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We have developed a novel and highly radiation-tolerant n-in-p silicon microstrip sensor for very high

radiation environments such as in the Super Large Hadron Collider. The sensors are designed for a

fluence of 1�1015 neq/cm2 and are fabricated from p-type, FZ, 6 in. (150 mm) wafers onto which we

lay out a single 9.75 cm�9.75 cm large-area sensor and several 1 cm�1 cm miniature sensors with

various n-strip isolation structures. By evaluating the sensors both pre- and post-irradiation by protons

and neutrons, we find that the full depletion voltage evolves to approximately 800 V and that the

n-strip isolation depends on the p+ concentration. In addition, we characterize the interstrip resistance,

interstrip capacitance and the punch-through-protection (PTP) voltage. The first fabrication batch

allowed us to identify the weak spots in the PTP and the stereo strip layouts. By understanding the

source of the weakness, the mask was modified accordingly. After modification, the follow-up

fabrication batches and the latest fabrication of about 30 main sensors and associated miniature sensors

have shown good performance, with no sign of microdischarge up to 1000 V.

& 2010 Elsevier B.V. All rights reserved.
ll rights reserved.

: +81 29 864 2580.
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1. Introduction

The most eminent example of a very high radiation environ-
ment is the large hadron collider (LHC) and the future super LHC
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(SLHC). The LHC collects collision data of about 700 fb�1 with a
nominal luminosity of 1034 cm�2 s�1. The silicon microstrip
tracker (SCT) in the inner detector (ID) of the ATLAS detector
was built to tolerate an integrated particle fluence of 2�1014

(1-MeV neutron-equivalent (neq))/cm2 at a radius R�30 cm from
the collision point. To maximize its research capabilities, the LHC
is to be upgraded to the SLHC, with the goal being to achieve over
an order of magnitude higher luminosity (41035 cm�2 s�1) and
over 4 times more integrated luminosity (3000 fb�1). Fig. 1 shows
an expected particle fluence of �1015 neq/cm2 at R�30 cm with
Z�150 cm (along the beamline), with a safety factor of 2 in the
luminosity . The ratio of neutrons to charged particles is greater
than unity for R430 cm. The neutron fluence is �5�1014

neq/cm2 at R�30 cm and decreases slightly to �3�1014 at
R�90 cm. A large number of pile-up events per beam crossing is
foreseen (300–400 compared with 20 at the LHC), so the particle
density in the ID will be 15–20 times larger than that at the LHC.

Radiation damage by hadronic particles (pions, protons,
neutrons, etc.) creates acceptor-like energy levels in the silicon
bulk, causing n-type silicon to mutate into p-type, and increasing
the full depletion voltage (FDV) as fluence is accumulated. As a
silicon sensor using an n-implant readout in a p-type wafer, the
n-in-p sensor offers the following advantages: (1) n-in-p sensors
can be fabricated using a single-side lithography process, making
them more cost-effective than n-in-n sensors, which require a
double-side process. (2) They may be operated in the partially
depleted state because the p–n junction is always on the signal-
collecting side, making the sensor highly radiation-tolerant. (3) By
collecting electrons, a faster signal is obtained and less charge
trapping is achieved than by collecting holes.

The surface of the silicon wafer is protected with a silicon
oxide layer. At the silicon–silicon oxide interface, the built-in
defects and accumulated surface damage due to the ionizing dose
will create an excess positive charge leading to an inversion layer
of electrons at the surface of the silicon, which shortens the
n-implant electrodes. Thus, the silicon surface requires a p+ layer
to prevent the formation of the inversion layer so that the n-strip
implants remain isolated. The p+ layer can be implemented by
implanting p-type ions in restricted areas, which is called
the p-stop method, or by covering the entire wafer surface with
a p+ layer, which is called the p-spray method. The high-bias
voltage required to operate the radiation-tolerant sensor
generates a high electric field at the surface structures that will
cause the onset of microdischarge, which is a sudden increase in
leakage current when the electric field strength exceeds the
avalanche breakdown voltage for silicon (�30 V/mm).
Fig.1. Expected fluences of particles in the inner tracker of the ATLAS detector at

SLHC. Values are taken from Ref. [1].
There are several issues involved in developing a highly
radiation-tolerant silicon microstrip sensor. A silicon material is
needed that has the smallest possible FDV and, especially, an FDV
that increases least as a function of fluence. The operational bias
voltage must be found that results in the required signal strength.
The surface structures must be optimized so that the electric field
is minimized, and the necessary concentration of p-type ions in
the surface must be determined so that the onset voltage for
microdischarge exceeds the operation bias voltage, and yet the
n-implant strips remain isolated.

