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for very high luminosity colliders. This is done by lookingo four key aspects: Defect/material
characterization, detector characterization, new sirastand full detector systems.
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therefore the radiation level for the silicon detectorseyrhave to be able to operate at fluences
of up to 2x 106 nedcmz. To cope with this, new semiconductor sensor technologige been
developed. This article will give a brief overview of thedat results of the RD50 collaboration
for the characterization of 3D detectors, HV-CMOS pixeltdrs, low gain avalanche detectors
(LGAD) and sensors with slim/active edge.
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1. Intoduction

With the upgrade of the large hadron collider (LHC) towardghHuminosity after the long
shut down of 2024-2026 the integrated luminosity is expkétereach 3000 fbt. Semiconduc-
tor sensors in the two multi-purpose experiments ATLAS aniSGwill be exposed to fluences
equivalent to more than st 1016 neq/cmz. Beside the radiation hardness, the silicon sensors will
also need a high granularity to cope with the occupancy amidvaraterial budget. The CERN
RD50 collaboration [1] has the mandate to develop and cteiae radiation hard semiconductor
sensors for very high luminosity colliders. 52 institutesni Europe, Asia, North-America and
the Middle East participate in this common goal. 3D and HV-@®detectors are a promising
alternative to standard pixel/strip devices, while LowGavalanche Detectors improve the signal
strength and can be used for example in pad diodes for timegggarements. Furthermore, the use
of slim/active edge technology reduces the inactive area.

2. Measurement Systems

The Transient Current Technique (TCT) is used to invesitfad electric field profile and the
collected charge of silicon detectors. A red or infrarectitds used to induce electron/hole pairs
either in the silicon bulk (infrared) or on the surface of ttevice (red). The amplified signal is
read out with an oscilloscope. In a surface scan the lasetgptmwards the top or bottom of the
sensor and allows a detailed analysis of the surface. Farhhieacterization of the electric field
an infrared laser needs to point to the detector edge (e TAPT,Higure 1 shows a schematic view
of a TCT system with either a red or infrared laser: the imfdalaser light can pass through the
whole sensor thickness creating electron-hole pairs atsngay. With the red laser the charge
carriers are only created in the surface. In this examplersfrap sensor the electrons created at
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Figure 1: Schematic working principle of front/back
TCT illumination of a silicon sensor and the charge
carrier generation [5].
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the front surface are immediately collected by the eleenrathile the holes have to travel to the
backside. If the laser light is applied to the backside thiesrare immediately collected by the
backside implant while the electrons need to travel to tbatfside. Therefore red laser light is
used to investigate the charge transport of electrons eshinkide a silicon sensor.

A new measurement method, based on the TCT idea, is the TwoiPdsorption (TPA-
TCT, [3, 4]). In the standard TCT method a single photon hasigh energy to create an elec-
tron/hole pair. For the TPA-TCT the energy of a photon is Igveet if two photons arrive at the
same spatial coordinate within approximately 100 attosésdhe total energy is sufficient for the
charge carrier generation. Electron/hole pairs are oniheggged in a very localized position which
allows a high resolution 3D mapping of the device. Figure@shthe difference between the stan-
dard single photon TCT and the TPA-TCT: the single photomegae fluorescence light along the
whole path in the liquid specimen forming the typical lasgensity profile with a minimum in the
focal plane. The two-photon system creates a point-likerélsmence reaction in the focal plane,
emphasizing the advantages of this method.

