Beam Test of a Large Area n-on-n Silicon Strip Detector with Fast Binary ReadoutElectronicsY.˚Unno1, M.˚Nakao2, K.˚Fujita3, A.˚Ciocio5, J.˚Dane4, T.˚Dubbs7, J.˚Emes5, M.˚Gilchriese5,A.˚Grillo7, C.˚Haber5, T.˚Handa3, S.˚Holland5, H.˚Iwasaki1, Y.˚Iwata3, S.˚Kashigin7, I.˚Kipnis5,T.˚Kohriki1, T.˚Kondo1, W.˚Kroeger7, J.˚Lozano-Bahilo5, G.˚Moorhead6, T.˚Ohsugi3, S.˚Pier4,B.˚Rowe7, H.F.W.˚Sadrozinski7, M.˚Shapiro5, J.˚Siegrist5, E.˚Spencer7, H.˚Spieler5, N.˚Tamura2,R.˚Takashima8, S.˚Terada1, M.˚Wilder71KEK, Tsukuba, Ibakaki 305, Japan2Okayama˚Univ., Tsushima-naka 3-1-1, Okayama 700, Japan3Hiroshima˚Univ., Kagamiyama 1-3-1, Higashi-Hiroshima, Hiroshima 724, Japan4Univ.˚California,˚Irvine, CA 92717, U.S.A.5LBNL, 1 cyclotron road, Berkeley, CA 94720, U.S.A.6Univ.˚of˚Melbourne, Parkville, Victoria 3052, Australia7Univ.˚California, Santa˚Cruz, CA 95064, U.S.A.8Kyoto Univ. of Education, Fukakusa, Fushimi-ku, Kyoto 612, Japan

Abstract

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 the beamtest data. High efficiency both for the non-irradiated detector,and for the irradiated detector was obtained for bias voltagesdown to about half the full depletion voltage. The noiseoccupancy was low (<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: the non-irradiated detector showedsensitivity while the irradiated detector did not. The result wasconfirmed with laser light.I. INTRODUCTIONA large area silicon strip detector (60 mm

· 60 mm) withn-strip readout electrodes on an n-bulk substrate was fabricatedto prototype a detector for the ATLAS Semiconductor Tracker(SCT) [1]. Typical silicon strip detectors are read out with p-strips on n-bulk silicon. After a fluence of several times 1013particles/cm2, the bulk becomes p-like and the p-strips nowform an ohmic contact, which requires the detector be fullydepleted to maintain electrical isolation between strips. SCTsilicon strip detectors are expected to accumulate more than1014 p/cm2 in 10 years of operation. This would result in adepletion voltage of about 300 V at a fluence of 2

· 1014p/cm2 even in the best case where the detectors were cooled toaround -10 �C throughout their lifetime to suppress theincrease of acceptor-like states after the initial radiation damage(anti-annealing).The choice of n-strip readout on n-bulk material is based onthe idea that the p-n junction will be at the n-side strips aftertype inversion, so that interstrip isolation is maintained evenin partial depletion. This means that the detectors are stillusable at fluences that exceed the limit determined by themaximum safe operating voltage. Rather than the precipitousfailure of double-sided detectors at partial depletion, thisconfiguration yields a gradual deterioration of detectorperformance where usability is ultimately limited byinadequate signal-to-noise ratio. Two-dimensional positioninformation is obtained by mounting two single-sideddetectors in a back-to-back geometry.This potential lifetime advantage comes at the expense offabrication complexity. Although the n-on-n detector is asingle-sided detector for the readout, its fabrication is similarto a double-sided device, because the backside, which isinitially the p-n junction side, requires a guard ring with itsassociated lithographic steps.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-bulksilicon strip detector was fabricated out of one 4-inch wafer[2].As mentioned above, n-on-n detectors require semiconductormanufacturing processing not only on the n-side but also onthe p-side, which by itself presents a challenge for themanufacturer to maintain a high fabrication yield. Thespecification of the detector, designated "nn75AC", issummarized in Table 1.The resistivity of the bulk was specified to have aminimum and a maximum; material was chosen so that theminimum does not yield too high a depletion voltage and the

