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ABSTRACT We report the fabrication of graphitic microstruc-
tures in the bulk of chemical vapor deposited (CVD) diamond
using 120-fs laser pulses at 800-nm wavelength. The nature
of the laser-modified region and generation of mechanical
stresses in the surrounding diamond is studied with Raman
spectroscopy. A spontaneous growth of the laser-modified re-
gion from the focal plane towards the laser has been visualized
in the process of multipulse irradiation with different pulse
energies. The formation of discrete or continuous graphitized
structures is revealed depending on the varied local laser in-
tensity. The physical processes governing the appearance of
separate graphitic globules and continuous extension of the
graphitized region are discussed. Controlling the laser irradi-
ation conditions permits us to fabricate graphitic wires with
typical length of 150 wm and diameter of 1.5 wm. The longer,
300-ps pulses, as applied to laser microstructuring of the CVD
diamond bulk, are found to be inappropriate due to the stronger
influence of structural defects on the damage threshold, the no-
ticeable fluctuation of the structure diameter over the length and
the pronounced cracking of the surrounding diamond.

PACS 42.62.-b; 61.80.Ba

1 Introduction

The extensive capabilities of femtosecond laser
pulses for the generation of various microstructures in the
bulk of different transparent materials like glasses and pho-
toresistors were demonstrated recently [1-8]. The possible
laser-induced phenomena include generation of color cen-
ters, change of refractive index due to densification and de-
fect formation, appearance of microvoids due to remelting
and shock waves, cracking due to destructive breakdown, etc.
These material-specific effects were utilized for fabrication
of three-dimensional optical memories with ultra-high stor-
age density [1], optical circuits [2—4], photonic nanostruc-
tures [5], surface relief gratings [6] and volume Fresnel zone
plates [7].

Laser-induced phase transition in diamond opens unique
opportunities for bulk microstructuring of the material. The
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drastic differences in optical and electrical properties of the
original material (diamond) compared to the modified mate-
rial (graphite) make it appear very promising for the design of
various optical, photonic and electronic devices. A few exam-
ples of inner diamond graphitization induced by pulsed laser
irradiation were already reported including the formation of
buried graphitic layers in ion-implanted diamond [9, 10] and
graphitic channels with typical diameter of 20 um [11]. How-
ever, many basic physical questions concerning the occur-
rence and growth of graphitized microstructures in the bulk
of diamond still require deeper investigation. One of the prob-
lems arises from the noticeable difference in the densities be-
tween diamond (3.5 g/cm?) and graphite (1.8-2.25 g/cm?),
which leads to an expansion of the material at the diamond—
graphite phase transition. A simple theoretical estimation
in [12] predicts that the appearance of even a nanometer-
scale graphitic globule inside the diamond matrix initiates
enough tensile stress to cause diamond cracking. Such an ef-
fect could substantially limit the perspectives of diamond bulk
microstructuring; so, it requires careful experimental verifi-
cation. Among other important questions, the effect of laser
pulse duration on the phase-transition process in the bulk of
diamond is to be clarified, as has been done earlier for the sur-
face graphitization of diamond [13]. Artificial diamond pro-
duced by chemical vapor deposition (CVD) is much cheaper
and more accessible than the natural diamond, so it is more
attractive for possible industrial applications. However, the
polycrystalline nature of the CVD diamond makes it neces-
sary to specify the influence of the local structure fluctuations
on controllability of the laser processing.

This paper reports the formation of graphitized glob-
ules and high-aspect-ratio wires with the specific diameter
of a few micrometers in the bulk of CVD diamond utiliz-
ing IR femtosecond laser pulses. We have studied the in-
fluence of the material and the irradiation conditions on the
optical breakdown, which initiates the laser-induced diamond
microstructuring. The structure of the laser-modified region
and surrounding diamond is investigated with Raman spec-
troscopy. A spontaneous growth of the modified region under
multipulse irradiation is visualized for different radiation
parameters; physical processes defining the growth dynam-
ics are considered. The microstructures produced by 120-fs
pulses and 300-ps pulses at similar irradiation conditions are
compared.
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2 Experiments

