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Abstract

The defocus Fresnel fringe imaging (FFI) technique
is applied to the determination of nanoscale amorphous
grain-boundary ®lm thickness in a silicon nitride cer-
amic. By using only the transmitted beam and imaging
out of focus, an amorphous grain-boundary ®lm can
be detected. The thickness of the amorphous ®lm is
determined by extrapolating the fringe spacing data
obtained from a series of defocus images to zero defo-
cus. High-resolution electron microscopy (HREM)
has been suggested as the method capable of provid-
ing the most accurate measurements of ®lm thickness
(�0.1 nm). Thus, the thickness of a grain-boundary
®lm obtained by FFI is compared with that measured
by HREM. It is found that FFI can provide a reliable
value for grain-boundary ®lm thickness, with an
accuracy of �0.15 nm. Additionally, FFI is easier to
use, and is applicable to any grain boundary of
interest whereas the HREM method has some lim-
itations. This make it more amenable to gathering
statistical information on grain boundary thickness.
It is suggested that FFI is a valid and useful method
for determining the thin intergranular ®lm thickness.
# 1998 Elsevier Science Limited. All rights reserved

1 Introduction

Densi®cation of many ceramics (e.g. Si3N4)
requires the addition of sintering aids, which form a
liquid phase at high temperatures. The resulting
microstructure usually contains a thin amorphous
®lm at two-grain boundaries, which can have dra-
matic e�ects on the properties of polycrystalline
materials. To improve the properties of these mate-
rials it is necessary to understand the role of such
®lms and control their formation during fabrica-
tion. Quantitative information on the thickness and
composition of these thin ®lms can be obtained by
using transmission electron microscopy (TEM).

A number of TEM techniques have been used to
detect grain-boundary amorphous ®lms. The width
of these ®lms can be determined by high-resolu-
tion electron microscopy (HREM) as an area of
discontinuity in the lattice fringes of the grains;1±3

by di�use dark-®eld imaging (DDF) as an area of
bright contrast relative to the bounding grains,3±5

or by defocus Fresnel fringe imaging (FFI), based
on the extrapolation of defocus fringe-spacing
data.2,3,5 Although both HREM and DDF tech-
niques enable direct measurements of grain-
boundary ®lm thickness to be made, they su�er
from some disadvantages which make the accurate
determination of the ®lm width di�cult. For
example, a poorly de®ned interface and a low
intensity are usually associated with the DDF
method.2,3 Thickness determination by HREM
can be limited by uncertainty in the degree of lat-
tice fringe overlap into the amorphous region as a
function of boundary tilt and objective defocus.4

The FFI technique has been applied to the detec-
tion of the boundary ®lm for some time. However,
it has been suggested2,3 that this technique is best
suited for detecting the presence of thin ®lms
rather than for accurately measuring their widths.
Thus the question arises as to which method can
best be used to quantitatively measure the widths
of intergranular ®lms. The advantages and dis-
advantages of these techniques in terms of experi-
mental ease and accuracy of thickness
determination have been discussed previously.2,3

Cinibulk et al.3 concluded that HREM is the most
accurate method for quantitative measurements of
®lm thickness (�0.1 nm) whereas DDF is the most
inaccurate technique. In this paper, the FFI tech-
nique is used to measure intergranular ®lm widths,
and the results are compared with those obtained
from HREM. Thus one aim of this work is to
assess the accuracy to which the boundary ®lm
thickness can be determined by the FFI technique.
The advantages of FFI over HREM in quantita-
tive measurements of statistical variability in
intergranular ®lm thickness are also discussed.
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2 Experimental Methods

Amorphous grain boundary ®lms were examined
in a high purity silicon nitride. Specimens for elec-
tron microscopy were prepared from 3mm discs,
cut using an ultrasonic drill and mechanically
polished to 100�m thickness prior to thinning to
perforation using standard ion-beam milling tech-
niques. The specimens were coated with a thin
layer of carbon to prevent charging under the
electron beam. The TEM examination was per-
formed on a 200 kV microscope (JEOL 2010 FEG-
STEM) with a point-to-point resolution of 0.2 nm.
Two techniques were used to determine the

