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AbstractThe D0 experiment plans on building a new silicon detector to allowcollection of a total of 15fb�1 of data for Run2. The new Run2b siliconsensors must allow them to withstand radiation doses commensurate withthis amount of data. Here, seven prototype Run2b silicon detectors aretested for radiation hardness by exposing them to proton-induced radi-ation. This is done at the radiation damage facility, using the Fermilab8 GeV proton booster to expose the silicon to 
uences up to 15 Mrad.Also, the stable 
uence constant, gc and the leakage current slope � aremeasured for four of the seven detectors. * Now at Northern IllinoisUniversity
1



1 IntroductionThe D0 detector started taking data with a silicon detector in March of2001. This silicon detector, called the Silicon Microstrip Tracker (SMT),is part of a central tracking system that will allow for better b-quarktagging through improvement to the impact parameter resolution on eachtrack. The SMT was originally built for a data run containing 2-4 fb�1of data (so called Run2a). The detector was designed before constraintson the Higgs mass suggested that a longer run at the Tevatron couldpossibly allow for a discovery of the Higgs. Updated information impliesthat a data run of up to 15 fb�1 in each of D0 and CDF could providemeaningful limits on the Higgs mass.The current SMT detector is built using mostly double-sided silicondevices that were designed to be biased up to voltages of around 200V.Our current understanding, is that we will be unable to fully depletethese devices due to radiation damage after about 2-4 fb�1 of data. Thisis especially true for the inner layers.The D0 collaboration started planning for a new silicon detector to bebuilt to replace the current SMT detector. For this Run2b silicon detec-tor, we hope to improve the b-tagging performance of the Run2a silicondetector. Our design studies call for a 6 layer device that �ts into theexisting space for the Run2a detector. We will place the innermost layeras close to the beam as possible. This appears to imply a minimum radiusof this layer at about 1.5cm. So in addition to the increased luminosity re-quirements for this detector, there are also increased requirements on theradiation hardness for these devices. The technical design report which isnow available describes the design parameters for the detector. [1]The most important radiation damage mechanism in silicon is thebulk damage due to the non-ionizing part of the energy loss. It causeschanges in the doping concentration (and therefore depletion voltage),increased leakage current, and decreased charged collection e�ciency. Ageneral overview of radiation damage in silicon detectors can be found else-where. [2, 3] Over the operating period of Run2b, the innermost sensorswill be subject to a 
uence of about 2� 1014 equivalent 1 MeV neutronsper cm2. [4] Seriously damaged detectors will require high bias voltagesto operate e�ciently. For the construction of the tracker for Run2b, we'veproposed the use of AC-coupled, single-sided single-metal p+ on n-bulksilicon devices with integrated polysilicon resistors. The D0 group con-ducted tests using the proton beam from the 8GeV booster radiationdamage facility during the summer of 2001 on prototype detectors.Measurements were made on prototype detectors that are to be placedas closed to the beam as possible (those for layer 0). At a radius of 1.5cm,the expectation is that for every inverse femtobarn of data taken thereis approximately a 1 MRad dose in charged particles. As the expectedlifetime of Run2b is 15fb�1, we exposed the silicon to a total of 15 Mradsin units of 5 Mrads. After each irradiation, measurements of the depletionvoltage and leakage current were taken. One goal of these tests was tomake sure that the silicon will stay depleted and operating reliably overthe entire course of Run2b. Another concern was the noise producedfrom leakage current. Leakage current tends to rise linearly with 
uence2



Figure 1: The booster beam area. The detectors are placed in the pink box tothe right of Victor Rykalin. Above this, the beam passes through the squareregion and through the toroid at the right.while noise rises with the square root of leakage current. The e�ects ofincreasing 
uence can be countered by decreasing temperature. Therefore,it is important to know what cooling temperature is needed to keep anacceptable signal to noise ratio.2 Description of the MeasurementsWe used the Radiation Damage Facility, located in the Fermilab 8 GeVproton booster area to study radiation e�ects with prototype D0 Run2bdetectors. Both tests to understand the current Run2a detectors andtests on prototype radiation hard detectors for Run2b have been done.The tests for the Run2a detectors are described elsewhere. [5, 6]The proton beam produces a series of pulses which irradiate the de-tectors positioned in the beam path. See Figure 1 for a picture of thebeam area. Pulses distribute protons in a two dimensional gaussian shapewith an approximate full-width of 2.5 cm. Due to the relatively smalldiameter of the booster beam, the detectors must be moved with respectto the beam in a manner which exposes the entire surface as uniformlyas possible. Therefore, the samples were mounted inside a temperaturecontrolled box attached to a moving table which was moved in 0.5cm stepsas shown in Figure 2. Remote controllers allow operation of this table inroom TGS-102 outside of the radiation area as shown in Figure 3.The delivered particle 
uence was monitored with a Pearson 3100toroid as shown in Figure 4. The toroid is calibrated to measure thenumber of protons passing though per count. With the beam intensity3



Figure 2: The moving box used to move the detectors through the beam.

