Beam Test of a Large Area n-on-n Silicon Strip Detector with Fast Binary ReadoutElectronicsY.˚Unno, T.˚Kohriki, S.˚Terada, H.˚Iwasaki, T.˚Kondo, KEK ; M.˚Nakao, N.˚Tamura,

Okayama˚Univ.

;K.˚Fujita, T.˚Handa, Y.˚Iwata, T.˚Ohsugi,

Hiroshima˚Univ.

; J.˚Dane, S.˚Pier,

Univ.˚California,˚Irvine

;A.˚Ciocio, J.˚Emes, M.˚Gilchriese, C.˚Haber, S.˚Holland, I.˚Kipnis, J.˚Lozano-Bahilo, M.˚Shapiro,J.˚Siegrist, H.˚Spieler,

LBNL

; G.˚Moorhead,

Univ.˚of˚Melbourne

; T.˚Dubbs, A.˚Grillo, S.˚Kashigin,W.˚Kroeger, B.˚Rowe, E.˚Spencer, H.F.W.˚Sadrozinski, M.˚Wilder,

Univ.˚California,˚Santa˚Cruz

;R˚Takashima,

Kyoto˚Univ.˚EducationAbstract

A large area (60 mm

· 60 mm) n-bulk and n-strip readoutsilicon strip detector was prototyped for the ATLAS SCTdetector. Detector modules of 12 cm strip length were madeby butting two detectors. One of the 12 cm modules wasirradiated with protons to a fluence of 1.2

· 1014 p/cm2. Abeam test was carried out for the non-irradiated and theirradiated detector modules. Efficiency, noise occupancy andperformance in the edge regions were analyzed using thebeam test data. High efficiency was obtained for the non-irradiated detector and for the irradiated detector for biasvoltages down to about half the full depletion voltage. Thenoise occupancy was <2

· 10-4 for the 12 cm strips. Themeasurement of the edge region exhibited a difference in thesensitivity under the bias resistance where no extension of then+-implant was fabricated.I. INTRODUCTIONA large area silicon strip detector (60 mm

· 60 mm) withn-strip readout electrodes on an n-bulk substrate wasfabricated to prototype a detector for the ATLASSemiconductor Tracker (SCT) [1]. Typical silicon stripdetectors are read out with p-strips on n-bulk silicon. After afluence of several times 1013 particles/cm2, the bulk becomesp-like and the p-strips now form an ohmic contact, whichrequires the detector be fully depleted to maintain electricalisolation between strips. SCT silicon strip detectors areexpected to accumulate more than 1014 p/cm2 in 10 years ofoperation. This would result in a depletion voltage of about300 V at a fluence of 2

· 1014 p/cm2 even in the best casewhere the detectors were cooled to around -10 �C throughouttheir lifetime to suppress the increase of acceptor-like states(anti-annealing).The choice of n-strip readout on n-bulk material is basedon the idea that the p-n junction will be at the n-side stripsafter type inversion, so that interstrip isolation is maintainedeven in partial depletion. This means that the detectors arestill usable at fluences that exceed the limit determined by themaximum safe operating voltage and yields a gradualdeterioration of detector performance where usability isultimately limited by inadequate signal-to-noise ratio.The purpose of this test was to compare the trackingperformance of the n-on-n detector before and after type-inversion and in partial depletion. We also studied the effectsat dead regions at the periphery of the detector, specifically atthe ends of the strips and the biasing structures.II. N-STRIP ON N-BULK DETECTOROne large area (60 mm · 60 mm), n-strip on n-bulk siliconstrip detector was fabricated out of one 4-inch wafer[2]. Then-on-n detectors require semiconductor manufacturingprocessing not only on the n-side but also on the p-side tohave an initial p-n junction, which by itself presents achallenge for the manufacturer to maintain a high fabricationyield. The specification of the detector, designated"nn75AC", is summarized in Table 1.The large-area p-n junction on the backside waslithographed to have a bias-potential holding structure to thedicing edge and was covered by aluminum metal to make onelarge area DC-contact pad. The n+-implant strips were laidout with a strip pitch of 75 mm. The strips were AC-coupledto the aluminum readout metal strips with a double-layerstructure of silicon dioxide (SiO2) and silicon nitride (SiN) tosuppress eventual pin-holes in the insulator. The n+-implantstrips were separated by a continuous common p+-stopimplantation. The width of the n+-implant strip of 16 mm waschosen to give a reasonably low inter-strip capacitance, whichis the major contributor of the intrinsic noise of theelectronics. The width of the p-stop was determined byleaving a space between the n-implant and the p-stop of 8 mmwhich allowed a mask alignment error of 1 mm whilemaintaining good separation between the n-implant and the p-implant.The n-implant strips are biased through polysiliconresistors connected to a bias rail surrounding the n-strip area.A value of 1 MW was chosen to give an acceptable voltagedrop for the leakage current at the operating temperature of-10 �C when heavily damaged, and yet limit their noisecontribution to a few percent.The readout implant strip (n+) ends about 1 mm from thedicing edge of the detector. At the end with the bias resistor,the prototype detector used in this beam test had no implantextension under the polysilicon resistance so that the n+-