boundary ®lm thickness: Fresnel fringe imaging
and lattice fringe imaging. The measurement of
intergranular ®lm thickness by lattice imaging has
been described elsewhere by Clarke2 and Cinibulk
et al.3 It is essential that the grain boundary be
viewed edge-on while obtaining good di�raction
conditions from both grains on either side of the
grain boundary. At least one set of lattice planes
are imaged in both grains and the discontinuity in
the lattice fringes is identi®ed as an intergranular
®lm. The thickness of the ®lm corresponds directly
to the area of the discontinuity. In the Fresnel
fringe imaging mode, only the transmitted beam is
allowed to pass through the objective aperture. By
imaging out of focus, the presence of an inter-
granular ®lm is revealed by the occurrence of frin-
ges associated with the di�erence in mean inner
potential of the amorphous ®lm and the two crys-
talline grains. The thickness of the ®lm, however, is
not determined as straightforwardly as in the
HREM mode; this will be discussed in detail in
Section 3.1. To compare directly the two techni-
ques for the measurement of intergranular ®lm
thickness, grain boundaries must be chosen to
which both methods could be applied. Obviously,
such a boundary must be parallel to the electron
beam and also satisfy the necessary conditions for
lattice fringe imaging. Since the Fresnel fringes
produced on defocusing are only symmetric on
both sides of the boundary when the interface is
exactly parallel to the electron beam,2,6 the FFI
method is used to align a grain boundary edge-on.

3 Results and Discussion

3.1 Determination of grain-boundary ®lm
thickness
The use of the Fresnel fringe imaging technique for
detecting thin intergranular ®lms was ®rst reported
by Clarke.2 The formation of the Fresnel fringes
along a grain boundary is caused by the di�erence
in the mean inner potential between the grains (Vg)

and the intergranular phase (Vi), as shown sche-
matically in Fig. 1. The behaviour of Fresnel fringes
at a straight edge in a thin foil has been analyzed in
detail.7,8 The position of the ®rst fringe from the
edge has been found to be proportional to �f 1=2,
where �f is the defocus distance of the objective
lens.8 Applying this analysis to an intergranular
amorphous ®lm which has a smaller inner potential
than that in the adjacent grains (as in Fig. 1), the
relationship between fringe spacing W and the
boundary ®lm thickness W0 is obtained

W �W0 � c� f 1=2 �1�

where c is a microscope dependent constant
approximately equal to �3l�1=2,8 and l is the wave
length of the electron beam. For the TEM used in
this study c � 0�086 nm1=2 with l � 0�0025 nm.
To determine an intergranular ®lm thickness, the

images of the boundary ®lm in the through-focus
series are recorded. Figure 2 shows an inter-
granular ®lm at four di�erent defocus values.
When the mean inner potential of the intergranular
amorphous ®lm is lower than that of the grains, as
in Si3N4 ceramics, the underfocused images contain
a bright line at the ®lm and alternating dark and
bright Fresnel fringes on either side [(a) and (b)].
The overfocused images display the reverse con-
trast [(c) and (d)]. The spacing of the fringes
decreases with decreasing defocus, consistent with
the expectation of eqn (1). To obtain the thickness
of the boundary amorphous ®lm, the data of fringe

Fig. 1. Schematic diagrams representing (a) the boundary
potential model and (b) the corresponding schematic pro®le of

intensity for underfocus.



spacing obtained from a series of defocus images
are ®tted to a function de®ned by eqn (1). The
thickness of the amorphous ®lm corresponds to the
spacing found at zero defocus.
Figure 3 contains curves obtained by ®tting the

spacing data of the Fresnel fringes for a number of
defocus values. The curve obtained from the
underfocus series results in a boundary ®lm thick-
ness of 0.91 nm. The curve from the overfocus ser-
ies gives a value of 1.0 nm, slightly greater than
that determined from the underfocus series. This
result is consistent with that obtained by Cinibulk
et al.3 in determining the grain-boundary ®lm
thickness by FFI.

3.2 Accuracy and validity of measurement
To assess the accuracy of the FFI method, the
same grain boundary was also characterized by
HREM. To do this, an objective aperture was

chosen that allowed a maximum number of dif-
fracted beams to form the image while maintaining
adequate image contrast. The high-resolution
image of the grain boundary is shown in Fig. 4.
The thickness of the boundary ®lm is found to be
1.05 nm, in good agreement with the results of FFI.
A key factor in applying the defocus Fresnel

fringe technique involves how one ®ts the experi-
mental data. Since the value of ®lm thickness is
obtained by extrapolation of a curve to �f � 0, it
is apparent that the data from the low-defocus
images is more important for ®lm thickness deter-
mination. In general, however, fringes become

Fig. 2. Through focal series of images of a gain boundary in silicon nitride: (a) underfocus of 1400 nm, (b) underfocus of 700 nm, (c)
overfocus of 700 nm, and (d) overfocus of 1400 nm. The fringe spacing decreases with decreasing defocus.

