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1. Semiconductor On Diamond Research

Several works have been reported in recent years on therimeplation of the widely diffused
Silicon On Insulator system[1] with the Silicon On Diamor8QD) concept[2, 3], due to the
extremely favorable thermal properties of diamond. GaNBiamond has also been proposed and
commercialized for applications in power electronics[4].

Most of the research on SOD fabrication are based on CheMaqedr Deposition (CVD) of
polycrystalline (pCVD) diamond on silicon[5, 6, 7]. This@pach can be satisfactory as far as
diamond is used as an electrically insulator and thermalagfing material. However, diamond is
intensely investigated also for its radiation hardnesssatar blindness and its nearly tissue equiva-
lence, for applications in high energy physics[8], spagqeeeinents[9] and clinical dosimetry[10].
Furthermore, its very favorable biocompatibility and édechemical properties[11, 12] make it a
unique material for interfacing living cells. We envisag®[3 applications, both in radiation de-
tection and in biophysics, through the implementation ohoiithic, rugged, low-noise systems
where diamond is either the active sensing material or thledpical interface and silicon is the
carrier of the integrated electronics.

To this purpose, it is hecessary to select independentlprtygerties of the two materials, a
goal which is out of reach of the CVD growth techniques. Difganding of independent silicon
and diamond samples have been unsuccessful in the past]1®1dly recently a bonding method
for silicon-on-diamond preparation has been presenté¢djtiich is based, as in the case of the
GaN on diamond structure[4], on a nanometric buffer laytarpposed between the two materials.

We have developed a laser enhanced method capable of argatlatinding of silicon and di-
amond by locally melting the materials to create a SiC/amaup silicon interface of less than 100
nm. The uniformity of the interface has been observed bytreleenicroscopy and the mechanical
strength has been assessed by adhesion tests. A theareiiball of the processes occurring during
laser irradiation has been used to obtain a rationale ofitdéd®mation, in terms of interdiffusion
of silicon and diamond, after reaching the melting energggholds. In the next section we discuss
and compare our experimental and theoretical results athetifollowing ones we discuss the two
research lines presently pursued by our collaboration. libads aimed to develop the prototype
of a monolithic SOD radiation detector where the diamondés gensor connected by Through
Silicon Vias (TSV) to the processing electronics. The othmer heads to connect the electronic of
a MicroElectrode Array (MEA) chip with the living cells oftsis placed on a diamond surface via
conductive graphite channels through the diamond bulks Htier implementation opens the way
to longer term applications such as muscular and neuropatt@ses.

2. Laser Enhanced SOD Fabrication

We bonded 50umm thick pCVD diamond and 50-30@m thick (111) Si plates, of surface
area 5 x 5 mrh by means of a 355 nm, 20 ps radiation from a Nd:YAG laser. Buise headed
to the Si plate through a fused silica viewport and the diasmsample. The radiation is absorbed
in about 20 nm inside the silicon and melts locally the twoeriats starting the bonding process,
which is based on interdiffusion and final solidification.
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The samples, carefully cleaned, are inserted into a ghsdltamber under Ar atmosphere in
order to avoid oxygen contamination of the silicon-diamdmerface. During the irradiation the
samples are pressed together with an 80 MPa uniaxial pees3ire laser spot on silicon has a
diameter of the order of 1 mm and an energy density of 1-10%fempulse. The whole interface
is bonded by scanning the laser spot over the whole surfeeehbg step. At each step we integrate
more than one laser pulse (5-50), since a single pulse pedetee not suffice for the bonding.

Surface textures of the samples were measured with whiteititerferometric microscopy, in
order to oppose the smoothest diamond and Si faces. Theibesirl surfaces had a roughness
height of about 10 nm and a roughness width of about @60 The silicon surfaces were an
order of magnitude better. Under these conditions, we estirthat the applied pressure ensures
the contact of about 80 % of the silicon and diamond surfadgshiis good enough for complete
bonding.

For all the SOD samples we used state-of-the-art pCVD diamlom any type of transparent
diamond, as the single-crystal one (scCVD), can be used,tfarking a dramatic difference with
respect to the more diffused diamond growth onto silicohrnéeque.

Detailed information on the characterization of the ol#dirtsOD material can be found in
ref.[16]. Here, we briefly resume the main results and disstil open problems which require a
finer tuning of the process parameters.

