Proton Irradiation on AC-coupled Silicon Microstrip DetectorsY.˚Unno, N.˚Ujiie, F.˚Hinode, T.˚Kohriki, T.˚Kondo, H.˚Iwasaki, S.˚Terada, KEK; T.˚Ohmoto,M.˚Yoshikawa, H. Ohyama, T.˚Handa, Y.˚Iwata, T.˚Ohsugi, Hiroshima University;K.˚O’Shaughnessy, B.˚Rowe, A.˚Webster, M.˚Wilder, Univ. California, Santa Cruz; A.˚Palounek,H.˚Ziock, Los Alamos Nat. Lab.; T.˚Pal, Univ. Bern; M.˚Frautschi, Univ. New Mexico; D.˚Coupal,SLAC; N.˚Tamura, Okayama University; S.˚Kobayashi, A.˚Murakami Saga University; R.˚Takashima,Kyoto Education University; M.˚Daigo, Wakayama Medical College; M.˚Higuchi, Tohoku-GakuinUniversityAbstractTo test the radiation tolerance of full-size detectors, fourlarge-area AC-coupled single-sided silicon microstrip detectorswere fabricated. The detectors had a size of 6 cm·3.4 cm andwere made out of a 300 mm thick, high-resistivity, n-typesilicon, simulating the p-side of the double-sided siliconmicrostrip detectors being developed. The AC coupling layerhad either a single layer of SiO2 or double layers of SiO2 andSi3N4, in combination with the surface passivation of SiO2or Si3N4. The detectors were irradiated at room temperatureby 500 MeV protons at TRIUMF to a fluence of 5.7·1013protons/cm2, promptly stored at 0 �C after irradiation, andperiodically measured over the following year. The fulldepletion voltages showed a substantial annealing and agradual anti-annealing. The result was compared with thepredictions of existing damage parameterization. Timevariation of other characteristics, such as leakage current, inter-strip and coupling capacitances, and strip-edge micro-discharges was also followed.I. INTRODUCTIONIn future proton-proton super-colliders, one of the majorchallenges to the use of silicon strip detectors is the toleranceto radiation damage. The large intensity of the proton beams,which are required to produce a meaningful quantity of heavyobjects in the collisions, produces a very large particle flowfrom the ordinary processes at the interaction point[1]. Theparticle fluence at a radius of 30cm at the LHC is predicted tobe 1.0·1014 particles/cm2 over the 10 years of the detectorlifetime [2].In response to the challenge, extensive investigations onthe effect of the radiation (charged particles and photons) havebeen carried out. The damage effects have been characterized.In the bulk, acceptor-like states are generated increasing thebias voltage required to deplete the bulk after large fluences ofa few times 1013 particles/cm2. Recently, the temperaturedependence of the annealing and the anti-annealing of the bulkdamage has been determined [3,4].In proportion to the bulk damage, the bulk leakage currentalso increases. To prevent the flow of the leakage current intothe amplifier and to realize a low mass silicon strip detectorsystem, a double-sided silicon strip detector (DSSD), with twodimensional readout and with integrated AC couplingcapacitors, has been developed and rigorously investigated [5].The breakdown of the AC coupling insulator becomes an issuedue to the increase of the depletion voltage. An additionalproblem is the noise generation due to the micro-avalanchebreakdown along the strip edge [6]. Taking into account theseeffects, a radiation-hard design of the silicon strip detector hasemerged.We have produced single-sided detectors with varying ACelectrode width, insulator materials, and passivation materials[7] and irradiated these detectors with protons to investigate thedamage to the full-size detectors.II. EXPERIMENTAL SETUPDetectorTo simulate the p-side of the double-sided detector, AC-coupled detectors with p implant strips were fabricated from ahigh-resistivity, n-type silicon substrate of 300 mm thickness(TABLE I). The strip pitch was 50 mm. To study the strip-edge breakdown phenomenon, the width of the p-implant wasfixed at 12 mm and the width of the aluminum AC electrodeswas varied systematically. The detectors were subdivided intofour zones, with each zone having a different width for thealuminum electrodes. The electrode widths were 4, 6, 8, and16 mm for zone1, zone2, zone3, and zone4, respectively(Fig.˚1). In practice, due to the limited number of pads on thecarrier PC board, only three zones were selectively connectedto the measuring equipment (TABLE II).Adding a Si3N4 layer to the SiO2 insulator layer of theAC coupling is known to improve the voltage breakdowncharacteristics of the AC coupling insulator. However, Si3N4is also known to charge up more than SiO2. To study theradiation damage on the insulator, two types of the ACcoupling insulator were made: single layer of SiO2 or doublelayers of SiO2 and Si3N 4. In combination, surfacepassivation was made out of SiO2 or Si3N4. Four detectorswere irradiated, one from each combination of the couplinginsulators and the passivation as given in (TABLE II).The ohmic contact was made by implanting n+ over thewhole backplane. When the detector was cut out of a wafer,the ohmic contact was exposed at the cut edges.

