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Performance of 3-D Architecture Silicon Sensors
After Intense Proton Irradiation

Sherwood I. Parker and Christopher J. Kenney

Abstract—Silicon detectors with a three-dimensional architec-
ture, in which the n- and p-electrodes penetrate through the entire
substrate, have been successfully fabricated. The electrodes can be
separated from each other by distances that are less than the sub-
strate thickness, allowing short collection paths, low depletion volt-
ages, and large current signals from rapid charge collection. While
no special hardening steps were taken in this initial fabrication run,
these features of three-dimensional architectures produce an in-
trinsic resistance to the effects of radiation damage. Some perfor-
mance measurements are given for detectors that are fully depleted _ ) ) ) ) )
and woringafer exposures o proton beams withdoses equnalrt £, SIS, TS ensn uew o por B senetn win 00
to tha_u from slightly more than ten years at the B-layer radl_us (50 drawn through the center of three elecirodss.

mm) in the planned Atlas detector at the Large Hadron Collider at
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Index Terms—Detectors, pin diodes, radiation hardness, 2) Damage to the crystal lattice produces defects that are
semiconductor detectors, silicon detectors, three-dimensional negatively charged when the silicon is depleted, causing
electrodes.

lightly doped n- and p-type silicon to develop a high de-

pletion voltage of the same sign as that of p-type silicon
|. INTRODUCTION [6]-[11]. While some of this damage can anneal out, a
temperature-dependent reverse annealing can cause a
major increase in such damage [12]-[15]. Maintaining
the detectors continuously at5 to —10°C prevents
this reverse annealing, but if the cooling is ever lost for
more than a few days, the damage will be irreversible. A
model for this bulk damage, involving divacancies and
divacancy-oxygen defects, X0, has been developed,
which explains effective doping changes, leakage current
increases, and the leakage current temperature depen-
dence for®®Co gamma irradiation [16]. Such detailed

INCE the first custom VLSI chip was developed for the

eadout of silicon strip detectors [1], both the chips and the
detectors have been fabricated by planar technology methods.
With the precision provided by small strip spacing and the com-
pact readout provided by the VLSI chips, such detectors have
played an increasingly important role in tracking at collider de-
tectors.

The coming generation of high-luminosity colliders will sub-

ject their innermost detector elements to extreme levels of ra-
diation. Silicon detectors are subject to a number of damage agreement is not found for hadron interactions, which

sources. create dense damage clusters that are not yet understood
1) lonization-caused charging of their surface oxide pas- i, detail.

sivating layers can attract mobile substrate charges.3) The charge carrier lifetime decreases, also from bulk
These in turn may short out adjacent electrodes or * gamage [17]-[19]. (In addition, the lifetime was found
increase their interelectrode capacitance [2]-[{4]. This {4 vary with bias voltage [20].)
charg|2ng has been seen to saturate at a value of 2.xacent work has shown that the incorporation of about
><_101 charges per cihfor a 500-nm-thick oxide, but 1017 gyygen atoms per ciincreases the fluence, by approxi-
with no electric field applied during irradiation [S]. pately a factor of two, for a given increase in those negatively
The same paper reported effects attributed to continuglyrged defects [21]-[24]. This beneficial effect is not present
charging in the similar oxide of a gated diode (but NoWith neutron irradiation, indicating that it may be the damage
subject to an electric field) at fluence values more thafom the less-dense Coulomb interactions that is being reduced.

five times as high, not an unreasonable result with afhe jncorporation of oxygen also does not seem to reduce
electric field driving charge to the surface. leakage currents [25].
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resistance to the effects of bulk silicon damage. Attracted mo- [ll. | RRADIATION
bile substrate charges [point 1) above] can be immobilized WithSeven detectors were tested and then packaged in poly-
field implants or kept from accumulating with a proposed neyy,

. o : ide envelopes and irradiated with 1, 2, or ¥010**, 55
type of field plate that does not significantly increase the effek‘/l—ev protons per crhat the LBL 88-in cyclotron. The fluence
tive interelectrode capacitance [30].