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 · 6cm

P-side structure:DC-coupled padJunction breakdown ‡300V

N-side structure:Active-to-edge insensitive area £ 1.0 mmPolysilicon bias resistor: 1.0–0.2 MWAC-coupling: SiO2 0.25mm+SiN 0.05mmInterstrip capacitance £10 pF/6cmStrip isolation:Continuos floating p-stop

Strip 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.The support card interfaces the signals and power supplies to thedetector and front-end electronics (FEE). The module is viewedfrom upstream. The strips runs vertically.maximum keeps the junction breakdown sufficiently high.The large-area p-n junction on the backside was lithographedto have a bias-potential holding structure to the dicing edgeand was covered by aluminum metal to make one large areaDC-contact pad.The n+-implant strips were laid out with a strip pitch of 75 m. The strips were AC-coupled to the aluminum readoutmetal strips with a double-layer structure of silicon dioxide(SiO2) and silicon nitride (SiN) to suppress eventual pin-holesin the insulator. The n+-implant strips were separated by acontinuous common p+-stop implantation. The width of then+-implant strip of 16 mm was chosen to give a reasonablylow inter-strip capacitance, which is the major contributor ofthe intrinsic noise of the electronics. The width of the p-stopwas determined by leaving a space between the n-implant andthe p-stop of 8 mm which allowed a mask alignment error of 1mm while maintaining good separation between the n-implantand the p-implant.Although single-sided detectors can be DC coupled to thereadout electronics, the devices used here incorporate integratedcoupling capacitors to block the rather high DC reverse biascurrent due to the radiation damage from flowing into thepreamplifier. Since the strips can be operated at groundpotential the voltage breakdown requirements on thesecapacitors are much reduced with respect to conventionaldouble-sided detectors.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 total number of readoutstrips was 768 requiring 6 readout chips with 128 channelseach.The readout implant strip (n+) ends about 1 mm from thedicing edge of the detector. At the end with the bias resistor,most detectors extend the implant strip under the polysiliconresistor to maximize the sensitive region. The prototypedetector used in this beam test had no such extension so thatthe n+-implant strip ends near the connection of thepolysilicon resistor to the implant strip. On the n-side, thepositive oxide charge at the silicon bulk to silicon dioxide(SiO2) interface creates an electron accumulation layer at thesilicon surface, which electrically shorts the neighboringstrips. In this design an intermediate p-implant cuts theaccumulation layer. Although the n+-implant has a limitedarea, it may extend to the edge of the p-stop implantationbecause of the accumulation layer. The detection sensitivityof the area under the polysilicon resistor may thus give aninsight into this problem.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.

