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a b s t r a c t

A radiation hard nþ-in-p micro-strip sensor for the use in the Upgrade of the strip tracker of the ATLAS
experiment at the High Luminosity Large Hadron Collider (HL-LHC) has been developed by the “ATLAS
ITk Strip Sensor collaboration” and produced by Hamamatsu Photonics.

Surface properties of different types of end-cap and barrel miniature sensors of the latest sensor
design ATLAS12 have been studied before and after irradiation. The tested barrel sensors vary in “punch-
through protection” (PTP) structure, and the end-cap sensors, whose stereo-strips differ in fan geometry,
in strip pitch and in edge strip ganging options. Sensors have been irradiated with proton fluences of up
to 1�1016 neq/cm2, by reactor neutron fluence of 1�1015 neq/cm2 and by gamma rays from 60Co up to
dose of 1 MGy. The main goal of the present study is to characterize the leakage current for micro-
discharge breakdown voltage estimation, the inter-strip resistance and capacitance, the bias resistance
and the effectiveness of PTP structures as a function of bias voltage and fluence. It has been verified that
the ATLAS12 sensors have high breakdown voltage well above the operational voltage which implies that
different geometries of sensors do not influence their stability. The inter-strip isolation is a strong
function of irradiation fluence, however the sensor performance is acceptable in the expected range for
HL-LHC. New gated PTP structure exhibits low PTP onset voltage and sharp cut-off of effective resistance
even at the highest tested radiation fluence. The inter-strip capacitance complies with the technical
specification required before irradiation and no radiation-induced degradationwas observed. A summary
of ATLAS12 sensors tests is presented including a comparison of results from different irradiation sites.
The measured characteristics are compared with the previous prototype of the sensor design, ATLAS07.

& 2016 Elsevier B.V. All rights reserved.

1. Introduction

The Phase-II upgrade of the Large Hadron Collider (LHC) to the
higher luminosity (5�1034 cm�2 s�1) machine, called the High
Luminosity-LHC (HL-LHC) [1], will require replacement of the entire
current ATLAS Inner Detector with a new all-silicon tracker containing
new type and design of silicon sensors. It will have pixel sensors at the
inner radii surrounded by micro-strips. As currently planned, the
micro-strip detector in the upgraded Inner Tracker (ITk) [2,3] will
consist of 2 barrel layers of “short” strips (length 23.8 mm), 2 barrel
layers of “long” strips (length 47.8 mm) and seven end-cap discs on
each side. The end-cap strips length varies from 15mm to 60mm
depending on the radius. The strip length is chosen so as to maintain
the average hit occupancy to be less than 1% at the expected max-
imum instantaneous luminosity. The maximum hit occupancy is
limited by the bandwidth of the read-out system.

Strip sensors in the ITk will be exposed to charged particles,
neutrons and gammas. The predicted maximum fluence and
ionizing dose [4] for the integrated luminosity of 3000 fb�1 in the
strip barrels is 5.3�1014 1-MeV neutron equivalent (neq)/cm2 and
216 kGy for the short strips in the layer 1, and in the strip end-caps
8.1�1014 neq/cm2 and 288 kGy in the inner regions of the outer-
most disk at a distance of 300 cm from interaction point. The
estimates stated above have no safety factors applied. Such a high
fluence of particles and ionizing dose causes bulk and surface
damage to the sensors. In this study the miniature sensors were
irradiated by protons, neutrons and gammas from 60Co source.
Protons and neutrons displace silicon atoms via non-ionizing
energy losses, which results in point and cluster defects in the
bulk. In addition protons ionize both the Si bulk and the insulating
layer (SiO2). The latter causes the accumulation of positive charges
and traps in the SiO2 and at the Si-SiO2 interface that leads to
deterioration of the sensor surface. The gamma irradiation is
usually used to study the oxide/interface damage separately from
the bulk damage. However, gamma rays from 60Co source are
absorbed in the sensor mainly through Compton scattering and
the scattered Compton electrons have high enough energy (hun-
dreds of keV) to produce point defects in the Si bulk. The surface

damage is expected to influence the breakdown voltage, the inter-
electrode isolation and capacitance.

The current ATLAS Semi-Conductor Tracker is based on single-
sided type of micro-strip sensors made with p-strips implanted on
n-type silicon bulk (p-in-n). nþ-in-p type sensors, which are much
more radiation hard [5,6], are being considered for use in the HL-
LHC trackers. This type of sensor has much faster response as it
collects electrons instead of holes. It also has no radiation induced
type inversion and therefore it always depletes from the seg-
mented side that allows sensor operation in partially depleted
mode. This is particularly useful after high radiation fluencies
when the full depletion voltage becomes higher. However, nþ-in-p
strip sensors need additional strip isolation.

A large area nþ-in-p silicon sensor for the use in ITk has been
developed by the ATLAS ITk Strip Sensor Collaboration [7,8] and
produced by Hamamatsu Photonics (HPK) [9] in a 6-inch (150 mm)
wafer. Besides the large sensor (9.75 cm�9.75 cm), the wafer also
includes sets of miniature sensors, which are used for irradiation
studies. The sensors were irradiated by different particles, energies
and doses and were distributed for extensive test to many institu-
tions of the collaboration for studies of sensor properties that have
received up to double maximal fluence predicted in ITk.

The samples for the surface irradiation study presented in this
paper are the barrel and end-cap (EC) miniature strip sensors of
the latest sensor design, called ATLAS12 [8] which was developed
from ATLAS07 design [7]. The surface properties before and after
ionizing radiation up to the proton fluence of 1�1016 neq/cm2,
neutron fluence 1�1015 neq/cm2 and gamma dose of up to 1 MGy
were evaluated. The tests include measurements of the inter-strip
capacitance and resistance as a function of fluence, and the inter-
strip resistance as a function of bias, temperature and annealing
time. The effectiveness of different types of punch-through pro-
tection structures was tested with DC voltage scan method.

Some of the surface studies with previous design ATLAS07
were reported in Ref. [10] to maximal fluence of 1.5�1013 neq/cm2.
The bulk damage of latest design ATLAS12 is presented in Ref. [11]
for barrel and in Ref. [12] for end-cap sensors.
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