Figure 3: Room TGS-102 located outside of the radiation area with the dataacquisition setup. 4



Figure 4: The Pearson 3100 Toroid which was used to monitor the particle
uence.of 3� 1011 per spill and a repetition rate of 3 seconds, the corresponding
ux was 3�1011 protons per square centimeter per second. Activated alu-minum foils were also used in calibrating the 
uence monitoring. Theseshowed that the proton 
ux was uniform over the irradiated area of thesilicon detectors to within 20%. Figure 5 shows a picture of the siliconafter irradiation.Eight silicon detectors were exposed to 15 Mrads in increments of 5Mrads. Each of the sensors was made using a 300�m thick sensor. Theexpected size of the Run2b L0 sensors are an active length of 76.7mm andan active width of 12.8mm. The readout pitch is 50�m with intermediatestrips halfway in between. Three of the sensors tested were manufac-tured by Hamamatsu (HMM) that were spare L00 sensors from CDF'sRun2a silicon detector. Their dimensions matched those for the Run2bL0 speci�cations. There were three sensors made by Elma in Russia withdimensions of 18� 20 mm. These devices were oxygenated but at a leveltoo low to a�ect the depletion voltage in a bene�cial way. Also tested wereother CDF L00 sensors: 1 made by ST in Catania, and one by Micron.Both of these sensors were oxygenated.After each exposure, the silicon detectors were taken to the SiliconDetector Center for measurements of both depletion voltage and leakagecurrent. Before the detectors were tested, they were allowed to annealfor a few days at 5�C and afterward were stored in a freezer at �12�C.An e�ort was made to limit the time spent outside of the freezer and tokeep records of this. This is because detectors anneal quickly when notkept cold. For comparison, a detector at room temperature will annealapproximately 1000 times faster than when in the freezer. Annealingmust be limited and kept track of, because it can greatly e�ect detector5



Figure 5: One of the irradiated silicon detectors showing visually that full cov-erage by the beam across the sensor was achieved.behavior. When out of the freezer, detectors not being tested were keptin a NO2 chiller at �12�C. Also, the chiller is used for varying thetemperature at which measurements are made.3 Depletion Voltage MeasurementsIn order to measure the depletion voltage, we used the laser teststandused to measure charge collection for the Run2a silicon detectors. [7] Thedetector is kept inside a dark box with only a hole large enough to �t alaser through. This near infrared laser of wavelength 1063nm is placed inthe hole where it can hit the face of the silicon. The e�ect is to releasecharge which mostly passes through the aluminum readout strips and intothe bulk of the silicon. With the laser attenuation length of 206�m, therewas light traversing the entire 300�m thickness of the silicon. The spotsize covers approximately a 20 readout strip full-width and is gaussianin shape. The output amplitude of the laser was adjusted for each mea-surement so that the preampli�er output was between 200 and 350mV.Figure 6 shows that the output amplitude is linear and does not a�ect thedepletion voltage determination.Using the relative output amplitude voltage measured in the centerof the illuminated region plotted as a function of the bias voltage, thedepletion voltage can be determined. The depletion voltage in these plotsis at the �rst applied bias voltage where the output amplitude measure-ment plateaus. Determining the depletion voltage from these plots can behighly subjective. Therefore, it is important to have a consistent methodfor measuring it. First, a diagonal line is �tted by hand to the rising out-6



