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ABSTRACT

In multi-electrode devices, charge pulses at all the electrodes are induced concurrently by the motion of the excess charge carriers generated
by a single ion. This charge-sharing effect is such that the pulse amplitude at each sensitive electrode depends on the device geometry, its
overall electrostatic configuration, and the charge transport properties of the detecting material. Therefore, the cross-analysis of the charge
pulses induced at each electrode offers implicit information on the position of the ion impact. In this work, we investigate the two-
dimensional position sensitivity of a diamond detector fabricated by deep ion beam lithography. By exploiting the ion beam induced charge
technique, the device was exposed to a 2MeV Liþ ion micro-beam to map the spatial dependence of the charge collection efficiency (CCE)
on the nominal micro-beam scanning position. The combination of the CCE maps revealed a two-dimensional position sensitivity of the
device with micrometric resolution at the center of the active region.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0205621

Ion beams are consolidated tools for the characterization and
functionalization of materials and electronic devices and detectors and
are commonly adopted for materials manufacturing processes.1–3 The
availability of dedicated setups for the delivery of focused or collimated
ion beams with sub-micrometer resolution4–7 has enabled the flourish-
ing of spatial-resolved experimental techniques for the characterization
of the charge transport properties of detectors and semiconductors,8,9

the effects of radiation damage on their response,10–13 and the analysis
of single event effects in microelectronic devices.14,15 Conversely, the
availability of real-time position-sensitive single-ion detectors could
enable the controlled dose delivery at the micrometric scale for the
assessment of radiation damage at high doses,16 the selective function-
alization of materials,17,18 or the implementation of cell culture irradia-
tion protocols for micro-radiobiology experiments.19,20 It would also
enable to obtain high spatial sensitivity on individual ion strike posi-
tion without the need for focusing or collimating ion optics elements.

Recent works have explored the possibility to exploit the implan-
tation targets themselves as resources for position-sensitive single-ion
detection.21–23 Particularly, the exploitation of charge-sharing effects in

multi-electrode devices to both sense the impact of individual keV and
MeV ions in solid state detectors and concurrently retrieve their
impinging position has been proposed.24–26 Specifically, it was shown
that the evaluation of the induced charge shared between multiple
electrodes could be used to detect the ion strike location with
sub-micrometer precision. Despite the premises, these results were,
however, based on simple one-dimensional geometries and offered a
limited (i.e., few lm) position-sensitive detection regions. In this work,
we present a proof-of-concept experiment based on the ion beam
induced charge (IBIC)27 technique to determine the ion beam impact
point position of a MeV ion. The methodology requires initially the
acquisition of charge collection efficiency (CCE) maps by three sensi-
tive detectors located at the vertices of an equilateral triangle, which is
the active area probed by a scanning focusedMeV ion beam. The mea-
surements of the charges induced at the three sensing electrodes by a
MeV ion impacting the active area, combined with the three CCE
maps, enable the identification of the impact position of a MeV ion
with the same mass and energy with a resolution at the micrometer
scale. The detector was fabricated on a commercial 3� 3� 0.3mm3
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synthetic single-crystal diamond substrate by Element Six (h100i ori-
entation). The sample was denoted as “electronic grade” according to
the low contents of substitutional N and B impurities (<5ppb). The
device consists of a sandwich geometry in which the top side is seg-
mented into three independent sensing electrodes. The three top elec-
trodes are buried graphitic micro-channels fabricated according to the
high-resolution deep ion beam lithography (DIBL) technique19,28 sum-
marized in Figs. 1(a) and 1(b). A 3lm thick Cu layer was thermally
evaporated on the substrate surface [Fig. 1(b)] and was subsequently
micromachined by FIB milling (30keV Gaþ ions) in order to define a
lithographic mask for broad ion beam lithography [SEM image in
Fig. 1(a)]. The apertures enabled to selectively amorphize the regions
patterned by the mask by exposing the diamond substrate to an unfo-
cussed (3� 3mm2 spot size) 4MeV C3þ ion beam. The ion fluence
(�2.5� 1016 cm�2) was set to introduce a vacancy density above the
diamond graphitization threshold (9� 1022 cm�3)29 at the end of the
ion range, thus resulting in the formation of conductive graphitic elec-
trodes upon high-temperature post-irradiation thermal annealing
(1000 �C, 2 h, 5� 10�5 mbar). The selected ion energy resulted in the
fabrication of�1lm thick graphitic electrodes located at 1.5lm depth
from the diamond surface, according to SRIM simulations30

