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Extended Electron Energy Loss Fine Structure (EXELFS) is a technique

which is sensitive to the local atomic environment surrounding atoms.1*2

The ability to perform EXELFS measurements with the use of an electron

microscope enables one to study materials properties at high spatial

resolution. The EXELFS technique has been and is being applied to study

both crystalline as well as amorphous materials. 3"6 Its use as a

method to evaluate amorphous materials is especially noteworthy since

EXELFS is sensitive to the structure and composition within near

neighbor distances of specific types of atoms. It is a complementary

technique to selected area diffraction (SAD) methods as a means of

evaluating amorphous materials.7 The materials used in this study

included single crystal SiC, single crystal SiC made amorphous by ion

implantation with chromium,8 and single crystal SiC made amorphous

under a converged 300 kV electron beam. EXELFS results, based upon the

Si K edge, exhibit significant differences for crystalline SiC versus

the SiC made amorphous by ion implantation. The position of peaks in
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the radial distribution function (RDF), representing the Si-C and the

Si-Si interatomic bonds, indicate an expansion in the nearest neighbor

distances for the ion implanted amorphous SiC. Also the Si-Si/Si-C

peak intensity ratio for the amorphous material was significantly lower

than that for crystalline SiC. These results imply that the tetrahedral

(Si-C) bonds are retained to a greater degree than the longer Si-Si

bonds. A loss in coordination of the Si-Si bond indicates that the

unit cell has undergone substantial damage. In the future it may be

possible to measure the degree of disorder based on EXELFS analyses.

Measurements of the diffuse rings in SAD patterns show differences

between the two type of amorphous SiC. However, there are also

differences between the SAD and EXELFS results for the SiC made

amorphous by ion implantation. Further studies are planned to evaluate

the reproducibility of both the EXELFS and SAD methods as related to the

evaluation of amorphous SiC.

Experimental

The SiC used in this work was cornmercially available single

crystals. Specimens were ion implanted with 260 kV Cr++ ions to a dose

of 2 x 10 1 6 ions/cm2 to obtain an amorphous surface layer. Specimens

were prepared for transmission electron microscopy by mechanical

polishing and Ar ion milling at 6 kV. The last 10 minutes of the ion

milling was performed at 3 kV to minimize the thickness of the disturbed

surface layer. Cross-sectioned as well as backthinned specimens were

prepared from the ion implanted material.9*10 The EXELFS analyses were

performed with a Philips EM430T, operated at 300 kV, and equipped with



EDAX 9100/70 EDS and Gatan 607 EELS systems. Experiments were performed

at both room temperature and °82 K with a Gatan 1iquid-nitrogen-cooled,

double tilt specimen holder. Various electron energy loss spectrum

analyses including deconvolution were performed with commercially

available EDAX software. Data were also transferred from the EDAX

system to a personal computer where the ASYSTANT software package and a

spline curve interpolation routine were used to perform the EXELFS

calculations. EXELFS analyses were also carried out on a mainframe

computer.

High quality spectra from typically 100 nm regions were recorded in

the image mode (diffraction coupled) with the incidence and collection

angles ranging from 2 to 10 mr and 5 to 20 mr, respectively, and t/x

between 0.2 and 0.4, where t is the specimen thickness and X is the

plasmon mean free path length. A typical EXELFS analysis required

various operations on the data, including: (1) background subtraction,

(2) determinatvjf, of the EXELFS oscillation function, x» by fitting a

fourth degree polynomial, (3) conversion of the energy scale to momentum

(k) space, (4) use of a cubic spline interpolation routine to provide 2^

evenly spaced points, (5) application of a window function (consisting

of a constant value centered in the k range and decreasing by a cosine

function to zero on the ends) to the kx(k) data, (6) extension of the

effective k range by a factor of eight by adding zeros to the data set

and (7) determination of the modulus (power spectrum) of the fast

fourier transform. The power spectrum is related to the radial

distribution function, RDF, and plotted versus the real space distance.



RESULTS

An EELS spectrum of the Si K absorption edge for crystalline SiC

was measured and the resulting EXELFS oscillation function, x» was

weighted by the momentum transfer variable, k. The Fourier transform

was taken and the resulting radial distribution function is shown in

Fig. 1. The first peak in the RDF corresponds to the Si-C interatomic

distance. The measured value is 1.37 A compared to the known value of

1.88 A. This implies that a correction factor of 0.51 A is needed,

whereas the calculated phase shift based on 3 < k < 8 A"1 is

0.50 A. 1 1* 1 2 The second peak, at 2.65 A, corresponds to the Si-Si

distance. The known distance is 3.08 A. A phase shift correction of

0.43 A is thus required compared to a calculated value of 0.46 A.

Transmission electron microscopy (TEM) analyses of cross-sectional, ion

implanted SiC specimens revealed an amorphous surface layer of «1700 A

thickness. Energy Dispersive Spectroscopy (EDS) line scans of amorphous

SiC showed the Cr/Al atom concentration to peak at «1.3% at a depth of

«1600 A. Various EELS spectra were taken of the Si K edge from SiC

amorphized by ion implantation. The resulting EXELFS oscillation

function, x» was again weighted by k and the Fourier transform obtained.

