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ABSTRACT. We study the influence of active edges on the response of@regls by comparing
simulations of the electrostatic-potential distributionposition-defined measurements on the en-
ergy deposition. A laser setup was used to measure the eéxkgegsponse function and shows the
sensitive edge is only about2n from the physical edge. 3D reconstruction of tracks froghhi
energy pions and muons, produced at the SPS H6 test beaityfaclCERN, enabled to relate the
energy deposition at edge pixels to the particle’s intéwaatiepth. A clear correlation is observed
between the simulated electric-field distortion and themstructed interaction-depth dependent
effective size.

KEYwoORDS Hybrid detectors; Detector modelling and simulationglé¢tric fields, charge trans-
port, multiplication and induction, pulse formation, gélen emission, etc); Particle tracking detec-
tors (Solid-state detectors); X-ray radiography and digeédiography (DR)
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Introduction. Due to its advanced pixel circuitry, the Medipix3 chifj will be an interesting
read-out alternative to today’s TFT and CCD-based digadiagraphy detectors. Bump-bonded
to a mono-crystalline semiconductor sensor, it can proeldetronic-noise free and fine-grained
colour X-ray images of high contrast. Nevertheless, thatdidhactive area of both the chip and
high-Z single-crystal sensor wafers currently prevenmaaement of large-area X-ray imaging
systems. A seamless tessellation of multiple detector tesduith edgeless sensors could solve
this. The use of active edges seems to be an appropriate wsafely reduce the distance be-
tween the pixel matrix and the physical edge of the sensorfévaens of microns onlyZ, 3].
Doped edges, however, alter the electric field locally amdetore affect the charge transport in
edge pixels. This is studied by comparing simulations ofgbtential distribution at the edge to
measurements on the effective volume of edge pixels.

1 The sensor

Prototype sensors were fabricated on 1568 thick float-zonev-type silicon f]. Heavily doped
n-type circular implants of 28im diameter at 55um pitch form the pixel matrix. Between the
pixels a p ™ implant, a so called p-stop, isolates the pixels from eabkrotA very heavily doped
boron layer at the back side forms the junction and also fonstas the back electrode. In order to
minimise the thickness of the entrance window, it was dettdedeposit no metal there. A shallow
boron implant was realised at the edge by ion implantati@nstight angle to the side face. In order
to be able to access the edges, the wafer was mounted on atswpf@ and trenches between the
sensors were etched using inductively coupled plasmaregtdg] (see figurel(a). The distance
between the edge-side of the outer pixel implants and theipdlyedge of the sensor is p0n.

Two of these sensors were flip-chipped to Timepix read-oigscand mounted side-by-side
on a quad carrier board (see figukéh)). The module is read out through the Relaxd interface
board B, 7].
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Figure 1. The detector module(a) Schematic view of the edge implantation step. A support iafes
needed in order to be able to access the side-w@l)sTwo edgeless-Timepix assemblies mounted side-by-
side on the quad carrier board. Due to the larger size of timefix chip, it extends from under the sensor.
This causes a small gap of approximatelyui@ between the adjacent edges of the sensors.

2 Simulations

Both the intensity- and energy-response of the detectootedgeneous irradiation with a micro-
focus X-ray tube show anomalies at the edge pixels. The mwigr pixels record less and
lower pulses, whereas the second outer ones are considenabé sensitive. Simulations of the
electrostatic-potential distribution at the edge indictite reason for this (see figu2e The edge

implant distorts the electric field close to the edge, as altre§which the effective volume of the

two outer-column pixels differs from that of more centralgds. To validate these simulations, the
edge-pixel response was studied using a near-infrareddaseell as a high-energy particle beam.

3 Measurements

Position-defined measurements on the energy depositioa made with two main objectives in

mind: (i) to determine the edge-pixel response functioomfrwhich the edge of the sensitive
volume could be derived and (ii) to map the electric-fieldrthsition at the edge by relating the
recorded amount of energy deposition to the interactiortrdepll measurements were made at
—40 V sensor bias and the energy response was corrected bgding a fixed offset in order to

exclude the non-linear part of the Timepix energy calilo@iurve ).

3.1 Laser data

Monochromatic photon pulses of 683 nm and 976 nm centre wagti, produced by two lasers,
were used to determine the edge-pixel response functiomsByy photons of two different wave-
lengths, the charge collection of the pixel was studied io thifferent interaction volumes, the
depth of which is determined by the 1/e photon absorptiorthdépble1). The back side of the
detector was illuminated at normal incidence and pixelssvgeanned with steps ofdm using a
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Figure 2. Electrostatic-potential distibutiorSimulation of the potential distribution at the edge. Thivac
edge locally distorts the electric field. A dedicated lasug is used to study the pixel response with
sub-pixel resolution, e.g. to determine the edge of thew&nsensitive volume.

Table 1. Photon absorption deptiT he absorption depth is determined by the photon energytendand-
gap of the material, i.e. 1.12 eV for silicon. Listed are the@ption coefficiente for the centre wavelength
of the lasers.

