1SCIPP 97/04March 1997Silicon Microstrip Detectors in High Luminosity ApplicationHartmut F.-W. SadrozinskiSCIPP, University of California Santa Cruz, Santa Cruz, CA 95064AbstractThe development of silicon microstrip detectors for high luminosity application at theLarge Hadron Collider (LHC) is described. The technical choices are most severely restricted bythe anticipated radiation damage. The arguments are presented which led to the selection of thebase line detectors for the silicon tracker of the LHC detector ATLAS: sandwiches of single-sided detectors of n-strips in n-type bulk.1. INTRODUCTIONThe advent of high luminosity colliders requires special instrumentation in High EnergyPhysics [L1-L3]. High rates can lead to a pile-up of events and increased dead time. For thereadout electronics, this means the use of much shorter shaping times than one would use tooptimize the power consumption and the signal-to-noise ratio. In addition, most detectors havebe subdivided into many more channels to reduce the confusion of signals. A new problem at thehadron colliders is the increased radiation levels. Already at the Main injector upgrade at FNALand even more so at the Large Hadron Collider, radiation damage dictates compromises in manydetector subsystems. This applies especially to semiconductor detectors, which, due to theirrelatively high cost and extremely good position resolution are commonly employed close to theinteraction region where the radiation levels are highest.As described below in detail, the layout of tracking devices based on silicon detectors isseverely constrained: they have to be located such that they can survive the radiation for the lifetime of the experiment [T1, T2]. In the same context, a silicon tracking detector which is moreradiation hard allows the detectors to be moved closer to the interaction region, improving theperformance in vertexing and momentum resolution and reducing the area of the tracker, andtherefore the cost. Thus it is not surprising that the silicon strip detectors developed for ATLASSemiConductor Tracker (SCT) [T2] are different then the ones developed for low-luminosityapplications such as LEP [T4] or even BaBar [T5], where only ionizing radiation is present.In this report, the basic functioning of silicon microstrips will be explained first, followedby discussion of radiation damage in silicon detectors. The layout of the ATLAS SCT will be

2presented, and design features of the detectors highlighted which are specific to the operatingconditions at the LHC. The projected performance of both irradiated and non-irradiated detectorswill be detailed, based on beam test measurements.2. BASICS of SILICON MICROSTRIP DETECTORS [Refs. D1-D3]Silicon detectors are made from near intrinsic bulk having both low-ohmic donorimplants (the n-side), collecting electrons, and low-ohmic acceptor implants (the p-side),collecting holes. The n-side signal is mainly due to drifting electrons collected in ~8ns, (for theusual 300 mm thickness and with bias above the depletion voltage). The p-side signal is mainlydue to drifting holes with a three times longer collection time, due to the larger mobility. Oneside has a junction, the other is ohmic. The location of the junction depends on the type of thebulk: it is on the p-side in n-bulk and the n-side in p-bulk. Charge is collected only from thedepleted region, which starts at the junction side when the bias voltage is raised from zero, andreaches the full thickness of the detector at the depletion voltage. Single-sided detectors haveonly one side divided into strips which are read out, double-sided detectors have both sidesdivided into read-out strips. Most (all?) silicon detectors are made of high-ohmic n-bulk withresistivity of about 5 kW-cm, determined by a small fraction (1012 per cm3) of donor atoms. Thedistance between strip centers, the pitch, is of the order of 50 mm, and thus of the same order ofmagnitude as the feature size of VLSI chips. This has facilitated the development of read-outelectronics which is directly wire-bonded to the strips and helps in the data compression of thelarge number of channels [E1-E9].The original single-sided detectors had the p strips implanted in n-bulk and coupleddirectly to the read-out electronics. Later, AC-coupling was developed which decoupled the DCcurrent and the biasing potential from the front-end electronics. This made the use of double-sided detectors feasible, which are an economical and low-mass technical choice [D2]. Yet, theLHC experiment ATLAS has chosen as the baseline a sandwich of single-sided detectors with n-implants in n-bulk, glued back-to-back. The reason is the expectation that they will present betterperformance after severe radiation damage predicted for LHC operations.3. RADIATION DAMAGE in SILICON STRIP DETECTORS[Refs. R1-R8]3.1 Surface Damage [Refs. S1-S6]Ionizing radiation deposits charges on the surface of silicon strip detectors, which changetheir electrical properties. The processing of the surface, and the existence of oxides or nitridescan be a factor in the extent and consequences of the damage. When exceedingly large dose rateswhere used, increased leakage currents were observed due to charge-up of the surface, whichannealed out in less then an hour at room temperature [E3, R7]. These effects are difficult to

