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Abstract

A detector from single crystal synthetic diamond with conducting wires has been prepared
with an improved femto-second laser process. The detector was characterised with a 4.5 MeV
proton micro-beam (Ruder Bogkovié¢ Institute, Zagreb). The charge collection efficiency and the
transient current response have been investigated with high spatial resolution. A hexagonal and
square cell geometry is investigated. The experimental data is compared to a simulation.

1. INTRODUCTION

Diamond detectors with conductive wires in
the bulk, so called 3D diamond detectors, have
been demonstrated to work as position sensitive,
segmented detectors [1], and to exhibit good
superior radiation hardness compared to con-
ventional planar diamond detectors [2]. In this
study we examine the charge collection proper-
ties of a novel generation of 3D diamond detec-
tors fabricated with a femto-second laser and
aberration correcting optics.

The paper is structured as follows: Section
2 describes the production process of the 3D
diamond test detector. Section 3 presents stud-
ies of the charge collection properties with a
proton micro beam including spatially resolved
transient currents and a comparison of the ex-
perimental data to simulation results.

2. DETECTOR FABRICATION

To trace out conducting wires in diamond
a sufficiently large photon density is needed to
achieve non-linear absorption of photons and
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in consequence localised phase transition of dia-
mond into a combination of a graphitic phase
and amorphous carbon [3].

The conductive wires in the test device are
fabricated with a short laser pulse of 100 fs dura-
tion at a wavelength of 790 nm and a repetition
rate of 1 kHz from an amplified Ti:sapphire laser
(SpectraPhysics Solstice), operating in TEMgg
beam mode [4]. Focussing the laser inside the
diamond, there is severe spherical aberration
due to the refractive index mismatch at the di-
amond interface, limiting the efficiency of the
laser fabrication. To counter this a liquid crys-
tal spatial light modulator (SLM) was employed
to adaptively correct for the aberration dur-
ing fabrication [5], ensuring that a well defined
diffraction limited focal spot is achieved inside
the diamond. Using aberration correction in the
fabrication gives a better yield and improves
the wire properties significantly compared to
conventional processing [6].

The diamond sample was mounted to a pro-
grammable 3-axis stage to control the location
of the focal point of the beam within the dia-
mond sample with a fixed translational speed of
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10pum/s. The laser power was adjusted using
a using an adjustable half wave plate in con-
junction with a polarizer, and the laser beam
was focused to a diameter of < 1pm using an
air based objective lens with numerical aperture
0.75.

A single crystal electronic-grade sample ob-
tained from ITa[7], with dimensions 4.0 x 4.0 x
0.4mm?> was used as substrate. An array of
graphitic wires was written into the diamond, ar-
ranged such that square, rectangular and hexag-
onal shaped detector cells were formed. The

wires have a diameter of about 2 pm.

A structured metallisation pattern was ap-
plied to the front and back side of the sample
to provide electrical contacts to the conductive
wires. The metallisation was achieved with a
sputtering process and consists of a chromium
layer of 50 nm thickness providing adhesion to
the diamond, and a gold layer of 80 nm thickness
to prevent oxidization of the chromium layer.
The sample was annealed at 250 °C for 5 minutes
in a nitrogen atmosphere.

Three different detector structures have been
placed on the sample as shown in Figure la: a
planar metal strip array for reference; a 3D array
consisting of square cells, rectangular cells, and
hexagonal cells (Figure 1b) all with 100 pm pitch;
and a 3D “phantom” array, i.e. an area where
the same metallization pattern used to connect
the graphitic wires is applied but without wires,
for comparing the charge collected by the met-
allization alone. Sets of readout electrodes of
the 3D structures were ganged together to form
strips. The bias electrodes were connected from
the opposite side to a common biasing pad. The
electrodes exhibit an ohmic behavior until ap-
proximately +40V, and show an exponential
increase in current for higher voltages. The re-
sistivity has been determined to 0.7 4+ 0.1Qcm.

The structure of the electrode at the surface
was imaged using a Scanning Electron Micro-
scope (SEM) and compared to structures which
were fabricated without adaptive optical correc-
tion of the spherical aberration. Figure 2 shows
both samples exhibit at the end of the conduc-
tive wires small craters on the surface where the
laser exited the diamond during the processing.
The lower density of the electrode material com-
pared to the diamond causes pressure inside the

diamond sample and is sufficiently high to eject
a few microns of diamond material at the surface.
The two images reveal that aberration correc-
tion during fabrication allows a better control
on the electrode diameter. A periodic surface
structuring can be seen in Figure 2a, which is
characteristic of the interaction between a lin-
early polarized ultrafast laser and the diamond
surface [8].