Table 1Specification of the n-on-n single-sided silicon strip detector(nn75AC)Detector type:N-bulk, n-strip, AC-coupled, Single-sided

Bulk type:N-bulkResistivity:4~8 kWcmSize (Outer):6 cm · 6cmP-side structure:DC-coupled pad

Junction breakdown ‡300VN-side structure:Active-to-edge insensitive area £ 1.0 mm

Polysilicon bias resistor: 1.0–0.2 MWAC-coupling: SiO2 0.25mm+SiN 0.05mmInterstrip capacitance £10 pF/6cmStrip isolation:Continuos floating p-stopStrip parameters:

Strip pitch:75 mmReadout pitch:75 mmImplant width:16 mmWidth of Al readout:16 mmP-stop width:43 mmGap between implants:8 mmAl thickness:1.5 mmResistance of Al readout:£20 W/cmResistance of implant£100kW/cmDC-contact to implantContact hole/padNumber of strips:(128·6=768 readouts) + 6 dummies

Sensitive width:768·75mm = 57.6 mmLeakage current:Total including guard <25mA at 200VPer strip <50nA at 200V

Fig. 1. 12cm-detector module assembled onto the support card. Thesupport card interfaces the signals and power supplies to the detectorand front-end electronics (FEE). The module is viewed fromupstream. The strips runs vertically.implant strip ends near the connection of the polysiliconresistor to the implant strip.III. MODULESA single-sided detector module with a strip length of 12 cmwas fabricated by butting and wire-bonding two nn75ACdetectors together (Fig. 1). The readout electronics weremounted on a hybrid traversing the detector near the middle ofthe 12 cm detector unit and connected to the strips in themiddle. This geometry minimizes the inter-strip coupling dueto extra lines connecting the strips to the electronics and thenoise contribution due to the strip resistance [3]. The modulewas mounted in a printed-circuit support card used formechanical mounting and interfacing the 20 m long signalcables and power lines to the VME readout electronics sittingin the counting hut. Two modules were tested: one modulewith non-irradiated detectors, and the other with detectorsirradiated with protons to a fluence of 1.2

·1014˚p/cm2. Thereadout hybrid was mounted on the detector after theirradiation of the detectors.The fast binary readout front-end electronics consisted ofpairs of chips: the first chip, implemented in bipolar transistortechnology, comprised a fast amplifier, shaper, anddiscriminator to detect the presence of hits. The second chip,implemented in radiation-hard CMOS, was a clocked digitalpipeline to accommodate the trigger latency time. Two typesof bipolar chip were used - LBIC [4] and CAFE [5] - both withthe same circuit blocks, but differing somewhat in theimplementation of the circuitry and manufacturer. The LBIChad 64 channels per chip with a shaper peaking time of about22 ns, and the CAFE had 128 channels with a peaking time of25 ns. Both chips were operated at a power of about 1 mWper channel. The CDP128 digital buffer chip was used withboth chips, and clocked at 40 MHz. The non-irradiateddetector was read out with the LBIC chips and the irradiateddetector with CAFE chips.IV. PROTON IRRADIATIONThe detectors were irradiated with 12 GeV protons at theKEK Proton Synchrotron. The detector module was placedupstream of the EP1-A beam line. Typical beam intensity wasabout 2

·1012 protons per spill, with a spill every 4 sec. Ittook about 8 hours to achieve a fluence of 1.2

·1014 p/cm2uniformly over the detector area of 6 cm

· 12 cm. Thefluence and its uniformity were measured with the 7Beactivation method using aluminum foils. The measuredfluence was 1.2

· 1014 p/cm2 with an error of 5 % due touncertainties in the activation measurement. Details of theKEK-PS irradiation setup can be found elsewhere [6]. A biasvoltage of 50 V was applied to the detectors during theirradiation.The detector was enclosed in a cold-box cooled with aPeltier thermo unit and kept in the beam area for about 12days after the irradiation until the end of the beam cycle. Forthe first 5 days in the beam area the temperature was kept atabout 11

�C. Due to a failure in the cooling unit in the last 7days it went up to about 30

�C and sometimes even higher.After extraction from the beam line, the detector was kept in afreezer at a temperature of -20 �C. During mounting of theelectronics hybrid and electronic testing the module wasoccasionally powered up at room temperature for a total of40˚hr.The full depletion voltage of the irradiated detector wasestimated from the C-V measurements of two other nn75ACdetectors irradiated at the same time and kept in the freezer.

