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Micro-Raman spectroscopy was employed to investigate the structural changes of diamond films
prepared by hot filament chemical vapor deposition and treated by femtoséfspridser and
nanosecondns) lasers. Breit—Wigner—Fano and Lorentzian line shape simulations were used to fit
the spectra. For 266 nm ns laser treated samples, increasing laser power density results in the
transformation of amorphous carbons in diamond films into nanocarbon clusters whose size
increases and saturates rapidly at around 5.1 nm. At the same time, the Rapeak position
considerably shifts upwardly with increasing laser power density. The different change behavior of
the nanocarbons ar@ peak is interpreted in light of the charge transfer from the graphiv@nds

to the localized edge states. As the 266 nm laser power density is high enough, a Raman peak in the
range of 1150—1200 cnt appears, which is attributed to the presence of amorphous diamond. In
the case of fs laser treated samples, much more power dénrdif/TW/cnf) is needed to transform

the amorphous carbon into nanocarbon phases. With increasing fs laser power density, the diamond
peak is broadened and downshifted due to the presence of nanocrystalline diamond produced by the
high laser power density. @003 American Institute of Physic§DOI: 10.1063/1.1524306

I. INTRODUCTION ter control of the quality of the laser-treated surface but also
for a better understanding of the fundamental issues of laser

It is well known that chemical vapor depositi¢@VD) interaction with materials.
diamond films have become a desirable material for many Raman spectroscopy is sensitive to the change of trans-
applications such as heat sinks, optical windows, x-ray li{ational symmetry and therefore to the characterization of
thography masks, low-friction and wear resistant surfacessrystalline, nanocrystalline, and amorphous carbons
and cutting tool coatings because of their excellent propertieghase$*3In the disordered carbon films, normally there are
and the ease of the CVD growth method. However, CVDtwo Raman peaks observed: tBepeak around 1580—1600
diamond films exhibit a polycrystalline structure with a greatcm™* and theD peak around 1350 cit, which are usually
surface roughness and therefore the surface polishing techssigned to zone center phonons Kb, symmetry and
nigues are time consuming and expensive due to the extrentepoint phonons of\;4, symmetry, respectively**~*°The
hardness of the diamonds. Laser polishiptanarizationis D peak is activated by the relaxation of thje=0 selection
a promising technique to diminish the roughness of the marule, and its intensity is strictly connected to the presence of
terials surface with some advantages such as contaminatiofixfold aromatic rings’” On the other hands p*-coordinated
free machining, precisely controlled removal rates, and th&arbon(single crystal diamondhas a narrow symmetric line
ability to remove material from a minuscule area. Thisin the Raman spectrum at 1332.5 chwith the half width of
method has been demonstrated for films of diambrigjal- ~ about 1.7 cm?, which corresponds to the transverse optical
lium nitride;? silicon? and (Y;_Eu),05.° phonon of the symmetr¥ g .

It has been noticed that the excellent properties of dia- In this article, we present the results of Micro-Raman
mond films are generally altered by structural defects, amorinvestigations of diamond films treated by ns and fs lasers.
phous carbon, and/or other carbon phases produced by tiée found that the nanocarbon phases appear upon the short-
laser treatment. The presence of structural defects and carb@t!sed laser treatments. The Raman line shapes and their
phase formation can be characterized by Raman spectrogvolution with experimental conditions are analyzed.
copy. To investigate the processes of laser-induced structural

changes on the diamond surface is useful not only for a beﬁ—I EXPERIMENT

aAuthor to whom correspondence should be addressed; electronic mail: ~ Diamond film'slwere prepared by _the hé)t filament chemi-
fangrc@ustc.edu.cn cal vapor depositionfHFCVD) technique’® The samples

0021-8979/2003/93(1)/94/7/$20.00 94 © 2003 American Institute of Physics

Downloaded 05 Sep 2012 to 159.226.165.151. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



J. Appl. Phys., Vol. 93, No. 1, 1 January 2003 Wu et al. 95

with grain sizes of about several tens of micrometers werdreathing mode of th® peak is in the intensity maximum,
treated in air by a Nd:yttrium—aluminum—garn@®AG) ns  not in the width which depends on the disordfer.

