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The three-dimensional concept in particle detection is based on the fabrication of columnar electro-
des perpendicular to the surface of a solid state radiation sensor. It permits to improve the radiation
resistance characteristics of a material by lowering the necessary bias voltage and shortening the
charge carrier path inside the material. If applied to a long-recognized exceptionally radiation-hard
material like diamond, this concept promises to pave the way to the realization of detectors of un-
precedented performances. We fabricated conventional and three-dimensional polycrystalline dia-
mond detectors, and tested them before and after neutron damage up to 1.2 x IOIE'cm*z, 1 MeV-
equivalent neutron fluence. We found that the signal collected by the three-dimensional detectors is

up to three times higher than that of the conventional planar ones, at the highest neutron damage

ever experimented.

Resistance to radiation damage is one of the main chal-
lenges in the development of detector systems located in the
vicinity of the beam interaction zones, in upcoming high lu-
minosity high energy physics experiments.! Radiation dam-
age is due to the formation of point and cluster defects
generated by nuclei displacement inside the lattice, the latter
produced if the primary knock-on atom has an energy suffi-
cient to trigger a cascade. Such defects degrade the perform-
ances of solid state detectors in term of collected charge,
response time, working temperature, and bias-voltage, up to
a level dependent on the integrated fluence of energetic par-
ticles, which is expected to increase of at least a factor ten in
the experiments planned in the next future.”

Diamond, as an active material in solid state detectors,
offers a combination of exceptional properties which make it
highly competitive in radiation-harsh environments. Its large
band gap and large displacement energy make it a material
inherently radiation tolerant with very low leakage currents,
which can be operated without cooling.” Tiny leakage cur-
rents and small pixel capacitances, due to a lower dielectric
constant of diamond with respect to silicon, result in low-
noise performance of the associated front-end electronics.”
Its large charge carrier saturation velocity and high mobility
for both carriers,” combined with a large breakdown field,
result in timing properties superior to all other known solid-
state detectors.®’
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Recently, the three-dimensional (3D) concept has been
implemented in diamond detectors, by pulsed laser fabrica-
tion of columnar electrodes perpendicular to the sensor sur-
face, in order to shorten the inter-electrode distance without
decreasing the overall charge generated in the material.*~'®
As a result, further advantages emerged: single-crystal 3D
detectors reached a 95% collection efficiency at a bias volt-
age as low as 3 V.8 Moreover, simulations of the behavior of
this kind of detectors after heavy irradiation predict an
increase of the signal level up to a factor 3, if compared to
conventional planar diamond detectors.'!

The main drawbacks of single-crystal diamond for
tracking purposes are its present price and the small area of
the available samples (at most about 8 x 8 mm?), but poly-
crystalline diamond wafers grown in microwave chemical
vapor deposition chambers can reach a size of about 120 mm
diameter, comparable with that of the silicon wafers, and
their cost per unit area is lower than that of the single-
crystals by a factor three.'? These are the reasons why a thor-
ough investigation on the performances of polycrystalline
three-dimensional diamond detectors under high radiation
fluence is highly desirable.

We have fabricated three-dimensional radiation sensors
in polycrystalline electronic-grade diamond plates, writing
graphitic electrodes in the diamond bulk by means of pulsed
laser irradiation. Then, we tested them for collection effi-
ciency under *’Sr-beta irradiation. We have compared their
performances with those of conventional planar (2D) sensors
fabricated on the same samples, before and after fast neutron
irradiation up to a fluence of 1.2 x 10'® 1 MeV-equivalent
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neutrons per cm?. As a result, we found that the average sig-
nals from the 3D detectors, for the highly damaged sensors,
are about three times higher than those of the planar sensors.

We have also simulated the charge collection processes
of the sensors by means of a 3D Monte Carlo method, and
compared the experimental data with the charge collection
efficiency predicted by a simple model of the generation of
defects limiting the charge carrier lifetime in the diamond
bulk. We have found that a simple model of the trapping
mechanisms in the polycrystalline material gives account of
both the 3D- and the 2D-sensors collection efficiency.