3. 3D Detectors

For planar sensors the readout doped region is realizedeatutiace of the device. The
full depletion depth is equivalent to the bulk thickness. @&ectors use a different concept: the
junction and ohmic region are realized as columns in thecttatéulk. The full depletion voltage is
defined by the distance distance between junction and olohionn, not by the bulk width, and for
the same reason the drift distance is reduced as well. 3Deae used as pixel detectors where
each collecting column can be read individually or few cahsnecan be connected. The columns
can be either all etched from the top or from the top and bofidlnseparating field columns
and readout electrodes. Because of their complexity thdustmn yield compared to standard
pixel detectors is lower and the price for a detector highiée higher capacitance of 3D devices
results in higher noise. Additional the area at the colunmsitjmm is not sensitive and together with
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Figure3: Efficiency of a non-uniform irradiated 3D sensor for diffetéuences up to & 10*° neq/cmz[lo].
The 3D sample CNM34 was irradiated with 23 MeV protons at $tatte to a fluence of & 10t° neq/cm2
[11].
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the non-uniform electric field results in a non-uniform r@sge. Enhanced radiation hardness is
expected due to reduced trapping and a reduced depletitageplwhile the total ionised charge is
determined by the substrate thickness. First 3D detecterssed in the ATLAS IBL [8] as well as
the ATLAS Forward Proton detector [9].

3D detectors have undergone an extensive test program wiukldes irradiations and effi-
ciency studies in test-beams. The collected charge efigieha sensor of the IBL/AFP generation
with 67 um inter-electrode distance, non-uniformly iregdd with 24 GeV protons at CERN and
read out with a FE-I4 pixel chip, has shown that even at thbdsgfluence of 4 x 10*° neq/cm2
the sensor has a 97.8% efficiency at 170V (figure 3) [10]. Aadiated planar sensor with the
same fluence would require a higher voltage to achieve the s#finiency.

4. Low Gain Avalanche Detectors

Low Gain Avalanche Detectors (LGAD) are silicon sensordwitilt-in signal amplification.
The amplification is due to the high field region realized byadditional doping layer below the
charge carrier collection electrode. For example in a p-gensor an additional p-doping is used
as multiplication layer. This creates a signal amplifiaatiath noise levels similar to standard PIN
diodes [12], but the multiplication needs to be small enonghto saturate the front-end readout
chip.

LGAD sensors have a characteristic signal when measurmgéhice with the TCT system
from the backside, as can be seen in figure 4. The electrons the laser induce a primary
current in the readout electrode. When they reach the rlioditpn layer they create secondary
electron/hole pairs. The holes then have to travel to thé&dide which results in an increased
induced current, shown as high signal peak. For higher lkiages the onset of the multiplication
is clearly visible as knee in the current profile.
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Figure 4. Backside illuminated TCT signal of a LGADFigure 5: Gain of LGADs with different multi-
[13]. plication layer doses [14].

The multiplication factor of the LGAD devices is linked toetldloping concentration of the
multiplication layer. Devices with different doping pra&ilalues and dopant elements have been
produced by CNM in Barcelona [15, 12]. It can be seen in figuthdb for boron implant dose
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an implantation dose increase fron8 % 102 atoms/cm to 2 x 10'® atoms/cm increases the gain
by nearly a factor two, which makes the control of the impdéion dose of the high field region
crucial to control the gain.

Measurements with 300 um thick LGAD sensors (beam test eswt)ldave shown a time
resolution of less then 200 ps [16], which is in good agregmat simulations using Weightfield
2 [18]. The measurements and simulations further show tretdwction of the capacitance reduces
the time resolution. By also reducing the sensor width torfGlpe simulations show that a time
resolution of approximately 30 ps can be achieved with LGA&Ds®rs of a gain of 10. A test of a
75 um thick LGAD device with a gain of 5 has shown a time resotubf (414+7) ps [17] which
further confirms the simulations.

5. HV-CMOS Detectors

A new way of producing particle detectors is the commergiallailable HV-CMOS technol-
ogy. The main application here are pixel sensors that beinefit in-pixel amplification. It is
also possible to include processing electronics in thel peig creating a fully monolithic detector
which does not need a front-end readout chip. The CMOS maiwifag technology allows the
production of pixel with a size of 58 50 un? or smaller. An alternative to bump-bonding for
non-monolithic detectors is capacitive coupling: by ptaconly the pre-amplifier inside the pixel
cell it is possible to capacitive couple the sensor with thatfend chip by a thin glue layer.