90919293949596979899100050100150200250300350 non-irrad

1.2x1014+Warmup

4.5x1013+Warmup

Efficiency (@1fC) [%]Bias [V]

Fig. 3 Efficiency of the non-irradiated (circle) and of the irradiated(cross) detectors as a function of bias voltage at a threshold of 1 fCand at the rotation angle of 0 degrees. Shown together is the n-side ofthe irradiated double-sided detector (diamond) which bias voltageswere scaled assuming the double-sided had a full depletion voltage of100 V and the irradiated detector 300 V.

9091929394959697989910005101520

Non-irrad

1.2x1014+Warmup(260V)

1.2x1014+Warmup(250V)

1.2x1014+Warmup(180V)

Efficiency (@1 fC) [%]Angle [deg]

Fig. 4 Angular dependence of the efficiency at a threshold of 1 fC forthe non-irradiated and the irradiated detectors with varied biasvoltages.

10-510-410-310-29797.59898.59999.5100

Non-irrad(150V)

1.2x1014+Warmup(250V)

O c c u p a n c yEfficiency [%]0.99 fC1.15 fC0.79 fC1.35 fC1.58 fC0.60 fC0.92 fC1.23 fC1.55 fC

Fig. 5 Efficiency vs. occupancy with the threshold as a parameter.High efficiency was achieved with low noise for the 12 cm striplength.points when the 1 fC threshold was not available) and arotation angle of 0 degrees. The non-irradiated detector(circle) was very efficient (>99 %) at the bias voltages above80˚V. The irradiated detector (cross) was losing efficiencybelow 250 V, but was still efficient (>95 %) above 140 V.Also shown in the figure is the measurement of the n-sideefficiency (diamond) of an irradiated double-sided detectortaken in a previous beam test [8]. To allow a directcomparison, the bias voltages of this detector were scaled sothat the full depletion voltage, taken at 100 V, was to be at300˚V. The good coincidence of two measurements confirmsthe general trend of the efficiency in the partially depletedregions.

B. Angle dependence of efficiency

The detectors were rotated up to 17 degrees in the coldbox. The efficiency variations are plotted in Fig. 4. At largeangles the errors were large due to low statistics of tracks.The non-irradiated detector kept high efficiency (>99 %) up tothe largest angle. The irradiated detector also kept highefficiency when biased high. Partially depleted operation(>180 V) still gave good efficiency (>97 %) up to themeasured angle of 13 degrees.

C. Noise occupancy

Electronic noise is another important aspect of the siliconstrip detector and readout electronics chain. The noise can beevaluated from the noise occupancy, i.e., the noise hit rate perstrip in a given time slice. The occupancy for a 12 cm striplength and 75 mm pitch was <2 · 10-4 at thresholds >1 fC withthe current chip set. No deterioration of the noise occupancywas observed at partial depletion of the irradiated detector.Noise occupancy vs. efficiency at normal incidence for thenon-irradiated and the irradiated detectors are shown in Fig. 5.Each data point corresponds to a threshold setting indicated inthe figure. High efficiency of >98 % was achieved with anoise occupancy of around 10-4 up to a threshold of 1.5˚fC.

D. Insensitive edge region

The insensitive edge region of the butted detector pair wasmapped by rotating the upstream anchor detector, UCSC1, by90 degrees. This detector had a strip pitch of 50˚mm andprovided sufficient position resolution to scan the interestingregion of the bias resistance of about 230 mm length. Theinsensitive lengths obtained both for the non-irradiated and theirradiated detectors are shown in Fig. 6. Also shown in thefigure is the distance from the one edge of the n+-implant tothe implant edge of the adjoining detector measured under themicroscope, which was 2210 – 10 mm. The insensitiveregions were 1960~1980 mm and 2140~2170 mm for the non-irradiated and the irradiated detectors respectively. Theinsensitive region was much narrower in the non-irradiateddetector than visually observed. Also, there was a systematicdifference between the non-irradiated and the irradiateddetectors. The irradiated detector showed the insensitivedistance nearly equal to the visually measured.A schematic drawing of the structures around thepolysilicon bias resistance is shown in Fig. 7. Since the strip

180019002000210022002300050100150200250300

Non-irrad

1.2x1014+Warmup

Visual

Insensitive distance [mm]Bias [V]

Fig. 6 Insensitive distances measured with the beam: non-irradiateddetector (circle) and the irradiated detector (cross). The distancefrom one edge of the implant to the other edge of the implant strip hasbeen measured visually (2210–10 mm).