[Fig. 1(c)]. The choice of the fabrication of electrodes buried below the
sample surface, while not strictly necessary for the operation of a detec-
tor based on the charge-sharing effect, was made to ensure the forma-
tion of Ohmic contacts,31,32 as well as to mitigate the electrostatic
effects induced by the surface termination.

The utilization of a FIB for the preparation of a contact litho-
graphic mask [Fig. 1(a)] enabled to achieve the fabrication of graphitic
structures with a spatial resolution limited only by the lateral straggling
of the 4MeV C3þ ions in diamond (�100 nm30) and in copper due to
surface scattering of carbon ions with the copper vertical walls, due to

the beam divergence and slight misalignment of beam with respect to
the mask (�350nm). This prevented the introduction of radiation
induced defects in the active region of the detector,33 which could hin-
der the electrical and detection properties of the device. The choice of
a C ion beam was made both to avoid the introduction of external
atomic species in the diamond lattice, involving the formation of addi-
tional electrically active defects,34 and to define buried structures in
which the lm-deep electron–hole cloud generated by impinging MeV
ions in IBIC experiments can be regarded as described by a purely pla-
nar geometry.

The resulting device consisted of three 5lm wide, 75lm long
[Fig. 2(a)] buried graphitic electrodes placed at a relative angle of 120�.
Their inner endpoints defined the vertices of an equilateral triangle
with a side of 26lm. Their outer endpoints were FIB milled and then
connected to the external biasing circuitry by means of 50 nm thick Al
electrodes, deposited by electron beam lithography and subsequently
wire bonded to an external custom sample holder.29 Finally, an addi-
tional 50 nm thick Al electrode was deposited on the back side of the
diamond sample, i.e., on the surface opposite to the graphitic buried
electrode.

The device was characterized by ion beam induced charge (IBIC)
microscopy, enabling to record the pulse height, associated with the
charge induced by the motion of electrons and holes generated by indi-
vidual ions, with the nominal position of incidence of a rarefied MeV
ion microbeam raster scanning on the sample surface.27

The device was arranged according to the electrostatic configura-
tion depicted in Fig. 2(a). Each of the three planar electrodes (named
R, G, and B) was connected to an independent charge-sensitive elec-
tronic chain, consisting of a Amptek A250 preamplifier35 and a
ORTECmodel 570 shaping amplifier. The induced charge pulses asso-
ciated with the detection of individual ions were then digitized using a

FIG. 1. (a) Scanning electron microscopy (SEM) image of the lithography mask adopted for the fabrication of the segmented top electrode of the detector. The three planar
electrodes are placed about 1.5 lm beneath the top surface of a diamond plate and biased with respect to a reference electrode on the back surface. (b) Sketch of the fabrica-
tion steps implemented for the deep ion beam lithography process. (c) Vacancy density profile for 4 MeV C3þ ions in diamond, according to SRIM simulations.30
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multi-channel analyzer interfaced with the SPECTOR software.36 The
three electrodes were virtually grounded through the preamplifiers,
and the back electrode was held at a constant applied voltage of 60V
with respect to a common ground.

A 2MeV Liþ beam was chosen as the probing beam; the ioniza-
tion energy loss profile and the 2D contour plot are shown in Figs.
2(b) and 2(c), respectively. Although the ionization profile is not opti-
mal to maximize the induced charge collection (at 1500nm the energy

FIG. 2. (a) Optical micrograph of the diamond detector with ion-beam-micromachined graphitic electrodes (top surface). The back electrode is sketched in the figure together
with the electrical connections adopted for the IBIC experiment. (b) Ionization profile and (c) contour plot of the energy loss for 2 MeV Liþ ions in diamond as evaluated by
SRIM simulations.

