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1. Introduction

Microdosimetry measures the stochastic energy distributions
deposited by the radiation in a micrometric sensitive target

volume comparable to the size of a human
cell. This technique can be used, for
instance, to estimate the relative biological
effectiveness (RBE) of hadron therapy
beams.[1,2] With the aim of mimicking bio-
logical sites to better describe the physics
behind the biological effects of radiation,
different microdosimetric technologies
have been developed.[3,4] The ideal micro-
dosimeter should have a cross-sectional
size, a shape, and an atomic composition
comparable to human cells. The sensitive
volume (SV) of the microdosimeter should
therefore meet three main requirements:
1) having both its lateral and longitudinal
sizes of the order of a few μm; 2) being
made of tissue-equivalent material; and
3) being well defined with a homogeneous
charge collection, and no charge should be
collected from outside.

Tissue equivalent proportional counters
(TEPCs) are traditionally considered the
reference microdosimeters.[5–7] The TEPC
is based on low-pressure gas (propane) to
simulate a micron-sized SV confined into

a solid wall made of tissue-equivalent plastic. Microdosimetric
measurements with TEPCs were successfully used to assess
the RBE of different radiation beams.[8–11] However, the TEPC
has several limitations including the wall effects, high voltage
operation, and a large physical size (mm scale) which limits both
the spatial resolution and the particle fluence rate capability of
the detector.

Solid-state microdosimeters were developed[12] as an alterna-
tive to the TEPC, as they do not require gas, can be operated at
low voltages, are cheaper, and have a better portability than
TEPCs. Their microscopic physical size gives a good spatial res-
olution and allows to use them in high-intensity beams. In addi-
tion, they can be fabricated in an array configuration to mimic
biological cells arrays. Such configuration would also optimize
the detection performances of the microdosimeter. Indeed,
the array geometry is characterized by low capacitance
improving the noise threshold and by a SV size comparable to
a cell improving the accuracy of the delta rays contribution
measured.[13] The possibility to connect and read each single
SV individually or in groups would allow for measurement time
optimization. At low fluence rate, like those found in the distal
part of the Bragg curve or in the out-of-field regions of a thera-
peutic particle beam, the large overall sensitive area helps to
reduce measurement time. At high fluence rate, like those found
in the entrance region of a clinical beam, the individual SV
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The interest in microdosimetry is growing thanks to the advancement in
microdosimetric technologies, improving detector performance and reliability.
Herein, the fabrication and characterization of a novel diamond-based micro-
dosimeter are proposed. The microdosimeter consists of an array of single-crystal
diamond Schottky diodes about 1.5 μm thick connected in parallel. The detector
prototypes are characterized using the ion beam-induced charge technique,
employing a 6MeV carbon ions microbeam. Despite a good overall response, the
first prototypes are affected by the “bridge effect”: a charge collection beneath the
metallic bridges connecting the sensitive volumes (SVs), which alters the energy
deposition spectrum. To mitigate the bridge effect, different technological sol-
utions are explored: the selective growth of intrinsic diamond layers and the use
of an insulating material such as photoresist. These second prototypes reveal a
good SV spatial definition without any charge collection from the bridges and a
good response homogeneity within the SVs ranging between 3% and 5% full-
width-half-maximum among the different prototypes. While the cell-like thickness
and lateral dimensions of SVs make the diamond microdosimeter array ideal for
radiobiological applications, its array configuration can make it highly versatile to
perform under different fluence rate conditions in particle therapy.
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reading (or the reading of smaller groups of SVs) would avoid
pile-up issues while still exploiting a large overall sensitive area.
In addition, the array microdosimeter (AμDOS) is made of indi-
vidual SVs with high spatial resolution that can be used for a
pixelated characterization of critical areas, e.g., organs-at-risk
and penumbras, as well as out-of-field regions.

Silicon microdosimeters in array configuration were
developed at Politecnico di Milano,[14] at University of
Wollongong[15,16] and at the Spanish National Center of
Microelectronics.[17,18] These have been employed for the char-
acterization of clinical particle beams, showing a good agreement
with the results from the well-established TEPC. Nevertheless,
they do possess certain constraints, such as lacking water equiv-
alence, the complexity of the microtechnology manufacturing
processes involved, and the potential degradation of performance
due to radiation damage over time.

