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, C.Haber, M.D. 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 module wasirradiated to protons to a fluence of 1.2

· 1014 p/cm2. A beamtest was carried out for the non-irradiated and the irradiateddetector modules. Efficiency, noise occupancy and edgeinsensitive region were analyzed in the beam test data. Thebias voltage dependence of the efficiency showed highefficiency in the non-irradiated detector, and the irradiateddetector for the bias voltages which was about half the fulldepletion voltage. Even for the angled tracks the efficiencywas high for the partial depletion operation. The noiseoccupancy was low (<2

· 10-4) for the 12 cm strips. Themeasurement of the edge region exhibited clear difference ofthe sensitivity under the bias resistance where no extension ofthe n+-implant was fabricated: the non-irradiated detectorshowed sensitivity while the irradiated detector did not. Theresult was also confirmed with the laser light.I. INTRODUCTIONA large area (60 mm

· 60 mm), n-bulk and n-strip readoutsilicon strip detector was fabricated to prototype a detector forthe ATLAS Semiconductor Tracker (SCT)[1]. The ordinarysilicon strip detector is to read out p-strips on n-bulk siliconwafer. The choice of the n-strip readout on n-bulk wafer isbased on a thought that the p-n junction will be n-side after theso-called type inversion when the silicon bulk hasaccumulated a fluence more than a several times 1013particles/cm2. The SCT silicon strip detector is expected toaccumulate more than 1014 p/cm2 in 10 years of operation,and the full depletion voltage would be near 300 V at afluence of 2

· 1014 p/cm2 in the best case when the detectorwere cooled around -10 �C all over the lifetime to suppress theso-called anti-annealing effect of the radiation damage to thebulk. The readout from the p-n junction side will allow anoperation without depleting the silicon bulk fully, thusallowing to apply a bias voltage of 200 V for example, afterthe type inversion and heavily damaged, for easing the overalldesign of the silicon strip detector and the detector moduleincluding the electronics and peripherals.The n-on-n detector is readout from the strips on one-side,thus it is a single-sided detector from the readout point ofview. Semiconductor process wise, it is a double-sidedprocess because the backside, which has to be the p-n junctionside initially, also has to be processed. Since the p-n junctionmoves from the p-side, which is the initial non-irradiated case,to the n-side after the type inversion, it is of interest to test thedetector in both cases and evaluate its tracking performance tothe charged particles.The edge of the readout implant strip (n+) ends about 1mm from the dicing edge of the detector. More in detail, theone side of the strip has a bias resistor made of polysilicontrace. Usually the implant strip extends under the polysiliconresistor to maximize the sensitive region. The prototypedetector used in this beam test had no extension and the n+-implant strip ends near the connection of the polysiliconresistor to the implant strip. In the n-side, the positive oxidecharge in the silicon bulk and the silicon dioxide (SiO2)interface is said to create the electron accumulation layer inthe surface of the silicon bulk and electrically shorts theneighboring strips, thus requiring a p-implant to cut theaccumulation layer. The n-side of this detector has thelithographed p-stop implantation. Although the n+-implanthas a limited area, it may extends to the edge of the p-stopimplantation because of the accumulation layer. Thesensitivity of the area under the polysilicon resistor wouldgive an insight to the understanding.II. N-STRIP ON N-BULK DETECTOROne large area (60 mm · 60 mm), n-bulk and n-stripreadout silicon strip detector was fabricated out of one 4-inchwafer[2]. The n-on-n detector has semiconductormanufacturing process not only in the n-side but also in the p-side to make the p-n junction in the planar geometry. Onedetector out of one wafer and the double-sided process is achallenge for the manufacturer by itself with respect to theyield of the fabrication. The specification of the detector issummarized in Table 1.The resistivity of the bulk was specified to have theminimum and the maximum; the minimum was set not to havetoo high full depletion voltage and the maximum was set tokeep the junction breakdown not to be low. The p-side had alarge area of p-n junction which was lithographed to have abias-potential holding structure to the dicing edge and was covered by aluminum metal to make one large area DC-contact pad.The n+-implant strips were laid out to have a strip pitch of75 micron. The strips were AC-coupled to the aluminumreadout metal strips with a double-layer structure of insulatingmaterials (silicon dioxide(SiO2) and silicon nitride(SiN)) tosuppress the eventual pin-holes in the insulator. Each n+-implant strips were separated with continuous-piece ofcommon p+-stop implantation. The width of the n+-implantstrip of 16 mm was chosen to give a reasonably low inter-stripcapacitance, which is the major factor of the intrinsicequivalent noise charge (ENC) of the detector. The width ofthe p-stop was determined by leaving a space between the n-implant and the p-stop of 8 mm which space allowed a maskalignment error of 1 mm and yet keeping a good separation ofthe n-implant and the p-implant.The n-implant strips were connected to the n-bias railsurrounding the n-strip area through a bias resistor made ofpolysilicon material. The value of 1 MW was chosen to givean acceptable voltage drop for the leakage current at theoperating temperature of -10 �C when heavily damaged, andyet to give a low ENC due to the resistance. Total number ofreadout strips was 768 which was for the 6 readout chips with128 channels each. We called the detector "nn75AC"representing the character of the detector.Table 1 Specification 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