3. PROTON TEST BEAM

A proton microbeam [9] at the Ruder
Boskovié¢ Institute in Zagreb was used to study
the detector by ion beam induced charge (IBIC)
and time resolved ion beam induced current
(TRIBIC). It is based on a Van-de-Graaff ac-
celerator that can accelerate protons to an en-
ergy of 4.5 MeV and produce a micro-beam with
an FWHM of < 2um. The proton stopping
range in diamond is approximately 97 pm at
4.5 MeV [10], thus protons will stop within the
detector volume. The spatial distribution of the
ionisation charge is estimated using SRIM [10],
a software package to simulate ion transport in
matter. The FWHM of the charge distribution
in the transverse plane is estimated to be less
then 5pm at the stopping distance.

The sample was mounted on a PCB specifi-
cally designed for optimised high frequency re-
sponse. A single strip was wire bonded to a read-
out pad (channel 1). The adjacent two strips on
either side of the first strip were ganged together
and connected to a second read-out pad (chan-
nel 2). The bias voltage was connected to the
entire detector. The signal lines are connected
via SMA connectors to the read-out electron-
ics. For the IBIC measurements the read-out
chain consisted of a charge integrating amplifier
followed by a shaping amplifier with a shaping
time of 2ps. A self-triggered data acquisition
system recorded the amplitude of the charge
signal with a trigger threshold of 20ke, as well
as the position of the proton beam. For the
TRIBIC measurements the read-out chain was
modified to record transient currents. The cur-
rent signal generated by the 4.5 MeV proton
was amplified with a Cividec C2 2 GHz broad-
band current amplifier [11] and digitised with a
WaveMaster-8500 5 GHz sampling scope from
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Figure 1: Optical images of the detector. The metallisation and readout strips are shown in gold. (a) the
three areas are: Left, planar array; Middle, 3D phantom array; Right, 8D array. (b) hexagonal cell array,
with the readout strips in gold and shadows of the bias connections for the hexagonal cells also visible.

Lecroy. The waveform and the position of the
proton beam was recorded with a self-triggered
data acquisition system. The read-out chains
were calibrated with a silicon detector assuming
an ionisation energy of 3.6 €V per electron-hole
pair in silicon.

3.1. IBIC Results

The diamond test detector has been chara-
terised in terms of a charge collection efficiency
(CCE), defined as the ratio of measured amount
of charge from the detector, and the produced
amount of charge in the diamond by the ion-
izing proton. The CCE has been measured as
a function of position on the detector with a
spatial resolution of a few microns.

The results on the CCE measured on square
and hexagonal shaped cell with the proton micro
beam are shown in Figure 3. The data obtained
with the read-out channel 1 are shown. The
shape of the hexagonal and square cells is clearly
visible. The conducting wires in the diamond
bulk exhibit a lower CCE and show as darker ar-
eas. Data taken at a bias voltage of U, = -2V
show a less sharp boundary between channel 1
and the cells connected to channel 2, while the
separation is well defined for Uy, = —20V and
the shape of the cells is rendered clearly. With
increasing applied bias voltage the CCE both
increases and becomes more uniform across the

cell, as can be seen in comparing Figures 3b and
3d to 3a and 3c.

The CCE averaged over data from channel
1 and 2 are shown in Figure 4 as a function
of bias voltage, U,. No data was recorded in
the square array at +40V due to high leakage
current. The measured CCE is consistent for
both square and hexagonal cells and symmetric
for positive and negative bias voltages, reaching
close to full charge collection at [Up| > 20'V.

The charge deposited in the detector by the
incident proton can be shared by adjacent cells
if the proton impacts in the region of the cell
boundary. This ‘charge sharing’ and can be
parameterised as follows:

q2
! q1 + g2 M

where 7 is the fraction of the total charge
collected by the outer channel 2, and ¢; and g2
the values of charge collected with channels 1
and 2, respectively. Figure 5 shows the value
of n as measured in the square and hexagonal
cells at 2V and 20V. In averaging over several
horizontal slices, a charge sharing width was cal-
culated by taking the width of the 25% to 75%
transition of the n value in the cell boundary
region. In the case of the hexagonal cell, the tilt
of the cell edge was applied before measuring
the width. The 7 transition region at the left
and right of the central cell was averaged. The
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Figure 2: A comparison of SEM images for (a) a sample produced with optical aberration correction and
(b) a sample produced without correction. The scale of the SEM in (a) is smaller by a factor two compared to
(b). The electrode diameter in (a) is significantly smaller due to greater control in the electrode formation.

variation of the charge sharing width as a func-
tion of applied bias is shown in Figure 6. The
observed charge sharing n is about 25% lower
for the hexagonal cells compared to the square
cells for the same value of Uj,. The covered area
of a single hexagonal and square cell are com-
parable, 11500pm? and 10000pm?, respectively,
with the hexagonal cell covering a 15% larger
area. The charge sharing region for Uy > —40V
is 15um for hexagonal and 22pm. for cubic cell
geometry.