laser (Spectra Physigsand a Ti:sapphire fs lasdSpectra

Physics, respectively. The ns YAG laser was operated at thq||. RESULTS

fourth harmonic wavelength of 266 nm with 8 ns pulse du- )

ration and up to 150 mJ/pulse at 10 Hz repetition rate. The fs F19uré 1 shows the Raman spectra of an as prepared
laser was operated at 100 fs pulse width, 800 nm wavelengtfiamond film(a), treated by 266 nm ns las&), (c), (d), and
output, and up to 0.70 mJ/pulse at 1 kHz repetition rate. Thir€ated by 800 nm fs lasee), (f) with different power den-
divergence angles of these two lasers are all less than 0%li€S: The components of tié peak,D peak, and diamond

mrad. A~100 um diam focal spot was obtained by using apeak deduced from the fittings are also shown. The linear

200 mm focal-length quartz lens. In order to keep the tembPackground has been subtracted and is not shown in the fig-
res. Table | lists the data derived from the Fig. 1.

poral profile of the laser unchanged during the experiments: X )
the laser output energy was kept at its maximum, and the ©One can s?%from Fig(d) and Table | that the diamond
distance between the lens and the sample was adjusted to é@?‘i at 1332 cm almost disappears and a new peak at 1192
the proper energy density. cm - appears for samples treateq by the highest 266 nm Iasgr

We use the symbols of ns266-L, ns266-M, and ns266-HOWer density. We found that thls_ new peak appeared typi-
to express samples treated by lowse GW/cn?), middle cally in the range of 1150—-1200 crhfor different samples
(208 GW/cr?), and higher(830 GWi/cnd) ns laser power treated by the 266 nm laser with strong laser power density,
densities, respectively, while fs800-L and fs800-H are thef-9- 830 GWi/crhas in Fig. 1d).

samples treated by lowefl5 TWicnf) and higher (70 It a!so can be seen from Fig. 1 and Table | that with
Twicn?) fs laser power densities, respectively. All the Ncréasing laser power density in the case of 266 nm ns laser

samples were treated for about 3 s. Micro-Raman spectrodréatments, the diamond peak intensity decreases to almost
copy was used to examine the alteration that occurred duringe"® In sample ns266-H but the peak position remains almost
the laser treatments of the diamond films. Raman spectrdvariable; while theG peak shifts upward from 1539 to
were taken in a near-backscattering geometry using &°9° €M - and the FWHM narrows from 167 to 107 e
Labram-HR Micro-Raman spectrometer. The 514.5 nm Iine'ﬂnd theD peak satu_rates upwardly at 1357 cirand Ehe

of an Ar* laser was the main excitation wavelength, and theFWH'VI brpadene_d first and then narr_ovv_ed to 108 ¢m

325 nm line of a He—Cd laser was also used to distinguis#owever' increasing laser power density n the case of 800
ordered and disordered carbons. The laser beam was focusB fS laser treatments, the diamond peak intensity decreases
to a~15 um spot using a 58 Olympus microscope objec- but retains a certain height even after 70 TWdaser treat-

tive, and a laser power of 1.5 mW was employed during thdnent, the diamond peak position shifts downwardly to 1328

71 . .
measurements. The spectra were taken in the range betwe€® - and its corresponding FWHM broadened to 16.4
800 and 2000 cm with a 1.8 cm* spectral resolution. In €M " theG peak shifts upward from 1539 to 1586 chrand

order to analyze the Raman spectra quantitatively, a Breitth® FWHM narrows from 167 to 130 _crﬁ, and theD peak
Wigner—FandBWF) line+2 Lorentzian lines a linear line ~ Shifts upward from 1322 to 1353 ch and the FWHM

is employed to fit Raman specti¥?” The asymmetric Proadened from 201 to 269 crh _ _

