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ABsTrACT: During the operation of the CMS experiment at the High-Luminosity LHC the silicon
sensors of the Phase-2 Outer Tracker will be exposed to radiation levels that could potentially
deteriorate their performance. Previous studies had determined that planar float zone silicon with
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1 Introduction

The High-Luminosity LHC (HL-LHC [1, 2]) will provide an instantaneous luminosity of up to
(5-7.5) x 10** cm™2s~! during about ten years of operation. This will result in an unprecedented
radiation environment and particle rate for the detectors at the HL-LHC. The CMS detector will be
upgraded to cope with the new challenges (Phase-2 Upgrade). The new tracking system consists
of an inner vertex detector with very high granularity and an outer tracking system comprising
both strip and macro-pixel (1.4 mm short strips) sensors. The outer tracking system placed at a
radial distance greater than 20 cm from the beam line of the CMS detector [3] will be exposed to a
maximum fluence! of 1.05 x 10 Neq/ cm? for an integrated luminosity of 3000 fb~! or up to the
ultimate fluence of 1.4 x 10" neq/cm? after 4000 fb~!. This is a much higher radiation level than
the n-type silicon sensors in the current CMS tracker could tolerate without significant degradation
of the performance. In addition, the high number (up to 200) of proton-proton collisions per bunch
crossing (pileup) and the high number of generated particles require finer granularity and tracking

IThe radiation damage from non-ionising energy loss (NIEL) in silicon sensors is dependent on the particle type, and
is normally expressed as the equivalent damage of a fluence of 1 MeV neutrons (neq Jem?).



Figure 1. Exploded view of the 2S module. The completed module is shown in the insertion on the top right.
The module consists of two 2S sensors (the strip segmentation is illustrated on the top sensor), which are
glued to three bridges made of carbon fiber reinforced aluminum. The front-end hybrids on each end are
connected via wire-bonds to the top and bottom sensors. The service hybrid implements the connection to the
power system and the communication with the back-end system. Drawing after ref. [4].

information at the Level-1 trigger stage to efficiently select interesting events while limiting the
trigger rate. These new requirements make it necessary to completely replace the tracking system of
CMS with the Phase-2 Outer Tracker [4]. It should be noted that partial or entire replacement of the
Phase-2 Outer Tracker will not be an option during the 10-year HL-LHC era.

For the Phase-2 Outer Tracker, three types of silicon sensors are assembled into two types of
modules, which are both composed of a stack of two sensors with a separation that varies between
1.6 mm and 4 mm according to the position of the module in the detector. All Outer Tracker readout
chips feature a binary readout scheme that records hits as binary 1 when the signal on the respective
channel exceeds a programmable threshold. Modules for the outer region of the Outer Tracker contain
two strip sensors read out by the CMS Binary Chips (CBC) [5, 6]. Both the outer region modules and
the corresponding sensors are referred to as “2S”. Figure 1 illustrates the composition of the 2S module
including the two 28 sensors, bridges, front-end hybrids with the CBCs and a service hybrid for power
and communication. The inner region is equipped with PS modules with one strip sensor (PS-s) and
one macro-pixel sensor (PS-p). The sensors are read out by the Short Strip ASIC (SSA) [7] and Macro-
Pixel ASIC (MPA) [8], respectively. The PS modules are conceptually similar to the 2S modules,
but only half as long in the direction of the strips. The arrangement of the module types in the tracker
is illustrated in figure 2. More details about the Outer Tracker module concept are given in ref. [9].
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Figure 2. Cross-sectional view obtained by making a slice through one quadrant of the Phase-2 Outer Tracker
at CMS in the r-z plane. The beam line is along the z-axis. The red lines represent 2S modules at larger radii
and the blue lines the PS modules in the inner layers. These module types are described in the text below.

The silicon sensors will be exposed to severe radiation during the operation at the HL-LHC. The
radiation-induced defects in the silicon substrate change the properties of the sensors. The leakage
current increases and the induced signal decreases. To reduce the current in the silicon substrate and
to prevent thermal runaway,? the modules are cooled and the sensors kept at a temperature of about
—20°C. The reduction of the signal is attributed to changes in the electric field inside the substrate
and trapping of charge carriers. To overcome this effect the operating voltage can be raised from
the nominal 600 V to 800 V to maintain a sufficiently large signal. At —20 °C the radiation-induced
defects in the silicon substrate, and with them also the leakage current, are essentially stable with
time. The operation schedule of the detector foresees maintenance periods at the end of each year.
They can be exploited for intentional annealing of the defects in the silicon substrate at around room
temperature. These annealing phases would have the beneficial effect of reducing the sensor current
induced by radiation damage. The annealing of the defects also affects the charge collection of
the sensors. The net effect depends on the annealing time: shorter exposure increases the signal,
while longer annealing decreases it. Therefore, characterizing the annealing behavior of the signal is
crucial to compare silicon sensor options for the Phase-2 upgrade.

Based on their prevalence in HEP experiments, it was always assumed that the sensors for the
new Outer Tracker would be planar silicon with strip (or macro-pixel) implants on one side. Previous
studies further determined that the sensors should be float-zone (FZ) silicon with n-doped strips and
a p-doped substrate [10, 11]. The remaining choice to be made for the silicon sensors for the Outer
Tracker was the active thickness. Thinner sensors promise several potential benefits like

* lower material budget,

» smaller total current at a given bias voltage because of a smaller active volume, and

* higher charge collection efficiency after irradiation at the same bias voltage because of higher
electric fields leading to a faster drift of the charge carriers and therefore to a lower charge
carrier trapping probability.

2A positive feedback loop between increasing current and increasing temperature leading to an exponential current
increase.



An earlier study compared the performance of irradiated sensors made of FZ silicon of 320 um
thickness but different active thicknesses (200 pm, 240 um, and 290 um), obtained by deep-diffusion
of the backside doping layer [4]. The results showed that sensors with an active thickness of 240 uym
provide the highest signal over a wide range of annealing times.

After publication of this study, the fluence estimations were updated as a result of changes in the
CMS detector geometry. In addition, physical thinning (by grinding and polishing) was selected to
reduce the active thickness in place of deep-diffusion. As a result, the CMS Collaboration performed
a direct comparison of the baseline material, which has a physical thickness of 320 um and an active
thickness of 290 um, and the thinned 240 um thick material. This paper describes the measurements
performed and how the thickness was selected between the two options.

The paper is structured as follows. Section 2 provides a description of the sensors of the Phase-2
Outer Tracker, as well as details on the test sensors used for this study. The expected radiation
environment of the Outer Tracker and the irradiations are described in section 3. The measurement
procedures are covered in section 4, followed by the measurement results in sections 5, 6, and 7,
which include the characterization of the sensor parameters, charge collection measurements, and
beam tests. Additional aspects beyond sensor performance are discussed in section 8. Section 9
summarizes the main considerations leading to the final thickness choice.

2 Samples

Three designs of silicon sensors are used in the CMS Phase-2 Outer Tracker. All are of type
n-in-p (highly n-doped strips in p-doped bulk) with p-stop strip isolation [10]. The 2S and PS-s
sensors are AC coupled? strip sensors with about 2000 strips at a strip pitch of 90 um and 100 pm,
respectively. The outer dimensions of the 2S sensors are ~10 cm X 10 cm, while the PS-s sensors
have dimensions of ~10cm X 5 cm. For both sensors the strips are segmented in two halves each
read out from the corresponding end of the sensor when assembled into a module. Figure 3 shows
the schematic drawing of such a sensor type. The PS-p sensor has rows of very short strips (referred
to as macro-pixels with 1.4 mm length) that directly connect the implants (DC coupling). The outer
dimensions are nearly equal to those of the PS-s sensor.

