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Abstract

Small collection-electrode monolithic CMOS sensors are attractive candidates for large-area tracking detectors. The
small collection-electrode design allows for a minimisation of the input capacitance to obtain a high signal-to-noise ratio
and a small power consumption. However, achieving a sizeable depleted volume is challenging in this design. Typically, a
high-resistivity epitaxial layer grown on top of a low-resistivity substrate is used to fabricate these devices, which confines
the depletion and the active sensor volume to the thickness of the epitaxial layer. In this paper, the active sensor depth is
investigated in the monolithic small collection-electrode technology demonstrator CLICTD. Charged particle beams are
used to study the charge collection properties and the performance of CLICTD sensors with different thicknesses both
for perpendicular and inclined particle incidence. Using a high-resistivity substrate instead of an epitaxial layer allows
the depleted volume to evolve further in depth. CLICTD sensor fabricated on a high-resistivity Czochralski substrate are
thus investigated and a potential for large performance improvements is found regarding the spatial and time resolution
as well as the hit-detection efficiency. Most importantly, the depth of the sensitive volume is mapped out by means
of grazing angle measurements for both substrate materials and a more than twofold increase for the high-resistivity
Czochralski substrate is found.

Keywords: High-resistivity Czochralski silicon, Inclined particle tracks, Monolithic silicon sensor, Small
collection-electrode design

1. Introduction1

In monolithic CMOS sensors the readout electronics are2

integrated into the active sensor volume, which offers the3

potential for fine pixel pitches and a small material con-4

tent. The devices are particularly interesting for large-5

scale production efforts by profiting from the commercial6

CMOS industry. Monolithic sensor designs featuring a7

small collection electrode benefit from a reduced capac-8

itance, which enables an improvement in signal-to-noise9

ratio and reduced power consumption [1]. Several sensors10

have been fabricated in a modified 180 nm CMOS imag-11

ing process implementing the small collection-electrode de-12

sign with a 25 - 30µm high-resistivity epitaxial layer on a13

low-resistivity substrate, such as the ALPIDE [2], (Mini-14

)MALTA [3], FASTPix [4] and CLICTD [5] sensors.15

They have exhibited promising results regarding radia-16

tion tolerance, a time resolution down to hundreds of pi-17

coseconds, a spatial resolution of a few micrometers and18
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full efficiency over a wide threshold range of several hun-19

dred electrons.20

Although sensor optimisations enable a full lateral de-21

pletion [6] in the small collection-electrode design, the sen-22

sors are only partially depleted in depth. The active sensor23

depth, from which charge carriers contribute to the signal,24

extends further than the depletion depth but is limited25

by the thickness of the epitaxial layer due to the short26

charge carrier lifetime in the low-resistivity substrate. To27

extend the bounded depletion and active sensor depth,28

high-resistivity substrate materials are investigated, which29

promise a higher signal due to a larger sensitive volume.30

In this document, a high-resistivity Czochralski substrate31

as alternative wafer material is assessed, which has already32

proven to improve efficiency after irradiation in the small33

collection-electrode design [7].34

An in-depth comparison of 40 - 300 µm thick sensors35

in the original epitaxial-layer design with 100µm thick36

high-resistivity Czochralski sensors is presented for the37

CLICTD technology demonstrator. To this end, the per-38

formance and charge sharing characteristics of different39

CLICTD sensors are studied using charged particle beams40

with perpendicular and inclined incidence relative to the41

sensor surface. Most notably, in-pixel studies are pre-42
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sented that allow for a two-dimensional mapping of charge43