A sample of 1 x 1 x 5 mm? size with polished sides
was prepared from optical quality CVD diamond grown in mi-
crowave plasma [14]. The laser pulses with duration of 120 fs
were generated by a regenerative amplified mode-locked
Ti:sapphire laser (Spectra Physics) operating at a wavelength
of 800 nm. The experiments on laser structuring of diamond
bulk were performed with a 8-mm objective, which provided
the beam waist diameter of 3.0 um measured at an inten-
sity level of 1/e. In the experiments with the 300-ps pulses
(1064-nm wavelength) generated by a mode-locked Nd: YAG
laser the beam waist diameter was 3.6 um. A x50 micro-
scopic objective and a CCD camera were used to visualize
and record the appearance of light-absorbing (dark) structures
near the focal point, which was shifted typically at 50-250 pm
distance from the surface into the bulk of the diamond sample.
The laser-affected region was observed perpendicularly to the
laser beam.

Two 0.5-mm-thick polished plates of the optical quality
CVD diamond and natural Ila type single crystal diamond
were prepared for optical transmittance measurements. The
laser light transmittance was measured as a function of the
laser fluence ranging from the laser damage threshold down to
the value two orders of magnitude lower than the laser damage
threshold. A central, nearly uniform part of the laser beam was
cut off by a round diaphragm and imaged by a 200-mm lens at
the sample surface in a spot of 65 pm. As a result, the laser flu-
ence was kept at an almost constant level both over the whole
irradiation spot area and through the sample thickness.

Raman microanalysis was carried out with a self-made
setup consisting of a double monochromator (Jobin-Yvon
HRD1) and a single photon avalanche diode (PerkinElmer
SPCM-AQ). Raman scattering was excited by continuous ra-
diation of a diode-pumped frequency-doubled Nd:YVO laser
at the wavelength of 532 nm. A narrow-band dielectric filter
reduced the laser line width to 0.3 nm (FWHM). A x40 mi-
croscopic objective was used to focus the exciting radiation
inside the diamond sample and to collect the scattered light.

3 Results

31 Optical breakdown in diamond

It is generally recognized that the advantages of
femtosecond laser pulses in processing of transparent mate-

rials are based on the increased efficiency of nonlinear pho-
toionization providing direct excitation of electrons from the
valence band to the conduction band by the laser field. De-
pending on the laser frequency and intensity, multiphoton
ionization or tunneling ionization becomes dominant. An-
other important parameter is the band gap of a transparent
material [15, 16]. If the band gap is relatively small, the non-
linear photoionization alone is sufficient to reach the critical
electron density, which provides efficient absorption of the
laser radiation and leads to irreversible changes in the mate-
rial structure. On the contrary, for large-band-gap materials,
the avalanche impact ionization produces most of the free
electrons required for the optical breakdown. However, non-
linear photoionization still enlarges the concentration of seed
electrons and reduces the influence of imperfections of local
material structure (defects, impurities, etc.).

Diamond is an indirect-band-gap material with the min-
imal energy gap of Eign = 5.49¢V and the direct energy gap

of Egir =7.3¢eV [17]. Nonlinear photoionization of diamond

by UV femtosecond pulses was studied in [18] and two-
photon absorption was found to be the dominant effect for the
248-nm wavelength. As for the laser wavelength of 800 nm
and the pulse duration of 100 fs utilized in our experiments,
one can assume that contributions of nonlinear ionization
and impact ionization processes are comparable under the
given laser parameters. This follows from comparison of
diamond with other transparent materials examined at the
same conditions [15, 16]. Diamond mediates between a set of
glasses with the band gap of below 4.4 eV, which are ascribed
to the small-band-gap materials with dominating nonlinear
ionization, and large-band-gap dielectrics like fused silica
(Eg =9¢V)and CaF, (E; =10.2¢eV).