The sensors must comply with the specifications set by the CMS Collaboration (table 1).
Following a market survey, the only vendor compliant with the CMS requirements was Hamamatsu
Photonics K.K. (HPK). The preferred material of this vendor is float zone (FZ) silicon with a physical
thickness of 320 um and an active thickness of 290 um (referred to as FZ290 in this paper). The
difference in the physical and active thickness comes from a special treatment that allows the backside
doping in the sensors to extend for about 30 um. This deep backside doping is also present in the
current CMS tracker sensors (as p-in-n material) and proved to make the sensors less sensitive to
minor scratches. Another important feature of the HPK material is the higher oxygen concentration
compared to other FZ silicon providers (about 5 to 10 times more). This property is beneficial in
terms of radiation hardness, as reported in ref. [13].

To investigate the benefits of thinner silicon material the baseline FZ290 sensors were compared
to sensors made of thinned silicon material. The investigated material has a physical and active
thickness of 240 um and is referred to as thFZ240 in this paper.

3The metal readout strip is separated from the charge collecting implant by a thin dielectric layer.
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Figure 3. Schematic drawing of a portion of a p-type, AC coupled strip sensor similar to the ones used for the
CMS Phase-2 Outer Tracker (after ref. [12]).

Table 1. Specifications for the qualification parameters of the CMS Outer Tracker sensors. Bad strips are
defined by a failure of one or more of the strip parameter specifications.

Parameter Specification

Full depletion voltage <350V

Current at 600 V < 2.5nA/mm?

Breakdown voltage > 800V, Igpoy < 2.5 X Igoov

Strip current < 10nA/cm

Bias resistor resistance 1.5+ 0.5MQ

Coupling capacitance > 1.2pF/(cm - um)

Dielectric current (pinhole check) | < 10nA at 10V

Interstrip resistance > 10 GQ cm (strip to one nearest neighbor)
Interstrip capacitance < 0.5 pF/cm (strip to one nearest neighbor)
Number of bad strips <20

Instead of full-size sensors, as used in the final modules, AC coupled miniature strip sensors
processed by HPK on wafers of the two material types (FZ290 and thFZ240) with the same mask set
were mainly used in this study. Details of the sensor layout, dimensions, and process parameters are
listed in table 2. The short sensors were used for the charge collection study (section 4.2), while the
long sensors were assembled into mini-modules for a beam test (section 4.3).

3 Radiation environment and irradiation procedure

The expected radiation environment for the silicon sensors is derived from FLUKA simulations [14,
15] of the CMS detector. The nominal integrated luminosity used for this study is 3000 fb~!, which



Table 2. Layout, dimensions, and process details of the miniature strip sensors. Values for the doping
and oxide concentrations as well as the dielectric thickness are based on previous measurements of similar
materials.

Parameter Short sensor Long sensor
Strip implant length (cm) 2.0 4.8
Strip implant width (um) 22

Strip pitch (um) 90

Strip metal width (um) 32

Number of strips 64 127
Number of guard rings 1

Overall dimensions (cm?) 2.3x0.8 50x14
Coupling dielectric thickness (nm) ~ 300 (Si0,/Si3Ny)
Peak strip doping concentration (cm™>) ~1x10"

Peak p-stop doping concentration (cm™>) ~5x 101

Bulk doping concentration (cm™>) ~4x 102
Oxygen concentration (cm™>) ~5x10'%-1 x 10"

is the projected total after 10 years of operation at the HL-LHC. The 1 MeV neutron equivalent
fluence in the tracker region is shown in figure 4. The radiation field is composed of different particle
types (neutrons, protons, charged pions, and an “all particles” category that also includes electrons,
positrons, muons, photons, etc.). This plot shows that the neutron fraction of particles increases with
the distance from the interaction point. These fluence estimates were updated with respect to the
Technical Design Report [4], and the new values are summarized in table 3. They show increased
expected fluence values compared to figure 4 for some regions in the tracker. A detailed distribution
of the fluences accumulated by the modules is shown in figure 5. Only a small fraction of the 2S
and PS modules will receive an integrated fluence close to the maximum fluence for the 2S and PS
regions listed in table 3. The range of fluences chosen for this irradiation campaign also covers the
updated levels as outlined below.

Previous studies have shown that oxygen-rich silicon material exhibits different properties when
exposed to charged particles than when exposed to neutral particles [13]. Since the investigated FZ
material from HPK has a higher oxygen concentration than standard FZ material from other vendors,
this irradiation campaign always includes two irradiation steps, one with charged hadrons and one
with neutrons. The expected particle type ratio varies over the radial distance of the module position
from the beam line, as illustrated in figure 4. Therefore, two mixtures of charged and neutral particle
irradiation were chosen to represent the inner region (35% of neutral particles at a radius of about
20 cm; representative of PS module positions) and outer region (80% of neutral particles at a radius
of about 65 cm; representative of 2S module positions).

The selected maximum fluences in this study for the inner and outer regions after 3000 fb~!
are 1 x 1013 Neq/ cm? and 3 x 10 Neg/ cm?, respectively, and are based on the simulations shown
in figure 4. These fluences are complemented with a low fluence to check the performance after
about 1000 fb~!, and a higher fluence representing the expected maximum fluences for the ultimate
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integrated luminosity as a function of radial distance from the beam line [16]. The z-position in the legend
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Table 3. Maximum fluence after 3000 fb~! and 4000 fb~! assigned to the different module types and their
positions in the tracker based on FLUKA v3.7.20.1 simulation results. The radial and z coordinates of the
position of the module that is expected to receive the highest fluence are provided in columns three and four.

Type / location No. of modules | z position | Radius Max. module fluence
(mm) (mm) (Neg/cm?)

3000fb~" | 4000fb~!
1.8 mm 28 barrel 4416 1127 669 2.8x 10" | 3.7x10™
1.8 mm 28 endcap 2768 2239 768 29x 10" | 3.8x 10"
4.0 mm 28 endcap 424 2643 665 3.7x 10 | 4.9x 10"
4.0 mm PS endcap 2720 2673 355 8.5x 10" | 11.3x 10"
1.6 mm PS flat barrel 826 135 347 6.0x 10 | 8.0x 10"
2.6 mm PS flat barrel 126 129 218 | 10.5x 10 | 14.0x 104
2.6 mm PS tilted barrel 1336 268 252 8.8 x 10 | 11.7x 10"
4.0 mm PS tilted barrel 584 315 249 8.8x 10" | 11.7 x 10
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Figure 5. Distribution of the integrated fluence the modules will have received at the end of operation taking
into account their locations in the CMS tracker. The lower x-axis indicates the fluence after 3000 fb~! and
the upper after 4000 fb~!. Besides the histogram of the number of modules for each accumulated fluence
bin, the plot includes the integrated total fraction of modules whose accumulated fluence will exceed the
corresponding fluence. The green and red dashed lines indicate the maximum fluences for about 95% of
modules in the 2S and PS regions, respectively. The data are based on FLUKA v3.7.20.1 .

