SCIPP 95/19October 1995Noise Determination in Silicon Micro StripsT. Dubbs, S. Kashigin, M. Kratzer, W. Kroeger, T. Pulliam, H. F.-W. Sadrozinski,E. Spencer, R. Wichmann, M. Wilder,SCIPP, University of California, Santa Cruz, CA 95064 USAW. Bialas, W. Dabrowski, Krakow FTNT, Krakow, PolandY. Unno, KEK, Tsukuba, JapanT. Ohsugi, Hiroshima University, Hiroshima, JapanAbstractWe report the study of amplifier noise on silicon microstrip detectors. We have used a fast, low noise amplifier-comparator VLSI chip with 22ns shaping time developed forthe LHC to determine the noise at the pre-amp as a function ofstrip length and strip geometry, i.e., interstrip capacitance andohmic strip resistance. In addition, we have tested the noise inirradiated detectors. We have compared the results withsimulations using SPICE. I. INTRODUCTIONIn proposed silicon tracking detectors at future large hadroncolliders like the LHC, the front end electronics has to beefficient and has to limit the noise background from the largenumber of channels. Efficiency and noise can be controlledvia a threshold setting, either implemented in software inanalog schemes, or in hardware in the so-called binary system.This threshold is set at a multiple of the noise sigma (sn), forexample at four times sn in large systems like the silicontrackers for the LHC, to insure a tolerable noise occupancy inthe system. In the planned LHC detector ATLAS [1], thenoise occupancy has to be far below 0.1%. For planning ofthese large systems of more than 5 million channels, aprediction, and measurement, of the anticipated noise isnecessary.In a typical LHC detector system, the shaping of the front-end electronics (FEE) is much faster than 10 MHz, and thenoise contribution from inter-strip capacitance is large, but itis not the only effect. A prediction of noise values based onlyon the measured total capacitance (C), and the noise slope ofthe amplifier measured with discrete capacitors will fail. Inaddition to the capacitance, the ohmic resistance of the strips(R), the coupling from the next neighbor amplifier and theshot noise from leakage currents (iL) in the detector have to beincluded. Furthermore, possible changes due to radiationshould be considered.II. METHOD OF NOISE DETERMINATIONThe noise measurements were performed on silicon stripdetectors read out by fast-shaping FEE. The detectors aredouble-sided, AC-coupled, with 50mm pitch and narrowimplants to minimize the inter-strip capacitance and hence,single channel noise [2]. Their depletion voltage is about 70Vbefore irradiation, and we have varied the bias voltage as partof our test to explore sensitivity to the voltage settings. Thedetectors are 6cm long and 3.4cm wide. For some studies wehave bonded two detectors end-to-end to make a single 12cmmodule in which case the FEE were mounted either close tothe center across the strips, or alternatively off the detector, atthe end. We used a binary read-out, where only the address ofchannels with pulse height exceeding a common threshold isrecorded. It consists of a bipolar amplifier-comparator ASIC(LBIC) [3], and a CMOS 40MHz Digital Pipeline (CPD) [4].Details of the FEE systems can be found in Refs. [3] and [4],here we give only the essential properties; the rise time is22ns, the double hit resolution is 60ns, and the input noisecharge as a function of external capacitance C is sn = 700 +32 * C [e-]. These detector modules were successfully used ina beam test at KEK to determine the sigma-to-noise ratio [4].We employed two methods to determine the noise sigma,one was a calibration procedure, and the other was measuringthe noise occupancy as a function of threshold.As described in Refs. [5,6], the FEE can be calibrated byapplying a pulsed voltage signal to the calibration capacitor of84fF at the input of every channel, which injects a knowncharge into the channel. By measuring the occupancy as afunction of the threshold voltage for several calibration inputs(Qin=0.6,1.1,1.5,2.1,3.1,4.5 fC), the gain and input noise ofthe amplifier-comparator are determined: We fit the occupancycurves to error functions, which are characterized by thethreshold voltages at 50% occupancy, which we call theresponse, and the output sn, which is related to the width ofthe curves (the difference between 88% and 12% occupancypoints is 2.37 * sn = FWHM) In Ref. [6], it was shown thatthe calibration is as good as 3.5% in the response, given thatthe calibration circuits are carefully measured.The noise occupancy is determined as a function of thethreshold voltage, where we measure the occupancy perchannel per time bucket of 25ns. It was shown in Ref. [6],that the noise occupancy is well described by an error functionof (Vth/sn) which for large arguments can be approximated bya gaussian. We have found good agreement between the twomethods, with the noise extracted from the occupancy beingsystematically 10% lower. We prefer the measurement ofnoise occupancy because it is a parameter of primary interest for the performance of the detectors and is sensitive to effectswhich contribute to the occupancy below the 10-3 level.In double-sided detectors (DSSD), the capacitances aredifferent on the two sides and we expect to measure differentnoise values. We have also measured an irradiated detector toassess the performance. This detector was used in asubsequent beam test [7].III. PARAMETRIZATION of NOISEThe observed noise sn can be parametrized in term ofseveral contributions:sn2 = [(so + bc)2 + sR2 + sI2] + ... (1)whereso = noise of the bare amplifier = 700 e-bc = noise slope = 32 e- / pFC = total parasitic capacitancesR = noise due to resistance of metal trace (R = 400 W for6cm)sI = shot noise due to leakage currentIn addition, the noise is increased by about 15% due tocoupling of the noise of the neighboring channels [8], In thefollowing, we will investigate the size of the differentcontributions to the total noise. Smaller order effects, such asdue to the biasing resistors, will not be included.IV. RESISTANCE and CAPACITANCEWe investigated the dependence of the noise on resistanceand capacitance on un-irradiated detectors, where thecontribution from the shot noise is negligible. The ohmicresistance R of the metal trace contributes a noise charge ofsR2 = 0.5 * kT * R * C2/t * 2.71 (2)where t = peaking time of the amplifier. Due to the fact thatthe amplifier is not connected to a discrete resistor andcapacitor, but a network of distributed resistors and capacitors,the resistance noise term contributes less than that indicated ineq. (2). We studied this function by measuring the total noiseof a 6cm detector alone, and of two 6cm detectors bondedtogether to form a 12cm long detector, which was either readout at the end or in the center, i.e. at the place of bonding ofthe two detectors, or at the end. The capacitance seen by theamplifier is the same in both cases, but the resistance isdifferent. Fig. 1 shows the measure noise for the three casesfor both the n-side and p-side of the double sided detectors,which were biased at about 60V. At that voltage, thecapacitance is 1.5pF/cm for the p- (junction-) side and 3.7 pF/cm for the n- (ohmic-) side. In all cases, the contribution ofthe resistance to the noise is reduced to about 30% of thatcalculated from eq 2., due to the distributed network.Compared to the case where the readout is at the end, the noisefor the center read-out is decreased by 11% for the n-side, andby 16% for the p-side. A SPICE simulation, including adistributed R-C network and neighboring channels found areduction of between 10 and 15%, in agreement with ourmeasurement (see Table 1). For ATLAS we will make use ofthis reduction and read out 12cm modules at the center,locating the electronics across the detectors (�center tapped�).Initial beam tests are encouraging as to the pick-up immunityof this arrangement [8].