To verify the influence of the structural defects existing in
the CVD diamond on the absorption of femtosecond pulses,
transmission of the CVD diamond and the natural diamond
specimens was measured in a wide range of laser fluences be-
low the breakdown threshold (Fig. 1). No change in the aver-
aged transmission was found for the natural diamond (Fig. 1a)
until the diamond-graphite phase transition caused an irre-
versible transmission fall at 0.4 J/cm?. As for the CVD dia-
mond, it demonstrated smaller transmission even at the lowest
laser fluence (Fig. 1b), presumably due to the presence of
absorbing (graphitic) impurities. Besides, a slight reversible
reduction of transmission under rise of fluence was observed

CVD diamond

FIGURE 1 Optical transmission of
diamond specimens as a function
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for the CVD diamond before the final fall at 0.3J/ cm?; it can
be attributed to increasing photoionization from defect states.

The transmission measurements prove that the defects and
impurities in the CVD diamond make a detectable contribu-
tion to the ionization process and intensify production of the
seed electrons for the impact ionization. This leads to a ~ 30%
reduction of the damage threshold for the CVD diamond com-
pared with the natural diamond. Essentially larger scattering
in the thresholds was obtained when the same specimens were
irradiated by 300-ps pulses. The damage thresholds for the
natural and CVD diamond were 10-80 J/cm? and 2—4 J/cm?,
respectively, strongly fluctuating under displacement over the
specimen surface. Thus, femtosecond pulses provide much
better controllability of the CVD diamond processing; how-
ever, they do not allow the complete avoidance of the influ-
ence of the structural defects.

The feature of the reported transmission measurements
was that the applied optical scheme ensured an approxi-
mately constant laser fluence through the sample thickness.
Under these conditions, the laser damage first occurred at
the rear surface of the sample. Moreover, the measured dam-
age threshold was essentially lower than the value obtained
under tight beam focusing and small Rayleigh range, which
were typical for the experiments on the bulk microstructur-
ing reported below. The phenomenon, already reported for
diamond [19], can be explained by interference of incident
and reflected light near the rear side of a transparent di-
electric medium, which enlarges the laser intensity in a nar-
row layer and reduces the measured damage threshold [20].
The expected ratio between the damage thresholds for the
front and rear sides is determined only by the refractive in-
dex [20]: 4n?/(n+1)> 2~ 2 for n = 2.4 in the case of dia-
mond. As a consequence, when the optical breakdown oc-
curs near the rear surface of the specimen, the laser intensity
in other regions of the irradiated volume is still two times
lower than the breakdown threshold. Thus, correct measure-
ment of the laser-induced optical absorption near the break-
down threshold appears impossible for the applied optical
scheme.

The appearance of visible damage under tight focusing of
the laser beam at the diamond surface or beneath it demon-
strates a pronounced ‘incubation’ effect, i.e. the damage oc-
curs only after several laser shots if the laser fluence is below
a certain value — Fipc &~ 4 J/cm?. The minimum number of
laser shots required for the damage to occur quickly increases
as the laser fluence decreases, as is shown in Fig. 2 describ-
ing the ‘incubation’ effect at the surface focusing. Similar
phenomena were observed earlier for various transparent ma-
terials [21] including diamond [22]. The reason of the ‘incu-
bation’ effect is generally recognized as the appearance and
accumulation of stable nanoscale defects, which produce an
increasing number of seed electrons for the avalanche pro-
cess [21]. In the case of diamond, the nature of such defects
is still not clear. It will be shown below that the ‘incubation’
effect plays an important role in spontaneous extension of the
laser-modified region under multipulse action.

It seems important also to verify a possible effect of
the laser beam self-focusing, which occurs when the ap-
plied laser power exceeds the critical value given by the
expression [23, 24]
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FIGURE 2 Number of laser shots required for the occurrence of visible
damage of the diamond surface as a function of laser fluence (‘incubation’
effect)

P.. = 3.77)\%/ (87tnons) , (D)
where A = 800 nm is the laser wavelength, no = 2.4 is the di-
amond refractive index and ns[cm?/W| = (0.0395/47nd) ny
[esu] is the nonlinear refraction coefficient of diamond.
We applied a linear interpolation to the published data
on n, [esu] for A=1064nm (2.3 x 10" Besu) and 1 =
532nm, (4 x 10~ esu) [19] to estimate the nonlinear re-
fraction coefficients at A = 800nm : ny ~ 3.1 x 107 B esu =
1.69 x 1071 cm?/W. The expression (1) yields the critical
laser power value of P, =2.36 MW. The corresponding level
of the laser pulse energy in our experiments is evaluated
as Q¢ = Pyt/(1 — R) =340n], where R = (ng — 1)2/(n0 +
1)? = 0.17 is the reflection from the front surface of the dia-
mond specimen and T = 120 fs is the pulse duration. All mi-
crostructures reported in this article are fabricated at smaller
pulse energies, and so we neglect the self-focusing effect
under further consideration. This conclusion agrees with the
fact that no regular displacement of the initial breakdown pos-
ition was revealed depending on the laser power applied. Only
small (< 5 um) stochastic fluctuations of the initial break-
down position were observed, presumably due to material
inhomogeneity.