Adhesion tests, performed on several SOD samples, have gimeechanical strength higher
than 12 MPa. Above these limits the tested samples showker diactures of the silicon bulk,
away from the diamond interface, or the detachment fromakegadget. The inspection by Scan-
ning Electron Microscopy (SEM) of the SOD cross sectionsektively low magnifications, has
demonstrated the uniformity of the bonding on a micrometates In more detail, Raman spec-
troscopy, performed on different samples, has evidencedotbsence of an amorphous silicon
(a-Si) layer at the interface with a mean thickness of 85 nime firesence of amorphous carbon
in some points of the silicon-diamond interface has alsolmeserved, but it has not been pos-
sible to quantify it, although the laser line used were the&s&r.1 nm and 752.5 nm lines, which
should enhance the? diamond bonding. Analyses with the Fourier Transform Irfda(FTIR)
spectroscopy have shown the presence of amorphous or gatadime silicon carbide (SiC). The
SiC effective layer width depends on the number of lasersspet position: from 50 nm to 3 nm,
passing from 50 laser pulses to 10, respectively. The sesbitained with the optical analyses
are confirmed by preliminary results of Scanning Transmis&ilectron Microscopy (STEM), per-
formed on 20 nm SOD layers, obtained by thinning with focusedbeam. An interface layer of
about 100 nm has been clearly observed. A chemical chamatten performed on this interface
region by Energy Dispersion X-ray analysis (EDX) has evabeha gradual transition from the
silicon to the carbon phase.

A recently developed theoretical model of the process ormuduring the laser pulse (20 ps)
and in the subsequent cooling period (some nanosecondsy gideeper insight into the physics
involved. The model will be the subject of a fore coming papere we limit ourselves to outline
its main results.

The model input parameters are the pulse width, the lasezleagth and the energy per pulse.
The unidimensional model divides the region in proximitytted interface into layers and, for each
layer, takes into account reflection and absorption of therlaeam, diffusion and recombination of
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the electron-hole pairs created by the absorption and ghengsfer from the plasma of the excited
pairs to the lattice. Temperature, pressure and phase éisddhen numerically calculated in the
region of interest. The main output values are: the enengstiold of the incoming laser pulse to
obtain the melting of both Si and diamond at the interfacethadiepth of the interested region.
The performed calculations indicates that both depth amdggrthreshold increase with the
laser pulse width. At the used wavelength (355 nm), the grtargshold isE20,6=0.25 J/cr for a
20 ps pulse width and aboBtns=3.3 J/cnd for a 7 ns pulse. Correspondingly, the expected region
depth goes from a 50 nm minimum for the 20 ps pulse to 400 nmhtoi7tns pulse. The model
needs to be further validated, nevertheless it is quiteistam with our optical spectroscopy and
electron microscopy results obtained so far. It points bat tve can about halve the interface
depth by decreasing the pulse energy from the present I BbcE0ps=0.25 J/cm but we can
decrease it also using faster laser pulses, i.e., in theidarhhundreds of femtosecond. One more
indication of the validity of our model is the observatiorattall the bonding processes operated
above the computed melting thresholds of diamond were safidewhile the one operated below
failed.

3. SOD Monolithic Pixel Detectors

The development of high resolution sensors has involvedoagtresearch effort during the
last three decades[8]. Pixel sensors are routinely usegticabimaging for commercial purposes,
but their application in High Energy Physics (HEP) and spaxgeriments is still a subject of
intense investigation. Three are the main issues of thd@awent of the pixel technology. One is
the pixel sensitive volume which is correlated to the signahoise ratio (S/N) performances. One
other is the pixel density, which implies read out complexihd power budget, mostly in case of
large detector mosaics. The last issue concerns the @uiasistance of the detector both for the
sensor and the electronics parts.

In HEP applications, the technology developments have lathlgnto hybrid systems with
external read out chips connected to the sensor volume byswé®dump-bonding processes. Pixel
detectors are deployed in the inner part of the HEP dete@iess than 20 cm from the interaction
point) where more useful is their high geometric resolutibooking forward to the next hadronic
colliders (SLHC), to their higher beam luminosities andkgaound radiation, the development of
the pixel technology seems mandatory. Of relevance is thizelof the material, with regards to
which several R&D activities are ongoing. Solutions to @ase the resistance of silicon are under
study, but also the diamond option has arisen an increasiagest. The diamond industrial quality
has been constantly growing, while its cost remains hight I&ge scale applications can lower
it in the future and, however, pixel detectors remain couwfimesmall/moderate volumes around
collider interaction points.

Another interesting item for the pixel detector developimisnthe growth of the 3D inte-
grated electronics technique, where several thin layens)tare stacked together and connected by
Through Silicon Via (TSV). Each layer has its functionalétgd its technology. 3D stacks sitting
on an optical sensor with all silicon material are now in agen

We believe indeed that our SOD technique is a good oppoyttmibuild up a 3D stack based
on a diamond sensor. At present we intend to limit ourselvestunique silicon layer, the read out
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Figure 1: Schematics of a monolithic SOD detector. Ohmic contactaated on the two diamond sides
ensuring the required polarization. Collection of the atidn generated charge is obtained at the contacts
which are linked via the TSV to the front-end electronicsloa silicon side of the SOD chip.

electronics chip. The aim of the project is sketched in Fend it is addressed to HEP applications,
but the technology can be applied in any field where diamoaysahe role of sensor.

The fabrication of TSV is the main issue of this line of reshkar Since we want to bond
directly an electronic die to diamond, pre or post-progegssimplementation of TSV has to be
followed by ohmic contact fabrication at the Si-diamondeifaice. To investigate and to set up the
suitable procedures, we foresee an intermediate step: glemnent SOD devices equipped only
with silicon TSV matrix soldered to the diamond ohmic cotdaat the interface (see Fig. 2). The
fabrication of ohmic contacts is one of the most challengisgects of the implementation, the
other demanding aspects concerning the TSV realizationthBymplementation and refinement
of this intermediate step it will be possible to obtain theide depicted in Fig. 1.

