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ARTICLE INFO ABSTRACT

MSC: The high luminosity upgrade of the Large Hadron Collider, foreseen for 2029, requires the replacement of
82-06 the ATLAS Inner Detector with a new all-silicon Inner Tracker (ITk). The expected ultimate total integrated
82D37 luminosity of 4000 fb~! means that the strip part of the ITk detector will be exposed to the total particle
Keywords: fluences and ionizing doses reaching the values of 1.6 - 10'> MeV n,, /cm” and 0.66 MGy, respectively, including
K]';L];XHSCITk 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.

Silicon micro-strip sensor
Polysilicon bias resistor
Testchip

1. Introduction the installation of the high luminosity upgrade of the Large Hadron
Collider (HL-LHC). Thus, the ID will be replaced by a new all-silicon

By 2026 the current ATLAS Inner Detector (ID) [1] will reach the Inner Tracker (ITk) designed to withstand the high radiation damage
end of its lifetime as it will not be able to cope with the harsh radiation associated with the anticipated ultimate total integrated luminosity
environment, pile-up, occupancies and data transfer connected with of 4000 fb~! accumulated during the expected operational time of more
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than 10 years [2]. The ITk will consist of two main parts — the pixel
detector and the strip detector. For further purposes the strip detector
is of our main interest. The total integrated luminosity of 4000fb~!
means that the strip detector of the ITk will be exposed to the maximal
total particle fluences of 1.6 - 10'> 1 MeV n,, /cm? together with the total
ionizing doses of 0.66 MGy including the safety factor of 1.5 and cor-
responding to the outermost End-cap disks and innermost ring [2]. For
this purpose, radiation hard n*-in-p micro-strip sensors were developed
by the ATLAS ITk strip collaboration and are manufactured by Hama-
matsu Photonics K.K. [3]. The active area of the micro-strip sensor
contains thousands of n* implant strips, each of which is connected via
the polysilicon bias resistor to the n-implant bias ring, running along
the sensor’s active area and keeping all strips on the same potential.
The polysilicon resistors are designed with a high resistivity polysilicon
process option. In ATLAS estimate, they have a surface resistivity of
approximately 4k /square and a tolerance, including the spread along
the sensor, of +1.3kQ/square [4].

Polysilicon, as the name implies, is a polycrystalline form of silicon
comprising of many small randomly oriented crystallites (grains). The
electrical properties of polysilicon are believed to be mostly determined
by effects at the grain boundary, such as trapping and immobilization
of charge carriers [5]. It is also assumed that the energy band structure
known for single-crystalline silicon can be applied inside the individual
crystallites. The temperature dependence of the polysilicon bias resis-
tance and its activation energy are shown to be strongly depending on
the doping concentration [5,6].

2. Irradiation and measurement procedure

The dependence of the resistance of polysilicon bias resistor on
the temperature, as well as on the total delivered fluence and ioniz-
ing dose, was studied on 17 specially-designed test structures called
ATLAS Testchips (Fig. 1(a)), which are fabricated on 6" wafers to-
gether with MAIN sensors [7]. Each Testchip consists of several test
structures providing the possibility to perform various tests such as
the measurement of the polysilicon bias resistance (Fig. 1(b)). Indi-
vidual testchips are identified by the batch and the wafer numbers,
e.g. VPX32483-W00001.

14 samples were irradiated by protons, neutrons and gammas at
different irradiation sites. The fluences were chosen to cover the maxi-
mal expected fluences in different parts of the strip detector (including
the safety factor of 1.5) and the TID of 0.66 MGy corresponds to the
maximal dose, which will be delivered to the End-cap part of the strip
detector [2]. The gamma irradiation provides the cleanest test of TID
effects, neutrons deliver the purest form of bulk damage and protons
combine both of these effects.

In all cases, the samples were irradiated unbiased. The proton
irradiation was performed at the University of Birmingham, UK [8]
and at CYRIC, Japan [9]. The proton irradiation in Birmingham was
performed by 27 MeV protons at a temperature of —27 °C. The maximal
estimated uncertainty is 15% of the fluence. At CYRIC the irradiation
was performed by 70 MeV protons at a temperature of —15 °C with the
maximal estimated uncertainty of 10% of the fluence. Two samples
were irradiated by reactor neutrons in Ljubljana, Slovenia at JSI TRIGA
reactor [10] at a temperature of 40 °C with an estimated uncertainty of
10 % of the fluence. The gamma irradiation was achieved by ®*Co source
at UJP Praha a.s., Czech Republic [11] at a temperature of 30°C and
an estimated uncertainty of 10% of the TID. After the irradiation the
samples were stored cold to prevent an uncontrolled annealing. Before
the measurement, the irradiated Testchips were annealed for 80 min
at 60°C.

The remaining 3 samples were tested unirradiated, each at a differ-
ent testing site.

The Testchips were measured in temperature range between —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.
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(a) An example of the AT- (b) Detailed view of the bias resistors test
LAS Testchip layout. structure layout.

Fig. 1. ATLAS Testchip and Ry, structure layout [7].

