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Owing to their unique architecture, that allows itter-electrode distance to be decoupled from
the substrate thickness, 3D silicon sensors armsittally radiation hard devices. As such, they
are suited to the demanding specifications of érpants at the High Luminosity LHC. The
ATLAS Insertable B-Layer (IBL) project has repretha first important benchmark for 3D
sensor technology. Owing to a joint effort of rashainstitutes and processing facilities within
the ATLAS 3D Sensor Collaboration, 3D pixel sensmmpatible with the FE-14 read-out chip
and meeting the IBL specifications have been swalyg produced. Selected results from the
laboratory characterization and beam tests of imtad 3D sensor assemblies during the IBL
gualification campaign are reported and discussehis paper.
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1. Introduction

A great deal of R&D activities have been carried iouthe past decade concerning the
radiation hardness of particle physics sensorsiew \of the High Luminosity (HL) LHC
upgrades, where the innermost layers of pixel deteevill have to withstand radiation fluences
in excess of 18§ 1-MeV equivalent neutrons ¢ cm? [1]. Among the different approaches so
far investigated, which involve new materials, faltion technologies, sensor designs and
operational conditions, 3D silicon sensors represere of the most promising options. 3D
sensors, first proposed by S. Parker and collatwsrat 1997 [2], consist of an array of n- and
p-type columnar electrodes etched perpendicularthé sensor surface and penetrating deeply
through the substrate. By doing so, the signal ghawhich is proportional to the substrate
thickness, is decoupled from the charge collecpoocess, which depends on the electrode
distance. Since the latter is defined only by tlessr layout, it can be made very short (in the
order of a few tens of microns), thus allowing fow depletion voltage and short charge
collection time while keeping the active thicknassaltered. Most of all, charge trapping
effects, which represent the ultimate limit to sengerformance at radiation fluences higher
than 106° n, cmi® [3], can be effectively mitigated, since the elede distance can be made
comparable to the maximum drift length of chargeiess [4].

Evidence of the excellent radiation tolerance ofsédsors has been already reported in
the past few years, as will be reviewed in theofsihg, with reference to both full 3D sensors
with active edges developed at the Stanford Namigfaion Facility (SNF), and double-sided
3D sensors (3D-DDTC) from FBK (Trento, Italy) [Shé CNM (Barcelona, Spain) [6], which
proved to yield comparable performance both bedoick after irradiation.

This paper is organized as follows: in Sectionalier results from irradiated 3D sensors
are recalled; in Section 3, the R&D activities aihag the ATLAS Insertable B-Layer (IBL) [7],
[8] are reviewed, with emphasis on the laboratony lheam test results obtained from irradiated
3D pixel sensors assemblies. Conclusions are dra®ection 4.

2. Earlier results from irradiated 3D sensors

The first radiation hardness tests on 3D sensora 8NF are described in [9]: detectors
irradiated with 24 GeV/c and 55 MeV protons atefiént fluences up to 0cmi® were shown
to yield a low depletion voltage, in the order 601V, and a leakage current in good agreement
with expectations. The most significant resultémts of functional performance obtained with
3D sensors from SNF has been reported in [10]nerkably high signal efficiency (defined as
the ratio of the signal amplitude after irradiat@md before irradiation) of 66% was measured
with an IR laser setup on 3D diode detectors iatadi with neutrons up to a 80" n, cm”
and read-out with a fast transimpedance amplifier.

As far as 3D-DDTC sensors are concerned, the chaoflection performance after
irradiation of the first samples made at FBK wasitied by the non-optimized column depth,
which resulted in the presence of low field regiadsvertheless, pixel sensor assemblies using
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the ATLAS FE-I3 read-out chip have shown signaiceghcy values in response to radioactive
sources of 76% and 64% at 1%16,, cm”and 2x1¢ n cni’, respectively [11]. The same
sensors have been further characterized in selveeah tests with good results in terms of hit
efficiency, charge collection, and charge sharipgaia fluence of 1><f6neq cm?[12].

