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Abstract

Pulsed laser writing of graphitic electrodes in diamond is a promising technique for innovative particle
detectors. Although of great relevance in 3D fabrication, the processes involved in sub-bandgap bulk
irradiation are still not well understood. In this work, Raman imaging is exploited to correlate
resistivity and graphitic content in 5+10 um-thick electrodes, obtained both in the domains of
femtoseconds and of nanoseconds of pulse duration. A wide interval of resistivities (60-900 mQcm),
according to the irradiation technique employed, are correlated with an sp? content of the modified
material ranging over a factor 2.5. The stress distribution (maximum of about 10 GPa) and the presence
of nano-structured sp> material around the graphitic columns have also been studied by Raman
spectroscopy, and a rationale for the conductive behaviour of the material is presented in terms of the
thermodynamics of the process.

*corresponding author: Stefano Lagomarsino, lagomarsino@fi.infn.it



1. Introduction

Diamond detectors have long been envisaged as a promising solution for the challenges of radiation-
harsh environments®, and are now assuming an important role in R&D activities for the upgrade of the
innermost tracking layers at the Large Hadron Collider (LHC) at CERN?*.

Qualities which make diamond a good candidate are the high saturation velocity of the charge carriers
(double as high as for silicon), the low dielectric constant (5.6 vs 11.9 for silicon), the extremely low
leakage currents (at most 107 times those of silicon at the same bias voltages and temperatures), the
high operative temperatures (tested* up to 80 °C) and, most importantly, a very high knock-on energy
(about 50 eV, vs. 15 eV for silicon®), which contributes to an extremely favorable tolerance to radiation
damage.

The advantages of diamond on silicon become even more effective in the 3D concept, developed in the
last decades for silicon detectors®’. In this architecture the charge collection is accomplished by narrow
columnar electrodes which, being normal to the sensor larger surfaces, are nearly parallel to the path of
the particles crossing the sensor itself. In this way both the response speed and the radiation tolerance
take a further advance due to the shortening of the carrier paths, which depends on the distance
between electrodes, which is much lower than the material thickness.

Although micro-fabrication of buried structures in diamond could also be possible with techniques
employing MeV ion irradiation® °, pulsed laser graphitization is a technique which offers a much easier
way to fabricate conductive channels orthogonal to the diamond surface’®. This is, at present, the
technique used for fabrication of 3D electrodes™****. Nevertheless, in spite of the progresses in their
implementation, graphitic structures in the diamond bulk exhibit a resistivity'* two order of magnitude
higher than that reported for amorphous graphite, and the production of mechanical cracks in the

diamond structure is still an issue. Moreover, although Raman analysis evidenced the presence of a



graphitic phase in the buried conductive channels®, there is a lack of quantitative studies correlating
the Raman signature with the peculiar conductive behavior of this material.

In this work, we fabricated conductive structures both on the surface and in the bulk of diamond by
means of pulsed laser irradiation with pulse widths in the nanosecond and the femtosecond domains,
and we performed their quantitative characterization by means of micro-Raman imaging, with a
resolution of ~2 um. We extracted information about the local phase composition of the obtained
structures in term of sp® and sp>-bonded carbon concentrations, evidencing a strong correlation between
their conductivity and their graphitic content. Information about the local stress conditions were also
obtained, from which a rationale for the different phase composition of structures fabricated under

different local conditions is given, involving the thermodynamics of the process.

2. Material and methods

We used polycrystalline and monocrystalline detector-grade diamond samples by Element Six. This
kind of material is usually defined™ as a type Ila diamond exhibiting a minimum charge collection
distance of about 200 um. The pulsed laser sources employed were:

a) a Nd:YAG Q-switched source with an 8 ns pulse width, 1064 nm wavelength, pulse energies in the
range 10-60 uJ and repetition rates from 1 to 10 kHz.

b) a Ti:sapphire femtosecond laser source of 30 fs pulse width, 800 nm wavelength, pulse energies
between 3 and 18 pJ and repetition rate of 1 kHz.

Both beams have been focused either on the diamond surface or in the diamond bulk with microscope
objectives optimized for the wavelengths of interest. The waist in the two cases had about the same
diameter, in the range 8-10 um. The same objectives were also used to acquire optical micrographs of
the sample during the irradiation, with the aid of a suitably arranged microscope system (see fig. 1).

The sample position was controlled by a three-axes displacement stage driven by computerized step



motors with micrometric resolution.
The experimental setup has been arranged in a way that it is possible to switch from a laser source to
the other without moving the sample and allowing, if necessary, an easy integration of the two

techniques in processing the same device.
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Figure 1. Experimental set-up used to fabricate graphitic structures in diamond. The sample is moved with respect to the

laser beam by an xyz interfaced system. Mirror M allows to switch from one source to another. The images of the sample
(illuminated in transparency) and the laser spot is collected by the camera C. The power at target is monitored by the power-

meter S.

