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A digitization of the TEM pictures of fluorine-intercalated graphite fibers has been used
to carry out quantitative measurements of the defect structure of this material. Emphasis
is given to both the computer analysis technique and to the characterization of the
defects. The amount of intercalation-induced disorder increases with increasing fluorine
concentration. The fast Fourier transform of the digitized TEM image exhibits two diffuse
spots, corresponding to the c-axis repeat distance of the intercalation compound. The
length and width of the spots are a measure of the out-of-plane and in-plane disorder
present in the fibers. From the fast Fourier transform, the distribution of interlayer repeat
distances and the fraction of unintercalated graphite regions throughout the material is
obtained. By selecting a small range of repeat distances and carrying out an inverse

fast Fourier transform, the spatial distribution of material with a given repeat distance

is determined. Regions with the same repeat distance are found to form islands. This
particular feature of fluorine graphite intercalation compounds, as well as the nature of
the microscopic defects and the staging behavior of fluorine-intercalated graphite fibers,
are discussed in connection with the dual covalent and ionic nature of the carbon-fluorine

bond in fluorine-intercalated graphite.

I. INTRODUCTION

Many characterization techniques are used to mea-
sure quantitatively the amount of disorder present in a
material. Among the most widely used in the field of
carbon-based materials are transport, Raman scattering,
and x-ray diffraction.? By measuring such parameters
as the resistivity and its temperature dependence, the
magnitude and size of the magnetoresistance, and the
magnitude of the disorder-induced peak in the Raman
spectrum, it is possible to obtain a reliable numeri-
cal estimate of the magnitude of the disorder in the
fibers (specified by the sheet resistance Rp, the Raman
linewidth, and crystallite sizes in the a and ¢ directions
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L, and L.). However, these techniques do not provide
much information on the specific nature of the disorder
present in the material. Furthermore, such measurements
yield information about the disorder, averaged over the
whole sample investigated, whereas many disordered
solids are found to be inhomogeneous.

Transmission Electron Microscopy (TEM) is a com-
plementary technique for analyzing disordered materials,
since it gives highly detailed information on the nature
of the disorder in a very small sample of a solid.
TEM is now a highly developed technique for structural
characterization.® Lattice fringe images have been used
successfully with 100—400 kV TEM instruments (the
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work reported here is mainly at 300 kV) to characterize
well-ordered materials, such as ionic Graphite Intercala-
tion Compounds (GIC’s) where the superlattice structure
can be easily seen and defects associated with point
defect, dislocations, and crystallite boundaries can be
identified.® Unfortunately, the nature of the information
obtained from TEM pictures was until recently mainly
qualitative, and characterizing the defect structure by
TEM becomes increasingly difficult as the amount of
disorder is increased.

In this paper, we show how digitization of a high
quality TEM image and subsequent computer analysis of
the digitized picture can be used to obtain quantitative
measurements of the nature and amount of disorder in
a sample that exhibits a substantial amount of disorder.
Fluorine-intercalated graphite is a well-suited material
for this preliminary computer study of TEM images
in solids. Graphite intercalation compounds are quasi-
two-dimensional materials, and the well-defined periodic
structure in the c-direction makes it easier to measure
the amount and nature of the disorder. Another useful
feature of fluorine-GIC’s for this study is the fact that
the amount of disorder can be easily varied by changing
the fluorine intercalate concentration. Lastly, we can
correlate the computer results with numerous transport
data that exhibit distinct disorder effects.””’

Section II describes the process of digitizing and
analyzing the TEM pictures. In Sec. III, the technique is
applied more specifically to fluorine-intercalated graphite
fibers, and specific results on the microstructure of this
material are obtained. In Sec. IV, a model is proposed
that describes the origin of the disorder in fluorine GIC’s.

Il. IMAGE ANALYSIS SYSTEM

We have used the image analysis system TOSPIX-i
(Toshiba Co. Ltd.) to carry out an image analysis of TEM
pictures. The TOSPIX-i system consists of a workstation
and the hardware for image analysis, an ITV (Industrial
Television) camera, and a copy machine.

