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Abstract

Triple junctions (TJs) are the lines where three grains or grain boundaries meet and become increasingly important in nanocrystalline
materials where they have a high areal number density and occupy a significant fraction of the total volume of the material. Surface pits
are associated with TJs, just as surface grooves are associated with grain boundaries, and these pits may have particularly deleterious
effects on the behaviors of thin films. We evaluate the surface topography associated with TJs in nanocrystalline ZrO2 thin films using
thickness mapping images produced by energy-filtered transmission electron microscopy (EFTEM), and compare our results with the-
oretical predictions. While many of the pits conform to the standard theoretical treatment, some of them exhibit considerably increased
depth, possibly indicating that the junctions have line energy. No pits were observed with less than the theoretically predicted depth.
� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Triple junctions (TJs) are the lines where three grain
boundaries meet, and interest in their behavior has been
growing in recent years, since they may exert a considerable
influence on polycrystalline materials, especially in the
nanocrystalline regime. TJs are line defects that can signif-
icantly influence the mechanical, thermodynamic and
kinetic properties of polycrystalline materials. Previous
studies have shown that TJs are preferential sites for chem-
ical attack [1], they are implicated in the formation of elec-
tromigration damage in thin conductor lines [2], and
chemical segregation to TJs can exceed the segregation at

grain boundaries by a large factor [3]. They also appear
to affect the kinetics of grain growth in certain circum-
stances [4]. Because the grain morphology in polycrystal-
line thin films can affect the continuity, reactivity and
strength of the film, TJs may impact these properties if they
affect the surface morphology [5]. It is therefore of great
importance to know how TJ properties vary in order to
predict the behavior of polycrystalline thin films and bulk
materials. Zirconia, in particular, has potential applica-
tions in solid oxide fuel cells, and it is essential for this
application that the material should have no pinholes,
which might be associated with TJs.

Experimental measurements of basic TJ properties such
as their energy are still elusive. It is even unknown whether
TJs have energies that are greater or smaller than the grain
boundaries that they adjoin. Since McLean [6] first pro-
posed that TJ energy should be positive because atoms at
these sites would be under the influence of three rather than
two competing forces, several experiments and simulation
studies confirmed his suggestion [7,8]. Fortier et al. [9] were
the first to use the direct measurement of surface topogra-
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phy to show that certain TJs can display behavior consis-
tent with a significant positive excess free energy, in high-
purity copper sheets.

Other researchers, however, suggest that TJs can have a
negative energy per unit length. Gibbs [10] discussed the
possibility that the excess free energy of a TJ among fluid
phases, which he termed line tension, could be negative,
and Srinivasan et al. [11] also demonstrated, using com-
puter simulation, that the excess energies of grain bound-
ary TJs might be negative.

King [12] has considered the complications of making
unambiguous measurements of TJ energy, either in com-
puter simulations or laboratory experiments. He concluded
that experimental measurements of TJ energy have not yet
produced any unambiguously reliable results, although a
number of attempts have been made.

The aim of this work is to apply a simple experimental
method to evaluate TJ-related surface topography in nano-
crystalline thin films of single-phase cubic zirconia, to iden-
tify whether or not the depths of surface pits at the TJs can
be predicted reliably from standard theoretical approaches.
As suggested by Fortier et al. [9], increased pit depth at a
TJ may be associated with a positive TJ energy, and
decreased depth may indicate a negative TJ energy, so
our results may be interpreted in terms of the existence of
non-zero TJ energy or line tension.

2. Materials and methods

Fully dense polycrystalline pure ZrO2 thin films with a
nominal thickness of 20 nm were grown at a substrate tem-
perature of 300 �C by the atomic layer deposition (ALD)
method, using an ASM Microchemistry F-120 ALCVDTM

reactor, onto amorphous, 30 nm thick Si3N4 membrane
window substrates supported by single-crystal Si wafers.
The films were annealed at 0.4Tm (922 �C) for 1 h to obtain
a columnar microstructure with grain boundaries aligned
perpendicular to the film surface. Carbon was sputtered
onto the specimens used for transmission electron micros-
copy (TEM), to prevent charge build-up which can cause
the specimen to drift and crack under the electron beam.