) C L was measured with an ionization chamber divided into a series
Calculated properties, fabrication steps, and initial resulf$ .ncentric rings. Each fed an integrating amplifier, which
from 3-D detectors, made with high-purity, 100, p-type silicongget ot 4 preset charge level. The number of resets was then
have been described in earlier publications [26]-{29]. TWO,nteq to determine the total fluence. The ring area was
sets of narrow cylindrical holes are etched through each wafgg 1 alized out, and so all fing numbers normally increased at

using a plasma etcher designed for the rapidly developing figlfhse 15 the same rate for uniform beams. During subsequent

of micromachining. After each set is etched, it is filled with Niuns, this number, for one fing or another, was observed to

or p-doped polycrystalline silicon. This is done by exposing t_hﬂake a small jump to a higher value and then continue its

wafers to silane gas (Sl Some molecules stick, lose their, itorm climb, The source of these jumps is not yet known, but

o < X ey are now easily recognized and removed from the data. The
other silicon atoms, eventually forming &a-thick layer of numbers were not tracked at the time of our run, and 5-10%

polycrystalline silicon. variations in the ratio of the two ring values that were recorded

The pressure is kept low so the silane molecules have a meane three runs could have been due to such jumps rather
free path long compared with the hole dimensions. The tempgl= 1o beam uniformity variations

ature is also kept low enough so that the probability of a mole- Two other detectors were irradiated with 5.%910*. 24

hydrogen atoms, and migrate along the surface to join wi

. . , the detectors were unpowered. After irradiation,
it is almost as likely to be at the bottom as the top, thus Pray detectors were kept cooled, mostly-a °C, except during

ducing a_\conformal layer. This is followed by the deposi_tion %easurements, when they were at about@1The total time
appropriate dopant gases such @and B,O; and by afinal \, cnoled is less than 10 h for any detector, so they have not yet

deposition of polycrystalline silicon, which eventually fills theDeen annealed to the point of minimum damage.
hole. Heating then lets the dopant diffuse into the single-crystaly , mber of papers have been published comparing the ratio

silicon, where it can make a low-leakage diode junction.  phenyeen particle flux and changes in leakage currents and deple-
tion voltages as a function of particle type and energy [31]-[38].
These have generally found that the increase in leakage cur-
Il. DETECTORS rents and depletion voltages scales with the nonionizing en-
ergy loss (NIEL), which, coming from nuclear collisions, is
The detectors were 12Lm thick and were diced, but presumably proportional to the number of damage centers re-
remained bonded to a substrate left over from a support waggonsible for the increases. Thus, measurements taken in one
that prevented cracking during fabrication. They had alternatibgam must be normalized, using the NIEL factors, to the ir-
rows of n- and p-electrodes with diameters slightly larger thaadiation expected during the experiment. Most of the hadron
the 17um-diameter holes, due to the dopant diffusion. Thigux through the inner silicon layers is expected to come from
n-to-n and p- to-p row pitch was either 100 or 20th. The pions from the delta 33 resonance with a peak around 200 MeV
n-rows were placed halfway between the p-rows and witind with much of the flux between 100 and 500 MeV [39].
their electrodes shifted 67 or 50m, respectively, along the Over this range, the NIEL, normalized to that of 1 MeV neu-
row direction, so they were halfway between the p-electrod®ns (95 MeVmb), ranges from 0.70 (at 100 MeV) to 0.94
positions in that direction also. Most electrodes were busé0 MeV) to 0.55 (500 MeV) [32]. The corresponding nor-
together along each row and brought out to probe card contacislized ratios for protons at 55 MeV and 24 GeV are 1.715
along two opposite edges, as shown in Fig. 2. Several, alod 0.51t Using 0.8 as a rough estimate for the LHC pion
visible in Fig. 2, were left isolated, so they could be contactedIEL, the equivalent pion fluence for the four irradiation ex-
individually with low-capacitance probes. Three bands of guappsures—1, 2, and 18 10**, 55 MeV protons per cf) and
electrodes, alternately p-type, n-type, and p-type, surrounded9x 10'*, 24 GeV protons per cta—are 2.1, 4.3, 21, and 3.3
the array. (In future devices, these may be replaced with an10'* pions per cm.
active edge just outside the array [27], [29].) The third fluence value, from the 1Q 55
For this first-ever fabrication run of 3-D devices, we decidelleV protons per crh run, which was limited simply by the
to keep the steps simple and did not use either field implantsaailable cyclotron time, is equivalent to that expected in
field plates to prevent the accumulation of electrons under thkghtly more than 10 y at the 50-mm radius of the planned
passivating surface oxide. With the strong horizontal repulsiBlayer. The smaller depletion voltage changes when silicon
forces from the p-type electrodes, these electrons did not sedntains added oxygen indicates the damage per unit NIEL
ously interfere with data collection from the p electrodes. Wiepends on material type. The future use of such silicon in
also did not add oxygen to the silicon wafers, so any benefit re- . .
. . L Rather than attempting to read from small published graphs, we used
sultlng from that should further increase the radiation haran§§UIated values from tables prepared by A. Vasilescu and G. Lindstrém,
of these devices. http://sesam.desy.de/~gunnar/Si-dfuncs-general.html.
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3-D detectors could further increase the radiation tolerance
inner layer detectors. § § SIS N N N N §