Twelve different sensors were fabricated on four polycrys-
talline 5 x 5 x 0.5mm’ diamond samples coming from a batch
obtained by the same wafer of high quality electronic grade
material."> The buried electrodes were written in the bulk
diamond by means of a 800 nm Ti-sapphire laser source, with
a 30 fs pulse width, about 6 uJ of energy per pulse and a repeti-
tion rate of 1kHz, which causes a phase transition to a mixed
sp>-sp’ carbon phase whose resistivity amounts to about 1
Qcm.'"* The electrodes are stacked according to a two-
dimensional grid with different pitches, whose “elementary
cells” measure 100 x 160 umz (3D1gox160 sensors) or 70
X 114 um* (3D 114 sensors) (see Fig. 1). The electrodes
were connected by means of superficial conductive combs
engraved on the two sample surfaces by means of a different
laser technique, employing 8ns-long, 40 pJ-energy pulses
from a 1 kHz Nd:YAG laser source.'” The superficial conduc-
tive paths exhibit a resistivity of the order of some mQcm
(Ref. 14) and have a width of about 9 um and a depth of about
7 um. Each column has been started from a tooth of a superfi-
cial comb and ended at about 80 um from the opposite surface,
in order to avoid superficial currents. Conventional planar sen-
sors were also fabricated as references, by writing opposite-
sided superficial conductive combs with a pitch of 80 um. All
the fabricated sensors have a surface of about 1.5 x 1.5 mm?>,
in a way that 3 different sensors on a same sample could be
arranged and connected to the readout electronics, one of each
type (respectively, 2D, 3D;gox160, and 3D70x114 Sensors). A pic-
ture of one of the four samples with the integrated 3D and 2D
sensors is shown in Fig. 1.

114 or 160 um

i

70 or 100 um

FIG. 1. One of the four samples under investigation with the three sensors
and the silver-paste contacts connecting to the external electronics. At the
right, schematics of the two opposite polarized arrays of columns, in blue
and red. Each array starts from a graphitized comb on one side of the sam-
ple, the two arrays are staked in a way that the electric field has a bi-
dimensional periodicity. At the bottom right, a sketch of an “elementary
cell” of the structure with sense (red) and bias (blue) columns.

We irradiated the four diamond samples at the experi-
mental nuclear reactor of the Jozef Stefan Institute of
Ljubljana (SLO), with fast neutron (neutrons of energy greater
than 100keV) at fluences ranging from 2.2 x 10'*cm ™2 to
10'®cm ™2 The hardness factor of the neutron spectra has
been evaluated considering the non-ionizing energy loss
(NIEL) of neutrons in the range of 100 keV—30MeV, normal-
ized to the NIEL of neutrons at 1 MeV.'® The resulting fluen-
ces, in 1 MeV-equivalent neutrons, were 2.64 x 1014, 3x 10" ,
6x 10", and 1.2 x 10'°cm ™~

After neutron irradiation, we have also fabricated, on
the sample irradiated at 3 x 10"°cm™? 1MeV-equivalent
neutrons, a new 2D sensor of the same size, writing superfi-
cial combs interdigitated with the old ones, and a new
3D7p«114 sensor on the sector of the sample left free by the
other detectors. This new sensors were fabricated in order to
verify if neutron irradiation degrades the performances of the
graphitic contacts.

The charge collection efficiencies of all the sensors were
tested before and after the neutron damage, under irradiation
with “°Sr-beta electrons. For the electrons having an energy
sufficient to pass through the diamond and trigger the mea-
surement, the average number of electron-hole pairs gener-
ated in the bulk diamond does not differ more than about 8%
from the value obtained by a charged particle at minimum
ionizing energy.'” The measurement chain'® consists of a
scintillator plastic placed under the sensor under test, provid-
ing the trigger signal, an Amptek A250 integrating stage buf-
fered by an input FET, an Amptek A275 formation stage,
and a 12 digit analog-to-digital converter sampling the
shaped signal at 1.4 us from the trigger. The collected charge
is derived by the maximum output voltage of the shaper with
a calibration constant evaluated in 220 elementary charges/
mV with a 15%, uncertainty. The measurement noise, in ele-
mentary charges, amounts to about 300. This permits, with
the reasonable statistics of some tens of thousands events,
the relative comparison of the charge collection efficiencies
of the sensors with a percent accuracy. In order to collect sig-
nals in stable conditions, each sample has been primed by
beta irradiation to fill the native or damage-induced deep
traps in the material'® and to reach the limit value of the car-
rier lifetime. The necessary priming dose has been found to
be very different for unirradiated and irradiated samples:
5 Gy are sufficient in the former case, while about 100 Gy
are necessary in the latter.

The charge collection was measured before neutron irra-
diation at several bias voltages, and the results are shown in
Fig. 2.