collection properties. The effective active sensor volume is44

determined as well by employing the grazing angle tech-45

nique [8] for the different sensor thicknesses and materials.46

2. The CLICTD Sensor47

The CLICTD sensor features a matrix of 16 × 128 de-48

tection channels with a size of 300 µm× 30 µm in col-49

umn× row direction. Each channel is segmented along50

the column direction into 8 sub-pixels with a size of51

37.5 µm× 30 µm. The following section gives a brief52

overview of the main features of the CLICTD sensor. Ad-53

ditional details can be found in [5] and [9].54

2.1. Sensor Design55

The CLICTD sensor is fabricated in a modified 180 nm56

CMOS imaging process [6] using two different pixel57

flavours, as shown schematically in Fig. 1. The sensor58

is characterised by a small n-type collection electrode on59

top of a 30µm thick high-resistivity (few kΩcm) epitaxial60

layer, that is grown on a low-resistivity (∼ 10−2Ωcm) p-61

type substrate. The on-channel front-end electronics are62

shielded by p-wells at the pixel edges. A low-dose n-type63

implant below the p-wells allows for full lateral depletion64

of the epitaxial layer [6]. In the second pixel flavour, the65

n-implant is segmented at the pixel edges, which causes an66

increase in the lateral electric field. As a consequence, an67

accelerated charge collection and reduced charge sharing68

is achieved with this flavour. In the CLICTD sensor, the69

segmentation is only introduced in the column direction.70

In the row direction, a high degree of charge sharing is71

desired in order to improve the spatial resolution.72

A reverse bias voltage is applied to nodes in the p-wells73

and the substrate. The bias voltage at the p-wells is lim-74

ited to -6V to prevent breakdown of the on-channel NMOS75

transistors [10].76

CLICTD sensors with different thicknesses were pro-77

duced using backside grinding. The total device thickness78

ranges from 40 µm to 300 µm, including a metal stack of79

approximately 10 µm on top of the sensor [11].80

High-resistivity Wafer Material. The size of the depleted81

volume is limited by the thickness of the high-resistivity82

epitaxial layer. To increase the depleted volume, an alter-83

native wafer material is studied, which consists of high-84

resistivity (few kΩ cm) p-type Czochralski silicon [7]. The85

implants are implemented directly on the 100 µm thick86

Czochralski substrate and no additional epitaxial layer is87

grown on top. The advantages of the high-resistivity wafer88

material are twofold: Firstly, the isolation between p-well89

and substrate bias nodes is improved, allowing for a larger90

difference of the two voltages. Secondly, the depletion can91

evolve further in depth owing to the larger size of the high-92

resistivity volume.93

2.2. Analogue and digital front-end94

Each sub-pixel has an analogue front-end that consists95

of a voltage amplifier connected to a discriminator, where96

an adjustable detection threshold is compared to the input97

pulses. Effective threshold variations are corrected using98

a 3-bit threshold-tuning DAC.99

The discriminator output of the eight sub-pixels in a100

detection channel are combined with a logical OR in the101

on-channel digital front-end. The binary hit pattern of the102

sub-pixels is recorded as well as the 8-bit Time-of-Arrival103

(ToA) and the 5-bit Time-over-Threshold (ToT) for time104

and energy measurements, respectively. As a consequence105

of combining the sub-pixel discriminator outputs, the ToA106

is set by the earliest sub-pixel timestamp and the ToT is107

determined by the number of clock cycles in which at least108

one sub-pixel is above the detection threshold.109

For all measurements, no conversion from ToT to physi-110

cal units is applied, since the conversion was found to have111

a limited precision owing to non-linearities in the analogue112

front-end [5].113

2.3. Sensor operation114

The front-end and operation settings were optimised in115

laboratory studies detailed elsewhere [5, 9]. Most impor-116

tantly, for each sensor a minimum operation threshold is117

defined as the lowest possible threshold at which a noise118

free operation ( < 1 × 10−3 hits/sec for the full pixel ma-119

trix) is achievable. It should be noted that measurements120

below the minimum operation threshold are nevertheless121

feasible, since small noise contribution can be tolerated.122

The difference between the substrate and p-well bias123

voltages is limited by the punch-through between the two124

nodes. Whereas this requirement constraints the differ-125

ence to a few volts for sensors with epitaxial layer, for126

the high-resistivity Czochralski sensors, the difference can127

easily exceed tens of volts. For the sensors with epitaxial128

layer, a high substrate bias voltage has a negligible impact,129

since the depletion depth is limited by the thickness of the130

epitaxial layer itself. Therefore, the bias voltage is fixed to131

-6V/-6V at the p-well/substrate nodes for measurements132

presented in the following sections. For the high-resistivity133

Czochralski sensors, the depletion region can evolve fur-134

ther into the substrate, thus justifying measurements with135

increased substrate bias voltage.136

Front-End Optimisation. The CLICTD front-end is opti-137

mised for sensors with a 30 µm epitaxial layer. Sensors138

fabricated on high-resistivity Czochralski substrates are139

subject to a considerable leakage current, if the differ-140

ence between p-well and substrate voltage exceeds 5V. The141

leakage current can saturate the first stage of the readout142

electronics, which renders parts of the pixel matrix insen-143

sitive to incoming particles. To counteract the saturation,144

the front-end settings are adapted such that a faster return145

to baseline at the input node is achieved. With these set-146

tings, the sensor can be operated up to -20V substrate bias147
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Figure 1: Schematics of the CLICTD pixel design for the pixel flavour with (a) continuous and (b) segmented n-implant. Not to scale.

