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The possibility of laser induced variation of optical and electrical properties of conductive nanocrystalline dia-
mond (CNCD) films has been demonstrated. The films were produced by microwave plasma chemical vapor de-
position (MPCVD) from CH4:H2:N2 gas mixtures. The films were irradiated in air with 20 ns pulses of an ArF
excimer laser (λ = 193 nm). It was found that low laser pulse intensity (~0.05 J/cm2), well below film surface
graphitization (~0.3 J/cm2) and nanoablation (~0.08 J/cm2) thresholds, induces changes of the film properties.
The effect requires multiple pulsed irradiation and results in a decrease of the film electrical conductivity,
which is accompanied by optical bleaching of the diamond film absorption.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Conductive nanocrystalline diamond (CNCD) films have great po-
tential as a new material for electronic devices, e.g. as field electron
emitters for displays and as thermionic emitters for energy conversion
applications [1,2]. Such films can be produced by microwave plasma
chemical vapor deposition (MPCVD) synthesis with the addition of ni-
trogen to the traditional CH4:H2 based gas. The films show electrical
conductivity with n-type character [3]. The nitrogen incorporation has
been shown to be largely in the grain boundaries [4], and theoretical
studies have indicated that n-type character is expected [5]. Prior re-
ports [4,6] have suggested that a concomitant increase in sp2 bonded
grain boundaries may present the largest contribution to the increased
electrical conductivity. The actual conductivity mechanism is a topic of
study, but amodel of combined localized states and hopping conductiv-
ity and extended π-bonding states and band conductivity has been able
to describe the conductivity over a range of temperature and N concen-
tration [7–9].

Laser-basedmodification of materials allows for versatile patterning
and scalability, and is a widely used tool for nano and microprocessing
films and surfaces (see e.g. [10]). However, this approach is less devel-
oped but under intensive study for diamond films [11,12]. For example,
recently it has been demonstrated that laser nanoablation is an effective
technique for ultra precise removal of single, poly and nanocrystalline
(all non-conductive) diamond samples, which are irradiated in air [13,
14]. In this work, we present a new technique for laser induced
nanostructuring of CNCD films which manifests itself at laser pulse in-
tensities below the laser nanoablation threshold. We are not aware of
prior experimental data for such laser induced effects with diamond
material [15].

2. Experiment

CNCD films were deposited on mirror polished 25 mm diameter
conductive silicon (001) substrates (P-doped, n-type, 0.01 Ω-cm,
from Virginia Semiconductor) using N2:H2:CH4 gas mixtures by
MPCVD [1]. The films were prepared with a N2 gas phase concentration
greater than 20%, which corresponds to a [N] concentration of
~2 × 1020 cm−3 and a resistivity of ~0.1 Ω-cm [8,9]. The initial film
thickness was ~150 nm. For laser processing, the samples were
mounted on a holder attached to a translation stage. An ArF excimer
laser (wavelength of 193 nm, pulse duration of 20 ns and a repetition
rate of 50 Hz) was used for sample irradiation at ambient atmospheric
conditions. The beamwas focused on a rectangular aperture to establish
the exposed area of the sample surface. The laser pulse fluence, E, was
varied from 0.05 to 5 J/cm2. The film properties were analyzed before
and after laser treatment. Surfacemorphologywas investigated by stan-
dard (Carl Zeiss, Axiotech 25HD) andwhite light interferometric (Zygo,
New View 5000) optical microscopes as well as scanning probe micro-
scopes (NT-MDT, NTEGRA Solaris, Asylum MFP3D). We utilized a
micro-Raman spectrometer (Jobin Yvon, LabRAM HR800) with an
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Fig. 2. Raman spectra of diamond film before and after laser irradiation. All spectra nor-
malized to the 520 cm−1 silicon line.
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excitationwavelength of 488 nm to determine the type of carbon bond-
ing present. The spatial uniformity of the film conductivity was
measured with an Asylum atomic force microscope operated with a
conductive diamond nanoprobe.

3. Results and discussion

We have found that at low laser fluence (E = Eo ≈ 0.05 J/cm2),
which is below the nanoablation threshold for CNCD films, pulsed
laser exposure can induce changes to the optical and electrical proper-
ties of the diamond film without evident crater formation. To observe
such changes of material properties, multiple (pulse number N N 104)
laser pulses are needed. Using an optical microscope, one can visually
observe the difference in color of the irradiated regions of the sample
(bright image on the left side in Fig. 1a) and the initial unprocessed re-
gions of the film (right side in Fig. 1a). The corresponding atomic force
microscope images of the film surface morphology prior to and after
multiple pulsed laser irradiation exposures (Eo ≈ 0.05 J/cm2 and N =
3 · 104 pulses) are presented in Fig. 1b. It is evident that the film surface
shows a similar morphology before and after the laser irradiation. The
size and distribution of nanoprotrusions and nanopores remain the
same. Moreover, the average surface roughness does not change and
equals to Ra ≈ 30 nm. Therefore, we can conclude that laser induced
variation of the CNCD film surface morphology, which can influence
light scattering, is not responsible for the observed optical effect.