In the operation of the image analyzer system, the
TEM image is first transferred to an array of 512 X 512
Charge Coupled Devices (CCD’s) in the ITV camera
that records an analog version of the TEM picture. The
original TEM image [Fig. 1(a) for the Cq4F image and
Fig. 1(b) for the C,sF image] and the analog images
obtained from the CCD recordings are shown in Figs. 1
and 2, respectively, for fluorine-intercalated graphite
fibers with stoichiometries CooF and C,sF [Figs. 2(c)
and 2(e)], and for a pristine graphite fiber heat-treated at
2950 °C [Fig. 2(a)]. The typical size of a picture corre-
sponds to an area of 220 A by 220 A, so that each picture
contains information on many atoms. The exact size of
the recorded area depends, of course, on the resolution of
the TEM image. The optimum picture size is determined
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FIG. 1. (a) The Transmission Electron Microscopy (TEM) image
of fluorine-intercalated graphite fibers with stoichiometry CgqoF.
(b) The Transmission Electron Microscopy (TEM) image of fluorine-
intercalated graphite fibers with stoichiometry CasF.

by a trade-off between getting as many atoms as possible
into the picture, in order to obtain a good statistical
average of the density and type of defects present in
the sample, and having a high enough resolution so as
to be able to obtain a precise estimate of the interlayer
spacing or the in-plane domain size. We estimate the
resolution of the original TEM picture combined with
the present image analysis to be about 0.1 A, and the
TEM pictures were taken under an acceleration voltage
of 300 kV and 400 kV which have a resolution power of
the lattice of 1.4 A. TEM micrographs were obtained at
the focus position that gave the most clear contrast of the
lattice fringes, for example about 65—80 nm under-focus
using an acceleration voltage of 300 kV. Such TEM
conditions have a broad and flat peak for the contrast
transfer function, which allow formation of, contrast in
the lattice fringes within a range of.2.5-10 A. The TEM
lattice spacings thus obtained have been very consis-
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FIG. 2. The digitized pictures obtained from the CCD recording of a TEM picture corresponding to (a) pristine graphite fibers prior to fluorine
intercalation, (c) fluorine intercalated graphite fibers with stoichiometry CooF, and (e) fluorine intercalated graphite fibers with stoichiometry
CasF. The insets (b), (d), and (f) are the fast Fourier transforms (FFT) of (a), (c), and (e).

tent with the independently measured x-ray diffraction
results.

From the output of the CCD’s, all pixels of the image
are recorded on a brightness scale from 0 to 255. For this
purpose, we first carry out a fast Fourier transform (FFT)
of the analog picture shown in Figs. 2(b), 2(d), and 2(f).
It is important to recognize that with the present digital
method there is no astigmatism in the images from the
FFT patterns. We then perform a high-pass filter opera-
tion, which keeps the high frequency components of the

signal and discards the low frequency components [see,
for example, Figs. 3(a), 4(a), and 5(a)]. The cut-off fre-
quency corresponds to signals with a wavelength larger
than 3 to 5 pixels, which corresponds approximately to
301040 A, although the exact cut-off frequency depends
on the scale of the picture. Since these wavelengths
are much larger than the average interlayer spacing, no
physically interesting component of the signal is lost in
this filtering operation. Quite the opposite, using sig-
nal processing, we are able to eliminate most of the
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FIG. 3. (a) The mask applied to the power spectrum of Fig. 2(b) for the pristine fiber to eliminate the high and low frequency noise. (b) The
image of the inverse fast Fourier transform (IFFT) after removing the high-frequency noise. The noise is removed by discarding the signal
outside of the large circle in (a). (c) The binary image after removing the low-frequency noise. The noise is removed by discarding the signal
inside the small central circle in (a). (d) A thinning process is applied to make the fringes of (c) appear more clearly defined.

noise, thereby focusing attention on the useful informa-

circle [see Fig. 3(a)]. An inverse fast Fourier transform
(IFFT) yields the real space picture after high and low
frequency filtering [see Figs. 3(c), 4(c), and 5(c)].

