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ARTICLE INFO ABSTRACT

Keywords: In this work the utilization of the Ion Beam Induced Charge (IBIC) technique is explored to assess the resolution a
Charge collection efficiency 2 MeV Li + ion microbeam raster scanning a micrometer-sized FIB-machined hollows in a silicon photodiode.
Silicon

The analysis of the maps crossing the FIB machined structures evidenced a drop in charge collection efficiency
across the perimeter of the hollows combined with a significant recovery of the signal amplitude at the center of
the microstructures, thus forming a micrometer-sized feature which can be exploited to estimate the resolution of
the probing beam. The results were interpreted according to numerical simulations based on the Shockley-Ramo-

Ion beam induced charge (IBIC)
Ion microbeam

Gunn as originating from a FIB-induced surface space charge density.
These results offered additional information with respect to what achievable by a confocal photocurrent
microscopy analysis of the same device, due to the significantly shorter focal depth of the latter with respect to

the probing ion beam.

This study suggests the viability of an effective method to evaluate of the resolution of ion microbeams in
processes and experiments, which could be beneficial in emerging fields (deterministic implantation, micro-
radiobiology, ion lithography) demanding beam spot sizes below the micrometer scale.

1. Introduction

MeV ion beams are an appealing and versatile tool for the modifi-
cation, functionalization and analysis of solid state materials [1]. The
steady improvements in the last decade in the focusing and collimation
of ion beams [2-6] offer enticing opportunities towards the function-
alization of materials at the nanoscale [7,8] and the controlled intro-
duction of individual dopants for single-defect engineering by means of
ion implantation [9,10]. For processes involving the employment of
MeV beams with spot sizes approaching the nanometre scale, the
availability of tools for the accurate control on the beam size and reso-
lution is crucial. The main techniques commonly adopted by the scien-
tific community, such as STIM (Scanning Transmission Ion Microscopy),
RBS (Rutherford back-scattering) and PIXE (Particle Induced X-ray
Emission) rely on the imaging of patterned standards, e.g. TEM grids to
assess the beam resolution [11-13] or resolution standards fabricated by
proton beam writing [14,15]. Such approach has however the
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disadvantage of requiring a dedicated reference standard (typically
different from the sample intended to be processed), a separate mea-
surement system, and ion currents ranging from nA (as for PIXE or RBS)
to fractions of fA (as for STIM or other single-ion detection techniques).
These requirements might represent a limit to the accuracy of the esti-
mation of the beam size at sub-pym scales nanoscale, and its imple-
mentation might turn to be unpractical for automated functionalization
processes as well as for experiments requiring high positional accuracy
and precision.

While the scientific community has recently started to integrate in
the target samples themselves reference structures to be used as re-
sources for single ion detection [16] with position sensitivity [10,17],
the development of on-target diagnostic tools offering the assessment of
the ion beam resolution is still currently unexplored. In this work the
possibility to gain spatial information on the size of an MeV ion
micro-beam based on charge collection efficiency (CCE) measurements
is explored by means of a dedicated Ion Beam Induced Charge (IBIC)
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[18] experiment. With this purpose, a custom Si photodiode expressly
nano-machined by means of a keV Focused Ion Beam (FIB) is employed.
The ion beam resolution is assessed through the analysis of IBIC maps
carried out by a model for charge induction in a microstructured p-n
junction.

2. Experimental

Focused ion beam Lithography. The device under test consisted of
a TO-5 packaged S1223 Si PIN photodiode by Hamamatsu [19]. The
diode was denoted by an almost constant donor concentration ~7-10'%
em™3, as inferred from capacitance-voltage measurements. A 0.6 pm
thick p + layer with a maximum acceptor concentration of 2:10' cm—3
was estimated by spreading resistance profiling. A 180 nm dead layer
thickness was measured by Angle Resolved IBIC. The borosilicate cover
window of the TO-5 packaging was removed and the diode milling was
performed by raster scanning the focused ion beam (FIB: 30 keV GaT,
ion current ~10 nA, beam resolution <100 nm) across the diode surface.
A cross-shaped structure composed of several individual square hollows
was fabricated, together with additional alignment triangles, as shown
in the Scanning Electron Microscopy (SEM) image in Fig. 1i. The FIB
milling process resulted in the selective removal of ~4 pm of material
and in the formation of sharp (within the <100 nm FIB spatial resolu-
tion) hollow sidewalls, as evidenced in Fig. 1ii by the SEM image (52°
sample tilt) of a (10 x 10) pmz square hollow. No further fabrication
steps, including annealing, were adopted after the FIB machining.

