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Structural phase of femtosecond-laser-melted graphite
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We have used Raman scattering to investigate the e8'ects of intense laser pulses on the structure of
resolidified graphite. Graphite was irradiated with 0.325 —3.25-J/cm, 620-nm, 90-fs single-laser pulses

causing it to melt and rapidly resolidify. Raman studies of the resolidified carbon in the crater show that
the rapid annealing process (by pulses with energy Auences ~ 0.82 J/cm ) causes a breakdown in the or-
dered layers of hexagonal carbon rings and disorder in the intraplanar spacing upon resolidification into
a nanocrystalline material. The thickness of the nanocrystalline-graphite near-surface layer increases
with increasing fiuence. Residual planar structure of the resulting material is observed for the various

pulse-energy values by comparing the narrow graphitic 1581-cm ' and the broad 1360-cm ' and 1600-
cm vibrational bands. The interplanar structure of our nanocrystalline graphite is also studied quanti-
tatively via the low-frequency shear mode at 42 cm '. The Raman spectrum of our glassy carbon is
found to be we11 described by planar ordering approximately 2 to 3 layers in extent using a simple corre-
lation function approach. Our results indicate a layered morphology is present in our nanocrystalline

graphite, confirming a strong sp' bonding character.

I. INTRODUCTION

Much work has been done on the properties of liquid
carbon immediately after annealing by a short, highly in-
tense laser pulse. ' State-of-the-art laser systems allow
femtosecond pulses with sufficient intensity to melt vari-
ous solids. In highly ordered pyrolytic graphite (HOPG,
which we will refer to simply as graphite), photons are
absorbed by electronic interband transitions within the
first several hundred A of the irradiated surface
(dopr= 1/a=300 A) in graphite at A, =620 nm. ' This
large and rapid energy transfer causes the electrons to
reach a highly excited state, efficiently breaking all bonds
and thereby melting the solid. Through collisions, the
electrons rapidly transfer kinetic energy to the carbon
ions which, conceptually, produce a small puddle of high-
ly energetic molten carbon on a very short time scale.

Reitze, Ahn, and Downer' used refiectance measure-
ments immediately following the laser anneal pulse to ob-
serve a sharp increase in the reAectance of the melted
graphite. This, along with carbon release from the sur-
face, has been interpreted as evidence that the graphite
has reached a liquid phase. Steinbeck et al. , Braunstein
et al. , and Elman et al. have done postmortem studies
on laser-damaged graphite, similar to our present work.
Their results show the formation of randomly oriented
graphite platelets which vary in size depending on the
laser anneal energy. The nanosecond and picosecond
duration laser pulses used in Refs. 2 —4 are, however,
much longer than the femtosecond pulses used here, and
could potentially lead to different resolidification phe-
nomena.

This study will confirm that the graphite was indeed
melted and will attempt to reconstruct physical effects

based on the Raman signature of the resolidified carbon
atoms. Because the vibrational spectrum is an accepted
signature of individual solid phases, Raman spectroscopy
is well suited to the task of accurately determining the
phase or phases of the material present. Furthermore,
the small (=10 pm) diameter and shallow depth of the
Raman probe make this technique perfect for studying
the small sample volumes produced in the melting experi-
ment.

The Raman spectrum of graphite is characterized by
two zone-center optic phonons, both of which propagate
along the crystalline c axis. Figure 1 depicts the normal
mode displacements of these two phonons. One high-
energy phonon (Ezs) corresponds to in-plane, covalent
carbon-carbon bond stretching and exhibits a narrow Ra-
man band at 1581 cm '. The low-energy phonon (E2g)
was first measured by Nemanich and Solin, and corre-
sponds to a shearing motion of the weak, interplanar van
der %'aals bonds. It has a vibrational energy of 42 cm
and exhibits a very weak scattering intensity.