J. Mater. Res., Vol. 8, No. 3, Mar 1993 51

It should be mentioned here that the reciprocal space
diffractogram of the sample, instead of being obtained
numerically from the FFT of the real-space TEM image,
can be obtained optically from the TEM microscopy
without any numerical operations.* Indeed, the real-
space image shown in Fig. 1 is really a double Fourier
transform of the original picture. One might expect the
TEM FFT analog image to be more accurate and less
noisy than the same image obtained by means of numeri-
cal calculation. The drawback of the optical diffrac-

[4)]
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FIG. 4. The same operations as in Fig. 3 are applied to the picture of Fig. 2(d), i.e., to a CgoF fiber.

togram is that, because of the aberration present in the
electron microscope, the signal present in the reciprocal
space image comes from a region of the sample on the
order of 1 um, as opposed to approximately 200 A for
the real space picture used in the present work.

In carrying out the digitization procedure, the analog
picture obtained from the CCD array [e.g., Fig. 2(a)] is
then digitized on a scale of 0 to 255, i.e., on the basis that
any signal brighter than 128 will yield a 1 and any signal
less bright than 128 will yield a 0, to form the binary
image. It has been checked that the picture obtained,
and especially the interlayer distances are not sensitive

to the threshold value of 128 for discriminating between
0 and 1. Indeed, in the fluorine-based GIC’s cut-off
values of 100 or 140 did not yield a significantly differ-
ent result.

The next step in analyzing the digitized picture is
to carry out a FFT of the real-space picture, using the

formula:
MR-1  NR2-1

Flu,v) = L Z

MN m=—M[2 n=—NJ/2

f(m,n)exp[—Zivr(mﬁu + %)] 0]
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FIG. 5. The same operations as in Fig. 3 are applied to the picture of Fig. 2(f), i.c., to a Cy sF fiber.

in which M is the total number of pixels along the
x-axis, m is the corresponding pixel index, and u
is the frequency corresponding to x-axis periodicities.
N, n, and v are the corresponding symbols for the
y-axis. If f(m,n) denotes the information contained in
the digitized pattern of the TEM pictures, then F(u, v)
denotes the corresponding diffractogram in reciprocal
space, which can in turn be used to generate f(m,n)
using an IFFT.1

The formation of the lattice fringe TEM pattern in-
volves an interference between the (000) and (007) beams

in the electron microscope. In this sense, the lattice fringe
pattern is not a direct projection of the real lattice. In
particular, we do not claim that the black lines represent
graphene or fluorine layers and the white areas represent
vacuum or vice versa. However, we do believe that the
periodicities of the physical lattice and the relative in-
tensities of these periodicities are preserved. Since we
are interested only in the contrast between the white and
black signals, i.e., interlayer spacings and in-plane coher-
ence lengths, exact knowledge of the physical meaning
of the signal of the TEM picture is not necessary.
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lll. APPLICATION TO FLUORINE-INTERCALATED
GRAPHITE FIBERS

The digitized pictures of two fluorine-intercalated
graphite fibers with concentrations CooF and C,sF are
shown in Figs. 4 and 5, respectively. To test our method
of analysis of TEM pictures, we have analyzed a TEM
picture for a pristine fiber prior to fluorine intercalation
in the same way as was done for the C,F fibers, and
the results are shown in Fig. 3. It is evident that the
host fiber has a high degree of lattice perfection, the
lattice fringe pattern consisting of very long and straight
fringes. The pristine material before intercalation was
a vapor-deposited graphite fiber, with a diameter of
~(.1-2.0 um, heat-treated in an argon atmosphere to
a temperature Tyr = 2950 °C. The process of inter-
calating these fibers with fluorine has been described
elsewhere.!"12 These fibers are stage-1I and stage-I flu-
orine GIC’s, respectively; i.e., there are two or one
graphene planes sandwiched between sequential layers
of fluorine.!? It is experimentally observed that an in-
crease in the concentration of the intercalated fluorine
species corresponds to an increase in the amount of
disorder, consistent with our model that this disorder
originates from the intercalation process. That this is so
is proved by the very ordered nature of the pristine fibers,
as measured by a number of techniques.!®> From the bi-
nary image and the thinning process, the graphite lattice
fringes are essentially perfectly depicted in Fig. 3(d).

