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Abstract

The high luminosity upgrade of the Large Hadron Collider, foreseen for 2029, requires the replacement of the ATLAS
Inner Detector with a new all-silicon Inner Tracker (ITk). The expected ultimate total integrated luminosity of 4000 fb−1

means that the strip part of the ITk detector will be exposed to the total particle fluences and ionizing doses reaching
the values of 1.6 · 1015 1 MeV neq/cm2 and 0.66 MGy, respectively, including a safety factor of 1.5. Radiation hard
n+-in-p micro-strip sensors were developed by the ATLAS ITk strip collaboration and are produced by Hamamatsu
Photonics K.K. The active area of each ITk strip sensor is delimited by the n-implant bias ring, which is connected
to each individual n+ implant strip by a polysilicon bias resistor. The total resistance of the polysilicon bias resistor
should be within a specified range to keep all the strips at the same potential, prevent the signal discharge through the
grounded bias ring and avoid the readout noise increase. While the polysilicon is a ubiquitous semiconductor material,
the fluence and temperature dependence of its resistance is not easily predictable, especially for the tracking detector
with the operational temperature significantly below the values typical for commercial microelectronics.

Dependence of the resistance of polysilicon bias resistor on the temperature, as well as on the total delivered fluence
and ionizing dose, was studied on the specially-designed test structures called ATLAS Testchips, both before and after
their irradiation by protons, neutrons, and gammas to the maximal expected fluence and ionizing dose. The resistance
has an atypical negative temperature dependence. It is different from silicon, which shows that the grain boundary has
a significant contribution to the resistance. We discuss the contributions by parameterizing the activation energy of the
polysilicon resistance as a function of the temperature for unirradiated and irradiated ATLAS Testchips.

Keywords: HL-LHC, ATLAS ITk, Silicon micro-strip sensor, Polysilicon bias resistor, Testchip
2010 MSC: 82-06, 82D37

1. Introduction

By 2026 the current ATLAS Inner Detector (ID)[1] will
reach the end of its lifetime as it will not be able to cope
with the harsh radiation environment, pile-up, occupan-
cies and data transfer connected with the installation of
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the high luminosity upgrade of the Large Hadron Collider
(HL-LHC). Thus, the ID will be replaced by a new all-
silicon Inner Tracker (ITk) designed to withstand the high
radiation damage associated with the anticipated ultimate
total integrated luminosity of 4000 fb−1 accumulated dur-
ing the expected operational time of more than 10 years.
During the lifetime of HL-LHC the strip part of the ITk
will be exposed to the total particle fluences of 1.6 · 1015

1 MeV neq/cm2 together with the total ionizing doses of
0.66 MGy including the safety factor of 1.5. For this pur-
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pose, radiation hard n+-in-p micro-strip sensors were de-
veloped by the ATLAS ITk strip collaboration and are
manufactured by Hamamatsu Photonics K.K. [2]. The ac-
tive area of the micro-strip sensor contains high number
of n+ implant strips, each of which is connected via the
polysilicon bias resistor to the n-implant bias ring, run-
ning along the sensor’s active area and keeping all strips
on the same potential. Concerning the value of the bias
resistance, it is desirable that the value is high enough to
minimize the parallel thermal noise contribution and that
the strip to strip differences are sufficiently low in order
to avoid voltage deviations among strips and non-uniform
field distribution.

Polysilicon, as the name implies, is a polycrystalline
form of silicon comprising of many small randomly ori-
ented crystallites (grains). It is assumed that the energy
band structure known for single-crystalline silicon, includ-
ing the activation energy Esilicon

a = 1.21 eV [3], can be ap-
plied inside the individual crystallites. However, the elec-
trical properties of polysilicon are believed to be mostly
determined by effects at the grain boundary, such as trap-
ping and immobilization of charge carriers [4].

2. Irradiation And Measurement Procedure

The study was carried out on 17 Testchips [5] identi-
fied by the batch and the wafer numbers, e.g. VPX32483-
W00001. The samples were irradiated by protons, neu-
trons and gammas at different irradiation sites. The pro-
ton irradiation was performed at the University of Birm-
ingham [6], UK by 27 MeV and at CYRIC [7], Japan by
70 MeV protons, the irradiation by neutrons took place at
Ljubljana JSI TRIGA reactor [8] and the gamma irradia-
tion was achieved by 60Co source at UJP Praha [9].