3quantify and we have dealt with them by performing a beam test at particle fluxes and operatingtemperatures anticipated for the LHC (see Sec. 5)A more lasting damage to the surface is due to the accumulation of charges in theinterface between the silicon oxides and the silicon bulk, where there is a lattice mismatch. Theinterface states are filled in ionizing radiation and saturate after a total dose of the order of 100kRad [S1]. The important detector parameters which can be influenced by the existence of theseoxide charges are bias resistance, inter-strip resistance and inter-strip capacitance.Polysilicon bias resistors are radiation hard [S1], while those using an accumulation layeror the punch-through effect are changed drastically with radiation [S3, S6]. Moreover, the punch-through resistors introduce excess noise [S6, R7].The inter-strip resistance is crucial for the isolation of the strips, and has to be muchlarger than the biasing resistor. The isolation is a problem on the n-side (ohmic side) beforeradiation due to the existence of a conducting accumulation layer of electrons below the normaloxide charges, but can be cured by implanting p-material as isolation (�p-stops�) [D2]. Afterirradiation, when the bulk inverts [see below] and the junction is on the n-side, this problemvanishes. The p-side in turn does not have the accumulation layer after inversion and has goodisolation.The inter-strip capacitance is important because it tends to be the largest contributor tothe parasitic capacitance responsible for amplifier noise. In the absence of free charges, it can beestimated fairly reliably from the geometry of the strip detector and is a function of the ratio stripwidth over strip pitch [C1-C4]. The existence of free charges on the n-side before inversioncauses the capacitance to depend on the bias voltage and one reaches the minimum�geometrical� value only with large over-voltage.Surface currents due to the oxide charges have been observed, but they are much lessimportant than the bulk currents for charged particle radiation [S1, S4, S5].3.2 Bulk Damage [Refs. I1, A1-A3]The bulk is damaged mainly by displacement [�Non-ionizing Energy Loss" (NIEL)] [F1].Hence hadrons and heavy ions damage more than electrons and photons. Two major effects areobserved: an increase in leakage current due to the creation of deep acceptor levels and a changein the depletion voltage due to the change in effective doping concentration.a) Increase in Leakage CurrentThe leakage current is due to a thermal generation of electron-hole pairs. It variesexponentially with the operating temperature. Due to the creation of deep traps which occupy themiddle of the band gap [R8], radiation increases the leakage current i proportionally with thedisplacing fluence f and the volume Vol

4 i = α ⋅ϕ ⋅Vol, with a » 3*10-17A/cm after annealing. A large part of the current seems process dependent, buta n n e a l s o u t v e r y f a s t . T h e l e a k a g e c u r r e n t i s t h e r e a s o n w h y A C c o u p l e d d e t e c t o r s a r e u s e d , w h i c h b l o c k t h e c u r r e n t f r o m t h e a m p l i f i e r i n p u t . B u t i t a l s o c a u s e s s t o c h a s t i c n o i s e i n t h e amplifier, proportional to the square root of the product of leakage current and shaping time. Theallowable current limit for fast shaping times is about one mA per strip.b) Change in Depletion Voltage[Ref. I1]The depletion voltage Vdep depends on the effective doping concentration Neff and thesquare of the detector thickness d:

Vdep = e ⋅Neff ⋅d 2 2 ⋅ε

.Thus a radiation induced change in the doping concentration causes a change in thedepletion voltage [I1]. The effective doping concentration is changed in two ways: donorremoval and acceptor creation, and both make the bulk more p-type. The donor removal isexponential, while the acceptor creation is linear in the fluence f [Fig. 1]

Neff = N0e −cϕ + βϕ

. fp[1013/cm2]

V depletion

[ V ]

5The radiation induced changes in detector properties are initially not stable, but exhibitstrong annealing, which is temperature dependent. This means that the increased leakage currentsand the modified doping concentration change even after the irradiation has finished. Forexample, at room temperature, the leakage currents decrease by about a factor of two in a fewweeks. The annealing of the doping concentration is more complicated: there are three differenteffects with different time constants: there is first a constant term; then a short term annealinggoverned by ts , which is beneficial because it reduces the depletion voltage; and a long-termreverse- (�anti�) annealing effect due to the release of meta-stable acceptors, which increases thedepletion voltage with a characteristic time tL . Fig. 2 shows the depletion voltage both duringirradiation and annealing for two different operating temperatures.864200

020406080

pd20 (~27�C during exposure) pd28 (~ 0�C during exposure)Fluence (10 p/cm )

V depl (V)

Region ofinversion132450400350300250200150100500-50

V^{dep} = ϕ [v^z +v^s e_{−t / τ s} +v^s (1− e_{−t / τ L} )]

6temperatures is shown: the detectors annealed out at elevated temperatures are reverse-annealedout completely to about 230V, while the detectors operated at 0oC or below are still in the firstphase of short-term annealing.