3.2 Raman spectroscopy of modified region

Several laser-modified regions produced inside the
CVD diamond by a tightly focused beam, as is reported
in Sect. 3.3, were investigated with Raman spectroscopy
(Fig. 3). The spectrum (bottom) of the original CVD di-
amond demonstrates a narrow line (1330 cm™!), which is
slightly shifted from the position of the first-order Raman
spectrum of the undisturbed diamond lattice (1332cm™"),
and a wide peak, which is interpreted as photoluminescence
with a maximum at 575.5nm (2.156 eV) being specific for
the nitrogen-containing diamond [25]. The same diamond-
related peaks, slightly shifted downward, are observed in the
spectrum relating to the laser-modified region, as both excit-
ing and scattered radiation propagate through the surrounding
diamond matrix. The top spectrum demonstrates also several
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FIGURE 3 Raman spectra of original CVD diamond (bottom) and laser-
modified region with surrounding diamond (fop). The four numbered
peaks are centered at 1417 cm™! (1), 1450 cm~! (2), 1560 cm~' (3) and
1580 cm™! (4), respectively

additional low-intensity peaks numbered 1-4 in Fig. 3. The
separate peaks centered at 1417 cm™' (No. 1) and 1450 cm™!
(No. 2) are ascribed to microcrystalline graphite and amorph-
ous sp>-bounded carbon, respectively [25]. The wide peak in
the range of 1540—1595 cm™! can be interpreted as two over-
lapped lines (No. 3 and No. 4) centered at 1560 cm™' and
1580cm™"!, which belong to microcrystalline graphite [25].
Thus, Raman microanalysis has confirmed our expectations
of the diamond—graphite phase transition.

The main diamond peak in the spectrum relating to the
modified region is shifted downward by Av~ 10cm™! as
compared with the original diamond. This shift indicates the
appearance of tensile stress in the diamond matrix around
the modified region. Indeed, local expansion of the material
under the diamond—graphite transition should result in the oc-
currence of radial compressive stress and tangential biaxial
tensile stress in the surrounding diamond. The radial compres-
sion seems to be essentially relaxed due to diamond expan-
sion, so it does not affect detectably the Raman spectrum. The
value of the biaxial tensile stress (o) can be evaluated from
the measured shift of the peak using the following expres-
sion [26,27]:

Av [em™ '] = —2.050 [GPa] . 2)

The obtained value o &~ 5 GPa is much smaller than the
theoretical maximum tensile strength for perfect single crystal

Focal

plane Continuous structure

Discrete structure

diamond (190 GPa), but exceeds most experimental values of
the tensile strengths (between 180 and 5190 MPa) measured
for various CVD diamond films [28]. The reduction of the
tensile strength observed under increase of the film thickness
and the grain size was ascribed to microscopic cracks concen-
trated at the grain boundaries. Let us take into account that
the tensile stress generated under standard strength measure-
ments is almost uniform over the specimen thickness, so the
film rupture occurs when the stress exceeds a certain thresh-
old. In our experiments, however, the tensile stress is localized
near the microscopic modified region. The estimated value of
the stress is not sufficient to produce the material fracture in-
side a diamond grain. The local rise of existing cracks is still
possible, but it can be difficult to detect visually. This makes
explainable an absence of visible cracks in the diamond ma-
trix around the modified regions produced by femtosecond
pulses (see Figs. 4 and 6).