Vout vs Vbias for different laser settings
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Output Amplitude vs Laser Amplitude
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Figure 6: Plots showing the e�ects of laser amplitude on output amplitude. Thetop plot is of output amplitude vs bias voltage at 6 increasingly intense lasersettings and the bottom plot demonstrates the linear dependence of outputamplitude on laser amplitude. 7



depletion voltage (Vdep)detector 0 Mrad 5 Mrad 10 Mrad 15 MradHamamatsu 0077 62�10 255�40 300�40 400�70Hamamatsu 0134 75�30 285�30 325�40 440�30Hamamatsu 0144 33�10 none 290�35 noneElma 233 30�10 180�50 250�25 noneElma 236 28�8 250�40 260�30 noneElma 253 27�5 170�50 275�40 610�70Micron 1462 4c 98�20 265�50 350�20 370�40ST230W2D6 140� 20 140� 20 280� 50 noneTable 1: Depletion voltage data for detector prototypes before irradiation, andafter 5, 10, and 15 Mrad measured in Volts.put amplitude data. if there is a second smaller slope before the plateau,then that slope is used. Second, a line is �tted to the plateau. This lineis ideally horizontal, but may in reality have a small positive slope. Themajority of the error in determining the depletion voltage is assumed tobe from variances found using this method. These variances are foundby altering both the line estimating the rising output amplitude and theline �tted to the plateau. There is typically a fair amount of leeway when�tting straight lines to the data. To �nd a minimum possible depletionvoltage both the the rising output amplitude and plateau lines are alteredto give a minimum conceivable depletion and the opposite for a maxi-mum bound. Figure 7 shows an example of this procedure using Hama-matsu 0077 at 10 Mrads. The error range is approximated as symmetric:�(max�min)=2.Each detector was tested before irradiation and after each irradiationburst ideally producing four depletion voltage determinations as a func-tion of 
uence. Table 1 gives the depletion voltage determinations foreach one of the sensors tested and Figure 8 summarizes these measure-ments. Initially, a bias supply capable of supplying only 400V was used.For the third exposure which brought the total radiation level to 15 Mrad,only four of the original detectors were able to be depleted satisfactorilywith our bias supplies which were then capable of providing up to 800V.Hamamatsu 0077 and Hamamatsu 0134 had depletion voltages of about400V, Elma 253 had Vdep = 610V , and Micron 1462 4c had Vdep = 370V .Figure 9, Figure 10, Figure 11, Figure 12, Figure 13, Figure 14, Figure 15,and Figure 16 show the output amplitude as a function of applied biasvoltage from which the depletion voltages were determined. At high ra-diation levels especially, it can be very di�cult to determine precisely atwhat voltage a detector depletes. Generally, in output amplitude vs. biasvoltage plots, the output amplitude more or less steadily increases until itreaches a plateau. At this point the output amplitude should stop increas-ing, however many times it will continue increasing although at a smallerrate. Also, it is possible for the slope of output amplitude to depletion tochange before being fully depleted. 8



HAM.0077: Depletion Voltage at 10 Mrad

0

20

40

60

80

100

120

140

160

180

0 50 100 150 200 250 300 350 400

Vbias(V)

O
u

tp
u

t 
a

m
p

li
tu

d
e

 (
m

V
)

Min = 260V Max = 340V

Figure 7: Example for determining the depletion voltage and its errors for theHamamatsu 0077 detector at 10 Mrad. The output amplitude is plotted versusapplied bias voltage. The leftmost vertical line (dotted) shows the minimumbias voltage found while the rightmost vertical line shows the maximum.9
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HAM.0077: Depletion Voltage at 0 Mrad
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HAM.0077: Depletion Voltage at 5 Mrad
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HAM.0077: Depletion Voltage at 10 Mrad
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HAM.0077: Depletion Voltage at 15 Mrad
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Figure 9: Plots of the output amplitude versus applied bias voltage to determinethe depletion voltage for Hamamatsu 0077. The plots shown are: Top Left(before irradiation), Top Right (5 MRad), Bottom Left (10 MRad), BottomRight (15 MRad). 11



HAM.0134: Depletion Voltage at 0 Mrad
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HAM.0134: Depletion Voltage at 5 Mrad
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HAM.0134: Depletion Voltage at 10 Mrad

0

50

100

150

200

250

0 100 200 300 400

Vbias(V)

O
u

tp
u

t 
a
m

p
li
tu

d
e
 (

m
V

)

HAM.0134: Depletion Voltage at 15 Mrad
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Figure 10: Plots of the output amplitude versus applied bias voltage to de-termine the depletion voltage for Hamamatsu 0134. The plots shown are: TopLeft (before irradiation), Top Right (5 MRad), Bottom Left (10 MRad), BottomRight (15 MRad). 12



HAM.0144: Depletion Voltage at 0 Mrad
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HAM.0144: Depletion Voltage at 5 Mrad
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HAM.0144: Depletion Voltage at 10 Mrad
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HAM.0144: Depletion Voltage at 15 Mrad
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Figure 11: Plots of the output amplitude versus applied bias voltage to de-termine the depletion voltage for Hamamatsu 0144. The plots shown are: TopLeft (before irradiation), Top Right (5 MRad), Bottom Left (10 MRad), BottomRight (15 MRad). 13