The Testchips were measured in temperature range be-
tween −50 ◦C and +25 ◦C either wire-bonded on PCBs in
an environmental chamber or placed on thermal chuck of
a probe station and contacted by needles.

The bias resistance for each temperature was obtained
indirectly from I-V scans as Rbias =

( dI
dV

)−1.

3. Results I.: Temperature Dependence And Ac-
tivation Energy

Temperature Dependence of Rbias. From the measured
data it can be shown that the dependence of Rbias on tem-
perature is exponential and can be thus described by the
Eq. (1):

Rbias(T ) = R0 · exp
(

Ea

2kT

)
, (1)

where Ea is the activation energy of polysilicon and k is
the Boltzmann constant.

The exponential dependence can be proven by display-
ing the measured data in Arrhenius-like plot (Figure 1),
in which we plot the logarithm of the ratio of Rbias and
R0 against reciprocal of the scaled temperature.
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Figure 1: Arrhenius-like plot of Rbias values vs temperature. The
values for Testchips irradiated by different particles to various irra-
diation levels are denoted by markers and the corresponding linear
fits are plotted as solid lines.

Activation Energy of Polysilicon. The fits of Arrhenius-
like plots in Figure 1 are linear and nearly parallel to each
other, which implies that the polysilicon bias resistance is
characterized by a single activation energy. The value of
the activation energy for each sample was obtained by fit-
ting the measured Rbias data using the Eq. (1). The results
for different irradiation types are shown in Tables 1 to 4,
from which it is obvious that the activation energy is inde-
pendent of irradiation type. Slight deviations in individual
values are caused by different set-ups used at testing sites
and are in accordance with previously published results
in [10].

The activation energy of polysilicon was determined
as the average value of the obtained activation ener-
gies Epolysilicon

a = (55.8 ± 0.1) · 10−3 eV.

Table 1: Activation energy (Ea) measured for for unirradiated
Testchips.

Testchip (Batch-Wafer) Ea[·10−3 eV]
VPX32483-W00001 58.7 ± 1.1
VPX33426-W00082 55.6 ± 0.9
VPX34148-W00201 53.8 ± 0.6

Table 2: Activation energy (Ea) measured for gamma irradiated
Testchips.

Testchip (Batch-Wafer) TID
[MGy]

Ea[·10−3 eV]

VPX32418-W00144 0.66 58.9 ± 0.2
VPX33426-W00073 0.66 55.7 ± 0.6
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Table 3: Activation energy (Ea) measured for neutron irradiated
Testchips.

Testchip (Batch-Wafer) Fluence
[·1014 neq/cm2]

Ea[·10−3 eV]

VPX32421-W00371 5.1 56.9 ± 0.3
VPX32426-W00367 16.0 55.9 ± 0.2

Table 4: Activation energy (Ea) measured for proton irradiated
Testchips. The symbols B and Cdenote Testchips irradiated at Birm-
ingham and at CYRIC, respectively.

Testchip (Batch-Wafer) Fluence
[·1014 neq/cm2]

Ea[·10−3 eV]

VPX32423-W80366C 4.6 58.0 ± 0.2
VPX32587-W00064C 5.0 58.1 ± 0.6
VPA37915-W00314B 5.1 50.6 ± 0.3
VPA37915-W00306B 5.1 52.8 ± 0.4
VPA37915-W00295C 8.3 57.0 ± 1.4
VPX37425-W00755C 8.3 56.4 ± 0.6
VPX32425-W00317C 14.4 58.1 ± 0.5
VPX32471-W00051C 14.9 57.7 ± 0.3
VPA37915-W00333B 16.0 53.0 ± 0.4
VPA37915-W00340B 16.0 51.8 ± 0.4

4. Prediction of Temperature Development of
Rbias for Various Irradiations

In the previous section it has been shown that the tem-
perature dependence of Rbias can be described by Eq. (1)
and that the activation energy as a material constant has
the same value for all samples. Now, for one chosen sam-
ple we set Rbias = Rm at a temperature Tm. Then, from
Eq. (1) we get for R0 relation (2):

R0 = Rm

exp
(

Ea

2kTm

) (2)

By inserting Eq. (2) into Eq. (1) we obtain for all other
samples:

R(T ; Tm, Rm) = Rm

exp
(

Ea

2kTm

) exp
(

Ea

2kT

)

= Rm(Tm) · exp
(

Ea

2k

(
1
T

− 1
Tm

)) (3)

Measured Rbias values of each Testchip were compared
with a curve obtained from Eq. (3), in which we used
for Rm the bias resistance value at temperature −20 ◦C
and for the activation energy we used the value Ea =
= 53.8 ·10−3 eV obtained from the fit for one of the unirra-
diated Testchips. From Figure 2 it is apparent that within
the examined temperature range the Rbias values obtained
from Eq. (2) match very well with the measured results.