Table 4. Irradiations performed with the short sensors. At least two sensors of each thickness were irradiated
to the mixed fluence in each row. These reflect the expected mixture of charged (protons) and neutral (neutrons)
particles in the inner (at a radius of about 20 cm) and outer (at a radius of about 65 cm) part of the CMS Outer
Tracker. In the last column F, is the fluence of the pure neutron irradiation, while Fio is the total fluence.
The highest fluence from table 3 in the default (ultimate) scenario is 3.7 X 1014 ngq /cm? (4.9 x 10" ngq /cm?)
for the 2S region and 10.5 x 10! neq/cm2 (14 x 10" neq/cm2) for the PS region.

Region Level Neutrons Protons Total Neutron frac.
(Neq/ sz) (neq/ Cm2) (Neq/ sz) Fu/Fotal
pS Low 1x10" 2x 10 3x 10" ~35%
(R ~20cm) Maximum | 4 x 10" 6x10"% | 10x 10" ~ 40%
Ultimate 5% 10 10x 10" | 15%x 10 ~ 35%
" Low 0.75x 10" | 0.25x 10 | 1x 10" ~75%
(R ~65 cm) Maximum | 2.5x 10" | 0.5x 10 | 3x 10 ~80%
Ultimate 5% 10" 1x10" 6x 10" ~80%

performance scenario of the HL-LHC with an integrated luminosity of 4000 fb~!. The selected
fluences were aligned with those used in previous studies. The resulting irradiation plan is shown
in table 4. The fluence levels in table 4 corresponding to the maximum level exceed the fluences
expected by 95% of the modules in the respective regions for the default luminosity scenario.



Considering annealing aspects, the detector could be kept at room temperature (approximately
+20 °C) during the maintenance periods at the end of each year of operation, which are typically
two weeks long. In this way the sensors could accumulate 20 weeks of annealing time by the end
of the HL-LHC period after ten years of operation, which would reduce the leakage current of the
sensors and therefore also the dissipated power. Therefore the scenario of 20 weeks of annealing
at room temperature is a benchmark for the following studies in this paper, while up to 30 weeks
is still a possibility.

Proton irradiations were performed at the Karlsruhe compact cyclotron (KAZ) with a proton
energy of 23 MeV [17] and at the MC40 cyclotron of the University of Birmingham with a proton
energy of 24 MeV [18]. The uncertainty of the delivered fluence is estimated to be about 15% and
the used hardness factor converting the proton fluence into the fluence equivalent to 1 MeV neutrons
is 2.0. At both facilities the irradiations lasted less than 30 minutes and the samples were kept
below 0 °C during the irradiation. Afterwards the samples were stored in a freezer at temperatures
below —18 °C.

The neutron irradiations of the miniature sensors were performed at the TRIGA reactor of the
Josef Stefan Institute (JSI), Ljubljana [19]. The uncertainty of the delivered fluence is estimated
to be less than 10% and the hardness factor was reported as 0.9 [20]. The irradiation time was
around 10 minutes, but the samples were not cooled and could reach temperatures of up to +40 °C.
Following irradiation the sensors were kept nearby at room temperature for an hour to allow for the
decay of short-lived isotopes before being moved to a freezer. Full-size sensors were irradiated at
the Rhode Island Nuclear Science Center (RINSC [21]), Rhode Island, which is a reactor similar to
the one at JSI, and similar procedures were applied. For irradiations with both particle types the
irradiation with neutrons was always first.

The KAZ was used for irradiating all of the FZ290 samples. Because of a technical problem
with the KAZ the proton irradiation of the thFZ240 sensors was done at the MC40 cyclotron. After
preliminary completion of the study, the KAZ became available again and a few thin sensors were
irradiated also with KAZ protons and the performance was compared to the sensors irradiated with
the nominally equivalent MC40 protons. This comparison is presented in section 6.

The long miniature strip sensors used for the beam test have been irradiated at JSI only, since
the KAZ was not available for these as well. The sensors were irradiated before being assembled
into modules. The readout ASICs were not irradiated. The radiation tolerance of the readout chips
was studied in refs. [7, 8, 22] and indicated no problems for the module performance.

An overview of the irradiation sites used in the sensor thickness study is given in table 5. In
order to be able to cross-check results two miniature sensors of each type were always irradiated
together (in the same scan area or irradiation tube) to a given fluence.

4 Measurement procedures

In this section the procedures are described that were applied for the various measurements conducted
during this study.



Table 5. Overview of the used irradiation sites for the different samples. The (Xx) for the short thFZ240
sensors indicates the later irradiations performed at KAZ for cross-checks.

Sensor type 23 MeV protons | 24 MeV protons | Neutrons | Neutrons
KAZ MC40 JSI RINSC
Short FZ290 sensors X X
Short thFZ240 sensors (X) X X
Long FZ290 sensors X
Long thFZ240 sensors X
Full-size FZ290 sensors X X

Table 6. Details of the measurement procedures for the sensor characterization. Chuck temperatures are
+20 °C and —20 °C for non-irradiated and irradiated samples, respectively. An LCR meter is an impedance
analyzer named for its inductance (L), capacitance (C), and resistance (R) measurement functions. It can be
operated at different test frequencies, as indicated in the table. The guard ring is left floating for all tests.

Measurement type Contact(s) | Comment

Current vs. voltage bias ring from 0 to 1000 V in 10V steps
Capacitance vs. voltage bias ring from 0 to 600V in 10V steps at 1 kHz
Coupling capacitance AC&DC pads | LCR meter frequency of 1 kHz

Bias resistance DC pad current difference between 0 and 2 V
Strip leakage current DC pad

Pinhole test AC&DC pad | AC pad current at 10V

Interstrip capacitance 2 DC pads LCR meter frequency of 1 MHz
Interstrip resistance 2 DC pads extracted from a 0 to 5V ramp

4.1 Sensor characterization

The basic sensor parameters are measured in semi-automated probe stations using needle probes.
The samples are placed on a temperature-controlled chuck, which has a series of small holes for
holding the sensors in place by vacuum. The chuck also provides the high potential of the negative
biasing voltage. The bias ring on the top-side of the sensor is connected to the ground potential via a
needle connection. This is the configuration for global current versus voltage (IV) or capacitance
versus voltage (CV) measurements. Up to two more needles are required to connect the pads of
individual strips for strip specific measurements like coupling capacitance, bias resistance, strip
leakage current, and current through the dielectric (pinhole test). Two needles placed on neighboring
contacts are required for the measurements of interstrip capacitance and interstrip resistance. Further
details of the measurement procedures are given in table 6.

~-10-



Figure 6. The ALiBaVa setup at KIT with one of the long miniature strip sensors on the PCB. The strontium-90
source is moved above the sensor for the measurements. Details about the setup are provided in the text below.

