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3D Silicon sensors fabricated at FBK-irst with the Double-side Double Type Column (DDTC)
approach and columnar electrodes only partially etched through p-type substrates were tested in
laboratory and in a 1.35 Tesla magnetic field with a 180GeV pion beam at CERN SPS.

The substrate thickness of the sensors is about 200um, and different column depths are
available, with overlaps between junction columns (etched from the front side) and ohmic
columns (etched from the back side) in the range from 110um to 150um.

The devices under test were bump bonded to the ATLAS Pixel readout chip (FEI3) at SELEX
SI (Rome, Italy). We report leakage current and noise measurements, results of functional tests
with Am**' y-ray sources, charge collection tests with Sr” B-source and an overview of
preliminary results from the CERN beam test.
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1. Introduction

An upgrade of the LHC towards a 10 times higher luminosity will require tracking pixel
detectors with unprecedented radiation tolerance [1]. Furthermore, the high track density will
call for fast and high granularity pixel detectors with low radiation length and power
consumption. Different types of solid-state sensors are being studied for the ATLAS upgrade of
the tracking system within the ATLAS B-Layer replacement and Super-LHC programs.

The Silicon 3D sensors, which have been proposed and developed are potentially more
radiation hard and have a faster charge collection than the standard planar sensors, owing to the
innovative electrode configuration. Thus, these sensors represent an excellent candidate for the
pixel sensors at ATLAS IBL and SLHC. In the paper we present the preliminary results of 3D
Double-side Double Type Column fabricated at FBK-irst with the ATLAS Pixel readout chip.

2.3D-DDTC Silicon Pixel Detectors

3D Double-side Double Type Column (DDTC) sensors have been fabricated at FBK-
irst with a non-passing-through columns technology on p-type substrate [2,3]. Using this
technology two batches of 3D DDTC sensors have been realized: one so-called 3D-DTC-2
(with the DRIE' performed at IBS (Fr)) and another one so-called 3D DTC-2B (with the DRIE
performed in-house at FBK-irst). Figure 1 shows respectively a 3D-DDTC cross-section and a
sketch of columnar electrodes in ATLAS pixels of 2E, 3E, and 4E type, whereas Table 1
summarizes the geometrical parameters of sensors from the two batches.
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Figure 1. (a) Sketch of 3D-DDTC cross-section; (b) Sketch of columnar electrodes in ATLAS
pixels of 2E, 3E, and 4E type [2,3].

A few samples of DDTC sensors with 2, 3 and 4 columns per pixel have been bump

bonded and flip chipped to the ATLAS Pixel readout chip (FE-I3) [4]. The bump has been
based on Indium and it has been carried out by SELEX [5].
The FE-I3 chip has been fabricated in a 0.25um CMOS process and it consists of 2880 readout
cells of 50um x 400um size arranged in a matrix of 18 x 160. The chip provides zero
suppression in the readout with a typical threshold level of 3000 — 4000e and a noise of 200 -
230e as determined from fitting the threshold curve of the pixel (S-curve), when used with 3D-
DDTC sensor. Analog information are obtained via the internal channel measurements of time-
over-threshold (ToT) with an approximate resolution of 8 bit by unit of 25nsec. The ToT-
calibration is obtained for every pixel individually, by fitting the ToT response to input pulses
injected over an internal capacitance [4].

" Deep Reactive Ion Etching
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Parameter Unit Value

3D-DTC-2 3D-DTC-2B
Substrate thickness um 200 200
Junction column thickness um 100 -110 140 -170
Ohmic column thickness um 180 -190 180 — 190
Column overlap um 90 - 100 110 -150

Table 1. Geometrical parameters of sensors from DTC-2 and DTC-2B batches.
3. Lab characterization

Before including the assemblies in a beam test at CERN SPS, the detectors under tests
(DUTs) have been studied by measuring: a) leakage currents, b) threshold and noise, c¢) response
to y and {3 radioactive sources.

