Testbeam and laboratory test results of irradiated 3D CMS pixel detectors
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Abstract

The CMS silicon pixel detector is the tracking device closest to the LHC p-p collisions, which reconstructs precisely the charged
particle trajectories. The planar technology used in the current innermost layer of the pixel detector has reached the design limit
for radiation hardness. As a possible replacement of planar technology for the High Luminosity-LHC or HL-LHC, 3D silicon
technology is under consideration due to its unprecedented good performance in harsh radiation environments. 3D silicon detectors
are fabricated by the Deep Reactive-lon-Etching (DRIE) technique which allows p- and n-type electrodes to be processed through
the silicon substrate as opposed to being implanted on silicon surface. The 3D CMS pixel devices presented in this paper were
processed at FBK. They were bump bonded to the current CMS pixel readout chip, tested in the laboratory, and testbeams carried
out at FNAL with the proton beam of 120 GeV/c. In this paper we present the laboratory and beam test results for the irradiated 3D

CMS pixel devices.
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1. Introduction

The innermost CMS pixel tracker detector [1] will undergo
an upgrade in preparation for the so called High Luminosity
LHC or HL-LHC, which will provide ten times higher particle
collisions in 2020 [2]. The CMS pixel detector will be exposed
to a fluence of 10'¢ ne,/cm?, which is ten times higher than
the design fluence for the current detector, during the operation
of HL-LHC [3]. Furthermore, current CMS pixel sensors have
already shown serious performance degradation at the fluence
of 10" ngq/cm? [4], demonstrating that they will not withstand
higher radiation doses. One of the top candidates for replac-
ing the current planar technology is three dimensional silicon
technology [5]. 3D silicon detectors are fabricated by the Deep
Reactive-Ion-Etching (DRIE) technique, which allows p- and n-
type electrodes to be processed through the silicon substrate, as
opposed to being implanted on silicon surface. Therefore, the
charge carrier collection distance is decoupled from the thick-
ness of the silicon substrate. This feature makes 3D sensors; ra-
diation hard due to short inter-electrode distance that provides
faster charge collection without being trapped by radiation in-
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duced damage in silicon; have lower depletion voltages com-
pared to the planar sensors. The drawbacks of this technology
are high sensor capacitance and complex fabrication process-
ing. ATLAS IBL collaboration decided to use 3D pixel detec-
tors for the forward part of IBL [6], and studies are in progress
for using 3Ds in near proton spectrometers at LHC [7].

In order to reduce the cost and improve yield, Fondazione
Bruno Kessler (FBK), Trento, Italy [8], and Centro National
de Microelectronica (CNM-IMB), Barcelona, Spain [9], have
independently developed the so-called 3D Double-side Double-
Type Column (3D-DDTC) sensors. Double-sided 3D sensors
indeed offer some advantages in terms of process complexity
with respect to the original Full 3D sensor technology. In partic-
ular, there is no need for oxide bonding and removing a support
wafer, which reduces the number of process steps and makes
the backside of the wafer fully accessible to apply substrate
bias. A disadvantage of double-sided detectors is that they do
not have an active edge, but by using a properly designed termi-
nation the dead area at the edge can be reduced to about 100 um
[16]. The 3D collaboration has been extended to include SIN-
TEF (Norway) [13], which is committed to small to medium
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scale production of active edge full-3D silicon sensors. The
intrinsic feature of the SINTEF 3D detector is that it can be
fabricated with an active edge so that the width of the dead pe-
riphery can be reduced to only a few microns. 3D detectors also
surpass the planar ones in terms of low charge sharing.

The sensors considered in this study are 3D pixel sensors
from FBK Double-side Double-type Column (3D-DDTC) AT-
LASO8 batch and 3D 1E diodes from FBK ATLASI10 batch.
The CMS 1E 3D diodes from ATLAS10 batch have a p-type
material of thickness 200 ym and consists of a 19x29 pixel ar-
ray. These devices reproduce the same column configurations
and geometries of their parent pixel sensors, but have all colum-
nar electrodes of the same doping type shorted together with a
metal grid or a combination of metal grid and surface implan-
tations. This creates a device with only two terminals which
eases the testing without the need of complex bonding solutions
[15]. The 3D pixel sensors are from ATLASOS8 batch with a p-
type material of thickness 200 + 20 um and consists of a 52x80
pixel array. The sensors have different electrode configurations
(1E, 2E and 4E) and were bump-bonded to the CMS PSI46v2
Read-out Chip.

The sensors from ATLASO8 were irradiated at the Los
Alamos LANCSE facility with 800 MeV protons to 7x10'*
Neq/cm?® and 3.5x10" neq/cm? fluences. Also, the 3D diodes
from ATLAS10 were irradiated with Co® gamma source to a
dose of 2.3 MRad. The 3D diodes were actively biased during
irradiation. This was done to understand the breakdown perfor-
mance of the new fabrication technology in ATLAS10 batch.