III. 12 CM MODULESUsing two of the nn75AC detectors, a detector modulewith a strip length of 12 cm was made for the beam test (Fig.1). Two detectors were butted and 6 cm strips were wire-bonded to be a 12 cm strip. The readout front-end electronicswas carried on a hybrid traversing the detector near the middleof the 12 cm detector unit to contact the strips in the shortestdistance and to read out in the middle. This geometryminimizes the inter-strip coupling due to the extra linesconnecting the strips to the electronics and the ENC due to thestrip resistance. The hybrid was connected to the PC boardcalled "Support card" which carried the detector andinterfaced the signal cables and the power lines to the back-end electronics sitting in the counting hut separated about 20m. The module was equipped with two detectors reading outin one coordinate thus a single-sided module. Two moduleswere tested: one module with non-irradiated detectors, and theother with detectors irradiated to protons at a fluence of 1.2 ·1014 p/cm2.The readout front-end electronics was made out of pair oftwo chips: the front chip was a bipolar LSI which functionedas a fast amplifier, shaper, and discriminator to make thesignal pulses to on-off signals, and the back LSI was a CMOSdigital buffer to allow pipelining of the signals. Two kind ofbipolar chips were used: one was named LBIC[3] and theother ATT[4], different implementation of the circuitry andthe manufacturer. The LBIC had a shaper peaking time ofabout 22 ns, and the ATT about 35 ns with time-walkcompensation circuitry. The digital buffer chip calledCDP128 was used for both chips and clocked at 40 MHz. Thenon-irradiated detector was readout with the LBIC chips andthe irradiated detector with the ATT chips. The readoutsystem is called "Fast binary readout electronics".

Fig. 1 12cm-detector module assembled onto the support card whichinterfaces the signals and power supplies to the detector and front-end electronics (FEE). The view corresponds when the module islooked from upstream. The strips runs vertically.

IV. PROTON IRRADIATIONThe detector module(ATT) was irradiated with 12 GeVprotons at the KEK Proton Synchrotron in order to investigatean effect of a radiation damage due to high fluence of highenergy protons. The detector module was placed at anupstream of the EP1-A beam line in the north experimentalhall of the KEK-PS. Typical beam intensity was about2

·1012 protons per spill in every 4 sec. The FWHM of thebeam size was about 5 cm (horizontal)

· 3 cm (vertical). Ittook about 8 hours to achieve a fluence of 1.2

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

· 12 cm. The fluenceand its uniformity were measured with the 7Be activationmethod using aluminum foils. The measured fluence was 1.2