Fig. 2 shows the current-voltage characteristic of the diode before
and after the FIB milling process, respectively. While the forward cur-
rent is left unaffected by the micromachining by all practical means, the
FIB machining resulted in an increase of the leakage current under
reverse bias from ~1 nA to ~200 nA. However, such a value resulted to
be sufficiently low to allow for the investigation of the device by the IBIC
technique.

Photocurrent analysis. The device underwent a preliminary
assessment of the nano-machined structures response under photocur-
rent (PC) characterization. The photocurrent induced by a laser source
(445 nm wavelength) was mapped as a function of the position of
incidence of the beam. The analysis was carried out using a custom
confocal microscopy setup, offering a <100 nm positional accuracy in
the sample positioning and a ~1 pm laser spot size upon focusing on the
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sample surface by means of a 100x, 0.95 N A. air objective. PC maps
were acquired at OV applied bias by recording the total measured cur-
rent as a function of the position of the impinging light beam held at
constant optical power of 2 mW. The current measurement was acquired
by a 6487 Keithley picoammeter. A typical PC map over a 100 x 100
pm? scan region (pixel size: 200 x 200 nm?) is shown in Fig. 3i; the
corresponding 1-dimensional profile, extracted from the region high-
lighted in yellow in Fig. 3i is shown in Fig. 3ii.

The map shows a current intensity drop over the FIB-machined
hollows (corresponding to the 3 pm and 1 pm sized squares). The drop
is to be ascribed to the large numerical aperture of the confocal micro-
scope objective, since the defocusing of the laser beam cone with respect
to the focal plane resulted in a spot size of ~24 pm at a depth of 4 pm.
Therefore, most of the excitation light is scattered and absorbed by the
edges of the square hollows, thus resulting in a homogeneous decrease in
the photocurrent intensity in the whole FIB-machined region. The sud-
den PC drop at the edges of the hollows was exploited to estimate the
resolution of the impinging laser beam, which was described by a FWHM
equal to (0.8 + 0.4) pm, i.e. compatible with the assessments previously
reported in photoluminescence experiments performed on the same
experimental setup [20].

Ion beam microscopy. IBIC measurements were carried out at the
nuclear microprobe beamline of the Laboratory for Ion Beam In-
teractions of the Ruder Boskovic Institute [21,22] using a 2 MeV Lit
beam (ion current of the order of fA) focused micro-beam raster-scanned
over the sample surface. To obtain micrometer spatial resolution, the ion
beam was focused using a combination of fine apertures positioned
along the beam path, and magnetic quadrupoles in a triplet
configuration.

This probing ion was chosen since its penetration depth in Si (~5 pm
range [23]) is comparable with the depth of the FIB-machined hollows.
This choice of the ion energy enabled to investigate the complementary
volume of the Si photodiode with respect to the hollows. Each incident
ion generates a measurable charge pulse, which is amplified and pro-
cessed by a standard charge sensitive electronic chain, composed by a
charge-sensitive preamplifier (AMPTEK A250) and spectroscopy
amplifier (ORTEC 570). All the measurements were carried out at room
temperature and in dark conditions. The increased leakage current
observed in the FIB-machined photodiode did not hinder the measure-
ments, as the CCE spectrum acquired from a pristine region of the device

Fig. 1. i): SEM image of the diode showing an ordered set of FIB-machined hollows. The nominal sizes of the square edges are 1 pm (O), 2 pm (A), 3 pm (B), 5 pm (C)
and 10 pm (D). The distance of the centres of the structures O-A, O-B, B-C is 10 pm; A-D is 15 pm. The distance of the vertices of C-E and of the edges of D-F is 10 pm.