The interest in synthetic diamond is attributed to its outstand-
ing properties such as high radiation tolerance and near-tissue
equivalence for a wide range of radiation qualities used in radia-
tion therapy.[19,20] Diamond-based microdosimeters have been
proposed by the University of Wollongong in Australia,[21,22]

by the Diamond Sensors Laboratory of CEA in France,[23,24]

and by the University of Roma “Tor Vergata” in Italy.[25,26]

The diamond microdosimeter prototype presented in ref. [21]
was fabricated using the focused ion beam techniques. It fea-
tured 3D vertical walls with SVs embedded in a diamond matrix.
The 3D SVs were not fully isolated but were defined by the lateral
electric field induced by two electrodes. The prototypes showed a
nonuniform charge collection efficiency (CCE) within the SVs.
Patterned laser ablation was later employed to create an array
of 3D diamond cylindrical SV structures, as reported in
ref. [22]. The microfabrication method, however, was excessively
complex, and it should be noted that the authors have not suc-
ceeded in fabricating a functional device based on this geometry
yet. The diamond microdosimeter described in ref. [23] was real-
ized in an array configuration based on two different junction
regions: a pþ–intrinsic diamond–metal junction defining the
SVs and a metal–intrinsic diamond–metal junction outside.
This technology could only operate in an unbiased mode, i.e.,
0 V. Signals were otherwise generated in the area surrounding
the SVs, resulting in a single macro-SV. However, at zero bias
voltage, the CCE of the prototype resulted incomplete for heavy
ions such as carbon ions. A second microdosimeter prototype
based on metal–intrinsic diamond–metal configuration is
described in ref. [24] featuring an array of SVs encircled by a
guard ring electrode. Each SV had a diameter of 60 μm and
was connected to adjacent SVs by 10 μm thin connecting bridges
which were electrically active, similar to the SVs.

Considering the state of the art highlighted here, this work
aims to develop a diamond AμDOS with well-defined SVs
designed specifically to ensure the accuracy of radiation quality
measurements for particle beam delivery. Novel designs are pro-
posed to find a solution to the main challenges affecting the SV
definition and the detector performances, such as the signal col-
lection from the bridges connecting the SVs.

In this work, the development, fabrication, and characteriza-
tion of a novel diamond-based microdosimeter arranged in array
configuration are reported. The microdosimeter consists of an
array of circular Schottky diodes based on boron-doped/intrinsic

diamond/metal configuration connected in parallel to a single-
channel readout electronics. Each SV has a diameter that varies
from 10 to 50 μm between different prototypes. The adopted
geometry could allow reading each SV separately. The cylindrical
shape of the SV is intended to replicate the form of a biological
cell and offers a more isotropic volume compared to a cubic
design. In addition, the boron-doped/intrinsic diamond/
Schottky metal configuration showed good spectroscopic per-
formances as well as high radiation hardness.[25,26] The maps
of CCE of the developed microdosimeters were investigated
by means of the ion beam-induced charge collection (IBIC) tech-
nique in two experiments: at the ion beam facility of Ruđer
Boskovic Institute in Zagreb (Croatia) and at the Surrey Ion
Beam Centre in Guildford (UK).