In amorphous (and significantly disordered) materials,
however, Raman scattering by vibrations throughout the
entire vibrational spectrum is allowed. This leads to Ra-
man spectra in amorphous materials which mimic the vi-
brational density of states. This is in stark contrast to the
restrictive k=0 constraint imposed on Raman scattering
in crystalline materials. The high-frequency vibrational
spectrum of so-called glassy carbon has two broad bands
centered near 1600 and 1360 cm ' due to finite crystallite
size effects. The former band corresponds to vibrations
of the nanocrystalline materia1 with parent vibrations
similar to the 1581-cm mode in graphite. The broad
1360-cm ' band is accepted as being due to disorder-
induced Raman activation of zone-boundary phonons in
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FIG. 1. Zone-center vibrational modes in graphite. The
high-energy phonon (E2g ) corresponds to in-plane, covalent
carbon-carbon bond stretching and exhibits a clear Raman band
at 1581 cm '. The low-energy phonon (E2g) at 42 cm ' corre-
sponds to a shearing motion of the weak, interplanar van der
Waals bonds.

crystalline graphite.
In this paper, we present Raman-based studies which

improve the current picture of glassy carbon and its rela-
tionship to graphite. By achieving a quantitative under-
standing of the low-frequency Raman spectrum of the
laser pulse produced glassy carbon, a detailed under-
standing of the interplanar structure is reached We find.
that our material consists of graphite nanocrystallites of
typical in-plane dimension L, =60 A and out-of-plane di-

0
mension I.,=8.5 A. For this reason, we shall proceed to
name our disordered material nanocrystalline graphite
(n-graphite). From our results, a phenomenological pic-
ture of the resolidification of graphite is developed, subse-
quent to laser-pulse melting. The remainder of this paper
is organized as follows. After a brief description of the
experimental procedures, we discuss our postmortem Ra-
man measurements of laser irradiated graphite in the
high vibrational-energy regime. Following these results,
we exhibit Raman evidence for weak interplanar ordering
in n-graphite produced using this method. We then sum-
marize our findings.

II. EXPERIMENTAL PRDCEDURE

The sample studied was HOPG graphite which had
been irradiated with laser pulses 90 fs in duration at a
wavelength of 620 nm. Pulses were produced using a col-
liding pulse mode-locked (CPM) ring dye laser followed
by a four-stage Nd:YAG pumped optical dye amplifier
system operating at a 10-Hz repetition rate. The pulse

intensities were varied over a range to produce energy
densities (fiuences) greater than the threshold melt energy
density. ' These pulses caused carbon atoms to be liberat-
ed from the surface producing a small crater. Craters
were elliptical in shape with a major axis -50 pm across.
A detailed description of the laser melting process is

given in Ref. 1.
Raman scattering was generated using a continuous

argon-ion laser running at the 514.5-nm green line. The
backscattered light was dispersed through a 0.5-m mono-
chromator which passed the light to a charge coupled de-
vice (CCD) 512 X 512 multichannel analyzer. Using this,
we were able to simultaneously measure a spectral range
spanning 600 cm ', with a resolution of approximately 1

cm '. Emission from a low-pressure neon lamp was used
to calibrate the CCD. In order to see the 50-pm-diam
craters, a TV camera was connected to a microscope.
The Raman laser probe spot was one-fifth the size of the
crater, making it possible to precisely focus the laser on
the center of each crater. All measurements in the high-
energy regime were done in air at room temperature.

In order to measure the low-energy, 42-cm ' interpla-
nar shearing vibration, we used a krypton-ion laser run-
ning at the 647.1-nm resonance enhancing line. Focus-
ing and positioning of the laser spot was once again ac-
complished using a microscope. Scattered light was col-
lected and prefiltered by a 0.5-m single grating mono-
chromator. The surviving narrow wavelength range of
light was then analyzed by a 0.85-m double monochroma-
tor producing a triple-additive-dispersive Raman system.
The spectrometers were stepped synchronously in wave-
length via computer control. A photomultiplier was used
in the photon-counting mode to detect the analyzed pho-
tons. This triple system is very effective in excluding ex-
traneous parasitic scattering of the laser line and allows
the observation of very low-energy vibrations. The
graphite sample was kept under an argon atmosphere to
reduce the observed intensity of the known Raman spec-
trum of air. All experiments were done at room tempera-
ture.