A[nm] | E[eV] aecm™Y] 1/e abs. depthym]
683 1.88 1.9x 103 5.3
976 1.27  7.1x 104 1.4x 107

motorised X-Y table with closed-loop control (see fig@)e The lasers were controlled by a pulse
generator and their light output was focused on the detesiog a lens.

The diameter of the detected part of the laser induced cldoge — which is mainly deter-
mined by the focal spot size and the charge-carrier diffusiowas determined to be 40m by
recording the fractional charge deposition in severallpikethe centre of the matrix while shifting
the detector with 2um steps in one dimension. The edge of the sensitive volumeletesmined
in a similar way. The laser was scanned from the centre of ftrefixel towards the edge with
decreasing step size and the mean energy deposition wasesddd the laser's spot centre po-
sition with respect to the physical edge (see figByeFor both wavelengths, the sensor stopped
responding at approximately 20m beyond the physical edge. As this distance correspondieto t
observed charge-cloud radius, it indicates a very smadinsisive edge region. This is important,
since the sensor’s suitability for tiling is determined by tratio between the active area and the
total area of the sensor. Normalising the integrated respduanction of the four-outer-column
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Figure 3. Edge-pixel response functioifthe mean energy deposition recorded by single edge pixels as
function of the laser spot centre position with respect ® ghysical edge, for botfa) 683 nm photons
and(b) 976 nm photons. Back side illumination.

pixels to four times the integrated response function ofrareepixel, results in an effective volume
of 4.62 pixels, which confirms the sensitive edge is veryelosthe physical edge:

2565 um (physical width)- 4.62 x 55 um (effective width)x~ 2um

In addition, figure3 shows that pixels of the first column are smaller in effectize, whereas
the second-column ones are larger. In agreement with siimugaon the electric field the effect
is less pronounced in the case of illumination with 976 nmtphg. These photons have a larger
absorption depth and therefore more photons are near tieé gane. As a result, there is less
diffusion and less influence by the electric-field distartio

3.2 Test-beam data

The depth dependence was studied further at the SPS H6 tantfheility at CERN using tracks
from 120 GeV/c muons and pions. To be able to relate the ictieradepth to the amount of
energy deposition in edge pixels, finite-length tracks thass the adjacent edges in the middle of
the module were needed. The module was positioned longéligito the beam, which allowed the
particles to traverse both sensors (only 1560 thick) practically parallel to chips’ planes and thus
created long ionisation tracks. Accurate 2D track recoisitn was ensured by a small elevation
angle, which caused charge sharing. A shallow inclinatiogleaprovided long but finite-length
tracks, the entry and exit point of which was used for 3D retmction.

Candidate tracks were selected by finding linear pattering tise Hough transforngd]. After
this selection, a simple bubble sort algorithm was used tluee outliers that were in line with
the tracks. For each found candidate track, its length wed as a selection cut for linear fitting
using a weighted least-squares method (i.e. the positieact hit was weighted by the amount of
energy deposition). Fitting tracks that traverse both@enwith a single line, ignores the fact there
is a small gap and slight misalignment between the deteciimsbe able to do so, their relative
position was determined by separately fitting the track ssurm each of the sensors. From this,
the gap and the rotational difference between the two adsesmdould be derived and corrected.
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Figure 4. Interaction-depth dependencéa) 3D reconstruction of shallow-angled tracks that travehse t
adjacent-edge region enables to determine the interagdéipth in edge pixelgb) The mean energy depo-
sition in pixels of the four outer columns as a function of ihieraction depth(c) The cumulative energy
response as a function of the interaction depth. The plaiteted by 90 degrees to show the correlation
between the simulated pixel-separating field lines and &te.d

Subsequently — knowing the gap between the sensors andetfagieh and inclination angle
of each individual track — the track’s entry and exit pointrei@ised to reconstruct the mean
interaction depth in edge pixels (see figdi@)). This depth is related to the amount of energy
deposition. Since the energy deposition is proportionah&particle’s path length through the
pixel, it reflects the pixel’s effective size at a certain tepFigure4(b) shows the mean energy
deposition in pixels of the four outer columns as a functibthe interaction depth and shows a
correlation with the simulated effective volume. To vissalthis, figured(c) shows the cumulative
energy response of the four outer pixels — which is propodido the total path length — as a
function of the interaction depth. The similarity with thelél lines that separate the pixels from
each other is clear, which demonstrates a good understanflime anomalous response of edge
pixels and may allow to correct for this.

4 Summary and conclusion

The use of active edges is an appropriate way to reduce tkasditive edge of the sensor to a
few tens of microns only. The electric field close to the edumyever, is distorted and affects



the edge-pixel's response. Simulations on the electiosti@ld distribution show the effective
volume is depth dependent and therefore differs from thatafe central pixels. The edge doping
bounds the depletion region and therefore a small but nghigilde part of the sensor volume is
lost inevitably. Nevertheless, laser measurements showadhe edge of the sensor’s sensitive
volume is only about 2tm from the physical edge. Measurements on the depth depemdéthe
edge-pixel’s effective size show excellent agreement thighsimulations. Plots on the cumulative
response even reveal resemblance to electric-field lindgs demonstrates the simulations are
reasonably realistic and may be used to correct for the alooimadge-pixel response.
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