33 Spontaneous growth of graphitic structure

When focusing the laser beam beneath the speci-
men surface, the laser damage first occurs near the focal plane.
Multipulse irradiation causes a gradual growth of the modified
region towards the laser beam, as illustrated in Fig. 4. In gen-
eral, the final structure consists of two parts, which under the
optical microscope look like (i) a set of irregular dark spots
(called further on a ‘discrete structure’) and (ii) a continuous
channel (a ‘continuous structure’), which appears later and
further from the focal plane.

The dynamics of spontaneous growth of the laser-modified
structures under multipulse irradiation was examined using
the real-time video of the process. A displacement of the
front edge of the modified region from the focus position
was presented as a function of the laser shot number. The
first derivative of the function was defined as the growth rate.
Figure 5 shows variation of the growth rate depending on
the distance from the focus position for the structure shown
in Fig. 4. The growth-rate curve consists of two parts relat-
ing to consecutive formation of the discrete and continuous
structures. The change of the growth regime at the distance
of 40 wm causes a specific bending of the growth-rate curve,
namely, the growth rate quickly decreases before this point,
but shows temporal stabilization after it. Summarizing the
data on the structures fabricated at various pulse energies, it
is found that the transition to the continuous growth regime is
observed at a fixed threshold fluence: F} = 1.2+£0.2J/cm?.
Note that this and other evaluations of the local laser fluence

Laser
beam

FIGURE 4 Optical microscopy image of laser-
modified region inside diamond bulk created by mul-
tiple 120-fs pulses with energy of 320 nJ. The position
of the focal plane and the direction of laser beam propa-
gation are also shown
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FIGURE 5 Variation of the growth rate under formation of the laser-
modified structure shown in Fig. 4 as a function of distance from the focus

position. The corresponding change of local laser fluence according to ex-
pression (3) and results of ‘incubation’ effect modeling are also shown

F(z) are obtained via the known expression for an undisturbed
Gaussian beam:

F(z) = F0)&?(0)/’(2) , 3)
where 7 is the distance from the focal plane and w(z) is the
radius at 1/e maximum: w?(z) = @?(0) + [zA/27w(0)]*.

The presented observations can be explained by compe-
tition of two laser-induced processes. First, it is a break-
down in the original diamond generating a set of separate
graphitic globules and, second, it is a continuous extension of
the graphitized region initiated by the first process. The ob-
served bending in the growth-rate curve under the change of
the dominating process indicates that these two processes are
characterized by different dependences of the growth rate on
the local laser fluence. At high local fluence (F > F}), the
appearance of separate graphitic globules at increasing dis-
tance from the focus position provides an essentially faster
extension of the modified region than the continuous growth.
The diamond-graphite phase transition causes a dramatic rise
of the optical absorption up to 2 x 10° cm~! [10]; hence, the
penetration of the laser radiation behind the graphitized re-
gion is completely blocked. This leads to conservation of all
graphitic globules excluding the last one fabricated. However,
the rate of the discrete structure growth quickly goes down for
decreasing fluence until it becomes comparable with the con-
tinuous growth rate. The observed weak dependence of the
continuous growth rate on the local fluence near F leads to
domination of the continuous growth process at F < Fj. If
the laser pulse energy is sufficiently small and the condition
F < F} holds good even in the focal plane, exclusive forma-

FIGURE 6 Examples of graphitic wires spontaneously grown at fixed ir-
radiation conditions

tion of graphitic wires can be realized, as shown in Fig. 6.
The spontaneous growth of a graphitic wire under multipulse
irradiation goes on until the local fluence reaches another
threshold: F; = 0.35+0.05J/cm?. The maximum length of
continuous graphitic wires fabricated at fixed irradiation con-
ditions reached 45 pum; this value was limited by a narrow
range of appropriate local fluence: F3 < F(z) < Fj. How-
ever, this limitation could be negotiated via a slow movement
of the focus position towards the laser. This approach was
used to fabricate 150-pum-long graphitic wires with average
diameter of 1.5 pm and typical growth rate of 50—80 nm/shot.