Owing to an optimized column overlap, 3D-DDTC sessmade at CNM have shown
excellent results after irradiation up to much é&rfuences. In particular, sensors in the strip
configuration (both p-on-n and n-on-p, with a dta of about 5um between n- and p-
electrodes) read-out with the Alibava system, aréy fefficient after 2x1& Neq cmi? [13].
Moreover, due to a charge multiplication effect Hignal efficiency is still 70% at 350 V after
a fluence of 2x18 Neq cmi?[13]. Note that charge multiplication effects hadween observed in
3D-DDTC strip sensors also at lower voltages (ie tnder of 200 V) after lower radiation
fluences (starting from 5x1bn., cni®) [13], [14], and are likely enhanced by the hidécic
field values at column tips, as suggested by TChmuktions [15].

3. The ATLAS IBL campaign

Since 2009, the activities of the ATLAS 3D Sensamll&boration have been mainly
oriented to the ATLAS IBL, which gave a fundameriabst to the progress with 3D sensors in
several respects [16]. On one hand it pushed 3Bos@achnology to rapidly evolve and reach
its maturity, eventually leading to the first pration of 3D sensors ever made [17]. On the
other hand, it called for an extensive experimewtalk on 3D pixel sensor assemblies both in
laboratory and in beam tests, allowing for a desjht into their performance after irradiation.

3.1 Sensor development

The four 3D processing facilities involved with tA&LAS 3D Sensor Collaboration
(SNF, SINTEF, FBK, and CNM) agreed to combine thexpertise in view of the IBL
challenge. A common wafer design was used, aiminfula mechanical compatibility and
equivalent functional performance of the 3D sendorde produced, while maintaining the
specific flavors of the different technologies [1&he wafer layout includes eight pixel sensors
compatible with the new read-out chip FE-14 [18jeFe sensors have a total area of ~4amd
contain 80x336 pixels. Each pixel has a size of @50x 50 um, with two read-out (n-type)
columns, each one surrounded by four bias (p-tgedymns at a distance of about @im.
Sensors feature a slim edge of ~200 in the direction parallel to the beam, and abezifated
on 230um thick, Float Zone, p-type silicon wafers, havangesistivity in the range from 10 to
30 kQ cm. Columns are passing through for SNF, SINTH#E, BBK technologies, whereas for
the CNM ones the column overlap is ~ 2(0f. More details on the sensor design and
technology can be found in [16].

All processing facilities started the fabricatioh IBL qualification batches with the
common wafer layout in 2010. Due to their fastarcpssing times, which was better suited to
meet the tight IBL installation target of 2013 dhgithe first long shut down of the LHC [8],
only CNM and FBK were later involved in the senpooduction [16],[17]. Results reported in
this paper refer to 3D pixel sensors from the FBK &NM qualification batches.
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3.2 Experimental activities

Several sensors were bump bonded to the FE-I4aetdhip at 1IZM (Berlin, Germany).
The assemblies have been tested both before agrdiradtdiation in laboratory and test beams.
A comprehensive review of the results can be found19]. Here we will focus on the
performance of the irradiated samples. Note that dpecifications for the IBL include:
operation at -15°C, a maximum leakage current 6fi&/pixel (due to the FE-14 compensation
specification), a maximum power dissipation of 200/ cm?, and an in-time hit efficiency >
97% after a benchmark fluence of S%ﬁmq cmi?at 15° track inclination angle [19].

Several sensors from FBK and CNM were irradiatetth wrotons and neutrons up to the
IBL maximum fluence (6x18 Neq cni®). Proton irradiation was carried out at the KITlogron
(Karlsruhe, Germany) with 25 MeV protons. It shoblkel mentioned that the estimated Total
lonizing Dose was ~ 750 Mrad, much higher thanlBierequirement of 250 Mrad, for which
the FE-14 chip is qualified. Neutron irradiation svearried out at the TRIGA reactor (Ljubljana,
Slovenia). All assemblies were annealed for 12Qubeis at 60°C before testing.

