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Abstract

Both n-strip on n-bulk and p-strip on n-bulk silicon microstrip detectors have been irradiated at the CERN PS to
a fluence of 3x 10** p cm™? and their post-irradiation performance compared using fast binary readout electronics.
Results are presented for test beam measurements of the efficiency and resolution as a function of bias voltage made at the
CERN SPS, and for noise measurements giving detector strip quality. The detectors come from four different
manufacturers and were made as prototypes for the SemiConductor Tracker of the ATLAS experiment at the CERN
LHC. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Silicon microstrip detectors are widely employed
to provide precision tracking of charged particles.
At the future CERN Large Hadron Collider (LHC)
such detectors will operate in high-radiation envi-
ronments, and will need to maintain good efficiency
throughout the lifetime of the experiment. In this
paper we present comparative results on the perfor-
mance of detectors prototyped for the SemiCon-
ductor Tracker (SCT) of the ATLAS experiment at
the LHC, following their irradiation to a fluence of
3x 10 p cm ™2 24 GeV/c protons, equivalent to
the maximum anticipated dose during the lifetime
of the experiment.

In the design of the ATLAS SCT, microstrip
detectors with single-sided readout are glued back
to back on a high thermal conductivity baseboard
[1]. The strips are AC capacitively coupled to fast
single-strip threshold binary readout electronics.
The detectors are fabricated on a substrate of high-
resistivity n-type silicon. The choice of two different
detector readout technologies is available; n " -strip
readout (n-in-n detectors) or p *-strip readout (p-
in-n detectors).

Both p-in-n and n-in-n full-sized detectors have
been prototyped, and their post-irradiation perfor-
mance measured in a test beam at the CERN SPS.
Results on efficiency, resolution and the readout
quality of the strips are presented for detectors of
each type, coming in total from four different
manufacturers.

2. p-in-n and n-in-n detectors

At the irradiation levels to be experienced at the
LHC, the silicon detectors will undergo type inver-
sion from n- to p-type early in the lifetime of the
experiment. The reverse annealing of the depletion
voltages that follows initial beneficial annealing is
a strong function of temperature. The ATLAS SCT
will be maintained at low temperature ( — 7°C) to
suppress this reverse annealing, but annual
warm-up periods are anticipated for maintenance.
Reasonable estimates suggest that the maximum
depletion voltage in the SCT after 10 years of op-

eration of the experiment will be over 400 V [1] for
300 pum thick detectors.

An advantage of n-in-n detectors in this environ-
ment is that the bulk silicon depletes from the strip
side following type inversion, and so signal collec-
tion is assured even if the bulk is only partially
depleted. Efficient operation of 300 um thick n-in-n
detectors after irradiation has been measured at
voltages as low as half the depletion voltage [2-4].
In contrast, depletion grows from the back plane
after type inversion for p-in-n detectors. It would
therefore be expected that such detectors need to be
operated close to, or above, their depletion voltage.
Below depletion, a reduced signal is still produced
in the readout strips by induction across the undep-
leted, high-resistivity bulk [5]. However, the in-
crease in the spatial extent of this signal as the
voltage is lowered will lead to reduced efficiency,
especially when using single-strip threshold binary
readout electronics.

Thus n-in-n detectors offer the possibility of
a system design with lower post-irradiation operat-
ing voltages. However, they require double-sided
processing and are more expensive to produce than
p-in-n detectors. The measurements reported here
were undertaken in order to quantify the differ-
ences in efficiency as a function of voltage of irra-
diated p-in-n and n-in-n detectors, to study spatial
resolution, and to establish the detector readout
strip quality after irradiation.

3. The irradiated detectors

Samples of 18 n-in-n detectors and seven p-in-n
detectors were irradiated at the CERN PS to a flu-
ence of 3 x 10'* p cm ™2 24 GeV/c protons, equiva-
lent to approximately 1.5x 10'* 1 MeV n cm ™2
The detectors had their strip metal and underlying
implanted strips connected to ground, as would be
the case in the ATLAS experiment, and their back-
planes were biased to 150 V during irradiation.
They were maintained at a temperature of

— 8+ 1°C in a nitrogen atmosphere. Each de-
tector was either glued or clamped to a ceramic
support frame, and uniform irradiation over the
whole detector area was ensured by scanning
across the beam on an X-Y stage. From this