TABLE ISPECIFICATIONS OF THE IRRADIATED SILICON MICROSTRIPDETECTORS

SubstrateTypen-typeResistivity4~8 kW�cmThickness300–10 mmSizeOverall dimension 60 mm·34.1 mmActive strip area58.8 mm·32.6 mmStripSingle-sidedp+ stripsPitch50 mmImplant widtha12 mmAC electrode widtha4, 6, 8, 16 mmBias resistorPolycrystalline silicon250–50 kWAC coupling insulatorSiO2(0.22mm) orSiO2(0.22mm)+Si3N4(0.05mm)PassivationSiO2(0.7mm) orSi3N4(0.7mm) aMeasured valuesTABLE IICOMBINATION OF COUPLING AND PASSIVATION INSULATORSAND THE ZONES CONNECTED

PassivationAC couplingSiO2Si3N4SiO2#1(a-3-2)a#3(a-23-2)

(4,6,16mm)(4,6,16mm)SiO2+Si3N4 #2(b-2-2)#4(b-10-1)(4,8,16mm)(4,8,16mm) aDetector # (Specific designation)

12Zone1Zone2Zone3Zone412

1212Zone1Zone2Zone3Zone4

34.160.046816Fig. 1 Single-sided silicon microstrip detector under test. It hasfour zones of AC electrode widths (#1: 4mm, #2: 6mm, #3: 8mm,#4: 16mm) with a constant p-implant width of 12 mm . Four typeof detectors were prepared with the AC coupling layers of SiO2 orSiO2+Si3N4, and the passivation layer of SiO2 or Si3N4.Proton IrradiationThe four detectors were irradiated at TRIUMF [8] bypolarized protons with a kinetic energy of 500 MeV. Thebeam was diffused through a lead sheet (approximately 3mmthick) and then passed through 2 sets of lead collimators tomake it roughly uniform (to 40%) over a 6cm·6cm area.Several aluminum foils were placed on each detector for thefluence measurements. The room temperature was 22–3 �Cduring the irradiation. The detectors were irradiated for 3.5 dayswhile being biased at –40 V. The bias voltage was suppliedthrough protection resistors of 1 kW in the positive and thenegative bias lines of each detector. The leakage current wasmonitored during the run (Fig.˚2). After irradiation thedetectors were left at the room temperature to cool theradiation (1.3 days), then transferred to a refrigerator and keptat -18 �C until shipment (20 days). The temperature duringthe transportation was also kept below 0 �C with dry ice (5days).The fluence measurements on the foil were done at LosAlamos Nat. Lab. The average fluence was 5.7·101 3 protons/cm2 with a spatial uniformity within 10%. Thestatistical errors of the fluence were typically under 3%,whereas the total error was nearly 10% and dominated by theuncertainty in the reaction cross section27Al + p fi 22Na + X.

-0.500.511.522.5-20020406080100120

Leakage current [mA]time [hrs]Beam StartBeam offBeam EndFig. 2 Leakage current of a detector under irradiation. The biasvoltage of –40V is supplied during the irradiation (circle: n+ backplane, cross: p+ strip side). AC electrodes were grounded.MeasurementCharacterization of the detectors was done at 0 �C beforeirradiation, and then approximately once every month after theirradiation. Measured were the bias voltage dependence of theleakage current, the capacitances between the p-strips and thebackplane (body capacitance), between the p-strips (inter-stripcapacitance), between the p-implants and the AC electrodes

(coupling capacitance), and the noise generation at the stripedges.While being measured, the detectors remained in therefrigerator at 0 �C. Bias and measurement lines were passedout of the refrigerator to the measuring equipment. Currentthrough the bias line was measured by a current meter(Keithley 196). Capacitances were measured by an impedancemeter (HP4192A). Noise was measured using a chainconsisting of a charge preamplifier, a bipolar shaper (Canberra2021: shaping time constant of 250 ns, which was the fastestof the module), and a digital oscilloscope (Tektronix 2440)providing an RMS value for the noises over a 20 ms interval.All the equipment was controlled by a personal computer(NEC PC98) through a GPIB interface.III. RESULTSFull Depletion VoltageThe full depletion voltages were extracted from the bodycapacitances. The body capacitance was measured between thebias ring and the backplane. The bias ring had connections top-implant strips via bias resistors. To isolate the capacitor inthe power supply from the detector, a pair of resistors of 100kW was put in the positive and negative supply lines. Thecapacitance was measured at a frequency of 10 kHz. The bodycapacitances were fitted to a characteristic depletion curve,C�1/�‘‘V in the depleting region (in addition to an extracapacitance effect in the power supply module). After the fulldepletion was achieved, the body capacitance stayed constant.The full depletion voltage was obtained from the intersectionpoint of the two curves (Fig.˚3).