Thickness mapping images in the annealed films were
obtained by field emission TEM using a FEI Titan 80/
300 microscope equipped with a Gatan imaging filter
(GIF) and operated at a voltage of 300 kV. The images
were recorded with a slow scan CCD camera within the
GIF and all electron energy loss spectra and energy-filter-
ing TEM (EFTEM) images/maps were acquired using the
Gatan� Digital Micrograph� software, version 3.65. The
image acquisition time was 20 s. Although it was possible
to gather more signal if we increased the acquisition times,
we limited the times to 20 s to prevent the problem of spec-
imen drift between the successive images needed for a
thickness map, and also to limit radiation damage. The
width of the energy-selecting slit was chosen to optimize
the signal-to-noise ratio. Thickness maps were obtained
using the log-ratio method [13], which is the most widely

used procedure for measuring specimen thickness within
a region defined by the incident beam. The software auto-
matically integrates and compares the area I0 under the
zero-loss peak with the total area It under the whole elec-
tron energy loss spectrum. Therefore, we can obtain final
thickness maps after acquiring zero-loss and plasmon
images successively. The log-ratio formula [14] is then com-
puted, providing relative thickness maps. These maps con-
tain information about the relative film thickness for each
pixel, and line scans across these images show thickness
gradients. Line profiles giving the film thicknesses along
grain boundaries were acquired from the mapping image
files using the public-domain software Image J [15].

3. Geometrical approach

In order to assess whether the intersection of a TJ with a
free surface is at, above or below its expected depth, we
must first establish a means of identifying the expected
depth.

Nishimura [16] first suggested a geometrical analysis for
the thermal etching characteristics of TJs. On the basis of
this study, Fortier et al. [9] estimated TJ energy by observ-
ing grain boundary groove depths in the vicinity of a TJ-
free surface intersection using scanning tunneling micros-
copy (STM). Their assumptions were: (i) grain boundaries
intersect at 120�; (ii) interfacial torque is zero; (iii) TJ excess
energy is a constant; and (iv) the grain boundary groove
angles and groove depths are constant. They represented
the local geometry at thermally etched junctions as piece-
wise planar surfaces, represented by irregular tetrahedra,
and showed that the geometric characteristics of these tet-
rahedra could be a function of (i) grain boundary groove
angles and depths, (ii) free surface energies and (iii) TJ
energies. For a system with grain boundary to surface
energy ratio 0.3, they concluded that the groove depth at
a TJ should be 33% deeper than the adjoining grain bound-
ary groove in the absence of any excess TJ energy.

For our purposes, a slightly more detailed analysis is
required. We first consider an idealized surface intersected
by a regular hexagonal network of grain boundaries, as
shown in Fig. 1. If all of the surface energies and grain
boundary energies are uniform and isotropic, and the TJ
energies are negligible, then after equilibration the surface
of each grain is a spherical cap, and the intersection of each
grain boundary plane with the surface will describe a circu-
lar arc in a vertical plane. The entire surface can be repre-
sented by three characteristic measurements of the surface
height: zc, the height at the center of a grain, zgb, the height
at the center of a grain boundary segment, and ztj, the
height at a TJ. The depth of the cusp at a TJ can then be
represented dimensionlessly as the ‘‘reduced depth” [5]:

Hr ¼
zc � ztj

zc � zgb
ð1Þ

The surface groove angles for the grain boundaries are
determined by the ratio of the grain boundary and surface
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energies, via the Herring equation [17], and we find that the
reduced depth is independent of the grain size. In the ab-
sence of anisotropy or TJ line tension, this depth is related
to the grain boundary and surface energies by