voltage before any saturation effects set in. However, the148

adaptations reduce the signal gain, which leads to coarser149

steps in the threshold settings and a larger minimum op-150

eration threshold, since the front-end is operated in con-151

ditions it was not optimised for. The higher thresholds152

have important implications for the sensor performance,153

as presented in Section 4.154

3. Test-Beam and Analysis Setup155

Test-beam measurements were performed at the156

DESY II Test-Beam Facility [12] using a MIMOSA-26 tele-157

scope [13] equipped with an additional Timepix3 [14] plane158

for improved track-time resolution, as schematically de-159

picted in Fig. 2. The beam consisted of 5.4GeV elec-160

trons and data for different incidence angles between the161

beam and the sensor surface was recorded. To this end,162

the Device-Under-Test (DUT) was mounted on a rotation163

stage to allow for inclinations relative to the beam axis.164

Two different telescope plane spacings were used to opti-165

mise the tracking performance for the respective measure-166

ments: For measurements with perpendicular incidence167

between the beam and the sensor surface, the innermost168

telescope planes are as close as physically possible to the169

DUT. When the DUT is rotated, the telescope planes are170

adjusted such that the DUT can be tilted to ≤ 70◦ without171

touching the telescope planes.172

A trigger signal is provided by the AIDA Trigger Logic173

Unit (TLU) [15] consisting of a coincidence between two174

scintillators in front of the first telescope plane. The175

EUDAQ2 data acquisition framework is used to control176

and read out the telescope and the DUT [16].177

3.1. Reconstruction and Analysis178

The software framework Corryvreckan [17, 18] is used179

to perform offline reconstruction and analysis of the test-180

beam data. Individual events are defined by CLICTD181

readout frames. The Timepix3 hit timestamp and the182

TLU trigger timestamp associated to MIMOSA-26 hits183

determine their allocation to a specific event by requir-184

ing that the timestamp is within a CLICTD frame. The185

subsequent analysis proceeds on an event-by-event basis.186

For each telescope plane and the DUT, adjacent pixel187

hits are combined into clusters and the cluster position is188

calculated by a ToT-weighted centre-of-gravity algorithm.189

For the CLICTD sensor, the cluster position in row direc-190

tion is corrected using the η-formalism to take non-linear191

charge sharing between pixel cells into account [19]. In ad-192

dition, split clusters are considered for measurements with193

rotated DUT i.e. a gap of one pixel is permitted between194

pixel hits in a cluster.195

Track candidates are formed from clusters on each of196

the seven telescope planes. For track fitting the General197

Broken Lines (GBL) formalism [20] is used to account for198

multiple scattering in the material. The telescope align-199

ment is performed by minimising the track χ
2 distribution.200

Tracks with a χ
2 per degree of freedom larger than three201

are discarded. The telescope track resolution at the po-202

sition of the DUT is 2.4 µm for the close telescope plane203

spacing and 5.6 µm for the wide rotation configuration, as204

estimated from analytical calculations based on [21, 22].205

A reconstructed track is associated with a CLICTD clus-206

ter by requiring a spatial distance of less than 1.5 pixel207

pitches between the global track intercept position on the208

DUT and the reconstructed cluster position as well as a209

track timestamp within the same CLICTD frame as the210

cluster. It has been verified that the spatial cut is suf-211

ficiently large even for the worse track resolution at the212

position of the DUT in the wide telescope-plane configu-213

ration. Clusters adjacent to the edge of the pixel matrix214

are rejected to prevent edge effects. The following observ-215

ables are considered to characterise the DUT:216

Cluster size. The cluster size is defined as the number of217

pixels in a given cluster. Correspondingly, the cluster size218

in column/row direction is given by the projection of the219

cluster size onto the respective axis. The systematic un-220

certainty on the cluster size arises from uncertainties in the221

threshold calibration, as detailed in [5]. At the minimum222

operation threshold, the systematic uncertainty evaluates223

to ±0.01 for the mean cluster size and the statistical un-224

certainty is of the order of 10−4.225

Hit detection efficiency. The hit detection efficiency is cal-226

culated as the number of associated tracks divided by the227
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Thickn. [µm] Mat. Fl. Thd. [e] CS