3.2. TRIBIC Measurements and Simu-
lation

TRIBIC allows to investigate the electric
field distribution inside the 3D diamond detector.
The transient current signal (TCT) is recorded
along with the impact position of a single proton.
The analysis of the TCT signal allows to recon-
struct the electric field distribution. For a planar
electrode configuration the electric field distri-
bution does not vary with the proton impact
position and the TCT signal will thus not vary
for a perfect detector. In the case of the 3D elec-
trode structure in the square and hexagonal cells,
the electric field distribution is non-uniform and

the transient current signal shape is expected
to vary as a function of the impact position of
the proton in the cell. The complex field struc-
ture and resulting TCT signal is simulated and
compared to the measurements.

3.2.1 Measurements

Measurements were made on hexagonal and
square cells at U, = 20V for positive and nega-
tive polarity, with the proton beam incident on
the read-out side. A square cell was also investi-
gated at the bias side. Figures 7a and 7b show
a comparison of the averaged TRIBIC signal for
both square and hexagonal cells at two different
field regions within the cells, a high and low field
region, as indicated on the plot, on the read-out
side. The amplitudes observed are summarised
in Table 1.

The amplitude values of the current pulses
are about a factor two smaller for low field re-
gions compared to high field regions. The hexag-
onal cell type has slightly higher amplitude for
both regions compared to the cubic cell. These
observation can be explained by the field shape
and are reproduced by a simulation model ex-
plained below. The cumulative integral of the
current pulses are shown in Figures 7c and 7d,
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Field | Uy [V] | Cell type | Amplitude [pA]
Low 420 | Hexagonal 10.9+0.8
Low 420 Square 9.4+0.9
Low —20 | Hexagonal 12.3+0.7
Low —20 Square 11.84+0.9
High | 420 | Hexagonal 252+14
High | 420 Square 21.2£0.5
High —20 | Hexagonal 21.0+1.2
High —20 Square 19.0+0.8

Table 1: Summary of the amplitude values for TRIBIC measurements at different field values and cell

configurations.

the lower amplitude of the the square cell re-
sults in a slower rise of the integral compared
to the hexagonal cell. The visualization of the
maximum amplitude of the current pulses as a
function of the incident position of the proton
in Figure 8 reveals the variation is related to the
electrode geometry. In this figure the cell bound-
ary is indicated by solid line, the electrodes by
the open circles, and additionally the low field
(open crosses) and high field (open stars) regions
used for Figure 7 are indicated. The collection
time of the charge signal is strongly dependent
on the position and follows the electric field
distribution.

TRIBIC measurements were also taken on
the bias side of the detector. Figures 9a and
9b show a density plot of the recorded current
traces on the readout and bias sides of the de-
tector, respectively. The pulse shapes vary con-
siderably on the readout side of the detector as
expected from the amplitude distributions dis-
cussed in the previous paragraph. For the bias
side the variation is much smaller and a dom-
inant pulse shape is visible, with a FWHM of
~ 35ns. This can be partly explained by the in-
creased effective electrode resistance experienced
by the incident protons; the protons traverse
approximately 25% of the diamond thickness
(100 um), but the induced charge at the read-
out electrode sees a path length of ( = 300 um)
to the surface metallization, resulting in an in-
creased RC constant. The RC constant domi-
nates the transient current signal, and thus the
amplitude and FWHM of the current signal is
independent of the position in the cell as seen in
Figures 9c and 9d. From the measurement of

the capacitance and resistance the RC constants
was estimated to ~ 30ns for the bias side mea-
surement which corroborates the observation of
no visible significant structure.

3.2.2 Simulation

Simulations were carried out using Synop-
sys TCAD[12] in two (2D) and three spacial
dimensions (3D) to understand the observed be-
havior. Simulations in three spatial dimensions
are very CPU intensive and could be run only
for a few events. Simulations in two spatial
dimensions (2D) are deployed for predictions
on a larger area of the detector. For the 2D
simulation a mesh representing an area of 2 x 2
square cells was created to include the effects of
neighboring cells. Due to the 2D nature of the
simulation it is not possible to accurately model
a Bragg Peak, however a selection of hits were
compared to simulations using a 3D quarter cell
mesh to validate that the 2D results are a good
approximation to what is obtained with a full
3D simulation.