i): Cross section of a hollow sidewall (tilt angle: 52°).
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Fig. 2. i) Current-voltage characteristic of the pristine and of the FIB machined silicon photodiode.
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Fig. 3. i): Photocurrent map of (200 x 200) pm2 acquired from the FIB-machined device using a
2 mW 445 nm laser excitation source under 0 V bias condition. The grayscale encodes the measured photocurrent measured at each pixel of the map. ii): Photocurrent
line profiles extracted from Fig. 3i along the two symmetry axes of the FIB-machined device. The abscissa values (L) represent the distance from the central hollow.

in full depletion conditions revealed a 32 keV FWHM. The effective bias positions [25].

voltage across the device was evaluated by subtracting the voltage drop The ion beam spot size was firstly assessed by Scanning Transmission
across the 87 MQ load resistor of the preamplifier from the externally Ion Microscopy (STIM) of a reference 400 mesh copper grid (Fig. 4i). The
applied bias voltage. The SPECTOR data acquisition system [24] ac- 1-dimensional profiles in Fig. 4ii shows the rotation-corrected projection
quires and stores every event along with the coordinates of the ion beam. of the region highlighted by the yellow dashed line in Fig. 4i. A
Induced charge maps are then displayed as the median channel number regression of the data against error/complementary error functions was
acquired in each pixel colour or greyscale coded on a map of pixel performed to quantify the beam spot size as (2.3 + 0.6) pm, determined

STIM counts

0 20 4 e 8 100
Length (um)

Fig. 4. i) STIM map of a 400 mesh acquired using the 2 MeV Li beam. ii) Profile (black line) and corresponding sigmoid fitting curves (red dashed lines) of the STIM
counts from the region highlighted in yellow in Fig. 4i.
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as the FWHM of the first derivative of the fitting curve.

3. Results

IBIC analysis: Examples of charge collection efficiency (CCE) maps
of the hollow structures at 0 and 2.7 V reverse bias voltage are shown in
Fig. 5i) and iii). CCE maps are extracted from IBIC maps by dividing the
median channel in each pixel by the peak channel of the IBIC spectrum
acquired when the ion beam scans a pristine region in full depletion
conditions, i.e. assuming that full collection occurs when e/h pairs are
generated in the pristine depletion region.

The CCE maps are encoded in grayscale (top color bar in each figure),
which is sufficient to identify the shape of the hollows fabricated on the
diode surface. CCE data were extracted from the two orthogonal stripes
running along the hollow squares symmetry axes. These lines are
highlighted in color in Fig. 5i and iii), where the color scale encodes the
CCE value for each individual pixel (0.4 pm and 0.23 pm pixel size for
the two maps, respectively). These one-dimensional profiles are quan-
titatively illustrated in Fig. 5ii) and iv).

It is apparent that the reduction of CCE occurs at the sidewalls of the
hollow structures, whereas, quite unexpectedly (and differently with
respect to the photocurrent profiles in Fig. 3ii), the CCE significantly
recovers its amplitude in the center of the hollows. Additionally, the
visibility of the central peak (i.e., the induced charge pulse height at the
center of the hollow) seems to be a function both of the applied bias
voltage and of the hollow dimensions.

The red curves in Fig. 5iv are the fitting curves of the experimental
data, evaluated through a combination of error/complementary error
functions to reproduce the data trend at the edge of the hollows and
gaussians for the peaks at the centre of the hollows. As for the STIM
analysis, the beam spot size was measured through the FWHM of the first
derivative of the erf’s and erfc’s curves, which have a common scaling
factor. For the horizontal and vertical profiles, the FWHM are (1.6 +
0.2) pm and (1.97 £ 0.10) pm, respectively.

4. Discussion and numerical analysis

In order to elucidate the causes of this experimental evidence, sim-
ulations of induced charge based on the IBIC theoretical model [26,27],
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have been performed using COMSOL 3.5a software [28].

Briefly, based on the knowledge of the doping profile, previously
evaluated by spreading resistance profiling [19], the diode electrostatics
was determined by solving the Poisson’s and continuity equations, with
the boundary conditions normally adopted to simulate semiconductor
devices [29,30]: prescribed potential (Dirichlet type conditions) at top
and back (grounded) contacts, and insulating (homogeneous Neumann
conditions) on the sidewalls of the hollows. In addition, a constant
nominal carrier lifetime of the order of tens of ps and conventional ex-
pressions of carrier mobilities were assumed [30], which don’t account
for the effects of the FIB-induced structural stress, on the transport and
recombination properties in silicon [33].