0501001502002501001000-100 10233550

Depletion Voltage [V]Time [days]

Temp [o C]Fig. 3 Temperature dependence of the annealing of the depletion voltage for photo diodes irradiated with about 5*1013 p/cm2. The detector at 50 oC was kept at -20oC until day 140. (Ref. A1)d) Consequences for the Operation of Silicon DetectorsIn order to conserve power, and for safe operation, the depletion voltage should be keptas low as possible. Over the lifetime of the detectors at LHC, the detectors will be subjected tofluences in excess of 1014p/cm2. The depletion voltage will change from the initial pre-rad valueof about 50V to zero to a final value which depends both on the fluence and the operatingtemperature. Type inversion (see above) occurs at a fluence of about 1013p/cm2 , i.e., after oneyear at full LHC luminosity. Given that the damage constants are proportional to the fluencereceived by the detector, the only additional parameter which controls the depletion voltage isthe operating temperature. It has to be kept low to prevent the reverse annealing, but to allow theshort-term annealing to take place during the lifetime t of the detector:ts << t << tL.For the life time of the LHC detectors of about t = 10 years, this corresponds to an operatingtemperature between -5 and -10oC [R3]. Access scenarios which result in warm-up of theirradiated detectors have to be evaluated carefully. For example, warming up the detectors everyyear for 7 days from -10o to +20oC , instead of keeping the operating temperature constant at -10oC, will increase the depletion voltage by 40% .As mentioned before, the leakage current is a noise source. Short shaping times arerequired, in addition to the low temperature to minimize the current [E2]. The leakage current

7produces heat, which has to be removed. Due to the exponential temperature dependence of theleakage current, the self-heating has to be controlled carefully in order to avoid thermal run-away, which puts severe requirements on the cooling system (see below) [H1].It should be noted that there have been investigations using different bulk materials. Oneidea was to use p-material, with n-implants. It has the advantage that there is no inversion duringthe detector life time due to radiation damage: the junction stays on the n-side, and the qualitycontrol of the detectors is simplified [Z1]. Unfortunately, there is much less experience with p-bulk processing and more importantly, the radiation damage constants for p-bulk are not muchdifferent than for n-bulk [R4, R5]. Another idea was to use lower resistivity n-bulk material forthe detector, which increases the initial pre-rad depletion voltage and shifts the inversion point tohigher fluences [R1]. Given that the depletion voltage at very large fluences is determined byacceptor creation and not by the removal of donors, the ultimate depletion voltage is the same forboth high- and low-ohmic material.4. DESIGN and LAYOUT of the ATLAS SCT DETECTORS[Refs. T1, T2]Uncertainties in predicting the dose and operating temperature require that the detectorsbe designed with "head room", i.e., enough margin in performance to minimize degradation dueto unforeseen conditions. Although there has been many years of experience with silicondetectors for example at LEP [T4], detectors have been used in high rate and high radiationenvironment only in the SVX at the FNAL Collider [S6] and the LPS at HERA [E3].The ATLAS SCT chose a sandwich of single-sided n-on-n detectors as the base line,instead of double-sided detectors. Figure 4 shows the main features: two 6 cm x 6 cm detectorsare bonded together to make 12 cm read-out strips and are then glued back-to-back with another12 cm long pair, with a 40 mrad stereo angle. The electronic readout is straddling the center ofthe module, to minimize the noise contribution from the strip resistance [N2]. The pitch of thedetectors is 80 mm, with narrow (» 16 mm wide) implants to minimize the inter-strip capacitance[C2, C4].

x = d *

V^{bias}

V^{dep} , V bias < V dep x = d , V bias ≥ V dep

charge trapping. Measurements have shown that the loss of charge due to trapping is of the order

0.20.40.60.850100150200

EFFICIENCY @ 1FC THRESHOLD

50100150200

EFFICIENCY @ 1fC THRESHOLD s .

0.20.30.40.5 0.6 100200300400500600p-Siden-Side

DEPLETION VOLTAGEfrom PULSE HEIGHT152of the pre-rad value (Fig. 7). With the very low pixel capacitance, this small a signal charge gives

0.250.50.75

1010101010-1 MPI

int

P-IsolationPROTON DOSE [MRad]-1

int

PROTON DOSE [MRad]P Implant width

i . e .

10-610-510-410-310-210-1100.20.4 0.60.8

Threshold o 1012-10-8-6-4-2INTERNAL HEATING x 10THERMAL RUN-AWAY PREDICTIONSi WAFER & HEAT SPREADERLOW K MATERIAL

between Si WAFERS

MAX COOLANT

MAX. WAFER TEMPERATURE [

C]*10-43

10o50100150200250300

MEDIAN PULSE HEIGHT [fC]9095100105

50100150

200250300

EFFICIENCY [%] –

� 102030

TRACKING EFFICIENCY [%]ROTATION ANGLE [

ROTATION ANGLE [ o

9596979899100101

TRACKING EFFICIENCY [%]ROTATION ANGLE -3

12 A 3 4 2

2 7 243

A 3 1 1 ,al.

1064 3