Table 1

P.P. Allport et al. | Nuclear Instruments and Methods in Physics Research A 450 (2000) 297-306

Some characteristics of the detectors under test

299

Code Detector type Supplier Wafer thickness (um)  p-stops Pre-irradiation
Depletion volts (V)
N1 n-in-n SINTEF! 300 Individual 42
N2 n-in-n Hamamatsu 300 Individual 60
Photonics?
N3 n-in-n Hamamatsu 300 Common + 70
Photonics? field plate [7]
P1 p-in-n SINTEF! 300 - 55
P2 p-in-n Eurisys® 340 - 40
P3 p-in-n MPI# 280 - 100

ISINTEF, P.O. Box 124, Blindern, N-0314 Oslo, Norway.

2Hamamatsu Photonics, 1126-1 Ichino-cho, Hamamatsu 435, Japan.
3Eurisys Mesures, 1 Chemin de la Roseraie, Lingolsheim, BP 311-67834 Tanneries, Cedex, France.
4Max Planck Institut fiir Physik, Postfach 401212, Foehringer Ring 6, D-80805 Munich, Germany.

irradiated sample, five representative n-in-n de-
tectors and four p-in-n detectors were subjected to
controlled thermal annealing corresponding to 21
days at 25°C. This is equivalent to the warm up
time estimated to be required for detector mainten-
ance during 10 years of ATLAS operation at the
LHC. Detector current and capacitance measure-
ments made during the annealing process are de-
scribed elsewhere [6].

Three n-in-n and three p-in-n irradiated and an-
nealed detectors were selected for connection to
readout electronics and test-beam measurement.
This subset was chosen as being representative
both of the suppliers and the range of different
designs. All detectors had overall dimensions of
640 mm x 63.6 mm and an active area of
62.0 x 61.6 mm?, with 768 AC-coupled readout
strips at a pitch of 80 pm. The detectors were from
four separate suppliers and had differing thick-
nesses, initial bulk resistivity, edge termination de-
signs, biasing resistors and passivation. Two of the
n-in-n detectors were fabricated with conventional
p-stops between the readout strips to break the
surface electron accumulation layer, while the third
had a novel isolation technique [7] which used
polysilicon field plates in DC contact with a com-
mon p-frame. Some detector properties are sum-
marised in Table 1.

4. Detector readout

After irradiation, the 768 approximately 6 cm
long strips of each detector were connected for
readout to unirradiated fast front-end electronics.
In the ATLAS SCT, pairs of detectors will be
bonded together giving 768 approximately 12 cm
long strips. For the present tests, sets of pitch
adaptors were used to allow the investigation of
both 6 and 12 cm long strip properties using
a single detector and 512 readout channels. The
readout assembly consists of a hybrid populated
with four LBIC [9]-CDP [10] chipsets, which are
bonded to the detector via three pitch adaptors as
illustrated schematically in Fig. 1. These electronics
were suitable and available for the detector
measurements and operate at the full ATLAS clock
frequency of 40 MHz. They are not, however, de-
signed for use within the ATLAS experiment, and
some components are not radiation-hard.

The LBIC is an analogue chip with a 22 ns
shaping time, performing preamplification, shaping
and discrimination of the signal from the detector
strips. Each LBIC reads 64 strips and compares the
charge on each with a single, definable threshold
which is common to all the channels. The corre-
sponding 64 output channels are set either high or
low to indicate a strip being above or below the
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Fig. 2. Schematic detailing the detector bonding to pitch
adaptor D, showing the bussing to allow the readout of 6 and 12
cm long strips.

threshold. The 128 output channels from two
LBICs are bonded to one CDP chip, which places
the hitmap into a pipeline clocked at 40 MHz. The
pitch adaptor ‘D’ of Fig. 1 incorporates bussing
which allows for two of the chipsets to be bonded to
6 cm long detector strips and the other two chipsets
to be bonded to effectively 12 cm long detector
strips as illustrated schematically in Fig. 2. The
minimum separation of two strips connected to the

same readout channel is 32 strips, or 2.56 mm.
Pitch adaptor ‘L’ of Fig. 1 consists of long wide
metal pads at 100 um pitch to allow for the repeat-
ed bonding and unbonding of the readout elec-
tronics to the detectors.