Fig. 3. Measured fringe spacing data as a function of defocus for
the boundary shown in Fig. 2(a)±(d). The ®tting function
W �W0 � c�f 1=2 is used to obtain the boundary ®lm thickness.

Fig. 4. High resolution lattice fringe image of the grain
boundary shown in Fig. 2.



visible only when �f > 200 nm. Therefore, higher
defocus values have to be used to obtain su�cient
data for extrapolation. This approach has also
been suggested by Cinibulk et al.3 In this case,
selection of a ®tting function is critical since di�er-
ent functions could result in signi®cant di�erence
sin the value of ®lm thickness. When the number of
data are limited, it is di�cult to identify what rela-
tionship the experimental data actually obeys. In
this study, the relationship de®ned by eqn (1) has
been observed between the fringe spacing and the
defocus.
Using the relation W �W0 � c�f 1=2 as a ®tting

function, the value of c can be obtained from the
experimental data. For the boundary shown in
Fig. 2, c is 0.055 nm1/2 for the underfocus series
and 0.063 nm1/2 for the overfocus series. These data
are close to the value of c=0.086 nm1/2 expected
from eqn (1) with l � 0�0025 nm. To examine
whether the value of c is constant for any grain
boundary, 20 grain boundaries were selected ran-
domly and the ®lm thickness was measured by FFI
at three di�erent locations for each grain bound-
ary. The values of c display a Gaussian distribution
with a mean value of 0.053 nm1/2 and a standard
deviation of 0.011 nm1/2, as shown in Fig. 5. This
result suggests that the ®tting function de®ned by
eqn (1) really does re¯ect the relation between the
fringe spacing and defocus value. Jepps et al.6 also
found this relationship in their investigation of
intergranular ®lm widths in SiC materials.

Provided that the ®tting function is correct, the
main source of error in measuring the ®lm thick-
ness by the FFI method comes from the experi-
mental uncertainty in de®ning the position of the
®rst fringe maxima due to poor contrast at low
defocus. The determination of the defocus value
could also introduce an error to the value of ®lm
thickness. However, by carefully locating the posi-
tion of the fringe maxima and by accurately cali-
brating the defocus, the ®lm thickness can be
determined to an accuracy of �0.15 nm. The
accuracy has also been demonstrated by statistical
analysis of intergranular ®lm widths in two as-sin-
tered silicon nitride ceramics.9 In that study 9 it was
found that the widths of grain-boundary ®lms dis-
play a Gaussian distribution with standard devia-
tions �0.15 nm. As indicated by Kleebe et al.,10

two factors may contribute to the standard devia-
tion. One is a real variation in ®lm thickness at
di�erent grain boundaries. The other is the mea-
surement error introduced by the measurement
method. Clarke11 proposed that in a given Si3N4

ceramic, a stable equilibrium intergranular ®lm
thickness exists. TEM studies12 of di�erent Si3N4

materials supported his theory and have generally
found that the ®lm thickness has a characteristic
value for a given chemical composition and is
independent of grain boundary orientation. Based
on this, it is reasonable to suggest that the value of
the standard deviation found in this study (0.15 nm)
primarily re¯ects the accuracy of measurement of
this technique.

3.3 Advantages of FFI and limitations of HREM
HREM is capable of providing detailed informa-
tion on a grain boundary at the atomic level.
Moreover, an accuracy of �0.1 nm can be
achieved in determining the boundary ®lm thick-
ness.3,12 However, the measurement of the inter-
granular ®lm width by this method requires that
strict geometrical conditions be met. The grain
boundary must be viewed edge-on while maintain-
ing good di�racting conditions for both adjacent
grains. These requirements limit its application to a
small number of grain boundaries in a typical
TEM sample. For most grain boundaries, only one
of the conditions can be satis®ed. When a grain
boundary is oriented edge-on by tilting to obtain
symmetric Fresnel fringes, one or both of the
adjacent grains are usually not at good di�racting
conditions for HREM.
Interpretation of high-resolution images also

complicates its application. Both a defocus change
and specimen tilting cause the lattice fringes in the
crystalline grains to extend into the amorphous
phase and lead to a signi®cant error in ®lm thick-
ness determination. The in¯uence of boundary tilt