· 1014 p/cm2 with an error of 5 % dominated by thecalibration of SSD used for the measurement of activation.The uniformity over the 12 cm length was less than 8 %except one of the far-ends. Details of a KEK-PS irradiationcan be found elsewhere[5]. A bias voltage of 50 V wasapplied to the detector during the irradiation.The detector was enclosed in a thermo-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. Thefirst 5 days in the beam area the temperature was kept at about11 ßC but in the last 7 days it went up to about 32 ßC orsometimes even higher because of a malfunctioning of thethermo unit. After extracting the beam line, the detector waskept in a freezer at a temperature of around -20 �C,occasionally powered up in a room temperature to test themodule for a total of one day long before the beam test.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.The measured full depletion voltage was 210 – 10 V, whichcoincides with the predicted full depletion voltage of 200 Vaccording to the H. Ziock parameterization[6], with thefluence, the temperature history, and a multiplication factor of1.1 for the planar to strip geometry. The beneficial short termannealing had finished and the anti-annealing had took overwhile it was in the beam line. The full depletion voltage ofthe 12 cm module was estimated to be 250 – 30 V dependingon the temperature of the detector while it was powered up.Because of the warm-up in the beam line and the powered-up,we call the condition of the irradiated detector as "1.2 · 1014p/cm2 + Warmup".V. BEAMTEST SETUPThe beam test was carried out in the p2 beam line in the 12GeV proton synchroton at KEK, using 4 GeV/c negativepions. A set of 5 detector modules were aligned in the beamline (Fig. 2): 3 modules, ATT2, ATT4, and UCSC2, to betested (DUT=device-under-test) and 2 modules, UCSC1 andLBIC2, to define a beam particle passage (Anchor). The non-irradiated detector module was UCSC2 and the irradiateddetector module was ATT4. Detector type, pitch, and readoutchip are summarized in Table 2. Since the instrumented areawere different detector by detector, the detectors were alignedas in the figure. To minimize the multiple scattering thedetectors were set as close as possible in a module holdingcrate and rotated as a whole. The rotation was limited lessthan 20 degrees to have overlap of the detectors.Since the irradiated detector drew a large leakage current,the detector was required to be cooled to prevent thermalrunaway and to reduce the amount of the leakage current. Allthe detectors were set in a cold box and operated attemperatures between -5 and 0 �C in the beam test, cooledwith a flow of cold nitrogen gas from the evaporation of theliquid nitrogen. No humidity control was provided in the coldbox. The irradiated detector and the non-irradiated detectorswere biased up to 300 V without breakdown failure. Theirradiated detector, however, showed a thermal runaway at abias voltage of 280 V. Typical leakage currents of thedetectors were about 1 mA in the UCSC2 and about 3 mA inthe ATT4 at a bias voltage of 200 V in the operatingcondition.Table 2. Detector modules used in the beam testReadoutPitchInstrumented

NamesideBulkCoupling[mm]FE chipchip area

AnchorUCSC1nnAC50LBIC3LBIC2pnDC75LBIC6

DUTATT2pnDC75ATT2ATT4nnAC75ATT2UCSC2nnAC75LBIC3

Note: ATT4 = irradiated, Others = non-irradiated

90919293949596979899100050100150200250300350 non-irrad

1.2x1014+Warmup

4.5x1013+Warmup

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

Fig. 3 Variation of the efficiency of the non-irradiated (circle) and ofthe irradiated (cross)as a function of bias voltage at a threshold of 1fC and at the rotation angle of 0 degree. Shown together is the n-sideof the irradiated double-sided detector (diamond) which biasvoltages were scaled assuming the double-sided had a full depletionvoltage of 100 V and the irradiated detector had 300 V.

B. Angle dependence of efficiency

The detectors were rotated up to 17 degrees in the coldbox. The efficiency variations were plotted in Fig. 4. In 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.

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.

10-510-410-310-210-100.511.522.533.54

Non-irrad(150V)

1.2x1014+Warmup(250V)

O c c u p a n c yThreshold [fC]

Fig. 5 Noise occupancy as a function of threshold. The noises above1 fC are a component other than the intrinsic Gaussian noise. Theoccupancy will be reduced with a new "edge-sensitive" digital bufferby the "lifetime" reduction factor for the chips (LBIC=0.6,CAFE=2.5).

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. 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).

C. Noise occupancy

Electrical noise is another important aspect of the siliconstrip detector and readout electronics chain. The noise can beevaluated as a form of noise occupancy which is a hit rate in astrip with noise. The occupancy is the direct measure in thereal experiment. The noise occupancy is plotted in Fig. 5 as afunction of thresholds. There were two components in thenoise occupancy: below 1 fC the occupancy was dominated bythe intrinsic noise of sigma of 0.2 ~ 0.25 fC (1250 ~ 1550 e),above 1 fC there was another component which wasassociated with the track hits. The occupancy of the 12 cmstrip in the 75 mm pitch was <2 · 10-4 in >1 fC with thecurrent chip set.The CDP128 was designed to be "level-sensitive" in whichsignals above a threshold ("life time") is counted in everyclock cycles. A new digital buffer design which will be"edge-sensitive" will reduce the occupancy of the ATT chips,by a factor of 2.5 together with a new CAFE chip[8] with afaster and symmetrical pulse shaping envisaged. The LBICchip will, on the contrary, increase the noise by a reductionfactor of 0.6.Performance of the binary readout electronics is shown inFig. 6 in a scatter plot of the efficiency and the noiseoccupancy at a bias voltage shown in the figure and at arotation angle of 0 degree. Each data point corresponds to athreshold setting associated in the figure. High efficiency of>98 % was achieved with a noise occupancy level of around10-4 up to the threshold of 1.5 fC.

