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Introduction

The Deep lon Beam Lithography (DIBL) microfabrication
of monocrystalline diamond [1] consists of a selective
damage introduction in the crystal by means of MeV ion
beams focused down to a micrometer spot size and raster
scanned on the sample along predefined patterns.

The damage induced by ions is localized mainly at their end
of range, i.e. a few micrometers below the surface. The
regions, in which the vacancy density overcomes a critical
“graphitization threshold”, convert to a graphitic phase upon
thermal treatment. Elsewhere, the diamond structure is
recovered to a large extent.

This method allows to define highly conductive graphitic
channels in single crystal diamond, whose length is limited
by the range of the ion microbeam scanning system (several
hundred micrometers), whose width is given by the beam
spot size, and whose formation depth is defined by the
nuclear stopping range of the ions (few micrometers).

The production of highly conductive, optically opaque,
chemically reactive graphitic structures embedded in a
highly resistive, optically transparent and chemically inert
diamond matrix is of potential interest for many
applications, e.g. for the realization of diamond 3D
microstructures [2], microfluidic channels, innovative
biosensors [3], IR emitters [4], bolometers [5]. Moreover,
the DIBL technique can be exploited to realize novel 3D
architectures for ionizing radiation detection with enhanced
radiation hardness properties.

The Ion Beam Induced Charge (IBIC) [1] microscopy was
identified as the most suitable technique in order to
characterize and map at the micrometric level the electronic
properties and the charge collection efficiency (CCE) of
micro-fabricated diamond detectors.

CCE maps obtained by raster scanning a 4 MeV He ion
micro-beam onto the sample surface provided information
not easily available otherwise on the electronic
characteristics of the detector, such as the electric field
geometry, the role of carrier species in the induced charge
pulse formation and the evaluation of the residual damage
introduced by the DIBL fabrication in the diamond lattice.

Experimental

The sample under test (sample 1) consisted of an intrinsic
homoepitaxial single-crystal ~40 um thick diamond layer
grown on a HPHT Ib single crystal substrate at the Rome
“Tor Vergata” University, by means of a Microwave Plasma
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Figure 1. Energy loss of 4 MeV He' ions in diamond (left
scale) and vacancy density profile in diamond generated by
1.47-10"7 He" ions of energy 1.8 MeV (right scale) as
evaluated by SRIM 2011 simulation. The horizontal line
indicates the graphitization threshold [7].

Enhanced Chemical Vapour Deposition process [8].
Graphitic channels were made by DIBL [1] at the INFN
National Laboratories of Legnaro (I), using a 1.8 MeV He
jon microbeam. The ion fluence was ~1.5-10"7 ¢cm™, which
is sufficient, according to SRIM2011 simulations [9], to
produce a vacancy density profile with a damage peak above
the graphitization threshold [12] at a depth of ~3 um
(Fig. 1).

The evaporation of slowly-thinning Cu masks onto the
diamond surface before implantation allowed for the
modulation of the depth of the damaged channels, ensuring
their electrical continuity with the surface.

After ion implantation, the sample was annealed in vacuum
at 1100 °C for 2 hours, in order to both convert the highly-
damaged regions to a graphitic phase and to recover the sub-
threshold structural damage introduced in the “cap layer”
overlying the above-mentioned damaged region (i.e., the
region overlying the buried channels [1]).

The DIBL process resulted in the fabrication of four parallel
buried graphitic channels (see Fig. 2a), plus an additional
orthogonal channel, Each channel was ~10 wum wide, the
average spacing being ~12 um. Due to the homoepitaxial
growth process, the sample was not equipped with a back
electrode.
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Figure 2. Optical micrograph of: (a) Sample 1, the graphitic
channels buried in the diamond matrix are visible as opaque
stripes; (b) Sample 2, equipped with surface interdigitated
Ti/Pt/Al  electrodes. Relevant connections to the
amplification/bias circuits are sketched.



The emerging endpoints of the channels at the surface were
contacted to perform electrical measurements. The current
measured between any pair of electrodes was below the
detection limit of our electrometer (<1 pA at £100V applied
bias), showing both the high resistivity of the diamond
matrix surrounding the channels and a negligible surface
leakage current.

An additional, nominally identical diamond sample (sample
2) was grown to provide a comparison between buried
graphitic channels and standard ohmic surface metallic
contacts (Fig. 2b). The sample was equipped with Ti/Pt/Au
(50/20/50 nm) finger contacts patterned by means of a
standard lift-off photo-lithographic technique [10]. The
current flowing between the two fingers was below the
instrumental sensitivity (i.e. < 1 pA at £100 V).

IBIC measurements were performed at the Ruder Boskovi¢
Institute (RBI) using a 4 um spot size 4 MeV He in order to
prove the region below the graphitic electrodes (penetration
depth: ~9 pm, Fig. 1).

Sample 1 was investigated through a low current (<1000
ions's', to prevent damage and pile-up effects) microbeam
raster scan of a rectangular area (120x150 pm?) surrounding
the buried electrodes. Pulse height processing, beam
scanning and 2D map acquisition was carried out by a
hardware and software system developed at the RBI [11].
Sample 2 was analysed using the same IBIC set up; the ion
beam scan area was set to about 300x300 pum®.

Results

Fig. 3a shows the IBIC map collected from sample 1 by the
the sensitive electrode Sy (Fig. 2a) polarized at +80 V, when
the other vertical electrodes are grounded. Charge pulses
above the electronic threshold (7.5% CCE) are generated
only close to the sensitive electrode; the motion of free
carriers generated elsewhere does not induce any detectable
signal, as evidenced by the the CCE profile along the
horizontal direction centered in the middle of the horizontal
electrode.