An overview of IV curves of DDTC detectors from first batch (DTC-2) is shown in
figure 2, where the breakdown occurs at a voltage of about -70 V. As has already been described
in [3], the DTC-2B sensors present an early breakdown, which is related to the presence of local
defects likely occurred during the assembly. This problem is still under investigation.
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Figure 2. Overview of IV curves of 3D-DDTC detectors from first batch (DTC-2).

Threshold and noise measurements have been performed on each pixel, where only
pixels with a charge deposit above the threshold are taken into account for readout by the front-
end electronics. Table 2 summarizes the results of the threshold and noise measurements
(performed at a bias voltage of -35 V) on sensors from the DTC-2 batch.

Sensor type Threshold (e) Noise (e)
2E 3200 = 58.60 202.3 = 8.96
3E 3318 +42.02 206.6 = 8.29
4E 3284 +41.27 229.8 £ 9.87

Table 2. Threshold and noise parameters extracted from the pixel sensors from the first batch at
a reverse bias voltage of 35 V [3].
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To calibrate the DUTs, radioactive y sources (Am>*') have been chosen. Their spectra

have been compared with those obtained from measurements on ATLAS Planar Pixel Sensors.
Figure 3 shows a spectrum of Am**' acquired with a DTC-2 3E-type sensor biased at -35 V. The
position of the main peak agrees with expectations within the uncertainty due to the calibration
process, which was estimated to be in the order of 10-15%. Results are in good agreement with
those measured with ATLAS pixel sensors [6,7].

Figure 4 shows an example of pulse height distribution of a DTC-2 3E-type detector
biased at -35 ¥ measured with an Sr’’ B-source. The DUT presents a most probable value
(MPV) of ~ 14,070e with a sigma of 1,074e (cluster size 1) and about 15,250e with a sigma of
1,303e (cluster size 2).
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Figure 3. Am>"" spectrum measured with DTC-2 3E detector prototype. The figure shows the
source spectrum as a sum over all pixels without any clustering.
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Figure 4. Pulse height distribution for a bias voltage of -35V observed using an Sr’’ source
from a DTC-2 3E sensor-type: (a) cluster sizel, and (b) cluster size 2.

Measurements with f-source have been also taken for the sensors of the second batch DTC-2B
although they can be operated in a narrow bias voltage range because of the early breakdown
problems. At low voltage, the noise behavior of sensors from this batch is very similar to that of
sensors from the first batch.

4. Beam test environment

Two DDTC sensors (of 3E-type, one from each batch) have been tested in a 180GeV/c nt"
beam at CERN SPS with the Morpurgo super conductor dipole magnet (1.35 = 0.10)7 located
on the H8 CERN North area beam line [8].

The aim of the beam test has been to evaluate different structures of 3D-Si sensors within
a large magnetic field. Due to the orientations of the electrodes, the 3D-Si sensors are expected
to be only marginally affected by the magnetic field in the ATLAS barrel configuration (E and



3D-DDTC Pixel detectors for ATLAS Upgrade A.LaRosaetal.

B fields have been co-parallel) [9].

The Bonn ATLAS Telescope (BAT) has been used in this test [10]. The telescope
consists of double-sided silicon micro-strip detectors with 50 wm pitched on both sides rotated
by 90° with respect to each other. The trigger is given by a coincidence of two scintillators in
front of and veto behind the setup.

5. Overview of preliminary beam tests results

5.1 Hit efficiency

To investigate the hit efficiency (which is obtained from tracks passing through a
selected sensor region after a cuts on the quality of the track fit.) the DUTs have been irradiated
in four different configurations: i) with magnetic field B on and off, and ii) with 0° and 15°
angle of beam incidence [9]. Figure 5 shows the hit efficiency of the 3E-type DTC-2B (biased at
-81) with B field on at 0° and 15° angle of beam incidence. To show the hit efficiency as

function of the track position all tracks have been studied and the track position has been folded
into a 2x2 cell (800um x 100um).
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Figure 5. Hit efficiency of the 3E-type DTC-2B with magnetic field on at 0° and 15° angle of
beam incidence.

