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ABSTRACT. Edge-TCT method was used to extract velocity profiles irving@radiated silicon
micro-strip detectors. Detectors were irradiated up t& &62 with reactor neutrons, 200 MeV
pions and a combination of both. A simple electric field mauming two space charge regions
at each side of the detector and neutral bulk in-between aasifto describe the field profile. It
was observed that after heavy irradiation a sizeable @digtd is present in the entire detector
volume. For pion-irradiated detectors strikingly diffeterofiles were obtained and attributed
to the large oxygen concentration in the detector bulk. Tloelehparameters were also studied
during the long term annealing. The space charge regiontheaitrips was found to shrink which
in turn leads to larger electric field and impact ionizatidrhe model parameters extracted from
the measurements were fed to the device simulation progtaichvehowed reasonable agreement
between simulated and measured data at lower fluences.

KEYWORDS. Solid state detectors; Radiation damage evaluation rdsthd&Radiation-hard
detectors; Detector modelling and simulations Il (elecfi¢lds, charge transport, multiplication
and induction, pulse formation, electron emission, etc)
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1 Introduction

The upgrade of the Large Hadron Collider (HL-LHQ] foreseen for the next decade represents
a serious challenge for detectors. High rates of partiches @nsequent radiation damad®,
particularly in detector components close to the inteoactegion are posing new demands to the
detector development. Position sensitive detectors irirthermost part will be exposed to fast
hadron fluences up to.@- 10 cm—2 [3]. A decade ago the use of silicon detectors beyontt 10
of fast hadrons/céhwas seen as a major challeng@. [As a result of extensive research it seems
now that the combination of readout at segmentéalectrodes, high voltage operation, carefully
planned annealing scenario and proper electrode desidgm fdroplanar and 3D detectors, leads
to efficient operation of silicon detectors over the wholeffice range at the HL-LHGES]. The
underlying physics reason for this is the onset of impacizetion [9, 10], which causes charge
multiplication close to the electrodes and thus improvesrgd collection well beyond the one
predicted from extrapolation of measurements at lower desifi1, 12] .

The knowledge of the electric field profile is important togiot and understand the operation
of detectors. There were attempts to calculate the el in an irradiated detector from the
energy levels measured with Deep Level Transient Specpysar Thermally Stimulated Current
techniques 13, 14], however none of them were able to reproduce the measusrdekollection
with proper trap parameters over the full fluence range.
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Figure 1. Schematic view of the Edge-TCT technique. Three neighhgukl strips on each side of the
readout Al strip were also connected to the same potentiaiglgnts.

The transient current technique (TCT) is a widely used toolifivestigation of the electric
field profile in semiconductor detectors5. The current induced in the readout electrodes after
generation of free carriers by a light pulse is monitored bgsa current amplifier. The induced
current is proportional to the velocity of charge carridience the electric field profile can be
extracted from its time evolution. At fluences in the HL-LH&hge the trapping distance becomes
so short 16-18] that it is impossible to probe the electric field in the detedulk from the pulse
shape, when charge carriers are generated close to thees(idp-TCT). However if the edge of
the detector is illuminated with a focused IR laser beam —adled Edge-TCT 19] — the electric
field can be probed also in the presence of high trapping. t€Eblmique was used in this work to
establish the electric field profile in float zoné-on-p detectors at different fluences. Preliminary
results of modeling, obtained after neutron irradiatiaf][ were finalized and extended with the
analysis after pion and mixed irradiations and during lomgnt annealing. Finally, parameters
describing the electric field profiles were used to simulateEdge-TCT measurements.