The graphitic structures we implemented are: A) Superficial conductive tracks obtained by keeping the
front surface of diamond in the focal plane of the objective and translating it at constant velocity (xy-
directions). B) Buried conductive wires obtained by focusing the laser beam on the back diamond
surface and moving the focus at constant velocity perpendicularly to the surface, across the bulk for
100-500 um (z-direction).

Figure 2A shows a 3D structure made of staggered wires, fabricated with the fs-laser source, connected
with two interdigitated superficial graphitic combs engraved with the nanosecond laser irradiation. We
fabricated structures of up to 310 columns in 2-dimensional arrays covering areas 1.5x1.5 mm?. In
Figure 2B and 2C two buried columns created by the ns and the fs-laser source are shown, as seen

across a lateral polished surface at about 40 um from each column.



The electrical transport properties of the tracks fabricated on the surface and across the diamond have
been measured with standard current-voltage measurements, resulting in a good ohmic behavior. Their
geometric shape was determined by optical inspection, in a way to calculate the electrical resistivity of

the graphitic phases created by laser irradiation.

Figure 2. A: 1x1 mm? 3D structure consisting of 36 + 25 = 61 staggered vertical wires 500 pm long, connected to
interdigitated graphitic combs on a same surface of diamond. The distance between the comb teeth is 100 um. The wires
appears to be shorter than they are because of the refraction.

B: Image of a wire fabricated with the nanosecond laser source

C: image of a wire fabricated with the femtosecond laser source.

The image of the wire in C appears to be sharper because of the refraction on the cracks created in B by the nanosecond

source.

Since the conductive behavior of the material appears to be strongly dependent on the conditions of
irradiation and on the laser source employed (see section Results and Discussion), a micro-Raman
characterization of the graphitic phases has been performed, in order to correlate morphology and
electrical conductivity with the phase composition of the artifact. The experimental apparatus, which is
described in detail elsewhere®, has a lateral spatial resolution of about 3 um, and a field depth of the
same order. The wavelengths employed were mainly 647 nm and 752 nm from a Kr laser lines. The
superficial tracks, as well as the emerging ends of the buried columns, were analyzed by focusing the

beam on the surface of the sample. The spectra of columnar buried structures were observed across the
5



lateral polished surface of the diamond slice, placed at the fixed distance of 40 um from the graphitic
column, in a way that the analysis of the spectra of different columns allows a quantitative comparison
of the phase content. An xy motorized displacement system was exploited, in order to obtain 2-

dimensional Raman images of the field of view.

3. Results and Discussion

Superficial and buried conductive channels have different morphological, electrical and structural
characteristics, according to the laser source employed.

3.1 Superficial tracks

Only the ns-pulsed laser source appears to be useful in fabrication of superficial conductive track,
because the fs-laser source causes ablation of diamond, and leaves only a very thin layer of modified
material. On the contrary, the ns-laser source creates deep (up to 50 um) and narrow (~10 um)
channels uniformly filled with an opaque material, which results ablated only for a depth from 3 to 7
um.

The depth of the channels increases with the number of laser pulses impinging on a same point,
reaching about 50 um at about 700 pulses-per-point (see fig. 3). On the contrary, it is quite independent
on the pulse energy (at least up to 50 uJ-per-pulse), provided that the energy lies above a threshold of
about 6 pJ-per-pulse. This is the threshold found if the irradiation starts from a zone where the material
is already graphitized, while if graphitization has to start from undamaged diamond the threshold is
placed at about 37 pJ-per-pulse.

The resistivity of the material, as measured on different tracks fabricated with different energy-per-
pulse and number of pulses-per-point, is quite dispersed (8 = 4 mQcm, see tab. 1) around a value which
is not so far from those reported for amorphous graphite (0.4 = 5 mQcm), with no clear dependence on

the process parameters.
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Figure 3. Red points: depth of the superficial tracks made with the ns-pulsed laser source as a function of energy per pulse

(at constant number of shots per point) . Black points: depth of the tracks as a function of the number of shots per point (at

constant energy).

Material Resistivity (mQcm)
Superficial tracks (ns laser source) | 8+4

Buried wires (ns laser source) 60+20

Buried wires (fs laser source) 9004300

Table 1. Comparison between the resistivity of different kind of graphitic materials, created in different location (superficial

or buried), and with different laser sources.