The thresholds applied to the LBIC discrimina-
tors were calibrated in terms of equivalent input
charge for each of the six readout assemblies. Re-
sults are presented for 1 fC threshold, which is the
one specified for the ATLAS SCT detector readout
(the most probable charge created by a minimum
ionising particle traversing a 300 pm thick silicon
detector at normal incidence is 3.5 {C). The design
goal of the ATLAS experiment is to limit the chan-
nel occupancy due to noise to the level of 5x 107%,
which requires the discrimination level in the
front-end electronics to be set to 3.3 times the r.m.s.
noise value [1].

5. Test beam data
5.1. The test beam set-up

The detector assemblies under test were installed
in the CERN SPS H8 beamline. The layout of the
experimental set-up is shown schematically in
Fig. 3. The beam consisted of pions of momentum
180 GeV/c and had transverse size approximately
15 x 15 mm?. Four detector planes, referred to as
telescope modules, were used to track the beam
particles. These telescope modules were made from
silicon strip detectors with 50 um pitch connected
to slow analogue electronics. They allowed the
beam track trajectories to be projected to the de-
tector assemblies under test with an accuracy of
around 2 pum [8] in both the horizontal and verti-
cal planes if there were hits in all four telescope
modules, or at worst around 4 pm if there were
only hits in one of the upstream and one of the
downstream modules. The detector assemblies un-
der test were mounted in-line in a light tight box
and maintained at a temperature of around
—10°C in a dry nitrogen atmosphere. They were
aligned so that the centre of the beam spot co-
incided approximately with the boundary between
adjacent 6 and 12 cm regions, thus allowing the
testing of both.
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Fig. 3. Schematic layout of the beam telescope and detector
assemblies N1-N3, P1-P3 in the CERN H8 beam-line.

5.2. The test beam analysis

The data were analysed to determine, as a func-
tion of detector bias voltage, the efficiency, resolu-
tion and hit cluster size of each of the six irradiated
detectors under test. The beam telescope was used
to reconstruct the pion trajectory, which was then
projected to the planes of the individual detector
assemblies. For each event, this interpolated beam
track position was compared with the position of
hits in the detector. The detector assembly was
classed as efficient if it contained a hit within

+ 160 um of the projected beam track intersect.
This cut was large enough to accommodate small
changes in software alignment between data-taking
runs. Any hits beyond + 200 pm of the intersect
were classed as noise hits. Hits in channels identi-
fied as bad were not used in the analysis, and events
in which the track intersect was found to cross the
detector within + 160 um of a bad channel were
discarded for that assembly. For the purpose of this
analysis, a channel was defined to be bad if its
noise-occupancy (the fraction of events for which

the noise of that channel exceeded the threshold)
was either four times larger or smaller than the
average of its neighbouring channels.

To avoid ambiguity, events having more than
one reconstructed beam telescope track were dis-
carded from the analysis. However, due to tele-
scope plane inefficiencies, only two telescope hits
(one upstream and one downstream of the detector
assemblies, see Fig. 3) were required to define
a beam particle, and this resulted in some fake
reconstructed tracks. To eliminate these, tracks
were verified by requiring that two detector assem-
blies, excluding the one under test, had hits asso-
ciated with the reconstructed track.

5.3. The test beam results

Results are presented for the 6 cm regions of the
six irradiated detectors; the data from the 12 cm
regions display the same features and trends. Very
similar noise values have been measured for all the
detectors, and a noise-occupancy rate of approxim-
ately 3x 10~ * is found for the 6 cm long strips at
a single-strip binary readout threshold of 1 fC.

5.3.1. Efficiency versus bias voltage

The measured variation of efficiency with de-
tector bias voltage at a single-strip binary readout
threshold of 1 fC is shown in Fig. 4 for the three
p-in-n irradiated detectors and in Fig. 5 for the
n-in-n detectors.

As expected from previous results [2-4], the n-
in-n detectors maintain high efficiency at low bias
voltages. The full depletion voltages of these differ-
ent 300 pm thick n-in-n detectors, as determined by
capacitance-voltage (C-V) measurements at 100
Hz [6], were in the range 300 — 380 V at the time of
the test-beam measurement. We have found that
such C-V full depletion voltages for irradiated n-
in-n detectors agree well with the voltage at the
onset of the plateau in charge collection efficiency
as measured in the laboratory with a detector
coupled to a FELIX analogue chip [11] and ex-
posed to a Ru'®® B-source. The results of Fig. 5 thus
show that, for particles at normal incidence, all
three irradiated n-in-n detectors are maintaining
high efficiency for bias voltages down to around
half-full depletion.
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Fig. 4. Measured efficiency as a function of bias voltage at
a single-strip binary readout threshold of 1fC for the three
irradiated p-in-n detectors, P1-P3.

