ATLAS INDET-6212-09-1994

Silicon Strip Detector for ATLAS SCTY. Unno, T. Ohsugi

1A Specification of theSilicon Strip Detectors for ATLAS SCT

Y. UnnoPhysics, KEKT. OhsugiPhysics, Hiroshima University

Abstract

Considerations on the silicon strip detectors to be used in the ATLAS semiconductortracker are presented. Critical radiation damages on the silicon bulk and on the surfaceoxide are reviewed and preferred choices of technology are listed. Practical parameters,such as size of the detectors, are discussed. The results are summarized in the tables,which items and values are to be taken as a specification of the final detector.

1. Introduction

Based on our knowledge and technologies established for the radiation-hard siliconstrip detector, we would like to propose a specification of the silicon strip detector for theATLAS Semiconductor Tracker (SCT). In the following, we will discuss the radiationenvironment and the considerations on the detector in general in the section 2, the majordetector parameters in the section 3, and, finally, the dimensions of the detectors in thesection 4.

2. General remarks2.1 Radiation level

At a radius of 30 cm, over 3 years of operation with a luminosity of 1

·1033 cm-2s-1and 7 years with 1

·1034 cm-2s-1 afterward, a charged particle fluence of 1.0x1014particles/cm2 in total is expected (corresponding to 27 kGy of absorbed dose in Si) [1].This fluence is counted by the 1 MeV neutron equivalent flux using the non-ionizingenergy loss hypothesis (NIEL). Several hundred MeV protons have about 40% higherdamage than the 1 MeV neutron: 1.43 (1 MeV n/cm2) = 1 (500 MeV p/cm2) [2]. Thisdifference requires some care in comparing a particular result of the proton damage to aprediction.

2.2 Depletion voltage

With the fluence of 1.0x1014 particles/cm2, the resistivity of the silicon will decreaseaccording to the generation of effective acceptor states by traversing particles, and thus,the reverse-bias voltage to deplete the full thickness of the silicon bulk will increase. Apart of the initial effective acceptor states will disappear in time (i.e., annealing); a part of

ATLAS INDET-6212-09-1994

Silicon Strip Detector for ATLAS SCTY. Unno, T. Ohsugi

2the initial effective acceptors is permanently stable; and, there is a component in theeffective acceptor states which increases in time (i.e., anti- or reverse-annealing) [3, 4].The time constants of the annealing and the anti-annealing are found to be verytemperature dependent. When the detector is operated and kept at 0 �C, the detector ispredicted to require a full depletion voltage of 146 V (H. Ziock et al.) or 156 V (E.Fretwurst et al.) for a 300 mm silicon thickness. We have irradiated four detectors with500 MeV protons at a fluence of 0.56x1014 /cm2 and kept them at 0 �C. We have trackedthe full depletion voltage and measured it to be around 70 V at one year after irradiation[5]. When extrapolated linearly with the fluence, it may give a depletion voltage of 130Vor less at 1.0x1014 particles/cm2. Although the coincidence of the three numbers isplausibly well, confirmation must be required for the depletion voltage of the realdetector (to be used in the ATLAS SCT) at the fluence.Although the time constants of the annealing and the anti-annealing aretemperature dependent, because of the competition of the two processes, there is atemperature minimum at -7 �C in the operation temperature (Fig. 1). The valley of thetemperature minimum is rather shallow as seen in the figure. The implication of theshallow valley is the wide tolerance on the detector temperature; D

T~ 10 �C (i.e., -12 ~ -2�C) can be allowed practically for a depletion voltage variation of 10 V.

2.3 p-n junction breakdown with reversed bias voltage

SDC prototype double-sided silicon strip detectors [6] can hold the bias voltage upto 300 V without introducing an excess leakage current. The leakage currents weremeasured up to 200 V for samples before irradiation (Fig. 2) and, up to 300 V for a type-inverted sample after an irradiation of about 1

·1014 protons/cm2 (Fig. 3). The detectorguard structure is the standard of Hamamatsu Photonics (single guard ring (see thesection 3.6.2)).

2.4 Single-sided vs. Double-sided

Using a double-sided detector provides advantages of: reducing material (0.3% Xo

·4 layers = 1.2% Xo); built-in alignment of axial and stereo sides (within 5 mm beingestablished at Hamamatsu). Disadvantages are: requirement for full depletion of thebulk to make the ohmic side work; potentially higher cost.Using a single-sided detector reverses the advantages and the disadvantages of thedouble-sided detector. However, the cost for alignment of the axial and the stereodetectors should be properly evaluated and included. In the case of back-to-back gluing,one must also include the cost of careful handling of the detectors in the gluing process.Also, one needs to evaluate the stress to the detector being caused by hardening of theglue by irradiation and to find a method to provide a potential to the middle plane.Considering the expected bias potential of below 200 V, even including over-depletion, there is no fundamental limitation to use either type of detectors.