Beam tests were performed with 120 GeV pions at i CBERS and with 4 GeV positrons
at DESY, using the high resolution EUDET telescapd four scintillators as a trigger. Several
DUTSs (irradiated and not) were distributed in difiet beam test periods, always including a
planar sensor as a reference. Measurements wexe taih both particle tracks perpendicular
to the sensors, and non-perpendicular incidenakgréo emulate the IBL geometry. More
details on the measurement setups can be foud®jn [

3.3 Results and discussion

After irradiation, electrical tests were performfadt on the assemblies. As an example,
Fig.1 shows the leakage current and power dissipads a function of fluence at different
temperatures for CNM and FBK sensors irradiatedh wibtons. At 5x18 Neq cmi?, the values
measured at -15°C are about a factor of 10 lowaan the IBL specification for both the leakage
current (~10 nA/pixel vs 100 nA/pixel) and the powdssipation (~15 mW civs 200 mwW
cmi®). Similar results have been obtained on the nadtradiated samples.
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Figure 1 (a) Leakage current, and (b) power dissipavs fluence at different temperatures for CNM
and FBK pixel sensor assemblies irradiated withVE&8/ protons.
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The sensor leakage current was found to be stabitetime. As an example, Fig.2 shows
data relevant to a CNM sensor irradiated with prstat 5x16 Neq cm? and biased at 144 V.
The temperature was measured using a PT 1000aregised on the aluminium plate in contact
with the read-out chip. Different measurements wtaken in order to account for the
temperature variation induced by the heat trarfefen the read-out chip.
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Figure 2 Stability of leakage current with timeé=igure 3 Noise vs bias voltage for different pixel
for a CNM pixel sensor assembly irradiatedensor assemblies from CNM and FBK before and
with protons at 5x18 ng, cm®. after proton irradiation.

Fig. 3 shows noise as a function of bias voltagep(sng at the breakdown voltage) for
both non-irradiated and proton irradiated samplkesnf CNM and FBK. Data have been
measured using a calibration with a threshold @038 and a Time-over-Threshold (ToT) of
either 5 or 8 bunch crossings for a 20008ignal. Noise is similar in CNM and FBK sensor
and does not increase significantly after irradiatin spite of the relatively high capacitance of
3D sensors (~200 fF per pixel), the noise figunes reot far from those measured on planar
sensor assemblies [19]. This remarkable resultigstd the excellent performance of the FE-14
chip, which also allows sensors to be operated Mitker threshold values even after the largest
radiation fluence. As an example, Fig.4 shows tBenfap and corresponding distribution of
threshold and noise values in a CNM sensor irradiat 5x1¢ Neq cm? and tuned at a
threshold of 1300 eA very good uniformity of the threshold is obtath with a minor impact
on noise.
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Figure 4 Threshold (left) and noise (right) 2D meapd distribution for a CNM pixel sensor assembly
irradiated with protons at 5x18 Neq cm?. Units for horizontal axes of distributions are e
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Fig. 5 shows the collected charge (most probableevaf the spectrum) as a function of
bias voltage in different sensors exposed td°3r source. Before irradiation full charge
collection (~10 ToT) is achieved already at lowtage (~10 V) for the FBK sensor and at a
slightly higher voltage for the CNM sensor. Thidfelience is to be ascribed to the lower
depletion voltage in FBK sensors thanks to theipgdtrough columns, an effect that is also
evident after irradiation. Provided that the voltag high enough to ensure depletion, sensors
are still able to collect a large amount of chaggen after large radiation fluences. Comparable
charge collection performance is achieved for FBId &NM sensors, but for the previously
mentioned effect related to column depth whichliesn a voltage shift. The trend in the signal
efficiency (higher than 80% at 2xf0n., cm” and higher than 60% at 5x20, cm?) is
consistent with the analytical predictions basedheninter-electrode spacing and the effective
drift length caused by charge trapping at the amrsid fluences [17]. For the FBK sensors,
TCAD simulations have been performed with Syno3gataurus, incorporating the “Perugia”
trap model [20] modified as described in [21] te@mt for radiation damage. Simulated data
are also shown in Fig. 5: the agreement with measents is excellent for the non-irradiated
sensor and good enough for the irradiated one,iadenisg the uncertainties in the calibration,
irradiation fluence, and annealing conditions.
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Figure 5 Collected charge (in units of ToT) v&igure 6 Collected charge (in units of ToT) vs bias
bias voltage, measured for selected nowoltage, measured at -G on CNM101 sensor
irradiated and irradiated FBK and CNM exposed to &°Sr source. A 2D map of the electric