220 230 240 250 260 270 280 290 300
Temperature [K]

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

R b
ia

s [
M

Oh
m

]

Unirr.
Gamma irr.
Neutron irr.
Proton irr. B
Proton irr. C

0.66 MGy
0.66 MGy
5.1×1014neq/cm2

16.0×1014neq/cm2

4.6×1014neq/cm2

5.0×1014neq/cm2

5.1×1014neq/cm2

5.1×1014neq/cm2

8.3×1014neq/cm2

8.3×1014neq/cm2

14.4×1014neq/cm2

14.9×1014neq/cm2

16.0×1014neq/cm2

16.0×1014neq/cm2

Figure 2: Calculated temperature dependence of Rbias (solid lines)
compared with the measured Rbias values (markers).

5. Results II.: Dependence of Rbias on Total Ion-
izing Dose (TID) And Fluence

Rbias vs fluence. The fluence dependence of the Rbias val-
ues measured for samples irradiated by protons and neu-
trons is shown in Figure 3. Neglecting the slight span in
individual measured values, which is present already for
unirradiated samples and is in accordance with [10], we do
not see any correlation between the measured Rbias values
and fluence for protons or neutrons.
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Figure 3: Dependence of Rbias on fluence.

In Figure 4 the ratio of two Rbias values of the same
sample measured at temperatures −20 ◦C and −10 ◦C vs
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the total delivered fluence is plotted.
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Figure 4: Ratio of two Rbias values of the same sample measured at
temperatures −20 ◦C and −10 ◦C vs fluence.

Rbias vs TID. In order to study the dependence of Rbias
on TID it was necessary to convert the proton and neutron
fluence into TID. The proton irradiation was converted to
TID using the formula (4):

TID = Φ
κ

(
dE

dx

)
Ep

, (4)

where Φ is the proton fluence in 1 MeV neutron equivalent,( dE
dx

)
Ep

is the stopping power of protons with energy Ep

in silicon taken from Ref. [11] and κ is the hardness factor
(κ is 1.552 and 2.2 for CYRIC and Birmingham, respec-
tively). The TID in neutron irradiated Testchips caused
by secondary particles has been assessed to be 100 krad per
1 · 1014 neq/cm2. The dependence of Rbias on TID is pre-
sented in Figure 5, where we do not observe any significant
change of Rbias with TID for any of the three irradiation
types (protons, neutrons or gammas). The source of the
slightly higher Rbias values in case of gamma irradiated
Testchips compared to the samples irradiated by protons
and neutrons is under investigation.

Figure 6 shows the ratio of two Rbias values of the same
sample at temperatures −20 ◦C and −10 ◦C, from which
it is apparent that the activation energy does not change
with irradiation.

6. Conclusions

Dependence of the resistance of polysilicon bias resistor
on temperature and irradiation was studied on several AT-
LAS ITk Testchips that were specially designed to have
the same properties as the large-format micro-strip sen-
sors, which will be installed in the ATLAS ITk detector in
HL-LHC.

It has been shown that the value of polysilicon bias resis-
tance decreases as exp

(
Ea

2kT

)
with temperature. By fitting
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Figure 5: Dependence of Rbias on TID.
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Figure 6: Ratio of two Rbias values of the same sample at tempera-
tures −20 ◦C and −10 ◦C vs TID.

the values of Rbias measured at different temperatures by
the Formula (1) we determined the activation energy of
polysilicon as Epolysilicon

a = (55.8 ± 0.1) · 10−3 eV, which
differs from the activation energy of single-crystalline sili-
con (1.21 eV) and thus implies that the electrical properties
of polysilicon are governed by charge carriers trapping and
other effects at the grain boundary.

Further, by using Eq. (3), it was possible to determine
the temperature evolution of Rbias for any studied sample
based on one value of bias resistance Rm measured at a
temperature Tm . This result was verified in Figure 2.

It has been also shown that for a given temperature,
the value of Rbias does not change with fluence or TID
and thus also the activation energy does not depend on
the type and level of irradiation.
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