Returning to the occurrence of separate graphitic globules
in the diamond, we found that the gradual displacement of the
breakdown position from the focus could be well described
in the frame of the ‘incubation’ effect. Indeed, repeated ir-
radiation leads to a reduction of the breakdown threshold, so
that the breakdown at increasing distance from the focus be-
comes possible. This idea is confirmed by good quantitative
coincidence of the experimental data on the growth rate for
the discrete structure with predictions of a model consider-
ing the ‘incubation’ effect in the diamond bulk (Fig. 5). The
model combines the measurements of the ‘incubation’ period
in experiments of the surface irradiation, i.e. the experimen-
tal dependence N, (F) in Fig. 2, with the expression (3) for
variation of the axial fluence F(z). The resulting dependence
Niin (F(2)) = Nmin (z) is converted into the function z(Nmi, ),
which defines an expected position of the laser breakdown
depending on the total number of applied laser pulses. Differ-
entiating the last function, we obtain finally the expected rate
of the discrete structure growth: Viisc(N) = dz (Nmin) /dN.
For adequate comparison with the experimental data, the ex-
pected growth rate is presented in Fig. 5 as a function of the
distance from the focus position.

The presented modeling of the ‘incubation’ effect in the
bulk of diamond emphasizes the change in the growth dynam-
ics under the transition from the discrete graphitic globules to
the continuous structure. A weak dependence of the growth
rate on decreasing local fluence was found to be typical of
all examined continuous structures at the initial stage of their
formation. In particular, this feature is clearly seen in Fig. 7,
which illustrates the growth of a few continuous graphitic

o 70nd

Growth rate, nm/shot

0 5 10 15 20 25 30 35 40 45
Length, um

FIGURE 7 Dynamics of spontaneous growth of continuous graphitic wires
at various pulse energies
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wires at sufficiently small pulse energies excluding the ap-
pearance of the discrete structures. According to the concept
presented above, the key process, which determines the dy-
namics of the discrete structure formation, is the generation
of seed electrons for the following avalanche ionization due
to nonlinear absorption in diamond and accumulation of eas-
ily excited defects under multipulse irradiation. We believe
that laser-induced modification of diamond near the front of
the existing graphitized region is also based on the avalanche
ionization of diamond. However, most seed electrons in this
case are generated in graphite instead of diamond, which es-
sentially affects the dynamics of the modified area growth.

The laser light reaching the graphitized area is absorbed
in a thin, near-50-nm layer. Graphite has a zero-width band
gap and the Fermi level relates to the bottom of the con-
duction band. The velocity of the electrons excited by pho-
tons with energy #v = 1.55eV can reach the value of V, =
V2hv/me = 7.4 x 10" cm/s, where m, = 9.1 x 10728 g is the
electron mass. Hence, hot electrons moving in the ballis-
tic regime, i.e. without any large-angle scattering, can leave
graphite and penetrate inside diamond at the maximum dis-
tance of LY ~ 90 nm during the 120-fs pulse. The measure-
ments of transient thermoreflectivity [29] at thin gold films
have demonstrated that fast ballistic movement of photoex-
cited electrons actually plays an essential role at such small
distances. The limited propagation distance of external elec-
trons in diamond restricts the thickness of the layer where
the laser-induced avalanche ionization and the formation of
light-absorbing plasma can occur. It is necessary to take into
account that the concentration of the external electrons in-
side the enriched diamond layer decreases with distance from
the graphite—diamond interface. Hence, the thickness of the
diamond layer, where the concentration of the external elec-
trons exceeds the threshold value sufficient to initiate the laser
breakdown, must depend on the absorbed (local) energy dens-
ity in the general case. One can expect a noticeable rise of
the modified layer thickness when the local laser fluence in-
creases from FIL However, this rise must decelerate and fi-
nally stop when the modified layer thickness approaches the
maximum, i.e. LY. Thus, the given qualitative model explains
the experimental behavior of the continuous growth rate de-
pending on the laser fluence.