4.2 Charge collection measurements

To obtain the collected charge in response to minimum ionizing particles the ALiBaVa#* system [23, 24]
was used to read out the signals from the sensors. Figure 6 shows a picture of the setup. The
ALiBaVa readout system uses the Beetle readout chip [25], which provides analog signals with a
50 ns shaping time, compatible with the LHC 25 ns bunch crossing time. For biasing and cooling the
sensors are mounted on a PCB, which is fixed to a cooled copper block. The cooling is provided by
a water glycol chiller for pre-cooling and a second stage with Peltier elements. This way the sensor
can be cooled down to —20 °C for the measurements, but also heated up to +80 °C for annealing of
radiation-induced defects without removing the sensor from the chuck. The sensor is wire-bonded
to a daughterboard hosting the Beetle chips. The daughterboard is connected to an FPGA-based
motherboard for data acquisition and communication with a readout PC. The setup is equipped with
a strontium-90 source (emitting electrons with an energy up to 2.3 MeV) above the sensor and a
scintillator with a photomultiplier tube is placed below the sensor to trigger on passing particles.
The source is shielded by a collimator with an opening diameter of 0.8 mm and a thickness of 8 mm,
which allows a maximum deviation from normal incidence of 5°. The resulting hit distribution on
the sensor has a FWHM of about 20 strips. A bias voltage ramp from 300 to 900 V in 100V steps
is performed. This is repeated after each of the nine annealing steps summarized in table 7. The
current-related damage rate coeflicient « is used as a basis for comparing different annealing times
and temperatures. This parameter is defined as @ = AI/(V - F), where Al is the current increase

4A Liverpool Barcelona Valencia readout system
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Table 7. Incremental annealing steps for the charge collection measurements. Equivalent annealing times
(corresponding to the same fractional decrease in leakage currents) at +21 °C are also included in the last row.

Step 1 2 3 4 5 6 7 8 9

Temperature (°C) +60 | +60 | +60 | +60 | +60 | +60 +80 +80 +80
Time (min) 10 | 20 | 40 80 | 100 | 140 25 57 120
Eq. time at +21°C (days) | 3.8 | 6.9 | 13.3 | 27.9 | 53.7 | 100.0 | 203.1 | 407.4 | 824.1

o — Entries 19254
e 500 — Mean 1.409e+04 + 42.24
o - RMS 5855 + 29.87
3 » X2 I ndf 487.8 /180
] - ) MPV 1.118e+04 + 4.143e+01
Q C E Area 4.944¢+06 + 3.568e+04
ﬂ 300— 3 GSigma 3064 +42.8
[= - o [
= - c .
Q ) Material: FZ290
O 20— Fluence: 3x10%n_,/em?
- Annealing time: 824 days
- Bias voltage: 600V
100 — Temperature:  -20°C
- |
oL [ PP I S IR PPN PRI oo o = 4 ‘
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o

Seed signal (e7)

Figure 7. Example of the pulse height distribution in electrons of seed signals fitted by a convoluted Landau-
Gauss function as measured with the analog ALiBaVa readout system. The gray area indicates the 40~ noise
range, which corresponds to four times the typical strip noise, the minimum threshold at which the CBC is oper-
ated (section 6). The dashed red line indicates the MPV 4 value of the (pre-convoluted) Landau distribution.

after irradiation (approximately the current after irradiation, since the initial current is very low), V
is the active volume and F the particle fluence. The current-related damage rate of a given annealing
history (steps with duration and temperature) is calculated according to the parametrization given in
ref. [26]. The time that would be required at +21 °C to reach that accumulated « is calculated and
quoted as “eq. time at +21 °C” in table 7.

For each sensor condition (bias voltage and annealing) several measurements are performed: the
noise and pedestal are determined from a run with random triggers, a gain calibration is performed
using internal calibration pulses, and finally hit events, triggered by traversing electrons from the
strontium-90 source, are recorded in order to determine the charge collection. More details can be
found in ref. [27]. The seed signal, defined as the highest strip signal within a cluster of consecutive
strips, is used for further analysis. This approach was chosen since the final readout chips will
feature a binary readout, and only signals exceeding a programmable threshold are recorded as hits.
The most probable value of the seed signal height (MPV¢q) is derived from a fit to the seed signal
height distribution using a convoluted Landau-Gauss function [28], for which an example is shown
in figure 7. The chosen function provides a good description of the distribution, and the resulting
MPV 4 serves as a conservative estimator of the seed signal strength to compare the performance
of the two materials under the different conditions.
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Figure 8. One of the three mini-modules assembled for the DESY beam test.

The procedure of initial irradiation followed by consecutive annealing steps does not exactly
reflect the operation scenario, for which the yearly radiation portion is followed by an annealing
period during the technical stop. The performed measurement procedure results in an overestimation
of long-term effects, since all defects are exposed to the long annealing times. A study is underway
to quantify the potential difference with respect to an HL-LHC scenario. For the present comparative
study the difference is not relevant.

4.3 Characterization of sensors in test beams

In May 2019, a beam test was conducted at DESY (Deutsches Elektronen-Synchrotron) in Hamburg,
Germany. The beam test complemented the charge collection results obtained with the analog
readout in laboratory tests with hit efficiency measurements with the almost final front-end chip
implementing a binary readout scheme. The test beam facility at DESY provides electrons or
positrons at energies up to 6 GeV [29].

The particle beam was configured to deliver electrons at an energy of 5.6 GeV, which yielded a
trigger rate of 500 to 700 Hz. The TB21 beam line was used, which is equipped with the DATURA
hodoscope [30] based on MIMOSA CMOS pixel sensors [31].

Three 2S mini-modules were built for the beam test. Each module was composed of four
mini-strip sensors (long type in table 2), two sensors of the FZ290 material and two of the thFZ240
material. The sensors are arranged in two layers mimicking the 2S module design. A picture of one
mini-module is shown in figure 8. Thick (thin) sensors are assembled with a spacing® of 1.8 mm
(1.7 mm). Each module is equipped with two CBCs (v3.0). Each CBC reads out 127 strips from the
top sensor and 127 strips from the bottom sensor [4]. In the mini-modules one CBC therefore records
signals from pairs of sensors of the same thickness. All sensors of one module were exposed to the
same fluence of reactor neutrons (2.5 x 104 Neq/ cm? or 5.0 x 104 Neq/ cm?, which corresponds to
the maximum and ultimate neutron fraction of the 2S irradiation plan from table 4). The sensors
of each thickness were annealed to two different equivalent annealing times at +21 °C (13.3 days
and 203 days including 4 days of assembly time at room temperature). Table 8 summarizes the

5Spacing defined as distance between the center planes of the sensors.
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Table 8. Irradiation fluence levels and equivalent annealing time at +21 °C for the long type sensors of the
mini-modules investigated in the DESY beam test.