2 Experiment and samples

The basic principle of the Edge-TCT technique is shown inrédu A carefully polished edge of
the detector is illuminated with a narrow laser beam of idfddight @ = 1064 nm,~ 40 ps pulse
width, 200 Hz repetition rate). Electron-hole pairs areated almost uniformly along the beam in
a similar way as for minimum ionizing particles. The beamifas, and by that the depth at which
the carriers are generated, is controlled by moving staggbsswb-micron precision. The carriers
start to drift in the electric field and induce a signal, read loy the current amplifier (MITEQ
AM-1309, 10 kHz—1 GHz) connected to one of the Al strips. Aarage of 400 pulses is recorded
by a 1.5 GHz oscilloscope at each scan position. The detdigsdription of the setup and the
measurement technique can be found in rE9].[



The measurements were done on thpeype micro-strip detectors processed by HR¥
float zone silicon. Initial resistivity of the silicon wascamd 5 K2 cm, resulting in a full depletion
voltage ofVig ~ 180V for 300:15 um thick detectors. Detectors had 1 cm long AC coupléd n
strips with a pitch of 10um and implant width of 2@um.

3 Velocity profiles of neutron irradiated sample

One of the detectors was irradiated in steps with neutrotieim RIGA nuclear reactor of the Jozef
Stefan Institute in LjubljanaZ[l, 22] up to the 1 MeV neutron equivalent fluence of*46m2
(steps of 11,3,5- 10 cn?). The uncertainty in the fluence scale is estimated to bettess10%.
Between irradiation steps the detector was annealed up tactumulated time of 80 min at 8D
(in steps of 10, 10, 20 and 40 min) — so called CERN scenarisarement. After each annealing
step Edge-TCT measurements were performet at—20°C, while the measurement of a non-
irradiated detector was donet= 20°C. A Peltier element was used for heating and cooling, thus
allowing the detector to remain mounted in the setup alsmduwmnealing.

An infrared laser beam pulse creates electron-hole painsgaits path at a given depth
(see figurel). The induced curreritat timet after the generation of electron-hole pairs at dgpth
in the detector is given bylp]

1
I(y,t):Ie(y,t)+lh(y,t)%eoNe_hV—v Ve(Ye(t)) €Y/ Tefte vy (yh(t)) et/ Ttn | | (3.1)

wherey denotes the beam positiog, elementary chargé\e 1, number of generated electron hole
pairs andvep, the drift velocities at a givewen(t) (see figurel). Note that eq.3.1) holds only ap-
proximately as carriers close to the strips are generatacham-uniform electric field and therefore
drift velocity terms in eq.3.1) represent an average over the strip pitch at a gi¢en The weight-
ing field term is effectively IW, whereW denotes the detector thickness. This is a consequence
of uniform charge generation underneath several adjatéps §19].

Shortly after generation of non-equilibrium carriers peg can be neglected
(exp(—t/Tefren) ~ 1) and the induced current can be written as

Ve(y) +Vn(y)

W (3.2)

I (y,t ~0) ~ eyNen

The induced current dt~ 0 is therefore proportional to the sum of drift velocitiesaajiven
depth. But the initial rise of the measured current pulsdpasxample observed in figuiza, is
limited by the transfer function of electronics, mostly bg sample capacitance and to lesser extent
by the bandwidth of the amplifier, bias-T and oscilloscopkiciv all result in typical peaking times
of aroundtpeak < 1 ns. The value of the measured currenttfer 7peaccan however be exploited to
estimate the induced current shortly after the generafifree carriers. In fact, this value reflects a
weighted average of the velocity sum across the vicinityiofeq. @.1). The value offsample= 600
ps was found as a good compromise and was used in the rest pipee Values obtained with
shorter intervals are less affected by spatial smearindrapging effects at high fluences, but lead
to larger fluctuations in the velocity profile.

1Hamamatsu Photonics, Japan.
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Figure 2. (a) Measured current pulses in a non-irradiated deteir generation of free carriers at= 50

pum andT = 20°C. The initial part up to~ 2ns is due to drift of electrons and holes and the long tail due
to drift of holes only. The dashed vertical line denotgg,pieused for determining the velocity profile. (b)
Velocity profiles measured at different bias voltages (fegal from 20)).
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Figure 3. Dependence of velocity profile on the interV@l tsampid for a detector irradiated t®eq = 5-
10 cm~2, annealed for 80 min and biased to 300 V. All plots are norzedlitoTsample= 200 ps.