BWF line shape, 2 Lorentzian lines shape, and linear line  1aPle Il displays theG and D peak dispersions for
shape is fitted for the& peak, theD peak, the diamonéL332 samples treated by lasers derlyeq fro.m the Raman spectros-
cm3) peak, and the background, respectively. The BWF liné"OPY under 514.5 nm laser excitationsible Raman spectra

shape is described as and under 325 nm laser excitatic(mltrgviolet Raman spec-
tra). The dispersiod G andAD are defined as the difference
lo(142(w— wo)/QI')? of the Raman shifts in the two measurements for the same
()= 1+ (2(0—wg)/T)Z samples. One can see from Table Il that Evgeak disper-

sion is much stronger tha@ peak except for sample fs800-L
wherel,, is the intensity as a function of frequendy,is ~ and for the untreated sample, and that bbtland G peaks
the peak intensityw, andI" are the peak position and full show strong dispersion for the untreated and the fs800-L
width at half-maximum(FWHM), respectively, and @ is sample.
the BWF coupling coefficient. The Lorentzian line shape is
recovered in the limit — 0. TheG peak positionG peak V. DISCUSSION
FWHM (o)), D peak position,D peak FWHM (w(p)),

diamond peak positionG peak FWHM (@ giamong), and . . .
. . _ the G and theD peaks is quite different. Th& peak gener-
[(D)/1(G) ratio obtained from the fittings to each spectrum ted from thesp? C—C stretching vibrations does not dis-

are employed to quantify the changes which occurred in th& ) L :
various treated diamond films. TI@ peak position, maxi- perse in graphite itself, nanocrystalline carbon, or glassy

2-28 . . . .
mum of the BWF line, is not ab but at lower frequencies carbor, . and.'t shoyvs dispersion oply in amorphous net-
works with a dispersion rate proportional to the degree of

wg=wo+ 120 disorder?® due to a range of configurations with different
local band gaps and different phonon modes. The dispersion
as Q is negative. Thd (D)/1(G) is the ratio of the peak of the D peak is strong in ordered carbon phases, and it
heights, not the peak areas because the information about teows a weak dispersion in amorphous carbd®o, one can

It has been shown that the dispersion behavior between
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FIG. 1. Decomposition of Raman spectra of diamond filmg@fan untreated samplé)) 266 nm nanosecond laser treated sample with 52 GW/@n266

nm nanosecond laser treated sample with 208 G\W/(iih 266 nm nanosecond laser treated sample with 830 G#/{&n800 nm femtosecond laser treated
sample with 15 TW/crf) and (f) 800 nm femtosecond laser treated sample with 70 T \i/@ime G, D, and diamond peak components resulting from the fit
are also shown. The resulting fit is superimposed on the data. The linear background has been subtracted and is not(dhake.diamond peak
disappeared thoroughly and a new peak-a1192 cmi* appeared.

use this phenomenon to qualitatively distinguish the systenem ! and D peak of 1322 cm! of the untreated sample
order and disorder. From the data shown in Table |l we canndicate the presence of bond-angle disorder and fourfold-
conclude that the carbon atoms in the untreated sample amordinated bond¥, which is consistent with the corre-
sample fs800-L is a mixture of ordered carbons and amorsponding data in Table II. The narrowing in FWHM of t&e
phous carbons, and the content of disorder carbon in thB peaks with the increment of the laser power intensity in
other laser treated samples is very low. The peaks at 132the 266 nm laser treated samples is the result from the re-
and 1539 crm! in the untreated sample aB2andG modes moval of bond-angle disorder and the increasing order in
of amorphous carboif3! The downshifteds peak of 1539 amorphous carbons.
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TABLE I. Results derived from measured micro-Raman spectra for samples treated by laser.