FIG. 3. (a)–(c) Median maps of the charge collection efficiency g measured by each of the three sensing electrodes [R, G, and B, as labeled in Fig. 2(a)] upon raster scanning
of a rarefied 2MeV Liþ beam. (d) The RGB-encoded IBIC map resulting from the combination of the three previous maps. (e) Chroma map encoded as a grayscale image.
(f) Chroma-encoded map zoom-in the yellow square of (e). The equilateral triangle (side 26 lm) is the region of interest analyzed in Fig. 4.
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loss is approximately half than at 500 nm), diffusion (the diffusion
length is larger than 1lm), and drift because the bending of the elec-
tric field at the surface is effective to drive carriers along trajectories
traversing the weighting potential region (as demonstrated by

simulations reported in the supplementary material), making 2MeV
Liþ ions effective to probe the induced charge in the sensitive region.

On the basis of this arrangement, the device is to be regarded as a
segmented detector with a planar geometry with respect to holes,

FIG. 4. (a)–(c) Median maps of the normalized charge collection efficiency r, g, b measured by each of the three sensing electrodes, restricted to the pixels for which all the three val-
ues have non-zero values. (d) The RGB-encoded IBIC map resulting from the combination of the three previous maps. (e) Maxwell triangle of color, representing the three coordi-
nates in the “charge space” of the pixels shown in (d). (f) Plot of the distance (dq) from the q vertex as function of the “r” normalized charge collection efficiency; (g) plot of the
distance (dc) from the c vertex as a function of the “g” normalized charge collection efficiency; and (h) plot of the distance (db) from the b vertex as a function of the “b” normalized
charge collection efficiency. In the last three graphs, the lines are the linear fit calculated by using the algorithm of Fasano and Vio;39 pr,g,b and mr,g,b are the resulting intercept and
slope, respectively. The horizontal and vertical error bars are given by the interquartile range of the pulse distribution in each pixel and the FWHM of the beam spot, respectively.

FIG. 5. (a) Box plot of the distribution of the distance from the predicted point and the nominal impact point. (b) Scatterplot of the predicted (full markers) and nominal impact
points relevant to the first two groups of the cross-validation test. (c) Average distance from the predicted to the nominal point positions relevant to the ten groups. Error bars
are the standard deviations.
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whose collection occurs at each of the three top graphitic electrodes
[Fig. 1(a)]. Conversely, electrons drift toward the back surface.

The beam spot size of the beam focused by a quadrupole triplet
was estimated as (2.36 0.6) lm, according to a preliminary STIM
characterization.13

The active region of the devices was mapped using a rarefied
(<100 ions/s) ion beam, by the concurrent measurement of the charge
collection efficiency gi, i¼R, G, B relevant to each individual sensing
electrode. The analysis was performed on the maps by treating the sig-
nals as independent, i.e., the signals were not acquired under coinci-
dence conditions.

The IBIC maps acquired from each sensing electrode under the
afore-mentioned electrical bias conditions are reported in Figs. 3(a) and
3(c), where the brightness of the color scales encodes the median gi
(minimum two events recorded per pixel) value acquired at each pixel.
The highest signals occur at the Al electrode connecting the graphitic
channel endpoints, and the collection efficiency refers to this value.

In correspondence of the graphitic electrodes, the CCE is lower
than the noise threshold as a result of immediate trapping of the elec-
tron–hole pairs generated by the impinging ions in a highly defective,
radiation-damaged region as a consequence of the deep ion beam
lithography process.

Figure 3(d) is the RGB-encoded IBIC map resulting from the
combination of the three maps [Figs. 3(a) and 3(c)]. This representa-
tion introduces the possibility of using other colorimetric quantities,
which enables the highlighting of specific features, which are func-
tional to the development of a position sensitive detector (PSD).
Actually, the chroma (the absolute value of color purity, i.e., [Max(gR,
gG, gB) � min(gR, gG, gB)])

37 encoded IBIC map [Fig. 3(e)] exhibits a
snowflake’s sixfold symmetry: three of the arms are the (black) gra-
phitic channels and the remaining three (grey) main arms correspond
to the regions where charge sharing occurs between two adjacent elec-
trodes. These latter converge into the central region, which corre-
sponds to the minimum of chroma, as shown in the zoomed map in
Fig. 3(f), relevant to the yellow square in Fig. 3(e).