300 Epi C 139+4
−5 1.99± 0.01

100 Epi C 136+4
−5 1.94± 0.01

50 Epi C 140+4
−5 1.91± 0.01

40 Epi C 138+4
−5 1.86± 0.01

300 Epi S 136+4
−5 1.82± 0.01

100 Epi S 140+4
−5 1.81± 0.01

50 Epi S 131+4
−5 1.83± 0.01

40 Epi S 130+4
−5 1.73± 0.01

100 Cz S 151+4
−5 2.36± 0.01

Table 1: Mean cluster size (CS) at the minimum operation thresh-
old (Thd.) for both pixel flavours (Fl.), different sensor thicknesses
(Thickn..) and wafer materials (Mat.). C - continuous n-implant,
S - segmented n-implant, Epi - epitaxial layer, Cz - high-resistivity
Czochralski substrate.

different pixel flavours. A comparison of the pixel flavours283

themselves can be found elsewhere [5].284

4.1. Cluster Size285

Comparing the cluster size of different sensors is sensi-286

tive to the total amount of induced charge and its distri-287

bution among adjacent pixel cells. The mean cluster size288

for the two pixel flavours as a function of the detection289

threshold is presented in Fig. 3 and the mean size at the290

minimum detection threshold is listed in Table 1. The291

shaded band represents the uncertainties discussed in the292

previous section.293

For both pixel flavours, the mean cluster size is the294

same within the uncertainties for sensor thicknesses be-295

tween 50 µm and 300µm. The results imply that only a296

fraction of the low-resistivity substrate is removed, from297

which no charge carrier contribution to the signal is ex-298

pected. Thus, thinning the sensor to 50 µm still leaves the299

active sensor material intact.300

On the other hand, the mean cluster size for the 40 µm301

thick sensor is reduced by approximately 10% at the min-302

imum operation threshold, which implies removal or dam-303

age to the active sensor volume. As the 40 µm thick sensor304

consists of approximately 10 µm of metal layers and 30 µm305

sensor material, it can be assumed that the substrate is306

fully removed. Damage to the epitaxial layer by the thin-307

ning procedure [25] is expected to affect the signal as well,308

which results in a lower cluster size.309

The decrease in mean cluster size is more severe for the310

pixel flavour with segmented n-implant (cf. Fig. 3b), which311

is consistent with the smaller charge sharing expected for312

this flavour. A high degree of charge sharing leads to the313

distribution of the total signal to several adjacent pixel314

cells, thus reducing the amount of signal per pixel. In par-315

ticular, charge carriers generated at the lower border of the316

active sensor region are subject to intense charge sharing,317

since their longer propagation path allows for a stronger318

contribution of diffusion processes. If the induced signal319

on a given pixel is not enough to surpass the threshold, the320

charge carriers that propagated to this cell are effectively321

lost (sub-threshold effect). Therefore, this phenomenon is322

particularly important for the flavour with continuous n-323

implant and affects mostly charge carriers from the lower324

part of the active sensor volume. A removal of this vol-325

ume is thus less severe, since a fraction of charge carriers326

are anyway lost due to sub-threshold effects. The stronger327

concentration of charge carriers for the pixel flavour with328

segmented n-implant mitigates the charge-sharing-induced329

signal loss and this flavour is consequently more sensitive330

to the thinning procedure.331

The mean cluster size for a 100 µm thick sensor fab-332

ricated on a high-resistivity Czochralski substrate is also333

shown in Fig. 3b. At the minimum threshold, the mean334

cluster size is increased by approximately 20% compared335

to sensors with epitaxial layer, which is indicative of a336

higher signal and consequently a larger active sensor vol-337

ume.338

The in-pixel representation of the cluster size for the two339

different materials is depicted in Fig 4. This representation340

allows for a comparison of the cluster size as a function of341

the particle incident position within the pixel cell by fold-342

ing data from a full CLICTD pixel matrix into a single cell.343

The largest clusters originate from the pixel corners ow-344

ing to geometrical effects and the low electric field in this345

region resulting in a high contribution from charge car-346

rier diffusion. For the sensor fabricated on high-resistivity347

Czochralski substrate, the cluster size is larger regardless348

of the incident position. Especially in the pixel centre,349

the map exhibits mean cluster size values well above one,350

even though the lowest degree of charge sharing is expected351

from this region.352

The depletion region within the high-resistivity353