III. RESOLIDIFIED STRUCTURAL PHASE
OF LASER-PULSE ANNEALED GRAPHITE

Figure 2 compares the Raman spectra from graphite
with that taken from the center of the crater formed with
a laser irradiation energy density of 0.82 J/cmz. The vir-
gin material shows the characteristic sharp graphite peak
at 1581 cm ' [full width at half maximum (FWHM) = 15
cm ']. Below 0.82 J/cm, there is no evidence of disor-
der, indicating a return to the normal graphite structure
upon resolidification. This is consistent with the work of
Braunstein et al. which was done with pulses of longer
duration but comparable energy densities. The lowest-
energy density above threshold shown in Fig. 2, 0.82
J/cm, shows a superposition of a sharp 16-cm '-wide
graphite peak at 1581 cm ' on top of a broadband which
is centered at 1600+10 cm '. The broad Raman signal
underlying the graphite 1581-cm line indicates a disor-
dered phase of carbon has been formed which is con-
sistent with what is commonly called glassy carbon, but
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FIG. 2. Room-temperature Raman spectra of the graphite

starting material and of the 0.82-J/cm laser irradiated material.
The latter spectrum shows a superposition of the graphite peak
at 1581 cm ' on top of a broadband centered at 1600+10cm
The horizontal lines at the right-hand border indicate baselines
for the 0.82-J/cm' spectrum.

in the present context is better described as n-graphite.
As the long-range order of the graphite breaks down, k is
no longer a valid quantum number and we see Raman
scattering from vibrations present in the nanocrystalline
medium which do not correspond to the k =0 optic pho-
nons observed in graphite crystals. This spectrum indi-
cates that the laser is probing both the damaged near-
surface regime and the underlying graphite.

Spectra from higher irradiation Auences are presented
in Fig. 3, supporting our conclusion of an n-graphite sur-
face. The 1.30-J/cm spectrum shows a reduction in in-

tensity of the graphite peak as the disorder region grows,
and becomes substantially deeper than the optical
penetration depth of our laser light. The band from the
underlying graphite (1.30 J/cm ) is superimposed on a
broadband centered at 1600 cm ' (FWHM=80 cm '),
identical to the 0.82 J/cm irradiated graphite. Also, by
an energy density of 1.30 J/cm, a broad feature is seen at
1360 cm '. The 2.05- and 3.25-J/cm spectra in Fig. 3
show no hint of undamaged graphite, indicating that we
probe only the near-surface n-graphite with 514.5-nm Ra-
man excitation.

The spectra corresponding to the near-surface dam-
aged material are in good agreement with measurements
of ion-damaged glassy carbon. ' '" The ion-damaged ma-
terial in Ref. 10 and 11 gradually transforms from glassy
carbon into amorphous carbon (as in the inset to our Fig.
3) with sufficient ion dose. We find that our spectra best
agree with their glassy carbon following 320-keV Xe+
implantation to a total fluence dose of 9X 10' ions/cm .

RAMAN SHIFT (cm-i)

FIG. 3. At an energy density of 1.30 J/cm, a broad feature
begins to form at 1360 cm ' while the broadband at 1600 cm
continues to grow with a weak 1581-cm ' graphite band super-
imposed. The 2.05- and 3.25-J/cm spectra show no sign of un-

damaged graphite as the depth of n-graphite grows beyond the
probe depth of the laser. The inset shows the Raman spectrum
of graphitic amorphous carbon. The horizontal lines at the
right-hand border indicate baselines for each spectrum.

The similarity between glassy carbon damaged in this
manner and our results supports the identification of our
material as nanocrystalline graphite, consisting of small
platelets of graphite smaller in dimension than glassy car-
bon. Also present in our spectra, and in those of Refs. 10
and 11, is a broad underlying background spectrum. The
exact origin of this background is not known, and the
spectral range of our data does not permit adequate
deconvolution to determine its nature.