Raman spectra before and after laser treatment at E = E0 are pre-
sented in Fig. 2. The different scans represent different regions on the
sample. The silicon line from the substrate is clearly visible at
520 cm−1, and all of the spectra have been normalized to the intensity
of this line. Vibrational modes of sp2 bonded carbon D (1360 cm−1)
and G (1590 cm−1) and second order Raman features around 2700–
2900 cm−1 are evident [16]. The broad background has been attributed
to defect related luminescence [17]. The relative intensity and the shape
of the carbon lines remain essentially unchanged, but the relative inten-
sity decreases by about 50% after laser irradiation (E= E0, N= 3 · 104).
The absolute intensity of the 520 cm−1 Si substrate signal increases by
about 30% while the absolute intensity of the sp2 related features de-
creases by about 30%. Consequently, the two effects contribute approx-
imately equally to the observed relative change in the ratio of the silicon
substrate line intensity, Isi, to that of the D and G peaks, ID(G). We note
that both the bleaching and the strong decrease of the sp2 signal after
laser treatment, have occurred while the thickness of the film is essen-
tially unchanged. Evidently, the decrease in the optically absorbing sp2

bonded content can account for the film bleaching effect.
The differences in optical properties of the initial and laser treated

films may be explained by the laser induced variation of carbon phases
and their ratio [18]. There are two effects that could be considered:
1) surface oxidation, and 2) redistribution of the hydrogen in the film.
Fig. 1. Images of CNCD film from (a) an optical microscope and (b) an AFM. The left part of both
3 · 104 pulses.
Firstwe estimate the surface temperature due to the laser pulse process.
For a diamond film in ambient air, surface graphitization is known to
occur at a temperature Tg ≈ 800 °C. The fluence range employed in
our experimentswas varied from0.05 through 5 J/cm2, and the ablation
rate was observed to decrease by more than 2 orders of magnitude at a
fluence of E ≈ Eg ≈ 0.3 J/cm2, which is typical for this change of the
mechanism of the diamondfilm ablation [14]. High-rate ablation results
from evaporation of a graphitized surface layer, and low-rate etching
(nanoablation) is characterized by laser-induced oxidation of the initial
material. Therefore, we can use this threshold value to estimate the sur-
face temperature at E = E0. We assume a linear relationship between
temperature and laser power which assumes that the optical properties
are constant in this range. Then the estimated temperature at E = E0 is
found to be T0≈ Tg(E0 / Eg)≈ 130 °C.We note that this is a conservative
but realistic approach since the optical absorption decreases slightly
during the measurements. At this low temperature one would not ex-
pect significant film oxidation that could lead to the removal of a signif-
icant quantity of the film. Prior research has shown that low intensity
pulsed illumination with UV radiation can induce oxidation of carbon
nanodots [18] and of highly oriented pyrolytic graphite [19]. Conse-
quently, the UV illumination can induce oxidation of small clusters or
surface atoms of sp2 bonded carbon. The optical properties of the struc-
tures can be changed and/or the reacted atoms can be chemically re-
moved as CO or CO2 from the surface and intergranular space. As a
result fewer sp2 bonded carbon atoms remain on the film surface. Con-
sidering the film porosity and the high optical absorption of the sp2

phase, the low intensity UV illumination could account for the diamond
film bleaching by oxidization of sp2 clusters not only at the thin surface
layer, but throughout the film thickness.
images corresponds to the film after laser irradiationwith a fluence of 0.05 J/cm2 and N=



198 M.S. Komlenok et al. / Diamond & Related Materials 58 (2015) 196–199
In an oxidizing atmosphere (air) the graphitic phase domains are ex-
pected to be thermally etched at a faster rate than the diamond do-
mains. Taking into account: (i) the exponential dependence of the
chemical etching rate vs. temperature; (ii) the short oxidation time as
a result of ns laser pulses; and (iii) the diffusion limitation for oxygen
molecules to reach the film surface during the short reaction time, it
becomes quite reasonable to consider that graphitic phase etching
under the considered conditions should be very small and a larger num-
ber of laser pulses would be needed for a pronounced optical effect, as
observed.