The saturation collected charge of the three type of sen-
sors was evaluated by means of a simple Hecht fit?® as
8700 = 300, 7200 = 300, and 7100 = 200 elementary charges
for the 3D70x114, the 3Djgox160, and the 2D sensor, respec-
tively. The 90% of these values were reached at a bias volt-
age of 45V, 60V, and 450V, respectively. It is then
confirmed that signal saturation occurs at a bias level about
one order of magnitude lower for the 3D than for the 2D sen-
sors, also for polycrystalline detectors as for the monocrystal-
line ones. Noticeably, the upper limit signal of the 3D;ox160
and that of the 2D sensor have about the same value, but the
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FIG. 2. The dependence of the average charge signal on the bias voltage for
the 3D and for the planar sensors. The average is performed over the values
given by four sensors of the same type, and the error bar is referred to the
standard deviation from the average. Note the different bias voltage scale
employed for the planar and for the 3D sensors. The continuous line repre-
sents the fit of the planar sensors collected charge obtained by the Hecht for-
mula (Eq. (1)). In the inset, the signal distribution, at saturation, for each
sensors type.

3D50x114 sensors yield a collection efficiency about 20%
higher.

A clear understanding of the behavior of these detectors
requires an analysis taking into account the polycrystalline
structure of the material.

Grain boundaries are extended regions with a high den-
sity of trapping impurities. While the trapping probability of
a charge carrier in the bulk regions during a small time dr
can be assumed to equal the ratio dt/t (r being the trapping
time, assumed equal for electrons and holes), charge carriers
are expected to be trapped at the grain boundaries only when
their path crosses the surface delimiting two neighbor grains.
Consequently, the trapping probability at grain boundaries
along a small path of length ds is more properly evaluated as
ds/Ag, Where A, is a mean free path limited by the grain boun-
daries only. The overall trapping probability during a path of
length ds can thus be given by %, with 1 = i + 5w Where
A is the overall mean free path, vq is the drift velocity, de-
pendent on the electric field, while 4, is bias-independent.
Assuming v, (E) = #E/M (u=carrier mobility ~2
x 10* cm?/(V ), and vy, = saturation velocity ~ 2 X 107 cr/s),
and using the well-known Hecht formula®® for the charge col-
lection efficiency (CCE, ratio of the collected to the generated
charge)

s )
CCEZ[ZLz(l ez)} (1)

(L = sensor thickness), we can fit the experimental points for
the CCE of the planar sensors, obtaining a very good fit with
7=4.3ns and 4, = 160 um (see Figure 2).

The behavior of the 3D sensor differs from that of the
planar one in an important respect. While the trapping proba-
bility in the bulk of the grains can be expected to be equal
for the two configurations, the conic-columnar shape of the
grains, typically extending from one face to the other of the

diamond sample, implies a very different grain boundaries-
limited mean free-path A, for the 2D and for the 3D sensors,
due to the different path of the carriers in the two structures.

We have simulated the CCE of both the 3D sensors at
saturation, by means of an algorithm taking into account the
full three-dimensional finite element calculation of the elec-
tric field with a commercial TCAD tool,21 and a Monte
Carlo simulation of the charge generation, performed in ran-
dom points of the diamond bulk (see Fig. 3). We adjusted
the grain boundary-limited mean free path A, to fit to the
CCE at saturation of the 3D« 160 and of the 3D7g 14 Sen-
sors, assuming as a constant the bulk trapping time t =4.3 ns
(as in the 2D configuration). We found very similar values
for Z,, respectively, 29 and 25um (to be compared with
160 um with the 2D sensors). The reason why, notwithstand-
ing a much shorter 4,, we obtain comparable efficiencies for
the 3D and the 2D sensors, is of course the lower trapping
probability due to the much shorter effective path of the car-
riers in the 3D sensors, determining a slightly higher CCE
for the sensors with the closer electrodes. As we shall see in
brief, this fact is also at the origin of the much better behav-
ior of the 3D sensors after neutron damage.

The collection efficiency of each sensor has also been
measured after irradiation for all the samples under test, and
the results are summarized in Figure 4.