As described in the previous section, we carry
out a FFT of the TEM image to obtain an image of
the fiber in reciprocal space, as shown in Figs. 3(a),
4(a), and 5(a). If the fibers were perfectly ordered, we
would expect to obtain sharp spots along the y-axis,
corresponding to the interlayer repeat distance and its
harmonics. (The y-axis is taken as the axis perpendicular
to the graphene layers.) If the intensity of the lattice
fringes has a cosinusoidal dependence in the y-direction,
then only the fundamental periodicity would appear,
whereas a square wave dependence of the intensity
would emphasize the contributions of the harmonics in
the FFT pattern. The harmonic content found in the
lattice fringe images for the highly ordered vapor grown
fibers prior to intercalation is shown in Fig. 2(b) where
the FFT pattern is presented, while Fig. 6 shows the
distribution in the real space periodicities obtained from
the FFT of Fig. 3(a).

The size of the diffuse spots provides a sensitive
measure of the disorder. The extension of the spots in
Figs. 4 and 5 along the x-axis measures the presence
of disorder in the planes, whereas the extension along
the y-axis corresponds to a spread in the distribution
of interlayer spacings. The distribution of interlayer
spacings corresponds to a variation of the fluorine inter-
calate concentration throughout the sample, which is thus
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FIG. 6. The distribution of interlayer repeat distances for the pristine
fiber obtained from the FFT image of Fig. 3(a).

seen to be inhomogeneous. As expected, the spread of
the spot intensities in the reciprocal space diffractogram
is more important for the fiber with the higher fluorine
concentration C,sF. We obtain typical in-plane coher-
ence lengths of 11.5 A and 6.8 A for the CooF and
C,sF fibers, respectively. Since the in-plane coherence
lengths of the graphene planes in C,F fibers, obtained
by Raman scattering measurements, are much higher,
on the order of 40 A for a C,sF fiber,"* we argue
that the very short coherence lengths that are observed
in the TEM pictures are associated with the random
structure of the fluorine intercalate. The very small in-
plane coherence distances that are observed indicate that
the fluorine is not in registry with the carbon layers,
allowing a range of local stoichiometries. Because of the
dependence of the bonding and c-axis repeat distance on
fluorine concentration,'” the observed I, values can vary
from one carbon site to another in the basal plane.
From the reciprocal space diffractogram, it is pos-
sible to obtain the distribution of the interlayer spacings
in the pristine as well as in the fluorine-intercalated
carbon fibers. This is done by integrating the FFT of the
pictures in Figs. 3(a), 4(a), and 5(a) along the y-axis,
in a small strip of thickness one pixel along the x-axis.
One pixel along the y-axis corresponds approximately
to a thickness 0.15 A in real space for frequencies
around the c-axis repeat distance in reciprocal space.
The distribution of interlayer repeat distances L (A) is
shown in Figs. 6, 7, and 8 for a pristine fiber and for
the CooF and C,sF fibers, respectively. The spacing L
(A) in the figures nearly corresponds to the continuous
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FIG. 7. The distribution of interlayer repeat distances for the CooF
fiber obtained from the FFT image of Fig. 4(a).

region of the microscopic transfer function which gives
enough image contrast to form the fringes.