When the applied bias is inverted to -80 V (Fig. 3b), the
IBIC map shows a complementary result, in which no pulses
are detected close to S, electrode. Detectable pulses are
generated in the area surrounding the four vertical grounded
electrodes, as highlighted by the CCE horizontal profile.

The IBIC theory provides a satisfactory interpretation of
these results [6]. Assuming a perfect intrinsic material with
ideal ohmic contacts, the traditional approach based on
Ramo’s theorem relying on the evaluation of the weighting
potential can be adopted. The weighting potential is mapped
by solving the Laplace’s equation assuming a unit potential
at the sensitive electrode while all the other electrodes are
grounded. This approach allowed us to identify the region
where detectable charge pulses are generated, whose
intensity is proportional to the difference in weighting
potential between the initial and final position of the moving
charge carriers [1].

The weighting potential maps relevant to the sensitive
electrode Sy by means of a Finite Element Method solver [1]
are shown in Fig. 4a, 4b; the streamlines indicate the
trajectories of positive charges according to the electrostatic
field generated by the bias configurations relevant to Figs.
3a and 3b, respectively.

The role of electrons and holes in the pulse formation can be
understood by comparing the weighting potential with the
experimental IBIC maps. In Fig. 3a the pulses arise in
proximity of the anode.

Electrons provide a negligible contribution to the CCE since
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Figure 3. IBIC map from sample 1 collected under the
following bias conditions: (a) V¢=+80 V; V;=V,=V;=V,=0
V. (b) V=80 V; V;=V,=V3;=V,=0. In both cases, the
sensitive electrode is Sy (ref. Fig. 2). Below, horizontal CCE
median profiles along the rectangular regions highlighted in
red.
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Figure 4. Weighting potential maps and electric field
streamlines relevant to the IBIC maps shown in Fig. 3a (a)
and 3b (b). The streamlines are generated at a depth of 8 um,
corresponding to the maximum of the ionization curve.
Arrows indicate the electric field at the generation points.

they are collected by S, crossing a region with a nearly
constant weighting potential; holes drift towards the
grounded electrodes spanning regions with weighting
potential ranging from almost 1 to 0 (Fig. 4a).



If charge generation occurs near a grounded electrode(s),
electrons should provide a dominant contribution; however
the CCE profile (Fig. 3a) is zero, indicating that their drift
length (and hence their lifetime) is significantly shorter than
the distance between the electrodes.

Such an interpretation is confirmed by the results in Fig. 3b,
where the bias polarity is inverted and holes generated at the
anodes (vertical electrodes) move towards the sensitive
electrodes, having a drift length sufficient to cross regions
with a pronounced variation in weighting potential (Fig. 4b).
Fig. 5a shows the CCE map and the relevant horizontal
profile collected by the second vertical electrode (S,) under
the following biasing conditions: V,, V,, V4 grounded and
Vi, V3 at-100 V. As expected, only the region around the S,
electrode (anode) provides a detectable signal; the profile
has a maximum of ~60% CCE and a FWHM of about 30
pm.

Such a configuration was adopted to provide a comparison
with IBIC maps (Fig. 5b) acquired in similar bias conditions
on sample 2 (Fig. 2b), equipped with metallic electrodes
deposited in a comb-like structure onto the diamond surface.
The CCE profile shows that at the centre of each tooth-
comb, the efficiency reaches a value of 80%, remarkably
higher than that in Fig. 5a. According to Fig.1, about 25% of
the carriers are generated in the cap layer. Such a difference
can be then ascribed to sub-threshold damage induced by
DIBL, sufficient to prevent a full recovery of the electronic
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Figure 5. IBIC map and relevant horizontal profile of (a)
sample 1 under the following bias condition: V=V,=V,=0;
V,=V;=-100 V. The sensitive detector is S, (Fig. 2a). (b)
sample 2; the sensitive comb is grounded and the other is at
-100 V (Fig. 2b).

properties of the diamond sample and resulting in the hole
trapping in the cap layer [12].

Conclusions

The IBIC characterization of a CVD diamond detector with
buried graphitic electrodes fabricated by DIBL was
performed.

From the point of view of the material qualification, IBIC
maps evidenced that detectable charge signals were formed
mainly at the anodes, independently of the different
electrical configurations adopted in the measurements. The
experimental results are compatible with a model which
considers holes as the dominant carrier specie contributing
to the induced charge formation mechanism, as already
observed by other authors by induced transient current
measurements [13]. The low contribution of electrons
transport can be ascribed to carriers trapping, resulting in
short average lifetime.

From the point of view of the fabrication process
qualification, IBIC measurements highlighted a residual
damage induced during DIBL processing, which was only
partially healed by thermal annealing. Residual trapping
centres strongly reduced the carrier (hole) lifetimes (few ps),
making the cap layer almost inactive for the detection of
ionizing radiation.

From the point of view of the detector’s performance
qualification, the electrical configuration adopted in Fig. 4b
provided a wide active area (~200%200 pmz) for ionizing
radiation detection. Furthermore, as shown in Fig. 5a, the
multi-electrode structure of the device allows one to use
each buried channel as a sensitive electrode. Such a feature
could be exploited in future activities in order to provide
position sensitivity for the ionizing radiation detection at the
micrometric level in an innovative full-carbon detector.
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