An example of measured current pulsey at 50 um for different bias voltages in an non-
irradiated detector is given in figuga. A scan across the detector depth was made to produce the
velocity profile in the detector. For a non-irradiated daie¢figure2b.) it can be clearly seen that
the velocity of charges injected in non-depleted bulk Vaess The difference in doping at the p
contact (back side of the detector) results in appearanekectfic field at the back even at voltages
belowVsy ~ 180V. AtV > V4 the velocity starts to saturate and there is little diffeebetween
profiles at 300 V and 500 V.

At very high fluences the effective trapping times becomemanable withtsampeand conse-
quently the choice ofsampiecould influence the extracted velocity profiles. Analysighwdifferent
TsampleWere done for a heavily irradiated detector and yielded @maige drift velocity profiles up
t0 Tsample= 1 Ns as demonstrated in figue
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Figure 4. Velocity profiles at different bias voltages for irradidtdetector at different fluence steps: (a)
1-10%cm 2, (b) 2-10%cm2, (c) 5-10%cm 2 and (d) 1. 10%cm~2. The profiles were measured after
80 min annealing at each irradiation fraction (finalizedirf20)).
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Effective trapping times extrapolated from the measurdésienp-type detectors at lower flu-
ences are around 500 p&g] for electrons and holes @&eq = 5- 10 cn?. Although Tsample iS
comparable to the extrapolated effective trapping timeseéims that choice of a shorter time inter-
val does not change the measured velocity profile signifigaihis indicates that fot < 600 ps
the response of the amplifier is mainly due to the motion ofcdreiers on time scale substantially
shorter than the effective trapping times at this fluence.

The velocity profiles of a detector, irradiated with neutrdo different fluences are shown
in figure 4. For high bias voltages the velocity appears almost satdirat the strip side for all
fluences, except the highest. For all the profiles the sameetdetand laser setting were used so
that the velocity profiles for different fluences can be coragdo within~ 10%. A slightly lower
value of saturated velocity for the non-irradiated dete¢see figure2b) can be attributed to the
largerT = 20°C and consequently larger absorption of light in non-aqtize of the sensor in front
of the strips as well as reduced mobility at the higher temmipee. Velocity profiles close to the
strips, however, exhibit a non-negligible increase at éggivoltages foeq = 106 cm2, which
can be attributed to charge multiplication; i.e. increab®&lo p, in eq. 8.2). The lower value at
intermediate voltages as compared to lower fluences is &qaeace of trapping.

It is important to observe that the drift velocity increaséso at the back. Such a profile is
known as “double peak electric field profile14], but it is for the first time that it is observed at
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highest fluences expected at HL-LHC. One should howeverthateelocity saturates with electric
field, therefore the second peak corresponds to significanthller electric field (see next sections).

In principle it should be straightforward to extract theotdie field profile from the velocity
profile by usingve + vy, = [ue(E) + uh(E)] E. However at high electric fields the signal becomes
insensitive to changes in the electric field due to drift e#josaturation. In addition the mea-
sured drift velocity profile is an average over the strip WidAny lateral dependence of the field
which inevitably occurs close to the strips prevents agitéorward extraction of the field. How-
ever, the shape of the velocity profiles allows for modelifighe field with a small number of
free parameters.

4 Field modeling in neutron irradiated detector

Introduction of acceptors upon irradiation creates negaspace charge in the active region of
the detector volume. This was confirmed by many measuremaéfdger fluences. However the
velocity profiles as shown in figuré can occur only if the space charge changes sign inside the
detector; i.e. it is negative on one side and positive ontherside. A schematic view of the simple
model explaining the gross shape of the velocity profile casden in figur&a. The basic reason
for the two space charge regions (SCR) is the diffusion afiea from the highly doped regions
into the poorly doped bulk, assisted by flushing out the fegeiers by the electric field in the front,
reverse biased'p junction. The SCR at the backside'pjpinction balances out diffusion and field
currents. Trapping of the increasing concentration ofted@s or holes from the generation current
in the front SCR towards each end can modify the electric fi2Bd25].