The electrodes of both doping types are easily visible when the tracks are normal to
sensor surface with a lower efficiency respect to the bulk. The hit efficiency becomes more
uniform when the tracks are inclined. The overall efficiency values for sensors from both
batches are summarized in Table 3.

DUTs B off B on

¢=0° ¢ =15° ¢=0° ¢ =15°
DTC-2 (3E-type) 98.38+0.03 99.82+0.01 98.34+0.03 99.49+0.01
DTC-2B (3E-type) 99.21+0.02 99.82+0.004 99.14+0.02 99.945+0.004

Table 3. The overall efficiency (%) for DTC-2 and DTC-2B devices with binomial error.

Figure 6 shows the pulse height charge distribution for DTC-2 (a) and DTC-2B (b) sensors with
B field off/on and 0°/15° angle of incidence. From Fig. 6 it is possible to see that the magnetic
field does not have relevant effects on the charge distribution. The DTC-2B sensor seems to
reconstruct lower charge than the DTC-2 sensors, because it was operated with a lower bias
voltage (about -8 V) due to its early breakdown problems [3].
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Figure 6. Pulse height distribution for (a) DTC-2 and (b) DTC-2B sensors with magnetic field
off /on and 0°/15 ° angle of incidence.

5.2 Charge sharing

The sharing of the charge between two neighbor pixel cells has been studied defining
the charge sharing probability as the probability that one of the relative neighbors of the pixel
cell the track passes through has gone above threshold, given that the pixel cell where the track
passes through has gone above threshold [9].

Table 4 summarizes the average cluster sizes for the DUTs with magnetic field off / on
and at 0° /15° angle of incidence.

DUTs B off B on

¢=0° ¢ =15° ¢=0° ¢ =15°
DTC-2 (3E-type) 1.2 1.7 1.2 1.6
DTC-2B (3E-type) 1.2 1.6 1.2 1.5

Table 4. The average cluster sizes for DTC-2 and DTC-2B devices.

Figure 7 shows (for DTC-2 3E-type) the probability of charge sharing with neighbors in the
50um direction as function of track position within the pixel cell.
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Figure 7. Probability of charge sharing for a DTC-2 3E-type device.
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5.3 Hit resolution

Considering that the hit resolution improves with the amount of charge sharing, to
estimate the cluster hit position the corrected charge weighted mean method has been used [9].
Figure 8 shows the residual distribution of DTC-2 device for magnetic field on and inclined
tracks configuration. Table 5 presents the root mean square deviation of residual distribution for
all different configurations.
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Figure 8. Residual distribution of DTC-2 3E-type device for magnetic field on and inclined
tracks configurations.
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DUTs B off B on

¢=0° ¢ =15° ¢=0° ¢ =15°
DTC-2 (3E-type) 15.4 11.9 14.8 11.3
DTC-2B (3E-type) 14.0 10.4 13.5 9.7

Table 5. The root mean square deviation of residual distribution for the four different
configurations. All values are in um.

6. Conclusions

3D Silicon sensors fabricated at FBK-irst with the Double-side Double Type Column
(DDTC) have been successfully tested in laboratory and in a 1.35 Tesla magnetic field with a
180 GeV pion beam at CERN SPS. Despite the fact that these sensors are still not optimized, in
that the column overlap is still quite small compared to the substrate thickness, experimental
results are satisfactory, showing good figures in terms of hit efficiency and spatial resolution
and confirming that sensor performance are practically insensitive to the magnetic field. The
loss of efficiency due to the empty electrodes can be largely compensated by tilting the sensors
at 15° angle, this also increasing the charge sharing effects which can be exploited to improve
the spatial resolution.

Further tests have already been planned to assess the behavior of these assemblies after
irradiation to SLHC hadrons fluences.
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