2.5 AC coupling vs. DC coupling

The AC coupling detector avoids the large leakage current flowing into theamplifier (estimated to be 2mA/strip at maximum), easing the design of the amplifier,and at the end, giving a better amplifier performance in noise, a better material budget,

ATLAS INDET-6212-09-1994

Silicon Strip Detector for ATLAS SCTY. Unno, T. Ohsugi

3etc. DC coupling forces to use a single-sided detector or a double-side detector withamplifier floating. The AC coupling design has obvious advantages.Concern of the AC coupling is the breakdown and/or the reliability of the(integrated) AC coupling capacitors. The fatal breakdown voltage of the double layer ofSiO2 (2000 A) and Si3N4 (500 A) is measured to be more than 200 V (Fig. 4). Yield of theAC coupling is being improved. DELPHI double-sided detectors (double layer of SiO2and Si3N4) are achieving less than 1% loss in production [7].Even though the loss is less than 1%, there would be a shorted coupling capacitor.The shorts can be detected in the initial burn-in phase and can be detached from theamplifier (by mechanically de-bonding or by burning out a trace by laser).

2.6 Interface fixed oxide charge

Silicon strip detectors are processed to have a so-called passivation layer of SiO2 toprotect the surface. In case of an AC coupling detector, the coupling layer over theimplant strip is also made of SiO2 (sometimes together with other material such asSi3N4). It is known that the ionization radiation creates a positively ionized oxide layer atthe interface between these SiO2 layers and the bulk of silicon (which is called as theinterface fixed oxide charge). The charge density of the interface starts to saturate at avalue of about 2

·1012 e/cm2 around a dose of 2 kGy (corresponding to the fluence of0.7

·1013 p/cm2)[8].

2.7 Micro discharge at strip edge

Micro-discharge at the strip edge is caused when the electric field along the stripedge is stronger than that of the avalanche breakdown of the silicon (about 30V/mm).The strong field is generated by three factors: (1) the reverse-bias voltage applied todeplete the silicon bulk (potentially severer at the p-n junction side), (2) the voltagedifference between implant strip and the readout electrode in the case of AC coupling,and (3) the electric field generated by the accumulated interface positive oxide charge.In the factor (2), one has a choice to have a full (or faction) of bias voltage differenceon the AC coupling by grounding the AC electrode (with grounded amplifiers) or nulldifference by floating the amplifiers. In the case of having a voltage difference, the fieldconcentration can be mitigated by designing the AC electrode narrower than the implantstrip. The SDC DSSD is designed to have a width of 12 mm of the implant and a width of6 mm of the AC electrode [9]; it has achieved the discharge starting voltage of more than150 V (Fig. 4 (a) p-side, (b) n-side). This is before irradiation.The effect of the interface oxide charge is being vigorously investigated byirradiating g’s in Japan. After accumulating radiation, the factor (3) is found to have alarge effect [10]. A preliminary result is that the effect of the trapped oxide chargedominates over the effect of the potential difference on the AC coupling. Grounding orfloating the amplifier may make no difference. This might be true for the DC couplingdetector, too, because it also has a SiO2 passivation over the surface. To ease the microdischarge even in the oxide charge accumulation, one needs to improve the implant-stripedge itself not to make the electric field concentrate. We are making an attempt to havethe doping level of the implant denser and the depth of the implant deeper, etc.

ATLAS INDET-6212-09-1994

Silicon Strip Detector for ATLAS SCTY. Unno, T. Ohsugi

43. Detector Parameters

We will discuss specific parameters of the detector in the following. The parametersare summarized in Table I and III as a spec in addition to miscellaneous columns. TableII gives the SDC DSSD spec for a reference.

3.1 Initial leakage current

To assure the quality of a detector, one can use the (initial) leakage current as anindicator of the fabrication process. The leakage current is less than 10 nA/cm2 for agood sample (with a 300 mm thickness) in experience. Tolerance would be 1 mA/cm2 and40 mA/detector in case of a 6 cm · 6cm detector.For a strip detector, it would be also better to specify the (initial) leakage current perstrip to assure the strip quality. From the 1 mA/cm2 tolerance, one would specify, e.g., 60nA/strip for 100 mm pitch of 6 cm detector.

3.2 Bias resistor3.2.1 Resistance value

Unlike the previous experiments, e.g., in LEP, the ATLAS silicon strip detectors willexperience a large bulk damage in silicon, which leads to a large leakage current throughthe bulk and the maximum is set about 2mA/strip (at 200 V bias) at the fluence of 1014p/cm2. This leakage current induces a voltage drop in the bias feeding resistance. Itwould be better to have a smaller voltage drop in the resistor (e.g., extra heat generation).To limit the voltage drop within a reasonable value, e.g., 2 V, the bias resistance shouldbe less than 1 MW.The bias resistance generates an equivalent-noise-charge of the preamplifier of

ENC kT Rm b

∝ 4 τ /

. (1)The ENC is 250 electron for

Rb=1 M

W and

tm=100 ns, which is reasonable compared withthe input transistor noise of the amplifier of more than 1,000 electron. A faster shapingprovides a room to reduce the resistance for the equal amount of the noise, e.g.

Rb=250k

W fortm=25 ns.

3.2.2 Type of the bias resistor

We have studied two different types of bias feeding method [11]: (1) punch-throughgap on a junction side and an accumulation layer resistance on an ohmic contact side; (2)Polycrystalline silicon resistors on both sides. Before irradiation both types worked wellas characterized to have stable depletion voltage. As the radiation dose of 65 MeVprotons accumulated, the voltage drop over the punch-thru/accumulation layerresistance increased, by more than 10 V (at a bias potential of 80 V) at 40 kGy, possiblydue to the effect of the oxide charge. The polysilicon resistance was stable and theincrease of the voltage drop was about 50 mV.