2. Experimental Section

2.1. The Diamond AμDOSs

The diamond AμDOS was fabricated and developed at the
Industrial Engineering Department of Tor Vergata University
of Rome laboratories. The device consists of an array of
Schottky diodes fabricated on the same low-cost diamond sub-
strate. The diodes were realized combining both microwave-
enhanced chemical vapor deposition (CVD) of synthetic single
crystal diamond and photolithography techniques. The fabrica-
tion process, schematically reported in Figure 1, can be outlined
as follows: a) A chromium layer, about 200 nm in thickness, was
first thermally evaporated on a cleaned commercial low-cost dia-
mond substrate and patterned using a positive photoresist, as
schematically shown in Figure 1a. This Cr layer acts as a
plasma-resistant mask that allows the selective growth of syn-
thetic diamond on the regions where the diamond substrate
was left naked by the patterned Cr layer. It is worth noting that
the selection of the Cr layer over other metals is attributed to its
adhesion to the diamond surface and resistance to diamond
deposition temperatures, i.e., 600 °C. b) A boron heavily doped
diamond layer of about 0.3 μm thickness was selectively grown
by CVD on diamond substrate surface. Two slightly different
geometries were developed for the prototypes, with cylindrical
SVs with diameters of 10 and 40 μm. The SVs were connected
by horizontal tracks with widths of about 4 and 8 μm, respectively
(Figure 1b). Such a conductive layer is used as the back contact of
the microdosimeter. The resistivity of boron-doped layer was esti-
mated about 1 kΩ sq�1. c–d) The chromium film was removed by
wet etching, and a square shaped intrinsic diamond film was
selectively grown to about 1.6� 0.1 μm in thickness by using
a second Cr plasma-resistant mask realized by photolithography
technique (see Figure 1c,d). Such an intrinsic diamond layer is
used as the sensitive layer of the microdosimeter. e) The chro-
mium was etched, and the sample was carefully cleaned and oxi-
dized by isothermal annealing in air at 500 °C to remove the
hydrogenated surface conductive layer (see Figure 1e). f ) An
80 nm thick chromium layer, working as upper electrode, was
evaporated and carefully patterned as the boron-doped diamond
back-contact by photolithographic technique. The superficial
electrodes obtained were aligned on the doped ones (see
Figure 1f ). The electrodes were connected to a common bond
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pad, thus providing a single readout channel. It is worth noting
that the proposed structure would allow for connecting the
electrodes separately as well.

Figure 2 shows light microscope (LM) images and atomic
force microscope (AFM) pictures of the developed AμDOSs.
With this design, a square array of circular-shaped diamond

micro-SVs behaving like Schottky diodes in a boron-doped/
intrinsic diamond/Cr configuration was obtained.

As it can be observed clearly in Figure 2, the array consists of
1.6 μm thick micro-SVs interconnected by thin connecting
bridges. The microdosimeter with 40 μm diameter (large) diodes
has 5� 5 SVs with 40 μmpitch covering an area of 360� 360 μm2.

Figure 1. a–f ) Schematic diagram of the fabrication process of the AμDOS device.

Figure 2. a) LM micrographs of the two AμDOSs (left side) and b) AFM maps of the SVs of the AμDOSs (right side).
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The microdosimeter with 10 μm diameter (small) diodes has
20� 20 SVs with 15 μm pitch covering a 485� 485 μm2 area.

2.2. Further Development of the Diamond AμDOS

After characterizing the performances of the first prototypes
manufactured, two different technological solutions were devel-
oped to prevent charge collection from the bridges connecting
the SVs. Both solutions are based on the manufacturing process
previously described.

The first approach consists of including the selective growth of
the intrinsic diamond layer on top of the boron-doped one. The
fabrication process is the same as reported before, with the excep-
tion that the intrinsic layer is grown in a cylindrical shape only in
the zones where the actual SVs will be created. The second
approach, instead, consists of spin coating a positive resist film
with a thickness of about 3 μm onto diamond surface after the
step (e) depicted in Figure 1. By exposing only the circular areas
above the SVs to UV light, direct access to the intrinsic CVD dia-
mond layer is created only in correspondence with the SVs. To
enhance its thermal and chemical stability, the positive resist was
hard-baked at 180 °C on a hot plate. A chromium electrode is
then thermally evaporated on both photoresist and intrinsic dia-
mond surface. In this way, the Schottky diodes in a boron-doped/
intrinsic diamond/Cr configuration are surrounded by the posi-
tive photoresist, and thus completely isolated. A prototype was
manufactured for each of the two approaches: the AμDOS-SG
according to the selective growth of the intrinsic layer approach
and the AμDOS-IL according to the patterned isolation layer
deposition approach. The two devices had SVs of 50 μm diameter
and, respectively, 1 � 0.1 and 1.5 � 0.1 μm in thickness. The
two prototypes are schematized in Figure 3.

2.3. IBIC Characterizations

The IBIC characterization was performed to study the detectors
response in terms of their charge collection properties and

uniformity. IBIC measurements exploit a focused beam which
is scanned on the detector surface and which position is known.
This allows for a detailed mapping of the CCE across the detector
surface. The measurement spatial resolution is dictated by the
microbeam spot size, which was estimated to be ≈1 μm in both
the microbeam facilities the experiments were carried out. An
ionmicroprobe facility is usually equipped with a magnetic quad-
rupole lens and a magnetic scanner unit capable of focusing the
beam to micrometric sizes and raster scanning it on the detector
surface.

