THE SPGS-MODULEThermal measurements and simulations with aSilicon Detector - Pyrolytic Graphite Sandwich *T. Dubbs1, S. Kashigin1, W. O. Miller2, W. A. Rowe1, H. F.-W. Sadrozinski1, W. Shih3,A. Seiden1, A. Webster1, R. Wichmann11SCIPP, UC Santa Cruz, Santa Cruz, CA 950642HYTEC INC., Los Alamos, NM 875443B.F. Goodrich Co., Santa Fe Springs, CA 90670AbstractWe have conducted thermal measurements on athermal prototype of a novel concept to construct siliconmodules, using thermally conductive Pyrolytic Graphite asa heat spreader sandwiched between two single-sided silicondetectors. We have measured the temperature profile as afunction of heating power at a coolant temperature of-10oC and ambient temperatures of 0, -5, -10oC and foundthat the temperature increase of the silicon detectors isbelow 3oC for realistic power levels.I. MOTIVATIONIn future applications of silicon strip detectors at highluminosity colliders, thermal waste management will be ofoutmost importance. Due to comparable feature sizes,"modules" can be constructed consisting of silicon stripdetectors with on-board front-end electronics (FEE) in theform of VLSI chips. For example in the silicon tracker forATLAS, one of the experiments for the large hadroncollider LHC, the modules contain two pairs of 6cmx6cmsilicon detectors mounted back-to-back, with the VLSIchips mounted on hybrids, which straddle the detectors. Inthis way, the thermal waste management of detector andelectronics becomes intimately connected. The maximumthermal power dissipation of an ATLAS module adds up to3W with the FEE contributing 2mW/channel, for the FEEand 1W, i.e. 2.3*10-4 W/mm3 due to self heating of thedetectors after radiation damage. One aspect of the detectordesign lies in how to extract the heat with minimumthermal strains. These strains produce undesirabledistortions in the very thin 300mm wafers, with anunpredictable impact on the detector resolution. The LHCsilicon module concepts are composed of materials of verydifferent coefficient of expansion (CTE) which exacerbatesthe thermal distortion problem. We propose a moduledesign using highly thermally conductive materials arrangedsymmetrically, which minimizes thermal strains and avoidsthe thermal run-away problem.Radiation damage in silicon detectors can producesignificant increases in leakage current, with exponential

* Work supported in part by the US Dept. of Energytemperature dependence [1]. A critical heating value isreached where the I*V power can no longer be conducted tothe cooled region of the detector (�thermal run-away�) [2].In single silicon detectors, this happens at a heat input ofabout 6.7*10-4W/cm3 (see Fig. 1), only a safety factor of2.9 over present predictions of the condition in ATLAS [3].

024681 01 2-10- 8- 6- 4- 2

INTERNAL HEATING x 10 4 [W/mm 3 ] THERMAL

RUN-AWAY

PREDICTION

Si WAFER & HEAT SPREADER

with K=1300/1300/25 W/m- o K

TMAXTCOOLANT = -10oC

MAX. WAFER TEMPERATURE [

o

C]Fig. 1 Simulation of thermal run-away with and without heatspreader: maximum silicon temperature vs internal heatingpower of a single wafer.We propose to avoid this problem by inserting apyrolytic graphite (PG) heat spreader between the twosingle-sided silicon strip detectors, making a

Silicon-

PGSandwich (SPGS) module. The PG we are using has athermal conductivity of K = 1300w/m-oK, about 10x thatof silicon and approaching that of CVD diamond. Thedetector is cooled to -10oC during operation, largely toavoid additional consequences of radiation damage (increaseof depletion voltage). Besides preventing thermal run-awayfor all practical puposes, the PG material assures a highlyuniform detector temperature, enhancing thermal stability,with a thermal gradient of less than 2oC.

II. CONSTRUCTION OF THE SPGS-MODULEPROTOTYPEThe principle of the SPGS-module is showndiagramatically in Fig.2: two single-sided silicon detectorsof 300 mm thickness sandwich a so-called �heat spreader� ofhigh thermal conductivity which conducts the heatgenerated both by the front-end electronics and by self-heating of the radiation damaged silicon detectors to theside, where the �EAR� connects to the cooling channel. Inthis series of measurements, we added a copper coolingblock on top of the EAR and ran the liquid coolant throughit. As we will see below, this allowed a reasonableconstant temperature of the cooling block throughout theexperiment, almost independent of the heating power.