An estimate of the thickness may now be generated
based on the observed onset of n-graphite formation.
From our results, this level ranges between 0.52 and 0.82
J/cm (the former fluence is the first step measured below
the latter). Since we measured no energy densities be-
tween these two values, we will use the average of these
two values as the threshold energy density above which
the carbon resolidifies as n-graphite and below which it
recrystallizes as graphite. As a by-product of our mea-
surements, we can estimate the depth at which the laser-
pulse peak intensity falls below the value needed to form
n-graphite (0.67+0. 15 J/cm ), assuming a simple ex-
ponential attenuation. Laser-pulse attenuation is as-
sumed to be sufficiently fast that the absorption
coefficient can be taken as that of graphite under ambient
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conditions. This assumption is found to be consistent
with an independent analysis in Eq. (2). For the various
laser energy pulse densities used here, we calculate the
cutoff depth of the damage threshold (i.e., the depth at
which the fluence in the irradiation pulse drops below the
value needed to create n-graphite) according to

I(z)=Ioe

I -([)-e "o" J e dz,
"nG

which is readily integrated. The factor of 2 in each ex-

ponent describes attenuation of the light as it enters the
sample and as it exits in the backscattering configuration.
By comparing the Raman integrated intensity of the
1581-cm ' band of undamaged graphite (d„o=0) to that
of the 0.82-J/cm spectrum, we arrive at a d„o =60+10
A at a wavelength of 514.5 nm. For the 1.30-J/cm ener-

gy fluence, where we see a weaker graphite 1581-cm
peak, we estimate d„&=130+22 A. Most of the error re-

ported comes from the estimated 10% precision of the
Raman intensity ratio. Since the graphite-peak intensity
following the 1.30-J/cm laser pulse is smaller than for
the 0.82-J/cm pulse, the latter generates a better esti-
mate of d„o. Both estimates are within the total error es-
timate. The agreement between the two different d,o
values from Eqs. (1) and (2) is remarkable, making the
internal consistency of this analysis satisfying, and sup-
ports our interpretation of the graphite Raman signal as

(2)

TABLE I. The thicknesses of the near-surface n-graphite re-
gions obtained from Eqs. (1) and (2). d,„„svalues of zero indi-
cate that no glassy carbon was observed for these Buences. No
entry in column 3 indicates no glassy carbon or no graphite
peak clearly observed.

0.325
0.52
O.S2
1.30
2.05
3.25

d,„„~=d„~ (A)
[Eq. (1)]

0
0

60+13
200+40
335+70

470+100

d„o (A)
[Eq. (2)]

60+10
130+22

where 1/aG=300 A (Ref. 1) and z is the depth. Io
represents the laser fluence at the z =0 surface. Results
for z=1,„„(rwhere the energy pulse density reaches the
damage threshold of 0.67+0. 15 J/cm are listed in Table
I, along with the estimated thickness of n-graphite pro-
duced. We do not account for the carbon losses due to
evaporation from the surface, which can decrease the
thickness of the n-graphite layer measured. '

We now proceed to test the internal consistency of our
thicknesses from Eq. (1) via the measured Raman spectra.
The Raman intensity of the underlying graphite peak will

be attenuated by the n-graphite (nG) overlayer character-
ized by 1/a„o= 1/a&c=580 A, ' the optical penetration
depth at 514.5 nm, and thickness d„o. The scattering
volume in the Raman intensity has a depth (scattering
length) term

being due to underlying graphite material either unmelt-
ed or recrystallized after melting. Furthermore, the re-
sulting agreement between d„o obtained using Eqs. (1)
and (2) justifies the simple assumption used in Eq. (1) that
the femtosecond pulses are absorbed by a material which
is described solely by the absorption coeScient of graph-
ite. This is in spite of the fact that the graphite is in the
process of melting (by the pulse) and its optical properties
are rapidly changing.

The 1360-cm disorder-induced vibrational band,
which corresponds in energy to zone boundary vibrations
in graphite, continues to grow while the 1600-cm
broad peak shrinks and broadens with increasing irradia-
tion energy density. This is taken as evidence of slight
variance in the microstructure of the n-graphite pro-
duced by differing pulse energy densities, i.e., differing
characteristics of the melt phase. From the range of en-

ergy densities studied here, we anticipate that little varia-
tion in the resolidified material mill be observed with

higher densities, but further investigation is required to
clarify this point.