Regardless of whether the Testchip was wire-bonded or contacted
by a needle, the testing procedure was the same. The pad ‘#1’ (see
Fig. 1(b)) was set to ground and consecutively the pads ‘#2’ to ‘#4’ were
contacted and I-V scan was performed from —5V to +5V in 0.5V steps.
The bias resistance for each contacted pad is obtained from the I-V

-1
scans as Ry pad = (:—;2 [7]. For each temperature step the resulting
bias resistance was calculated as an average of the bias resistances

measured on the pads ‘42’ to ‘#4’.
3. Results I.: Temperature dependence and activation energy

Temperature dependence of R, From the measured data it can be
shown that the dependence of R,;,; on temperature is exponential and
can be thus described by the Eq. (1):

Ea
Ryias(T) = Ry - exp <T> , @

where E, is the activation energy of polysilicon, k is the Boltzmann
constant and R, is a scaling factor, which corresponds to Ry, (o).

The exponential dependence can be proven by displaying the mea-
sured data in Arrhenius-like plot (Fig. 2), in which we plot the log-
arithm of the ratio of Ry, and R, against reciprocal of the scaled
temperature.

Activation energy of polysilicon. The fits of Arrhenius-like plots in Fig. 2
are linear with almost same slopes, which implies that the polysilicon
bias resistance is characterized by a single activation energy. From the
plot it is obvious that there are no random errors as the measured points
of each sample perfectly correspond to the linear fit. However, we can
see a systematic error between the measurements of the individual
samples. Slight deviations in individual values of activation energies,
which are visible as small differences in the slopes of the different lines,
appear as the spread of the measured polysilicon bias resistance values
due to systematic errors in the resistance measurement in different
set-ups at different testing sites.! This spread of values was previously
observed and published in [12] and [13].

The value of the activation energy for each sample was obtained by
fitting the measured Ry;,, data using the logarithmization of Eq. (1):
In R}‘;—L“ =E,- ﬁ The results for different irradiation types are
shown in Tables 1-4, from which it is obvious that the activation
energy is independent of irradiation type. The small spread of the
activation energy could indicate small variations in doping concentra-
tion, indicating high stability of the fabrication process. We attribute
the lack of dependence on irradiation type to the very high doping
concentration making the structure impervious to irradiation damages
in the range studied.

1 We estimate the temperature error of +2 K, which affect the derivation of
E, little (~ 1% around 0°C).
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Fig. 2. The upper part of the plot shows Arrhenius-like plot of Ry, values vs
temperature. The values for Testchips irradiated by different particles to various
irradiation levels are denoted by markers and the corresponding linear fits are plotted
as solid lines. The fitting function was obtained from the logarithmization of Eq. (1):

24T °

ln(%) =E,- ——. The lower part of the plot shows the difference between the
)
measured and fitted values of Ry,.

Table 1
Activation energy (E,) measured for unirra-
diated Testchips.

Testchip (Batch-Wafer) E,[-1073eV]
VPX32483-W00001 587+x1.1
VPX33426-W00082 55.6+09
VPX34148-W00201 53.8+0.6

Table 2

Activation energy (E,) measured for gamma irradiated Testchips.
Testchip (Batch-Wafer) TID [MGy] E,[-103%eV]
VPX32418-W00144 0.66 +0.07 58.9+£0.2
VPX33426-W00073 0.66 + 0.07 55.7+0.6

Table 3
Activation energy (E,) measured for neutron irradiated Testchips.
Testchip (Batch-Wafer) Fluence E,[-1073eV]
[-10™ ncq/cmz]
VPX32421-W00371 51+05 56.9+0.3
VPX32426-W00367 160+ 1.2 559+0.2

The activation energy of polysilicon was determined as the average
value of the obtained activation energies:

ERVSIM (558 +0.1)- 107 eV.

For a comparison, the activation energy of silicon is ESilicon = 1.21eV,
see [14]. The difference in these two values is in accordance with
the assumption that the electrical properties of polysilicon are mostly
determined by the effects at the grain boundary [5].
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Table 4

Activation energy (E,) measured for proton irradiated
Testchips. The symbols ? and ¢ denote Testchips irradiated at
Birmingham and at CYRIC, respectively.

Testchip (Batch-Wafer) Fluence E,[-1073eV]
[-10 ncq/cmz]
VPX32423-W80366¢ 46+0.5 58.0+0.2
VPX32587-W00064¢ 50+05 58.1£0.6
VPA37915-W003145 51+08 50.6 +£0.3
VPA37915-W00306% 51+08 528 +0.4
VPA37915-W00295¢ 83+038 57.0+ 1.4
VPX37425-W00755¢ 83+0.8 56.4+0.6
VPX32425-W00317¢ 144+14 58.1+£0.5
VPX32471-W00051¢ 149+ 1.5 57.7+£0.3
VPA37915-W00333% 16.0+2.4 53.0+£04
VPA37915-W00340% 16.0+2.4 51.8+04

4. Prediction of temperature development of R, for various
irradiations

In the previous section it has been shown that the temperature
dependence of Ry;,; can be described by Eq. (1) and that the activation
energy as a material constant has the same value for all samples. Now,
we will derive a common function for all samples that will describe
the temperature evolution of Ry;,, for each sample based on just one
reference value R,, = Ry, (T,,) measured at the temperature 7,, for the
particular sample.