CU COOLING BLOCKMODULE SUPPORT ("EAR")

HEATER TAPE300m Si1mm PG(HEAT SPREADER)300mSiHEATER TAPE

Fig. 2 Schematic of the SPGS-moduleThe heat spreader is a 1mm thick piece ofPyrolytic Graphite made by B.F. Goodrich, which has athermal conductivity of 1300 W/m-oK, and radiation lengthof 19cm. In order to minimize it�s contribution to thematerial budget, we reduced the effective thickness with cut-outs as shown in Fig. 3: averaged over the 12cmx6cmactive area, and including the EAR, this amounts to720mm, about 0.37% of a radiation length, comparable tothe contribution of one silicon detector of 300m mthickness. The asymmetric shape is chosen to havemaximum heat conduction underneath the front-endelectronics chips, which will be located to the right of thebroken line in Fig. 3. 6.00 cm 6.0 cm

12.00 cm "EAR"Fig. 3 Heat spreader made of pyrolytic graphite (PG). The cut-outs reduce the mass by 28%Fig. 4 shows the thermal prototype including thelocation of the resistor temperature devices (RTD) used tomeasure the temperature profile. The front-end electronicscontributes a predictable amount of heat of up to 3W to themodule and is simulated by a Kapton based heater tapelocated across the module like in the widely tested r-fmodules [4,5]. The solid part of the PG heat spreadermatches its location (Fig.3). All glue joints were madewith 5min Epoxy. In order to prevent the air from beingtrapped in the cut-outs, we notched the PG pieces to allowthe pressure to equalize with the environment.13

HEATER TAPE 1"x3""EAR"

23456789

the heater tape power for the three different ambienttemperatures. Although the coolant was kept at a constanttemperature, we observed a slight rise in cooling blocktemperature, which we will correct for below. Assumingthat the convective heat input from ambient is proportionalto the temperature difference between ambient and thesilicon, we can determine the thermal resistance R betweenthe EAR and the cooling block and the effective convectioncoefficient hconv at the silicon surface. In Fig. 6, we showthe temperature difference between the EAR and the coolingblock, for ambient temperatures of Tamb = -10, -5 and 0oCand coolant temperature of -10oC. It can be expressed as afunction of the heat input Q:TEAR - TBlock = Q*R + R*hconv*A*dT, (1)with dT=Tamb-TEAR-DT the average temperature differencebetween the ambient gas and the silicon, DT being thetemperature difference between the EAR and the siliconmeasured at every power setting and £ 3oC based on thedata shown below and A the total surface area. It should benoted, that during the first two low power settings at-10oC, the ambient was close to -8oC, thus convectivelyheating the module and causing the lower curve in Fig. 6 todeviate from a straight line through zero.

-11-10- 9- 8- 7- 60123456

o

C]HEATER POWER [W]0 oC-10 oC -5 oCEAR

AMB :Fig. 5 Temperature of EAR and cooling block as a function ofthe heater tape power, at the three temperatures of the ambientgas, -10, -5 and 0oC, and coolant at -10oC.Fitting the data in Fig. 6 with Eq. (1) yields thethermal resistance of the EAR relative to the block to R=0.42 oK/W, and the effective convection coefficient of thesilicon hconv = 30 W/m2/oK, averaged over thetemperature distributions on the module. This value is quitelarge, a factor 3 higher than that measured by T. Kondo etal . in a thermal study of the �classic r-f module� [6],which indicates that the circulating N2 gas is much moreefficient in convective cooling than stagnant gas. At apower input of 3W through the heater tape, the modulepicks up 1W from the 0oC ambient and releases 0.5W intothe -10oC ambient through convection. It should be notedthat a power of 1W corresponds to about 2mA/channel at300V bias, just about the anticipated self heating load after10 years of operation of ATLAS at the LHC. In thefollowing, we will refer all temperatures to the temperatureof the EAR to eliminate the small temperature stepbetween coolant and the EAR.

012301234567

TEMP. rel. to BLOCK [

o

C]HEATER POWER [W]T

oC 0 oC - 5 o C Fig. 6 Temperature of the EAR relative to the cooling block,as a function of the heater tape power, at the three temperaturesof the ambient gas, -10, -5 and 0oC, and coolant at -10oC.B. Temperature ProfileWe have measured the temperature at severallocations on the module as indicated in Fig. 4. Based ontests with the RTD�s, we estimate the error to be less than0.2oC. In Fig. 7, we show the temperature at RTD #1,which is on the outside of the PG material in between theheater strips on the edge opposite to the EAR.