No equipment was available, at the time of these runs, to app
a voltage bias to the detectors. Some recent work indicates tt
biased detectors may have a depletion voltage increase dou
that of unbiased ones [40], [41]. Both neutrons and pions show: E' 1% E
closely similar effects. No data were given for any variation witt
the value of the bias voltage, so itis not known if the effect woult . ]
be different with the small fields present in 3-D detectors.

IV. MEASUREMENTS $

Measurements were made at 2% with unirradiated 100- Fig. 2. Metal layer layout for a detector with columns of n-electrodes

and 200pm pitch detectors and with irradiated 2003 ones  ajternating with columns of p-electrodes. The p-electrodes are shiftedrs7

at the four different exposures, as well as for a 1@0-pitch  in the column direction (one-half the electrode spacing in that direction). With

detector at the & 1015 exposure Before and after these meéhe exception of several isolated electrodes, all n- and all p-array electrodes are
) o . ) connected, so two leads from a power supply will energize the entire array.

surements, the detectors were kept@t°C, with the total time  Three bands of guard fences (respectively, p-type, n-type, and p-type) surround

at 21°C kept short compared to that required for full beneficiahe array. In future devices, these may be replaced with an active edge just

; ; ; ggtside of the detector array.

annealing. (A system to flood the detector with dry nitrogen h

now been installed and should allow future measurements to be

made below room temperature without water condensing on #@pt at ground, so except for the small departure from ground

detector surfaces. Work is now under way on the fabrication @¢i€ to the signal voltage, the field around the probed electrode

the next group of 3-D detectors, which will have such measu®&as the same as that around the other like-type ones. The elec-

ments.) trode capacitancé€, could then be found from
The detectors used for these measurements had all their p- and .
n-electrodes tied to the two aluminum voltage busses, with the C.= < 7 ) -G Q)
-

exception of several floating electrodes, which were well sep-

arated from each other. These were then probed directly witihere

a 12C picoprobe, which had an input impedance of @ M T RC time constant of the falling pulse;

parallel with 0.1 pR The probe both supplied the ground bias R, input resistance;

voltage and read out the signal. Only p-electrode data were usedjp capacitance of the probe.

since, at low bias voltages, the n-electrodes in unirradiated definally, leakage currents were also recorded for the 200-

tectors were shorted together by a surface electron layer. Thigh detectors at 24C. The 100xm pitch detector, which was

layer, induced by the positive oxide interface charge, would nasxposed to 1x 10*> protons per crh had a heat sink com-

mally be removed in detectors with field plates [30] or with apound containing zinc oxide applied for a series of reduced-tem-

adequate field implant. perature measurements. Some of the compound spread to the
Both leakage currents and pulse heights from infrared ligtp of the chip, where a galvanic reaction involving conden-

were measured as a function of applied voltage. An 820-nm igation moisture caused some surface damage. This resulted in

frared diode was placed on one of the eyepieces of the prahereased leakage current, though not high enough to interfere

station microscope, using a 10x objective. This produced a Kgith the infrared detection tests.

