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Abstract

The luminosity upgrade of the Large Hadron Collider (LHCC&RN to the Super LHC (sLHC) will increase the radiation dose
at the experiments by roughly an order of magnitude. Theagdebradiation levels require the LHC experiments to upgthdir
tracking systems with extremely radiation hard detectapable of withstanding about a 1-MeV neutron-equivales) fluence
of 10'6 per square centimeter for the innermost tracking layerseReeresults on radiation hardening technologies develbge
the RD50 Collaboration for sSLHC use are reported. Silicotect®rs have been designed and produced-aand p-type wafers
made by float zone, epitaxial and Czochralski technologéeir charge collectionf@ciency after proton, neutron, pion, and
mixed irradiation to sSLHC fluences has been studied. Novielader concepts have been designed, produced, and testellas
Radiation-induced microscopic defects have been invastijand can be partly linked to the performance degradatioradiated
detectors.
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1. Introduction annealing at 80and 160C. The study examines the evolution
of trap concencentrations with fluence, concluding for eplem
The CERN-based RD50 Collaboration, whose purpose is thghat the dominant trap in low-fluence epitaxiatype material
development of radiation hard semiconductor devices fghh hi \ith standard oxygenation lies at 410 meV and is likely to be
luminosity colliders, has produced a broad spectrum ofltesu 1,0. As the fluence rises, the 315 meV trap, likshO,, comes
this year in the areas of defect characterization and eagine g dominate. In oxygenated ([C} 14.0 x 106 cm3) n-type
ing and characterization and comparison of substratgs- in epitaxial silicon, the 420 meV (Iikelyz‘/o) trap domintates at
andn-type silicon fabricated with the epitaxial and magnetic )| fluences € 1.7 x 10'® p cnT2) examined, while after 1 hour
Czochralski processes as well as float zone. Progress has ceft 24¢C annealing, the dominant defect is at 575 meV.
tinued in optimization of patterning as well as in the depelo A DLTS study [2] of p-type silicon irradiated with 6 MeV
ment of alternatives to the planar geometry known as 3D angd|ectrons and alphas finds that self-interstitial silican persist
Independent Coaxial Detector Array. The work is motivatgd b after jrradiation at 273 K when the ratio of electron-holege
evidence that float zone planaitype silicon sensors will not  ation rate to Frenkel pair generation rate is small. Ingectf
operate #ectively in the SuperLHC environment, where the cyrrent at liquid nitrogen temperature removes this defect
hadron fluence at radius 4 cm is expected to be ahéut 10 A study [3] has been made of the shallow donor E(30K)
cm? neq and charge trapping is anticipated to be the primaryyenerated by electron irradiation oftype float zone silicon
limitation. Additional information on all of the results @  {igdes. E(30K), a cluster defect associated with non-type i
sented here can be found at httt50.web.cern.ghd5Q'under  yersion of epitaxial diodes after high proton fluence, owere

links to the 14th and 15th Workshops. pensates deep acceptors. In this study the generation aate w
found to be suppressed for high electron energies, leading t
2. Defect Characterization and Engineering speculation about the possibility of a point-like charaste.

A TSC study [4] ofp- andn-type magnetic Czochralski sil-

Five studies of defect characteristics are reported. Théon irradiated with reactor neutrons up to'4@m-2neq ob-
first [1] uses high resolution photo-induced transient specserves features thought to be due to a residual electric feld
troscopy to compare radiation defects in silicon with oxyge polarization of the irradiated silicon bulk opposed to tkee
concentrations of 4.5 and Dix 10 cm™3. The work com-  nal bias, which arises as a result of charged traps frozemein t
pares trap parameters and trap concentration to oxygenatitulk and barriers close to the electrodes.
level, annealing time and temperature, and fluence. The in-
vestigators find that high oxygen concentration mairffects
shallow traps related to interstitial aggregates; mid-zaps
develop independently of oxygen concentration after alingea Epitaxial silicon has been examined as a promising sulestrat
at 240C, and the number of traps is maximized in both theboth for the enhanced oxygenation intrinsic to the process a
standard and the more highly oxygenated epitaxial layees af for the opportunity to obtain well-controlled thin layerogvth.

