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a b s t r a c t

The ATLAS collaboration R&D group ‘‘Development of n-in-p Silicon Sensors for very high radiation

environment’’ has developed single-sided p-type 9.75 cm�9.75 cm sensors with an n-type readout

strips having radiation tolerance against the 1015 1-MeV neutron equivalent (neq)/cm2 fluence expected

in the Super Large Hadron Collider. The compiled results of an evaluation of the bulk and strip

parameter characteristics of 19 new non-irradiated sensors manufactured by Hamamatsu Photonics are

presented in this paper. It was verified in detail that the sensors comply with the technical

specifications required before irradiation. The reverse bias voltage dependence of various parameters,

frequency dependence of tested capacitances, and strip scans of more than 23,000 strips as a test of

parameter uniformity and strip quality over the whole sensor area have been carried out at Stony Brook

University, Cambridge University, University of Geneva, and Academy of Sciences of CR and Charles

University in Prague. No openings, shorts, or pinholes were observed on all tested strips, confirming the

high quality of sensors made by Hamamatsu Photonics.
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1. Introduction

The upgrade of the Large Hadron Collider (LHC) to 10 times
higher luminosity (1035 cm�2 s�1), the so-called Super-LHC, will
require large changes in design and type of sensors of the current
ATLAS Inner Detector (ID). As currently planned, the upgraded ID
will consist of silicon sensors: pixel detectors and two types of
micro-strip detectors with strip lengths of 2.38 and 9 cm [1].
These micro-strip detectors must withstand an anticipated
radiation fluence of up to 5–9�1014 1-MeV neutron equivalent
(neq)/cm2 [2].

The ATLAS collaboration R&D group ‘‘Development of n-in-p

Silicon Sensors for very high radiation environment’’ has devel-
oped ATLAS07 single-sided p-type 9.75 cm�9.75 cm sensors with
an n-type readout strips having radiation tolerance against a
fluence of 1015 neq/cm2 [3].

The purpose of this paper is to characterize the ATLAS07 full
size sensors and verify the sensor performance required by the
Technical Specification [4] before irradiation. The evaluation of
irradiated sensors using ATLAS07 miniature samples (1 cm�1 cm)
were studied elsewhere: the bulk damage aspects are reported in
Ref. [5] and the surface damages in Ref. [6].
2. ATLAS07 large area sensors

The micro-strip silicon sensors studied in this work are
ATLAS07 Series I large area sensors [3] fabricated by Hamamatsu
Photonics (HPK) using 6 in. (150 mm) process technology [7]. The
baseline is p-type float zone silicon with crystal orientation
/1 0 0S and a thickness of 320 mm. Sensors are single-sided with
capacitively coupled readout n-type strips biased through poly-
silicon resistors. The readout strips have a pitch of 74.5 mm and
are electrically isolated by a common and floating p-implant
(‘p-stop’ isolation) with a doping concentration of 4�1012 ions/
cm2. The large area sensor has four segments of strips: Segments 1
and 2 are of axial strips, where the strips are parallel to the edges
of the sensor, and Segments 3 and 4 are of stereo strips, where the
strips are inclined at an angle of 40 mrad. There are 1280 strips of
length 2.38 cm in each segment. Location of four segment areas of
the sensor with the strip arrangement and position of DC and AC
contact pads is illustrated in Fig. 1. The dead area of the sensor
between segments 1 and 2 (3 and 4) and between segments 2 and
3 are 70 and 160 mm broad, respectively.
3. Experimental methods and results

Out of all 30 ATLAS07 Series I large sensors fabricated by HPK,
19 sensors have been measured by the following ATLAS institutes:
Academy of Sciences of CR and Charles University in Prague
Fig. 1. Location of four segment areas of the ATLAS07 sensor with the strip

arrangement and position of DC and AC contact pads (not to scale).
(sensors W32, W33, W35, W37, W38, W39); Cambridge
University (W15, W16); University of Geneva (W17, W18); and
Stony Brook University (W19, W21, W22, W23, W25-29).
3.1. Bias voltage and frequency dependence of parameters

3.1.1. Leakage current

The IV characteristics of all 19 tested sensors normalized to
20 1C1 are shown in Fig. 2. Current was measured with a delay of
several seconds (up to 10 s) after setting the reverse bias voltage
(Vbias). For all tested sensors, the absolute value of the leakage
current at 500 V is less than 370 nA. The results are consistent
with measurements performed by HPK. The IV characteristics
easily comply with the specification [4] that current at 600 V of
bias voltage be no greater than 20 mA at 20 1C. Actually, the
measured current is more than 50 times lower than this limit.