The developed devices were characterized in two different
facilities: the ion microbeam facility of the Ruđer Boskovic
Institute (RBI) in Zagreb (Croatia)[27] and the Surrey Ion
Beam Centre in Guildford (UK).[28,29] In both cases, the radiation
quality was a 6MeV carbon ion beam from a tandem Van der
Graaff accelerator. The penetration depth of 6MeV carbon ions
in diamond is about 2.79 μm, in accordance with SRIM Monte
Carlo simulation.[30] Consequently, only a portion of the imping-
ing carbon energy is transferred to the sensitive layer of the dia-
mond prototypes. The detectors were fixed on a dedicated sample
holder and placed inside the vacuum chamber of the microbeam
line. The ion current was carefully reduced to obtain a detection
count rate of about 1 kcps, ensuring optimal interaction with the
diamond detector without saturating the charge collection. The
amount of energy deposited in the diamond microdosimeter was
measured using a charge sensitive preamplifier (Ortec 142) and a
shaping amplifier (ORTEC 570) with 3 μs shaping time to opti-
mize pileup and reduce noise. The signal was fed directly to a
dedicated analog-to-digital converter connected to the computer
for data acquisition. For each event triggered, the charge col-
lected, as well as the beam position coordinates xy, was stored
into an event-by-event list mode file. The collected charge and
corresponding beam position coordinates were meticulously ana-
lyzed and processed to create IBIC median charge collection
maps, revealing spatial correlations in energy distribution over
the scanned area. The energy calibration was performed using
a pulse generator and a thick silicon detector with 100% CCE
in response to the same ion species.

Figure 3. Schematic representation of the AμDOS-SG (left side) and AμDOS-IL (right side) prototypes.
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3. Results and Discussion

The characterization of the AμDOS by means of 6MeV C ions
microbeam scanning at different locations is presented, with an
analysis of the main inhomogeneities found in the detector
response. Figure 4 shows a large IBIC map (≈ 500 � 500 μm2Þ
of the AμDOS first version with SVs’ diameter of 10 μm. Themap

was oriented as in the optical microscope picture of Figure 2. As
can be noticed, the most external SVs suffered from lower CCE.
These SVs are laterally and longitudinally the furthest from the
metallic and the boron-doped diamond common pads connected
to the electronics. Being the furthest from where the voltage was
applied, the resistance encountered along the electrodes path
lowered the effective bias that gets to the SV there. This inhomo-
geneity could be overcome by reducing the resistivity of the
boron-doped diamond layer and by applying an even higher bias
voltage.

Additionally, a small blurred region is visible on the map due
to defects and issues in the lithography process, resulting in
imperfect pattern transfer. Finally, an incomplete charge collec-
tion could be observed around the SVs and beneath the metallic
bridges. This region compromised both the energy deposition
spectrum and the SV spatial definition, as the bridges are not
meant to be collecting any signal. The effect of such region of
incomplete charge collection will be studied in detail later in this
section.

Figure 5 shows the IBIC map and profile of one of the 40 μm
diameter SVs, as well the energy deposition spectrum collected
inside the SV. The spectrum inside the SV showed the typical
Gaussian distribution of energy deposition expected for a mono-
energetic beam crossing the detectors. The response homogene-
ity within the SVs was estimated by fitting the spectrum with a
Gaussian function and by considering the resulting full-width-
half-maximum (FWHM). A good homogeneity around 5%
FWHM was found for both prototypes. The energy spectrum
was also compared with a Monte Carlo simulation carried out
by means of SRIM.[30] The comparison, which is shown in

Figure 4. Large IBIC map of the 10 μm diameter AμDOS prototype. The
measurement was collected at the RBI (Zagreb, Croatia) using a 6MeV
carbon ions microbeam.