sensors exposed to ‘dSr source. Simulatedfield at 280 V at a depth of 208n, corresponding
data are also shown for FBK sensors. to the i column tip, is shown in the inset.

Fig. 6 shows data relevant to the CNM sensor iatadi at 6x18 Neq cm?, which was re-
measured at -40°C in order to extend the operatittage range while trying to keep the noise
at an acceptable level. The goal of this test waxplore charge multiplication effects possibly
occurring at high voltage, as also observed in B8ip sensors from CNM [13]. In fact, the large
collected charge value (8 ToT) reached at 280 V #mad fact the non-saturating trend in
collected charge values are compatible with thesgaree of impact ionization effects. Most
likely, this is due to multiplication of electrowtose to the read-out electrodes and particularly
at the column tips, where the electric field pesknore pronounced and exceeds 41@m,
as confirmed by TCAD simulations incorporating thék trap model (see inset in Fig. 6). This
value is high enough for the onset of charge miiddion. Nevertheless, this is a preliminary
result that should be further assessed with bo#sorements and simulations.

Table 1 summarizes the most important results fiteerbeam tests performed at CERN in
2011. Data are relevant to both non-irradiated mratliated sensors measured in different
conditions. Non-irradiated samples were measureth wierpendicular tracks, and high
efficiency was obtained already at low voltage. é\diat due to the columnar electrodes 3D
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sensors cannot be fully efficient with perpendiculieacks. In this respect, CNM sensors
perform better than FBK ones because they canatatlearge from the regions between the
column tips and the opposite surface, whereas K $@hsors the passing through columns are
dead regions. The hit efficiency is generally vgopd also after irradiation and compatible with
the IBL specification. As expected from the pooecttode response, the hit efficiency is
generally better for inclined tracks, but other exdp should be carefully considered, in
particular the threshold value and the bias volt&f&ciency losses derive from insufficient
charge collection due to poor (or null) electrodsponse, low field regions and charge sharing
at the pixel boundaries and especially at the ¢erria all cases a lower threshold is useful,
whereas the increase of bias voltage is fundameatamprove the efficiency from those
regions close to p-type (bias) electrodes whereetbetric field is lower and charge sharing
more pronounced. As can be seen from Table 1,dsirg the bias voltage from 140 V to 160
V while reducing the threshold to 1500a#lowed for a significant increase of the hit @fincy,
making it compatible with the IBL specification®(opare e.g., CNM34 at 15° to CNM97, and
FBK87 to FBK11).

Sensor ID Bias Tilt Angle rradiation Fluence Threshold Hit Efficiency
V) ) (Neq e ) (%)

CNMS55 20 0 No - 1600 99.6
FBK13 20 0 No - 1500 98.8
CNM34 140 0 25 MeV protons  5x10™ 1500 97.6
CNM34 160 0 25 MeV protons  5x10' 1500 98.1
CNM97 140 15 25 MeV protons  5x10" 1800 96.6
CNM34 160 15 25 MeV protons  5x10" 1500 99.0
CNM81 160 0 Reactor neutrons 5x10% 1500 97.5
FBK90 60 15 25 MeV protons  2x10' 3200 99.2
FBK87 140 15 25 MeV protons  5x10" 2000 95.6
FBK87(*) 160 15 25 MeV protons  5x10" 1500 98.2

Table 1 Summary of the main results from the 2Gdnbtests at CERN. (*) Results relevant to FBK87
sensor have been obtained from a beam test at IMESTil 2012. All results have been obtained véth
tuning of 10 ToT at 20 ksignal.