An n-in-p sensor was prototyped for the LHC [2], and
significant research has been devoted to the SLHC [3]. For our
development [4,5], we have evaluated 4 and 6 in. (100 and
150 mm) silicon wafers, silicon materials incorporating float-zone
(FZ) and magnetic Czochralski (MCZ) materials and the wafer
orientations of /1 0 0S and /1 1 1S. Most recently, we have
fabricated about 50 large-area sensors in a sequence of batches
using 6 in. (150 mm) FZ wafers with an orientation of /1 0 0S.
2. n-in-p R&D sensors

2.1. Large-area main sensor

The mask layout for the 6 in. wafer is shown in Fig. 2. The
layout contains a large-area main sensor of dimensions
9.75 cm�9.75 cm, which is the maximum size square possible
in the usable area defined by the vendor [6]. In addition,
miniature 1 cm�1 cm sensors with various strip and isolation
structures are included in the layout, as well as 4 mm�4 mm
miniature diodes, which are fit into the space remaining on the
wafer. The main sensor is an R&D sensor designed for a high track
density environment that has four segments of short strips
(2.39 cm each). The top two segments are made with ‘‘axial’’
strips where the strips are parallel to the sensor edge. The bottom
two segments are made with ‘‘stereo’’ (i.e., inclined) strips where
the strips are rotated by 40 mrad with respect to the sensor edge.
The stereo strips are intended for development and verification of
the sensor design for a full-area stereo-strip sensor. The strip
isolation structure of the main sensor is the one equivalent to the
Zone3 of the miniature sensors.
2.2. Miniature sensors

Each miniature sensor (1 cm�1 cm) has one out of six
different surface structures for strip isolation. The cross-sections
of the surface structures, Zone 1–Zone 6 (Z1–Z6), are shown in
Fig. 3. Z1 has no p-stop structure, Z2 has individual p-stops
independently encircling each n-strip and Z3–Z6 have one
continuous, common p-stop in between n-strips that are 6 mm
wide. The Z1 miniatures become ‘‘p-spray-only’’ if p-spray is
applied. The sensors are made with an integrated AC-coupling
structure consisting of a sandwich of an insulating layer with
aluminium-metal and implant strips. For all the zones except Z5,
the metal is wider than the n-strip implant, so that the wider
metal functions as a field plate to reduce the electric field strength
at the n-strip implant edge when the potential of the metal and
the n-strip implant is the same. For comparison, the metal width
for Z5 is narrower than the implant. The major features of the R&D
sensors are summarized in Table 1.

The fabrication of the sensors was split into a sequence of
batches. The first three batches X1–X3 were small in quantity, and
the fourth, S1, was the first large-quantity batch. For each batch,
we tried the p-stop (P), p-spray (R), or combined isolation
methods with p+ surface-density concentrations ranging from



Fig. 2. The layout of the mask for the latest sensors (ATLAS07) for a 150 mm wafer. The central piece is the 9.75 cm�9.75 cm main sensor and P1–P24 are the miniature

sensors of 1 cm�1 cm.

Fig. 3. Cross-sections of the strip (n+) and the isolation structures (e.g., p-stop) in the surface of the miniature sensors. Six structures, named Zone 1–Zone 6, are

implemented—one structure per miniature sensor. The dimensions are in mm.
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1011 to 1013 ions/cm2. We are foreseeing a batch of p-spray in
future. The p-stop and p-spray densities, and the number of
wafers delivered for testing are summarized in Table 2. Each
batch is named after the sequence and the isolation, e.g., X1R2P8
denotes the first batch with a p-spray density of 2�1012 and a
p-stop density of 8�1012 ions/cm2, combined. The batches with
only p-spray (R) were fabricated by skipping the p-stop process,
i.e., there are no p-stop structures in either the main sensor or in
any of the miniature sensors in the wafers of the batch.
2.3. Punch-through protection structure

In the Zone 4 (Z4) miniature sensor, we developed a structure
for the AC coupling insulator to protect against accidents such as a
beam splash into the sensors. When a large amount of charge is
deposited in the sensor by a beam splash, a large current flows
through the bias resistor and drops the potential of the n-strip
implants toward the backplane bias voltage, thus generating a
voltage spike across the AC coupling insulator [8]. When the



Table 1
Features of the R&D sensors.