duced and intensified beam, which had a 1/e-penetration dis-

tance of about 13.2m in the silicon. The spot size was larger V. DEPLETION VOLTAGES

than the cell being measured, but smaller than the full detector._. . . - . :

The average of the signal voltage from 50 light pulses, each 92d:'g' 3 shows infrared light-emitting diode signal pulse

ns long and repeated every 8.34 ms, was measured as a fi)gights, as a function of applied voltage, on 20@-n-to-n

tion of applied voltage using a digital oscilloscope. (The 920 rpé’tch detectors without irradiation and with all four levels of

duration of this signal was set, not by the expected nanosecérrqadiation' The stability of the voltage plateau can be seen by

response time of the sensor [26], but by the limited light outp Pmigﬂng the shapesﬁc])f tEe two sets ?(f points_lirr]] Fig.|3(c)fat
of the light-emitting diode.) A plateau in signal pulse height; * protons per cmtaken one week apart. The value o

with bias voltage increase, was an indication that full depl he diode light intensity, while constant for each run, varied

tion—where there was no further gain in sensitive volume—h gtween them due to differences in setup such as the source

beenreached. Itwas also an indication of the absence of a sigﬂﬁ§'t'°n and microscope focus, so only the values of the applied
gages and the associated voltage plateau values have an

icant loss of charge due to capture, since higher applied voIta%fl% S ..
g P g PP solute significance. (Similar results were found for the two

reduce the drift time. t boints at & 104 prot B also tak K
We also measured the decrease with time of the integratsé?}S orpoints at x protons percma’iso taken one wee
art.) Since we did not want to spend too much time at room

signal on one of the isolated electrodes after the end of the li ¢ individual bi it h d without
pulse, again using the 12C picoprobe. Like-type electrodes w fgiperature, individual bias votages were changed withou
waiting the several minutes required at each value for the bias

2The 12C picoprobe is made by GGB Industries, Naples, FL 34104 USA.charge distribution and new signal level to settle fully. The
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Infrared light-emitting diode signal pulse heights as a function of voltage applied to then2@A-n or p-p) pitch detector. The value of the diode
light intensity, while constant within each plot, varies from plot to plot, so only the values of the applied voltages and the associated voitagalplkese
have an absolute significance. Plots are shown for (a) an unirradiated detector and four detectors irradiated withQ(§) 15 MeV protons per crh, (c) 2

x 10'* 55 MeV protons per cr, (d) 5.19x 10** 24 GeV protons per cf and (e) 1x 10'° 55 MeV protons per crh. Fig. 3(c) shows values for two runs
(crosses and circles) separated by one week and (small crosses) with the earlier run normalized to the later. No plateau was found with theodetetidr exp