D. Edge insensitive region

The edge insensitive region of the butted two detectors wasmapped by rotating the upstream anchor detector, UCSC1, by90 degrees. The detector had a strip pitch of 50 mm and wasgood enough to scan the interested region of the biasresistance of about 200 mm. Coincidence of the anchor andthe non-irradiated DUT detector, UCSC2, is 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.

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. Theregion was mapped with a 50 mm pitch strip detector orthogonallyaligned to the non-irradiated DUT detector. One detector had about 1mm edge space.The insensitive distances were obtained both for the non-irradiated and the irradiated detectors and are shown in Fig. 8.Together shown in the figure is the distance of the one edge ofthe n+-implant to the other edge of the implant measuredunder the microscope which was 2210 – 10 mm for bothdetectors.The insensitive regions were 1960~1980 mm and2140~2170 mm for the non-irradiated and the irradiateddetectors respectively. The insensitive region was muchnarrower in the non-irradiated detector than the visualinspection. Also, there was systematic difference between thenon-irradiated and the irradiated detectors. The irradiateddetector showed the insensitive distance nearly equal to thevisually measured.

180019002000210022002300050100150200250300

Non-irrad

1.2x1014+Warmup

Visual

Insensitive distance [mm]Bias [V]

Fig. 8 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 striphas been measured visually (2210–10 mm).

-0.500.511.522.50100200300400

Non-irrad(65V)

1.2x1014+Warmup(80V)

DC-pad

Bias resistor

Normalized responsePosition [mm]

Fig. 10 The charge collection under the bias resistor where no n+-implant strip was fabricated has been measured by using a laser light(1064 nm). The laser response was obtained for non-irradiated(circle) and the irradiated (cross) detectors. The areas of the biasresistance (square) and the DC-pad (diamond) are shown together.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 micron pitch andAC-coupled readout on the n-side and one lithographed p-DCpad in the backside to make the p-n junction. Detectormodules of 12 cm strip length were made by butting twodetectors and electrically connected with wire-bonding. Thestrips were read out at the middle of the strip with pairs of fastbipolar amplifier-shaper-discriminator chips and CMOSdigital buffer chips clocked at 40 MHz. One of the 12 cmmodule was irradiated to protons to a fluence of 1.2

· 1014p/cm2, which then experienced warm-up after the irradiation.A beam test was carried out for the non-irradiated and theirradiated detector modules. Efficiency, noise occupancy andedge insensitive region were analyzed in the beam test data.The bias voltage dependence of the efficiency showed highefficiency (>99 %) for the bias voltages (>80 V) in the non-irradiated detector (full depletion voltage ~70 V). Theirradiated detector showed high efficiency (>95 %) for thebias voltages (>140 V) which was about half the full depletionvoltage. Even for the angled tracks (<13 degrees) theefficiency was high (>98 %) for the partial depletion (>180 V)operation. The noise occupancy was low (<2

· 10-4) abovethe threshold of >1 fC for the 12 cm strips.The measurement of the edge region exhibited cleardifference of the sensitivity under the bias resistance where noextension of the n+-implant was fabricated: the non-irradiateddetector showed sensitivity while the irradiated detector didnot. The result was also confirmed with the laser light. Theeffect of the electron accumulation layer was limited in area inthe irradiated detector than that of the non-irradiated case.The detectors were operated at temperatures around -5 �Cto 0 �C with the flow of cold nitrogen gas and sustained thebias voltage up to 300 V both for the non-irradiated and the

irradiated cases without major breakdown, though theirradiated detector showed a thermal runaway at 280 V.VIII. ACKNOWLEDGMENTThe authors thank to the ATLAS SCT collaboration for theuse of the DAQ hardware and to the operation staff of theKEK EP1A beam line for the proton irradiation. One of theauthor, 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] E. Spencer et al., IEEE Trans. Nucl. Sci. 42(1995)796[4] I. Kipnis et al., IEEE Trans. Nucl. Sci. 41(1995)1095[5] S. Terada et al., KEK Preprint 96-77, 1996, to be published inNucl. Instr. Meth.[6] H. Ziock et al., Nucl. Instr. Meth. A342(1994)96[7] Y. Unno et al., IEEE Trans. Nucl. Sci. 43(1996)1175; and KEKpreprint 96-7, to be published in Nucl. Instr. Meth.[8] I. Kipnis et al., CAFE: A complementary bipolar analog front-endintegrated circuit for the ATLAS SCT.[9] Y. Unno et al., KEK preprint 95-197, to be published in Nucl.Instr. Meth.