The beneficial effects of higher bias voltage oa #fficiency can be better appreciated
from Fig.7, which refers to sensor CNM34 as meakimethe beam test using perpendicular
tracks. At 100 V (Fig.7b), all electrodes are digaisible from the 2D maps as low efficiency
spots, and the total efficiency is 96.6%. Incregdime voltage improves the efficiency in the
critical regions. In particular, at 160 V (Fig.a&E inefficiencies related to the n-type columns
disappear, because of the enhanced charge cafidotim the regions underneath the read-out
(n-type) column tips. Increasing the voltage to M8@urther improves the efficiency, but this
comes at the expense of a significant increas@arfraction of noisy pixels (~1% at 160 V,
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~8% at 180 V [22]), due to high leakage currentud,Hor these sensors 160 V represents the
upper limit of the bias voltage for low noise opgma. Future applications of 3D sensors at HL
LHC will require a higher breakdown voltage, whicbuld otherwise become the limiting
factor after very large radiation fluences and prethe sensor to be properly biased to a value
ensuring full lateral depletion and sufficientlyghi electric field. While different 3D
configurations with shorter inter-electrode disescare more appropriate for very large
radiation fluences [10], the sensor design andidabon technology should be optimized in
order to extend the operation voltage range aftadiation [23].

p-type Bias Electrodes n-type read-out Electrodes

Figure 7 Cell hit efficiency maps: a) sketch & thasic cell layout; (b)-(f) 2D efficiency mapsdé#terent bias voltages for,
the CNM34 sensor operated at a threshold of 15@@ieg normal incident tracks. All dimensions areriicrons.

The hit efficiency of the edge pixels allowed theef the inactive area at the sensor edge
to be estimated. As an example, Fig.8 shows theulagf the edge region in an FBK sensor
irradiated with protons at ZXimq cm’ and the one-dimensional efficiency projection dhi®
long pixel direction extracted from the hit effiniy map and fit with an s-curve function. The
slim edge design in FBK sensors has a [@@0ohmic fence (black circles in Fig. 8) termination
extending over the edge pixels [24], but a j@w of residual from the scribe-lines after cut are
also present. In Fig.8, the active area is showextend to about 2Qm over the edge pixel
making the inactive area also approximately p@®at 50% efficiency. Similar results for the
edge efficiency have been obtained for CNM senandsat larger radiation fluences [19].
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4. Conclusions

We have reported on selected results from irradidf2 pixel sensors from FBK and CNM
oriented to the ATLAS IBL. Several samples bump dexhto the FE-14 read-out chip have
been irradiated with protons and neutrons up tgelafluences (6x10 Neq cmi?) and
characterized in laboratory and beam tests at CERiNat DESY. While confirming that 3D
sensors have good charge collection performanee iafadiation and that they safely meet the
IBL specifications, test results provided deepghsiinto the sensor behavior as well as useful
indications for the proper choice of the bias vgdtan order to obtain a high hit efficiency. 3D
sensors irradiated at the IBL benchmark fluencB>xdf0™ n., cm” and operated at 160 V bias
have a hit efficiency better than 98% at 15° trasitination angle with a power dissipation
lower than 20 mW cihat -13C. Low threshold operation (down to 1300 with acceptable
noise occupancy after the maximum fluence has ladsm possible owing to the remarkably
good performance of the FE-14 read-out chip. Finalhe edge efficiency tests confirm the
layout-based expectation of about 200 of inactive region at the sensor edge.
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