55 MeV protons per crh, before the leakage current became excessive.

error this causes in depletion voltage is not large, as can be sbanthe detector exposed t0x110"> protons per crh reached
from the difference in points of Figs. 3(b), 3(d), and 4(b), takethe signal plateau value before the leakage current started to
while the voltage was being increased and, later, decreased.adproach breakdown values.
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100 MICRON PITCH, PRE IRRADIATION The plateaus in the charge collection signals shown in
o DECOMATS , Figs. 3 and 4, taken with infrared illumination covering an
area that is significantly larger than the cell being probed,
L, 1 indicates both that the depletion voltage has been reached and
251~ e 4  that the above-depletion electric fields are large enough so
B capture of charge carriers is not large, despite the radiation
. . damage. Unlike two-dimensional single-sided strip sensors
201 ° . 7 with the diode junction at the strips, where the border between
depleted and undepleted silicon covers nearly the full area of
the sensor as the bias approaches that for full depletion, the
L increase in depleted volume in 3-D sensors slows down as the
’ voltage approaches full depletion, since the border shrinks to
an ever-smaller cylinder around each ohmic junction. This
causes some imprecision (in the 10—-20% range) in determining
P ! o . I s | .11 the depletion voltage, but since it is usually the overall charge
0 1o 2 30 “ %0 collection efficiency itself that is of experimental significance,
BIAS VOLTAGE (V) this should not be a serious problem.
@ The values for the leakage current and capacitance, given
1E15 55 MeV PROTONS/CM2 in the next two sections, also show plateaus as the depletion
3D SENSOR, 100 MICRON PITCH, ROOM TEMPERATURE voltage is reached and these values agree, again with a similar
' ' - N iboasnsscs uncertainty, with those derived from the signal pulse heights.
8- 08’ 7] The increase of leakage currents with increased fields adds an
. j additional error for heavily irradiated samples, and the release
° of charge carriers from traps in these samples also affects the
o capacitance determination. But again with these irradiated sam-
ples, now with errors somewhat larger than 20%, the values for
depletion voltages agree.

SIGNAL (A.U.)

SIGNAL (A.U)
>

a o UPWARD 1
 DOWNWARD VI. LEAKAGE CURRENTS

2, Fig. 5 shows room-temperature leakage currents for the same
° 1 200+.m pitch detectors without irradiation and with all four
. | . . levels of irradiation. The spike in leakage current for the unir-
50 100 150 200 radiated sensor at below-depletion voltages shown in Fig. 5(a)
BIAS VOLTAGE (V) is similar to those in [27, Figs. 15 and 16]. It may be due to
(b) the conducting channel of undepleted silicon that runs from the
Fig. 4. Infrared light-emitting diode signal pulse heights as a function otensor edges, past the guard electrodes, which are not yet at full
voltage applied to a 10pm pitch detector. Two plots are shown, one befor&/oltage, to the signal electrodes. It would not be visible against
and one after irradiation with & 10" 55 MeV protons per cth. The 100#m  the far higher levels of leakage currents in irradiated sensors. It
pitch detector has a plateau between 105 and 150 V. would also not be expected to be present in active-edge sensors.
. . : .. (See [27, Fig. 12(b)].)
. When the bias voltage is m_crea_sed, thereis a ra|_o|d initial rsey is generally observed thaf,.q, the radiation induced
in signal voltage from the unirradiated sensors [Figs. 3(a) aﬂade,\kage current, is given by
4(a)], then a slow decrease. The decrease at larger voltages is
due to the attraction of the ionization charge to the metal line Lyg=a®wv 2)
connecting all the electrodes in the column other than the one
being probed. (An example of such a line can be seen sormdiere
what left of center in Fig. 2.) Infrared-generated charge tends® = radiation fluence in particles per ém
to be made in the upper part of the sensor, and some of it can = depleted volume in ci (0.0121 x 0.36 x
follow the line to the adjacent p-type electrodes connected to it 0.195 cm® = 8.49 x 10~* cm? for 2004:m pitch
and bypass the probed electrode. Irradiated sensors do not show  devices);
this effect, as the radiation-induced positive oxide charge com-« = proportionality constant.
pensates the metal line charge. The current is measured at the voltage where full depletion is
Fig. 4(b) shows the signal from a 1Q0n sensor exposed firstreached. Leakage currents present before irradiation would,
to 1 x 10* 55 MeV protons per crh With this reduced pitch, in principle, add a constant term, but they are in the few nanoam-
the irradiated detector shows a clear 45-V-wide plateau startipgre range, about a thousand times smaller than these currents.
at 105 V. An example of the settling time required for below- Table | shows the depletion voltages, leakage currents, and
depletion bias voltages can be seen from the two points takewalues of«w found for the various runs. To permit comparison
15V, separated by 8 min, while the voltage was being reducexd these values ok with others, the 55 MeV (24 GeV) proton
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56

Room-temperature leakage currents for 2@®pitch detectors without irradiation and with all four levels of irradiation.
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TABLE |

DEPLETION VOLTAGES, ROOM-TEMPERATURE LEAKAGE CURRENTS RADIATION FLUENCE PROPORTIONALITY CONSTANT, o 2004¢m PTCH(0.849

mm?), 1004:m PTCH DETECTORS

(1) see discussion at end of Section V.