Figure 5. (Top-left) IBIC map of one of the SVs of the 40 μm diameter AμDOS prototype. (Bottom-left) CCE profile of the same SV at x ¼ 36.5 μm; a red
line visually locates the profile on the IBIC map. (Right) The deposited energy spectrum measured by the 40 μm diameter AμDOS prototype when
irradiated by a 6MeV carbon ions microbeam at the RBI (Zagreb, Croatia); the Gaussian fit through which the response homogeneity was estimated,
and a simulation carried out by means of SRIM is also represented.
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Figure 5 for the 40 μm diameter AμDOS prototype, allowed to
estimate the CCE of the detector. It is worth stressing that such
CCE value is not a direct measurement of the detector CCE but,
relying on Monte Carlo simulations, it is an estimate. Its error
margin reflects the uncertainty of the stopping power values used
by SRIM code. As suggested in ref. [30], SRIM stopping power
uncertainty can be considered about 5%. The position of the
energy deposition peak was observed to differ of 1%, allowing
to estimate a CCE of ≈99% and surely higher than 94% consid-
ering the error margin due to stopping power uncertainty.
Further, a good spatial definition of the SVs was obtained for
both the detectors with no charge collection outside the SVs’
area. Analyzing the CCE profiles, they were estimated to drop
from 90% to 10% within 2.5 μm.

However, the bridge effect had a significant impact on the
detector response. Hence, a detailed analysis of its criticality
was carried out. The effect was isolated by scanning the micro-
beam on a subregion of the array’s sensitive area, including only
a few SVs. The results of the IBIC analysis for the 10 and 40 μm
diameter SVs are shown in Figure 6 and 7, respectively.

As can be observed in the energy deposition spectra in
Figure 6 and 7, the Gaussian-shaped energy distribution was per-
turbed by a low-energy tail. The spectra were therefore divided
into energy regions to investigate the origin of the low energy
tail in more detail. A partial IBIC map was then created for each
region by considering only those events falling within the
region’s energy window. The regions were defined in order to
isolate the low energy tail from the main energy deposition peak
and to try to spot any particular behavior that could have been
associated with the bridges. Hence, a first region (the red region,

referring to Figure 6 and 7) was chosen to isolate the main energy
deposition peak. As a peak-like structure was observed in the low
energy tail, a second region (the orange region) was defined by
trying to isolate such structure. This feature was particularly evi-
dent in Figure 6. Two additional regions were eventually defined:
the green region between the main peak and the second peak-like
structure, and the blue region to cover the lower energy part of
the tail. Such division of the spectra in four energy regions
allowed to effectively interpret the results: 1) The events contrib-
uting to the main peak were collected by very well-defined SVs,
showing homogeneous response as reported in Figure 5. 2) The
higher energy side of the low-energy tail (green region) only had
the contribution from those events collected with incomplete
charge collection at the SVs’ borders. 3) The peak-like structure
(orange region) was created instead by the combination of events
detected at the SVs’ border and of events detected by the bridges
connecting the SVs. 4) The lower energy side of the low-energy
tail (blue region) is generated by the charge collected from amore
external part of both SVs’ borders and bridges.

The low-energy tail perturbation was therefore the result of
two similar but separate effects: the border effect and the bridge
effect. The border effect is due to the charge diffusion from
regions surrounding the SV, and it has long been known to affect
solid-state microdosimeters.[16,20,26,31] While the border effect is
a more general problem of solid-state microdosimeters, the
bridge effect specifically affects AμDOSs. Besides the AμDOS,
indeed, the bridge effect had already been reported affecting
the first generations of silicon AμDOS.[32,33] Hence, this work
will focus on the analysis of the bridge effect and its resolution.
A dedicated study to investigate the border effect in diamond

Figure 6. (Right) Deposited energy spectrum measured by the 10 μm diameter AμDOS prototype when irradiated by a 6MeV carbon ions microbeam at
the RBI (Zagreb, Croatia); the spectrum is divided in four regions, each one represented by a different color. (Left) The IBIC maps corresponding to each
region, created by considering only events whose energy deposition occurred within the region considered; the color of the maps contour is the same
color as the corresponding region.
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microdosimeters and its impact to microdosimetry is foreseen in
the near future by the authors.

The shared contribution from bridges and borders to the
mean deposited energy measured, cε, could be estimated
according to the following equation:

cε ¼
PN

i

R
Si
εf ðεÞdε
ε

(1)

where Si is the ith spectrum region (referring to Figure 6
and 7) of the N regions representing the contribution
investigated, ε ¼ ∫ εf ðεÞdε is the mean deposited energy, and

f ðεÞ is the ε probability density function. The contributions
from the whole low-energy tail and from the region of the
tail where the contribution of bridges exists are reported in
Table 1.