Czochralski sensor is not expected to extend to the sen-354

sor backside at a bias voltage of -6 V/-6 V, which still355

limits the active sensor depth. An increase in substrate356

bias voltage, increases the depletion depth and therefore357

also affects the active depth, as illustrated in Fig. 5, where358

the mean cluster size as a function of the substrate bias359

voltage is displayed for the pixel flavour with segmented n-360

implant. The p-well voltage is fixed to -6 V and a higher361

detection threshold of 226 e is applied to the sensor due362

to the different front-end operation settings as explained363

before.364

4.2. Efficiency365

The hit detection efficiency is closely related to the max-366

imum single-pixel charge (seed charge) in a cluster and is367

thus correlated to the total signal and the degree of charge368

sharing. The efficiency is determined as a function of the369

detection threshold as presented in Fig. 6 for both pixel370

flavours. While efficiencies well above 99% are achieved371

at low detection thresholds, the efficiency deteriorates for372

values greater than 500 e, since all single-pixel signals in a373

cluster can fall below the detection threshold.374
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Figure 3: Mean cluster size as a function of the detection threshold using sensors with different sensor thicknesses and wafer materials for the
pixel flavour with (a) continuous and (b) segmented n-implant using a bias voltage of -6V/-6V at the p-well/substrate.
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Figure 4: In-pixel representation of the total cluster size at the minimum detection threshold for a sensor with (a) epitaxial layer and (b)
high-resistivity Czochralski substrate. Both sensors have a segmented n-implant and are biased at -6V/-6V at p-wells/substrate.
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at a threshold of 226 e for a high-resistivity Czochralski sensor with
segmented n-implant. The p-well voltage is fixed to -6V.

For high thresholds, inefficient regions start to form at375

the pixel borders, as illustrated in Fig. 7a, where the in-376

pixel efficiency is shown at a threshold of 1950 e for a377

300 µm thick sensor with segmented n-implant and epi-378

taxial layer. As the diffusion of charge carriers to neigh-379

bouring pixels is enhanced at the edges, a smaller seed380

signal and consequently a lower efficiency occurs in these381

regions.382

For the 40 µm thick sensors, the high efficiency plateau383

is noticeably reduced. In agreement with the smaller clus-384

ter size observed in the previous section, the degraded effi-385

ciency indicates an overall reduction in signal compared to386

the thicker sensors. These results support the assumption387

of a smaller active depth due to the removal of sensitive388

sensor volume. The degradation in efficiency is less se-389

vere for the pixel flavour with continuous n-implant due390

to sub-threshold losses as discussed above. The efficiency391

of 100 µm and 50 µm thick sensors is less affected, which392

confirms that primarily passive material was removed.393

The sensor fabricated on high-resistivity Czochralski394

substrate exhibits a larger efficiency at high detection395

thresholds compared to sensors with epitaxial layer as a396

direct consequence of the higher signal. The in-pixel rep-397

resentation of the efficiency is depicted in Fig. 7b at a398

detection threshold of approximately 1950 e and confirms399

that the efficiency is larger especially in the pixel edges,400

where the highest degree of charge sharing is expected.401

The impact of the substrate voltage on the efficiency is402

shown in Fig. 8 for a high-resistivity sensor with segmented403

n-implant at a threshold of 1570 e. As this threshold is404

about one order of magnitude higher than the minimum405

operation threshold, a significant reduction in efficiency406

is measured. However, the efficiency loss is less severe407

for operations with a high substrate bias voltage, since a408

Thickn. [µm] Mat. Fl. Thd. [e] SR (row) [µm]

300 Epi C 139+4
−5 4.6± 0.2

100 Epi C 136+4
−5 4.6± 0.2

50 Epi C 140+4
−5 4.6± 0.2

40 Epi C 138+4
−5 4.9± 0.2

300 Epi S 136+4
−5 4.6± 0.2

100 Epi S 140+4
−5 4.5± 0.2

50 Epi S 131+4
−5 4.6± 0.2

40 Epi S 130+4
−5 4.8± 0.2

100 Cz S 151+4
−5 3.9± 0.2

Table 2: Spatial resolution (SR) in row direction at the minimum
operation threshold (Thd.) for both pixel flavours (Fl.), different
sensor thicknesses (Thickn.) and wafer materials (Mat.). C - contin-
uous n-implant, S - segmented n-implant, Epi - epitaxial layer, Cz -
high-resistivity Czochralski substrate.