(2) variations in sensor-to-sensor values indicate measurement errors are in the 10% range

(3) range of currents for 15 non-irradiated devices; average = 0.45 nA (200 pm), 0.26 nA (100 pm)

(4) room-temperature leakage current increase prevents full depletion

(5) surface damage prevents valid bulk leakage current measurement

Pitch E proton Proton fluence | Equivalent pion | Vepletion Current o (A/cm)
(cm™) fluence (cm?) (1) ")) 2

200 pm - None None 6-8V | 02-1.0nA (3) | --

200um  [55Mev | 1 x 10" 2.15x 10" 20V 71pA | 49x107

200pm [ 55Mev | 2 x 10 43 x 10" 32V 15 pA  |s51x107

200pm  [S55Mev [10  x 10 [21.4 x 107 4) - --

200um [ 24GeV 5.19x 10" 3.3 x 10" 50V 10 pA | 44x10”

100 pm - None None 5V 0.2-0.5nA --

100pm [55Mev [10  x 10 [21.4 x 107 105V &) -

fluence given there should be multiplied by 1.715 (0.51) to con
vert it to the equivalent in 1 MeV neutrofsm?. No values are
given for the 200xm pitch detector at 0 protong'cn¥, since

the room-temperature leakage current was too large to pern
depletion. While the leakage current proportionality factor
might be expected to have a reasonably constant value at a
given measuring temperature, the dependence of the depleti3
voltage can be more complicated. An initial exponential de-<
crease with fluence has been reported, possibly from the rfg
moval from their lattice positions, of some of the initial dopant #
atoms. Both annealing and reverse annealing occur with dit
ferent temperature and time dependence and can greatly char
the depletion voltage.

VII. CAPACITANCE MEASUREMENTS

Fig. 6 shows the decay of the infrared-induced pulse on an
isolated electrode of an unirradiated 200+ pitch detector Fi

30

CAPACITANCE MEASUREMENT

INFRARED PULSE, 200 MICRON PITCH, 10V, UNIRRADIATED
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g.6. Decay of the infrared-induced pulse on a p-electrode of an unirradiated

with a 10-V bias voltage. The electrode is grounded througo,.m pitch detector with 10 V bias. The probe has an impedance ofXl M
the 1-MQ input impedance of a picoprobe, as mentioned in parallel with 0.1 pF. The light-emitting diode drive pulse is turned off at zero

Section IV. Zero time is when the pulse to the light-emittin
diode is turned off. After the light emission ends and the charge
is collected, the signal height accurately follows an exponential
with a time constant of 285 ns. Fig. 7 shows similar decay
curves for a range of bias voltages from 0 to 60 V. Fig. 8 show:
the decay times derived from Fig. 7. Averaging the values fo
10, 20, and 60 V, (1) gives a capacitance of 0.19 pF.

Figs. 9 and 10 show similar sets of signal decay curves for de
tectors irradiated with 1 and:2 10™*, 55 MeV protons per cf
In contrast with the curves for unirradiated detectors, there i _
now a high tail at longer times, easily visible after the initial ex-é
ponential decrease. This tail may be due to the release of charg
from traps produced by the irradiation. If we assume a singl
dominant trapping time constantand define

Qe = charge on the electrode;

Je0 = initial charge on the electrode (from the rapidly
collected, untrapped charge);

g0 = initial trapped charge in the cell around the elec-
trode;

V = voltage on the probe;

Vo

t = 0, the chargey is all trapped);

CAPACITANCE MEASUREMENT
INFRARED PULSE, 200 MICRON PITCH, UNIRRADIATED

me on the plot. The exponential fit starts with the second point, after the light
mission ends and the charge has been collected.