In the simplest casé\et could be assumed constant in both SCR’s (see fi§aje Such a
space charge leads to linear dependence of electric fieldthtdetector ends and constant field
in the so called electrically neutral bulk (ENB). This is amonly assigned zero value, but an
electric field is needed at least to transport the carriengigged in the front SCR across the ENB.
Although such an abrupt junction approximation is not ehgirealistic, the model may still serve
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Figure 6. (a) Dependence gkt on voltage for different fluences (annealed for 80 min) (bp&weence of
Yact 0N annealing time for the irradiation fluence ofiD®cm~2. The fits of eq. 4.1) to the data are shown
by solid lines. (CANesr/ Peq vS. annealing time for all fluence steps (finalized fr&d].

the purpose of adequate description of measured profilasghiewas used in the rest of the paper.
Moreover, the observed dependence on voltage, especfalhedront n"p junction, allows the
conclusion that constai is indeed a viable approximation, particularly at lower floes.

In general, one can look at the following parameters: widthimth SCR’S/act, W — Ypack ratio
of drift and saturation velocity in the bulk and at the bagli /Vsay Vback/Vsat@s a basic set that has
to be matched by any model shapeNgf(y). An example of extraction of these parameters from
the velocity profiles is shown in figuigh. The drift velocity close to strips at the highest voltages
is defined as saturation velocity,. A linear fit to the velocity profile is made on both sides of the
SCR'’s facing the ENB. Their intersection with constant e&lovy,k in ENB determines/ac: and
Yback@s Well asmyik/Vsar The velocity at the back side of the detector is used to ttEew e/ Vsat

4.1 Active region — junction side

The dependence of the junction region widthy, on voltage is shown for all fluences after 80 min
annealing in figuréa. If constanNgs is assumed and voltage drop in ENB and at the back side of
detector can be neglected thgg: should scale as

2 &siVbias
= S5 e 4.1
Yact Nor (4.1)



Table 1. The parameters obtained from the fit of e} 2] to the data shown in figuic. The parametegy,
obtained from the fit was scaled by the ratio of total fluena# thie fluence received in the last step. The
reference values agg = 0.017— 0.019¢cnT?, gpa ~ 0.014—0.018cnT !, 1h, =21 min [2, 18] .

Peq [cm 2] | gc [cm™] | gpa [cm™Y] | Tpa [Min]
105 cm—2 0.0176 0.0085 17.2
2-10%cm2 | 0.0135 0.0088 20.5
5.10%cm 2| 0.0078 0.0067 26.25
106 cm—2 0.0056 0.004 27.8

whereg is elementary charge ard; absolute permittivity of Silicon. The fit of eg4 (1) to the data
with Negt as free parameter reveals that the agreement is good for faveeces, while at higher
fluencesy,ct is somewhat larger at low voltages than given by the fit. Tioe tlaat y,c follows
eq. @.1) strengthens the assumption of constdgt in the front SCR.

Figure6b showsy, at different annealing times. The evolution follows the extied behavior
in accordance with the Hamburg modg].[Initial decrease of active acceptors results in increase
of Yact. After around 80 min at 6@ short term annealing is completed. Increase of effecticefa
tors during long term annealing occurs on much longer tinaéesthan that in our measurements
and was neglected. This allows for determination of intadidun rates of short term and stable

damage from
ANt _ Neff — Neff,0

q)eq q)eq

~ Oc + Oba €XP(—t/Tpa) 4.2)

whereg. denotes the introduction rates of defects stable in tgpgdefects that anneal out with
time constantry, and Nefr o initial concentration of acceptors. The results are shawiigure 6¢
together with a fit of eq.4.2) to the data. The parameters determined from thg fiha, and 15
are gathered in table At larger fluences one should bear in mind that the detectsriwadiated
in several steps and only the part of the damage receiveckeitat step undergoes short term
annealing. Therefore the introduction rate of the defenttetgoing short term annealimgg, was
scaled by the ratio of total fluence and fluence received itattestep to get true introduction rate
of defects undergoing short term annealing.

Up to 2-10'° cm2 the agreement with low fluence da® L8], obtained from C-V is satis-
factory. This means that voltage drop in ENB and the back SC&niall compared to the drop
at the front junction. At larger fluences the effective spelsarge concentration compatible with
measured/yt is significantly smaller than extrapolated from low fluenceasurements. In addi-
tion, significantly larger voltage drop at higher fluencethm ENB and the back SCR, if accounted
for, would reduce this effective space charge even furtheas evident that at larger fluences not
only is there a significant electric field at the back of theedtgdr and in the bulk, but also the main
junction penetrates much deeper in the detector bulk thedigied.