larger seed signal is expected from the increased depletion409

depth. The efficiency thus increases by about 5% between410

-6V and -20V substrate bias voltage.411

4.3. Spatial Resolution412

The spatial resolution in row direction as a function413

of the detection threshold is presented in Fig. 9 for both414

pixel flavours and the results at the minimum threshold are415

listed in Table 2. For points above 1200 e, no η-correction416

is applied, since the application of the algorithm becomes417

challenging due to the small number of two-pixel clusters.418

As the modifications to the n-implant are not applied in419

row direction, the spatial resolution for both pixel flavours420

agrees within the uncertainties. Although the resolution421

degrades with increasing threshold in agreement with the422

decrease in cluster size, the binary resolution of 8.7 µm is423

never exceeded. For high threshold values, an improve-424

ment of the spatial resolution is caused by the formation425

of inefficient regions at the pixel edges, as displayed in426

Fig. 7a. These inefficiencies lead to an effectively smaller427

pixel pitch that results in an artificial improvement in spa-428

tial resolution.429

Within the uncertainties, the spatial resolution for the430

≥ 50 µm thick sensors are in good agreement owing to the431

similar cluster size at a given threshold.432

The 40 µm thick sensor performs worse for thresholds433

smaller than 1000 e owing to the smaller cluster size at a434

given threshold (cf. Fig. 3). For the flavour with contin-435

uous n-implant, the degradation is as high as 15% at the436

minimum detection threshold. The difference vanishes at437

high thresholds, where cluster size one dominates for all438

sensor thicknesses.439

The higher signal from the high-resistivity Czochralski440

sensors leads to a larger cluster size and consequently an441

improved spatial resolution. The difference is particularly442

noticeable at small threshold values in accordance with443

the larger difference in cluster size that was presented in444

Fig. 3b. At the minimum operation threshold listed in445
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Figure 6: Hit detection efficiency as a function of the detection threshold using sensors with different sensor thicknesses and wafer materials
for the pixel flavour with (a) continuous and (b) segmented n-implant using a bias voltage of -6V/-6V at the p-well/substrate.
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(a) Epitaxial layer
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(b) High-resistivity Czochralski

Figure 7: In-pixel representation of the hit detection efficiency at the minimum operation threshold for a sensor with (a) epitaxial layer and
(b) high-resistivity Czochralski substrate. Both sensors have a segmented n-implant and are biased at -6V/-6V at p-wells/substrate..
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Figure 8: Hit detection efficiency as a function of the substrate bias
voltage at a threshold of 1570 e for a high-resistivity Czochralski
sample with segmented n-implant. The p-well voltage is fixed to
-6V.

Thickn. [µm] Mat. Fl. Thd. [e] TR [ns]

300 Epi C 139+4
−5 6.5± 0.1

100 Epi C 136+4
−5 6.4± 0.1

40 Epi C 138+4
−5 6.4± 0.1

300 Epi S 136+4
−5 5.6± 0.1

100 Epi S 131+4
−5 5.5± 0.1

40 Epi S 130+4
−5 5.3± 0.1

100 Cz S 151+4
−5 4.8± 0.1

Table 3: Time resolution (TR) at the minimum operation thresh-
old (Thd.) for both pixel flavours (Fl.), different sensor thicknesses
(Thickn.) and wafer materials (Mat.). C - continuous n-implant,
S - segmented n-implant, Epi - epitaxial layer, Cz - high-resistivity
Czochralski substrate.

Table 2, the resolution improves by about 15%. At high446

thresholds, the mean cluster size converges to one resulting447

in an identical resolution within the uncertainties.448

With increasing substrate bias voltage, the depleted449

region expands evoking a higher signal that leads to a450

larger cluster size and consequently an improved spatial451

resolution, as illustrated in Fig. 10 for a high-resistivity452

Czochralski sensor with segmented n-implant at a compa-453

rably high threshold of 226 e. Between -6V and -20V, the454

spatial resolution improves by approximately 13%. While455

the comparably high threshold limits the absolute perfor-456

mance improvement, the potential of the high-resistivity457

Czochralski substrate is still distinguishable.458

4.4. Time Resolution459

The time resolution after time-walk correction is de-460

picted in Fig. 11 as a function of the detection threshold for461

RA [◦] CS (col.) CS (row)

0 1.46± 0.01 1.38± 0.01
50 2.19± 0.01 1.41± 0.01
70 3.78± 0.01 1.46± 0.01

Table 4: Cluster size (CS) for different rotation angles (RA) using a
sensor with epitaxial layer and continuous n-implant operated at a
threshold of approximately 150 e.