5FOXFET (-"reach-through") scheme is a variation of the punch-through method [12].The scheme needs to prove the radiation hardness against the oxide charge accumulation.Because of the stability of the resistance and simplicity in operation, we would prefer thepolysilicon resistor.

3.3 Single-sided Silicon Strip Detector3.3.1 Type of bulk and type of implant strip

Due to the creation of effective acceptor states in the bulk by radiation, the n-typebulk will transmute into p-type around a fluence of 2

·1013 p/cm2. This type inversionmeans that the p-n junction will move from one side to the other. The n-bulk detectorrequires a fabrication process so that the p-n junction in the other side works reliablyafter type-inversion.The n-bulk/p-implant detector requires a care on the backside so that it can be thep-n junction after type-inversion, and also requires full depletion to isolate the p-implantstrips in the (type-inverted) p-bulk. The p-bulk/n-implant detector will not invert anddoes not require full depletion to isolate the n-strips. The n-bulk/n-implant detector willbecome the p-type/n-implant detector. However, this n-bulk/n-implant detectorrequires the p-n junction in the backside in the initial fabrication which is essentially adouble-sided processing; the cost of this detector is high. A pair of this single-sideddetector is more costlier than one double-sided detector [4]. We would prefer the p-typebulk for the single-sided detector. Since the p-type bulk is not the industry standard, itmight be costlier than the n-type detector.The bulk resistivity is naturally high due to the slower mobility of the majoritycarrier. The initial resistivity would be required to be more than 14 k

W-cm to give a fulldepletion voltage of less than 70 V. Little knowledge is gained for the bulk damage of thep-bulk. If the removal of the initial acceptor level will not occur, then the createdeffective acceptor level would pile up over the initial acceptor linearly, and the fulldepletion voltage may become more than 200 V. We need to confirm the full depletionvoltage to the expected fluence of 1014 particles/cm2.

3.3.2 Implant type of the silicon strip

We would prefer n-type.

3.3.3 Isolation of p-n junction side

Accumulation of the (interface) positive oxide charges in the SiO2 ACcoupling/passivation layer will help to deplete the region between the n-strips byexpelling the majority carrier of holes in the p-bulk. However, the same fixed oxidecharges may create a thin accumulation layer of electrons very near the surface, making athin layer of effective n-type bulk and, thus, decreasing the isolation of the n-strips. Toavoid this thin accumulation layer, a dense implantation of p material near the surface ofthe silicon is required, e.g., implanting a p+ blocking line or spraying p+.

3.4 Double-sided Silicon Strip Detector

63.4.1 Type of the silicon waferAn n-type bulk is preferred. Since a double-side detector will require the double-side processing, there is no fundamental requirement on the type of the bulk. Since then-bulk silicon wafer is the industry standard, it would be less costly.

3.4.2 Isolation of p-n junction side

The initial p-n junction will become a p-p ohmic contact after the type inversion ofthe bulk. Meanwhile, there is the accumulation of the (interface) fixed oxide charge in theSiO2 AC coupling/passivation layer This fixed oxide charge will help to deplete theregion between the p-strips, and, since the implanted strip is p-type, the possible thinelectron-accumulation layer of effective n-bulk will form a p-n junction and will notdegrade the isolation. No special structure is required in this side.

3.4.3 Isolation of n-side (Ohmic-contact side)

To isolate the n-strips (in the n-bulk) a structure is required between the n-strips.An MOS-type electrode works to deplete the surface region. As the radiationaccumulates, the potential to the MOS-type electrode increases steeply, up to 20V for adose of 10 kGy to compensate the effect of the accumulated oxide charge [13]. A variationof this method is having the AC electrode wider than the implant so that the potential ofthe AC electrode works as the MOS electrode. This wider electrode will generate a noiseby the micro-discharge at the strip edge, if the potential difference is put on the ACcoupling, or even if no potential difference but with the accumulated fixed oxide charges.Another way to isolate the n-strips is to implant a p-type layer between them,implanting a p+ blocking line (or spraying p+). The required implantation density isobtained experimentally. Since the charge density of the interface oxide charge is large,although saturating around 2

·1012 e/cm2, the density of p+ implantation is required tobe as large as 1·1014 borons/cm2; otherwise the possible electron-accumulation layer bythe oxide charge degrades the n-strip isolation [14]. This p+-blocking-line and the densityare still required after the type-inversion since the effective acceptor density after thefluence of 1014 particle/cm2 is still order of 109 e/cm2 (1 mm thickness of the volumedensity of 1013 e/cm2), which is much smaller than the oxide charge density of 1012e/cm2.The p+ method is simple, straight-forward, and care-free over the MOS method.The effect of p+ spraying of this density over the implant strip is unknown (at least forthe authors). We would prefer the p+ blocking line for the isolation of the n-strips.