The annealing parameters listed in tablare in rough agreement with RD48 at all fluences.
The somewhat larger discrepancyggif could be due to non-accounting of annealing effects during
the irradiations and annealing effects of the previoudiatéon fractions. Also there might be a
hint of decreasingy,, value with fluence.
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from [20)).
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4.2 Electric field at the back electrode

The width of the SCR at the back of the detecWr;- ypack, does not show significant dependence
on fluence as can be seen in figute It grows with voltage almost linearly with a slope of
~ 0.1V/um up to the point wherg,c; approachegpack. At higher voltagesypack Starts to increase
again i.e. the back region shrinks, which can be seen fordteEtbr aftebeq = 10'>cm~2 beyond
400 V. This effectively means that the ENB region disappeiaaad the front SCR starts penetrating
the back SCR.

There seems to be little dependenceédbf- yhack 0N annealing as well (see figur®). The
sample was irradiated gq = 2- 10'® cm~2 and only after the last annealing step one can observe
joining of the regions with opposite sign of the space charge increase of/yack for voltages
above 600 V.

The drift velocity at the back of the detector increases alrtinearly with applied bias volt-
age as shown in figur8. In all cases the bias voltage applied was lower ttfgn As it can be
S€€MVpack/ Vsat ~ 0.45 after fluence ofbeq = 2- 10 cm~2 at 800V, which corresponds to electric
field ~ 0.5 V/um.
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Figure 9. Dependence of drift velocity in the neutral bulk on voltage different fluences (finalized
from [20)).

4.3 Neutral bulk

The drift velocity in the ENB is shown for all fluences and agjes investigated in figu@& As can
be seen the velocity increases with fluence and voltage. €loeity in the bulk reaches around
one third of the saturated one. This translates to elec#id ftrength of around.8V/um. This

is in agreement with observations made in ré]] Such a substantial electric field effectively
implies that at high fluences the whole detector is activeaaly at low bias voltages.

5 Pion and mixed irradiated detectors

Two detectors were irradiated with 200 MeV pions at Paul 8ehelnstitute in Villingen,
Switzerland R6]. Although typical energy of pions at the LHC is few GeV [3flentical effects
of 200 MeV pion and 23 GeV proton irradiations to the detecioeration, which are also consis-
tent with displacement damage functi@Y], indicate that the type of damage caused by 200 MeV
pions is similar to that of few GeV ones.

Due to the availability of the facility only moderate equiat fluences ofbeq=4.6-10 cm~2
and®eq= 1.6 10'° cm~2 were reached. The hardness factor 1.14 was used to converfipénce
to the equivalent fluence of 1 MeV neutrons. The fluences anerate to 8%28].

The velocity profiles in pion irradiated detectors are shawrigure 10. The difference
between pion and neutron irradiated detectors is strikiRgr the lower fluence a high electric
field is present in the whole detector volume already&00 V. This means that after receiving
Peq = 4.6- 10 cm 2 the voltage required to establish the field in the entire deteis almost
identical to the one before irradiation. Although there wagleliberate oxygenation of the wafers
the concentration of the oxygen was rather high> 10'"cm3[29]. Oxygen is known to give
rise to the introduction of positive space charge aftergdduhadron irradiations3p]. Usually the
introduction of negative space charge nevertheless fgetai for this particular material traps, re-
sponsible for positive and negative space charge seem étdesmn introduced with approximately
same rates. The shape of the velocity profile at low voltagdisates that the main junction remains
at the strip side. Even more interesting are velocity/aéedield profiles at the high pion fluence
of ®eq=1.6- 10 cm~2, which are almost symmetrical with respect to both conta®@tdy around
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Figure 10. Velocity profiles of samples irradiated with pions to (B)q = 4.6- 10 cm~2 and (b)Peq =
1.6-10%cm 2,

200V is required for substantial electric field in the whotgattor volume and around 500V to
achieve high drift velocity in a major part of the detectolwne. Such a beneficial velocity profile
is reflected in very good charge collection>efL2000 e at 500V as reported in re29|.