ELMA 233: Depletion Voltage at 0 Mrad
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ELMA 233: Depletion Voltage at 5 Mrad
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ELMA 233: Depletion Voltage at 10 Mrad
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ELMA 233: Depletion Voltage at 15 Mrad
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Figure 12: Plots of the output amplitude versus applied bias voltage to deter-mine the depletion voltage for Elma 233. The plots shown are: Top Left (beforeirradiation), Top Right (5 MRad), Bottom Left (10 MRad), Bottom Right (15MRad). 14



ELMA 236: Depletion Voltage at 0 Mrad
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ELMA 236: Depletion Voltage at 5 Mrad
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ELMA 236: Depletion Voltage at 10 Mrad
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ELMA 236: Depletion Voltage at 15 Mrad
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Figure 13: Plots of the output amplitude versus applied bias voltage to deter-mine the depletion voltage for Elma 236. The plots shown are: Top Left (beforeirradiation), Top Right (5 MRad), Bottom Left (10 MRad), Bottom Right (15MRad). 15



ELMA 253: Depletion Voltage at 0 Mrad
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ELMA 253: Depletion Voltage at 5 Mrad
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ELMA 253: Depletion Voltage at 10 Mrad
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ELMA 253: Depletion Voltage at 15 Mrad
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Figure 14: Plots of the output amplitude versus applied bias voltage to deter-mine the depletion voltage for Elma 253. The plots shown are: Top Left (beforeirradiation), Top Right (5 MRad), Bottom Left (10 MRad), Bottom Right (15MRad). 16



MICRON 1462 4c: Dep. Voltage at 0 Mrad
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MICRON 1462 4c: Dep. Voltage at 5 Mrad
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MICRON 1462 4c: Dep. Voltage at 10 Mrad
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MICRON 1462 4c: Dep. Voltage at 15 Mrad
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Figure 15: Plots of the output amplitude versus applied bias voltage to deter-mine the depletion voltage for Micron 1462 4C. The plots shown are: Top Left(before irradiation), Top Right (5 MRad), Bottom Left (10 MRad), BottomRight (15 MRad). 17



ST-230W2D6: Dep. Voltage at 0 Mrad
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ST-230W2D6: Dep. Voltage at 5 Mrad
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ST-230W2D6: Dep. Voltage at 10 Mrad
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Figure 16: Plots of the output amplitude versus applied bias voltage to deter-mine the depletion voltage for ST230W2D6. The plots shown are: Top Left(before irradiation), Top Right (5 MRad), Bottom Left (10 MRad), BottomRight (15 MRad). 18



The depletion voltage measurements are consistent with our expec-tations and show that the detectors will be able to be biased with ouranticipated radiation dose for Run2b. Improvements can be made in testsfor the future if a power supply is obtained that will allow for a highervoltage range to be probed for the initial measurements. By plotting theoutput voltage for a range above the seen depletion voltage, the systematicerror in the determination of the voltage could be reduced.4 Leakage Current MeasurementsWe measured the leakage current as a function of bias voltage before irra-diation and after each irradiation step. The amount of noise produced isproportional to the square root of leakage current. Therefore, if the leak-age current is too high, the signal to noise ratio will drop below acceptablelimits.Leakage current is heavily dependent on 
uence and temperature. Thisrelation can be approximated with Equation 1.Ilkg2Ilkg1 = (T2T1 )2 exp(�Eg2kb (T1 � T2)T1 T2 ) �2�1 (1)Here, T is temperature in Kelvin, Eg = 1.12 eV, and kb = 8:614 � 10�5eV/K. Equation 1 indicates that the leakage current should be related to
uence by a single constant. This constant is � in Equation 2.Ilkg = � � (2)After a few days of annealing, we measured the leakage current. Theleakage current is determined to beIlkg = VbiasR (3)where R = 15 kohm is the value of the resistor through which the leakagecurrent 
ows between Vbias and ground. See Figure 17 for a diagram.Measurements were taken at two temperatures. It is important forthe temperature to be known precisely throughout a leakage current vs.bias voltage measurement since small variations in temperature can signif-icantly a�ect the shape of the plot. See Figure 18 for an example. Here wesee that the temperature was varying by as much as 2�C over the courseof the measurement. For the low temperature measurements, the detec-tors were kept in the storage freezer at �12�C. For higher temperaturemeasurements, they were taken out and placed inside the chiller and readout using the burn-in stands used for Run2a were the temperatures weremeasured to be between 5 � 11�C. The measured leakage currents after10 Mrads are shown in Figure 19. Here we see the measurements taken atboth �12�C and 11�C as a function of the bias voltage. Figure 20 showsthe leakage currents measured after 15 Mrads for 5�C and �12�C.We measured the leakage current for each of the detectors at Vbias= Vdep and approximately T = �12�C before irradiation and after 5,10, and 15Mrads of irradiation. The leakage current measurements were19
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OUT