Sample Diamond ns266-L ns266-M ns266-H fs800-L fs800-H
Diamond 1331 1330 1331 — 1330 1328
@ (piamond) (€M %) 8.8 8.2 9.4 — 8.7 16.4
G(cm™h) 1539 1585 1591 1595 1546 1586
w(g (cm™) 167 136 123 107 160 130
D(cm™%) 1322 1357 1357 1357 1326 1353
w(p) (cm™) 222 285 264 108 201 269
1(D)/1(G) 0.78 0.87 0.83 0.87 0.91 0.84
A. 266 nm ns laser treatment cating thatLa increased and saturated sharply at a value of

~5.1 nm after the 266 nm laser treatment. Note that the
Tuinstra—Koenig TK) equation will underestimatea due to
the dominant effect of small crystallites compared with the

graphite—nanocrystalline graphit&stage 1, nanocrystalline value obtained by x-ray dlffracno?hr’.Accoro_llng _to the threg-
graphite~amorphous carbon(stage 2, and amorphous stage model, th& peak s_hould _not .upshlft with increasing
carbon-tetrahedron carbofstage 3. As discussed above, 266 nm Iqser power density, which is cqntrary to our experi-
the carbon phases in 266 nm ns laser treated samples dRent: This discrepancy can be explained by the charge-
mainly ordered carbons, therefore it is suitable to discuss Odlransfesrﬁeffect related to the edge states of nanocrystalline
Raman spectra using the three-stage model. According to thf&rbon: . .
model, the untreated samples should be in stage 2 and the There are two factors responsible for the upshift of@e
266 nm laser treated samples in stage 1, i.e., the amorphoR§aK in nanocarbonsa) the decrease dfa of nanocrystal-
carbon, has been graphitized and changed into nanocrystine carbons>*®and (b) the charge-transfer effect related to
line graphite after the 266 nm ns laser treatment. In outhe edge states. The decreaséatan be ruled out as tHea
BWF+ Lorentzian fitting, the fit of theD peak is the least remains almost constant as derived from Ehpeak position
accurate, because it is only a low frequency shoulder of th@nd the ratio of (D)/1(G). The charge-transfer effect seems
G peak. Thus, from Table I, it is reasonable to assume thd@© be the possible mechanism capable of upshiftingGhe
the ratio of (D)/I(G) of the three 266 nm laser treated Peak to the extent that we observe. Theoretical replotts
samples is nearly the same although the raiD)/I(G)  Suggest that finite graphite systems having a zigzag edge
=0.83 for Samp|e ns266-M, and 0.87 for the other twoeXhibit a special edge State, which will be easily formed in
samples. There are two factors responsible for the shift of thBanocarbon because only three or four zigzag sites per se-
D peak. First, smaller aromatic clusters have higher modeguence are enough to show an edge state in the graphene
and upshift theD peak positior? Second, a decrease in fibbons. The corresponding energy bands are almost flat at
number of ordered aromatic rings on passing from nanocrysghe Fermi levelnear the contact point of the—=* levels of
talline graphite to amorphous carbon lowé&sand reduces hanographiteand thereby give a sharp peak in the density of
its intensity, due to the softening of the vibrational density ofstates. The charge density in the edge state is strongly local-
stategVDOS).*® Tuinstra and Koenigfound that the Raman ized on the zigzag edge sites. Nanocarbon phases with dif-
intensity of thel (D)/I(G) is inversely proportional to the ferent size will broaden the energy level sfband and the
cluster diametet.a edge-state band, consequently these bands may overlap, so
that the bottom of the edge-state band is lower than the top
HD)/I(G)=C(M)iLa, of the graphiter band. Thus it is possible that there is a
whereC(514.5 nm)~4.4 nmt* andLa is called in-plane cor- charge transfer from the graphiteband to these edge states,
relation length. The ratid(D)/1(G) and theD peak of the where the edge states act as acceptors. This conjecture is
266 nm laser treated samples remain almost constant, industified by experimental evidence about the presence of

Ferrari and Robertsdh proposed a phenomenological
three-stage model to describe the characté€® ahdD peaks
in visible Raman spectroscopy foamorphization of

TABLE Il. G peak andD peak dispersion for samples treated by laser derived from visible Raman spectra and
ultraviolet Raman spectra.