both pixel flavours. The results at the minimum operation462

threshold are listed in Table 3. With increasing threshold,463

the time resolution degrades owing to a stronger contribu-464

tion of amplitude noise causing a time jitter. The jitter465

is inversely proportional to the slope of the signal at the466

threshold-crossing point, which flattens towards the peak467

of the signal.468

It has been shown that the time resolution is mostly469

dominated by the front-end of the device [5], which over-470

shadows sensor effects related to the device thickness.471

Nevertheless, a 10% improvement is visible for the high-472

resistivity Czochralski sensor owing to a larger seed signal,473

which suppresses time jitter. An increase in substrate bias474

voltage leads to an additional improvement in time reso-475

lution, as presented in Fig. 12 at a threshold of 226 e. An476

improvement of about 9% is distinguishable between -6V477

and -20V.478

5. Studies with Inclined Particle Tracks479

In the following, the sensor performance is assessed for480

inclined particle tracks and the active sensor depth is in-481

vestigated.482

5.1. Performance483

In many HEP applications, particles enter the sensor un-484

der an oblique angle, due to e.g. mechanical rotation of de-485

tector modules or curled particle trajectories in a magnetic486

field. Therefore, the sensor performance for inclined par-487

ticle tracks merits detailed investigation. Here, a 300 µm488

thick sensor with epitaxial layer and continuous n-implant489

is shown to exemplify the effects of the inclination angle490

on the sensor performance.491

Cluster Size. The amount of active silicon traversed by492

particles is varied by inclining the sensor relative to the493

beam axis. For high inclination angles, particle tracks494

cross several adjacent pixel cells, giving rise to a larger495

cluster size as illustrated in Fig. 13 for a sensor tilted in496

row direction. The mean cluster size at the minimum de-497

tection threshold is listed in Table 4. A considerable in-498

crease in cluster size in row direction is distinguishable499

principally due to the geometrical effect of charge deposi-500

tion in several pixel cells. Between 0◦ and 70◦, the increase501

is as high as 250% at the minimum operation threshold.502

The simultaneous increase in cluster size in column direc-503

tion is consistent with an overall increase in the number of504
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Figure 9: Spatial resolution as a function of the detection threshold using sensors with different thicknesses and wafer materials for the pixel
flavour with (a) continuous and (b) segmented n-implant using a bias voltage of -6V/-6V at the p-well/substrate..
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Figure 10: Spatial resolution as a function of the substrate bias volt-
age at a threshold of 226 e for a high-resistivity Czochralski sample
with segmented n-implant. The p-well voltage is fixed to -6V.

liberated charge carriers, whose undirected diffusion also505

affects charge sharing in column direction. At the mini-506

mum operation threshold, the mean cluster size in column507

direction is approximately 10% larger at 70◦ compared to508

perpendicular incidence.509

Efficiency. With increasing inclination angle, the total en-510

ergy deposition in the sensor increases due to the longer511

particle path in the active sensor region. As a result, a512

higher signal is detected, which leads to an appreciable513

increase in efficiency at high thresholds, as depicted in514

Fig. 14, where the efficiency as a function of the detection515

threshold is shown for three different rotation angles. At516

a threshold of 2300 e, the increase in efficiency is approxi-517

mately 75% between 0◦ and 70◦.518

Spatial Resolution. The spatial resolution in row direc-519

tion improves with increasing rotation angle until approx-520

imately 40◦, where it evaluates to 3.6 ± 0.2 µm after η-521

correction, as illustrated in Fig. 15. The η-correction al-522

lows for an improvement in spatial resolution for rotation523

angles below 40◦. At higher angles, an increase of cluster524

size ≥ 3 complicates the application of the reconstruction525

algorithms and no improvement with respect to the centre-526

of-gravity algorithm is achievable.527

5.2. Determination of Active Sensor Depth528

The extent of the active sensor volume is an essential529

ingredient to maximise the signal and thus optimise the530

sensor performance. The results from the previous sections531

imply that the active sensor volume only covers the upper532

part of the sensors with epitaxial layer, since thinning the533

devices down to 50 µm has no significant impact on the534

performance.535
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Figure 11: Time resolution as a function of the detection threshold using sensors with different thicknesses and wafer materials for the pixel
flavour with (a) continuous and (b) segmented n-implant using a bias voltage of -6V/-6V at the p-well/substrate..
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Figure 12: Time resolution as a function of the substrate bias voltage
at a threshold of 226 e for a high-resistivity Czochralski sample with
segmented n-implant. The p-well voltage is fixed to -6V.

Fl. Thickn. [µm] AD [µm]

C 300 31.4± 0.1 (stat.)
+0.2
−2.4 (syst.)

C 100 30.7± 0.1 (stat.)
+0.3
−1.8 (syst.)

C 50 29.4± 0.1 (stat.)
+0.9
−1.0 (syst.)

C 40 26.2± 0.1 (stat.)
+0.8
−1.0 (syst.)