The contribution of the low energy tail to the deposited energy
spectrum is about 14% and 46% for SVs of 40 and 10 μm diame-
ter, respectively. As expected, the contributions are significantly
lower when the SVs’ area is larger. In addition, the impact of the
sensitive area on the border effect is milder than its impact on the
bridge effect. This could be observed in Table 1. A different pro-
portionality between the 10 and the 40 μm SVs was found for the
contribution in the case the whole low energy deposition tail is
considered (larger contribution from the border), and in the case
only the part of the tail where the bridges contribute is taken into
account.

The bridge effect is the consequence of an undesired Schottky
junction between metallic bridges and intrinsic diamond, creat-
ing an electric field beneath the bridges. Its presence generates a
charge collection outside of the nominal SVs (boron-doped dia-
mond/intrinsic diamond/Cr). Indeed, as the bias voltage is
applied through the metallic electrode, the bridges are also held
at the applied voltage potential. As no boron-doped diamond
back-contact was grown below the metallic bridges, no pþ
diamond/intrinsic diamond/metal Schottky junction was created
in the bridges region. Nevertheless, a weak electric field was gen-
erated anyway if the applied potential was strong enough. The
bridge effect is therefore expected to depend upon the applied
voltage. The IBIC maps collected applying different bias voltage
to the same irradiation conditions are shown in Figure 8. The
behavior of the AμDOS supported the hypothesis on the origin
of the bridge effect presented above.

To get rid of the bridge effect, the electronic coupling between
metallic electrode and the intrinsic diamond must be avoided.

Figure 7. (Right) Deposited energy spectrum measured by the 40 μm diameter AμDOS prototype when irradiated by a 6MeV carbon ions microbeam at
the RBI (Zagreb, Croatia); the spectrum is divided in four regions, each one represented by a different color. (Left) The IBIC maps corresponding to each
region, created by considering only events whose energy deposition occurred within the region considered; the color of the maps contour is the same
color as the corresponding region.

Table 1. Contribution to the mean deposited energy ε from the low energy
deposition tail, as measured by AμDOS prototypes when irradiated by a
6MeV carbon ions microbeam at the RBI (Zagreb, Croatia). Two cases are
reported, with reference to Figure 6 and 7: when considering all the tail
regions (blue, green, and orange), and when considering only those
regions where the bridges contribute to the tail (blue and green).

Whole tail [%] Where bridges contribute [%]

10 μm diameter SVs 46.08 32.10

40 μm diameter SVs 14.43 6.71
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As described in Section 2.2, two technological solutions were
implemented: the AμDOS-SG and the AμDOS-IL. Figure 9
and 10 show the results obtained when the two prototypes were
irradiated by a 6MeV carbon ions microbeam at the Surrey Ion
Beam Centre. The results of the IBIC characterization were
extremely promising.

Both approaches were able to neatly eliminate the generation
of measurable signals from the metallic bridges, as it could be
observed in Figure 9 and 10.

The bridges, indeed, were deposited either on the low-quality
diamond substrate or on the insulating material in which charge

carriers mobility is too low to allow them to work as radiation
detectors. In Figure 9, the first few μm of bridges surrounding
the SVs of the AμDOS-SG could still be observed. These regions
correspond to the parts of the bridges deposited on the intrinsic
diamond volume, which was grown slightly larger than the elec-
trode size. Hence, the phenomenon observed was not the bridge
effect, but it was a distortion of the SV shape, nominally circular.
For a better understanding, the reader should carefully refer to
Figure 9. While in Figure 6 and 7 the bridge effects clearly began
at lower CCE creating the peak-like structure discussed, in
Figure 9 the partial-bridge shapes could be observed in all maps

Figure 8. IBIC maps of the 40 μm diameter AμDOS prototype (red top row) and of the 10 μm diameter AμDOS prototype (blue bottom row) collected at
different applied voltage as indicated above. The measurement was collected at the RBI (Zagreb, Croatia) using a 6MeV carbon ions microbeam.