The resulting RDF is shown in Fig. 1. The first peak in the RDF occurs

at 1.54 A. Applying the i-hase shift correction factor determined from

the crystalline SiC of 0.51 A results in a corrected Si-C interatomic

distance of 2.04 A. The second peak in the RDF occurs at 2.9 A and

should correspond to the Si-Si interatomic distance. Applying the

measured phase shift correction factor determined from the crystalline

SiC results in a value of 3.33 A.



The EXELFS results for the first peak in the RDF show a 0.16 A

difference in the Si-C interatomic distance between crystalline SiC and

ion implanted amorphous material. The difference in the Si-Si distance

is 0.25 A. These results indicate a relative expansion of the

amorphized material. Also the intensity of the second (Si-Si) peak

normalized to the first (Si-C) peak is much lower for the amorphous

material than for the crystalline SiC. This difference may be due to a

change in the coordination number for the Si-Si bond. Clearly, even in

amorphous ion implanted SiC the Si-C bond is not completely randomized

although its spacing appears to be increased. Also, the nearest

neighbor tetrahedral bonds still exist. However, the unit cell

structure appears to have been damaged as evidenced by the relative

decrease in the Si-Si bond intensity. The resolution limit of the

present EXELFS analyses is 0.05 A as based on the k range and method of

analysis. An uncertainty in the threshold position E o can also cause

shifts in the position of peaks in the RDF. A variation of 10 eV in E o

results in corresponding shifts in the position of peaks in the RDF of

0.12 A for the first (Si-C) peak and 0.15 A for the second (Si-Si) peak.

The EXELFS analyses reported in this study were made with a Si K edge

energy of 1840 eV defined at a point on the leading edge where the

intensity was half that of the peak.

Crystalline SiC was found to undergo an in situ crystalline

to amorphous phase transformation when maintained at »82 K under a

converged 300 kV electron beam. This effect has been observed at

higher accelerating voltages.13 The maximum energy transferred by

300 kV electrons in elastic collisions with C and Si is 70 and

30 eV, respectively. Thus it may be possible that C and or Si can



be displaced from their respective lattice sites. A micrograph of a

region where the electron beam was converged and held for «15 minutes is

shown in Fig. 2. The selected area diffraction pattern shows diffuse

rings implying the region had been amorphized. Carbon K edge to silicon

L edge counts ratios, C/Sir, were obtained from EELS measurements of

both the crystalline as well as the amorphous region. For an edge

integration window of 100 eV, the C/Sir ratio for the amorphous region

was 0.072 with a standard deviation of ±0.002 and that for the

crystalline was 0.072 ± 0.004. Within experimental error, the C/Sir

ratios of the amorphous and crystalline SiC are identical. The total

EDS x-ray count rates from the amorphous and crystalline SiC ware within

the =<5% experimental error in the measurements. The data indicates

there was no significant mass loss as a result of the amorphization

process. The measurements were made in regions where t/x varied from

0.3 to 0.4. The EXELFS spectra of the C K edge for both crystalline and

the electron beam amorphized SiC are shown in Fig. 3. The resulting

EXELFS oscillation function, x» f° r the amorphous region showed marked

differences from that of crystalline SiC.

A second method of observing differences in anorphous materials is

from analysis of the spacing of diffuse rings present in selected area

diffraction patterns. Preliminary results based upon visual observation

of the location of diffuse rings in both the ion implanted and the

electron beam amorphized SiC are presented in Table 1. The results

show differences between (1) the two types of amorphous phases evaluated

in this study, and (2) the amorphous phases reported in this study and



that of amorphous hydrogenated SiC.7 The result? imply structural

differences between various amorphous SiC materials. Additional EXELFS

and selected area diffraction analyses are planned to further evaluate

and compare both methods as well as to study the various types of

amorphous SiC.
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Known distances for
crystalline SiC

From diffraction
of SiC made
amorphous with Cr

From diffraction of
SiC made amorphous
with electron beam

Interatomic
Distances
(Angstroms)

Si-C Si-Si
C-Si C-C

1.88 3.08

1.88 3.47

1.84 3.25



FIGURE CAPTIONS

Fig. I—Modulus of the Fourier transforms (RDF) of EXELFS data (Si K

edge, t/X < 0.4) for c rys ta l l i ne SiC and amorphous ion implanted SiC.

F ig . 2—Br igh t f i e l d image of region in c rys ta l l i ne SiC made amorphous

by the electron beam (300 kV, 82 K). Selected area d i f f rac t i on pattern

of the amorphous region shows di f fuse r ings.

F ig . 3.-EXELFS spectra of the C K edge (background subtracted)

(a) c rys ta l l i ne SiC, and (b) c rys ta l l i ne SiC made amorphous by the

electron beam (300 kV, 82 K, energy loss range from «275 e V to 520 eV).
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