010002000

Noise Sigma [e- ]3000051015Strip length (cm)n-side ENDp-side ENDn-side CTRp-side CTRFig. 1 Noise sigma�s as function of strip length for both n-and p-side of the DSSD. The 12cm long detector wasmeasured with both center and end connection of the FEE.We have investigated the bias voltage dependence of thenoise. The depletion voltage is about 75V and thus, thedetector is just barely depleted at 80V. While the p-sidecapacitance is independent of bias voltage, the n-sidecapacitance continues to decrease with increased bias [9].Hence the noise on the n-side continues to decrease withincreasing bias. This is shown in Fig. 2, where the noise isshown for a 6cm and 12 cm, center tapped, n-side detector asfunction of bias voltage. In comparison, the noise of the 6cmlong p-side is shown, which is much lower.In Table 1, we prsent the measured capacitances and thepredicted noise sigma�s together with the measured noisesigma�s. The agreement is good on the 10% level.Side L[cm]FEEEnd/CntVBias[V]Ctot[pF]spred[e-]smeas[e-]P6End608.911591100

P12End6016.916991700P12Center6016.914581417N6End6022.518531625N12End6043.529072718N12Center6043.524462428N6End10012.413311370N6End2009.411831180N12Center10021.116151860N12Center20016.314361550Table 1. Comparison of noise sigmas obtained with theoccpancy method (smeas), and SPICE simulations (spred.).V. IRRADIATION We would conclude from the data in Fig. 2, that the n-side has much worse performance than the p-side. However,this is not true after irradiation to fluences of more than 1013p/cm2 of displacing particles (hadrons). At that point, the n-

bulk detectors invert, and the n-side becomes the junction sideand the p-side the ohmic side [10]. Basically, all properties ofthe junction side, i.e. low capacitance and good chargecollection, move to the n-side, while the p-side receives thehigher capacitance and bad charge collection of the ohmic side.The bias voltage dependence of the p-side after inversion is notas extreme as on the pre-irradiation n-side. We show in Ref.[11], that the efficiency to collect charge is much better onthe n-side than on the p-side after inversion. While the p-sideis efficient only when the detector is over-depleted, the n-sideis efficient even at half the depletion voltage. Given that thedepletion voltage increases due to radiation, this makes the n-side the preferred side for operations long time after inversion.