Mini-module Position Sensor material | Fluence | Eq. time at +21°C
(Neq/cm?) (days)
top, right F7290 0 -
) bottom, right F7290 0 —
MiMol
top, left thFZ240 0 -
bottom, left thFZ240 0 -
top, right FZ290 2.5x 10 13
, bottom, right FZ290 2.5%x 10™ 203
MiMo?2
top, left thFZ240 2.5x 10 13
bottom, left thFZ240 2.5x 10 203
top, right FZ290 5.0x 10" 13
, bottom, right FZ290 5.0 x 10" 203
MiMo3
top, left thFZ240 5.0x 10" 13
bottom, left thFZ240 5.0 x 10 203

fluences and equivalent annealing times for all twelve sensors that were used for the three modules.
For the data taking, the irradiated modules were cooled down to —20 °C to keep the leakage current
at acceptable levels and to prevent thermal runaway. The unirradiated module was operated at
room temperature. A housing shielded the modules from light and was flushed with dry air to
prevent condensation on the modules. Condition parameters like the module temperature, sensor
bias voltage, and the leakage current were continuously monitored and recorded. The parameters
varied during the beam time were the hit comparator threshold, the sensor bias voltage, and the beam
incidence angle. In addition, measurements without beam were conducted to determine the noise,
pedestal, and noise hit occupancy® of the modules. In a first step the recorded raw hit information
has been processed using the EUTelescope framework [32]. From the clustered hit information on
the hodoscope planes the EUTelTestFitter algorithm [33] reconstructs the tracks. The EUTelescope
software aligns all hodoscope planes and the devices under test (DUTs) using the particle tracks. The
mechanical alignment precision of the sensors within one module is worse than the software-based
alignment in the beam. Thus, the four sensors of each module have been aligned as individual DUTs
to improve the alignment precision. The interpolation of the tracks to the DUTs yields the expected
hit position. A custom framework makes use of the high level tracking and hit information for the
efficiency analysis. The following selection criteria are applied prior to the hit efficiency analysis to
select valid tracks and identify the corresponding DUT hits:

a) Only tracks whose projections intersect the sensitive region of the DUT after alignment are

accepted.
b) Noisy strips with a hit occupancy above 1.5 %, the first two edge strips (on either side) and strips
with missing bond connection to the CBC are masked.

SFraction of firing channels per triggered event in absence of injected signal.
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Figure 9. Averaged IV curves for mini-sensors and diodes prior to irradiation measured at +20 °C. The currents
are normalized to the active volume of the devices. The numbers in the legend refer to the number of samples
used to generate the averaged curve. For each bias voltage and sensor type the mean and standard deviation of the
measured current was computed. The mean is plotted as the line and the bands represent one standard deviation.

¢) Tracks pointing to masked strips within a window of +45 um are rejected.

d) A cluster? is accepted for the efficiency calculation if its residual fulfills |As| < 180 um, which
is two times the strip pitch. The residual As is the distance between the cluster center and the
expected track position on the DUT.

The efficiency 7 is finally calculated by

_ Nmatched clusters 4.1

Nyalid tracks

with the number of valid tracks ny,jid tracks following criteria a) to ¢) and the number of matched
clusters nmatched clusters (including single hits) following selection d). The uncertainty is defined as

n-(1-n)
Nyalid tracks

4.2)

5 Results of the sensor characterization

The miniature strip sensors were characterized prior to irradiation using the probe station with the
chuck temperature set to +20 °C. The full depletion voltage was derived from CV measurements
and is about 265 V for the thick sensors and 195 V for the thin ones. Figure 9 shows the IV curves
of several mini-strip sensors and diodes. The currents are generally very low compared to the

7Consecutive hit strips form a cluster.
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Table 9. Typical strip parameter values of the short-strip sensors for the two thicknesses before irradiations.
Interstrip parameters are measured to one neighbor only. The corresponding specifications for full-size sensors
are listed in the last column. The short-strip sensors have anomalously high interstrip capacitance values (in
fact equal to the full-size sensor limit by coincidence) because of a geometric feature of the mini-sensors: the
contribution of the pad area (with larger capacitance) to the total capacitance is larger than for the longer
strips of full-size sensors.

Parameter FZ7290 | thFZ240 | Specifications
Coupling capacitance (pF/cm) 30 28 > 24
Bias resistance (MQ) 1.9 1.8 1-2

Strip leakage current (pA/cm) 4-7 10-30 < 10000
Interstrip capacitance (fF/cm) 500 500 < 500
Interstrip resistance (G2 cm) >1000 >800 >10

specifications given in table 1 and the spread of the IV curves is very small, as indicated by the
narrow bands representing the standard deviations of the measured currents at each voltage point.
The thinned mini-sensors show a higher leakage current, which might be related to the thinning
process. Table 9 summarizes typical values of the measured strip parameters. Most parameters
are well within the specifications, and only the interstrip capacitance is close to the specified limit.
The total interstrip capacitance consists of a contribution of the pad region with wider implants and
higher capacitance, and the strip region with a lower capacitance. The relative contribution of the pad
region, which has the same layout as for the full-size sensors, is higher on these mini-sensors. This
is therefore not an issue for the 5 cm long strips of the full-size 2S sensors. The PS-s sensors, with
their 2.5 cm long strips, might however come close to this non-critical limit. These measurements
confirm the very high quality of the miniature strip sensors prior to irradiation.

After mixed irradiation (table 5) and annealing for 70 minutes at +60 °C (step 3 in table 7) the
currents at 600 V normalized to the active volume are plotted versus the irradiation fluence for the
two thicknesses in figure 10. From these plots the current-related damage rate o can be extracted.
The @ value at 600 V of the thick material is @ = 4.9 x 107'7 A/cm. The value is 15% larger than
the estimate based on ref. [26] (o = 4.2 x 107'7 A/cm) and has to be accounted for in thermal
studies. The thin sensors could instead be operated at 400 V to yield an electric field similar to the
electric field in thick sensors operated at 600 V. The a value of 4.4 x 1077 A/cm obtained at 400 V
is much closer to the expectation from literature than the one obtained for a bias voltage of 600 V.
Above depletion, the electric fields are higher in thin material for the same bias voltage and the IV
curves do not flatten out, as shown in figure 11.

In preparation for the beam test, eight long miniature strip sensors were characterized after
pure neutron irradiation to 2.5 x 104 Neq/ cm? and 5 x 101 Neq/ cm? and for two different annealing
conditions. The annealing was performed for 50 minutes at +60 °C (equivalent to about 9 days at
+21 °C) for the “short” annealing and in several steps for a total of 156 minutes at +60 °C plus 45 min
at +80 °C (equivalent to about 200 days at +21 °C) for the “long” annealing. No additional bad strips
were identified after irradiation. Sensors that received a higher fluence show the expected higher
strip leakage current, as shown in figure 12, and longer annealing durations reduce the currents, as
expected. The coupling capacitance shows a slightly higher value (by about 2 pF) for the sensors
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Figure 10. Current normalized to active volume after mixed irradiation of all short sensors. The measurements
were performed at a temperature of —20 °C and the data scaled to +20 °C according to ref. [34]. The solid sym-
bols are for the envisaged operation voltage (600 V for FZ290 and 400 V for thFZ240) while the open symbols
indicate the increased currents for thin sensors at 600 V bias voltage. The lines represent linear fits to the data
points, and are used to extract the current-related damage rate. The dotted line is an expectation from ref. [26].

exposed to the higher fluence as compared to those subject to the lower fluence, as shown in figure 13,
where the annealing has no clear effect, and all values lie in a small band of 5 pF width. The bias
resistance (figure 14) is slightly increased compared to the pre-irradiation values. This is mainly
attributed to the lower measurement temperature, which increases the resistance of the polysilicon
(0.4 %/K was measured in ref. [35]). The bias resistance was not measured for the sample with the
higher fluence, but previous studies with HPK material showed no effect of irradiation on the bias
resistance [11]. Mean measurement results from figures 12-14 are summarized in table 10.