Additionally, we assume that the bottom of the hollows can be
electrically charged because of the Ga ions implanted during the FIB
machining, therefore, the boundary conditions are inhomogeneous
Neumann type:

(1) —7D =o

Where 1 is the is the unit outward surface normal vector, D is the
electric displacement vector and ¢ is the surface charge density. This
assumption implies a constant implantation-induced space charge den-
sity at the bottom of all the hollows, whose value was assumed as a free
parameter for the finite-element simulations. The scheme in Fig. 6
summarizes the adopted boundary conditions relevant to structures
C-B-O-B-C shown in Fig. 1. Finally, at the boundaries of the hollows, an
infinite recombination velocity is assumed, which is justified by the
damage induced by the FIB micromachining.

The Gunn’s weighting potential 2D map and the potential contour
plot for 6 = 0 and ¢ = 16 nC/cm? are shown in Fig. 7 under 0 V applied
electrical bias. It is apparent that beneath the hollows, the Gunn’s
weighting potential (y) is almost null, whereas it is maximum at the top
electrode. Therefore, holes generated at the bottom of the hollows
contribute to charge induction if they are drifted to the top sensitive
electrode, since the induced charge is given by the difference of y be-
tween the initial and final position of the moving charges [26]. The
contribution to the induced charge signals of the minority carriers is
then ineffective for 0 = 0 , as the equipotential lines are rather sparse

ig. 5. i): IBIC map of (47 x 47) pm? acquired using a

2 MeV Li ion beam from the FIB-machined device
under 0 V bias condition; capital letters indicate the
structures as in Fig. 1i. The top grayscale encodes the
median IBIC signal of the pixels in the map. The

colour of the markers along the two orthogonal (0.8
pm wide) stripes (a and b) represents the median IBIC
signal encoded in the colour scale on the right, whose
min and max values are the 1st and 99th percentile of
the IBIC signal distribution relevant to pixels in

stripes (a) and (b). ii): Median IBIC profiles extracted
from the signals of individual pixels (markers) in
stripes (a) and (b). The abscissa values (L) represent

the distances from the central hollow. iii) (28 x 28)
pm2 IBIC map and iv) profiles as in i) and ii),
respectively, but for 2.7 V bias voltage. The red curve
is the fit of the experimental data by a combination of
error and complementary error functions.

i) ) iv)
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-20 -10 0 10 20

Fig. 6. Two dimensional scheme of the diode under
study with hollow squares C,B,0,B,C (ref. Fig. 1i)).
1x10%° The surface plot represents the absolute doping con-
centration encoded in the colour scale on the right
=z (Np = donor, Ny = acceptor concentrations). The
ut different types of boundaries of the Poisson’s equa-
2 tion are identified by “a” (homogeneous Neumann
g boundary condition), and b (charge surface density, i.
) e. inhomogeneous Neumann boundary condition) at
the bottom of the hollows. The diode is reversed
L 320 polarized; the bottom electrode is grounded.
1x10'2
[um]

20 [um]

-20 -10 0 10
=16 nC/cm?

Fig. 7. Contour plots of the electrostatic potential at
11 bias voltage (white contour lines) for | = 0 and
= 16 nC/cm? superimposed to the coloured surface

maps of the Gunn’s weighting potential. The maps

refer to the profile including hollow squares C,B,0,B,

C (ref. Fig. 1i). The plots encoded in the grayscale

represent the ionization energy loss induced by 2

MeV Li ions incident on two different positions: onto

the surface (at y = 15) and onto the bottom of the

hollow structure B (at y = —10) - see Fig. 1i).

lenuajod Bunybiam s,uunga

o

lonization energy loss

beneath the hollows; however they gather densely, i.e. the electric field
strength increases, for 6 = 16 nC/cm?,

Finally, the contributions of electrons (n™) and holes (p") to the
induced charge are calculated by solving the relevant continuity equa-
tions in the adjoint form, as described in Refs. [29,31,32].