3. Epitaxial Silicon
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TCT studies and a simulation of charge collection in 450 A mixed irradiation of MCz sensors has been undertaken,
thick epitaxial devices after fluences in the range 1 50¥'>  maintaining a ratio of charged to neutral hadrons condisten
cm2 neq have revealed [5] an electric fiel@)-dependentcon- with what is expected at the sLHC over tracker radii from
tribution to carrier lifetimes. The charge collection arapiping 0 to 150 cm. Trapping times in MCz silicon have been ex-
are well described bydN = mth, fort = 19+ 11E, in tracted [11] for fluences up to ¥dcm2 Neg-

a model that includes distortions to the space charge ldlistri
tion leading to parabolic electric fields (i.e., a doublek)ead

Lo h ) . X 5. Comparisonsof p- and n-type Silicon
electronic circuit &ects in TCT signals. The trapping probabil-

ity decreases with increasing electric field, suggestiagell The benefits of sensors based pitype silicon include the

controlled high fields are desirable to reduce trapping. absence of radiation-induced type inversion, the costatétu
Studies [6] of charge multiplication in highly irradiateeirs ~ @ssociated with single-sided processing, and the calletf

sors were reported. Devices fabricatedetype epitaxial sili- ~ electrons.

con with [O] = 9 x 10 cm3, orientation(111), andNeg o = An Edge-TCT study [12] of long term annealing prtype

2.6 x 101 cm3, when irradiated with 1% cm2 24-GeV pro-  float zone sensors irradiated t& 50 n/cm? shows an increase
tons, respond with a signal showing proportional responsdh charge collection by a factor of approximately 2.8 as tie a
|ong-term S'tab|||ty7 and homogeneous production, W|thy0n| nealing time at 60C is increased from 80 to 10240 minutes.
slight noise increase relative to the unirradiated statgwdx A study [13] of charge collection in-in-p planar sensors af-
parameter theoretical model [7] of this has been constiuage ~ ter neutron, proton, and pion irradiation shows, afterection
suming avalanche multiplication ip — n junctions and arE ~ for annealing in the pion and proton samples, that the charge
field controlled by current injection in deep-level dopechse ~ collected by float zone devices may still be competitive at th
conductors. It uses the electric field in the detector bagieme innermost layer of an sSLHC detector up to fluences as high as
and potential sharing between the base and the depletarhregi2 X 10 cm™2 neq Figure 1 shows the collected charge as a
adjacent to the segmented side. It predicts that chargéntiult function of fluence.

cation can only occur in detectors with segmentedsides. 25

4. Czochralski Silicon 20 |

‘o

Preparation of the ingot through the magnetic Czochral-f

ski (MCz) process automatically enhances the oxygen contenS

-
[$)]
T

of the substrate, providing resistance to radiation dantgge S | -a-Neurons s00v) A
charged hadrons. A recent study [8] comparing depletiof vol 3 ° [ ‘i‘g‘g‘r‘]‘;"(g;gggfw B N 7
age and leakage current pftype float zone (FZ) and-type 8 B Pions (900 V) -

i . .. ° --A--26 MeV Protons (500 V) S .
MCz silicon after irradiation by 24 GeV protons or 300 MeV O 5[ —&—26Mev Protons (900 V) v A S
pions has reached the preliminary conclusion that the MGz co B ey s oooV) 4
lects more charge than the FZ after equivalent fluence ard tha L Y L
the collected charge with either substrate is less after pra- 1 10 100
diation than after protons. Fluence (10" n_ cm™)