Figure 9. (Right) Deposited energy spectrummeasured by the AμDOS-SG prototype when irradiated by a 6MeV carbon ions microbeam at the Surrey Ion
Beam Centre (Guildford, UK); the spectrum is divided in four regions, each one represented by a different color. (Left) The IBIC maps corresponding to
each region, created by considering only events whose energy deposition occurred within the region considered; the color of the maps contour is the same
color as the corresponding region.
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Figure 10. (Right) Deposited energy spectrummeasured by the AμDOS-IL prototype when irradiated by a 6MeV carbon ions microbeam at the Surrey Ion
Beam Centre (Guildford, UK); the spectrum is divided in four regions, each one represented by a different color. (Left) The IBIC maps corresponding to
each region, created by considering only events whose energy deposition occurred within the region considered; the color of the maps contour is the same
color as the corresponding region.

Figure 11. (Top-left) IBIC map of one of the SVs of the AμDOS-IL prototype. (Bottom-left) CCE profile of the same SV at x ¼ 46.5 μm; a red line visually
locates the profile on the IBIC map. (Right) The deposited energy spectrummeasured by the AμDOS-IL prototype when irradiated by a 6MeV carbon ions
microbeam at the Surrey Ion Beam Centre (Guildford, UK); the Gaussian fit through which the response homogeneity was estimated, and a simulation
carried out by means of SRIM are also represented.
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corresponding to the four regions in the spectrum. In particular,
they were found in the red region corresponding to the main
peak (maximum CCE), thus showing the same behavior as
the nominal SV. Hence, while major manifestations of the bridge
effect were eliminated by the AμDOS-SG, such residual minor
effects are still under investigation. For instance, they could
be minimized by optimizing the detector layout. The results
of the characterization, however, showed a criticality of the
AμDOS-SG manufacturing technique. The bridge electrode is
deposited all along the surface step generated by the selective
growth of the intrinsic diamond only around the SVs. The steps
create weak points on which the bridge electrode could break,
interrupting the connection of some of the array SVs. This is
what happened to the SV in the bottom right corner of the maps
in Figure 9.

Figure 11 shows the IBIC map and profile of one of the 50 μm
diameter SVs of the AμDOS-IL prototype, as well as the corre-
sponding energy deposition spectrum.

As shown in Figure 11, the AμDOS-IL prototype also showed
an excellent homogeneity of the response throughout the sensi-
tive area, with a spectrum FWHM of about 3%. The SVs defini-
tion was characterized by a CCE drop from 90% to 10% of about
3.5 μm, thus resulting 1 μm worse than in the first prototype.
This might be caused by the slope of the resist walls created
around the etched regions (see Figure 3). Despite its isolation
properties, few charges were still able to cross the thinnest region
of the resist slope around the SV, generating a small collection of
charge by the Cr contact. Even though the degradation of SV defi-
nition observed was small (a border region with incomplete CCE
of 3.5 μmwidth against the 2.5 μm of the other prototypes), as the
SV definition affects the measurement accuracy, future improve-
ments of this technology will aim to minimize this effect.
A sharper etching of the resist or a more precise deposition
of Cr contact using dedicated masks could help improving the
SV definition. Finally, for what concerns the bridge effect,
the AμDOS-IL prototype achieved the complete elimination of
the phenomenon, as it could be observed in Figure 10. Even
if the peak-like structure could not be observed anymore in
the spectrum, four energy regions were still defined to try to spot
any possible contribution from the bridge. However, none of the
resulting IBIC maps showed any contribution from the bridges.

The result achieved by both the AμDOS-SG and AμDOS-IL
prototypes in successfully eliminating the bridge effect is highly
significant. To the authors’ knowledge indeed, none of the dia-
mond AμDOSs presented in the literature have been able to per-
form without being affected by the bridge effect. The elimination
of the bridge effect positively reflects to the microdosimeter per-
formances, improving the measurement accuracy as it reduces
the contribution from the low energy tail.

4. Summary and Conclusions

Novel layouts of diamond-based microdosimeters were devel-
oped by University of Roma “Tor Vergata.” The devices consist
of an array of cylindrical Schottky diodes, in which thickness
and diameter could be customized. A boron-doped diamond
layer was selectively grown on a low-cost diamond substrate con-
necting the SVs along a direction x. A Cr electrode defined the

SVs, connecting them along a direction y perpendicular to the
boron-doped diamond connections. This way, the boron-
doped/intrinsic diamond/Cr Schottky junction (hence the charge
collection region) was created only on the nominal SVs. Each SV
was connected in parallel, but the proposed technologies enable
reading the response of each SV separately.