Charge-sensitive
Preamplifier
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Figure 17: A schematic for the teststand at Si-Det. Leakage current is foundthrough the voltage drop across the 15 kohm resistor. Output amplitude ismeasured from the voltage produced by a charge-sensitive preampli�er.
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ELMA 253 at 10 Mrad
study of leakage current with varying temperature
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Figure 18: This plot demonstrates the dependence of leakage current on tem-perature using ELMA 253 at 10 Mrad. Both leakage current per area and theabsolute value in �C of the corresponding temperature of the sensor are recordedfor 2 measurements taken at di�erent times.21



Leakage Current at 10 Mrad: -12C vs 11C)
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leakage current at 15Mrad: -12C vs 5C
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Irradiation (Mrad) 0 (nA=cm2) 5 (mA=cm2) 10 (mA=cm2) 15 (mA=cm2)Hamamatsu 0077 3:3� 0:6 0:23� 0:13 0:27� 0:13 0:35� 0:14Hamamatsu 0134 86� 15 0:17� 0:04 0:48� 0:18 0:32� 0:09Hamamatsu 0144 35� 6 none 0:21� 0:04 noneElma 233 1:04� 0:03 0:09� 0:02 0:14� 0:02 noneElma 236 0:98� 0:04 0:10� 0:02 0:09� 0:02 noneElma 253 5:0� 0:8 0:09� 0:02 0:16� 0:03 0:15� 0:04Micron 1462 4c 27� 5 0:17� 0:04 0:6� 0:2 0:25� 0:06ST230W2D6 0:22� 0:06 0:06� 0:01 0:09� 0:02 noneTable 2: Leakage current measured at the depletion voltage Vdep and normalizedto a temperature of T = 10�C. (Note that leakage current units are in nA for0 Mrad and mA for 5, 10 and 15 Mrad.)normalized to 10�C using Equation 1. Figure 21 and Figure 22 show theleakage current as a function of applied bias voltage before irradiation.Figure 23, Figure 24, Figure 25, Figure 26, Figure 27, Figure 28, andFigure 29 show the leakage current as a function of bias voltage at each ofthe three radiation doses. Also on the graphs are vertical lines indicatingthe leakage current at the depletion voltage for each irradiation level.Table 2 gives the values of the leakage currents per area with their errorswhich are discussed below.The main errors on these measurements are due to both the accuracyof the temperature determination, which was approximately �2�C, anduncertainty in the depletion voltage. Uncertainty from T is found with adi�erential error estimate�(Ilkg) = dIlkgdT �T = ( 2T + Eg2kBT 2 ) I �T (4)which, for �T = 2�C and T = 10�C = 283Kelvin, gives�(Ilkg) = 0:17 I (5)Table 3 gives the errors on the leakage current measurement due to de-pletion voltage and temperature uncertainty. The expected noise andoperating temperatures from these measurements is described in moredetail in Reference [4].Figure 23, Figure 24, Figure 25, Figure 26, Figure 27, Figure 28, Fig-ure 29, and Figure 30 show the leakage current as a function of bias voltageafter irradiation of 5Mrad, 10Mrad, and 15Mrad.5 Determination of Radiation Damage Slopeand Coe�cientWith our depletion voltage measurements as a function of 
uence, we at-tempt to �t for the radiation damage slope gc. The stable 
uence damage24



Leakage Currents at 0 Mrad for Elma and ST
(Measured at room temperature and normalized to 10 C) 
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Figure 21: The leakage current per area measured as a function of appliedbias voltage before irradiation for the ELMA233, ELMA236, ELMA253 andST230W3D6 sensors. The vertical lines indicate the measured depletion voltageswith the leakage current values listed beside them.25



Leakage Currents at 0 Mrad for Ham. and Micron
(Measured at room temperature and normalized to 10 C) 
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Hamamatsu 0077: Leakage Current vs Vbias at T = 10 C 
normalized
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Figure 23: The leakage current per area measured as a function of appliedbias voltage after irradiation of 5Mrad, 10Mrad, and 15Mrad for the HMM077sensor. The vertical lines indicate the measured depletion voltages with theleakage current values listed beside them.27