H r ¼ 1�
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As seen in Fig. 2, this measure is almost constant for small
values of cg=cs, rising slowly at first, from a limiting value
of Hr = 4/3 (as soon as cg=cs > 1), to Hr = 1.337 at
cg=cs ¼ 0:3, which is the case considered by Nishimura
[16]. We also find when cg=cs rises to the critical value offfiffiffi

3
p

, H r becomes infinite, corresponding to the formation
of hollow TJs, or pinholes, even in the absence of any ex-
cess TJ energy. This condition occurs when the grain
boundary groove root angle is 60� or smaller, so the poly-
crystal remains contiguous, despite having percolative open
channels in place of solid TJs. The range of energy ratios
presented here is rather extreme. For most metals and
ceramics cg=cs falls in the range of 0.2–0.4, for which the
TJ depth is almost constant.

In principle, we should be able to perform an experiment
in which we measure cg=cs by determining the grain bound-
ary groove root angle far away from a TJ, and use this to
calculate the expected TJ cusp depth in terms of H r. Larger
than expected values of H r would then correspond to posi-
tive TJ energies, just as suggested by Fortier et al. [9], but
we have now dispensed with any assumptions concerning
the ratio of cs to cg. There remain two flaws in this
approach, however.

First, the analysis has been based on the assumption
that there is no energy associated with the other TJs in
the system, defined by the intersections of the grain bound-
aries with the surface. King [12] has pointed out that the
raising or lowering of the grain boundary TJ cusp depends
on the relative energies of the grain boundary TJ and the
crystal–crystal–vapor TJs.

Second, the analysis also rests upon the assumption of a
uniform hexagonal grain structure. When we consider a
more realistic grain structure, with a distribution of grain
sizes and edge lengths, the cusp geometry and the set of
expected cusp depths also develops a significant distribu-
tion of values, as illustrated schematically in Fig. 3. H r val-
ues measured using short grain boundary segments to
provide the value of zgb are inevitably different from the
values measured using long grain boundary segments,
and the distribution of the values, compounded with exper-
imental error in their measurement, is likely to mask any
actual change in the depth of a TJ cusp from its expected
value [18].

We therefore adopt a modification of the approach first
suggested by Fortier et al. [9], in which we evaluate the
shapes of grain boundary surface grooves, along their
entire length. As described above, in the absence of any

Fig. 1. Schematic plan view of the surface of an idealized polycrystal with
made up of uniform hexagonal grains. The locations of critical height
measurements for Eq. (1) are indicated, and it is clear that the value of Hr

is the same whether we use Zgb(1) or Zgb(2).

Fig. 2. (a) Cross-section on the vertical plane AB, indicated in Fig. 1,
showing the essential geometry for calculating the normalized pit depth.
(b) The normalized pit depth as a function of the ratio of grain boundary
energy to surface energy. The pit depth becomes infinite, corresponding to
hollow TJs, when cg/cs =

p
3, if the TJs embody no energy.
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energy associated with the grain boundary TJs, the groove
root should describe an arc of a circle. If there is a positive
energy associated with the groove root itself (since it is a
crystal–crystal–vapor TJ), then it will trace a curve of lar-
ger radius, but will still be a circular arc. Deviation from
a circular path in a plane perpendicular to the film surface,
particularly those deviations that occur at the ends of grain
boundary segments, are expected to occur if the grain
boundary TJs have line tensions.

4. Results

Fig. 4 shows plan-view images and one corresponding
diffraction pattern representative of the materials used in
this research. Fig. 4a is a bright-field image of vapor-depos-
ited and annealed ZrO2 film obtained at a magnification of
225,000�. Images of this kind from several different
regions within the film show the average grain size to be
20 nm, which is approximately equal to the average film
thickness, consistent with the usual sheet-thickness effect
[19,20]. Fig. 4b is a high-resolution image of a TJ and its
four adjoining grains. These images show that our thin
films are columnar-grained and have the cubic crystal
structure, which is frequently found to be stable in fine-
grained pure zirconia thin films. The grain boundaries
and TJs are not decorated with any obvious amorphous
layers or second phases.