For the detector irradiated to the lower fluence the modedrpaters could be reliably de-
termined only for lowest voltages. Already at 200V it becsndificult to identify the regions.
At the higher fluence/act andW — ypack merge in the middle of the detector already<a00 V
with velocities at both ends almost identical. Although thedel parameters could in principle be
extracted the information gained would be limited to thearexplanation above.

At the LHC experiments detectors are exposed to a mixturastfdharged hadrons and neu-
trons, with their ratio depending on the distance from theraction point. Neutrons produce
predominately cluster defects while charged hadrons meduarge fraction of point defects. The
manifestation of the damage is therefore different for reeg and charged hadrons. In order to
see the effects of both irradiation particle types (mixeddiations) both pion-irradiated samples
were irradiated also with neutrons.

Introduction of negative space charge after additionatroaurradiation, shown in figuré1,
alters the velocity profiles in an expected way with largdoeity at the strip side as a consequence
of additional introduction of negative space charge. Omailshnote that while the pion and neu-
tron fluences were comparable for the lower fluence, the pimnfle exceeds the neutron fluence
by 60% in the higher mixed fluence sample. A comparison of é§garandlla where equivalent
fluences are similar, shows a more uniform profile for the ohir@diated sample. This can be seen
even more clearly for the sample irradiateddig, = 2.6- 10'° cm~2 shown in figurellb, which
differs significantly from the neutron-only irradiated gaimat®eq = 2- 10°cm2 (see figuretb).

For the former, the drift velocity is substantial in largearpof the detector than for the latter.
Although the velocity profile looks relatively symmetricetklectric field profile is much less sym-
metric, due to saturation of the velocity at high electriddge The difference between the drift
velocities at the back and front is only about a factor of 1508 V, but this corresponds to a factor
of four in the electric field strength. Even at 1000V where dnié velocity in the whole bulk
appears comparable the electric field is still strongedieastrips.
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figure 10a, after additional neutron fluence ®tq=5- 10" cm—2, (b) same detector as in figut€b after
additional neutron fluence @eq=1-10cm2.

£ 25 0 min S 25 0 min
S, C 10 min S, r & 10 min
5 C ‘2‘8 min = C F = ‘218 min
L min = L 3 min =
P 80 min Viias =500 V Lo o~ Fojmin Vias =800 V
C 320 min C E : 320 min
r é 640 min r e 640 min
L e , il
L5¢ E B 2560 min 150 2560 min
r 1 5120 min C 5120 min
1 - E Eall;
L \ L H ]
05~ E 0.5 1
L H L H
o= b L L P e I IV [NV AN S RENEIN AN UTVIEN - S |
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
y (depth) [ um] y (depth) [ um]
(a) (b)

Figure 12. Velocity profiles of samples irradiated with neutrongiigy = 1- 10%cm=2 (a) 500V and (b)
800V after different annealing steps.

6 Long term annealing

After the last irradiation step the neutron irradiated sipderwent long term annealing at’€d
The velocity profiles taken during annealing are shown inrédi2 for two different bias voltages.
At 500V y,t decreases with annealing so do thhgk andvpack. This in turn leads to the increase
of electric field near the strips, which however can not beeplel in the velocity profile due to
saturation of the drift velocity. The field is still too low mbserve increase of charge collection
due to impact multiplication and the collected cha(g¢W f(‘)’v Q(y)dy) decreases with annealing
time [31].

At larger bias voltages the charge multiplication chandmeswtelocity profiles close to the
strips. After long annealing times, + Ve increases beyond the saturation velocity, which is a clear
indication of charge multiplication (increasefy, in eq. @.1)). This leads to a significant increase
of charge collection31], but the model parameters( ik, Vback Yact) Show the same behavior as at
lower voltages. The dependence of model paramgteon annealing times is shown in figut®&.
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Figure 14. Dependence of (a)}uk and (b)vpack ON voltage for the different annealing times of the detector
irradiated tobeq = 1-10%cm2.