Diamond ns266-L ns266-M ns266-H fs800-L fs800-H

Visible G(cm 1) 1539 1585 1591 1595 1546 1586
(514.5 nm

D(cm™ 1) 1322 1357 1357 1357 1326 1353
Ultraviolet G(cm™ %) 1560 1587 1593 1598 1598 1589
(325 nm

D(cm™ Y 1353 1420 1413 1424 1376 1404
Shift AG(cm™ b 21 2 2 3 52 3

AD(cm™ 1) 31 63 56 67 50 51
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holes in nanographite materigThis charge transfer from 09p "NGUnireated 51610
the graphiterr bands to the edge states would lead to a stiff- 08} (a): E;er;;ae:t D:1347
ening of the C—C bonds in the plane, thus leading to the 07l —fit I(D)(G)=1.32
upshift of theG peak position. Therefore, it is easy to pro- = - ---PeakG W, .=4dem”!
. . S06¢1...... PeakD ©
duce the zigzag structure in nanocarbon phases after the 266 3 ] ~ K
L ——P3 11720m’ Wp)=70cm

nm ns laser treatment, which will produce a charge-transfer g 0.5
effect. The laser induced charge-transfer effect is also veri- <504
fied in nanocarbon films prepared by HFCVD as shown in §0.3
Fig. 2.

As shown in Fig. 1d), the diamond peak almost disap-
pears for sample ns266-H. To fit the whole spectrum another e
new band(Lorentzian near 1192 cm?® should be taken into 0.0 ==

& 0.2

0.1

account. This new Raman peak only appears in samples 'O'g;oo 000 T A e 3000
treated by a strong laser power. The peak positions are lo- ]
cated in the 1150—1200 crh spectral range depending on Raman Shift (cm )
the laser power density and the fitting procedures, because
the peak intensity is very weak. 09T (b): NC-266nm treated gf}g}g

A peak near 1150 cit in the visible Raman can always 0.8} ;Ei)t(pe"mem (D)\(G)=1.20
be observed in the poor quality CVD diamond. Nemanich o7 L - PeakG W..=36em” !
et al. *° proposed that this peak could be the result of nano- g 06l PeakD © “
crystalline or amorphous diamond, a precursor structure of g o5l ——P1 1274cm”™ Wpy=51cm
diamond. A small grain size would be expected to relax the & | ——p2 1217em™
gq=0 selection rule and allow phonon modes wiif0 Z 04 bsq172emT
to contribute. Other workers also supported this g 03 © Woen=37cm !
assignment®*~*°But Ferrari and Robertséhargued that 3 02f ©¥ ;
this peak should not be assigned to nanocrystalline diamond [ o\
or othersp-bonded phases, they assigned this peak to tran- 0 M—--"‘-T...
spolyacetylene segments at grain boundaries and surfaces,

which is clearly connected with the presence of hydrogen, Ol 7000 1200 1200 1800 1800 2000

and the peak of transpolyacetylene segments can be weak- Raman Shift cm™)

ened by postdeposition annealing. In our case, the hydrogen o ,
. . . . . FIG. 2. Decomposition of Raman spectra of CVD nanocarbon filmsgapf:

content in diamond film is V.ery IOW as derived from the ratio an untreated sample arft) 266 nm nanosecond laser treated sample. The

between the slopm of the fitted linear background and the g, p, p1, P2, andP3 peak components resulting from the fit are also

intensity of the G peak m/I(G), which is near zero shown. The resulting fit is superimposed on the data. The linear background

(m/I )~ 1.0X 1076 for all sample}s,‘” and this new Raman has been subtracted and not shown. The results of peak position and FWHM

. .. .of D andG peak, and height ratio di{D)/1(G Iso shown.
peak only appeared in the sample ns266-H. However it j§f D andG peak, and height ratio d(D)/1(G) are also shown

impossible that the hydrogen content in sample ns266-H is

higher than that of the untreated samples because of the thefrq 4 kink at 1175 cit, which are equal roughly to the
mal effect of the laser treatment, which can be as high ageaks at 1274 and 1172 ¢t Thus we attribute the peaks at
several thousand degrees Centigrade according to the thefs74 and 1172 cit to the presence of amorphous diamond
mal vaporization modéf**° This is contrary to the previous g proposed by Nemanie al*® Therefore we attribute the

result of Ferrari and Robertson. Therefore it is impossible tg gy peak at-1192 cni® in sample ns266-H to amorphous
relate the~1190 cm ! Raman peak to the origin of a tran- diamond after 266 nm ns laser treatment.