90919293949596979899100050100150200250300350 non-irrad

1.2x1014+Warmup

4.5x1013+Warmup

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

Fig. 3 Variation of the efficiency of the non-irradiated (circle) andof the irradiated (cross)as a function of bias voltage at a thresholdof 1 fC and at the rotation angle of 0 degrees. Shown together isthe n-side of the irradiated double-sided detector (diamond) whichbias voltages scaled assuming the double-sided had a full depletionvoltage of 100 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 fCfor the non-irradiated and the irradiated detectors with varied biasvoltages.and the non-irradiated detectors could be biased up to 300 Vwithout breakdown failure. The irradiated detector, however,went into thermal runaway at a bias voltage of 280 V, due tocooling limitations. Typical leakage currents of the colddetectors were about 1˚mA for UCSC2 and about 3 mA forATT4 at a bias voltage of 200 V.VI. RESULTSThe primary goal of the beam test was to evaluate theefficiency, i.e., the ability to detect a charged particletraversing the detector. Three variables are available for thisinvestigation: 1. The bias voltage of the detector, whichcontrols the depletion thickness, 2. The threshold of thebinary readout electronics, which sets the efficiency and noiseoccupancy, but can also be used to determine the signal pulseheight, and 3. The rotation angle of the detectors, whichdefines the incident angle of the beam particles and changes thenumber of strips over which the track�s charge is distributed.Varying these settings, efficiency was evaluated for the non-irradiated and the irradiated detectors. Based on previous beamtests[8], a nominal threshold of 1 fC was selected to providegood efficiency at a low noise occupancy.In the following analysis, the efficiency was defined by thefollowing criteria: 1. Defining hit-clusters. Contiguous hitstrips were defined as a hit-cluster. The position of the hit-cluster was the geometrical center of the strips; the center ofthe strip if it was a single strip hit, the midpoint between twostrips when it was a two strip hit, etc. 2. Requiring only onecluster in the upstream and the downstream anchor planes, notadjacent to a dead strip/region, and aligned within 500 mmrelative to the incident angle. 3. Finding a hit-cluster in anefficiency window of 500 mm full width centered about theinterpolated position from the anchor clusters. In evaluatingthe noise occupancy, the number of hit strips was countedoutside of twice the efficiency window.Particularly interesting in this beam test was the evaluationof the insensitive region where two detectors were butted.First, there was the insensitive region of about 1 mmsurrounding edge of the each detector: about 2 mm in total. Inaddition to this insensitive region, the n+ implantation of thestrip electrodes did not extend under the bias resistance of alength of about 230 mm in this detector.

A. Bias voltage dependence of efficiency

The full depletion voltages of the non-irradiated and theirradiated detectors were quite different, about 45 V for the non-irradiated and between 200 to 300 V for the irradiated detector.The measured efficiency as a function of the bias voltages isplotted in Fig. 3 at a threshold of 1 fC (we have interpolatedthe efficiency from the neighboring threshold points when the1 fC threshold was not available) and a rotation angle of 0degrees. The non-irradiated detector (circle) was very efficient(>99 %) at the bias voltages above 80˚V. The irradiateddetector (cross) was losing efficiency below 250 V, but wasstill efficient (>95 %) above 140 V.Also shown in the figure is the measurement of the n-sideefficiency (diamond) of an irradiated double-sided detector takenin a previous beam test [8]. To allow a direct comparison, thebias voltages of this detector were scaled so that the fulldepletion voltage, taken at 100 V, was to be at 300˚V. Thegood coincidence of two measurements confirms the generaltrend of the efficiency in the partially depleted regions.

1 0 - 5 1 0 - 4 1 0 - 3 1 0 - 2 1 0 - 1 00 . 5 11 . 5 22 . 5 33 . 5 4

N o n - i r r a d ( 1 5 0 V )

2 x 1 0 1 4 +Warmup(250V)

O c c u p a n c y Threshold [fC]

Fig. 5 Noise occupancy as a function of threshold. The noiseabove 1 fC are a component other than the intrinsic Gaussiannoise. The occupancy will be reduced with a new "edge-sensitive"digital buffer by the "lifetime" reduction factor for the chips(LBIC=0.6, CAFE=2.5).

1 0 - 5 1 0 - 4 1 0 - 3 1 0 - 2 9 7 9 7 . 5 9 8 9 8 . 5 9 9 9 9 . 5 1 0 0

N o n - i r r a d ( 1 5 0 V )

2 x 1 0 1 4 +Warmup(250V)

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

Fig. 6 Efficiency vs. occupancy with the threshold as a parameter.High efficiency was achieved with low noise for the 12 cm striplength. The occupancy will be reduced with a new "edge-sensitive"digital buffer by the "lifetime" reduction factor for the chips(LBIC=0.6, CAFE=2.5).

B. Angle dependence of efficiency

The detectors were rotated up to 17 degrees in the cold box.The efficiency variations are plotted in Fig. 4. At large anglesthe errors were large due to low statistics of tracks. The non-irradiated detector kept high efficiency (>99 %) up to thelargest angle. The irradiated detector also kept high efficiencywhen biased high. Partially depleted operation (>180 V) stillgave good efficiency (>97 %) up to the measured angle of 13degrees.