To complement the measurements on miniature strip sensors, also four 2S full-size FZ290 sensors
were irradiated, with one particle type each, and evaluated. Two of them were irradiated with protons
at the KAZ (F = 4.6 x 10'4 neq/cmz) and two with neutrons at RINSC (F = 4.2 x 10 neq/cmz)
(section 3). The current of the full-size sensor is an important ingredient to the thermal performance
of the final modules and therefore the scaling of the leakage current from mini-sensors to the full-size
sensors was checked. Figure 15 shows the currents of the four irradiated 2S sensors measured at
—20°C and 600 V as a function of the annealing time. Within the uncertainties the data agree with
the currents calculated from ref. [26] using the stated fluences, a volume of 2.9 cm? and the current
scaling factor from +21 °C to —20 °C of 1/64.6. The uncertainties include contributions from the
absolute temperature (+0.5 °C) and fluence (+15%) determinations.

In addition, strip parameters were validated after irradiation for the two sensors irradiated with
protons, and the results, summarized in table 11, show no significant deviations from pre-irradiation
values, except for the expected radiation damage related increase in leakage current and decrease in
interstrip resistance.

17—



60| T T T T T

50 -

N
o
T

Current (MA)
8
T

N
o
T

————FZ7290_1
- - - FZz290 2
— — thFZ240 | T

10

|
|
|
|
|
'
1

0 200 400 600 800 1000
Bias voltage (V)

Figure 11. Comparison of the current vs. voltage characteristics for one thin (thFZ240) and two thick (FZ290)
sensors irradiated to 1 x 101 Neg /em?. The measurements were performed at —20 °C. The vertical lines
indicate the bias voltages discussed in the text.

100.0 T T T T T T T T T T T
80.0 - —
3
§ [ [5x10™n,,/cm?
£ 600 - thFZ240 (short ann.) o FZ290 (short ann.) _
c ' e thFZ240 (long ann.) = FZ290 (long ann.)
()
= L
(8]
g 400 |- —
g °
I L
3 N e A A ey \AAAAAAAAAAAA A AAAAAAAAAAAAAAS
20.0 - . |2:5%x10%ngg/cm? 7
| thFZ240 (short ann.) A FZ290 (short ann.)
v thFZ240 (long ann.) A FZ290 (long ann.)
0.0 1 A 1 A 1 . 1 . 1 . 1
0 25 50 75 100 125

Strip number
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Table 10. Mean strip parameter values of the miniature strip sensors for the two thicknesses after irradiation
with neutrons to 2.5 x 10'# Neq/ cm? with long annealing. The measurements were performed at —20 °C. The
corresponding specifications for full-size sensors are listed in the last column. The specification for the strip
leakage current after irradiation is not defined. The interstrip parameters were only measured on short strip
sensors and the measurements after 6 x 10'# Neq/ cm? at 600 V were added in the lower half of the table for
completion.

Parameter FZ7290 thFZ.240 Specifications
Coupling capacitance (pF/cm) | 28.5+0.6 28.6 £ 0.1 > 24
Bias resistance (M) 2.27+0.02 | 2.30+0.01 1-2
Strip leakage current (pA/cm) | 24800 + 200 | 25800 + 700 —
Interstrip capacitance (pF/cm) | 0.45+0.01 | 0.46 +0.01 < 0.5
Interstrip resistance (G cm) > ] > 0.25 > 0.1
Expectation
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Figure 15. Currents measured at —20 °C and 600 V of the four irradiated full-size 2S sensors of type FZ290
over an estimated room temperature annealing time. The measurement of the temperature has an uncertainty
of +0.5 °C, which propagates into the indicated uncertainty of the current at —20 °C. The expectation is
calculated from the current-related damage rates given in ref. [26] with an uncertainty (indicated as grey band)
on the fluence of +15%. The two circles representing the two sensors irradiated with neutrons have the same
annealing time but are displaced in the plot for clarity.
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Table 11. Mean strip parameter values with standard deviations at 600 V for the two full-size 2S sensors
(FZ290) irradiated to 4.6 x 10 Neq/ cm? with 23 MeV protons. Interstrip parameters are measured to one
neighbor only. The interstrip capacitance measurements for sensor 1 were performed with a bad calibration,
and are omitted here. The specification for the strip leakage current after irradiation is not defined.

Parameter Sensor 1 Sensor 2 Specifications
(200 days equiv. ann.) | (3 days equiv. ann.)

Coupling capacitance (pF/cm) 29.2+£0.2 29.2+£0.2 > 24

Bias resistance (MQ) 23+0.1 23+0.1 1-2

Strip leakage current (nA/cm) 56.2+5.0 928154 -

Interstrip capacitance (fF/cm) - 322.0+28.0 < 500

Interstrip resistance (G cm) 4.1+1.2 2.8+1.1 > 0.1

In conclusion, the measurement results in this section did not show a significant difference
between sensors of the two investigated thicknesses. Strip parameters are fulfilling the specifications
for sensors of both thicknesses also after irradiation and also the leakage currents are similar if the
operation voltage is adjusted based on the thickness.

6 Results of the charge collection study

Prior to installing sensors in the experiment the hit efficiency of a sensor can only be determined
in beam test experiments, which are costly and time-consuming. A setup like the one presented
in section 4.2, on the other hand, is well suited for characterizing a large number of samples. The
results of charge collection studies can therefore be used to estimate the hit efficiency of the sensor.
The CMS Collaboration is aiming for a minimum hit efficiency of 99.5 % on the active sensor region
as a requirement for the tracker. In order to achieve such an efficiency, the generated signal of a
sensor needs to be well above the threshold set in the readout chip. A readout threshold of four times
the noise o is usually sufficient to reduce the number of noise hits to an acceptable level. Therefore,
99.5 % of the signals need to be above this threshold. From the typical shape of the seed signal
distribution from ionizing particles (figure 7) it can be estimated that the most probable value of the
seed signal distribution should be three times larger than the threshold. The relation can be written as

MPVeeq > 3 X 40 =120 (6.1)

The 120 -limit is an approximation and was introduced during the Phase-2 R&D process by the CMS
Outer Tracker Sensor Working Group. Information about the three readout chips that are used in the
CMS Phase-2 Outer Tracker is given in table 12. The SSA will read out the PS-s sensors and the
MPA the PS-p sensors. The threshold for the MPAs is very low, which is related to the much lower
capacitance of the small macro-pixels, and therefore the limit will not appear in the following plots.
The noise of these chips can decrease at lower temperatures as foreseen during the operation in the
experiment. This would add additional margin to the signal limit defined so far.

For the outer region covered with 2S modules a minimum MPV of the signal of 12000 e~ is
required. Figure 16 shows the measured seed signal versus the equivalent annealing time, focusing
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Figure 16. Seed signal of FZ290 (upward pointing triangles) and thFZ240 (downward pointing triangles)
sensors as a function of equivalent annealing time. The sensors were irradiated to two fluences expected in the
tracker region where 2S modules will be installed (or intermediate fluences for the PS region). The symbols
with lighter colors are from an additional sensor exposed to the same fluence. Measurements are performed at
—20°C. The horizontal band indicates the envisaged lower signal MPV limit for the given sensor type. The
width of the horizontal band is arbitrary. The vertical dashed line indicates the expected annealing time after
ten years of operation.
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Table 12. The Phase-2 Outer Tracker readout chips and their expected noise (o) at room temperature [4].
The 40 -threshold represents the readout threshold. The 12¢0-limit represents a conservative estimation of the
minimum MPV of the signal height distribution required in order to meet a hit efficiency of at least 99.5% for
each readout channel in the future tracker.