3.5. Silicon Wafer thickness

The full depletion voltage of the silicon detector is proportional to the square of thedepletion thickness. A 250 mm thickness detector still gives enough electron-hole pairs[15], and is clearly preferable. However, the 300 mm thickness is the industry standard forthe 4-inch wafer. Also, a concern on cracking the 250 mm wafer during the

7semiconductor processing is expressed by a manufacturer. We would require a pre-production of enough quantity to learn the yield of the 250 mm thick detector.

3.6. Distance from the active region to the dicing line center3.6.1 Dicing width

Industry standard (for IC chip production) is not the full-thickness cutting: sawinghalf-depth and cracking. This introduces large chip on the rim. Hamamatsu rule (of thesilicon detector) is the full-cutting. The product is proved to have a very clean cuttingsurface and very small chip on the rim. The cutout width is 60 mm. The edge of the realdetector is 30 mm narrower than the dicing line center.We have measured 20 cut-samples (6 cm·3.4 cm) and the error of the size is <3 mm(one standard deviation). Thus, a (achievable) tolerance would be 4~5 sigma’s, i.e.,–12~15 mm.

3.6.2 Width of edge inactive region

Hamamatsu detector has an inactive region around the edge (Fig. 5). The region ismade of the bias ring, the guard ring (20 mm width underneath the bias ring), clear space(150 mm width), and a metal band (350 mm width). The edge of the implant strip is 100mm away from the outer edge of the bias ring. In total, a width of 600 mm of the edgeinactive region is surrounding the active strip area. With this design the SDC DSSDholds a bias potential of more than 300 V.

84. Overall dimension of a detector4.1 Maximum areaThe most cost effective way of using a silicon wafer is to use the maximum area outof a wafer. There is a "stay-clear" region around the edge of the wafer where the processquality is getting worse. The general rule is to have a 5 mm of stay-clear in the 4-inch(10.0 cm diameter) wafer. The usable diameter is, then,

D=90 mm. The relation betweenthe length (L) and the width (

W) of a rectangular detector is^{W D L= −2 2}(2)The maximum usage is to have a square (

W=L=63.6 mm) or nearly square shape (e.g.,

L=60 mm,

W=67 mm) (Fig. 6).4.2 Length

For a small-stereo angle detector, when two detectors are bonded in length wise toform a longer detector, the length of the single detector is quantized. The imposedassumptions are:(1) A stereo strip of one detector is a geometrical continuation of the stereo strip ofthe other detector (when electrically bonded). Since two detectors are identical, the twostrips are repetition (n times) of the stereo strips (Fig. 7).(2) The pitch of the bonding pads (to readout chips) is set identical for the axialstrips and the stereo strips. The justification for this assumption is to use the identicalhybrid and the identical bonding method for both axial and stereo detectors. With thisassumption, the pitch of the stereo strips (

ps; measured normal to the strip) becomesslightly smaller than that of the axial strips (

pa) by cos

Y, where

Y is the stereo angle, i.e., ps =pa cosY.With these two assumptions, the relation on the pitch

p (of the axial strip, i.e., pa)and the lengthL is

np L= sinΨ

, (3)then,

L np = sinΨ

. (4)For a stereo angle of 40 mrad and an (axial strip) pitch of 50 mm, the length L isquantized to 5n (mm), i.e., 55, 60, 65 mm. For a pitch of 75 mm, the length is 3.75n (mm),i.e., 56.25, 60, 63.75 mm. Although quantized, there is infinite number of choices for thelength, e.g., slightly different choice of the stereo angle gives slightly different length.Among the infinite choices, a length of 60 mm looks very reasonable for the numberssuch as the pitch of 50 or 75 mm and the stereo angle of 40 mrad.

9The length L is of the ideal detector with ideal strips. With the requirement for aspace for dicing and edge structures, the (ideal) detector length should be kept at L; theactual detector is smaller by the dicing cutout (60 mm) and actual strip length is shortenedby the space required for the edge structures. When two detectors are butt-glued, theideal detectors (length L) are to be glued with no gap. In the real life, the dicing cut-out(60 mm) is just perfect for filling the glue (Fig. 8).

4.3 Width4.3.1 Width of the axial strip detector

Width of the detector is primarily determined by the number of readout strips. Areadout chip may have a 128 readout channels, and the total readout region is a multipleof 128 channels. Besides the readout region, the detector needs to include the fieldshaping regions and the edge inactive region. Hamamatsu rule is to have a 300 mm forthe field shaping and a 600 mm for the edge inactive region, in total of 900 mm per side.With a strip pitch (

p) and a multiple of 128 ch chips (n), the total width of the detector (

W)isW = 128np + 1.8 (mm)(5)For a 50 (100) mm pitch and with n=10(5) chips, the readout region is 64.0 mm andthe total width is W=65.8 mm. For a 75 mm pitch and n=6 (7), the readout area is 57.6(67.2) mm and the total width is 59.4 (69) mm. The 7-chip 75 mm-pitch design is out of themaximum available width of 67 mm.