A very sharp peak is clearly demonstrated for
the host fiber in Fig. 6. In Fig. 7 for the Cy,F
fiber, we can clearly observe one large peak around
3.2 A. This value is consistent with x- ray diffraction
results showing a sharp (002) peak for pristine fibers
(dgoz = 3.365 A) and a broad (003) peak for CyoF
fibers (dogoz = 3.149 A), respectively. The interlayer

((CBH),)
15¢2 A (CasF)
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FIG. 8. The distribution of interlayer repeat distances for the C4sF
fiber obtained from the FFT image of Fig. 5(a).

value of 3.2 A roughly corresponds to the usual
distance between graphite planes in pristine graphite
(3.36 A), so that some of the line intensity may
have a contribution from unintercalated regions of
the CyoF fiber. Another possible explanation for the
sharp peak at 3.2 A may be due to a dgs diffraction
contribution from stage II regions of the sample.
Because of the broadness of the peak at 3.2 A, it is
difficult to differentiate between the intercalated and
unintercalated regions of the CoyoF fiber using this
technique. Also present in Fig. 7 is a more diffuse
peak corresponding to an interlayer distance of ~4.6 A,
perhaps indicating the presence of a small amount of
stage-1 material in this predominately stage-II sample.

As for the more concentrated C;sF sample (see
Fig. 8), there is no sign of the presence of regions with
interlayer separation of 3.36 A, which is the interlayer
separation for single crystal graphite before intercalation.
A peak with repeat distance 5.2 A corresponding to the
stage-I material can clearly be observed. (The c-axis
repeat distance as obtained from x-ray diffraction for this
sample is 5.16 A) Several other peaks are also present
that correspond either to more dilute regions or to some
noise arising from the disorder present in these fibers.

The chemical bonding of fluorine in graphite is quite
special, in that fluorine can form both ionic and covalent
bonds with carbon. Numerous experiments have demon-
strated this dual ionic and covalent behavior of fluorine
in graphite.’>1° We expect the interlayer repeat distance
to change slightly, depending on whether we are looking
at a covalent or an ionic bond between fluorine and
carbon, with the covalent bond being slightly longer than
the ionic bond."> Unfortunately, the resolution of the FFT
diffractogram is not good enough to enable us to clearly
resolve the fluorine peak into two peaks corresponding
to covalent and ionic bonding. As seen from Fig. 8, it
is suggested that the more concentrated C,sF sample
has greater disorder, which induces a larger spread in
interlayer repeat distances, presumably corresponding to
repeat distances of the covalent compound (CF),.'®

With digital signals, it is possible to select a specific
peak by using filters and discarding any signal corre-
sponding to other interlayer repeat distances. Then, car-
rying out the inverse fast Fourier transform of the filtered
reciprocal space diffractogram yields the distribution in
real space of regions with the selected interlayer spacing.
This digital process has a large intrinsic advantage over
the conventional optical interferogram approach because
of the easy inverse transformation to a real space image
that can be made digitally. We have carried out this
operation for the unintercalated and intercalated graphite
peaks, respectively. The result of this operation is shown
in Fig. 9 for a CyoF. The typical island size in Flg 9is
found to be on the order of approximately 70 A and is
identified with the unintercalated regions.
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FIG. 9. (a) The digitized picture determined by the CCD recording
of the TEM picture, which was obtained from a different CogF
fiber. (b) The regions of the material correspondinsg to unintercalated
graphite, i.e, to an interlayer distance 3.3 + 0.1 A. A characteristic
island structure is obtained.

On the other hand, Fig. 10 shows three sets of
pictures for C,sF fibers corresponding to the regions
with interlayer repeat distances 5.1 A, 5.4 A, and 5.9 A,
respectively. X-ray diffraction gives a broad peak with
an average I, value of 5.16 A for this sample. The high
frequency components are not included for the IFFT.
The resulting images exhibit rather straight fringes. It
is obvious from Fig. 10 that regions with the same
interlayer spacing form an island structure.

IV. ANALYSIS OF THE TEM RESULTS

It was already established through numerous trans-
port and optical experiments that the properties and
structure of fluorine GIC’s are quite different from that
of most other known GIC’s with regard to the dual nature
of the C—F bond (ionic and covalent), and with regard to
variation in I, value with fluorine concentration.!>15-17:19
In the light of the TEM results described above, we
propose a model for the microstructure of fluorine GIC’s.