Raman characterization confirms the suggestion, resulting from the measurement of the resistivity, that
the modified material consists in a phase of disordered sp? carbon.

We examined the spectra of the material emerging at the free surface of diamond, and in all cases we
found invariantly a feature with two wide peaks centered at 1325 cm™ and 1580 cm™ (see Fig.4).

While the 1580 cm™ peak is easily identified as the G-peak of amorphous graphite’’ the assignment of



the peak at 1325 cm™ was more sophisticated. It could be due to the reported D-peak of disordered
graphite'” but its position close to the diamond Raman line could make it possible to attribute it to
nanocrystalline diamond*®*°. Since the D-peak of graphite is known to have a dispersive behavior as a
function of the exciting radiation frequency, we performed Raman measurements of the position of the
peak at different wavelengths (514, 532, 647 and 752 nm) in order to discriminate the two possibilities.
The dispersive behavior observed for this feature for excitation lines from green to red (see the inset of
figure 2) is consistent with the existing literature about the graphite D-peak, allowing to conclude that

the superficial modified material consists in disordered graphite.
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Figure 4. Raman spectrum of a typical superficial graphitization. In the inset, the dispersive behavior of the D-peak,

compared with those reported in literature for the corresponding peak of disordered graphite (references in Reich et al.'’).

3.1 Buried columns
Both the sources we employed are capable to write buried conductive wires perpendicular to the beam
entrance surface of diamond, but with different geometrical and physical characteristics. The cross-

sectional area of both types of structure depends on the pulse energy, being roughly proportional to the



difference between the pulse energy and a threshold value which is about 2 pJ for the fs-pulsed laser

source and 9 pJ for the ns-one (see fig. 5). In the case of ns-pulsed laser, in order to grow a buried
column with such a low value of the energy-per-pulse, it is necessary to initiate it on an already
graphitized zone on the back side of the diamond sample.

The morphological characteristics of the two kinds of columns are quite different: ns-laser made
structures are quite irregular in cross-section and exhibit cracks which are more and more evident as the
value of the energy-per-pulse increases (see fig. 2B and 2C). On the contrary, fs-laser made columns
are more regular in section and show traces of ruptures only for very high values of the energy-per-
pulse employed.

The two types of wires also exhibit a very different electrical behavior. The mean resistivity obtained

for the ns-source wires was about 60 mQQcm, while that for the fs-source wires was an order of

magnitude greater (about 900 mQcm, see Tab. 1) in agreement with Kononenko et al.*
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Figure 5: The cross-sectional area of both types of columns (made with the ns and fs laser respectively) are roughly

proportional to the difference between the pulse energy and a threshold value.

The Raman analysis of the two kind of structures explains the difference in their electrical behavior.



While the spectra of the emerging part each column show substantially no difference with that shown

in figure 3, those of the buried part are well represented by fig. 6
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Figure 6. Raman spectrum of a buried graphitic wire fabricated with the nanosecond laser source. In the inset: a detail in the

1310-1370 range, showing the distortion of the diamond peak due to the mechanical stress.

The 1332 cm™ line of diamond is superimposed to the D peak, due to the 40 um-thick layer of diamond
in front of each column, and a distinct G peak at 1580 cm™ is detectable along the axis of our buried
structures, confirming the presence of graphite inside the fabricated buried patterns. Moreover, a
feature at 1090 cm™ is seen, in the wires fabricated with the ns-pulsed laser source, around the graphitic
structures within a distance of a few micrometers, while for the wires created with the femtosecond
laser its presence is assessed with a much lower intensity and only sporadically. This peak is attributed
to nano-crystalline diamond®, or to Z-carbon®!, an sp> phase which is stable at pressures exceeding
about 9.8 GPa. The local pressure, on the other hand, can be studied considering the stress-induced
deformation of the diamond line at 1332 cm™ (see the inset of fig 5), acquiring information about the

physical state of the graphitic phase itself.
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To extract quantitative information about the content in graphite of buried structures, we compared the
areas Ag under the G peak with those under the peak of diamond (Api,) at the same depth inside the

diamond bulk but quite far from the graphitic column, in order to use Apiz as a monitor of the laser

As

beam intensity. The index r = —=— s taken as an indication of the quantity of graphite.
Dia

The images of figure 7 (top of the figure) shows 20x20 um? 2-dimensional profiles of the r index for

two different graphitic wires, fabricated with the nanosecond and the femtosecond pulsed source

respectively.
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Figure 7. Top of the figure: maps of the G-peak intensity (r index in the text) for wires created with the nanosecond (left)
and the femtosecond (right) laser source, corresponding to regions of 20x20 um? Bottom of the figure: maps of the Py
index corresponding to the same regions (left for the nanosecond, right for the femtosecond wire).