The equilateral triangle with the vertices (named q, c, b) of the gra-
phitic channels shown in Fig. 3(f), defines the region of interest for the
PSD (about 293 lm2), where the three electrodes share the charge signals.

Actually, pixels for which non-zero g values were recorded at all
the three sensing electrodes, lie within the equilateral triangle as shown
in Figs. 4(a)–4(c), where the color scale encodes the new normalized
coordinates r ¼ gR

gRþgGþgBð Þ ; g ¼ gG
gRþgGþgBð Þ ; b ¼ gB

gRþgGþgBð Þ and in the

RGB-encoded IBIC map in Fig. 4(d).

The adoption of these normalized new variables allows the repre-
sentation of the three induced signals in a new “charge space,” repre-
sented by a ternary diagram [Fig. 4(e)], which is nothing but the
Maxwell’s triangle of colors,38 in which a given plotted point represents
the relative proportions of three variables, constrained by rþ gþ b¼ 1.

The localization of the ion impact position can therefore be traced
back to the search for the one-to-one correspondence (bijective func-
tion), which maps each point within the region of interest ROI [the
equilateral triangle .cb shown in Fig. 4(f)] to one relevant point, iden-
tified by the normalized coordinates (r, g, b), in the “charge space.”
This bijective function can be found by observing that in Figs.
4(a)–4(c), the intensity of each primary color decreases radially from
the reference vertex of the equilateral triangle. The dependence of the
radial distance dq of the impact points with coordinates (xnom, ynom)
(given by the microbeam scanner) from the vertex x.; y.ð Þ of the elec-
trode “R,” i.e.,

d. ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xnom � x.ð Þ2 þ ynom � y.ð Þ2

q
; (1)

as function of the “charge coordinate r” relevant to that electrode, is
shown in Fig. 4(f). Similarly, Figs. 4(g) and 4(h) show similar graphs to
the distances dc and db of the impact points (xnom, ynom) from the ver-
tices xc; ycð Þ and xb; ybð Þ relevant to the electrodes G and B, respec-
tively. These linear trends are, at least qualitatively, in agreement with
the IBIC theory,40 as can be seen from the simulations described in the
supplementary material.

The resulting graphs show linear decreasing behaviors, such that
the bijective function turns out to be a linear transformation,

dq ¼ pr þmr � r;

dc ¼ pg þmg � g;

db ¼ pb þmb � b;

8>>>><
>>>>:

(2)

where pr,g,b and mr,g,b are the intercepts and the slopes of the linear
regressions, calculated using the algorithm proposed by Fasano and
Vio,39 in order to take into account both the uncertainty of the beam
position (2.3lm as evaluated from STIM mapping13) and the uncer-
tainty of the normalized charge coordinates calculated from the inter-
quartile range of the pulse distribution in each pixel (in average, 4.5
pulses per pixel).

The (xpred, ypred) coordinates of the predicted impact point are
then calculated by solving the system (2),

xpred ¼ þ 1
2

yb d2q � x2q � y2q � d2c þ x2c þ y2c
� �

þ yc d2b � x2b � y2b � d2q þ x2q þ y2q
� �

þ yq d2c � x2c � y2c � d2b þ x2b þ y2b
� �

yb�yqð Þ xc�xqð Þ � xb�xqð Þ yc�yqð Þ ;

ypred ¼ � 1
2

xb d2q � x2q � y2q � d2c þ x2c þ y2c
� �

þ xc d2b � x2b � y2b � d2q þ x2q þ y2q
� �

þ xq d2c � x2c � y2c � d2b þ x2b þ y2b
� �

yb�yqð Þ xc�xqð Þ � xb�xqð Þ yc�yqð Þ :

(3)

Figure 5(a) shows the boxplot of the distribution distances Di of
the nominal impact point position from the predicted impact
point,

Di ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xpred;i � xnom;ið Þ2 þ ypred;i � ynom;ið Þ2

q
: (4)

The mean value is 1.2lm, with an interquartile distance of about 1lm.
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The trilateration procedure summarized above is thus equivalent
to the identification of the single intersection point between three
circumferences.