The decrease of the active region with annealing times msifgignt and can be explained
by activation of effective acceptors during annealing, alihdn one side reduce thyge, but also
give rise to charge multiplication due to impact ionizatiodn active region of 5um at already
100 V was observed. Comparisonygg:(V ) aftert; = 80 min and, = 10240 min annealing allows
for a rough estimation of effective acceptors concentnatitio, providing that constarites is
assumed. It follows from the edd.(l) thatyact(Vbias t1) /Yact(Vbias, t2) = 1/Nefr 2/Nefr,1 ~ 2, which
points to comparable introduction rates of stable accefod acceptors activated during long term
annealing. Even for an oxygen rich detector the latter ilativan found at lower fluenceg][

It can be seen in figuré4 that at lower voltages and large annealing times the voltlgp
occurs almost entirely in the active region as ¥hgx andvpack Vanish and start to rise with ap-
proximately the same slope as for shorter annealing timisadfter ~ 400 V. Around 500V is
required after the last annealing step to have the same Vsat and Vpack/Vsat @s before the long
term annealing at 100 V.

— 13—



7 Simulation of the Edge-TCT measurements

Measured velocity profiles were simulated by assuming emhstpace charge in both regions,
active and back as shown in figusa. The model parameters as determined from the measurements
and shown in previous sections were fed back to the simulaticheck if the measured velocity
profiles can be reproduced with adequate accuracy.

The details of the simulation can be found in re@2434]. The calculation of electric field and
weighting field in the investigated detector is based on migaksolution of Poisson and Laplace
equations on a mesh of®x 0.5um? for the corresponding potentials. A segment of 7 strips
(700x 300um?) was simulated. The simulator todk(x,y) as an input and did not derive it from
the defects’ properties.

The drift of the generated carriers was done in steps by noallgr solving drift equation
(dr =v(r(t))dt). The contribution to the induced current was calculatecemrh step according
to eq. @.1). Although the simulation included impact ionization, litoslld however be noted that
the simulated gain is unreliable for two reasons: the unknsthape of the implant which plays
a role in focusing of field lines and, more importantly, théelsareleased in the multiplication get
trapped and moderate the field. In the model of condtaptthis was not not taken into account
leading to large discrepancies between simulations andune@ents.

An example of the drift paths of the free carriers generajeal Baussian beam of infrared light
(A = 1064um) is shown in figurel5a. The resulting induced currents were fed to the simulation
of a simpleRC circuitry with (Csyip ~ 2 pF, Ramp= 50Q, RC = 100 ps to account for electron-
ics transfer function in the measurements. In the fidible the measured and simulated induced
currents are shown for the non-irradiated detector. Algiotine duration of the pulse was not per-
fectly reproduced the initial part of the current pulse Wetse average response in initial 375 ps was
taken as the measurewf+ v,,. The measured rise time of the current pulse was slightigdothan
simulated (calculate®C) thereforetsampleused in measurements corresponds to shogtgfpiein
simulations, but as shown in figuBghe difference has little or no impact on extracted- vi,.

The resulting velocity profiles are shown in figursc at 200 V. A reasonable agreement is ob-
tained in the most of the volume except near the strips, wihersimulation predicts larger current
than observed in the measurements, and at the back wheré thggp was not taken into account.

The reason for the former is likely in the required boundamditions at the detector surface,
which require that all the field lines stay in the sensor (otiffe boundary conditions). According
to the recent measuremen®5] the detector surface can sometimes act as equipotenéakpl
If this boundary condition was used the bump in the velocitfife disappeared (implant width
iw = 100um), but the simulated drift velocity near the strips was e tlue to the initial drift in
the lower weighting field. The weighting field is determingatibe width of Al electrodes (2Qm).
The velocity profile for an intermediate implant width #v40um lies in-between. Moreover, in
case of reflective boundary conditions somewhat largeagelis required for depletion than in the
case of equipotential plane for the saMg(y). It can therefore be concluded that the choice of
the boundary condition and properties of the detector sarédfects the simulation results.