We found that the maximum r index measured in the patterns created with the femtosecond and the

11



nanosecond laser sources are in the ratio 1 : 2.5. Thus, it is proved that the resistivity of differently
fabricated structures is related to the different content in graphite of the material. The picture suggested
is that of a mixture of two phases in which conduction takes place by percolation between graphite
micro or nano-crystals dispersed in an sp® matrix.

As a matter of fact, the presence of an sp® phase is well assessed at least in the buried structures created
with the nanosecond laser source.

In figure 8 (top of the figure) 2-dimensional profiles of the intensity of the 1090 cm™ line attributed to
diamond nanocrystals or to Z-carbon is shown for two different columns, one of which corresponding
to the top-left map of figure 7. It is apparent the correlation with the graphite-map profile, suggesting
the presence of a defective layer around the graphitic path.

Now we can give an account of the Raman measurement of the pressure distribution around the buried
graphitized columns, from which a rationale for the different composition of the superficial and the
buried patterns can be inferred.

We found that the diamond peak is strongly distorted in the region of the buried structures (see the inset
of Fig. 5). Its shape can be described by a superposition of a standard pseudo-Voigt profile centered at
1332 cm™ with a FWHM of about 1.8 cm™ with a wide feature whose best fit is accomplished by one,
two or (occasionally) more gaussian profiles, mainly but not exclusively centered at higher
wavenumbers.

We interpreted the 1332 cm™ peak as due to the undistorted profile of the diamond layer at great
distance from the graphitic track, while the satellite profile, whose width is generally greater than that
of the diamond line, is interpreted as an inhomogeneous distortion produced by the highly stressed
material around and inside the structures under study. The cubic structure of diamond allows the
reasonable assumption that the shape of the satellite profile is almost uniquely related to the uniaxial
pressure-tension distribution along the line of sight, irrespective of the crystal orientation.

Thus, we assumed as an index of the maximum compressive stress Pnax along the line of sight the

12



Raman shift displacement Av corresponding to the g4 percentile of the satellite distribution (in
analogy with the cumulate of a standard distribution at the average plus the standard deviation) divided
by the constant 2.44 cm™GPa™, as suggested by Akamaha et al.? for pressures below some tens of

GPa.
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Figure 8. Top of the figure: maps of the intensity of the peak at 1090 cm™ for two different wires created with the
nanosecond laser source, both with a pulse energy of 9 uJ and a sample translating velocity of 250 um/s, but with pulse
rates respectively of 5000 Hz (left) and 500 Hz (right). Both images refer to regions of 20x20 um? the firs one is the same

of figure 4 (left). Bottom of the figure: maps of the P.x index corresponding to the same regions.

Fig. 7 and 8 (bottom of the figures) show two-dimensional maps of Pnax spatially coinciding with those
shown in the top of the same figures. It is apparent that the regions occupied by the graphitic phase and
by the sp® nanostructured phase are related to a compressive stress in the diamond around them which
can be as high as 10 GPa, not so far from the maximum pressure for which graphite is stable at the

thermodynamic equilibrium, that is the graphite-diamond-liquid triple point pressure, about 13 GPa®.
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This explains the reduced graphitic content and the high values of resistivity of the buried material. The
very high elastic constants of diamond and graphite and the low density of graphite with respect to
diamond would determine, in the case of a complete transformation of diamond in graphite, very high
pressure of the buried graphitic phases, which can be estimated in about 60 GPa". But graphite is stable
at the thermodynamic equilibrium only below about 13 GPa. Consequently, only a high density mixed
phase can crystallize, in a way that the local pressure never exceeds, after the phase formation, those
permitted by the thermodynamics. A high density phase can be obtained only in a material relatively
poor of sp? bonds, determining an intrinsic higher resistivity of the buried graphitic electrodes with
respect to the surface ones.

This picture is confirmed by Raman analysis of the emerging part of the buried columns, where the
pressure is supposed to be the atmospheric one. This spectra, as just said, are the same of those

obtained by the superficial tracks, and completely compatible with those of amorphous graphite.

3. Conclusions

A correlation between Raman signatures and resistivity values of graphitic wires has been assessed.
The channels fabricated with the ns laser exhibit a lower resistivity due to the higher abundance of the
sp? phase. On the other hand, a defective layer of nanocrystalline sp® material has been evidenced
around the ns-wires.