The results of the two dimensional simulation are given in Fig. 8,
where n", p* and the total charge collection efficiency (CCE = n*"+p™)

are mapped in two dimensions for the same structures of Fig. 7,
assuming o = 0 (left side) and ¢ = 16 nC/cm? (right side) at the bottom
of the hollows. It is apparent that electron contribution to the induced
charge is marginally affected by the surface charge introduced by the Ga
ions machining at the bottom of the hollows, whereas holes are effi-
ciently drifted to the top electrode by the electric field induced when o =
16 nC/cm?, resulting in a high CCE beneath the hollows.

o=16 nClem’

Fig. 8. Simulated electrons (n* - top), holes (p* -
middle) contributions and total (CCE - bottom)
charge collection efficiency maps relevant to struc-
tures C-B-O-B-C (see Fig. 1) assuming a surface
charge at the bottom of the hollows of 6 = 0 (left side)
and ¢ = 16 nC/cm? (right side). Bias voltage is null.
The graphs at the bottom are the induced charge
profiles calculated from the above CCE maps and
from the ionization profiles (Fig. 7) calculated for
different values of the centroid of the Gaussian beam.
The different profiles refer to Gaussians with different
FWHM. The dimensional unit is pm for all graphs and

— 1]

maps.

1 2
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The induced charge profiles have been simulated by the super-
position of the contributions of any carrier generated along the trajec-
tory of ions scanning along the y-direction. The electron-hole generation
profile I' of an ion beam incident at the nominal position y = ¢, is
assumed to be the convolution of the SRIM [21] normalized ionization
energy loss profile S(x,y) and the Gaussian profile G(y &) centred iny =
&

(2) I'x,y:&) = [dy - {Gly —¥;¢) - S(x,y)}

Fig. 9 shows the surface map of the electron-hole profile I'(x,y; £ = 0)
generated by 2 MeV Li ions at ¢ = 0 and the relevant projections along
the cartesian axes. To give a view of the depth of the Li ion probe with
respect to the electrostatic field, the ionization energy loss profiles
centred onto the surface and onto the bottom of a hollow are super-
imposed to the Gunn’s weighting potential plot in Fig. 7. It is worth
noticing that the shape of I'(x, y; &) is assumed to be unaltered both if the
ion beam is focused onto the surface or at the bottom of the hollows, due
to the large depth of focus of the ion microbeam focusing system, which
is typically much larger than depth of the hollows (4 pm) [25].

The induced charge profile P(¢) is then calculated for each position &
of the beam along the surface by integrating over the entire active vol-
ume, the generation profile I by the charge collection efficiency CCE(x,

y):
() P(¢) = [dx [dy-{CCE(x,y) -I'(x,y; &)}

The graphs at the bottom of Fig. 8 show the results of the simulations,
assuming a bias voltage of 0 V and Gaussian ion beams with FWHM of
0.5,1.0, 2.0 pm, for 6 = 0 and ¢ = 16 nC/cm?, respectively. In agreement
with the above mentioned observations, in the former case the collection
of the induced charge when the ion hits the hollow is low, whereas the
profiles show peaks at the centre of the hollows in the case of 6 =16 nC/
cm? , which are in qualitative agreement with the experimental profile in
Fig. 5, where IBIC peaks emerge at the O,B,C hollows. Furthermore, for
the purposes of this study, the comparison of the experimental and
simulated profiles appearance of peaks at the central 1 x 1 pm? hollow
leads to conclude that the FWHM of the ion microbeam is smaller than 2
pm.

Fig. 10 shows the simulated induced charge profiles at Vs = 2.7 V

lonization energy loss (a.u.)
o 3

o
N
w
~
123
3

-

=X —]
£=X ——
0=X —

T
) Y

lonization energy loss (a.u)

Xr‘i

Fig. 9. Surface plot and projections along the x and y-axis of the ionization
energy loss, assuming a Gaussian beam with FWHM = 1 pm. Dimensional unit
are micrometres. The profiles along the y directions are relevant to different
depths at x = 0 ym, 3 pm and 4.5 pm.
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Fig. 10. Simulated IBIC profiles as in Fig. 5iv) along the (a) and (b) stripes. Bias
voltage = 2.7 V, Gaussian ion beam with FWHM = 1 pm. Dotted red line: 6 = 0,
Dotted blue line: 6 = 1.6 nC/cm?, Continuous black line: 6 = 16 nC/cm?. Ab-
scissa represent the distance from the central hollow.

