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In this letter, we report fluctuation microscopy studies of medium-range ordering in amorphous
diamond-like carbon films and the effect of annealing on this ordering. Annealed and unannealed
diamond-like carbon films have almost identical short-range order. Our fluctuation microscopy
results, however, indicate the presence of medium range order or clustering in the films on a lateral
length scale that exceeds 1 nm. Within the clustered regions, the dominant local ordering appears to
be diamond-like, and graphite-like ordering is not observed. Thermal annealing up to 600 °C leads
to an increase in diamond-like clustering with no onset of graphite-like clustering. However, after
high temperature annealing up to 1000 °C, graphite-like clustering becomes apparent as a result of
the conversion of diamond-like carbon to graphite-like carbon. The results on the as-deposited films
and films annealed up to 600 °C suggest that a spontaneous medium range ordering process occurs
in diamond-like carbon films during and subsequent to film growth, and this may play an important
role in stress relaxation. @004 American Institute of Physic§DOI: 10.1063/1.1713048

Hydrogen-free amorphous diamond-like carbon filmseach pixel is only contributed by electrons scattered by a
have stimulated great interest because of their useful propesmall cylindrical column of atom&whose radius is defined
ties, such as high hardness, chemical inertness, thermal stay the resolution and whose height is the sample thickness.
bility, wide optical gap, and negative electron affinlitton- ~ Therefore, the intensity fluctuation is directly related to the
sequently, they may have various potential applications inocal structure change in each small volume of the sample.
mechanical and optical coatings, MEMS systems, chemical© the first order approximatichthe intensity fluctuation
sensors and electronic devide#morphous diamond-like —across the whole image is given by:
carbon films often contain a significant amount of fourfold or
sp® bonded carbon, in contrast to amorphous carbon films (lz(k)>—<|(k))2“<_ > eXF{ik-(fij—flm)]>
prepared by evaporation or sputtering which consist mostly 1FhEm
of threefold ors p? bonded carbof Structural configurations
of these threefold and fourfold carbon atoms determine the _<
properties of these amorphous diamond-carbon films. Al-
though the ratio of threefold and fourfold carbon has been < . >

x( >, exdikerm]),

1#]

> exp[ik-rij]>

@

studied with Raman spectroscdbyelectron-energy-loss
spectroscopy(EELS),®> and nuclear magnetic resonarice,
there is a lack of knowledge regarding key questions such ) .
the spatial distribution of the threefold and fourfold carbon leld image is taken.

atoms in the film, and what local structures those threefold Eq_uatlon(l) shows that the_mtensny fluctgatlon mvo_lve;
. , . two pairs of atoms. By measuring the intensity fluctuation in
and fourfold carbon atoms take. Conventional diffraction

techniques only yield the radial distribution functiéRDF) TEM dark-field images as a function of the momentum trans-

o ! . . . fer valuek, atomic correlation involving two pairs of atoms
which is essentially a two-body correlation function describ- .
ing short-ranae order. The above structural issues howe can be extracted. Any local structure correlation beyond a
ng 9 ' v uctural issu W V%ngth scale defined by the resolution may be detected. This
involve atomic arrangements beyond short-range order.

technique allows experimental access to medium-range order

Fluctuation _microscopy utilizes a phenomenon Callecjstructures of amorphous materials that were inaccessible be-

speckle pattem§Speckle patterns are generated by interfer, e "|1 this letter, we report our fluctuation microscopy stud-
ence under coherent scattering conditions. In a transmissiq@g ¢ amorphous diamond-like carbon films.

electron microscop€TEM) dark field image, the intensity of

herek is the momentum transfer value at which the dark-

Amorphous diamond-like carbon films were fabricated
by pulsed-laser deposition using a KrF lag248 nn) and a
dElectronic mail: chenx@cedarville.edu graphite target. The deposition was performed at room tem-
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perature on to a polished (3D0) wafer up to a final thick- T T : :
ness of 30 nm. The films are hydrogen free and contain about 2 —*=no annealing
80% fourfold (sp®) carbon with the rest being threefold
(sp?) carbon. In this letter, we will present results from as-
grown samplegno annealing after the growtland samples
that were annealed after growth at two different tempera-
tures. The annealing condition consisted of heating in
vacuum at<1x 10 ° Torr for a period of 30 min at 600 or
1000 °C. Prior electrical and mechanical measurements have
shown great differences in properties following postdeposi-
tion annealing in this temperature rande.

Plan-view TEM samples were made from the films by ) . .
core drilling and chemical etching in HNCHF: 0 0.2 0.4 0.6 0.8 1
CH3COOH(5:3:3). The filmthickness under TEM obser- r (nm)
vations is about 30 nm. Electron diffraction patterns WEICr G, 1. Measured reduced distribution functions for a film without anneal-
taken for each sample. The maximunwas 22.4 AL ing and films annealed at 600 and 1000 °C. For films annealed up to 600 °C,