A material with nominal composition CF is found
to consist of islands within which the compositional
variation is small, but the sample as a whole has a large
spread in fluorine concentrations. The island behavior
is consistent with the observation that it is possible to
make compounds of the same nominal stage, but with a
wide range of fluorine concentrations. It is found experi-
mentally possible to further increase the concentration
of intercalated fluorine after stage I has already been
reached, as opposed to commensurate GIC’s such as
K-GIC’s where stage I corresponds to the CgK stoi-
chiometry, and more concentrated samples (CgK, C5K)
cannot generally be fabricated unless pressure is used.?’

As the fluorine concentration increases, the sam-
ple remains inhomogeneous, but the average fluorine
concentration of the islands increases. This behavior is
probably related to the dual covalent and ionic nature of
the chemical bond between carbon and fluorine, since the
bond length depends on the nature of the bond. For
the covalent bond, the charge remains localized between
the C and the F, thereby lengthening the bond. For the
ionic bond, the charge is transferred to the graphene
layers, thereby resulting in a different charge distribution
in the interlayer region between graphene sheets.

In this connection, we offer the following expla-
nation for the formation of islands in the C,F mate-
rial. The strain energy in C,F is high for a fluorine
distribution where neighboring interlayer distances are
different, since this would introduce a large amount of
waviness in the graphene layers throughout the sample.
The strain energy is correspondingly reduced by the
formation of islands of material with the same interplanar
separation within an island, so that an increased average
fluorine concentration is accommodated by the growth of
fluorine-rich regions with a greater interlayer separation
at the expense of fluorine-poor regions. In this model, the
strain energy is concentrated at the boundary between
islands with different fluorine concentrations. The island
size is determined by the relative magnitudes of the strain
energies within the bulk of the island and the free energy
of the contact surface between islands.

TEM lattice image pictures show very characteristic
behavior from one intercalate species to another. For
example, CuCl,—~GIC’s?* show very straight fringes,
while K-GIC’s and KH-GIC’s show more wavy lattice
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FIG. 10. Typical island structures for the regions of the sample with different interlayer spacings of (a) 5.1 = 0.1 A, ()54 *01A, and
(©) 5.9 £ 0.1 A, respectively, which are obtained from the IFFT of a stage-I C, sF sample.

image patterns, reflecting a higher degree of intercalate-
induced disorder. Furthermore, these features of the
lattice structure are reflected in the transport properties
measured on these GIC’s. Because of the special fea-
tures of F-GIC’s relative to other graphite intercalation
compounds (discussed above), the C,F fibers show very
wavy and disordered lattice fringe patterns.

Within the framework of this model, we can also
account for the scattering of carriers measured in trans-
port experiments.” 11 The mean free path A of holes
in F-GIC’s increases from =5 A in C;6F to many tens

of A in a dilute compound such as CsgF or CssF. A
is thus much smaller than the typical size of the islands
present in fluorine GIC fibers, and we attribute scattering
events to local changes in the bonding between fluorine
and carbon atoms. Because ionic bonds are shorter
than covalent bonds, the proximity of ionically and
covalently bonded carbon atoms disturbs the graphene
layers by pushing the covalently bonded graphene atoms
to out-of-plane positions, thus scattering the conduction
holes. As mentioned above, as the fluorine intercalate
concentration increases, the proportion of covalent bonds
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increases, which accounts for the rapid decrease in the
hole mean free path.

V. CONCLUSION

We have carried out a computer analysis of TEM
pictures of fluorine-intercalated graphite fibers as well
as their host graphite fibers. In so doing, we have
shown that a computer treatment of digitized images
can provide a very useful tool to reduce the level
of noise and to obtain quantitative estimates for the
various structural parameters. Using this analysis, we
propose a model for the defect structure of fluorine-
intercalated graphite fibers that accounts for both the
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