-1012345601234 7 -10 -5 03-D FEA

TEMP. rel. to EAR(15) [

o

C]HEATER POWER [W]Ambient Temp [oC]Fig. 7 Temperature of RTD#1 relative to the EAR, as a functionof the heater tape power, at three temperatures of the ambientgas: -10, -5 and 0oC, and coolant at -10oC.At an ambient temperature of -10oC and heaterpower input of 3W, RTD #1 is 2.4 oC above the EAR. Atthe higher ambient temperature of 0oC, noticeableconvective heating is observed at zero heater power. Thusthe temperature increase with increasing ambient at 3Wpower is not linear. For 5W power input, we have added inFig. 7 the prediction of a 3-dimensional finite elementanalysis (FEA) which includes the different materials

including the PG heat spreader, the silicon wafers, andglues on the module (but not on the EAR attachment). Thesimulation was performed assuming the ATLAS chip setmounted on a Kapton hybrid, while we used a heater tape asheat source in our experiment. Thus we would expectdifferences in the temperature profile in the region of theheater tape. At RTD#1, the data show a temperature of3.5oC relative to the EAR, while the simulation predicts3.0oC. Although the agreement is quite good, we willdiscuss this discrepancy in the following.In Fig. 8, we compare the measured temperatureon several selected RTD location and the prediction of theFEA simulation. The measured data are in the squares onthe right, the simulated values on the left. These correspondto a heater power of 3 W and temperatures of -10oC forboth the coolant and the ambient gas.

3.23.01.11.51.11.8001.62.21.62.41.82.4

0.71.40.51.50.51.3EARFig. 8 Temperature profile of the SPGS-module, indicated in thesquares. Measured data are on the right, simulated values on theleft. Heater tape power=3W, ambient gas and coolant at-10oC.We notice in Fig. 8 that the temperatures on themodule are about 0.6oC higher than predicted. We assumethat this is due to our way of constructing the module.One explanation involves the glues which hold theadditional pieces of 0.7mm thick carbon fiber materialwhich serve as stiffeners between EAR and cooling block.The epoxy used has a thermal conduction coefficient ofabout 0.2W/m-oK and thus generates a temperature step,even though the layer is thin and the area of contact islarge. We will simply subtract this �temperature step�from the data. The corrected temperature profile is shownin Fig. 9. With the temperature step of 0.6oC removed,the data in Fig. 9 agree very well with the simulation andshow about 2oC variation across the module. Asmentioned before, the exact temperature of the electronicsdepends of the exact design of the hybrid.3.22.41.10.91.11.20-0.61.61.61.61.81.81.8

0.70.80.50.90.50.7EARFig. 9 Temperature profile of the SPGS-module, subtracting the0.6oC temperature step in the EAR. Measured data are on theright, simulated values on the left. Heater tape power=3W,ambient gas and coolant at -10oC.IV. CONCLUSIONSThe use of thermally conductive PG material as aheat spreader has been demonstrated experimentally.The SPGS-module allows safe and predictableremoval of heat both from FEE power and from selfheating of the detector. The largest temperaturesencountered on the thermal prototype are on the Kaptonheater and amount to about 3.5oC above the coolant at 3Wheater power. The largest temperature difference measuredacross the silicon module is 1.5oC.Our results show that the temperature distributionacross the module can be simulated reliably with 3-dimensional FEA.V. ACKNOWLEDGMENTSWe would like to acknowledge the expert helpfrom the ATLAS pixel group at LBNL, in particular DavidBintinger, John Emes and Murdoch Gilchriese.VI. REFERENCES[1] H. F.-W. Sadrozinski et al., Limits to the use ofirradiated silicon detectors, SCIPP 94/06.[2] T. Kohriki et al., IEEE Trans. Nucl. Sci. 43, 1200(1996).[3] W.O. Miller et al., Thermal run-away in silicon stripdetectors, SCIPP 94/43.[4] J. DeWitt et al., Beam test of silicon detectors withbinary readout for ATLAS, SCIPP 96/12.[5] Y. Unno et al., Beam test of a large area n-on-n siliconstrip detector with fast binary readout electronics, KEKpreprint, subm. to 96 IEEE Nucl. Sci. Symp.[6] T. Kohriki et al., Cooling Test and Thermal Simulationof Silicon Micro strip Detectors for High LuminosityOperation, KEK Preprint.