Figure 6 shows a exemplary cross section of a HV-CMOS pixelader layout. A deep n-well
forms the pn-junction with the p-substrate of the bulk. Safgabias contacts to the substrate and
the deep n-well allow the application of high voltage. Iesittie deep n-well a p-well is used to
allow N-MOS structures while P-MOS structures can be diygatocessed into the deep n-well.
The depletion region of the sensor starts at the deep n-weleatends into the p-type substrate.
Electron/hole pairs, generated in this region by a chargeticte, are separated and the electrons
drift towards the deep n-well, where they are collected. g4seibstrate can have a resistivity from
10Q-cm up to 390 -cm, depending on the manufacturing foundry and the req@nésn
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Figure 6: Examplary cross section of a HV-CMOS pixel detector layoithwhe different doped regions
[19].

The H35Demo chip produced in the AMS technology with substrate resis@gifrom 200-cm
(the standard resistivity with HV-AMS 0.35 um) to 1006cm, was extensively tested by different
RD50 groups [20]. Figure 7 shows the layout of a single pixedl af the H35demo device. HV

1An ATLAS upgrade project
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connection points at each side are used for top-biasingahieel The deep n-well, realizing the
pn-junction, is divided into three connected parts of whioh central is used for the nMOSi and
pMOSi realisation. A dedicated>33 pixel matrix at one edge of the device is used for TCT mea-
surements. It does not have nMOSi or pMOSi structures an@MEUB layers are connected to
the input of the current amplifier, not to vdda. The signahfrtine ‘central’ pixel can be individ-
ually read out while the signals of the eight surroundingefsixare hardware connected (see also
figure 8 right). A top TCT measurement result (infrared [aséthis test structure is shown in fig-

HV

Figure 7: H35Demo HV-CMOS demo pixel sensor TCT test structure [22].

ure 8. The metal lines are clearly visible as regions witheloeollected charge and it is possible to
distinguish the three different n-wells in the graph. Thenttal’ well shows more collected charge
than the two ‘external’ wells due to laser reflections oveolgglicon layer above the smaller outer
n-wells. A edge-TCT measurement, shown in figure 9, showsifaram collected charge of the
whole pixel cell. The three wells can be distinguished bydips, caused by the electric field from
the n-wells.
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Figure9: Collected charge measured with edge-
TCT of a H35Demo test structure [23].

Metal lines on surface

Figure 8: Collected charge measured with top
TCT of a H35Demo test structure [23]. The right
picture shows the 2 3 pixel test structure.

HV-CMOS devices of the three foundries AMS, LFoundry and J8HAave been irradiated
with neutrons at the TRIGA mark 3 reactor in Ljubljana [21flteences up to % 10'® neq/cmz. The
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main difference between the foundries is the substratstigsy: AMS 20Q-cm; XFAB 100Q-cm;
LFoundry 200@-cm [24]. Figure 10 shows the collected charge at differemirfbes for the XFAB
devices. With increasing irradiation fluence, the chardkection width increases up to the max-
imum value at 5< 104 neq/cn12. For higher fluences, the width decreases. The increaseecan b
explained by the initial acceptor removal. When the acaemmoval is finished the width de-
creases and the space charge concentration increasesevighding fluence [25]. This behaviour
has been observed for all foundries and is related to thstirétsi. The reversal point changes for
different samples: For 20-cm (AMS) it is at approximately & 10" ne/cn?, while the charge
collection width decrease of high resistivity LFoundry deg has been observed for irradiation
fluences higher than 6 10" neg/cn?.
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Figure 10: Charge collection width of XFAB HV-CMOS sensors, irradiiteo fluences from X
10 neg/em? to 5x 10 neg/cn? in comparison with an unirradiated device [24].