The results from the planar sensors allow the immediate
evaluation of the hardness factor K of the material, defined
by the following relation:

1 1

——=——+LK¢. 2
CCE CCE0+ ¢ @

In Eq. (2), CCE and CCE, are the collection efficiencies in
the damaged and in the undamaged state, respectively, at the
saturation bias field of 1 V/um; ¢ is the radiation fluence; L is
the detector thickness, and K depends on the radiation species
and energy. Equation (2) is usually expressed, in literature, in
term of a “charge collection distance” CCD =L x CCE, giv-
ing a measure of the mean length a hole and an electron drift
apart before trapping. The value of the hardness factor K
deduced by fitting our measurements of the planar sensors

FIG. 3. Schematics of one of the 3D simulation cells (for the 70 x 114 um?
geometry). Above: The simulation grid employed to calculate the electric
field. Below: some of the possible trajectories of the charges generated along
the path of an ionizing particle.
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FIG. 4. CCE measured with each type of sensor as a function of the radia-
tion damage suffered. Dots: Measured values with the 3D and 2D sensors af-
ter neutron damage, as a function of the neutron fluence. Empty dots: CCE
of the sensors fabricated after damage (new). Lines: simulation of the charge
collection efficiency of each kind of sensor as a function of the neutron
fluence.

efficiency is (4.7 + 0.2) x 10~ "® um™"' cm?, which is compati-
ble with the most accurate previously reported®” value of
(42+0.8) x 107 "¥ um~" cm?.

The most important feature emerging from the measure-
ments is that the 3D efficiencies, despite their values are
about the same of the 2D sensors at low fluences, gain a fac-
tor 3 beyond 3 x 10"°cm ™2 of 1 MeV-neutron fluence. It is
also of interest that the sensors fabricated before and after
irradiation, in the same sample irradiated at 3 x 10'> neu-
trons/cm 2, exhibit signals which, after damage, are not sig-
nificantly different. This fact clearly indicates that graphite-
diamond contacts are not affected by radiation damage.

The factor 3 in efficiency gained by the irradiated 3D
detectors with the smaller pitch can be accounted for assum-
ing that neutron damage results in the introduction of new
inter-bandgap levels reducing the bulk mean-life time of the
charge carriers, leaving unaffected the grain boundaries-
limited mean free path A,.

For not too high fluences, the density of the induced
defects can be assumed to be proportional to the fluence ¢,
in a way that the mean path-length 4 of the charge carriers
can be written as

1
f@*m(#k@’ ¥

where the constant k, proportional to the cross section for the
production of a trapping defect by neutron irradiation,
depends both on the type and the energy of the damaging
particles. The constant & is correlated but not merely propor-
tional to the hardness factor K, inasmuch the CCE of a planar
detector in Eq. (2) is only roughly proportional to //L,
according to Eq. (1).

We have calculated the collection efficiency of the 2D
and 3D sensors for different values of the product k¢, keep-
ing the values of 4, and 7 equal to those found for the
undamaged samples. The efficiency of the 2D detectors was
calculated by means of the Hecht formula, while for the 3D
sensors the same Monte Carlo simulation of the charge

collection of the 3D structures has been employed, as done
for the CCE before damage. Then, we varied the constant k
in a way to fit the calculated values of the CCE to the meas-
ured ones as functions of ¢.

We found that the damage curves of all the sensors are
fitted by very close values of the constant k (see Figure 4),
namely, 1.46 x 107°, 1.57 x 10°, and 1.63 x 10 °cm? Hz,
respectively, for the 2D sensors, for the 3Dggx 160 and for
the 3D;.114. The independence of the factor £ on the elec-
trodes configuration confirms that Eq. (3) gives account of
the behavior of charge carriers in the material, both regard-
ing to the separation of the trapping probability in two con-
tributions (bulk and grain boundary) and to the dependence
of the bulk trapping on the radiation damage.

We observe that the better behavior of the 3D sensors,

after damage, can be explained noting that the term % in

Eq. (3), which is the same for the 2D and the 3D sensors, has
a smaller relative weight for the 3D sensors if compared with
the inverse of the grain boundaries-limited mean free path %

Consequently, once the effect of a smaller /, is compen-
sated by making the electrodes closer to each other, the
weight of the defects induced by radiation damage is corre-
spondingly lower.

In conclusion, we have proved that three-dimensional
diamond sensors are able to collect measurable single event
signals after a level of radiation damage which makes unus-
able conventional planar diamond sensors, whose excep-
tional radiation hardness has been studied and recognized for
long. As a consequence, it is fair to assume that in the next
future this kind of detector may well become a reference for
resistance in radiation harsh environments.
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