Silicon wafer diameter 6 in. (150 mm)

Type p-type FZ (high grade)

Orientation /1 0 0S
Resistivity (kOcm) �6.7

Thickness (mm) 320

Sensor dimension (dicing center–center) 9.75 cm�9.75 cm

Number of strip segments 4

Number of strips per segment 1282

Strip pitch (mm) (y: stereo angle) 74.5� cos(y)

Strip length (cm) (y: stereo angle) 2.39/cos(y)

Stereo angle, y of ‘‘axial’’/‘‘stereo’’

segments (mrad)

0/40

Strip width, implant/metal (mm) 16/22

Distance between bias rail and n-strips

implants (mm)

70

Sensor dimension (dicing center–center) 1 cm�1 cm

Number of strips, Z1–Z5 (Z6) 104 (77)

Strip pitch, Z1–Z5 (Z6) (mm) 74.5 (100)

Strip length (cm) 0.80

Strip width, implant/metal (Z1–Z6), (Z5) 16/22, 22/16

Distance between bias rail and n-strips

implants

(Z1)/(Z2–Z6)/(Z4) (mm) 12/70/20

Sensor position Z1:(P7,19)

Z2:(P2,5,8,14,17,20),

Z3:(P1,3,6,9,13,15,18,21)

Z4:(A-P4,B-P10,C-P16,D-P22),

Z5: (P11,23), Z6:(P12,14)

Interstrip capacitance (one-neighbour-

both) (pF/cm)

�0.80 [7]

Body capacitance per strip (pF/cm) �0.27 [7]

Bias resistance (Polysilicon) (MO) �1.5

Signal readout AC coupling

AC coupling breakdown voltage (V) 4100

Table 2
Summary of delivered sensors for testing.

Batch name P-spray (R)

(ions/cm2)

P-stop (P)

(ions/cm2)

No. of wafers

Main Miniaturea Wafer range

X1R2P8 2�1012 8�1012 9 14 1–22

X1P10 – 1�1013 – 9 23–36

X2R2P8 2�1012 2�1012 – 1 1

X2P2 – 2�1012 – 1 25

X2P4 – 4�1012 – 1 31

X2R2 2�1012 – – 1 35

X3R2P2 2�1012 2�1012 – 3 1–11

X3R2P8 2�1012 8�1012 1 2 46–47

X3P1 – 1�1012 1 1 12–13

X3P2 – 2�1012 6 4 14–31

X3P4 – 4�1012 2 2 32–39

X3R1 1�1012 – 2 1 40–41

X3R2 2�1012 – 1 1 42–43

X3R4 4�1012 – 1 2 44–45

S1P4 – 4�1012 28 15 1–41

S1P10 – 1�1013 1 2 42–45

S1P20 – 2�1013 1 2 46–49

a Only those tested by testing sites.
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distance between the bias rail and the n-strip implants is
appropriate, this voltage between the bias rail and the n-strip
implants can be limited by inducing a surface current like the
source-drain current of a MOSFET. The protection structure is
called the punch-through protection structure (PTP). In the p-stop
method, we have investigated a few variations in PTP structures,
as shown in Fig. 4. The structure X1Z4 is the first PTP structure
implemented in X1, and Z4A–Z4D are the improved designs in
batches X2 and later. The reason for the improvement is discussed
in Section. 4.
3. Evaluation

3.1. Proton and neutron irradiations

We characterize the R&D sensors both pre- and post-
irradiation. Irradiations were made with 70 MeV protons at the
Cyclotron and Radioisotope Center (CYRIC) of Tohoku University,
Japan [9], and with neutrons with energies below approximately
3 MeV at the TRIGA reactor, at the Jozef Stefan Institute, Slovenia
[10]. Typical fluences are 1012, 1013, 5�1014 and 1015 neq/cm2.
The low fluences are to evaluate the effect of surface damage, e.g.,
charge-up in the silicon–silicon oxide interface before bulk
damage becomes imminent. The high fluence is to evaluate the
bulk and surface damage at the ultimate SLHC fluence. Unless
otherwise mentioned, the irradiated samples were annealed for
80 min at 60 1C.