S 300 30.8± 0.2 (stat.)
+0.4
−1.2 (syst.)

S 50 29.8± 0.1 (stat.)
+0.6
−1.0 (syst.)

Table 5: Active depth (AD) for both pixel flavours (Fl.) and different
sensor thicknesses (Thickn.).

To quantify the thickness of the active sensor volume,536

grazing angle measurements [8] are performed, whereby537

inclined particle tracks are used to determine an equivalent538

charge-collection depth for the observed cluster size.539

The estimation of the active sensor depth is based on ge-
ometrical consideration, as sketched in Fig. 16. The model
relates the cluster size in the tilt direction to the incident
angle α and the active depth d. Charge carriers created
below the active depth are assumed to have no effect on
the cluster size. The following geometrical relation is con-
sidered to extract the active depth d for a sensor tilted in
column direction:

column cluster size =
d tanα

pitch
+ s0, (1)

where s0 is the cluster column size for no rotation (α = 0).540

The active depth is extracted with a linear fit to the mean541

cluster size as a function of the tangent of the rotation542

angle, as exemplified in Fig. 18 for the pixel flavour with543

continuous n-implant using sensors with different sensor544
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Figure 13: Cluster size as a function of the detection threshold for different rotation angles for a sensor with epitaxial layer and continuous
n-implant tilted in row direction. A bias voltage of -6V/-6V is applied to the p-well/substrate.
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Figure 14: Detection efficiency as a function of the detection thresh-
old for different rotation angles for a sensor with epitaxial layer and
continuous n-implant. The sensor was tilted in row direction and the
p-well/substrate was biased at -6V/-6V.
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Figure 15: Spatial resolution as a function of the rotation angle
using a charge-weighted centre-of-gravity algorithm (CoG) and an
η-correction (ETA) to reconstruct the cluster position on the DUT.
A bias voltage of -6V/-6V was applied to the p-well/substrate.
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Figure 19: Active depth as a function of the substrate bias voltage for
a sensor with high-resistivity Czochralski substrate with segmented
n-implant.

the high-resistivity Czochralski wafers is not limited in580

depth by the thickness of the epitaxial layer. The increased581

depletion region gives access to a larger active sensor vol-582

ume, as illustrated in Fig. 19, where the active depth as583

a function of the substrate voltage is depicted for a high-584

resistivity Czochralski sensor with segmented n-implant.585

The active depth at a substrate voltage of -6V evaluates
to

34.2± 0.1 (stat.)
+1.5
−0.6 (syst.)

and is therefore slightly larger compared to the sensors
with epitaxial layer. With higher absolute substrate volt-
ages, the active depth increases and reaches

65.4± 0.1 (stat.)
+0.5
−0.7 (syst.)

at a substrate voltage of -16V. At this voltage, the ac-586

tive depth is more than twice as large as the depth for the587

sensors with epitaxial layer and a corresponding increase588

in signal is expected. The higher signal translates into a589

better performance as shown in the previous section. How-590

ever, the improvement is limited by the front-end, which591

is not optimised for the large signal generated in the high-592

resistivity material.593

6. Summary & Outlook594

The performance, charge sharing properties and the ac-595

tive sensor depth were investigated for the small collection-596

electrode monolithic CMOS sensor CLICTD. Different597

thicknesses for samples with a high-resistivity epitaxial598

layer were studied and the performance was found to be599

similar for sensors between 50µm and 300 µm. Sensors600

thinned down to 40µm exhibited a degradation in perfor-601

mance, which was attributed to a smaller active sensor602

depth as determined by grazing angle measurements. The603

active depth of the thicker sensors was found to correspond604

to the nominal thickness of 30µm of the epitaxial layer it-605

self.606

To achieve a larger active depth and consequently607

a higher signal, CLICTD sensors fabricated on 100 µm608

thick high-resistivity Czochralski wafers were tested and609

a twofold increase in active depth was found using a sub-610

strate bias voltage of -16V. As a consequence, an improve-611

ment of approximately 15% in spatial and 10% in time res-612

olution was determined in combination with an improved613

efficiency at high detection thresholds. The improvement614

is limited by the front-end design that is not optimised615

for the high-resistivity Czochralski material, but could be616

improved in future designs.617

The sensor performance was also evaluated for inclined618

particle tracks and an improved performance was found619

due to the longer particle path through the active sensor620

volume resulting in a higher signal. The spatial resolution621

has an optimum at an inclination angle of 40◦, where it622

evaluates to 3.6± 0.2 µm after η-correction.623
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