Another possible explanation for the reduction of the film optical ab-
sorption is a change of the hydrogen distribution in the film. The nano-
crystalline diamond films are known to have H-concentrations of up to
10% [20], part of which is bonded in polymeric carbon configurations at
grain boundaries [21]. We speculate that the pulsed laser process may
induce a redistribution of the hydrogen in the film [22], thus causing a
change of carbon hybridization from sp2 to sp3 configurations.

Since graphitic material has a large visible light absorption coeffi-
cient of 105 cm−1 either removal of sp2 bonded regions or conversion
to sp3 could provide a large enough effect to make the film more trans-
parent in the visible spectral range. The observation of optical bleaching
of the CNCD film is in agreement with prior results on irradiation of di-
amond films with b10 nm grains and notable sp2 and sp3 components
(i.e. UNCD films). In this study saturation of the etching rate was ob-
served at increased numbers of pulses [23].

Another argument for laser induced carbon structuremodification of
the films at E = E0 is the changing of the film electrical conductivity —
this effect was observed in our experiments by means of a conductive
diamond AFM cantilever.We chose AFM tomeasure conductivity to de-
termine local, spatially resolved, changes in conductivity. Again we
found a difference between the initial and laser modified film areas, as
can be observed in Fig. 3a (the boundary between the two areas is in
the middle). The amplitude of electric current averaged over a 5 μm re-
gion is displayed in Fig. 3c. Outside the lasermodified spot the current is
360 pA, while inside the spot it is 25 pA at 10 V. Consequently, more
than an order of magnitude drop of film conductivity was observed
after the pulsed laser treatment. Consistent with the optical changes,
Fig. 3. Conductivity (a) and morphology (b) measurements of diamond film by use of AFM. Th
irradiation. (c) Current and height vs distance across the boundary between pristine and irradia
the CNCD film and native silicon oxidewere removed from the silicon substrate with mechanic
quality contact.
this modification of the film electrical resistance likely represents a de-
crease in the band conductivity through π-bonded states [7,8]. This
change could be realized with partial removal of the conductive sp2,
π-bonded regions or conversion of sp2 into sp3 bonded carbon regions.
Since the energy of the laser (6.4 eV) is above the bandgap of diamond
(5.5 eV) and the film is a mixture of sp2 and sp3 phases, transmission to
the substrate is minimal, and we can assume that the conductivity
changes are a reflection of changes to thefilm, not the highly conductive
substrate or interface.

At slightly higher laser fluence (E = Ea = 0.08 J/cm2) crater forma-
tion is observed after film irradiation in air. Fig. 4 represents a profile
of such a crater in the CNCD film after 1000 laser pulses with E = Ea.
The depth of the crater is only about 30 nm, which is less than the
150 nm film thickness. This is a new example of pulsed laser induced
surface oxidation (nanoablation), which was earlier observed for non-
conductive diamond samples [13,14]. The average etching rate is only
0.03 nm/pulse, which allows application of a nanoablation process for
ultra-precise film nanostructuring. For example, about 100 laser pulses
are needed to form an ~3 nm deep crater. Note that with modern laser
systems, e.g. disk lasers with MHz pulse repetition rates, nanostructure
fabrication using a fast scanning laser beam is a scalable process.

For laser fluence E N Eg vaporization of a graphitized surface
(T≈ 4000 °C) can be realized. This is a typical physical ablation regime
with crater formation rates above 10 nm/pulse, which can be realized
for single or several laser pulse processes.

4. Conclusions

It is shown that depending on ArF laser pulse fluence and laser pulse
number, different effects can be induced on the surface of nitrogen-
doped nanocrystalline films:

1) For high pulse number N ≥ 103–104:

- film optical bleaching and a conductivity reduction at E =
0.05 J/cm2;

- film chemical etching (nanoablation) with rates as low as
10−2 nm/pulse at E = 0.08 J/cm2.
e left side of the scans corresponds to the initial film and right parts to the spot after laser
ted parts of the CNCDfilm. (d) A schematic of conductive AFM. Tomake a complete circuit,
al etching just outside the region of interest, and silver paint was applied to provide a high



Fig. 4. Profile of a crater after 1000 laser pulses with E = Ea obtained. The profile was ob-
tained with a WLI microscope.
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2) For single and several pulse processes at E exceeding 0.3 J/cm2, sur-
face graphitization and vaporization (physical ablation) take place
with average material removal rates ≥ 10 nm/pulse.

Prime novelty statement

In this work, we present a new technique for laser induced
nanostructuring of conducting nanocrystalline (CNDC) diamond films.
By utilizing laser pulse intensities below the laser nanoablation thresh-
old, we are able to selectively remove sp2 carbon from the CNCD films,
thus changing their optical and elecrical properties. We are not aware
of prior experimental data for such laser induced effects with diamond
material.
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