2. Electrical characterization

FBK 3D sensors were characterized in the laboratory at room
temperature. The measured leakage currents as a function of
the bias voltage are shown in Figure 1 for candidate 1E and
2E devices. After bump bonding, the typical leakage currents
are less than 150 nA for 1E and about 10 uA for 2E devices.
The breakdown voltage is between 20 V and 40 V. The devices
were found to be fully depleted around 10 V, so there is no ef-
fect of lower breakdown voltage on charge collection efficiency.
Figure 1 also shows the leakage currrent measured at -20°C
after 7x10' neq/cm? proton irradiation. After irradiation, the
leakage current increases to ~1 yA while there is not much im-
provement in the breakdown voltage.

The ATLASO8 batch in particular experienced problems dur-
ing the fabrication process, which have been fixed in the more
recent batches like ATLAS10. The lower breakdown voltage
in ATLASO8 was probably caused by higher p-spray doping in
the devices [14]. The p-spray doping was reduced in ATLAS10
batch which improved the breakdown voltage behavior. There
are a few devices with much higher leakage current and early
breakdown in ATLASO08 batch which are likely caused by fab-
rication induced defects inside the sensors. Figure 2 shows
the leakage current measurements of 3D 1E diodes from AT-
LAS10 batch before and after Co® gamma irradiation. The
leakage current was ~10 nA for the diodes before irradiation
which improved a little after irradiation. There was a tremen-
dous improvement in breakdown from 40 V to 80 V. Since
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Figure 1: IV curve of 3D pixel sensors before irradiation at 20°C and after
7x10" neq/cm? proton irradiation at -20°C.

gamma irradiation mostly affects the surface behavior of the
devices, the improvement in breakdown voltage may be related
to improved interface carrier concentration and better surface
mobility which leads to improved leakage current and higher
breakdown voltage.
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Figure 2: IV curve of 3D 1E diodes before irradiation at 20°C and after 2.2
Mrad Co% gamma irradiation at -20°C with the devices actively biased at -10
V.

3. I-T measurements

Current-temperature (I-7) measurements can be used to ex-
tract information about the different mechanisms responsible
for the leakage current generation in revese biased diodes.
When diode is biased to be in full depletion but below the break-
down voltage *Vpp’ of the device, the leakage current genera-
tion is expected to be dominated by Shockley-Reed-Hall (SRH)
mechanism. As the applied bias approaches Vgp, impact ion-
ization starts and the effect of temperature dependence on leak-
age current generation becomes weaker. We measured /-7 be-
havior for several 3D diodes from ATLAS10 batch by biasing
them above depletion voltage but well below the breakdown
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Figure 3: Comparison between measured (dotted) and calculated (solid) values
of leakage current before irradiation at a bias voltage of -10 V from (a) 0°C to
20°C and (b) 0°C to -20°C.
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Figure 4: Comparison between measured (dotted) and calculated (solid) values
of leakage current from (a) 0°C to -20°C at -30 V after irradiation and (b) before
irradiation at -10 V from 0°C to -20°C.

voltage of these devices: -10 V for diodes before irradiation
and -30 V for irradiated diodes. Under these conditions, SRH
generation is expected to be the driving leakage mechanism in
which case the current must be proportional to the intrinsic car-
rier concentration n; which implies that current is proportional
to temperature as I ~ n; ~ T2e~®/2kD [17]. Figure 3 gives
the I-T dependence in a semi-log plot for 3D diodes from 20°C
to 0°C and from 0°C to -20°C. Figure 3 (left) shows that the
agreement between measured and expected temperature depen-
dence is good only at high temperatures. At low temperatures (
0°C to -20°C), Figure 3 (right) shows that the leakage currents
does not exhibit a pure SRH type behavior; in fact the tempera-
ture dependence gets weaker.

The 3D diodes were irradiated with Co% gamma irradiator
to a dose of 2.3 Mrad. Figure 4 (left) shows the /-7 measure-
ments performed on the diodes from 0°C to -20°C. Figure 4
(right) shows the results of /-7 measurement before irradiation
for comparison. After irradiation, the slopes of I-T curves ap-
pear parallel to the slope of intrinsic carrier concentration »; in-
dicating the leakage current generation after irradiation is domi-
nated by SRH generation and any other generation mechanisms
have been relatively supressed.

4. Laboratory and testbeam measurements

Sensors were tested with a Sr° radioactive source for lab
measurements and also with 120 GeV/c protons at the Fermilab
Meson Test Facility. The Fermilab testbeam setup is described
in [10]. The telescope made of eight planes of planar CMS
FPIX pixel detectors was used to reconstruct the tracks. The in-
trinsic track resolution is about 7 um in both the X and Y local
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Figure 5: Noise of FBK 3D sensors from ATLASO08 measured before irradiation
at 20°C and after 7x10'4 neq/cm2 fluence at -20°C.

coordinates. The trigger signal is provided by two PMTs cou-
pled to scintillators downstream from the telescope. No mag-
netic field is applied. DUTs are tilted to various angles with
respect to the beam to improve resolution. Event data from the
test beam is analyzed using software developed specifically for
the Fermilab test beam.