A four-trap level device model [9] has been developed for
neutron damagefkects inn-type MCz material. The model Figure 1: Collected charge at biases of 500 V and 900 V as aifumof flu-
produces good agreement on full depleton voltage and lealdhce 1o 72 ssos ks WL eutone 29 ey pons, 20 e
age current between simulation (based on Synopsis TCAD) arﬁjoton data are corrected for the annealing that occurrethglthe irradia-
data, for fluences from about 0.5 td3 10" cm™2 neq. AS-  tion [13].
sociated theoretical calculations based on Shockley Redid H
recombination theory reproduce the full depletion voltdgta A study [14] of full depletion voltage after high irradiatio
but underestimate the measured leakage current at 293 K. Asy 800 MeV protons followed by a 8@ anneal has been con-
enhancement of the model to describe charge carrier trgppirducted forp-type andh-type float zone and MCz devices. Ben-
and the electric field distribution following a mixed irratibn  eficial annealing is observed for the first 80 minutes, aftactv
is under development. the full depletion voltage begins to increase for samplesvsh

A study [10] of low resistivity n-type MCz material has to have negative space charge, i.e., all butgfen-n MCz de-
been undertaken, motivated by known challenges to maintairvice. Beyond 1& cm2 ne, the float zone devices show the
ing electrical isolation of channels jprtype material. A com- greatest increase in full depletion voltage with fluenceilavh
parison with new and previously reported measurementson then-on-p MCz shows little change up to #0cm2 Neg-
andn-type float zone and MCz substrates shows charge collec- Charge collection féciency of p-in-n sensors as a function
tion eficiency competitive withp-type float zone devices after of annealing time has been examined [15] for float zone de-
fluences of a few times $®cm2 neq. The challenge for oper-  vices irradiated to X 10 neq cm™2. The annealing times ex-
ation in this mode continues to be associated high current.  amined span the range from a few times fida few times 16
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minutes. The study is motivated by a desire to reduce deperoupled readout pads [22]. Tests of the FBK-irst ATLAS pixel
dence upon model-based extrapolations and to compard sigrarototypes [23, 24, 25] compare geometries in which a pixel
to predictions in a regime were CV-based models predictiindeincludes 2, 3, or 4 junction columns—so-called 2E, 3E, and
depletion. For a device operated at bias 600 V, over a rangéE patterns. Both CNM and FBK devices are produced with
in which the Hamburg model [16] and the model used to gena “double-sided” architecture, in which one set of columms i
erate predictions in the ATLAS Tracker Technical Design Re-etched from the front side and the other set is etched from the
port [17] both predict under-depletion, the signal is found back side into the wafer. Dedicated reports on measureraénts
remain sizeable and to diminish only slowly with growing an- each of these geometries, including test beam results [26, 2
nealing time. and charge collection studies of irradiated detectors, [26}
included in the conference proceedings.

Simulation studies have been performed [18] on CMS-design
3D sensors manufactured by SINTEF. The studies suggest that

Several geometrical optimization studies are underway Irtlhe columns will become dead regions at fluences higher than
" 710" cm2 neq and, following fluence 1§ cm2 neg, that the

one, Synopsis Sentaurus is used to predict [18] the eldiethic charge collection ficiency is highest (approximately &K
profile and breakdown voltage for various guard ring Conﬁgu'betw?aen clectrodes an dylowes? @ rosirr)natel @5;/ kear
rations that sample the parameter space in implant, metdl, a PP y

L . : ; . cell edges. A comparison of the expected performance of the
passivation geometries for fixed oxide concentrations. dJp t ST .
. . , . 2E and 4E geometries finds, for the 2E, a lower capacitance
oxide concentration 8 cm, a result has been achieved that

i ) T : between readout electrodes (about 0.7 fF at zero fluence for
predicts stable operation up to 900 V bias in a device exposege 1 :
to fluence 165 cn2 neg ox = 4 x 10" cm™?) and less dead volume (approximately

0, -
The Lorentz angle in silicon strip sensors irradiated with4@ of the total). For the 4'.5 geometry, the study_ reports rel
atively faster charge collection, less trapping at highrftes,