4.3.2. Concepts for the stereo strip detector

There are two ways to make the stereo strips: skew the whole axial detector by thestereo angle (=rotating solution); skew the stereo strip pattern by the stereo angle in arectangular detector (=stereo detector solution). In the case of double-sided detectors, thelatter choice is the only available one. For the back-to-back gluing of two single-sideddetectors, those two choices are available. After the consideration discussed below, withthe readout electronics placed in the center of the 12 cm detector (2 x 6 cm), the rotatingsolution gives the same dead area as the stereo detector solution for the

f and zoverlapping. Considering the awkwardness of the edge pattern of the rotating solution,we would prefer the stereo detector solution. The incremental cost for making anotherset of mask for the stereo pattern would be negligibly small for the production of 18 m2 ofsilicon detectors.4.3.3 Width of the stereo strip detectorCase (1)

: Electronics at the end of the 12 cm detector - Because of the stereo angle,the stereo strip side requires an offset of

LtanY. For a 12 cm detector and a stereo angleof

Y=40 mrad, the offset is 4.8 mm (Fig. 9). The triangular regions, which has no readoutconnection, still works as the field shaping. Thus, no field shaping region is required.Adding the offset of

Woff=4.8 mm and the edge inactive region of

Wedge=1.2 mm, thestereo side requires an extra width of 6.0 mm. Adding the extra width to the readout

10region, the width becomes 70.0 (63.6) mm for the 50 (75) mm pitch. The 50 mm pitchdetector exceeds the maximum available width of 67 mm by 3.0 mm. One can limit thewidth to 67 mm by reducing the (full-length) readout region to 61.0 mm.

Case (2)

: Electronics at the center of the 12 cm detector - In this case, the offset isreduced to that of 6 cm detector and is

Woff=2.4 mm (Fig. 10). However, since the readoutregion is reaching the side-edge, we don’t need to add the extra region corresponding tothe offset of 2.4 mm, but we do need the field shaping region of 300 mm. Thus,

Wedge=1.8mm. The total width is equal to that of the axial side: 65.8 (59.4) mm for the 50 (75) mmpitch.

Case (3)

: Extra fan-in connection - In case we have an extra fan-in connection, wecan map the strips even in the triangular region to the electronics (Fig. 11). Full stereodetector strips are read out, i.e.,

Woff=0 mm. Since we need to read out the extra region,we have options either putting more readout electronics or reduce the number of strips,i.e., widening the strip pitch. Widening the strip pitch might be a practical choice, but wewill loose the advantage of using the same readout hybrid on the axial and the stereosides; we need full-width fan-in connection. Also, we need to re-define the detectorlength and/or the stereo angle. The extra width is for field shaping and for the inactiveregion. Thus,

Wedge=1.8 mm, and the total width is the same as the axial side.

114.3.4 Overlapping the detectors infand zStereo-detector-solution - To have a continuous coverage inf direction (and inzdirection), adjacent detectors are to be overlapped. Since the stereo detector is the widerone, we will discuss the overlap of this detector. We require to overlap the width of thetriangular region (

Woff) and the edge inactive space (

Wedge). In addition, we require tooverlap 2.5 strips per one side. Then, the total overlap width becomes

Wf=Woff+Wedge+5·p. (6)The widths for each case of the section 4.3.2 is listed in Table III. The overlap width is 7.0(7.9)% to the readout region for the readout pitch of 50 (75) mm for the case (2): electronicsat center.In the

z direction, since the edge of the detector is rectangle, the required overlap isthe sum of the edge inactive region and the similar sensitive space corresponding to the2.5 strips:Wz=Winactive+5·p = 1.2 mm + 5·p. (7)Rotating-solution

- When making the stereo side by rotating the axial detector, theoffset is null in the

f direction, and thus, the f overlap can be minimum (Fig. 12).However, when we look at thez direction, there is an offset of

Woff=

WtanY, which istypically 2.4 mm (assuming a typical width of

W=60 mm). Since the detectors are alignedinf, we need the similar overlap quantity as in the eq. (6) to overlap the corners. Theoverlap width isWz=Woff+Wedge+5·p. (8)The rotating solution will help in thef direction but require the overlap in thez directionmore; No improvement over the case (2).4.3.5 Double-metal design of the stereo strips

If the disappearing strips out of a side can be folded to the appearing strips in theother side, there is no requirement for the extra width (Fig. 13). The stereo-side widthcan be as same as that of the axial-side. Although a fraction of stereo strips covers tworegions geometrically, they will not give two-dimensional confusion (for the stereo angleof 40 mrad and a detector length of 12 cm) because no axial strip crosses the folded stereostrip in two points. This folding can be done by external connection, e.g., double-metallayer which is the least labor intensive for the connection (although the processintensive).Incremental capacitance of the folded stereo strips - The double-metal layer usuallyincreases the total detector capacitance due to the extra interstrip capacitance of the extratraces, along with the cross-over capacitance. Since the extra connecting traces are placedvery sparsely (

d=pitch/tanY: 1.25 mm for a pitch of 50 mm), the incremental interstrip

ATLAS INDET-6212-09-1994Silicon Strip Detector for ATLAS SCTY. Unno, T. Ohsugi

12capacitance is expected to be small. The interstrip capacitance (per unit length) isapproximately given by

C d a = πε log( / )

(9)and the incremental capacitance (for a width of the trace of

a=10 mm) is^{C C p ad a'/ log( / )log( / )=} = 33 %. (10)Using a typical 1 pF/cm capacitance (dominated by the interstrip capacitance), the 12 cmstrip has a total capacitance of 12 pF, and the incremental capacitance would be 4 pF.The additional cross-over capacitance (n=600~1300 cross-overs, insulator thicknessof

g=5 mm, e=4e

o (SiO2)) is estimated as

C n a g ≈ 4

2 ε = 1.7~3.7 pF. (11)Total incremental is 6~8 pF, i.e., 48~67 % increase; the total strip capacitance would be18~20 pF.