Chip | Sensor | o (¢7) | 4o-threshold (e¢™) | 120 -limit (e™)
CBC 28 1000 4000 12000
SSA | PS-s 800 3200 9600
MPA | PS-p 250 1000 3000

on the 28 region. At the fluence of 3 x 104 Neq/ cm? the FZ290 material provides more signal than
the thFZ240 material over a wide range of annealing time. The thFZ240 material hardly reaches the
required limit. At the ultimate fluence of 6 X 1014 Neq/ cm? (after 4000 fb~! about 1.5% of the 2S
modules exceed 5 x 10'4 Neq/ cm?) an increase of the bias voltage to 800V is required for the FZ290
sensors to satisfy the MPV = 12 000 e~ requirement. This increase in bias voltage is not effective for
the thin material in the most relevant annealing range (less than 30 weeks at room temperature). An
increase of the operation voltage at the end of the HL-LHC run-time in order to maintain efficient
operation is an option for the modules that will be exposed to the highest fluences. The power
system, module design, and quality control of modules and sensors will all be consistent with an
assumed maximum operation voltage of 800 V. The FZ290 sensors are, therefore, well suited for the
2S region of the Phase-2 Outer Tracker and their signal-to-noise performance is better than that of
the thFZ240 sensors in the most relevant annealing range.

The plots also include measurements of additional sensors irradiated to the same fluence.
Overall they confirm the measurements very well. One exception is shown in figure 16(b) for the
thFZ240 material. Here we observed a deviation from the twin measurement, but the height of the
initial plateau and the drop at longer annealing times is confirmed. The sensor of the initial (dark)
measurements exhibits a higher current and also a soft breakdown during the annealing procedure,
which results in a lower signal and also indicates different treatments or damage in this case.

The observations for the PS region are similar (figure 17). The signal in the FZ290 sensors
biased at 600 V is larger than the lower limit of 9600 e~ required for PS-s sensors. Increasing the bias
voltage to 800 V ensures a large enough signal of about 10500 e~ even for the maximum fluences
expected after 4000 fb~! (shown in figure 5). The measured signals of thFZ240 sensors for nominal
PS fluences are sufficient at 600 V. At the ultimate PS fluence an increase of the bias voltage to
800V is more effective at higher annealing times, but is not sufficient to raise the signal well above
the lower signal limit.

The signal values obtained from FZ290 and thFZ240 sensors at 600 V and 800 V for different
fluences have been interpolated to an annealing time of 20 weeks at room temperature and the result
of the interpolation is summarized in figure 18. Sensors made of thFZ240 silicon can barely reach
the efficient operation region for 2S modules, while FZ290 sensors show high signals. Only beyond
1.5x 10 Neg/ cm? one can expect benefits from the use of thinner sensors. The lines also indicate a
less severe drop of the signal height of FZ290 sensors when exposed to the particle mixture of the
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Figure 17. Seed signal of FZ290 (upward pointing triangles) and thFZ240 (downward pointing triangles)
sensors as a function of equivalent annealing time. The sensors were irradiated to two fluences expected in
the tracker region where PS modules will be installed. The symbols with lighter colors are from an additional
sensor exposed to the same fluence. Measurements are performed at —20 °C. The horizontal band indicates
the envisaged lower signal MPV limit for the given sensor type. The width of the horizontal band is arbitrary.

The vertical dashed line indicates the expected annealing time after ten years of operation.
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Figure 18. Seed signal of FZ290 (blue) and thFZ240 (brown) sensors for different fluences, measured at a
temperature of —20 °C, interpolated to an equivalent annealing of 20 weeks at room temperature. Areas are
indicated that represent the signal range required for strip sensors in the 2S and PS region. The solid markers
represent measurements conducted at 600 V. Measurement results conducted at 800 V are added in case the
initially measured signal is below its specification in order to show the impact of increased bias voltage. The
trend of the signals at 600 V for both materials are indicated by the lines.

inner region, which contains a higher fraction of protons. This is consistent with the beneficial effect
of higher oxygen content in the bulk reported in literature [13].

The comparison of thinned and thick material was performed with protons of similar energy
but from two different sources. We performed additional mixed irradiations with protons from KAZ
(after this facility was operational again) and neutrons from JSI to confirm the earlier measurements.
The measurement results are shown in figure 19. For the 2S region one can hardly see a difference in
the collected seed charge of the thin sensors irradiated with protons at the two facilities and therefore
one would also not expect a difference in efficiency. For the higher fluence in the PS region the thin
sensors irradiated with the protons at KAZ show a slightly higher signal in the initial ten weeks of
annealing, while at longer annealing times the seed signal drops faster than the ones from MC40.
The uncertainty in the stated fluences can be up to 15% and might affect the results here. However,
the observed signal levels of the thin sensors irradiated at KAZ and MC40 do not deviate more than
about 15% at the same annealing time, and the general conclusions on the comparison to the thick
sensors are not affected.
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In conclusion, the FZ290 sensors provide sufficient signal over the course of the nominal
HL-LHC period for both the 2S and the PS region. The signal is also sufficient for the expected
ultimate fluences (corresponding to 4000 fb~!), if the bias voltage is increased up to 800 V. The
thFZ240 sensors barely reach the minimum signal for the 2S region for annealing times up to
30 weeks, while they show sufficient signal for the PS region up to 3000 fb~!. However, a small loss
in efficiency for both sensor thicknesses at the end of a potential 4000 fb~! scenario of the HL-LHC
(corresponding to an ultimate fluence of 1.4 x 101 Neq/ cm? for few modules) is likely for about 60
modules in the PS region in case the integrated annealing times exceed 30 weeks.

7 Beam test results

For the operation in the CMS tracker the 2S modules are required to have a hit efficiency of 99.5%
or better. In addition, the noise hit occupancy must be below 10, which is much lower than the
expected particle hit occupancy of about 1072

At the DESY test beam facility (section 4.3) the hit efficiencies and noise occupancies were
measured for normally incident particles for different operating conditions. One parameter that was
varied is the global comparator threshold set in the CBCs. For very low thresholds it is expected to
record hits generated by noise. For high thresholds the hit detection efficiency drops because of
the limited amplitude of the sensor signals. Figure 20 displays the threshold scans for sensors of
the two thicknesses irradiated with a fluence of 2.5 x 104 Neq/ cm?. Both sensor thicknesses fulfill
the constraints on efficiency and noise hit occupancy in a comfortable threshold range between
3300 ¢ and 5500 ¢™, which allows a flexible selection of the threshold during operation. This
reflects the situation for 70% of the 2S modules in the Outer Tracker after 3000 fb~!. Sensors of both
thicknesses show very similar properties in this threshold range. The FZ290 material is efficient
up to 7000 e”. A stronger dependence on the annealing time can be seen for the FZ290 material
compared to the thFZ240 material at 600 V, which was already observed in the laboratory studies
illustrated in figure 16.