3.2. Bulk damage

A study of the bulk damage is presented in Ref. [11]. Evolution
of the FDV as a function of fluence is evaluated for the FDVs that
are derived from the measurement of the body capacitance C as a
function of bias voltage V (C–V) and the measurement of the
charge collection as a function of bias voltage using beta rays from
90Sr (CC-V beta). In an ideal semiconductor, 1/C2 increases linearly
with V. In irradiated sensors, 1/C2 exhibits a nonlinearity (i.e., a
kink). The FDV estimated from the low bias voltage range is
consistent with the FDV estimated from the CC-V(beta) method.
The FDVs of proton and neutron irradiations are �700 V at
1015 neq/cm2 and �800 V at 5�1014 neq/cm2, respectively.

3.3. Surface damage

Surface damage is presented in Ref. [12]. Strip isolation is
evaluated in the miniature sensors of the batch X3 with p-stop
only, p-spray only and p-spray and p-stop combined. The
pre-irradiation samples all show good isolation resistance of
410 GO. The post-irradiation samples show degraded isolation
resistance. The isolation resistance of samples irradiated by
protons to 1.14�1013 neq/cm2 is characterized by the total p+

concentration. It is in the 1 MO range for 1012 ions/cm2 and in the
10 MO range for 2�1012 ions/cm2 and it grows to the 100 MO
range for 4�1012 ions/cm2 and is greater than 10 GO for
1�1013 ions/cm2. The interstrip capacitance changes little after
irradiation and is very similar among the various structures and
isolation methods. The exception to this finding is the Z5
structure that exhibits an increase in capacitance after irradiation.
The punch-through voltage (PTV), defined as the voltage where
the PT resistance RPT is equal to the bias resistance Rbias, depends
on the total p+ concentration and the fabrication method. For the
same distance, higher PTV is observed for p-spray than for p-stop.
The PTV of non-irradiated samples is in the range of 10–30 V, but
it decreases by 5–10 V for low fluences of 1012–1013 neq/cm2

before increasing again for high fluence (1015 neq/cm2) to the
same level as for the non-irradiated samples.
4. Mask design improvement

4.1. Onset of microdischarge

With the mask designed for the first batch, X1, we observed
the onset of microdischarge in the non-irradiated X1R2P8
samples at bias voltages of 200–400 V. We identified three
prominent hot spots using a hot-electron microscope [13]. One



Fig. 4. Punch-through protection structures. Z4A–Z4D are in the improved mask, and X1Z4 is in the original mask.

Fig. 5. Hot spot in the X1R2P8 Z4 miniature sensor observed using the

hot-electron equipment.

Fig. 6. Hot spots at the corner of the bonding pads of the stereo strips in the

X1R2P8 main sensor observed using the hot-electron equipment.

Y. Unno et al. / Nuclear Instruments and Methods in Physics Research A 636 (2011) S24–S30S28
hot spot was in the miniature sensors of X1Z4 at the PTP
structure, as shown by spot (1) in Fig. 5. The other two hot spots
were in the main sensor in the structure of the ‘‘stereo’’ strip
segments. Specifically, hot spot (2) shown in Fig. 6 was at the
corner of the bonding pads facing the bias rail, and hot spot (3)
was at the end of alternating strips, as shown in Fig. 7. For
clarification, graphical drawings of the layout corresponding to
the regions of hot spots (2) and (3) are shown in Fig. 8 (a) and (b),
respectively. We used a TCAD simulation program [14] to
determine the large electric field needed to induce such a
microdischarge. A brief conclusion of the study is that multiple
p-stops in the p-bulk function more like a wide single piece,



Fig. 7. Hot spots at the end of the stereo strips in the X1R2P8 main sensor

observed using the hot-electron equipment.