Comparisons between the laser-melted graphite and
other popular phases of carbon were also made. The in-

set of Fig. 3 shows the Raman spectrum of an are eva-

porated graphitic amorphous carbon film. ' We find no
simple correlation between this spectrum and that of n

graphite or glassy carbon, ' ' ' '" outside of the overlap
in the overall energy range subtended. This is clear evi-

dence that these carbon phases possess dissimilar micro-
structures. No evidence of diamond formation is found.
Primarily responsible for the lack of diamond formation
is the fact that graphite is the thermodynamically pre-
ferred state. Since the mass densities of graphite (2.55

g/cm ) and diamond (3.5 g/cm ) are considerably
different, there is an additional volume-related stumbling
block to rapidly converting graphite to diamond. Most
of the energy provided by the laser pulse is acquired by
the electrons, and is dissipated by the surrounding un-

melted graphite. We also found no evidence of fullerene
production and retention in the crater.

Our results show that laser pulses of sufficient energy
density cause the molten graphite to resolidify into a
form of carbon similar to graphite in that intermittent
graphite structure, i.e., crystallites, is formed. We en-
vision our nanocrystalline material as containing small

graphite microcrystalline regions, presumably intercon-
nected by a volume-filling disordered structure. Tuinstra
and Koenig have shown that the intensity ratio of the
broad 1600- and 1360-cm ' Raman bands gives a quanti-
tative indication of I.„the in-plane dimension of the
graphite crystallites. In the analysis of Braunstein et al. ,
for a much slower melting process, the relatively long-
lasting ()ns) heat and pressure generated by their laser
pulses cause an annealing mechanism which permits the
formation of large graphite crystallites. The finite diame-
ters of the platelets result in a breakdown of the k=0
crystal Raman selection rule, activating scattering by
zone-edge phonons near 1360 cm '. They propose that
& 100-A graphite crystal platelets form due to their an-

nealing, which they identify to be similar to glassy car-
bon. Based on the analysis of Ref. 6, the implied average
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graphite crystallite size for each energy fluence case we
measured here is =60 A. This estimate is based solely on
Raman measurements using the 514.5-nrn excitation.
There may be some variance with estimates generated us-
ing other laser wavelengths, but we rely here on the origi-
nal work of Tuinstra and Koenig, who used 488.0- and
514.5-nm sources. We will return to the validity of this
result in Sec. IV.

IV. THE INTKRLAYKR STRUCTURE
OF NANOCRYSTALLINK GRAPHITE

The n-graphite interplanar structure is also altered due
to the inhomogeneities in planar structure created by the
laser-melting and resolidification process. We studied the
interplanar structure of our n-graphite via the low-
energy, 42-cm ' phonon corresponding to the shear
mode between graphite planes. This mode should be ex-
tremely sensitive to interplanar disorder, and essentially
absent if no planar structure exists. The Raman spec-
trum of the graphite starting material is shown in Fig. 4.
Seen is a weak and relatively narrow peak at 42 cm ', in
agreement with previous observations. The 6-cm
linewidth is primarily due to the =5-cm spectral
bandpass of the Raman system. Following the 3.25-
J/cm laser pulse (for which the n-graphite region is
sufBciently thick to ensure that we measure only that ma-
terial), the peak broadened to 10 cm ' and the maximum
intensity position weakly redshifted to 39 cm '. We take
this as evidence that annealing has altered the planar
structure, but not entirely destroyed it. The implied

XL = 647.1 nm

I(cu) —Iexp( qL, /4—) dg

[[co—co(q)] +[I /2] ]
(3)

where L, is the interplanar correlation length in the n-

graphite material and is the only adjustable parameter in
our model. I is the FWHM linewidth of the Lorentzian
parent 42-cm ' mode (6 cm ', in our case). Integration
in Eq. (3) is in one k-space dimension since we describe
here only the breakdown in coherence in the graphite c-
axis direction. The dispersion of the optic branch is
downward as one moves away from the zero center, and
is adequately approximated by

warping, puckering, and misalignment propa gates
through the relatively floppy carbon sheets. The result-
ing structure is still locally sheetlike, but not strictly pla-
nar. Interlayer correlation is therefore only weakly
present, in contrast to the well-ordered graphite starting
crystals.