The S-curve test was used to determine the pixel noise by
sending internal calibration signals through the injection capac-
itor to the ROC preamplifier input and measuring the response
efficiency on a pixel-by-pixel basis. Noise measurements are
taken at room temperature before irradiation, and at -20°C after
irradiation. The tests are based on single measurements with
no averaging of S-curve results. Figure 5 shows the noise re-
sults measured before and after irradiation. Capacitance (and
thus noise) increases with radiation damage or smaller electrode
spacing, but decreases with reverse bias. All of these behaviors
are clearly seen in the 1E and 2E sensors. Noise increases by
20-30% in the 1E sensors and around 10% in the 2E sensors.
The mean value of the noise distribution measured at full de-
pletion for the 2E detectors considered in this study is ~250 e~
before irradiation at 20°C and it increases to ~290 e~ at -20°C
after 7x10'4 neq/cm2 fluence.

Figure 6 shows the charge collected with a St source be-
fore and after irradiation. Random trigger was used to collect
data. The sensors were biased at -30 V and a threshold of 3900
electrons was used. The collected charge before irradiation var-
ied between 12 ke™ and 14 ke™. There is a signal loss of 43%
after 7x10' neq/cm2 in 1E, 50% after 3.5x10" neq/cm2 in 1E,
14% after 7x10'* p/cm? in 2E, and 14% after 7x10'* p/cm? in
4E sensors. For comparison, the signal loss in CMS planar pix-
els is about 50% after 1x10'5 neq/cm? at 600V. The collected
charge is what is expected in thick silicon (16 ke™) only if the
track hits the central part of the pixel; elsewhere it is reduced by
the combined effect of charge sharing and readout chip thresh-
old.

Figure 7 shows the cell efficiency for an individual 2E pixel
before and after irradiation obtained from testbeam measure-
ments. An event’s efficiency is equal to one if a hit is regis-
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Figure 6: Charge collected for FBK 3D sensors from ATLAS08 measured be-
fore irradiation at 20°C and after 7x10'* Neg Jem? proton irradiation at -20°C.

tered within one pixel width of a reconstructed track and zero
otherwise. Efficiency is studied at normal beam incidence to
the sensor plane. Only events with one track are considered.
The total sensor efficiency is determined by averaging the ef-
ficiency of all the events in a run. Efficiency increases with
bias due to larger electric fields in the bulk, up to breakdown
voltage after which it falls off. Radiation level has a significant
effect on efficiency far away from the readout. The efficiency
was measured at different bias voltages and at different angles.
For all devices, it increases with bias voltage and saturates at
-20 V, where sensors are completely depleted. Figure 7 (left)
shows the efficiency of a single pixel before irradiation recon-
structed from all the track information. The sensor was biased
at -5 V with the detector orthogonal to the beam (angle of 0°).
The efficiency increases by rotating the DUT with respect to
the beam axis, reaching a value of ~95.4% before irradiation.
The small decrease in full efficiency is partially explained by
the electrodes being inactive volumes for tracks impinging or-
thogonal to the detector. This is shown in Figure 7 (left) where
structures corresponding to the n+ columns in the middle of the
sensor and to the six p+ columns on the edges are visible. After
irradiation the fluence of 7x10'* ngq/cm?, the efficiency of the
sensor reduced to 91.1% as shown in Figure 7 (right).

Track residuals are calculated as the distance between the
predicted and measured positions of a cluster, in either the local
X or Y direction. The residuals are fitted with a Gaussian; the
overall sensor resolution is determined from the sigma of the
fit. Best post-irradiation residual obtained for a 2E sensor was
12.56 ym.

5. Conclusions and Outlook

3D sensors offer several improvements over planar sensors,
especially at higher luminosities but suffer from higher noise
compared to planar sensors. The breakdown voltage of sensors
received from FBK increased after improvements in fabrica-
tion processing and better control over p-spray doping. Pre-
irradiation beam test results show efficiencies higher than 90%
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Figure 7: Cell efficiency of 2E sensor at 0° angle before irradiation (left) at -5
V and after 7x10'4 Neg Jem? irradiation (right) at -30 V. Efficiency was 95.4%
before and 91.1% after irradiation.

using source tests. Beam tests at Fermilab showed greater than
90% tracking efficiencies before irradiation and slight reduc-
tion in efficiences of 2E and 4E sensors after irradiation. The
reduced efficiencies after irradiation arise due to higher readout
threshold and low electric field. Good charge collection effi-
ciency was obtained, especially after heavy irradiation. After
irradiation, 2E showed the greatest efficiency and charge col-
lection. TCAD Simulation efforts are ongoing to understand
FBK beam test results. Also, more sensors are being obtained
from FBK, SINTEF and CNM. The plan is to irradiate sensors
up to 10'® neq/cm? fluence levels and obtain performance val-
ues before and after irradiation.
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