In contrast, wide variations are seen in the plots
of efficiency versus bias voltage for the three p-in-n
detectors, Fig. 4. However, allowance must be
made for the different detector thicknesses listed in
Table 1. Scaling the value of the bias voltage for the
onset of full efficiency to an equivalent 300 um
thick detector gives a similar result of approxim-
ately 350 V for detectors P2 and P3. Detector P1,
however, shows the onset of full efficiency for nor-
mally incident particles at around 200 V bias. Such
a difference is also found in the full depletion volt-
ages determined from C-V measurement at 100 Hz
[6], where for P1 a value of around 150 V is
observed, in contrast to the values of over 300 V for
P2 and P3 (when normalised to 300 pm thickness).

It is interesting to note that, for these irradiated
p-in-n detectors, the bias voltage required for the
onset of the maximum charge collection efficiency
as determined with analogue readout is greater
than the full depletion voltage coming from C-V
measurement at 100 Hz. This is illustrated in
Figs. 6 and 7 for detector P1. In Fig. 6 it is seen that
the measured charge collection efficiency saturates
at about 300 V bias, while Fig. 7 shows that full
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Fig. 5. Measured efficiency as a function of bias voltage at
a single-strip binary readout threshold of 1fC for the three
irradiated n-in-n detectors, N1-N3.
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Fig. 6. Relative charge collection efficiency measured as a func-
tion of bias voltage for the irradiated detector P1. The detector
was exposed to a Ru'®® B-source and read out with a FELIX
analogue chip [11].

depletion from the C-V measurement at 100 Hz is
at around 150 V.

No obvious reason has been found for the lower
depletion voltage of detector P1. It is manufactured
from standard silicon substrate material, as used
also for detector N1. A large spread in depletion
voltage has previously been observed with different
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irradiated diodes [12]. It appears that, whereas
detector bulk leakage current can be closely pre-
dicted following irradiation, depletion voltage is
not a well controlled parameter.

The results of Fig. 4 support the expectation that
the irradiated p-in-n detectors have to be operated
close to their full depletion voltage, or above, for
full efficiency following type-inversion. The efficien-
cy falls rapidly with voltage below this point.

5.3.2. Detector resolution and strip readout
cluster size

Contiguous detector strips giving signals above
the 1 {C single-strip binary threshold are combined
together to form a cluster, with the hit position
determined from the average coordinate of the
strips in the cluster. For high efficiency with single-
strip threshold binary electronics it is desirable to
have most charge collected on only one strip, and
hence most clusters to be single-strip. The detectors
are designed to minimise charge sharing between
adjacent strips [1].
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Fig. 8. Percentage of single-strip matched clusters as a function
of bias voltage at a single-strip binary readout threshold of 1 fC
(a) for the irradiated n-in-n detectors and (b) for the irradiated
p-in-n detectors.

The percentage of single-strip clusters in the hits
matched to the beam tracks are shown in Figs. 8(a)
and (b) for the n-in-n and p-in-n detectors as a func-
tion of bias voltage. The binary threshold is again
1 fC and the tracks are at normal incidence to the
detectors. As expected for a fixed threshold, the
cluster size increases as more charge is collected on
the strips. However, for both n-in-n and p-in-n
detectors of 300 um thickness, the percentage of
single strip clusters is high for tracks at normal
incidence, in excess of 80% at voltages necessary
for efficient operation.