500600700800900100010100

Body Capacitance [pF]Bias Voltage [V]2000200

Full depletion voltage (FDV)Fig. 3 Calculation of the full depletion voltage from the bodycapacitance measurement at the frequency of 10 kHz. The fulldepletion point is defined as the intersection point of the twofitted curves: y=a+b/�‘x to the under-depleted region, y=c to theover-depleted region. The data shown are for the detector #1, 185days after irradiation.The full depletion voltages of the four detectors wereplotted as a function of time after irradiation (Fig.˚4). Thefull depletion voltages decreased for nearly 150 days and thenstarted to increase. Because of the low temperature (0 �C) theannealing was substantially slowed, and the anti-annealing wasgreatly delayed, but still became observable at later times.Plotted in the same figure is the prediction of theparameterization for the full depletion voltages by Ziock (solidcurve [3]). The Ziock parameterization has both annealing andanti-annealing terms and reproduces the time variation verywell. The parameterization was obtained for PIN photodiodes.Due to the finite strip pitch and width, the microstrip detectorsrequire a larger depletion voltage than the planar geometry. A10% increase is expected for the 50 mm pitch and the 12 mmstrip width (dashed curve [9]). The Ziock parameterization isaccurate within 5 %.The LHC is anticipated to operate at a luminosity of 1033cm-2s-1 in the first 3 years and 1034 cm-2s-1 afterwards. Thefluence of the 1·1014 p/cm2 will be delivered in the last 7years over the 10 years of operation. Assuming a uniformyearly fluence and no warming-up, the Ziock parameterizationpredicts the full depletion voltage of 157 V at 0 �C operationand a minimum full depletion voltage of 136 V at -7 �Coperation.

405060708090100-2000200400600800

Full Depletion Voltage [V]Time [days]Fig. 4 Time variation of the full depletion voltage of the fourdetectors (cross: #1, diamond: #2, square: #3, circle: #4).Detectors were kept and measured at 0 �C after irradiation. Theprediction of the Ziock’s parameterization (solid curve) and a 10%increase for the strip detectors with a finite strip pitch and width(dashed).Leakage currentThe leakage current is known to increase as the bulkdamage increases. The increase we observed was several ordersof magnitude. Although the increase was large, it had verylittle bias voltage dependence (Fig.˚5).The leakage current values of the four detectors (Fig.˚6)were the values at a bias voltage of 30V above the fulldepletion voltage. The current annealed but leveled offslightly above the Fretwurst predictions (dashed curve [4]).

The excess might be attributed to the effect of the exposed p-njunction after the bulk type inversion.

10-810-710-610-50.00010.001050100150200

Leakage current [A]Voltage [V]Fig. 5 Leakage current of a detector (#1) before irradiation (cross)and 185 days after irradiation (circle). Both currents weremeasured at 0 �C.

00.050.10.150.20.250.30.350.4-2000200400600800

Leakage currents [mA/cm

3

]Time [days]Fig. 6 Time variation of the leakage currents per unit volume forthe four detectors at 0 �C. The dashed curve is the prediction ofFretwurst parameterization.Interstrip CapacitanceInterstrip capacitance was measured between a strip and itsadjacent neighbors on both sides at 1 MHz. The detectors hadfour zones of different widths (4, 6, 8, and 16 mm) for the ACelectrodes. The p-implant had a constant width of 12 mm. Theinter-strip capacitances before irradiation were more clusteredaround 1 pF/cm than the previous measurement [9]. Apossible explanation is the constant width of the p-implantstrips. After irradiation the inter-strip capacitances increasedand also showed a slight variation in time (Fig.˚7). Theincrease was worse for the wider strips. Also noticeable wasthe effect of the different passivation material for the widerstrips. For the 16 mm electrode width, the Si3N4 showed alarger increase than the SiO2 passivation.The fundamental source of the increase is thought to be theinversion of the bulk type. After inversion, the p strips andthe bulk form the ohmic contact instead of being the p-njunction as they were before the irradiation. Another sourcewould be the trapped charge in the (interfaces) of the insulatorsand the bulk.

00.511.522.533.54-2000200400600800

Inter-strip cap (1:2) [pF/cm]time [days]Fig. 7 Time variation of the inter-strip capacitances to theadjacent neighbors on both sides, averaged per zones (circle:4mm, square: 6mm, diamond: 8mm, cross: 16mm-SiO2 passivation,triangle: 16mm-Si3N4 passivation). The data before irradiation aredisplaced for readability.