More accurate consideration should take into account also
post-pulse dissipation of the absorbed energy from the initial
ionization zone. Spreading of the energy due to diffusion of
hot electrons or thermal conductivity can cause, in principle,
an additional growth of the graphitized region. The lifetime
of photoexcited electrons in CVD diamond reaches several
hundreds of picoseconds [30]; however, most of the absorbed
energy is transferred from the electrons to the lattice in the
time domain of 7; = 5—10 ps according to numerous theor-
etical and experimental studies (see for instance [31,32]).
The diffusion coefficient for electrons excited by picosec-
ond laser pulses in CVD diamond has been experimentally
evaluated [30] as D, = 6—9 cm? /s. Hence, the specific length
of post-pulse diffusion of the hot electrons can be roughly
estimated as LS ~ /DeTei = 50-90 nm. The heat wave gen-
erated during the same period (7.i) propagates at a smaller
distance: Ly ~ /XTei &~ 20-30nm, where x = K/(Cp0) =
0.8 cm?/s, K = 530 W/(m K) is the thermal conductivity and

-~
mHE 10”n_1'

a b
FIGURE 8 Graphitized structures fabricated in CVD diamond by 300-ps
pulses: (a) one shot, (b) two shots

Cp = 18001J/(kg K) is the heat capacity at T = 1000 K; ¢ =
3.51 x 10 kg/m? is the material density [33]. The evaluated
L% and Ly, are comparable with a size of the avalanche ion-
ization zone (LE ~ 90 nm); so, both the mechanisms of the
energy dissipation must be taken into account under quantita-
tive consideration. An actual rise of the modified region size
due to post-pulse energy dissipation can be smaller or larger
than the above estimations depending on the amount of the
initial absorbed energy. The continuous growth regime dom-
inates inside a narrow fluence range 0.35-1.2J/cm?, so we
assume a weak influence of the energy dissipation process on
the thickness of the modified layer.

Finally, we would like to consider the influence of the laser
pulse duration on the process of bulk diamond microstructur-
ing. It was mentioned already that the laser damage threshold
for the 300-ps pulses fluctuates by a factor of two due to local
material inhomogeneity compared with about 30% variation
obtained for the 120-fs pulses. Another important feature of
the long pulses is much higher growth rate in the continuous
regime —up to 10 wm/shot. The typical graphitized structures
fabricated inside the CVD diamond by one and two 300-ps
pulses are shown in Fig. 8. Evident cracks in the surrounding
diamond result, presumably, from huge dynamic mechanical
stresses induced by fast expansion of a large material volume.
The diameter of the modified region substantially changes
over a single shot, correlating with the time variation of the
local fluence during the triangle-like laser pulse. All these pe-
culiarities evidence that using long picosecond pulses for the
diamond bulk microstructuring is inappropriate.

4 Conclusions

The formation of microscopic regions with modi-
fied structure inside CVD diamond induced by multiple ir-
radiation by 120-fs laser pulses at 800-nm wavelength has
been studied experimentally. Highly efficient nonlinear ab-
sorption of femtosecond pulses in diamond ensures low sen-
sitivity of the laser damage threshold to the structural defects,
as follows from comparison of natural and CVD diamond. Ra-
man spectroscopy confirms the graphitic nature of the laser-
modified material. Local phase transition generates tensile
stresses in the surrounding diamond, which, however, are not
sufficient to cause material cracking.

Multiple laser irradiation results in appearance and spon-
taneous extension of the modified region from the focus to-
wards the laser, so that separate graphitic globules and a con-
tinuous graphitic wire are consecutively formed in the general
case. The mentioned varieties of structures feature different
growth behavior, which has been explained by a change of
the mechanism supplying seed electrons for the avalanche
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impact ionization of diamond. The occurrence of separate
graphitic globules is typical for high local fluence, when most
seed electrons are generated directly in diamond due to non-
linear absorption and accumulation of easily excited defects.
On the contrary, continuous extension of the existing graphi-
tized area appears predominant at low fluence. In this case, the
avalanche ionization in a thin diamond layer near the graphi-
tized area is initiated by photoexcited electrons penetrating
into diamond from graphite. This regime in combination with
a gradual shift of the focus position towards the laser makes
possible fabrication of graphitic wires with typical length of
150 pm and diameter of 1.5 pm.

Continuous graphitic structures can be produced inside
CVD diamond by also applying longer, e.g. 300-ps, laser
pulses. However, essential local fluctuations of the damage
threshold, variation of the structure diameter over the length
and pronounced cracking of the surrounding diamond make
usage of long laser pulses much less attractive.
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