Fig. 5. Histogram of the distribution of parameter c in the
®tting function W �W0 � c�f 1=2 obtained from di�erent

grain boundaries.



on the lattice imaging method has been discussed
by Lou et al.13 As the lattice-fringe images are
recorded in a defocus condition, relative shifts
could occur between the two sets of fringes origi-
nating from the adjacent grains. According to Kri-
vanek et al.,4 the displacement of the Bragg beam r
is expressed as

r � Csl
3jgj3 � fljgj �2�

where Cs is the spherical aberration coe�cient of
the objective lens, l is the wavelength of the elec-
tron beam, jgj is the magnitude of the reciprocal
lattice vector and �f is the defocus. From this
equation, it is obvious that only one defocus value
�ÿCsl

2jgj2� places the lattice fringe terminations
exactly at the crystal edge, i.e. no shift of the
fringes occurs. At the Scherzer defocus
(ÿ60 nm) for the TEM used in this study
(Cs � 1�5 nm; l � 0�0025 nm), the lattice fringes
of the �-Si3N4 {10�10} re¯ection will shift 0.12 nm
from the edge of the crystal. For higher defocus
values, the shift becomes more signi®cant. A good
example of the e�ect of a defocus change on the
lattice-fringe images can be found in Ref. 4. The
amorphous phase at two-grain boundaries could
disappear when the defocus does not coincide with
the optimum value. Thus determination of the
widths of thin intergranular ®lms by lattice ima-
ging may lead to false conclusions if the defocus
value is not chosen carefully. Another factor to be
taken into consideration in lattice imaging is the
e�ect of the foil thickness. The sensitivity of lattice-
fringe visibility to the foil thickness has been dis-
cussed by Clarke2 for silicon nitride. To measure
the intergranular ®lm thickness accurately by
HREM, both adjacent grains must be of a thick-
ness at which the lattice fringes display a high
contrast. In general only grain boundaries in the
very thinnest regions of a specimen satisfy this
requirement.
From these considerations, it is clear that

detecting very thin ®lms (about 1 nm) by this
method can be problematic. In order to ensure that
the high-resolution images are a reliable re¯ection
of the projection of both the adjacent grains and
the intergranular ®lm, the interface must be care-
fully oriented parallel to the electron beam, and the
image must be taken from the thinnest regions of a
specimen and recorded at the optimum value of
defocus. This was the procedures followed to obtain
the HREM image shown in Fig. 4. Due to these
limitations, the HREM technique cannot be applied
to an arbitrary grain boundary.
The major advantage of the FFI technique is

that it can be applied to any grain boundary of
interest. The symmetry of Fresnel fringes indicates

clearly whether the boundary is parallel to the
electron beam. This advantage enables a statistical
analysis of a large number of grain-boundary ®lms
to be undertaken, e.g. to study the redistribution of
a grain-boundary glass phase during high tem-
perature creep of ceramic materials. For glass-con-
taining ceramics such as silicon nitride, viscous
¯ow is an important process contributing to creep
deformation of the material. Although several
models have been developed to describe this pro-
cess,14±16 the analysis is mainly based on indirect
evidence such as the creep response or strain
recovery phenomenon. By using the FFI method to
measure the grain-boundary ®lm widths before and
after creep, direct evidence of the microstructural
evolution due to viscous ¯ow has been obtained.9

The ®lm thickness change on the boundaries per-
pendicular to the stress axis can be obtained from
the di�erence in standard deviations before and
after creep. This value enables a direct comparison
between the creep response predicted by viscous
¯ow models and the experimental observations. To
undertake such a statistical analysis many grain
boundaries have to be selected in a TEM specimen,
a di�cult procedure for HREM but straightfor-
ward for FFI studies.

4 Summary

The defocus Fresnel fringe technique has been
addressed as a method for determining the widths
of intergranular ®lms in materials such as silicon
nitride. It has been shown that this method is cap-
able of relatively precise determination of the
boundary ®lm thickness (�0.15 nm), and is much
easier to operate experimentally than the high-
resolution lattice imaging technique. Therefore, it
is suggested that the FFI method is a useful tech-
nique for quantitatively determining intergranular
®lm thickness. To ensure a reliable value of ®lm
thickness the ®tting function for the experimental
data is very critical, in that the thickness of the
boundary ®lm is determined by the extrapolation
to zero defocus. The determination of inter-
granular ®lm thickness by the high-resolution lat-
tice imaging technique is con®ned to some speci®c
grain boundaries due to the set of very strict geo-
metrical and electron-optical conditions that must
be satis®ed. If the defocus value is not appropriate
the lattice imaging technique could lead to a large
error in the value of the boundary ®lm thickness.
In contrast, the defocus Fresnel imaging technique
can be applied to any grain boundary of interest.
This method exhibits signi®cant advantages when a
statistical analysis of the intergranular ®lm widths
is required.