Hamamatsu 0134: Leakage Current vs Vbias at T = 10 C 
normalized
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Figure 24: The leakage current per area measured as a function of appliedbias voltage after irradiation of 5Mrad, 10Mrad, and 15Mrad for the HMM0134sensor. The vertical lines indicate the measured depletion voltages with theleakage current values listed beside them.28



Hamamatsu 0144: Leakage Current vs Vbias at T = 10 C 
normalized
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Figure 25: The leakage current per area measured as a function of appliedbias voltage after irradiation of 5Mrad, 10Mrad, and 15Mrad for the HMM0144sensor. The vertical lines indicate the measured depletion voltages with theleakage current values listed beside them.29



Elma 233: Leakage Current vs Vbias at T = 10 C 
normalized
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Figure 26: The leakage current per area measured as a function of applied biasvoltage after irradiation of 5Mrad, 10Mrad, and 15Mrad for the ELMA 233sensor. The vertical lines indicate the measured depletion voltages with theleakage current values listed beside them.30



Elma 236: Leakage Current vs Vbias at T = 10 C 
normalized
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Figure 27: The leakage current per area measured as a function of applied biasvoltage after irradiation of 5Mrad, 10Mrad, and 15Mrad for the ELMA 236sensor. The vertical lines indicate the measured depletion voltages with theleakage current values listed beside them.31



Elma 253: Leakage Current vs Vbias at T = 10 C 
normalized
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Figure 28: The leakage current per area measured as a function of appliedbias voltage after irradiation of 5Mrad, 10Mrad, and 15Mrad for the Elma 253sensor. The vertical lines indicate the measured depletion voltages with theleakage current values listed beside them.32



Micron 1462 4c: Leakage Current vs Vbias at T = 10 C 
normalized
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Figure 29: The leakage current per area measured as a function of applied biasvoltage after irradiation of 5Mrad, 10Mrad, and 15Mrad for the Micron 14624C sensor. The vertical lines indicate the measured depletion voltages with theleakage current values listed beside them.33



ST-230W2D6, I lkg at -12 C
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Figure 30: The leakage current per area measured as a function of applied biasvoltage after irradiation of 5Mrad and 10Mrad, for the ST 230W2D6 sensor.The vertical lines indicate the measured depletion voltages with the leakagecurrent values listed beside them. 34



irradiation (Mrad) 0 (nA=cm2) 5 (mA=cm2) 10 (mA=cm2) 15 (mA=cm2)error source Vdep Temp Vdep Temp Vdep Temp Vdep TempHamamatsu 0077 0.2 0.6 0.12 0.04 0.12 0.05 0.13 0.06Hamamatsu 0134 3. 15. 0.02 0.03 0.16 0.08 0.07 0.05Hamamatsu 0144 1.5 6. none none 0.016 0.04 none noneElma 233 0.02 0.17 0.011 0.015 0.013 0.02 none noneElma 236 0.04 0.17 0.011 0.017 0.005 0.015 none noneElma 253 0.05 0.8 0.013 0.016 0.016 0.03 0.03 0.03Micron 1462 4c 1.5 5. 0.03 0.03 0.17 0.10 0.04 0.04ST230W2D6 0.04 0.04 0.001 0.009 0.002 0.015 none noneTable 3: Leakage current errors from depletion voltage and temperature uncer-tainty. (Note that leakage current units are in nA for 0 Mrad and mA for 5, 10and 15 Mrad.)constant is a part of the description of the e�ective impurity concentra-tion, Neff , dependent only on 
uence. Taking into account everything,Neff is how e�ectively doped the silicon is with impurities. These impuri-ties create acceptors and donors and are responsible for charge collection.If annealing isn't a factor, the slope of Neff approaches that of gc athigh 
uence. Because of this, gc can be determined. However, a lack ofmeasurements at low 
uence, between 0 and 5 MRad, prevents Neff frombeing studied further.The depletion voltage is directly dependent on the absolute value ofthe e�ective impurity concentration, Neff ,Vdep = ed22��o jNeff j (6)where � = 11:5 � 0:5 is the relative permittivity of the silicon and d =300 � 10 microns is the thickness. Therefore, for a given detector, Neffcan be related to Vdep by a simple constant. For all the detectors tested,this is Vdep = (7:1� 0:5) � 10�11(V cm3)Neff (7)where Neff is the e�ective impurity concentration and can be modeled toNeff (�; t) = Neff;0 �Nc(�)�Na(�; t)�Ny(�; t) (8)Here Neff;0 is the original doping concentration and Nc is the stableradiation induced doping concentration.Nc(�) = Nc0(1� exp(�c�)) + gc � (9)35