For most sensors, the IV scan has been measured up to 1000 V.
There were no observed onsets of micro-discharges. Sensor W18
had a slow breakdown at �420 V, but after a short ‘‘training,’’ in
which the sensor was kept at ‘‘breakdown voltage’’ for a few
minutes with current �10 mA, the breakdown disappeared.

The IV characteristics shown in Fig. 2 were measured before
any testing of sensors. The IV scans were repeated after the
quality acceptance tests of the sensor (bias voltage scan and strip
scan), and the measured leakage current was usually higher by
10–20%.
3.1.2. Bulk capacitance

The bulk capacitance (Cbulk) between the backplane and the
bias ring as a function of frequency and bias voltage was
measured. The frequency dependence measured with function
CsRs at 240 V is shown in Fig. 3. One can see that Cbulk is constant
up to 20 kHz; a frequency of 1 kHz was selected for an estimate of
full depletion voltage (FDV).

Plots of the inverse bulk capacitance squared (1/C2) as a
function of reverse bias voltage for eight tested sensors are
presented in Fig. 4. The full depletion voltages were extracted
from the crossing of the linear rise of 1/C2 and the saturated
plateau.
1 I(T20)¼ I(TM) n (T20/TM)2
nexp[-E/2kB n (1/ T20 -1/ TM)] with E¼1.2 eV [8].
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Fig. 3. Frequency dependence of a bulk capacitance of sensors W37 and W38

measured at 240 V.
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All tested sensors reach FDV in the range 199–245 V, which
satisfies the Technical Specification requirement of FDVo500 V.
3.1.3. Coupling capacitance

The coupling capacitance (Ccoupl) measured between strip
metal and strip implant as a function of frequency is shown in
Fig. 5. The capacitance is constant up to 10 kHz; beyond 10 kHz,
Ccoupl decreases with frequency. This justifies choosing a
frequency of 1 kHz for the bias voltage scan of Ccoupl.

The coupling capacitance as a function of bias voltage
measured at 1 kHz with CR in parallel is presented in Fig. 6.
Beyond full depletion voltage, the Ccoupl is practically independent
of the reverse bias voltage. The values of Ccoupl/cm achieved are
greater than 27.8 pF, which meets the limit Ccoupl/cm420 pF [4].

3.1.4. Bias resistance

The direct method was used for an estimate of the bias
resistance. A current–voltage scan was performed applying
voltages from 1 to 6 V in 1-V steps to the implant DC pad. The
measured implant strip current was a linear function of applied
voltage and resistivity was estimated as Rbias¼dVapp/dImeas. As
expected, the value of the polysilicon bias resistor is not
dependent on bias voltage, while the n–p junction is closed
(�0.7 V). All measured values were within Rbias¼1.570.5 MO [4].

3.1.5. Inter-strip capacitance

The inter-strip capacitance (Cint) contributes dominantly to the
input capacitance of FE electronics and determines the noise level
of the detector. Therefore, it should be as low as possible. The
technical specification [4] defines the upper limit for the inter-
strip capacitance as well as the method of measurement: the
Cint/cm measured between a central metal strip and its nearest
neighbors with others floating (three probes) at the 100 kHz test
frequency must be less than 1.1 pF/cm.

A better approximation of total Cint but more difficult for a
measurement is described in Ref. [6]. Five probes are used: three
as in the three-probe method and another two probes connecting
shield strips to ground. For comparison, randomly selected strips
in four segments of W37 were measured with the three- and the
five-probe methods. Cint (five probes)/Cint (three probes) is equal
to 0.939 and 0.913 for 100 kHz and 1 MHz test frequency,
respectively. One must keep this ratio in mind for a good estimate
of noise.