Acknowledgements

This work was ®nancially supported by the Nat-
ural Sciences and Engineering Research Council of
Canada. The authors are grateful to W. Braue and
H.-J. Kleebe for the provision of experimental
materials.

References

1. Clarke, D. R. and Thomas, G., Grain-boundary phases in
MgO-¯uxed silicon nitride. J. Am. Ceram. Soc., 1977, 60,
491±495 .

2. Clarke, D. R., On the detection of thin intergranular ®lms
by electron microscopy. Ultramicroscopy, 1979, 4, 33±44.

3. Cinibulk, M. K., Kleebe, H.-J. and Ruhle, M., Quantita-
tive comparison of TEM techniques for detecting amor-
phous intergranular ®lm thickness. J. Am. Ceram. Soc.,
1993, 76, 426±432.

4. Krivanek, O. L., Shaw., M. and Thomas, G., Imaging of
thin intergranular phases by high-resolution electron
microscopy. J. Appl. Phys., 1979, 50, 4223±4227.

5. Ness, J. N., Stobbs, W. M. and Page, T. F., A TEM
Fresnel di�raction-based method for characterizing grain-
boundary and interfacial ®lm. Phil. Mag. A, 1986, 54,
679±702.

6. Jepps, N. W., Page, T. F. and Stobbs, W. M., A method
for the characterisation of grain boundary ®lms in cera-
mics, In Grain Boundaries in Semiconductors, ed. H. J.
Leamy, G. E. Pike and C. H. Seager. Elsevier, Amster-
dam; 1982, pp. 45±50.

7. Fukushima, K., Kawakatsu, H. and Fukami, A., Fresnel
fringes in electron microscope images, J. Phys. D., 1974, 7,
257±266.

8. Reimer, L., Transmission Electron Microscopy. Springer±
Verlag, Berlin, 1989, pp. 63±69.

9. Jin, Q., Ning, X. G., Wilkinson, D. S. and Weatherly,
G. C., Redistribution of a grain-boundary glass phase
during creep of Si3N4 ceramics. J. Am. Ceram. Soc.,
1996, 65, 211±214.

10. Kleebe, H.-J., Cinibulk, M. K., Cannon, R. M. and
Ruhle, M. R., Statistical analysis of the intergranular ®lm
thickness in silicon nitride ceramics. J. Am. Ceram. Soc.,
1993, 76, 1969±1977.

11. Clarke, D. R., On the equilibrium thickness of inter-
granular glass phases in ceramic materials. J. Am. Ceram.
Soc., 1987, 70, 15±22.

12. Kleebe, H.-J., Cinibulk, M. K., Tanaka, I., Bruley, J.,
Vetrano, J. S. and Ruhle, M., High-resolution electron
microscopy studies on silicon nitride ceramics. In Pro-
ceedings of Workshop: Tailoring of High Temperature
Properties of Si3N4 Ceramics, ed. M. J. Ho�mann and G.
Petzow. Kluwer Academic Dordrecht, The Netherlands,
1994, pp. 259±274.

13. Lou, L. K., Mitchell, T. E. and Heuer, A. H., Discussion
of grain boundary phases in a hot-pressed MgO-¯uxed
silicon nitride. J. Am. Ceram. Soc., 1978, 61, 462±464.

14. Drucker, D. C., Engineering and continuum aspects of
high-strength materials. In High Strength Materials, ed. V.
F. Zackay. Wiley Press, New York, 1965, pp. 795±833.

15. Dryden, J. R., Kucerovsky, D., Wilkinson, D. S. and
Watt, D. F., Creep deformation due to a viscous grain-
boundary phase. Acta Metall., 1989, 37, 2007±2015.

16. Chadwick, M. M., Wilkinson, D. S. and Dryden, J. R.,
Creep due to a non-Newtonian grain boundary phase. J.
Am. Ceram. Soc., 1992, 75, 2327±2334.