4.4 Tilt angle of the detectors

There are two ways to overlap the adjacent detectors in r-

f direction: (1) No tiltingand changing the radius of the detectors; (2) tilting the detectors and keeping the medianof the detector radius constant. There is a good point in tilting the detectors besidesmaking overlap, i.e., improving the spatial resolution by creating the charge sharingregion.The maximum charge sharing is achieved by making the charge carriers spread overbetween two strips. Without a magnetic field, the swath of the carrier (Do) at a tilt angle(c) isDo=dtanc(12)where d is the thickness of the detector (d

=300 mm). Equating the swath to the strip pitch(

p) gives the tilt angle of 9.5� (p=50 mm), or 14.0� (p=75 mm). A magnetic field deflects thecarrier and change the relation.In the case of single-sided detector, only one type of bulk, i.e., one type of chargecarrier, can be chosen. We take p-bulk and electrons. The deflection distance of thefurthest carrier isD-=mBe

Bd. (13)

13Since the Hall mobility of electrons is large, mBe=1391 cm2V-1s-1[16], the deflection is alsolarge, 83.5 mm, at

B=2 Tesla. A tilt angle is required to compensate the deflection so thatthe corrected swath to become the pitch asp

=D=D--Do(14)and,c=tan-1((

mBeBd - p

)/d). (15)The tilt angle is 6.4� (

p=50 mm) or 1.6� (

p=75 mm).In the case of double-sided detector, there are two types of charge carrier, i.e.,electrons and holes. Instead of making the swath to equal the pitch, we need to choosethe swath of electrons and the swath of holes to be equal to balance the both resolutions,i.e.,D++Do = D--Do . (16)From the relation, the tilt angle becomesc=tan-1((mBe-mBh)

B/2) (17)which is 6.1� using the Hall mobility of holes, mBh=325 cm2V-1s-1[14]. The swath is about50 mm.

14Table I. A specification of the ATLAS silicon strip detectorSingle-sidedDouble-sidedComment/RequirementDimensionLength60 mm60 mmDicingline centerWidthTable IIITable III<67 mmEdge space0.6 mm0.6 mmVbias>300V, Hamamatsu ruleBulkTypep-typen-typeat BOLResistivity>14 k

W-cm4~8 k

W-cmat BOL,Vdep <70 Vvariance£10%£10%Thickness250~300 mm250~300 mmvariance<3%<3%Implant stripTypen-typep-type, n-typeDensityMDMDVdischarge >80V at EOLDepthMDMDVdischarge >80V at EOLAxial pitch (pa)Table IIITable IIIStereo pitch (ps)pacosYpacosYY: StereoangleStrip widthTBDTBDIsolation of n-stripsp+ blocking linep+ blocking lineResistance>>Rb>>Rbat EOL

15Table I cont’d...Bias resistorResistance (Rb)250k~1MW250k~1MWfortm=25~100ns, at EOLvariance£20%£20%methodPolysiliconPolysiliconVdrop<2V at EOLAC coupling & electrodeMaterialSiO2+Si3N4SiO2+Si3N4Vbreakdown >150VLoss<1%/detector<1%/detectorCapacitance >10·Cdet>10·CdetChargecollectionElectrodeAluminumAluminumwidthTBDTBDStrip-edge dischargeresistance<30W/cm<30W/cmSignaldispersionBonding padSize50·150 mm250·150 mm2ReinforcementRequiredRequiredNobreakage with Al-wire bondingPassivationSiO2SiO2Entiredetector except the bonding padsLeakage currentRoomtemp. at BOL<60nA/strip<60nA/stripVbias=100V<40mA/detector<40mA/detectorVbias=300V

Note:The range of value means that a final value will be chosen within the range.BOL=Beginning of Life (i.e., before irradiated)EOL=End of life (i.e., 1.0·1014 particles/cm2 and/or 27 kGy of g’s)MD=Manufacturer dependent, TBD=To be determined

16Table II. Example: SDC Double-sided silicon strip detector, a reference

Double-sidedComment

DimensionLength60 mmDicing line centerWidth34.1 mmTwo from one 10 cm waferEdge space0.6 mmVbias >300VBulkTypen-typeResistivity4~8 k

W-cmvariance£10%Thickness300 mmvariance<3%Implant stripTypep-, n-typeDensityMDVdischarge >80V at EOLDepthMDVdischarge >80V at EOLAxial pitch (pa)50 mmStereo pitch (ps)pacosYY: 10 mradStrip width12 mmIsolation of n-stripsP+ blocking line1·1014 borons/cm2, 26 mmwide, ~1mm deepResistance>>Rbat EOL

17Table II cont’d ...Bias resistorResistance (Rb)250kWfortm=20nsvariance£20%methodPolysiliconstable till EOLAC coupling & electrodeMaterialSiO2+Si3N4Vbreakdown >150VLoss<1%/detectorCapacitance 20 pF/cmElectrodeAluminumAluminumwidth6 mmGrounded amplifier,Vdischarge >80Vresistance50W/cmBonding padSize50·150 mm2ReinforcementPolysiliconNo breakage with Al-wirebondingPassivationSiO2Entire detector except thebonding padsLeakage current<100nA/stripVbias=100V at BOL<1mA/detectorVbias=100V at BOL

Note: Expected EOL accumulated radiation level is 1~2·1014 charged particles/cm2.