10-610-410-210000.2

Noise Occupancy / Channel0.40.60.81Threshold2 [fC2]6 cm (200 V)6 cm (100 V)12 cm (200V)12 cm (100V)p-side 6cm (100V)Fig. 2 Channel noise occupancy for 6 cm long and 12 cmlong n-side detectors at two different bias voltages. A 6cmlong p-side detector at 100V bias is shown for comparison. In Fig. 3. we show the occupancy as a function ofthreshold for both the n-side and p-side for 6cm long detectorsbefore and after irradiation. We saw in Fig. 2 that the n-side,before inversion, has to be biased to about 150V to reach ourgoal of 10-4 occupancy. After irradiation, the n-side of the6cm detector has a noise occupancy slope which is smallerthan the p-side before irradiation (while the p-side is a littleworse). We can predict, that after irradiation, the n-side noiseof 12 cm long detectors will be below 1500 e-.The shot noise from the leakage current (iL) can bedescribed as:sL2= 2*iL * t/e * F (3)which amounts to sI = 524 * ( iL/mA)0.5 e- for t = 22ns,approximating the shaping constant F = 1. We have measuredthe leakage current at 100V and find iL(100V) = 1.6 mA.Note that this leakage current is of the same size as expectedat the LHC after 10 years of operation, assuming cooling at0oC. Using eq. (3), we expect a noise contribution of about20%, which is consistent with the measured noise of about1100e- on the irradiated detectors.

Noise OccupancyThreshold 2 [ fC2]n-side non-irradiatedp-side non-irradiatedn-side, invertedp-side, invertedFig. 3 Channel noise occupancy for 6cm detectors at 100Vbias. Both the n-side and p-side are shown, before and afterinversion.VI. CONCLUSIONSWe have determined the noise in double-sided silicon microstrip detectors. We find the contribution from the resistancereduced due to the distributed R-C network, and obtain an 11-17% reduction in noise occupancy of a 12cm long detectorwith read-out in the center instead of from the end.The noise on the n-side is bias voltage dependent for un-irradiated detectors and satisfies our goal of 10-4 noiseoccupancy of 12cm long detectors at bias above 150V. In thefuture we will use detectors with 75mm pitch, where weexpect reduced noise because of reduced capacitance and stripresistance.Irradiated detectors exhibit reduced noise on the n-side. Theleakage current contribution to the noise is as expected.The dependence of the noise on capacitance, strip resistanceand leakage current is as expected from SPICE simulations.VII. ACKNOWLEDGMENTS This work was supported in part by the US. Department ofEnergy, the US-Japan Collaborative Program, and the JointResearch of the International Scientific Research Program,Ministry of Education, Science and Culture, Japan.VIII. REFERENCES[1] ATLAS Technical Proposal CERN/LHCC/94-43.[2] T. Ohsugi et al, Double-sided Microstrip Sensors for the Barrelof SDC. Nucl. Instrum. Methods, A342, (1994) 16.[3] E. Spencer et al., A Fast Shaping Low-Power Amplifier-Comparator Integrated Circuit for Silicon Strip Detectors,IEEE. Trans. N.S. 42, (1995) 796.[4] J. DeWitt, A pipeline and Bus Interface Chip for Silicon StripDetector Readout, IEEE N.S. Symp., San Francisco, CA,Nov. 1993. SCIPP 93/37.

[5] J. DeWitt et al., Signal-to-noise in Silicon MicrostripDetectors with Binary Readout, IEEE Trans. N.S. 42, (1995)445.[6] T. Pulliam, Noise Studies on Silicon Microstrip Detectors, UCSanta Cruz Senior Thesis, 1995, SCIPP 95/28.[7] Y. Unno et al., Characterization of DSSD with fast binaryreadout electronics using pion beams, 1995 IEEE N.S.Symp,. San Francisco, CA.[8] H. Spieler et al., A Binary Readout System for Silicon StripDetectors at the LHC, Talk at the LHC Electronics Workshop,Lisbon, Portugal, Sept. 12, 1995.[9] E. Barberis et al., Capacitance in Silicon Microstrip Detectors,Nucl. Instrum. Methods A311 (1994) 90.[10] D. Pitzl et al., Type inversion in Silicon Detectors, Nucl..Instrum. Methods A311 (1992) 98.[11] T. Dubbs et al., Detection Efficiencies for an irradiated double-sided Silicon Strip Detector using a Ru-source, 1995 IEEEN.S. Symp., San Francisco, CA.