23 MeV protons has been studied [19] in a magnetic field uqower depletion voltage. hiaher breakdown voltace laar
to 8 T. The sensor sample includes MCz and float zone silicon b ge, hig ge, lamge

of both p- andn-type bulk. Lasers with wavelengths red and in- pacitance between rleadozut electrodes (about 3.2 fF at zero fl
frared are used for the study; the highly irradiated samgdes ence forQo = 4x 10" cmr™%), and larger dead volume (approx-

i 0
only be measured by the infrared. The Lorentz shift incrxease'matmy 8% of the total), . .
. . A new electrode geometry, using novel asymmetric electrode
with fluence for holes and decreases with fluence for elestron

configurations to produce homogeneous well-defined etectri
fields throughout the sensor, has been presented [29]. This
7. Alternativesto Planar Geometry Independent Coaxial Detector Array pattern has been imple-
mented in two dierent designs, the “concentric type,” which
A simulation of the separate contributions of electrons angroduces an electric field with nearly zef#aependence, and
holes to the total charge collection by an irradiated silisen-  the “parallel plate type,” which produces a near linear telec
sor has been undertaken [20]. For charge collection pitchefield. The predicted total collected charge is 39%, and tlaelde
greater than 6@m, the hole contribution is about 43% at flu- space can be reduced below 14% for a sSLHC implementation.
ence 18° cm2 ne,, due to the fact that the pitch is much larger
than the charge collection and trapping distances. Fohgstc
smaller than about 60n, the hole contribution decreases corre-

spondingly. The hole contribution to the total collecteditfe Major advances have been made in correlation of micro-
increases with fluence in am segmented sensor and is, at scopic defect properties with observed material charisties.
fluence 1x 10" cm 2 neq, comparable to that of electrons. New information is available on epitaxial, Czochralskidan
At sLHC fluences, the total collected charge is approxinyatel hulk silicon substrate properties. Work is ongoing to usterd
given by the formul& = 80e/um- (d&. + d.¢). Toimprove  and optimize Lorentz angle, guard rings, and other design fe
the radiation hardness of the device, the carrier trappisg d tures. New geometries including 3D and Independent Coaxial
tance must accordingly be increased, for example by piedill Detector Array continue to evolve.
of the traps or by decreasing the carrier drift distance.
Several geometries that achieve the drift distance resucti
are under study by RD50 members. One, 3D, decouples thic
ness from charge collection distance through a geometry in1] p. Kaminski, “Annealing Induced Evolution of Defect Gers in Epitax-
which implant columns are oriented perpendicular to thaga ial Silicon Irradiated with High Proton Fluences,” 14th RDB/orkshop,

; i Freiburg (2009).
surface. Devices by FBK-irst (Trento) and CNM (Barcelona) [2] L. Makarenko, “Interstitial Defect Reactions in p-ty@dicon Irradiated

are bel_ng compared In two S“ghtlyf_mrent vgr5|o_r_15. Th_e at Different Temperatures,” 15th RD50 Workshop, CERN (2009).
former involve empty columns (passivated with silicon @xid [3] 1. Pintilie, G. Lindstrom, A. Junkes, and E. FretwurfRadiation-induced
only), ohmic columns connected by a uniform doping layer and ~ Point- and Cluster-related Defects with Strong Impact om&ge Prop-

ot erties of Silicon Detectors/Nucl. Instr. and MethA 611, 1, 52 (2009).
metalization, and AC and DC coupled readout pads [21]. The[4] M. Scaringella, “TSC Studies on n- and p-type MCz Si PadeDiors

latter include columns partia”){ filled with pOIV_Si"(_JonhmiC Irradiated with Neutrons up to #®n/cm?,” 15th RD50 Workshop, CERN
columns connected by polysilicon and metalization, and DC  (2009).

3

6. Pattern Optimization

8. Summary
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