4. SOD Biological Interfaces

The use of diamond in bioelectrochemical applications @mdry promising for the present
SOD technique. All the interest stems from the electrochahproperties and the biocompatibil-
ity of diamond and from the necessity of integration of themmprobe implants with the signal
elaboration electronics. The integration is needed tdlfthf request for small device dimensions
and reliable real-time data elaboration. The use of micectebde arrays (MEAS) for measuring
and evoking the extracellular, electro-physiologic attivs now increasing for both in-vivo and
in-vitro applications. The electrodes have different &saip the two cases, needle-like in the for-
mer, pad-like in the latter, but, in both cases, they mustbéxas low as possible impedances up
to few kHz ( < 1MQ) and a very good stability, to ensure registration and datian of neuronal
activity for long periods, from several months to severalrge

The most typical probe materials are the noble metals ane s@amo structured materials such
TiN and black-Pt. More recently, interest rose in carbonotiadipes (CNT). Nevertheless, diamond
is a very interesting material for MEAs, it offers uniquedrfaice properties between electrode (dia-
mond) and electrolyte, superior to any other material usedhdays. Semiconducting boron-doped



New perspectives for the Silicon-On-Diamond material, Borence, Italy S. Sciortino

TSV

sificon
diamond
graphite columns ohmic contacts

Figure 2: Two basic SOD structures to implement: TSVs for a SOD detdcight) and TSVs with their
graphite channel extensions for the bio-SOD (left)

diamond possess a large potential window between the oxaigegtydrogen peaks. This means a
wider range of applied potential between diamond and eligtg, which does not result in redox
reactions and allows the application of stimuli to neurana imore effective and non-toxic way.
Other appealing characteristics of diamond are the lowdpackd current during electrochemical
measurements, due to its adsorption inertia, the low Extertapacitance with aqueous solutions
and the independence from pH. All these aspects makes dihewery interesting material to be
worked for living cell adhesion.

In this context, our SOD technique can be an ideal approaémpement biosensors with
integrated micro-electrodes on the diamond side and thetretécs on the silicon side. But a
further issue other than the above mentioned TSVs must ket fixeoncerns the ohmic connection
between points on the two interfaces the diamond, at thegicell side and at the silicon side, i.
e., each micro electrode must be connected via a conduttasenel to its TSV and its electronics
on the other side of diamond.

Two are the ways of implementing such conductive channélsaaked on deep through dia-
mond graphite columns. The first starts with the formatioa gfaphitic seed at some micrometers
below the diamond surface as it is obtained by implantatimh fuccessive annealing. After that
the graphitic seed is extended to form a graphite columnrigimtion[17] with a nanosecond 532
nm laser. Laser pulses are absorbed at the end of the graphigeproducing the diamond melting
and its propagation to the opposite surface. Upon coolighlhiconducting graphitic channel,
about 10um in radius is formed, whose resistivity is about #@m. The second method, recently
reported[18], makes only use of a femtosecond laser, focumside the diamond along its thick-
ness, step by step, so to form a long graphite microcharngir{m). No electrical characterization
of such microchannels has been reported. This is criticabdio application, since a low noise via
through the diamond should not exceed a resistance of aboR .1

The achievement of laser graphitization with differentggulvidth values can be explained by
the fact that it is a threshold process ruled by the net endgeggity per pulse.

After TSVs the conductive channels in diamond are the basestane to reach, in order to
project a full prototype of a biological SOD device. Fig. 2ims the two basic SOD devices
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Figure 3: Schematic description of a SOD-MEA. An APS-MEA chip is irt@nnected with a SOD chip, to
exploit the unique bioelectrochemical properties of diathoThe APS-MEA 2Qum x um electrode size
can be used as well for the Si vias of the SOD and the diamowuttetes.

to implement: TSVs for a SOD detector and TSVs with their gipchannel extensions for the
bio-SOD device.

Because of the complexity of the devices, we plan to focudimtrefforts on the character-
ization of the diamond biological material interface anditsnconnection to the opposite silicon
interface and its TSVs. In order to understand the functitynaf such new SOD device in in-vitro
measurements we plan to connect it to existing MEA chips bgma®f a flip-chip technique. The
chip to use is the APS-MEA recently developed [19] and ifatgtd in Fig. 3. The APS chip, imple-
mented with a CMOS technology, exhibits a matrix of 4096,x220 um? pixels, fully equipped
with electronics which allows an high spatial resolutiargdther with a relatively high sampling
frequency (8 kHz). The capability of this device to recordotdophysiological signals with an
unprecedented resolution has been recently demonstraigtid [20].

The SOD-MEA system depicted in Fig. 3 represents an impbbamchmark in the short term,
for future developments, in the long term, of more dedic&Pel_SI architectures
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