The frequency dependence presented in Fig. 7 shows that the
three-probe inter-strip capacitance is in fact saturated at 1 MHz
and not at 100 kHz, contrary to the five-probe Cint which plateaus
at about 100 kHz. From the above statement, one can suggest the
frequency of 1 MHz instead of 100 kHz for the three-probe
method in the technical specification. The reverse bias voltage
dependence of Cint measured by the three- and five-probe
methods is shown in Fig. 8. Cint becomes constant beyond FDV
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for all tested sensors and segments. The Cint values measured by
the three-probe method at 100 kHz test frequency are in the
interval 0.75–0.80 pF/cm, in agreement with the specification.

The five-probe results at 100 kHz and at 1 MHz are also
displayed in Fig. 8 (open symbols). Cint values are the same for
both frequencies.
3.1.6. Inter-strip resistance

The p-stop isolation between neighboring strips is well
demonstrated by the inter-strip resistance (Rint) values. Inter-
strip resistance was measured by contacting three adjacent
implant DC pads with three probes [9,10]. A voltage, Uapp, was
applied to the outer strips in the interval (�5 V, +5 V) with a step
of 1 V. The current was measured on the central DC pad. The
inter-strip resistance was calculated as

Rint ¼ 2=ðdI=dUapplÞ:

Inter-strip current is directly proportional to applied voltage,
as shown in Fig. 9, and inter-strip resistance is independent of
bias voltage, as shown in Fig. 10. The measured values of Rint for
all tested sensors are in the range 150–600 GO/cm, and thus
comply with the Technical Specification: Rint410�Rbias�15 MO.
3.2. Strip scans

3.2.1. Measurement techniques

The aim of strip-to-strip measurements is to study strip
integrity and uniformity of electrical characteristics over the
whole sensor. It requires probing 1280 strip pads on each of four
sensor segments. To keep the time involved to a reasonable limit,
simplified measurement techniques were used which are not as
precise as the ones used for bias voltage scans (see the previous
Section 3.1). Inter-strip resistance was measured between two DC
pads only, and coupling capacitance and bias resistance were
measured by the CSRS function at 100 kHz between the metal
strip and the bias ring. A switching matrix was used to perform
multiple tests on adjacent strips using an automatic probe station.
Two needles probing two AC pads on the metal strips were used
for measurement of Ccoupl, Rbias, and current through the coupling
dielectric, while four needles probing two AC pads and two DC
pads of neighboring strips were used for measurement of Rint and
Istrip. For better accuracy, the inter-strip capacitance was mea-
sured by the three-probe method and without the switching
matrix.
3.2.2. Bias resistance and coupling capacitance

Measurements of coupling capacitance and bias resistance
were performed on 18 segments of five sensors, a total of 23,040
strips. An example of the bias resistance measurement is shown in
Fig. 11(a) together with the Rbias distribution given in Fig. 11(b).
One can recognize small differences between segments, which
can be characterized by FWHM¼120 kO of the Rbias distribution.
The results measured on all other sensors are similar. The values
of bias resistors are uniform and in the range of 1.570.5 MO as
required by the specifications.
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The measurement of coupling capacitance probes strip defects,
such as an opening in a metal strip for which Ccoupl is smaller than
average and a short between two adjacent metal or implant strips
for which Ccoupl is about two times greater than for a single strip.

No openings or shorts were observed on all 23,040 tested
strips, confirming the high quality of sensors made by HPK. An
example of the coupling capacitance measurements across an
entire sensor is given in Fig. 12. Small differences between
segments can be described by FWHM of the Ccoupl distribution
that is equal to 1.5 pF. Lower capacitances near the edges of
Segments 3 and 4 were expected due to the geometry of the
inclined strips. The measured values of Ccoupl comply with
specifications.

3.2.3. Current through the coupling dielectric

The current flowing through the coupling dielectric (Idiel) was
measured at 100 V applied to the AC pad. The measured values of
Idiel for two segments of sensor W38 are shown in Fig. 13. The Idiel

for all 12,800 tested strips is less than �10 nA. Thus, there are no
pinholes or punch-through defects in the coupling dielectric of
tested sensors.