Fig. 5 shows a typical set of EFTEM images including
multibeam, zero electron energy loss, plasmon loss and
the corresponding thickness mapping image, in which the
intensity is proportional to the film thickness and the rela-
tive thickness is expressed from 0 to 255. Because each film
is supported on a flat Si3N4 substrate, variations in thick-
ness correspond to the topography of the top surface of

the film. As expected, we can observe the grain boundary
grooves and depression at the TJs relative to the adjoining
grain boundaries, in every region in the film specimen. In
several cases, persistent electron interference effects are
observed adjacent to the grain boundaries in the thickness
images, demonstrating that the assumption of mass–thick-
ness controlled intensity is not valid. Such cases were
excluded from the analysis of TJ depression depths as
described below.

The error in our thickness measurements was assessed
by making measurements on a region of bare Si3N4 sub-
strate which was assumed to be flat and uniform, with a
thickness of 30 nm. The thickness was measured for each

Fig. 3. Illustrating the problem of defining the normalized pit depth in a
less-regular grain structure. The values of Hr are different if we use the two
different values of Zgb.

Fig. 4. Plan-view images and a corresponding diffraction pattern of a
20 nm thick ZrO2 film that was annealed at 0.4Tm (922 �C) for 1 h prior to
observation.
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of approximately 12,000 pixels and the measurements pro-
duced a normal distribution with a standard deviation of
2.07 nm.

The grain geometry is generally similar to that of ideal
hexagonal grains illustrated in Fig. 1, but the grain edge
lengths are much less regular than for the ideal case. Each
grain in a micrograph is assigned a unique number and
individual grain boundaries and TJs are designated by
the numbers assigned to the surrounding grains. For
instance, grain boundary 12 denotes the boundary between
grains 1 and 2, and TJ 123 denotes the TJ that defines the
junction of grains 1, 2 and 3.

Fig. 6b shows the histogram of film thickness in the cor-
responding thickness mapping image, Fig. 6a. The esti-
mated maximum contrast value is 153, obtained from the
histogram based on the assumption that the maximum
value is equal to the sum of mean value and three times
standard deviation. Using this estimated maximum value,
we can calculate the relative thickness. The point-by-point
absolute thickness can be estimated assuming that the max-
imum film thickness is 20 nm and there are no pores within
the film.

Film thickness variations along the grain boundary
grooves were acquired from the thickness mapping images,
and converted to absolute thicknesses using the informa-
tion described above. Typical results are shown in Fig. 6.
The expected shape of the surface along a grain boundary
groove is a circular arc lying in a vertical plane if the ener-
gies of the terminating TJs energy are zero, so the thickness
measurements were fitted to such a curve for each case
using the method of nonlinear least-squares curve fitting.
In order to exclude possible deviations near the TJs, fitting
was carried out only over the central 80% of the length of
each grain boundary segment, excluding the 10% of its
length adjacent to each TJ.

With the noisy data from the thickness mapping images,
the quality of the curve fits was typically only moderate,
with R2 values lying between 0.52 and 0.74. The fitted lines
are superimposed on the detailed, point-by-point data and
extrapolated to the ends of the grain boundary segments,
allowing us to compare the ‘‘expected” TJ depth with the
measured TJ depth.

Fig. 6c–e demonstrates a TJ depression compared to the
extrapolated trace of the grain boundary groove. It can

Fig. 5. EFTEM images of a ZrO2 film illustrating the images required to form a thickness map: (a) an unfiltered multibeam image; (b) a zero-loss energy-
filtered image; (c) a plasmon-loss filtered image; and (d) the thickness map derived from (b and c).
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clearly be seen that as the distance from the center of grain
boundary increases to the TJ, the film thickness decreases
drastically. At TJ 345, the film thickness is only 2–3 nm,
corresponding to only 1/10 of the film thickness, and the
groove profiles for grain boundaries 34, 35 and 45 all
depart sharply from the expected shape as they approach
the TJ.