spolyacetylene segments proposed by Ferrari and

Robertsorf® B. 800 nm fs | treatment
In order to further explore the origin of the1192 cm* ' nm 1S faser treatmen
peak, nanocrystal carbdNC) film prepared by HFCVD was Sample fs800-L is in stage 2 in the three-stage model as

also treated by a 266 nm ns laser. The visible Raman spectreell as the untreated sample, while sample fs800-H is in
(514.5 nm of NC film before and after laser treatment are stage 1. Therefore, it is meaningful to compare sample
shown in Fig. 2. The NC film shows two sharp peaks, i.e.fs800-L with the untreated sample. The upshift of Gipeak
the G andD peaks, and an additional peak at 1172 ¢roan  position and the increase 6fD)/I(G) after the 800 nm fs
also be clearly observed. After laser treatment, the treateldser treatment indicate that the decreasspifcontent, i.e.,

NC 266 nm sample shows two additional peaks at 1217 anthe number of aromatic rings order increase and the bond-
1274 cm!, and the 1172 cm' peak is enhanced and nar- angle disorder decrease, therefore the peak position
rowed by the 266 nm ns laser treatment. This indicates thancreasé® and the FWHM of theG andD peaks narrows.

the 1172 cm? peak cannot be attributed to the presence of a  Generally, as the laser power intensity increases, more
transpolyacetylene segment, if we consider the thermal effe@morphous carbon phases in the diamond film can change
of 266 nm laser treatment. Figure 3 shows the VDOS ofinto nanocarbon phases because of a more serious thermal
diamond®® where there is a maximum peak at 1260 ¢m effect. In the ns laser treatment, the 52 MW/fcpower in-
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sible to produce nanocrystal diamond in sample fs800-H by a
high power fs laser exposure. In other samples, although the
temperature may be sufficiently elevated, the instant shock
wave pressure is not high enough to produce nanocrystal
4 ) diamond from the nanocarbon material.

~1175¢m™” ~X point The size of nanocrystalline diamond in sample fs800-H
derived from the FWHM and peak position of diamond peak
is about 5—6 nm® which is consistent with the size of nano-
carbon(5.2 nm derived from TK equatiod.This also indi-
cates that the nanocrystal diamond maybe transformed from
1600 18'00 the nanocarbon phase in sample fs800-H.

- Diamond YDOS
- ~1260 cm™ ~L point
L -

1 0'00 1 2IOO ‘ 1 4100
o
Raman Shift (cm °) V. CONCLUSION

FIG. 3. The vibrational density of states of diamond from Ref. 48. The

maximum peak at 1260 cm and a kink at 1175 cit are also shown. The transformation of amorphous carbon to nanocarbon

in diamond film treated by ns and fs lasers has been investi-
gated by Micro-Raman spectroscopy. The line shape of Ra-
o . man spectra and the evolution with experimental conditions
tensity is enough to transform the amorphous carbon intg,aye heen analyzed. With increasing 266 nm laser power
nanocarbon material, while in the fs laser treatment, a las§hensity, the charge-transfer effect related to the edge states
power intensity greater than 15 TW/Eris needed. This IS of the nanocarbon phase is used to explain the upshift of the
because the thermal effect is much more serious in ns lasef peak position, and the peak in the range of 1150—1200
treatment than that of the fs laser treatment. cm ! is attributed to amorphous diamond. In the case of the
In sample fSSO_O'H' the_dlamond peak position is broadBOO nm fs laser treatment, the downshift and broadening of
ened and downshifted obviously. There are three factors repa diamond peak in sample fs800-H is due to the presence

sponsible for the broadening and downshift of the peaks of nanocrystalline diamond produced by the ultrahigh inten-
the diamond film:(a) defects produced by the laser treat- sity laser treatment.

ment, (b) tensile stress in the diamond film, af¢) nano-
crystal diamond produced by the laser treatment. Photo-
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