To understand the short-range order in those films, wéhe short range order is similar.
first measured the reduced radial distribution function from
diffraction patterns. Small angle scattering was cutoff beforeapproximately the electron coherence length used in these
the Fourier transform was performed in order to remove théneasurements. The peak height is a function of the annealing
strong electron dynamical effect. This cutoff should not af-temperature. When annealing was done at 1000 °C, an addi-
fect our results because small angle scattering does not cofional peak shows up at 2.9 nrh, indicating a new ordered
tribute to the term that yields the radial distribution structure not present in the lower temperature films. Each
function* An edge smooth function was applied when thePeak corresponds to a type of local structure or ordering,
Fourier transform was performed. This procedure reducekepresented by a narrow rangelofalues. The width of the
artificial oscillations in the resultant radial distribution func- Peak, which is defined by the two minima of the peak, is
tion. The RDF is an ensemble average of the Sh0rt_ranggroportional to the size of this structure unit, i.e., a large
order structures2—5 A) of the whole samplé! It cannot well-ordered structure would be represented by a narrow
provide information on local structure changes at lengthP@@k. Therefore, the fact that the width of the peaks is not
scales larger than 5 A, i.e., the medium-range order strucchanging indicates that tr@zeof the local structure units is
tures. not changing. The height of a peak is proportional to the

All experiments were conducted on a JEOL-4000EX mi-numberof the corresponding strucrure units in the sample.
croscope that had been setup for automated fluctuation mj-nerefore, the variance verskplot indicates that the num-
croscopy data collection at the Electron Microscopy Centefer of structural units, i.e., clusters, is increasing as the

at Argonne National Laboratory. During an experiment, aS@Mple is annealed up to 600°C.
series of dark-field images were taken on an area of the ' 'om solid state nuclear magnetic resonance measure-

sample as a function of the tilting angle of the electron beanf€nts performed on amorphous diamond-like carbon films
through reciprocal space. The same process is typically rdrepared in the sagne fashion as tne films described here., it is
peated for several different areas to gain good statistics. NoF—nOWn that bothsp* ands p” chemical bonds are present in

.12 3
mally a few hundred images are taken in a single experimenf.he m_atenaF. About 80% of the bonds arsp” (fourfold
The images were then processed by a script, removing di§_oord|nated carborfrom the as-deposited condition through

tortions and applying Wiener filtering. The intensity fluctua- annealing temperatures up to 600°CAt temperatures
tion was eventually obtained as a function of the momentum

~®°600 °C anneal

“"%1000 °C anneal

g(r)

0.09 T T T T T

transfer value. This variance function lofis directly related

to a pair—pair correlation function that defines medium-range 0.08 A :“0 a:‘“e“‘““g _

order at the nanometer scale. 0.07 .., 00 C annealing 4
Results of radial distribution functions are presented in o - 1000 °C annealing

Fig. 1. The average bond length is 1.52 A and the average g 0.08

bond angle is 72.6°. Up to 600 °C, there are no pronounced = 0.05

differences between radial distribution functions for the > 0.04 ]

unannealed and annealed samgkgter 1000 °C annealing, ’

there are significant differences that are due to graphitization, 0.03

discussed beloy Figure 1 shows that short-range order in- 0.02

formation characterized by the RDF is not able to give ac- 0.01

count to property changes that occur in the diamond-like
carbon films at the lower anneal temperatures.
Fluctuation microscopy results, however, reveal a clearer _ ) _ _
picture. Our results are presented in Fig. 2. The variancE'C: 2- Plots of the variance as a functioniofor amorphous diamond-like
h . f di carbon films with or without annealing. The medium range order, indicated
peaks at 4.9 and 8.5 nm are signatures of medium-range by the peaks, is increased after thermal annealing. New structural ordering

order or clustering on a length scale of about 1 nm, which iShows up in the 1000 °C annealed film.
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higher than 900 °C, the majority of the bonds agg.’> The  erogeneous orderin@r clustering in amorphous diamond-
peak positions in Fig. 2 for the as-deposited and 600 °C arlike carbon films was also reported in a transmission electron
nealed films are in approximate agreement with broad peakspicroscopy study’ Taken together, these studies suggest
not shown, that were obtained from the calculated diffractiorthat pronounced structural rearrangements may occur in
from a theoretical 64-atom cell of amorphous diamond-likeamorphous diamond-like carbon films at modest tempera-
carbon'® These peak positions are related to local structuresures, i.e., with low activation energies, while still retaining
adopted in the amorphous network and are dominated by then amorphous structure that looks nearly identical by RDF
majority-phase diamond-like component in the material.  analysis(Fig. 1). This finding suggests why stress relaxation
After 1000 °C annealing, a new sharp peak forms. Thismay be unexpectedly facile in this systéMn.

peak is in good agreement with tf@02) reflection of graph- )
ite, which arises from the interplanar spacing of graphite  1hiS work was funded by the Department of Energy Ba-

sheets. It is well-known that high temperature annealing’! ENergy Science through the Electron Microscopy Center
leads to graphitization in diamond-like carbon fili34-16 at Argonne National Laborgtory. A portl_on of _th|s work was

This is characterized by an increase in three- to fourfold®UPPorted by a LDRD Project at Sandia National Laborato-
carbon ratio determined by solid state NMR, EELS, neaf €S- Sandia is a multiprogram laboratory operated by Sandia

edge x-ray absorption fine structure, or the appearance of GOTP-» & Lockheed Martin Co., for the U.S. Department of
Raman signature that is characteristic of glassy cartaon EN€rgy under Contract No. DE-AC04-94AL85000.
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