In spite of the relatively high resistances of the buried wires made with the fs-laser source, and of the
presence of a defective layer in those made with the ns-one, measurements of charge collection

efficiency in diamond particle sensors formed by arrays of buried graphitic columns, attest their

* An approximate calculation based on the assumption that the cubic diamond lattice behaves like an isotropic material, as
well as amorphous graphite, gives, for a cylindrical column, a pressure given by

CL-C2)Cs +CS o
P= ( él é“x llG 446) —2 1|, where 5D,G is the density of diamond or graphite at standard pressure and
C11 - C44 + C11 + C44

g
Ck'i’G are the elastic constants of diamond and amorphous graphite?.
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suitability as electrodes and their full compatibility with a standard readout electronics®. Nonetheless,
the employment of the fs-columns in a pixel detector, where each readout line is connected with a
single column, would determine a high level of Johnson noise, while defective layers around the ns-
columns could result in a signal degradation. For this reason, investigation on the physical properties
of this material is necessary, in order to find the best compromise in the process parameters and in the
geometric tailoring of 3D-electrodes which, potentially, can be a breakthrough in radiation-hard

detectors for high energy physics.
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Please provide a Prime Novelty Statement for your manuscript below (one or two sentences). This statement should
provide information as to what is new and novel in the manuscript, and is provided to referees for consideration when
reviewing manuscripts.

We have performed for the first time a Raman imaging characterization of buried graphitic electrodes in Diamond,
obtaining space-resolved information about phase composition and state of stress of laser-made graphitic structures,
fabricated with ns- and fs-pulsed laser sources.

We have correlated electrical resistivity and graphitic content of laser-modified diamond material.

We have compared graphitic electrodes made by laser at different pulse widths, in the range of nanosecond and

femtoseconds and discovered the presence of an sp® disordered phase around the electrodes made with the ns
source, exhibiting a Raman peak at 1090 cm™.
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Highlights

Fabrication of superficial and buried graphitic structures in diamond by means of ns- and fs-pulsed laser radiation.
Quantitative two-dimensional maps of the phase composition and of the stress conditions of the artifacts were obtained
by micro-Raman imaging.

A correlation between electrical conductivity and graphitic content was assessed.

A rationale for the different composition of phases obtained in different condition has been found, involving the
thermodynamics of the process.

17
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Figure Captions
Figure 1. Experimental set-up used to fabricate graphitic structures in diamond. The sample is moved
with respect to the laser beam by an xyz interfaced system. Mirror M allows to switch from one source
to another. The images of the sample (illuminated in transparency) and the laser spot is collected by the

camera C. The power at target is monitored by the power-meter S.

Figure 2. A: 1x1 mm? 3D structure consisting of 36 + 25 = 61 staggered vertical wires 500 pm long,
connected to interdigitated graphitic combs on a same surface of diamond. The distance between the
comb teeth is 100 um. The wires appears to be shorter than they are because of the refraction.

B: Image of a wire fabricated with the nanosecond laser source

C: image of a wire fabricated with the femtosecond laser source.

The image of the wire in C appears to be sharper because of the refraction on the cracks created in B by

the nanosecond source.

Figure 3. Red points: depth of the superficial tracks made with the ns-pulsed laser source as a function
of energy per pulse (at constant number of shots per point) . Black points: depth of the tracks as a

function of the number of shots per point (at constant energy).
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Figure 4. Raman spectrum of a typical superficial graphitization. In the inset, the dispersive behavior of
the D-peak, compared with those reported in literature for the corresponding peak of disordered

graphite (references in Reich et al.»").

Figure 5: The cross-sectional area of both types of columns (made with the ns and fs laser respectively)

are roughly proportional to the difference between the pulse energy and a threshold value.

Figure 6. Raman spectrum of a buried graphitic wire fabricated with the nanosecond laser source. In the
inset: a detail in the 1310-1370 range, showing the distortion of the diamond peak due to the

mechanical stress.

Figure 7. Top of the figure: maps of the G-peak intensity (r index in the text) for wires created with the
nanosecond (left) and the femtosecond (right) laser source, corresponding to regions of 20x20 um?.
Bottom of the figure: maps of the Pma index corresponding to the same regions (left for the

nanosecond, right for the femtosecond wire).

Figure 8. Top of the figure: maps of the intensity of the peak at 1090 cm™ for two different wires
created with the nanosecond laser source, both with a pulse energy of 9 pJ and a sample translating
velocity of 250 um/s, but with pulse rates respectively of 5000 Hz (left) and 500 Hz (right). Both
images refer to regions of 20x20 pm?, the firs one is the same of figure 4 (left). Bottom of the figure:

maps of the Pnax index corresponding to the same regions.

Table Captions

Table 1. Comparison between the resistivity of different kind of graphitic materials, created in different

location (superficial or buried), and with different laser sources.
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