18Table III. Detector dimensions and operation contidionsPitch(*)50(100) mm75 mmComment/Requirement

Length60 mm60 mmDicingline centerWidth<67 mmAxial 65.8 mm59.4 mmpitch (pa)50(100) mm75 mmreadout strips1280(640)768Full 12cmreadout width64.0 mm57.6 mmfield shaping2·0.3 mm2·0.3 mmedge space2·0.6 mm2·0.6 mmStereo 65.8/67/65.8 mm59.4/63.6/59.4 mmElec:Center/End/Fan-outpitch (ps)pacosYpacosYY: Stereoangle = 40 mradreadout strips1280(640)768readout width (WR)64/61/64 mm57.6/57.6/57.6 mmoffset (Woff)2.4/4.8/0 mm2.4/4.8/0 mmedge space (Wedge)1.8/1.2/1.8 mm1.8/1.2/1.8 mmOverlap fraction (f)7.0/10.3/3.2 %7.9/11.1/3.8 %(Woff+Wedge+5·p)/WRBest tilt anglep-bulk single-sided6.4�1.6�Bestresolution for 300mm, B=2Tesladouble-sided6.1�6.1�Best operation temp.-12~ -2 �C-12~ -2 �C10 Vdepletion-voltage variation at EOL

(*) 50/100 mm: 50 mm-pitch full readout, or, 50 mm implant and 100 mm charge-divitionreadout75 mm: 75 mm-pitch full readout

19Figure CaptionsFig. 1 Depletion voltage variation as a function of the operating temperature at anaccumulated fluence of 1.0

·1014 p/cm2 in 7 years predicted by H. Ziock et al.. A voltageband of 124 to 134 V is overlaid in the figure.Fig. 2 Leakage current measurement of the two 2nd SDC double-sided prototypedetectors. Leakage currents are measured at three temperatures: 0, 10, and 23 �C. Thebias voltage was given up to 200 V which was the maximum output of the power supply.Fig. 3 Leakage current measurement of one of the first SDC double-sided prototypedetector which has been irradiated to the protons at a fluence of about 1·1014 p/cm2 andkept at room temp. Leakage current measurement at two temperatures: 0 and 23 �C.Fig. 4 Noise measurement of the 2nd SDC DSSD prototype detectors: (a) p-n junctionside, (b) n ohmic side. The noise increase in the junction side over the bias voltage of 160V is caused by the micro discharge (see text) and not by the breakdown of the ACcoupling capacitor. The AC coupling capacitor holds the voltage difference (in thehorizontal axis) up to 200 V.Fig. 5 Layout of the SDC double-sided detector (axial side)Fig. 6 Maximum rectangular detector out of a 4-inch wafer.Fig. 7 Concept for making a larger stereo-strip detector from two identical detectorsFig. 8 A 12 cm long silicon strip detector made from butt-glued two 6 cm detectors. Thedetector dimensions, such as the length

L, is calculated from the center of dicing line; thereal detector is narrower by the width of saw, e.g., 60 mm, which is perfect for filling theglue.Fig. 9 A 12 cm long stereo detector with a readout electronics at the end of the detector.The right-most readout strip will have an offset of 4.8 mm when reached at the other end.Adjacent detector needs to overlap this offset, in addition to the inactive edge space, tomake a continuous coverage (in f).Fig. 10 A 12 cm long stereo detector with a readout electronics placed at the center of thedetector. The right-most strip will have an offset of 2.4 mm. Adjacent detector willoverlap this offset, in addition to the inactive edge region, to make a continuous coverage(in f).Fig. 11 A 12 cm long stereo detector with a readout electronics at side and a fan-inconnection. The full area can be covered with a design of the fan-in by reading out theshort strips at the corners.Fig. 12 A 12 cm long stereo detector made by rotating the axial detector. The foverlapping can be minimum, but a large overlapping in

z is required.

20Fig. 13 A 12 cm long stereo detector - a concept for making a dead-space-less design byconnecting the short strips in one side to the short strips in the other side. The connectioncan be made by either double-metal layer technique or an extra trace on a separate plane,e.g., glass.

ATLAS INDET-6212-09-1994Silicon Strip Detector for ATLAS SCTY. Unno, T. Ohsugi 21

100150200250-20-15-10-50510

V d e p

[V] Temperature [�C]124 V134 VFluence = 1.0x1014 p/cm2300 mm silicon

Fig. 1 Depletion voltage variation as a function of the operating temperature at anaccumulated fluence of 1.0

·1014 p/cm2 in 7 years predicted by H. Ziock et al.. A voltageband of 124 to 134 V is overlaid in the figure.

ATLAS INDET-6212-09-1994

Silicon Strip Detector for ATLAS SCTY. Unno, T. Ohsugi

22Fig. 2 to Fig. 6 are not available in an electrical form.

