidentical and strong diffraction
conditions across the interface. However, under weak
diffraction conditions, or certainly in the case of tilt bicrys-
tals (where the exit wave functions are expected to be iden-
tical for either crystal), the differential phase change across
the GB due to diffraction is minimal, and the changes in
the phase of electron at and in the vicinity of the GB can
be related to the other effects. The details regarding the
theory and data analysis for electron holography have been
described elsewhere [10,12].
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Phase reconstruction of the hologram in Fig. 2. The
averaged line scan of the phase across the GB is shown as an
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FIG. 4. Schematic for the case of a negatively charged GB
with positive space charge (a). As shown, interference fringes
bend towards vacuum (b) due to a decrease in phase (c) of
electrons at the GB core. The charge density profile (d) is
arrived at from the phase profile.

Figure 2 is a high resolution electron hologram of an
undoped (electrically inactive) 2 = 5 (310) 36.8° sym-
metrical tilt GB in SrTiO,, with a hologram fringe spacing
of 0.09 nm, achieved by applying 180 V to the biprism.
The zone axis on either side of the GB is [001], which
ensures identical phase change in both the crystals pro-
vided the specimen thickness is the same across the GB
(specimen thickness was measured using EELS, and the
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FIG. 5. An electron hologram of a Mn-doped GB in SrTiO;.
The fringe spacing is about 0.14 nm.
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FIG. 6. (a) Phase reconstruction of the hologram in Fig. 5.

(b) An averaged line profile across the GB shows a large
decrease in phase at the GB, and the (c) resultant charge density
profile indicates a negatively charged GB with positive space
charge.

uniformity of thickness was confirmed to be within 10%).
There is no extrinsic segregation or variation in cation
stoichiometry across the GB [13]. The only phase change
expected for such a GB is largely due to the reduction
in mean inner potential (including any local strain ef-
fects) at the GB core. The reconstructed phase image
(Fig. 3) is uniform, reaffirming that the thickness varia-
tion across the field of view is negligible with virtually
no contrast at the GB. However, a line scan across the
GB averaged along the symmetry axis of the interface (in-
set, Fig. 3) clearly indicates a small increase in phase at
the GB core, i.e., the phase is “less delayed” at the GB
core. This phase increase is likely because of a reduc-
tion in the mean inner potential due to the reduction in
density of atoms at the GB core. The spatial extent of
this phase change (1.8 = 0.6 nm, from Fig. 3) and the
observation of a reduction in the density of atoms at the

GB are consistent with our prior results from Z-contrast
imaging, column-by-column EELS spectroscopy (which
yielded a GB width of 1.6 = 0.4 nm) [14] and atom-
istic simulations [15]. The phase increase at several such
undoped boundaries is extremely consistent and small, be-
tween 0.1 and 0.125 rad. This forms the basis for subse-
quent experiments on doped GBs where the phase change
is substantially higher.

Depending on the solute type (donor versus acceptor)
and processing history, the GB may be positively or
negatively charged with opposite space charge. This
provides a classic platform for electron holography with
two possible scenarios, one of which is depicted in
Fig. 4. Assuming that the charge at the GB is confined
to atomic dimensions (i.e., a singularity in potential), the
phase profiles and the derived charge density plots for a
negatively charged GB (with positive space charge) would
be as indicated in Fig. 4. Such a GB would result in
a shift of the biprism interference fringes towards the
reference vacuum. The shift of the fringes is directly
proportional to the change in phase, which in turn is
directly proportional to the electrostatic potential [16]
arising in this case from the strength of the trapped
electrical charge.