Two first prototypes were manufactured with a thickness of
about 1.6 μm and SVs diameter of 10 and 40 μm, respectively.
The response of the two arrays and their performance were char-
acterized by means of IBIC technique at the microbeam facility
of the RBI (Zagreb, Croatia), with 6MeV carbon ions. Both pro-
totypes showed a good homogeneity of the response within the
SVs of about 5% FWHM. A good definition of the SVs was also
found, with the CCE falling from the 90% to the 10% within
≈2.5 μm. However, an undesired charge collection was observed
from beneath the metallic bridges. This phenomenon, called
bridge effect, is well known to affect AμDOSs and it compro-
mises the overall SV definition and the energy deposition spec-
trum collected by the detector.

Two strategies were successfully implemented to improve the
first version of diamond array prototypes and to get rid of
the bridge effect. The first strategy was the selective growth of
the intrinsic diamond layer only where the SVs will be created
by the chromium electrodes. Hence, the metallic bridges are
deposited on the low-quality diamond substrate, which lacks
the intrinsic layer to avoid charge collection. The second strategy
consisted in depositing a relatively thick insulation layer under the
metallic bridges. This allowed to electrically separate metal and
intrinsic diamond. A prototype was manufactured for each
improvement strategy: the AμDOS-SG following the selective
growth of the intrinsic solution and the AμDOS-IL following
the deposition of insulation layer solution. The AμDOS-SG and
the AμDOS-IL were fabricated with a diameter of 50 μm and a
thickness of about 1 and 1.5 μm, respectively. The two prototypes
were characterized by means of IBIC technique at the Surrey Ion
Beam Centre (Guildford, UK) employing 6MeV carbon ions. The
results obtained were excellent. Both prototypes successfully elim-
inated the bridge effect, showing a neat definition of the SVs. The
AμDOS-IL also demonstrated a good confinement of the CCE
within the SVs area and a homogeneity of the response of about
3% FWHM. The AμDOS, however, showed a slightly compro-
mised SVs shape and a weak point in the manufacturing process
related to the deposition of the electrode path along the steep edges
of the selectively grown intrinsic diamond volumes. Thus, the
AμDOS-SG requires further improvements to be addressed in
future developments of this technology.

Thanks to its simpler and more effective manufacturing pro-
cess and to its better overall performance, the AμDOS-IL stood
out as the best prototype in view of further developments. These
will bring the proposed technology to a larger scale production
and use in microdosimetry applications. Future research will
focus on two aspects. On one hand, the AμDOS-IL performances
will be further improved by trying to refine the SV definition by
reducing the borders effect. This is currently the main limitation
of the technology as it impacts the accuracy of the microdosimet-
ric measurements. The integration of a dedicated read-out sys-
tem allowing to independently read each of the array SVs will
be also investigated. On the other hand, a AμDOS-IL device made
of a higher number of SVs will be manufactured and used under
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clinical proton and carbon beams. This will be fundamental to
assess its performances in clinical beam conditions. Besides,
it will allow to study and characterize the radiation quality at
clinical fluence rate with higher lateral spatial resolution than
what has been done so far with other diamond microdosimeters.

The developments outlined in the manuscript represent a sig-
nificant advancement in the field of microdosimetry, both in
terms of detector performance and practical applications. By fab-
ricating diamond-based microdosimeter arrays with enhanced
spatial resolution and CCE, this research opens up new avenues
for precise and accurate measurement of radiation dose distribu-
tions at the cellular level. The versatility of the array configuration
allows for tailored measurements under various fluence rate con-
ditions, crucial for optimizing treatment protocols in particle
therapy. The use of diamond, besides improving the radiation
hardness with respect to silicon, provides a fairly tissue-
equivalent detector increasing the suitability to radiobiological
applications while maintaining the advantages of solid-state
detectors. Additionally, the successful mitigation of technical
challenges, such as the “bridge effect,” enhances the reliability
and accuracy of microdosimetric measurements, further bolster-
ing their utility in radiobiological research and clinical practice.

Overall, these advancements pave the way for improved
radiation dosimetry techniques, ultimately leading to better
understanding and management of radiation effects in
various applications, including cancer treatment and radiation
protection.
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