The effective trapping times at large fluences were takem fief. [36]. It was shown in this
reference that effective trapping times at large fluenceslmdonger than those extrapolated from
lower fluences16]. The comparison of measured and simulated velocity psofikng reflective
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Figure 15. (a) Example of simulated drift paths of electrons (blue] aoles (red) created by a Gaussian
beam 5Qum away from the strips\ias = 200V). Note that the strips are gt= 300um. (b) Simulated
(dashed line) and measured (solid line) induced currenthébeam 5@:m away from the strips. (c) Mea-
sured and simulated velocity profiles for different widtlisht® implant (iw) used to calculate electric field.

boundary condition is shown in figu. The agreement at lower fluences is adequate, although
for y < yact Simulated velocity profile gives larger values than mea$uvehich means that the
electric field away from the strips is smaller than given bg #ssumption of a constant space
charge. For the lower two fluences and investigated biaag®ltange the electric fields were low
enough for impact ionization not to affect the velocity plexi

Although the space charge concentration at the backypack) Was spatially constant, it had
to depend on voltage in order to reproduce the measurenidmsdependence was found approx-
imately linearNgy = Neg o -+ Kback- Vbias With Ngg o = 0.23- 102 cm 23, kpack= 1.25-10°cm 3V 1
for the ®eq = 10*°cm 2 and Nz, = 0.5-10"2cm=3, kpak = 1.9- 10°cm3V~1 for the
Peq=2-10%cm 2. |

At high bias voltages and larger fluence®4 = 5- 10" cm 2 and ®eq = 106 cm2) the im-
pact ionization had to be taken into account. However, a inwitle voltage independent spatially
constantNg failed at high voltages where charge gain becomes largelrdady mentioned mod-
eration of the field by reducing the negative space chargeititr trapped holes produced in impact
ionization was not considered, hence simulated inducects near the strips showed unrealisti-
cally high values.
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Figure 16. Comparison of measured and simulated velocity profilegradiated detectors (eeq =
10°cm=2 and (b)®eq = 2- 105cm~2. Note that all input parameters, if;, were extracted from mea-
surements shown in previous sections, e.g. for the detatté00V and irradiated t@eq = 10%¢cm 2,
Neft = 1.76- 108 cm 23, yacr = 160 um, W — Ypack= 90 um.

8 Conclusions

A silicon micro-strip n-on-p type sensor was irradiatedhwiteutrons to fluences up ®eq =
1-10%cm™2. Edge-TCT was used to extract the velocity profiles. Theoislgrofiles reveal the
existence of two SCR’s with opposite sign of space chargeEtil in-between. The electric field
was parameterized by a simple model assuming constantieffepace charge at the junction and
at the back electrode. The borders of both SCR’s, velocithénENB and at the back electrode
were determined as a function of fluence and voltage. It wawislthat the assumption of constant
Neft increasing with fluence describes the evolution of the SGRegunction, with the introduction
rates of effective acceptors showing saturation effectiseahigh fluence end.

The pion irradiated detectors exhibit more uniform and satmim velocity profiles, probably
because of high oxygen concentration and related deepeatdinor generation. Additional ac-
ceptors introduced through neutron irradiation changevéihecity profile in the expected way —
increase of electric field at the main junction, but stilllibore homogeneous velocity profile than
the detector irradiated to approximately the same fluenclisixely with neutrons.

The long term annealing studies of the neutron irradiatéelotier todeq = 10 cm~2 showed
that the active region decreases with time as wglk andvpack. This in turn means larger electric
field close to the strips which leads to increased chargephicétion.

The measured model parameters were fed to a device simul@@agreement between sim-
ulation and measurements is adequate, but the model ofedit@ependent spatially constant ef-
fective doping concentration fgr< ya fails at high fluences. Most probable reason is the absence
of field moderation through trapped holes produced closkdatrips by the impact ionization.

The model parameters extracted from the measurementsaseavehor points for any model-
ing or calculation of the electric field in the irradiatedin detectors. The same set of parameters
should be established also for the detectors irradiatedaslydharged hadrons, along with their
dependence on the silicon material and during the long temealing at different fluences.
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