The �rst term, Nc;0, describes the compensation of the original donorconcentration. Nc;0 is determined through the ratio of Nc;0 to Neff ,which is set to 0.66 � 0.15 in this study. The �rst term of Nc, therefore,is initially zero and converges to Nc0 at a rate dependent on c. c is takento be approximately 1 � 10�13, which is large enough to make the �rstterm converge to Nc0 well before 5 Mrad. The second term models theintroduction of acceptor like states and depends directly on 
uence.Na is for short term bene�cial annealing. This is from the annealingof acceptors with time and has a self corrective e�ect. The end result is areduction in depletion voltage.Na = ga exp(�t�a )� (10)In the exponent, t is the annealing time and �a is a time constant foundfrom �a = 70 � exp(�0:175 T ) (11)where T is the temperature in celsius and the result is time in days.Ny is for long term reverse annealing and can be ignored if annealingtime is short.The e�ective impurity concentration, Neff , is plotted (using the de-pletion voltage measurements) as a function of 
uence and �tted to obtaingc. Annealing time was assumed to be short enough to ignore long termreverse annealing. Therefore, Equation 8 for Neff can be shortened toEquation 12 belowNeff (�; t) = Neff;0 �Nc(�)�Na(�; t) (12)which is,Neff (�; t) = Neff;0 � gc��Nco(1� exp(�c�))� ga exp(�t�a ) � (13)with Neff;0 set to the initial impurity concentration found from the de-pletion voltage using Equation 6. All parameters are assigned the �xedvalues in Table 4 except for gc. The data is �t, using a minimization to a�2 �t, with the TMinuit class in Root. [8]parameter valuega 1.8 cm�1�a(T = 23:9�C) 25.6 hourstime at 23:9�C 30 � 10Nco=Neff; o 0.66 � 0.15c 9:60 � 10�14cm2Table 4: �t parametersThis measurement of gc requires accurate knowledge of both the 
u-ence and annealing. Uncertainty in the 
uence from the proton booster36