A second case of a depressed TJ is shown in Fig. 7,
where significant deviations between the fitting and mea-
sured data for TJ 246 (also taken from Fig. 6a) are
observed. The film thickness at this TJ was distinctly smal-
ler than the extrapolated curve fits for each of the adjoining
grain boundaries 24, 26 and 46.

The deep pits associated with junctions 345 and 246
from Fig. 6a are unusual, and our analysis of other junc-
tions reveals much less evidence of a departure from the
surface topography expected for the case of zero TJ energy,
as shown in Fig. 8, which is more representative of most of
our results. No significant deviation between the fitted
curves and thickness data can be seen for the boundaries
that define TJ 235, for example, and we observe similar
behavior at most other TJs in the same specimen.

We have made detailed analyses of a total of 9 TJs and
16 grain boundaries that were connected either at one or
both ends to the 9 analyzed TJs. Among these, we observed
2 deeper-than-expected cusps. The remaining 7 TJs show

Fig. 6. Analysis of the thickness variations associated with grain boundary grooves and TJs in a ZrO2 film: (a) is the thickness map, and (b) represents the
population density of the pixels in (a) having various gray levels; (c–e) show the measured and fitted thickness variations along the grain boundary grooves
that adjoin the TJ designated as 345. This TJ represents a deep pit in the film surface, and also a significant deviation from the projected grain boundary
groove profile for GB34, though less distinctly for GB45 and GB35.
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no significant deviation from the surface topography pre-
dicted on the basis of zero TJ energy. No cases were
observed in which the TJ cusp was above the predicted
depth, which would correspond to a negative TJ energy.

5. Discussion

We have applied a simple method for evaluating TJ
energies of nanocrystalline ZrO2 thin films using thickness
mapping images obtained from EFTEM. Compared to the
use of AFM, measurement times can be considerably
reduced, though data noise is more significant in the elec-
tron microscopical technique, corresponding to the pixel-
to-pixel variation of about 2 nm assessed in this work.
While data noise might be reduced by increasing the image
collection times, this increases the effects of specimen drift
and beam damage.

The TEM technique has the advantage that deep pits can
be measured without any concerns regarding steric hin-

e

Fig. 6 (continued)

Fig. 7. Analysis of the thickness variations along the grain boundaries adjoining TJ 246 (in Fig. 6a): (a–c) measured and fitted profiles of the grain
boundary grooves for GB24, GB26 and GB46, respectively. In this case, the depth of the TJ pit is not quite as great as for TJ345, but there are clear
deviations from the expected grain boundary groove shapes, with each groove diving below its expected shape as it approaches the TJ, which is thus
deduced to have a positive line energy.
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drance, which can prevent an AFM tip from properly
reaching the bottom of a deep, narrow depression in the sur-
face of a specimen. AFM results may fail to identify deeply
cusped TJ pits, which are still accessible to the TEM.

A second potential advantage of our method, in princi-
ple, is that we can obtain the crystallographic information
about the grains adjoining a TJ of interest, and deduce the
misorientations of the three grain boundaries, allowing us
to correlate any outlying TJ energies with the geometric
characteristics of the junctions. This would allow for com-
parison of the deduced energies with computed values.