To measure the predictive accuracy of the model, we used a ten-
fold cross validation test.41 The 52 data points were randomly assigned
to ten groups, containing five points identified by the three “charge”
coordinates (q, c, b) relevant to the nominal point of coordinates
(xnom, ynom). In turns, the remaining 47 points were used to build the
above described model to evaluate the predicted impact point (xpred,
ypred) through Eqs. (1)–(3). As an example, Fig. 5(b) shows the scatter-
plot of the nominal and predicted impact point positions relevant to
the first two groups. The accuracy of the model was quantified by the
mean and standard deviation of the distance Dk defined in (4) relevant
to the kth group as shown in the scatterplot in Fig. 5(c). The resulting
average value agrees with the mean value evaluated from the whole
data set shown in Fig. 5(a). The accuracy of the impact ion position
can finally be determined by combining in quadrature the average D
value with the ion beam spot size, as determined by STIM,13 resulting
in about 3.0lm.

In conclusion, we have fabricated a multielectrode diamond
detector by means of deep ion beam lithography, both satisfying the
requirement of bias-independent internal space charge density and
being a material of interest for the delivery of individual ions. The
detector was characterized by mapping the CCE relevant to each sensi-
tive electrode biased with respect to a reference metallic back electrode.
The induced charge relevant to the ion impact within the region of
interest delimited by an equilateral triangle with the vertices at the end-
points of the electrodes, was found to be shared between the three elec-
trodes, with an efficiency which linearly decreases as a function of the
distance of the impact point from the electrodes tips. This latter evi-
dence allowed the coordinate and the charge spaces to be correlated
and enabled to apply simple algorithms to identify the position of
impact of individual ions in the inter-electrode region of the detector,
where charge-sharing events were recorded. The proposed trilateration
approach has demonstrated the potential to retrieve the two-
dimensional position of impact of each ion with a spatial uncertainty
of 3lm over a triangular region with 26lm side.

The results obtained by this proof-of-concept methodology can
be substantially enhanced both by implementing incremental improve-
ments in the experimental setup and by considering alternative device
designs. The spatial resolution is expected to result from a convolution
between the probing ion beam spot size and the uncertainty budget in
the determination of the median charge collection efficiency value
from an individual pixel of the IBIC maps. The adoption of coinci-
dence detection from all the electrodes will enable the identification of
the position of individual ion from an impinging broad beam. The
intrinsic resolution of the detector can therefore be enhanced by a cali-
bration performed taking advantage of focused or collimated ion
beams with sub-lm spot size.42 Furthermore, the utilization of dedi-
cated low-noise preamplifiers for the detection of induced charge
pulses23,35 will lead to a dramatic decrease in the uncertainty affecting
the charge collection efficiency, thus enabling the acquisition of more
accurate charts relating the induced charges space with that of the two-
dimensional spatial coordinates, as well as in the achievement of high-
resolution for lower energy experiments.23 The currently achieved
position sensitivity of 3lm corresponds to a CCE variation of �0.1
along the radial distance from each electrode, and thus to a minimum

energy resolution of 200 keV. This observation enables to anticipate
the direct implementation of the proposed methods for single-ion
position-sensitive detection in experiments with energies of few hun-
dreds of keV.43 Also, alternative electrode arrangements and the
shrinking of the electrode spacing can lead to significant improvement
in the spatial resolution. Based on these perspectives, the proposed
methodology could become an effective method for the development
of deterministic doping process with real-time feedback both on the
delivery of individual ions, due to the single-ion sensitivity of the IBIC
technique, and on their position sensitivity. This technique might thus
find application for dopants engineering in quantum technologies,44–47

offering the development of devices the same electrodes exploited for
deterministic ion placement can be subsequently exploited to drive
and control the properties of the fabricated individual dopants.44–50

See the supplementary material for the results of a finite element
simulation describing the IBIC experiment on the basis of the electro-
static analysis of the device and the implementation of the Shockley–
Ramo–Gunn theory.
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