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. Occupancy is the relevant quantityin a real experiment. The noise occupancy is plotted in Fig. 5as a function of thresholds for the non-irradiated and theirradiated detectors. Both were full or near to full depletion.There were two components in the noise occupancy. Below 1fC the occupancy was dominated by the intrinsic noise:Qn=˚0.2 ~ 0.25 fC rms (1250 ~ 1550 el). Above 1 fC therewas another component which was associated with triggeredevents. The occupancy for a 12 cm strip length and 75 mmpitch was <2 · 10-4 at thresholds >1 fC with the current chipset. No deterioration of the noise occupancy was observed atpartial depletion of the irradiated detector.The CDP128 chips used in this beamtest is "level-sensitive", so that the 40 MHz time slices are filled as long asthe comparator output remains �high�. The new ATLASdigital buffer design will be "edge-sensitive" and fill just onetime slice per hit. The level-sensitive circuitry changes theoccupancy by a factor (time over threshold)/(time sliceduration). This "lifetime" correction factor is 2.5 for theCAFE and 0.6 for the LBIC. The plotted occupancy was notcorrected by these factors.Noise occupancy vs. efficiency at normal incidence for thenon-irradiated and the irradiated detectors are shown in Fig. 6.Each data point corresponds to a threshold setting indicated inthe figure. High efficiency of >98 % was achieved with anoise occupancy level of around 10-4 up to a threshold of1.5˚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. Resultsof the coincidence measurement between the anchor and thenon-irradiated DUT detector, UCSC2, are shown in Fig. 7.The insensitive edge region of about 2 mm was clearlyobserved. By fitting the error function, an insensitive distanceof 1961 – 13 mm was obtained.The insensitive lengths obtained both for the non-irradiatedand the irradiated detectors are shown in Fig. 8. Also shownin the figure is the distance from the one edge of the n+-implant to the implant edge of the adjoining detector measuredunder the microscope, which was 2210 – 10 mm. Theinsensitive regions were 1960~1980 mm and 2140~2170 mmfor the non-irradiated and the irradiated detectors respectively.The insensitive 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.

00.10.20.30.40.50.60.70.8200250300350

Arbitrary countsStrip#Non-irrad(150V), 1 fC1961–13 mm

Fig. 7 Edge insensitive region where two detectors were butted.The region was mapped with a 50 mm pitch strip detectororthogonally aligned to the non-irradiated DUT detector. Onedetector had about 1 mm edge space.

1 8 0 0 1 9 0 0 2 0 0 0 2 1 0 0 2 2 0 0 2 3 0 0 05 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0

N o n - i r r a d

2 x 1 0 1 4 +Warmup

V i s u a l

Insensitive distance [mm]Bias [V]

Fig. 8 Insensitive distances measured with the beam: non-irradiated detector (circle) and the irradiated detector (cross). Thedistance from one edge of the implant to the other edge of theimplant strip has been measured visually (2210–10 mm).A schematic drawing of the structures around thepolysilicon bias resistance is shown in Fig. 9. Since the stripstructure is on the n-side, a p+-blocking implant surrounds then+-strip. The sensitive distance in the non-irradiated detectorwas slightly narrower but consistent with the area surroundedby the p+-blocking implant. It seems like that the n+-implantregion was extended due to the conductive accumulation layer.When irradiated and type-inverted, the sensitive region wasreduced nearly to that of the n+-implant. The effect of theaccumulation layer seemed to be limited in this case.As a cross-check, the sensitivity beneath the bias resistancewas measured with laser light (1064 nm) scanning equipment[9] for the non-irradiated and the irradiated detectors from thesame batch and the same irradiation. The responses are shownin Fig. 10 for the two detectors. There was a clear difference:the non-irradiated detector showed sensitivity under the biasresistance although there was no n+-implant strip, while theirradiated detector showed almost no sensitivity, thusconfirming the observation of the beam test.