For a general sample we set R, = Ry;,(T,,) at a temperature 7,,.
Then, from Eq. (1) we get for R, relation (2):

Rn 2

Ell
exp (Mm )

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

E
@exp%)

2kT,,

E, (1 1
R, (T,,) - exp w\T 7))

Using the derived formula, we can compare the measured Ry,
values of each Testchip with the curve obtained from Eq. (3), where
we used as R,, for each sample its bias resistance value at temper-
ature T,, = 253.15K and for the activation energy we used the value
E,=53.8-1073¢V obtained from the fit for one of the unirradiated
Testchips.

The results are shown in Fig. 3. The upper part of the plot shows
the comparison between the measured values of Ry;,; with the curves
obtained from Eq. (3). The lower part of the plot shows the difference
between the real measured Ry;,, values and the predicted values of
Ryips from Eq. (3) (noted as R,,.) for each Testchip expressed at
every temperature value. It can be shown that in the middle of the
temperature range the R, 4 values obtained from Eq. (3) match very
well with the measured results. At both ends of the temperature range
the discrepancies between the model and real values become more
apparent, however still relatively small (< 2 %).

Ry =

R(T:T,.R,)

5. Results II.: Dependence of R,;,, on Total Ionizing Dose (TID)
and fluence

Ryias Vs fluence. The fluence dependence of the Ry;,, values measured
for samples irradiated by protons and neutrons is shown in Fig. 4. Ne-
glecting the slight span in individual measured values, which is present
already for unirradiated samples and is in accordance with [12], we do
not see any correlation between the measured Ry;,; values and fluence
for protons or neutrons.
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Fig. 3. The upper part of the plot shows the calculated temperature dependence of
Ry, (solid lines) compared with the measured R,;,, values (markers). The lower part of
the plot shows the difference between the real measured Ry, values and the predicted
values of Ry;,, from Eq. (3) (noted as R,,) for each temperature value.
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Fig. 4. Dependence of Ry, measured at —20°C on fluence.

In Fig. 5 the ratio of two Ry;,, values of the same sample measured
at temperatures —20°C and —10°C vs the total delivered fluence is
plotted.

Ryias Vs TID. In order to study the dependence of Ry;,; 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):

D = 2 (d—E) , )
Kk \dx /E,

where @ is the proton fluence in 1MeV neutron equivalent, (‘i—f)E

is the stopping power of protons with energy E, in silicon taken
from Ref. [15] and « is the hardness factor (x is 1.552 and 2.2 for
CYRIC and Birmingham, respectively). The TID in neutron irradiated
Testchips caused by secondary particles has been assessed to be 1kGy
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per 1-10"n,/cm?. The dependence of Ry, on TID is presented in
Fig. 6, where we do not observe any significant change of Ry;,, with TID
for samples irradiated by protons and neutrons. We can see that Ry;,
values after gamma irradiation are higher in comparison to the values
obtained after proton and neutron irradiation. This effect was observed
for tens of gamma irradiated Testchips, which were tested during pre-
production and production as a part of Quality Assurance procedure
and the results were compared to the proton and neutron irradiated
Testchips and presented in [13]. The source of the slightly higher Ry,
values in case of gamma irradiated Testchips is under investigation.

Fig. 7 shows the ratio of two R, 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 temper-
ature and irradiation was studied on several ATLAS ITk Testchips that
were specially designed to have the same properties as the large-format
micro-strip sensors, which will be installed in the ATLAS ITk detector
in HL-LHC.

It has been shown that the value of polysilicon bias resistance
decreases as exp

i‘;) with temperature. By fitting the values of Ry,
measured at different temperatures by the Formula (1) it is possible to
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extract the activation energy for each sample. We determined an aver-
age activation energy of polysilicon as EP*Y1°°" = (55.8 + 0.1) - 1073 eV,
which differs from the activation energy of single-crystalline silicon
(1.21 eV) and thus implies that the electrical properties of polysilicon
are governed as it was assumed. The activation energy is shown to be
independent from samples and irradiation types.

Further, by using Eq. (3), it was possible to determine the temper-
ature evolution of Ry;,; for any studied sample based on one value of
bias resistance R,, measured for this sample at a temperature 7,,. This
result was verified in Fig. 3, where it was also shown that this model
matches very well the values in the middle of the studied temperature
range, i.e. from —50°C to +25°C. Even at the edges of the temperature
range, the discrepancies are quite small (< 2 %).

It has been also shown that for neutron and proton irradiation, the
value of Ry, at a given temperature does not change with fluence or
TID. After gamma irradiation the Ry;,, value is slightly higher compared
to unirradiated samples or samples irradiated by protons and neutrons,
which is in accordance with [13]. From Figs. 4 to 7 it is obvious that
Ry;,s does not depend on the type and level of irradiation.
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