In this study we also tried to obtain diffraction patterns
from each grain in the imaged areas using convergent-beam
electron diffraction, but we were not successful because of
the long times required to collect all of the information,

and problems of specimen drift and radiation damage. A
more effective approach would be to identify the TJs of
particular interest by real-time online data analysis of the
thickness data, and then collect the crystallographic data
only from those junctions. This would allow the direct
comparison of TJ energy observations with predictions
such as those provided by Shekhar and King [21] or Naz-
arov et al. [8]. Automating the data analysis, however,
remains quite challenging. The issues of drift and radiation
damage might be ameliorated if the experiment were per-
formed on a metallic specimen rather than an oxide, and
this would be an attractive option, since TJ energy ques-
tions apply to all classes of crystalline matter, and there
is at least as much concern about the structural stability
of polycrystalline metal films as ceramic ones in the micro-

Fig. 8. Analysis of thickness variations in a case that shows no deviation from the standard behavior: (a) is a thickness map, and (b–d) are measured and
fitted groove shapes for GB25, GB23 and GB35, respectively. We observe that the grain boundary grooves do not deviate significantly from the
extrapolated fitted curve as they approach TJ235, implying that the standard Herring theory applies to this junction.
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electronics industry. Although a metal film would not suf-
fer from some of the challenges that we faced in this exper-
iment, other difficulties might be anticipated, including the
competition between surface equilibration and grain
growth, which tends to favor larger grains and flatter sur-
faces for metals than for polycrystalline oxide thin films.
A metal film may also undergo a number of changes over
the rather extended course of our experiment, including
grain growth, oxidation or the redistribution of solutes,
which are not significant concerns for ceramic films like
the ones we have used here. There appears to be no ideal
choice of material for this experiment, but the ability to
associate any particular TJ behavior with the crystallo-
graphic parameters of the junction is highly desirable.

Compared to the depth ratio measurements of Nishim-
ura [16] and Fortier et al. [9], our method avoids the
assumption of uniform hexagonal grains, and recognizes
that variations in the grain edge lengths inevitably cause
variations in the ‘‘reduced depth” of a TJ. Fitting the
height data for each grain boundary segment to the
expected circular arc also removes implicit assumptions
about the energy of the ‘‘crystal–crystal–vapor” TJ that
the profile represents. Even if this junction has positive
energy, as argued by King [12], its shape will be a circular
arc if the grain boundary TJs embody no energy.

Among the TJs for which we have unambiguous data,
Fig. 7 shows no significant deviation from the grain bound-
ary profiles expected for zero TJ energy. Fig. 8 shows an
enhanced depression at the TJ, corresponding to a positive
TJ energy, and no cases were found where the TJ was asso-
ciated with a reduced surface depression. Our findings
agree with those of Fortier et al. [9] in that all of the signif-
icant deviations at TJs may be explained by the positive TJ
energy, but we cannot rule out the possibility that cases of
reduced surface depth, corresponding to ‘‘negative” TJ
energy, might yet be observed.

While our statistics are obviously very poor, with only 9
TJs analyzed in detail, it appears that a fraction of the
order of 20% of TJs in ZrO2 exhibit detectably elevated
TJ energy.

The topographical variations associated with TJs, as
observed here, may have significant impact on the perfor-
mance of polycrystalline thin films in applications such as
microelectronic devices or fuel cell electrolytes. Although
we observed cases in which the film thickness was reduced
to about 10% of its nominal value at a TJ, no case of com-
plete perforation (‘‘pinhole” formation) was observed.

6. Conclusions

The surface topography of polycrystals has been ana-
lyzed for the case of isotropic, homogeneous interfacial
energies and zero TJ energy, to show that the depth of
TJ depression is insensitive to the ratio of surface energy
to grain boundary energy over a very wide range, including

the values appropriate to most metals and ceramics. A crit-
ical value is found for cg=cs �

ffiffiffi
3
p

, giving the condition at
which TJs are replaced by hollow pipes in the absence of
any excess TJ energy.

We have used EFTEM to assess the surface topography
of zirconia thin films, and it is demonstrated that some TJs
exhibit deep pits, indicating positive TJ energy. No cases of
reduced TJ depth (which would correspond to ‘‘negative”

TJ energy) have been observed. Our method has the poten-
tial to relate the crystallographic parameters of TJs to their
energies.
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