The 3D simulations were performed using
a column resistance of 175kQ) and a simulated
charge density of 5.882 x 10~°pC pm ™! from the
diamond surface to a depth of 80um, and an
higher density of 4.235 x 10~ 3pCpm™"! simu-
lated at a depth between 75 — 85pm to approxi-
mate a Bragg peak.

For the 2D simulations the RC constant of
the 3D device was adjusted by increasing the
resistance for the electrodes, and the simulated
charge density was set to 6.4 x 107 5pC.

A bandgap energy of 5.5eV and a di-
electric constant of 5.7 were used in the
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simulation[13]. The simulation input param-
eters for the modelling of the carrier dynam-
ics were for the electron saturation velocity
Vse = 9.6 X 10%cm sfl; hole saturation veloc-
ity vep = 14.1 x 106cms™!; low field elec-
tron mobility p0e = 1714cm? V-1 s~ 1 and low
field hole mobility i, = 2064cm? V—1s~1 [14].
These values are used in a Caughey-Thomas
model [15] to calculate the field dependent mo-
bility. To simulate the effect of the amplifier
chain, the signal frequency spectrum was lim-
ited to 2 GHz corresponding to the bandwidth
limit of the current amplifier.

Figure 10 compares simulation and data for
the hexagonal and cubic cells in the low high
field regions. Shown are the results for a bias
voltage of 20V and negative polarity. The agree-
ment of data and simulation is reasonable taking
into account the simplification of deploying an
effective resistance and the amplifier model. The
basic features differentiating the low and high
field regions are qualitatively reproduced. The
slower turn on of the low field region is visible
for both hexagonal and cubic cells. A distinct
two peak structure caused by the different time
structure of the signal contribution from holes
and electrons is resolved in the hexagonal cell
low field case in both the simulation and mea-
surement, however it is less pronounced in the
case of the simulation.

Figure 11 shows a comparison of the ampli-
tude as a function of position on both hexag-
onal and cubic cell types. The hexagonal and
cubic symmetries are visible, related to the elec-
tric field distribution. The amplitude range is
comparable to the measurement data shown in
Figure 8a and Figure 8c for the hexagonal and
cubic cell, respectively. The patterns seen in the
amplitude distribution in data and simulation
show some differences. The sixfold and fourfold
symmetries for the hexagonal and cubic cell are
clearly visible, however the shape is not accu-
rately reproduced by the simulation while the
amplitude range is comparable.

4. (CONCLUSIONS

A 3D diamond detector with square and
hexagonal cell geometry was produced with an
improved graphitisation process using spherical

aberration corrected laser optics. The detector
response to a proton micro-beam was studied.
The response to the proton beam is consistent
with full charge collection within the active re-
gions of the detector. Significant charge sharing
between neighbouring cells has been observed
for low bias voltage. The hexagonal geometry
shows less charge sharing than the square cells.
Transient current measurements have been per-
formed spatially resolved on single 3D diamond
detector cells and have been compared to simula-
tions. A significant dependence of the transient
current shape on the location in the cell due
to the electric field distribution has been ob-
served experimentally and is reproduced with a
simulation.
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Figure 3: Charge collection efficiency (CCE) as a function of position measured with a proton micro-beam
for square and hexagonal cells at a bias voltage of =2V and —20V. (a) Square cells at —2V. (b) Square
cells at —20V. (¢) Hezagonal cells at —2V. (d) Hezagonal cells at —20V.
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hexagonal (blue) cells.
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Figure 8: Amplitude plots of transient current signals from TRIBIC data at a bias voltage of £20V. (a)
Square cell at +20V. (b) Square cell at —20V. (c) Hezagonal cell at +20V. (d) Hezagonal cell at —20V.
The cell boundary is indicated by the solid lines, the electrodes by the open circles, and additionally the low
field (open crosses) and high field (open stars) regions referring to Figure 7 are marked.
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readout side and (b) the bias side of the detector. A 2D plot of the FWHM (c) and mazimum amplitude
(d) for protons incident on the bias side taken at a bias voltage of +20V. Note that the tilt has not been

corrected in (c¢) and (d).
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Figure 10: Comparison of simulation and data of a TRIBIC signal for the hexagonal (a) and cubic (b)
cells in the low high field regions, the proton beam impinging on the read-out side. The results are shown for
a bias voltage of -20V.
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Figure 11: Amplitude plots from a simulation of the TRIBIC signal for the hezagonal (a) and cubic (b)
cells at a bias voltage of +20V and the proton beam impinging on the read-out side.
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