The results after 5 x 10'4 Neq/ cm? are shown in figure 21. This reflects the situation of the most
exposed 2S modules in the Outer Tracker after 4000 fb~!. Here the threshold range that satisfies the
specifications is small, irrespective of the sensor thickness. The threshold should be at least 3300 e~
to avoid noise hits after long annealing. It is remarkable that the noise occupancy is very similar to
the situation after 2.5 x 10'4 Neg/ cm? and reflects the very small dependance of the chip noise on
leakage current. At the measurement point with a threshold of 4210 ¢~ the hit efficiencies range
from 99.2% to 99.8% depending on the annealing stage. This is just below the requirements for
optimal operation. Such high fluences are only expected for about 1.5% of the 2S modules after the
extended HL-LHC operation. However, for modules that become inefficient the bias voltage could
be increased up to 800 V. Figure 22 shows this effect for both thicknesses after a long annealing time.
Sensors of both materials show an efficiency above 99.5% at 800 V for tracks with normal incidence
after long and short annealing periods. Signal measurements on these sensors were performed with
the ALiBaVa setup described in section 4.2 before assembly of the modules. The measured seed
signal is also plotted in figure 22 for comparison. The curves cross the 12 000 e~ criterion at about
the same bias voltages as the efficiency crosses the 99.5% limit and therefore this justifies the initially
estimated requirement (section 6).
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Figure 20. Hit efficiency (blue and brown, right y-axis) and noise occupancy (magenta, left y-axis) versus
threshold for MiMo2. The sensors were irradiated to 2.5 x 10'# n.q/cm? and operated at 600 V and —20 °C.
The terms “short” (equivalent to 13 days at +21 °C including 4 days of assembly) and “long” (equivalent to
203 days at +21 °C including 4 days of assembly) refer to annealing steps performed prior to the measurements.
The horizontal dashed lines indicate the specifications for efficiency (green) and noise occupancy (magenta).
The gray background indicates the threshold range in which the efficiency and noise requirements are not met
by any of the samples with long annealing times. The chip internal DAC value for the comparator threshold
was converted to electrons using the relation 1 Vo, = 156 e~ derived from a testpulse calibration.

So far the presented results were for normal incidence while particles with high transverse
momentum (larger than 2 GeV/c) in the experiment also pass the sensors at angles up to about
18° [4]. To study efficiency and cluster size for different particle incidence angles the modules were
rotated in the beam. Figure 23 shows these two quantities as a function of the inclination angle. The
cluster size in number of channels increases continuously from 1.15 at 0° to just below 2 at 40°. The
efficiency increases until a maximum is reached at about 10 to 20° and then drops slightly towards
the highest angle measured. The effect on the efficiency is less than 1% and similar for the two
thicknesses.

8 Further considerations

There are additional considerations that enter into the choice of sensor thickness, namely cost,
robustness, and material budget.

The additional thinning step implies additional costs, which has a big impact considering that
24 000 wafers will be required for the Phase-2 Outer Tracker.

The backside of the thinned sensors is processed differently, leading to a quite shallow doping
layer. This makes thinned sensors more prone to scratch-induced early IV breakdowns, i.e., sharp
or exponential current increase at bias voltages below 600 V. This was confirmed during the
measurements of the 60 full-size sensors that were characterized in parallel to the irradiation
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campaign. Figure 24 shows the leakage currents of full-size 2S sensors at a bias voltage of 400 V.
The different bars represent different measurements at the same or different sites, as indicated in
the legend. Currents exceeding 1000 nA or large variations between measurements after normal
handling are considered suspicious and are indications of reduced breakdown voltage. It is obvious
that many more of the thFZ240 sensors are affected. This is a critical issue, which could lead to
severe problems during the mass production of Outer Tracker modules.

One of the benefits of thinner silicon sensors is a reduction of the material budget. Compared
to the 320 um thick sensors the 240 um thick ones have 25% less mass. When looking at the total
module mass of about 30 g, though, the benefit of using thFZ240 material is reduced to a mass
saving of 10% only. Furthermore, the material amount crossed by straight tracks in units of radiation
and interaction lengths in the tracking volume of the Phase-2 Outer Tracker with FZ290 or thFZ240
sensors was computed by a fast simulation (tkLayout [36, 37]), considering the detector material up
to the last active hit. The results are shown in table 13. The thicker sensors only add about 1.6% of a
radiation length to the entire tracking volume. Moreover, modules with thin sensors might require
additional material to remove the heat from the sensors, while for the thick sensors the additional
silicon acts as a heat spreader. This aspect would further reduce the difference in the number of
radiation lengths between FZ290 and thFZ240 sensors. This small reduction of the material budget
for the thin sensors would only be exploited if the performance was identical for both materials.

9 Conclusion

The CMS Collaboration performed a direct comparison of the baseline FZ290 and thinned (240 um
thick) thFZ240 silicon strip sensors from HPK in view of their performance over the lifetime of the
experiment. Characterization of the strip parameters did not reveal any significant issues with either
of the materials.
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Figure 24. Leakage current of full-size 2S sensors measured at a bias voltage of 400 V at room temperature.
The different bars represent different measurements at the same or at different sites as indicated in the legend:
vendor test at HPK (HPK); sensor quality control at University of Rochester (UoR), Institute of High Energy
Physics in Vienna (HEPHY), Karlsruhe Institute of Technology (KIT), and Brown University (Brown);
reception test before module assembly at RWTH Aachen (Aachen) and CERN (CERN). The horizontal red
line indicates the specification for the maximum current. The vendor test was performed at about 5 °C higher
temperature, which would tend to result in higher currents.
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Table 13. Calculated average fractions of radiation (X/Xj) and interaction (1/4) length in the tracking
volume for the Outer Tracker and the entire tracking system including the inner pixel detector and services.
Calculations were performed with tkLayout using layout version OT801_IT701 [38]. The relative difference is
defined as: (Pgz290 — Pthrz240) / Pinrz240, where P stands for the respective fractions of radiation or interaction
lengths.

Sensor material | Outer Tracker | Entire Tracker
X/Xy | 220 | X/Xp A/

FZ290 20.5% | 6.21% | 56.1% | 17.94%

thFZ240 19.6% | 6.02% | 55.2% | 17.76%
Relative difference | 4.6% | 3.2% 1.6% 1.0%

After irradiation with a mixture of protons and neutrons up to fluences expected in the CMS
tracker after 4000 fb~! the collected seed charge was measured as a function of the annealing time
(section 6). These results showed that the thicker FZ290 sensors provide a higher signal for most of
the parameter space in terms of fluence and annealing time. Only at fluences above 1 x 10! Neq/ cm?
and annealing times beyond 30 weeks thinned thFZ240 sensors provide higher signals. In this
specific case, the FZ290 sensors can still reach the estimated minimum signal for high efficiency by
increasing the bias voltage from the nominal 600 V to 800 V.

Finally, the irradiated sensors were compared in a beam test at DESY, where both sensor types
showed hit efficiencies above 99.5 % for the expected fluence scenarios in the 2S region (section 7).

In conclusion, sensors of both thicknesses could be used in the CMS tracker at HL-LHC, while
the FZ290 sensors provide improved longevity by delivering a higher signal compared to the thinned
material for most positions in the tracker. In extreme cases, the thFZ240 material would provide a
slightly higher signal at nominal voltage, but these signal levels could also be obtained for FZ290
sensor modules by applying a higher bias voltage.

Since both sensor thicknesses fulfill the minimum performance requirements, further consid-
erations about longevity, handling (thinned sensors are more prone to scratch-induced early IV
breakdowns), and costs led the CMS Collaboration to choose the FZ290 sensors.
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