Figure 5 is an electron hologram of a Mn-doped GB
in polycrystalline SrTiO;, taken with both crystals under
very weak diffraction conditions, with a hologram fringe
spacing of 0.14 nm, achieved by applying 100 V to
the biprism. Mn, added as a GB dopant in a second
firing treatment, is found to be ubiquitous at all GBs
and confined to the GB core [17]. The shifting of
the electron biprism fringes at the GB core towards
vacuum is evident, indicating a negative GB charge [see
Fig. 4(a)]. The reconstructed phase image [Fig. 6(a)] is
rich in information, and the corresponding line scan of
phase across the GB, corrected for external phase shifts
due to leakage fields [18], shows a substantial decrease
in phase (—1.57 rad) at the GB core. This phase change
is due to a combination of both an intrinsic change in
the mean inner potential and a local electrostatic field.
Under weak diffracting conditions, our measurements of
many undoped GBs in polycrystals show that their phase
change is on an average about 0.1 rad, which is too small
to explain the large phase shift such as seen in Fig. 6.
Though quite small, we extracted out the contribution
associated with undoped GB from the corrected phase
scan to extract the phase profile [Fig. 6(b)] solely due
to the local electrostatic field. The phase profile thus
obtained corresponds to a double Schottky barrier at the
GB as projected on the specimen surface, assuming a
uniform thickness of 48 nm (determined using EELS).
Figure 6(c) is the charge density profile obtained from
this phase profile using Poisson’s equation, and it clearly
shows the presence of negative charge centered at the GB
core and a compensating positive space charge across the
GB. This is the direct real space evidence for GB charge
and compensating space charge.
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TABLE I. Aspects of the double Schottky model derived from Mn-doped SrTiO; GB holograms.

Boundary Phase shift Width of the space-charge Schottky potential
number at GB (Ao rad) region across GB (A) barrier height (V)

1 -1.56 46 —4.28

2 -1.67 43 —4.60

3 -0.36 72 -1.01

4 -0.29 55 -0.79

5 -0.23 60 -0.64

The presence of negative GB charge is consistent with
our previous EELS studies, which indicated that Mn
is present at the GB with a predominant valence of
+2, with some +3 contribution [17]. With Mn*%/*3
substitutionally replacing Ti at the GB core (due to size
considerations), the defect reaction can be written as

Mn*? + 200" — Mnr” + 2Vo*® + O3,

Mnt3 + 200" — MnTi’ + 2Vo*® + Oy,

resulting in negatively charged defects Mnfp; at the
GB core, which are compensated by positively charged
oxygen vacancies or holes. Thus, the inferred negative
GB charge and corresponding positive space charge
are consistent with direct measurements with electron
holography.

All Mn-doped GBs studied consistently show nega-
tively charged GBs with positive space charge. The spa-
tial extent of the space-charge region was found to be
about 3 nm on either side of the GB (see Table I), which
is consistent with, albeit much smaller than, the typical
Debye length reported in the literature [19]. This is prob-
ably due to the fact that Mn was diffused into the GB
through a second firing treatment; thus the situation is one
of nonequilibrium enrichment. However, a sizable varia-
tion in the magnitude of the phase decrease (and thus the
double Schottky barrier height and the net charge) was ob-
served for the various Mn-doped polycrystalline GBs, one
extreme of which is Fig. 5. This variation clearly and di-
rectly shows that not all GBs in polycrystals are equally
active, and the height of the double Schottky barrier is
heterogeneous across the GBs. This observation is con-
sistent with the results of Olsson and Dunlop [20] who
found a large variation in the electrical transport proper-
ties across GBs in varistors, dictated by the potential at
the GB. The space-charge profiles are often asymmetric
about the GB core, which is expected due to the crystallo-
graphic anisotropy across polycrystalline GBs. The total
charge, however, is completely compensated. The charge
density profile yields the net charge accumulation at the
GBs, which correspond to 35% to 45% substitution of Ti
and Mn™? at the core of the GB (i.e., the defect density of
Mn¥; is of the order of 1027 m™ at the GB).

This Letter demonstrates that electron holography is
a viable bulk sensitive tool to quantitatively probe the
changes in electrostatic potential, and thus the magnitude,
sign, and spatial extent of electrical charge at and across
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internal interfaces in solids. With the availability of
in situ I-V specimen holders, it should be possible to
perform similar measurements under dynamic conditions
of current transport or applied electrical field.
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FIG. 2. An electron hologram of an undoped X = 5 (310)

symmetrical tilt GB in SrTiO;. Hologram interference fringe
spacing =0.09 nm.
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FIG. 3. Phase reconstruction of the hologram in Fig. 2. The
averaged line scan of the phase across the GB is shown as an
inset.
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FIG. 5. An electron hologram of a Mn-doped GB in SrTiO;.
The fringe spacing is about 0.14 nm.
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FIG. 6. (a) Phase reconstruction of the hologram in Fig. 5.
(b) An averaged line profile across the GB shows a large
decrease in phase at the GB, and the (c) resultant charge density
profile indicates a negatively charged GB with positive space
charge.