The measured detector resolutions as a function
of bias voltage are shown in Figs. 9(a) and (b) for
the n-in-n and p-in-n detectors. The values for all
detectors are close to 1/\/5 of the detector strip
pitch (that is, 23 pm), as expected for the predomi-
nantly single-strip clusters. An example of the dis-
tribution of track residuals is shown in Fig. 10 for
detector P1 at 350 V bias. The only significant
variations seen in the resolutions of Figs. 9(a) and
(b) are for p-in-n detectors operated at bias voltages
such that their efficiency is very low; P2 at 250
V and P3 at 100 V. Here the poor measured
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Fig. 10. Distribution of the residual of the matched hit coordi-
nate from the interpolated beam track position for irradiated
detector P1 at 350 V bias.

resolution provides evidence for the spreading of
induced charge at the strips in irradiated p-in-n
detectors operated below depletion.
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6. Strip quality of irradiated detectors

Any loss of good detector readout strips during
irradition needs to be quantified for all candidate
prototype detectors produced for an experiment
such as ATLAS. For n-in-n detectors, high-field
regions at the p-stop isolation implants following
type inversion may result in excessive noise due to
micro-discharge [13]. In addition, for both n-in-n
and p-in-n detectors with AC capacitively coupled
readout through grounded metal strips, the coup-
ling dielectric is vulnerable to punchthrough if high
currents induced by beam spills cause a significant
fraction of the bias voltage to be applied briefly
across this dielectric instead of the detector bulk.

The strip quality in respect of the percentage of
strips having shorts through the AC-coupling di-
electric induced during detector fabrication or
irradiation, or anomolies in readout noise values
arising from radiation induced effects such as
microdischarge, have been measured for detectors
P1, N3 and five detectors of type N2. Results for the
n-in-n detectors are described fully in Ref. [ 14]. The
individual strips were probed to check for shorts in
the AC-coupling dielectric caused by irradiation. In
addition, the noise on each strip was measured with
the detector attached to the binary readout scheme
described in Section 4. An example of the noise on
128 channels of the first 12 ¢cm readout region of
detector P1 is shown in Fig. 11. For this mea-
surement the detector was biased at 300 V and
maintained at a temperature of — 12°C. The
non-functioning readout channel numbered 242
seen in Fig. 11 is due to a fault on the hybrid,
whereas the five channels with slightly higher noise

)
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Fig. 11. Plot of noise (in electrons) versus channel number for
128 channels of 12 cm strip readout of the irradiated detector P1
at 300 V bias and a temperature of — 12°C.
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and the saturated channel numbered 209 all have
shorts in the AC-coupling dielectric. The absolute
noise level of about 1500 ENC is as anticipated for
such an irradiated detector with LBIC-CDP fast
readout [1].

Each of the detectors P1 (p-in-n) and N3 (n-in-n)
was found to have in total approximately 1% bad
channels (dielectric shorts plus noisy channels) after
the irradiation, about half of which were induced
by the irradiation process. This figure matches the
specified requirement of the ATLAS SCT [1]. The
N3 detector was designed to reduce the field values
at the p-stop isolation implants by use of a novel
polysilicon field plate isolation technique [7]. In
contrast, the five detectors of type N2, made by the
same manufacturer but with conventional indi-
vidual p-stop isolation, all showed regions of ex-
cessive noise following the onset of micro-discharge
[14]. This led to there being approximately 7% bad
strips for each of the N2-type detectors after ir-
radiation, measured at 300 V bias. A strip isolation
design of the type N3, rather than N2, is therefore
appropriate with this manufacturer for n-in-n
detectors that are to be irradiated beyond type
inversion.

7. Summary

A sample of full-sized p-in-n and n-in-n silicon
microstrip detectors prototyped to the ATLAS de-
sign and coming from four different manufacturers
has been tested after irradiation at the CERN PS to
a fluence of 3x 10 p cm™? 24 GeV/c protons.
Test beam and strip quality measurements show
good post-irradiation performance for both the p-
in-n and n-in-n detectors when read out with fast
single-strip threshold binary electronics. As anticip-
ated, the irradiated n-in-n detectors are still effi-
cient at voltages as low as half-full depletion with
a 1 fC binary threshold, whereas the p-in-n de-
tectors need to be fully depleted for high efficiency,
and operated at still greater voltages to achieve full
charge collection efficiency. A large spread in post-
irradiation depletion voltages is observed for the
p-in-n detectors tested.

Following the satisfactory performance illus-
trated by these results, p-in-n silicon microstrip

detectors with AC capacitively coupled readout
were chosen for the ATLAS SemiConductor
Tracker. An extensive programme was initiated to
prototype and evaluate significant numbers of such
detectors from a range of manufacturers in prep-
aration for the procurement phase of the experi-
ment.
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