along the (a) and (b) stripes, as in the experimental profiles in Fig. 5iv),
assuming a gaussian ion beam with FWHM = 1.0 pm. The simulated
profiles qualitatively match the experimental results: the high surface
recombination velocity at the hollow sidewalls lowers the IBIC signals,
which recovers at the centres of the hollows, as the charge density (o)
increases. It is worth noticing that, as shown in Figs. 7 and 8, even at null
bias voltage the surface charge generates an effective electric field
permeating the whole region probed by the ions; the widening of the
depletion layer at increasing reverse bias voltage do not significantly
enhance the motion towards the sensitive electrode of carriers generated
beneath the hollows.

5. Conclusions

This paper describes IBIC experiments carried out on Si p-n junction
diodes with FIB machined hollows at the micrometer scale, using 2 MeV
Li microbeams as ion probes.

The FIB microstructures slightly perturb the global electrical char-
acteristics of the diodes, with an acceptably limited increase of the
leakage current in reverse polarization, with respect to the pristine
samples. The suitability of these hollows to locally modify the functional
properties of the diodes was firstly verified through confocal photo-
current microscopy, which provided a clear current intensity drop over
the hollows, with a sharp contrast at their edges, which allowed to es-
timate the laser beam diameter at the focal point.

IBIC maps clearly show a decrease of the signal along the perimeter
of the microstructures, whereas in the middle the induced charge re-
covers to values similar to those generated in pristine regions. The evi-
dence of the CCE drop at the sidewalls, and the apparent peaks observed
at the center enabled the evaluation of the beam resolution by adopting
the same knife-edge method exploited by the STIM technique. The
analysis of the CCE profiles resulted in a beam FWHM estimation, given
by (1.6 + 0.2) pm and (1.97 + 0.10) pm along the vertical and hori-
zontal profiles, respectively. This result is in line with the discrimination
of non-uniform CCE distribution in the inner surface of every hollow,
and in particular of the smallest (1 x 1) pm2 structure, which allows to
qualitatively set an upper limit to the ion beam dimension of 1-2 pm.

Although compatible, these estimations are lower with respect to
what derived from the STIM analysis - which can suffer, in comparison
with the proposed IBIC approach, from ion scattering at the edges of the
copper grid as well as to its thickness and edge roughness - thus sug-
gesting that the proposed IBIC-based approach could offer a higher ac-
curacy in the estimation of the true value of the ion beam spatial
resolution.

The interpretation of such experimental evidence is supported by the
well-established IBIC theory, assumption assuming the presence of a
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charge density layer implanted during the FIB micro-machining. The
presence of such spatial charge density remarkably modifies the electric
field beneath the hollows, promoting the drift of minority carriers to-
wards the p' region and thus enhancing the induced charge at the
sensitive electrode. This effect is clearly observed in IBIC maps, resulting
from a scanning MeV ion microbeam with a large penetration depth, but
is not visible in photocurrent confocal microscopy, where the limited
focal depth results in a defocused laser illumination at the bottom pre-
venting the detection of any local enhancement of the photocurrent
related to the FIB-induced surface space charge.

The observed results are expected to scale down with the ion beam
spot size, the ultimate resolution limit being determined by the lateral
straggling of ions in the target substrate [23]. Similarly, the spatial
dependence of the CCE is expected to be further enhanced at lower ion
energies (e.g. in the keV range of interest in recent deterministic ion
implantation experiments [14-16]), for which the surface-related
modification of the internal electric field lines would be more pro-
nounced. In this particular case, the application of IBIC methods to
nm-thick hollows might have an edge with respect to the range of
applicability of techniques, such as PIXE or STIM, relying on the inter-
action with a pm-thick copper grid standard, where the lack of X-ray
production or the sensitivity to elastic scattering with the grid edges
would hinder the beam resolution assessment, respectively. The pro-
posed methodology could be exploited as an effective method to esti-
mate the spatial resolution of ion microbeams in experiments or
processes, as in deterministic ion implantation, micro-radiodosimetry or
micro ion lithography, which require the in situ monitoring with high
positional accuracy [34-36], thus avoiding the need for a separate
reference standard.
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