56789101112-2000200400600800

Coupling cap [pF/cm]time [days]Fig. 8 Time variation of the AC coupling capacitances averagedper the zones and the insulators (O: SiO2, ON: SiO2+Si3N4)(circle: 4mm-O, square: 4mm-ON, diamond: 6mm-O, cross: 8mm-ON, up-triangle: 16mm-O, down-triangle: 16mm-ON).Coupling CapacitanceThe AC coupling capacitor works to decouple the biasvoltage and the leakage current from the amplifier. Thecoupling capacitances, measured at 10 kHz, showed a slightincrease after irradiation but very little variation in time(Fig.˚8). The coupling capacitances were lower for the insulator combination of SiO2 and Si3N4 than for that ofSiO2, mainly due to the thickness. Since there is strongfrequency dependence in the measurement of the couplingcapacitance, the values at 10 kHz are not reflecting theintrinsic capacitance but only relevant for relative comparison.Edge-breakdown Onset VoltageIn strip detectors, the electric field near the p-n junctionstrip is high. The field strength increases when a ground planeis nearby. When the field strength is higher than the criticalstrength required to generate an electron-hole pair in thesilicon, an avalanche occurs, generating additional electricalnoise. This had been observed and we used narrower ACelectrodes to help reduce the field strength [6]. The noisegeneration of the four detectors was measured by keeping thebackplane and the AC electrodes grounded and applying thenegative potential to the p-implant strips.The bias voltages where the edge-breakdown noise waslarger than the thermal noise were plotted as a function of thestrip widths before and after the irradiation (Fig.˚9). Beforeirradiation there was a clear trend that the narrower widthhelped. After irradiation, no excess noise was observed up tothe bias voltage of 150 V, even for the 16 mm width. Thiswas an additional evidence that the bulk had inverted from n-type to p-type. After inversion, the p-implant strip was theohmic contact, instead of being the p-n junction, and the fieldstrength would be much lower than when the p-n junctionexisted there.

05010015020024681012141618

Onset voltage [V]Strip width [mm]Implant strip widthFig. 9 Onset voltage of the edge-breakdown before (circle) andafter (square) the irradiation. Before irradiation there was a cleartrend as a function of the AC electrode width. After irradiation, nobreakdown onset was observed up to the bias voltage of 150 V.IV. CONCLUSIONFour single-sided n-substrate/p-implant silicon stripdetectors were irradiated with 500 MeV protons at TRIUMF toa fluence of 5.7·1013 protons/cm2. The irradiation was doneat room temperature and the detectors were subsequently keptand measured at 0 �C to suppress the anti-annealing effect.Time variations of the detector characteristics were followedfor nearly one year.The full depletion voltage, which reflects the effectivedopant concentration in the bulk, was obtained from the bodycapacitance measurement. The full depletion voltages haveshown an annealing and an anti-annealing effect. Ziock’sparameterization has reproduced the time variation and thevalues well.Leakage currents have also shown an annealing effect.Fretwurst’s parameterization reproduces the result reasonablywell. In detail, the leakage current levels off at a somewhatlarger value; possibly due to effects following type inversionat the exposed p-n junction along the edges of the detector.Inter-strip capacitances increased after irradiation, butshowed some slight annealing over time. The wider strips(i.e. narrower inter-strip gap) showed more significantcapacitance increase. The Si3N4 passivated detectors alsoshowed a larger increase in capacitance than the SiO2 ones.The AC coupling capacitances have shown almost no timevariation.As expected, generation of noise at the strip-edges wasobserved before the irradiation. The noise appeared at lowerbias voltages for the wider AC electrode widths. Afterirradiation, the noise was not observed up to the bias voltageapplied. This can be explained as a result of type-inversion.The p-n junction moved to the backside of the detector and theelectric field was greatly reduced around the p-implant stripswhere there was now an ohmic contact.V. ACKNOWLEDGMENTSThe authors wish to thank TRIUMF for providing us thechance to irradiate the detectors, H.F.-W.˚Sadrozinski forvaluable discussions, and E.˚Fretwurst for providinginformation on the leakage current projection. This work wassupported by the detector R&D project of the US-Japancooperation in Science.VI. REFERENCES[1] For a review: Review of Particle Properties, Phys. Rev.D50(1994)1266[2] Inelastic cross section of 71 mb and the fluence estimation byG. Gorfine, G. Tayler, ATLAS INDET-NO-30, 1993.[3] H.-J. Ziock et al., NIM A342(1994)96[4] A. Chilingarov et al., Contribution paper#943, 27th Int.Conf. High Energy Physics, Glasgow, July, 1994;E.˚Fretwurst et al., NIM A342(1994)119[5] e.g., T. Ohsugi et al., NIM A342(1994)16[6] T. Ohsugi et al., NIM A342(1994)22[7] Hamamatsu Photonics, Co. Ltd, Hamamatsu, Japan[8] TRI-University Meson Facility, funded by the NationalReserach Council of Canada, 4004 Wesbrook Mall,Vancouver, BC, Canada[9] E. Barberis et al., NIM A342(1994)90