ATLAS INDET-6212-09-1994

Silicon Strip Detector for ATLAS SCTY. Unno, T. Ohsugi 23 .

YW

L n axial strips

L=npsinY (pitch p)

Concept for making a larger stereo-strip detectorfrom two identical detectors

L: Detector length

W: Detector width

Y: Stereo angle

Fig. 7 Concept for making a larger stereo-strip detector from two identical detectors

ATLAS INDET-6212-09-1994

Silicon Strip Detector for ATLAS SCTY. Unno, T. Ohsugi 24 .

dicing cut-out

Ideal edge

Real edge

Glue

YWStereo strip

L

Bias-ring

Guard-ring

Region A

Region B

60 mm

L

A 12 cm long Silicon Strip Detectormade from butt-glued two 6cm detectors

Fig. 8 A 12 cm long silicon strip detector made from butt-glued two 6 cm detectors. Thedetector dimensions, such as the length

L, is calculated from the center of dicing line; thereal detector is narrower by the width of saw, e.g., 60 mm, which is perfect for filling theglue.

ATLAS INDET-6212-09-1994

Silicon Strip Detector for ATLAS SCTY. Unno, T. Ohsugi 25 .

YA 12 cm long Silicon Strip Detectormade from butt-glued two 6cm detectors

Stereo angle Y: 40 mrad Y

6060

4.8WR0.6WRReadout electronics

Fig. 9 A 12 cm long stereo detector with a readout electronics at the end of the detector.The right-most readout strip will have an offset of 4.8 mm when reached at the other end.Adjacent detector needs to overlap this offset, in addition to the inactive edge space, tomake a continuous coverage (in f).

ATLAS INDET-6212-09-1994

Silicon Strip Detector for ATLAS SCTY. Unno, T. Ohsugi 26 .

A 12 cm long Silicon Strip Detectormade from butt-glued two 6cm detectors Y

6060

2.4WR0.6Readout electronics

Stereo angle Y: 40 mrad

Fig. 10 A 12 cm long stereo detector with a readout electronics placed at the center of thedetector. The right-most strip will have an offset of 2.4 mm. Adjacent detector willoverlap this offset, in addition to the inactive edge region, to make a continuous coverage(in f).

ATLAS INDET-6212-09-1994

Silicon Strip Detector for ATLAS SCTY. Unno, T. Ohsugi 27 .

A 12 cm long Silicon Strip Detectormade from butt-glued two 6cm detectors

6060

W

R

0.6

2.4

Fig. 11 A 12 cm long stereo detector with a readout electronics at side and a fan-inconnection. The full area can be covered with a design of the fan-in by reading out theshort strips at the corners.

ATLAS INDET-6212-09-1994

Silicon Strip Detector for ATLAS SCTY. Unno, T. Ohsugi 28

Readout electronics

6060

YWR0.62.4

YWR0.62.4A 12 cm stereo detector with "fan-in" connection

Fig. 12 A 12 cm long stereo detector made by rotating the axial detector. The foverlapping can be minimum, but a large overlapping in z is required.

ATLAS INDET-6212-09-1994

Silicon Strip Detector for ATLAS SCTY. Unno, T. Ohsugi 29 .

W

L

Concept for making a dead-space-less stereo-strip detectorby folding the imcoplete stereo strips at edge to the strips in the other side

2LtanY

Y: stereo angle

Fig. 13 A 12 cm long stereo detector - a concept for making a dead-space-less design byconnecting the short strips in one side to the short strips in the other side. The connectioncan be made by either double-metal layer technique or an extra trace on a separate plane,e.g., glass.

ATLAS INDET-6212-09-1994

Silicon Strip Detector for ATLAS SCTY. Unno, T. Ohsugi 30 [1] Inelastic cross section of 71 mb and after the fluence estimation by G. Gorfine, G. Tayler, ATLAS INDET-NO-30, 1993.[2] T. Mouthuy, ATLAS INDET-28, 1993[3] estimated from the figure in H. Ziock et al., Nucl. Instr. Meth. A342(1994)96.[4] read-out from the figure 7 in A. Chilingarov et al., Contribution paper (#0943) to the 27th Int. Conf. HighEner. Phys., Glasgow, 1994[5] Y. Unno, ATLAS INDET-TR-122[6] T. Ohsugi et al., Nucl. Instr. Meth. A342(1994)16[7] Private communication with Hamamatsu Photonics[8] K. Saito et al., Nagoya Univ., DPNU 91-51[9] Ref. 6[10] T. Ohsugi et al., to be reported at the Como conference, Oct. 3-7, 1994[11] N. Tamura et al., Nucl. Instr. Meth. A342(1994)131[12] P. Holl et al, IEEE Trans. Nucl. Sci. NS-36 (1989)251; P.P. Allport et al., Nucl. Instr. Meth. 310(1991)155[13] Ref. 5[14] M. Kubota et al., IEEE Nucl. Sci. Symp. at Santa Fe, November 1991[15] H. Sadrozinski et al., Univ. Cal. Santa Cruz, SCIPP 94/6[16] Y. Unno et al., IEEE Nucl. Sci. Symp, 1993, San Francisco, Vol1. p38