detector gc(cm�1)� (stat:)� (syst:) gc(cm�1)� (combined)Hamamatsu 0077 0:0061� 0:0012� 0:0023 0:006� 0:003Hamamatsu 0134 0:0076� 0:0008� 0:0029 0:008� 0:003Elma 253 0:0067� 0:0013� 0:0021 0:007� 0:003Micron 1462 4c 0:0067� 0:0007� 0:0023 0:007� 0:002Weighted Average 0:007� 0:003Table 5: Results on gc found from �ts of the e�ective doping concentration asa function of 
uence.detector gc at t = 20hrs gc at t = 40hrs error on gcHamamatsu 0077 0.0034 0.0079 0.0023Hamamatsu 0134 0.0047 0.0104 0.0029Elma 253 0.0045 0.0087 0.0021Micron 1462 4c 0.0040 0.0086 0.0023Table 6: Values of gc found using �ts where the annealing time has been variedto determine the systematic error from this source.beam was estimated to be �10%. This takes into account both uncer-tainty in the protons per pulse and nonuniformity of radiation distribu-tion. Also, based on records of time spent at various temperatures, it hasbeen estimated the detectors have spent 30 � 10 equivalent hours at roomtemperature (T = 23.9 C). This includes the entire time spent after the�rst irradiation. Time spent at lower temperatures can be normalized toan equivalent time at room temperature using the relationtime at T�s (T ) = time at 23:9 C�s(23:9 C) (14)Table 5 gives the values of gc found from these �ts. Figure 31, Fig-ure 32, Figure 33, and Figure 34 show each of the �ts to the e�ectivedoping concentration as a function of 
uence. The overall statistical erroris found from the �t. Here, uncertainties from both the depletion volt-age and beam luminosity are already included. The systematic errors aredescribed below. To obtain the �nal error, the statistical and systematicerrors are combined in quadrature. We �nd the average of these fourmeasurements weighting them by their statistical errors.We estimate two sources of systematic errors: those due to the uncer-tainty in annealing time, and those due to the value of Nco=Neff;0 usedin the �t. The largest source of systematic error comes from the uncer-tainty in annealing time. To estimate this uncertainty, the data was �tusing times of 20 and 40 hours. Although errors are not symmetric aboutthe mean, they are approximately so. Therefore, error is taken as � thedi�erence in gc divided by 2. The results of these �ts are given in Table 6.To obtain the systematic error from Nco=Neff;0 = 0:66 � 0:15, the �1�points are used (0.51 and 0.81), see Table 7.The resulting stable 
uence constants are consistent with each other37
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Detector gc gc error onNco=Neff;0 = 0:51(cm�1) Nco=Neff;0 = 0:81(cm�1) gcHamamatsu 0077 0.0065 0.0057 0.0004Hamamatsu 0134 0.0080 0.0072 0.0004Elma 253 0.0069 0.0066 0.0002Micron 1462 4c 0.0073 0.0061 0.0006Table 7: Values of gc in cm�1 found using �ts where the values of Nco=Neff;0(cm�1) have been varied and the systematic error on gc from this source.and with expectations. As a comparison, the gc found in [6] is approx-imately 0.017 using non radiation hard silicon. The value for gc foundin this study is smaller by a factor of 3 as is expected for radiation hardsilicon. The value of gc for standard silicon is 0.019 cm�1 while for oxy-genated it falls to 0.0053 cm�1. [3]The radiation damage coe�cient � can be determined from �tting themeasured leakage currents as a function of 
uence using Equation 2. Typ-ically, � = (3� 4)� 10�17A=cm at room temperature. [4] We determinedthe value � for the three full size detectors that we determined gc. For the�ts, the leakage per volume is found by dividing by the detector thickness(which was 300 microns) for all detectors. Figure 35, Figure 36, and Fig-ure 37 show these �ts. Table 8 gives the results of these �ts. The errorsare dominated by the 
uctuation in the temperature. Using the weightedvalue, we �nd � = (2:2 � 0:2)� 10�17. This is below the canonical valueof (3� 4)� 10�17 indicating that these sensors are performing well withradiation. For the smaller Elma sensors, we have also done a combined �tto �nd �. Figure 38 shows the result of this �t with the value of � listedin Table 8. detector �(A=cm3)Hamamatsu 0077 (2.5 � 0.7) �10�17Hamamatsu 0134 (2.6 � 0.5) �10�17Micron 1462 4c (2.0 � 0.3) �10�17Weighted Average (2.2 � 0.2) �10�17Elma Average (1.29 � 0.18) �10�17Table 8: The � values found from a �t of the leakage currents as a function of
uence. The weighted average has been calculated using the full size sensors.6 ConclusionsEight prototype Run2b silicon sensors were irradiated at the FermilabRDF facility. The depletion voltage and leakage current was measuredbefore irradiation and after irradiations of 5Mrad, 10Mrad, and 15Mrad.42
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The devices behave roughly as expected, although there is a consid-erable spread in the depletion voltage at 15MRad. The Elma detectorswhich are fabricated using a crystal orientation of < 111 > have the worstbehavior. The spread in depletion voltage is consistent with the variationsamong silicon types and manufacturers observed by LHC experiments. [9]Our estimates, supported by these results, show that these sensors will beable to withstand the radiation dose equivalent of more than 15fb�1 withsigni�cant safety margin in layers 0-5. The depletion voltage for Layer 0sensors is expected to reach 300V for the assumed Tevatron Run2b sce-nario. The layer 0 and 1 sensors will be speci�ed to break down not earlierthan 700V, providing enough 
exibility in overbiasing these detectors.Leakage currents were measured at a few temperatures and found tobe consistent with expectations. The breakdown voltage depends on oper-ating temperature as well as annealing time after the intense irradiation.None of the devices showed breakdown before full depletion. We believethat additional operating margin is available at our expected operatingtemperature of �10�C.We have measured the stable 
uence constant gc and the radiationdamage slope � using four of the sensors. By �tting to the e�ective dopingconcentration as a function of 
uence we �nd gc = 0:007 � 0:003 whichis consistent with values expected from radiation hard silicon devices.We �nd � = (1:61 � 0:14) � 10�17 which is below the canonical valueof 3 � 4 � 10�17 indicating that our detectors are performing well withradiation.Problems that we found with the measurements limited our accuracy.For future measurements, we will: measure the depletion voltage to highervalues for all radiation doses, better control the temperature of our sensorsfor leakage current tests, and verify the time since irradiation to betterthan one hour.We would like to acknowledge the people who helped to setup theRadiation Damage Facility at Fermilab who are not listed as authors onthis paper, including Leonard Spiegel.
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