The two-photon-absorption TCT method has been used toakare a HV-CMOS test struc-
ture, shown in figure 11. In the left picture the cross sectibihe tested device can be seen: a
deep n-well within a p-substrate, without any N-MOS or P-M&&ctures. Bias voltage is applied
to the n-wells and the smaller p-wells inbetween them (t@sibg). The charge collection map
allows a clear distinction between the n-well and the surding substrate with a depleted layer
of approximately 15 um. Calculating the lapse of time betwéw beginning and the end of the
signal results in the right graph. A short time lapse indisahe drift region with fast charge carrier
movement while a larger time lapse points to the diffusiagiore. The total collection time has
been limited to 20 ns for this plot.
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Figure1l: TPA-TCT measurement of a HV-CMOS test structure [26, 3].



State of the art of radiation resistance detector charae#gion by the RD50 collaboration. S. Wonsak

6. Slim/Active Edge

Reducing the dead space at the sensor edges increases énageouf active area in large
detector systems. In pixel detectors the distance betvweeoutermost pixel and the physical edge
of the silicon device can be approximately 1 mm. This spat¢®t i inactive for the detections
of particles - is required for the termination structuresdigl rings and bias ring) and in order
to have a sulfficient distance between active area and sanie Within the RD50 collaboration
the possibility of reducing this area is under investigaticScribing, Cleaving and subsequent
Passivating (SCP [27]) reduces the inactive area and @swvadgood performance for slim edge
sensors. In an alternative method trenches close to theeaota are etched into the inactive area
with a distance of 50-200 um to the outermost pixel. Fourdgaiat implantation can be used to
dope the edges of the sensor and create active-edge dex@jed\[direct comparison of the edge
efficiency for unirradiated active edge and slim edge pixkdtors with a thickness of 100 um
can be seen in figure 12. The efficiency has been measuredstilzeem and it shows that in the
case of the slim edge the efficiency decreased by 50% at tke éulge of the guard ring. Whereas
for the active edge device the efficiency is reduced by 50%eatuter edge of the guard ring,
increasing the sensitive area. The smearing of the effigzigraphs is caused by the measurement
resolution of approximately 18 um.
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Figure 12: Performance comparison of active edge and slim edge pixettbes [29].

7. Summary

The CERN RD50 collaboration has the mandate to develop aadhcterize radiation hard
semiconductor sensors for very high luminosity collidehs.this article results of new detector
technologies have been presented. 3D detectors decoeptiepiietion depth from the bulk thick-
ness. It has been shown that a 3D device irradiatedltoc 20'° neg/cn? shows an efficiency of
97.8% already at 170V, whereas a conventional planar @eteciuld require a higher bias voltage
to achieve this after the same irradiation fluence.

Low Gain Avalanche Detectors utilize avalanche ionizaiima dedicated doped multiplica-
tion layer to increase the signal, while having the sameenlagel like standard detectors. The
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characteristic TCT signal with the multiplication peak leen introduced. Measurements of the
gain for detectors with different multiplication layer dog concentrations have shown that an in-
crease of approximately 11% tox210'3 atoms/cm results in an increase of the gain by nearly a
factor 2. This shows that the choice of the doping paramétensicial because the signal needs to
be small enough not to saturate the front-end readout chip.

Measurement results of different HY-CMOS devices have hersented. Edge TCT mea-
surements of the H35Demo device have shown a uniform chaiggxition profile for the three
deep n-wells in a pixel cell. For AMS, XFAB and LFoundry theaohe collection width depends
on the irradiation fluence and the substrate resistivity.iremease because of initial acceptor re-
moval, followed by the decrease caused by the increasingesgaarge concentration has been
observed for all foundries with different reversal poimadiation fluences (resistivity dependent).
First measurement results with the newly developed twdeuhiabsorption TCT (TPA-TCT) have
been shown. The very good spatial resolution allows thetifiieation of the implant as well as a
discrimination between drift and diffusion region withimetdevice.

Reducing the inactive area at the edges of sensors is bahddicihe construction of large
detector systems. It has been shown that the distance betheesensor edge and the outermost
pixel can be reduced to up to 50 um for slim/active edge ssngocomparison of the efficiency
has shown that for active edge sensors the full efficienapmnegxceeds that of slim edge detectors.
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