3.2.4. Strip current

Strip current (Istrip) was measured between the DC pad on an
implant strip and the ground of a fully depleted sensor. Istrip

probes the bulk and implant homogeneity. The measured strip
current was smaller than 2 nA for all 10,240 tested strips; results
for sensor W23 are shown in Fig. 14. There are about 60 strips in
segments 2 and 3 with significantly higher Istrip, but which is still
less than 2 nA. In the same strip region, a weaker signal is also
observed in the conductance distribution (see Fig. 17). The origin
of this non-uniformity is not known.
3.2.5. Inter-strip capacitance and resistance

Inter-strip capacitance was measured on four segments of
sensor W37 by the three-probe method at 100 kHz test frequency
and Vbias¼240 V, yielding 2560 values of Cint (see Fig. 15). The Cint
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Table 1
Comparison of measured parameter values with technical specification [4].

ATLAS07

specification

Measurement

Leakage current o20 mA at 600 V 200 nA–370 nA

Full depletion voltage o500 V 190 V–245 V

Coupling capacitance at

1 kHz

420 pF/cm 428 pF/cm

Silicon bias resistance 1.570.5 MO 1.3–1.6 MO
Current through dielectric Idielo10 nA o10 nA

Pinhole: Idielc10 nA

Strip current No explicit limit o2 nA

Inter-strip capacitance o1.1 pF/cm

3 probe method 100 kHz 0.7 pF/cm–0.8 pF/cm

5 probe method 0.66 pF/cm–0.75 pF/cma

Inter-strip resistance per cm 410�Rbias�15 MO 4150 GO

a For a noise estimate the five-probe method should be used (see Section 3.1.5).
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distribution given in Fig. 15(b) is characterized by FWHM¼12 fF
which confirms good parameter uniformity over the whole
sensor.

The first and last few stereo strips on Segments 3 and 4 are
shorter; consequently, the measured Cint is significantly de-
creased, as is visible in Fig. 15(a). There are four observed values
of Cint, which are higher by �100 fF than others on Segment 4 and
a jump by �20 fF on Segments 1 and 2 near strip number 500.

The average value of Cint is 1.895 pF, which is �30 fF above the
average value of 1.866 pF measured during the bias voltage scan.
This small difference is presumably due to the decrease of Cint in
time at higher relative humidity (RH was �30%) during the slow
bias voltage scan [11].

The inter-strip resistance (Rint) has been measured on a pair of
strips of a fully depleted sensor: A voltage of 710 V was applied
to the DC pad of the first implant strip and current to ground was
measured on the second strip. Conductance is defined as dI/dV,
and Rint¼1/conductance. As a test of this method, the reverse bias
voltage dependence of the inter-strip conductance was measured
on arbitrary pair of strips (see Fig. 16). There is no dependence on
bias voltage, as expected, and the average conductance of 7.9 pA/V
corresponds to Rint/cm¼300 GO.

Inter-strip conductance for all pairs of strips of sensor W23
is displayed in Fig. 17. With the exception of four pairs in the
center of the sensor, the measured inter-strip conductance is
smaller than 15 pA/V. This corresponds to Rint/cm4150 GO, in
compliance with the technical specification. Similar results were
obtained for sensor W25. Consequently, one can conclude that a
common p-stop with doping concentration of 4�1012 ions/cm2

provides acceptable electrical isolation of n-type strips.
4. Summary

The results of measurements and comparison of values to the
ATLAS07 specification are summarized in Table 1.
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5. Conclusions

An evaluation of 19 ATLAS07 Series I large area sensors
manufactured by Hamamatsu Photonics has been presented. All
tested sensors satisfied Technical Specification of non-irradiated
sensors for leakage current and full depletion voltage as well as
for coupling capacitance, bias resistance, inter-strip capacitance
and resistance measured with the bias voltage scan. The onset
voltage of micro-discharges for ATLAS07 large area sensors is
VMD41000 V.

Strip scans were performed on six sensors. Measurements of
coupling capacitance and the current through the coupling
dielectric show that there are no defects (shorts or openings of
metal strips) on the 23,040 tested strips. Measurements of
coupling capacitance and bias resistance on one strip as well as
measurements on pairs of strips of the inter-strip resistance and
the three-probe measurement of Cint confirmed no systematic
deviations from uniform distributions. However, the test of the
strip current of sensor W23 showed non-uniformity for about 60
strips in the center of sensor. All evaluated sensors passed the
tests of quality acceptance.
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