Fig. 8. Mask patterns before modification to eliminate the hot spots in Figs. 6 and 7.

Fig. 9. Mask patterns after modification to eliminate the hot spots in Figs. 6 and 7.

Fig. 10. Leakage currents of the 29 main sensors of the batch S1P4 as a function of

bias voltage, measured at room temperature.
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a wider p-stop leads to higher electric field, and a more
asymmetric positioning of the p-stop leads to higher electric field.
Fig. 11. Leakage currents of 48 miniature sensors from 2 wafers of the batch S1P4

as a function of bias voltage, measured at room temperature. The low current

below 100 V in a few samples is an artifact of the measurement device.
4.2. Mask modification

In accordance with our understanding of the electric field as per
Ref. [14], the PTP structure of X1Z4 was modified to form the
structures Z4A–Z4D. For these structures, the n–n distance was
increased from 12 to 20 mm. For the Z4A and Z4B structures, the
circle of p-top was enlarged towards the p-stops between the
n-strips. Thus, the multiple p-stops were placed closer together. For
the Z4C structure, the multiple p-stops were compacted into a single
continuous p-stop. Finally, for the Z4D structure, the n-island
implant was eliminated, making the Z4D structure simple. Although
we do not observe a dramatic difference in performance
(see Section. 3.3), we investigate further to see if there is a subtle
but systematic difference between these structures.

In the main sensor mask, the source of the high electric field is
the widely spaced p-stops near the n-strips and the bias rail. This
design was only used in the layout of the stereo strips, and we
observed no hot spots in the similar corners of the axial strip
segments. The mask was modified to eliminate the outermost
p-stop near the bias rail and to modify the shape of the bias rail to
go along the n-strip edge, so that the distance between the bias
rail and the n-strip edge is uniform and the same as in other
strips. Drawings of the modified layout for the Fig. 8 (a) and (b)
are shown in Fig. 9 (a) and (b), respectively. No n-strip or other
p-stop was modified.
4.3. Results after the mask modification

The second batch X2 and later batches were fabricated using
the modified mask. We observed good performance and no
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microdischarge in the small quantity fabricated, e.g., in batch
X3P4 [4]. The I–V characteristics of 29 non-irradiated main
sensors from the latest batches S1P4 and S1P10, measured at
approximately 26 1C, are shown in Fig. 10. Microdischarge is not
observed up to the bias voltage of 1000 V. The leakage current is
low at less than 0.5 mA or 5 nA/cm2. The 29 main sensors are
equivalent to 2756 miniature sensors of 1 cm�1 cm in area. The
I–V characteristics of 48 miniature sensors from the two wafers of
S1P4 are shown in Fig. 11. All miniature sensors, including the
modified Z4 sensors, exhibit no microdischarge up to 1000 V.
Further characterization results of the main sensors are reported
in Ref. [7].
5. Summary

We have developed a novel and highly radiation-tolerant n-in-
p silicon microstrip sensor for very high radiation environments
such as in the SLHC. The sensor is designed for a fluence of
1015 neq/cm2. The goals for this project are also to establish the
necessary technological elements to develop a large-area sensor
for use in a large-area tracker. We have established a fabrication
sequence for fabricating a single 9.75 cm�9.75 cm large-area
sensor with two axial segments and two stereo strip segments
and 24 pieces of 1 cm�1 cm miniature sensors with various
n-strip isolation structures. These structures are all laid out on a
single p-type, FZ, 6 in. (150 mm) wafer.

We evaluate the sensors both pre- and post-irradiation by
protons and neutrons and find that the n-strip isolation depends
on the p+ concentration and that the full depletion voltages
evolve to about 800 V. We also report the characterization of the
interstrip resistance, interstrip capacitance, the punch-through
voltage, etc.

The first fabrication batch allowed us to identify the weak
spots in the PTP and in the stereo strip layouts that cause the
onset of microdischarge at low bias voltages of 200–400 V. With
the help of TCAD simulation, the origin of the weakness was
identified and the mask was modified accordingly. The batches
after the modification and the latest fabrication of about 30 main
sensors with p-stop �4�1012 ions/cm2 and associated miniature
sensors have shown good performance, with no microdischarge
up to 1000 V.
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