To describe the loss of interplanar regularity, we devel-

op a model to describe the effect of diminishing long-
range order along the c axis of graphite. This model uses
the vibrational dispersion of graphite for phonons which
correspond to interplanar shear motion. This choice of
vibrational signature is reasonable, since we believe the
n-graphite to be closely related to graphite. Since the
"planes" in n-graphite are not well coordinated, crystal-
line order quickly vanishes as one moves from one sheet
to the next. This type of treatment of the effects of
short-range crystalline order on Raman scattering has
been successfully used to describe spectra of cubic micro-
crystalline silicon' and implanted GaAs. ' In that case,
the k=0 selection rule fails due to the finite extent of the
crystallites. Failure of the selection rule is manifested in
the long-wavelength optic modes being activated due to
interference with the crystallite boundaries, while
shorter-wavelength (zone-edge) modes are only weakly
influenced. A Gaussian function is used to represent a
distribution in crystallite size. In our case, we describe
selection-rule breakdown only along the c axis of the
graphite crystal. We express the intensity as a function
of energy for the 42-cm ' phonon branch as

co(q ) = A +B cos( n.q ), (4)

20 30 40 50
I

60 70

RAMAN SHIFT (cm-t)

FIG 4. The interplanar E2g [see Fig. 1(b)j shear mode of
pure graphite has a vibrational energy of 42 cm ' and exhibits a
very weak scattering intensity. The n-graphite (following the
3.25-J/cm laser pulse) exhibits a slightly redshifted (to 39
cm ') and broadened peak indicating a short-range-ordered pla-
nar structure (see text).

where A =36 cm ' and B=6 cm ' are taken from Refs.
16 and 17. By using Eqs. (3) and (4), and varying the
interplanar correlation length L„we find that a mean
correlation length of 2.5 graphite planes best describes
the spectrum in Fig. 4. This indicates that long-range
interplanar order has been substantially reduced, by the
melting-resolidification process, to an average value of
8.5 A.

These results are consistent with very weak epitaxial
growth. Since the melted carbon is sitting on a graphite
lattice, it tends to resolidify in a similar lattice. Also, the
sp bonding configuration of graphite is the most desir-
able phase of carbon given the above-noted crystal seed-
ing and volume constraints. As a result, the resolidified
material best resembles graphite in structure, possessing a
weak interplanar correlation and, possibly, a puckered
planar structure. Additionally, defects were induced by
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carbon atoms displaced following the laser anneal, caus-
ing a disordered structure to form.

V. CONCLUSIONS

Our results show that above a threshold energy of ap-
proximately 0.67 J/cm, increasing energy densities pro-
duce increasingly deeper regions of disordered carbon sit-
uated above undamaged graphite. Below this threshold,
pulse melted graphite epitaxially recrystallizes. Presum-
ably, the higher intensities drive the liquid carbon farther
from equilibrium, permitting a disorder phase to solidify.
The Raman spectrum of the surface layer indicates a
breakdown of the k=0 optic-phonon selection rule im-

posed by crystalline order is consistent with the n-

graphite carbon phase. We find that a weak planar struc-
ture persists. Low-frequency Ram an spectra in the
graphite shear-vibration range provide evidence that n

graphite retains some discrete shearing motion. A finite
correlation length of approximately 8.5 A along the c axis
describes the observed Raman measurements well, and
confirms that n-graphite has layered character with a
very short interlayer correlation length. The presence of

a shear mode clearly indicates that n-graphite, and likely
also glassy carbon, has a strong sp bonding character, al-
though a mixture with sp bonds could be a viable ex-
planation for the disruption of planar order and planar
stacking order, and the interconnection between nano-
crystallites. Finally, these results show that the crystal-
linity of graphite has been altered by the high-energy
density, ultrashort duration laser pulses, and provide an
improved understanding of the morphology of this disor-
dered material.
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