' 20 Volts, Tau = 276 ns
4 Volts, Tau =277 ns
2 Volt, Tau = 230 ns
1 Volt, Tau = 224 ns
0 Volts, Tau = 374

A D% x O b a0

60 Volts, Tau =304 ns
30 Volts, Tau = 331 ns

0.2 Volts, Tau = 609 ns

]
200

400
TIME (NANOSECONDS)

= initial voltage on the probe (fromp.o/C, since at iy 7. pecay curves similar to the one in Fig. 6, for bias voltages from 0 to
60 V.
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CAPACITANCE MEASUREMENT
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Fig. 8. RC decay times as a function of detector bias voltage, derived from

the curves in Figs. 6 and 7.
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Fig. 10. Decay curves similar to those in Fig. 7 for a detector irradiated with
2 x 10'* 55 MeV protong'cn? . The curves are fits of (4) to the data points
between 200 and 1600 ns, with the curves at the left margin, from highest to
lowest, for bias voltages of 60, 40, 20, 15, 10, and 5 V.
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Fig. 11. RC decay times of charge, released by infrared illumination, through
a 1 MQ picoprobe input resistor, as a function of detector bias voltage. The

Fig. 9. Decay curves similar to those in Fig. 7 for a detector irradiated wifffnes are derived from the fits of (4) to the data of Figs. 9 and 10. qumo'
1 x 10* 55 MeV protongcm?. The curves are fits of (4) to the data pointsp'tCh detectors were irradiated with 1 (crosses) and 2 (circleg)0*4, 55

between 200 and 1400 ns, with the curves at the left margin, from highest\§Y Protons per crh.

lowest, for bias voltages of 45, 30, 20, 15, 10, and 5 V.

V‘rO
chargeg;o were deposited on them;
R = resistance of the probe;
C = capacitance of the electrode and probe.
Then
dge
d—qt = - Ito—probe + Ifrom—traps
__K_i( gﬂ
- R dt [0220]
Qe qdr0 _t
— ——e .
RC + T
If we divide each term by, we have
v __V Vo
dt RC T

The solution to this equation is

RC RC

V= |:%_VT0 <m)} € R + Vg <m)e ’

3

t

“4)

Fig. 11 shows th&?C times derived from those and similar

= voltage the electrode and probe would have if gurves for a range of bias voltages for 208t pitch detectors,

irradiated with 1 and 2< 10'*, 55 MeV protons per cf For

bias voltages above the full depletion values of 30 and 35 V for
the exposure of 1 and  10'* protons per crh[see Fig. 3(b)

and (c)], theRC values are 330 and 290 ns, corresponding to a
capacitance of 0.2 pF. The time constaiig an order of magni-
tude larger, but is not accurately determined due to the limited
time range covered for this capacitance measurement and to the
smaller size of the signal at those long times. The coefficient of
ther term is about 10% of that of the maiC term and for the
same reasons is only determined approximately.

VIIl. CONCLUSION

Silicon detectors with 3-D electrode arrays have been irra-
diated with up to 18 55 MeV protons per cthand also with
24 GeV protons. To keep this initial fabrication run simple, no
special hardening steps, such as the addition of oxygen to the
bulk or of high-resistivity field plates to the field oxide, were
taken. The highest dose is equivalent to that expected in over ten
years of running, at the 50-mm radius of the Atlas B-layer. After
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this dose, which was limited by the available cyclotron time, g11]
100+:m pitch detector had a 45-V-wide plateau that started at
about 105 V, over 20 times higher than its 5-V starting point beUz]
fore irradiation. Leakage currents were measured and, for unir-
radiated devices, had values similar to those measured before
[27]. The electrode capacitance was also measured and found
to have values close to what would be expected from calcula-
tions in the initial publication on 3-D sensors [26].

The low depletion voltages observed here will probably béle’]
lowered when oxygen is introduced into the bulk and beneficial
annealing is allowed to take place.
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