- 0 . 5 00 . 5 11 . 5 22 . 5 01 0 0 2 0 0 3 0 0 4 0 0

N o n - i r r a d ( 6 5 V )

1 . 2 x 1 0 1 4 +Warmup(80V)

DC-pad

Bias resistor

N o r m a l i z e d r e s p o n s e Position [mm]

Fig. 10 The charge collection under the bias resistor where no n+-implant strip was fabricated has been measured by using a laserlight (1064 nm). The laser response was obtained for non-irradiated (circle) and the irradiated (cross) detectors. The areas ofthe bias resistance (square) and the DC-pad (diamond) are showntogether.VII. SUMMARYA large area (60 mm

· 60 mm) n-bulk and n-strip readoutsilicon strip detector was prototyped for the ATLAS SCTdetector. The detector had strips with a 75 m pitch and AC-coupled readout on the n-side and one lithographed DC padwith guard structure on the backside to form the pre-radiationp-n junction. Detector modules of 12 cm strip length weremade by butting two detectors and electrically connecting themby wire-bonding. The strips were read out at the middle of the12 cm strip with fast bipolar amplifier-shaper-discriminatorchips and CMOS digital buffer chips clocked at 40 MHz. Oneof the modules was irradiated to protons to a fluence of 1.2

·1014 p/cm2 and subsequently experienced some warm-up,which increased the depletion voltage.A beam test was carried out with the non-irradiated andirradiated detector modules. Efficiency, noise occupancy andthe insensitive edge region were analyzed in the beam test data.The detectors were operated at temperatures around -5˚

�C to0˚�C with the flow of cold nitrogen gas. They sustained biasvoltages up to 300 V both for the non-irradiated and theirradiated devices without major breakdown, although the

irradiated detector showed thermal runaway at 280 V due tocooling limitations.The bias voltage dependence of the efficiency showed highefficiency (>99 %) for bias voltages >80 V in the non-irradiated detector (full depletion voltage ~45 V). Theirradiated detector showed high efficiency (>95 %) for biasvoltages >140 V, which was about half the full depletionvoltage. Even for angled tracks up to 13 degrees incidentangle the efficiency was high (>98 %) at partial depletion(>180 V). The noise occupancy was low (<2

· 10-4) forthresholds >1 fC.The measurement at the edge region exhibited a differencein the sensitivity beneath the bias resistance where noextension of the n+-implant was fabricated: the non-irradiateddetector showed good sensitivity while the irradiated detectordid not. The effect of the electron accumulation layer waslimited in the irradiated detector compared to that of the non-irradiated case. The result was confirmed with laser light.VIII. ACKNOWLEDGMENTSThe authors thank the ATLAS SCT collaboration for theuse of the DAQ hardware and to the operation staff of the KEKEP1A beam line for the proton irradiation. One of theauthors, G. Moorhead, thanks especially to the Foundation forHigh-Energy Accelerator Science for his travel fund. Thework is supported in part by DOE and the US-Japan Scientificcooperation program.IX. REFERENCES[1] ATLAS collaboration, Technical proposal,CERN/LHCC/94-43, 1994[2] Hamamatsu photonics, Ichino-cho, Hamamatsu 435, Japan[3] I. Kipnis, Noise Analysis due to Strip Resistance in theATLAS SCT Silicon Strip Module, LBNL-39307 and onWWW at http://www-atlas.lbl.gov/strips/doc/stripspub.html[4] E. Spencer et al., IEEE Trans. Nucl. Sci.

42(1995)796[5] I. Kipnis, CAFE: A complementary bipolar analog front-end integrated circuit for the ATLAS SCT, LBNL-39207a n d o n W W W a t h t t p : / / w w w - atlas.lbl.gov/strips/doc/reports.html[6] S. Terada et al., KEK Preprint 96-77, 1996, to bepublished in Nucl. Instr. Meth.[7] H. Ziock et al., Nucl. Instr. Meth.

A342

(1994)96[8] Y. Unno et al., IEEE Trans. Nucl. Sci.

43(1996)1175; andKEK preprint 96-7, to be published in Nucl. Instr. Meth.[9] Y. Unno et al., KEK preprint 95-197, to be published inNucl. Instr. Meth.