Available on CMS information server CMS CR -2012/370

m\s The Compact Muon Solenoid Experiment
N

~_ Conference Report ()

X \\
)
AN | Mailing address: CMS CERN, CH-1211 GENEVA 23, Switzerland

06 December 2012 (v2, 11 December 2012)

Characterization of silicon sensor materials and
designs for the CMS Tracker Upgrade

Alexander Dierlamm for the CMS Collaboration

Abstract

During the high luminosity phase of the LHC (HL-LHC, starting around 2020) the inner tracking sys-
tem of CMS will be exposed to harsher conditions than the current system was designed for. Therefore
a new tracker is planned to cope with higher radiation levels and higher occupancies. Within the strip
sensor developments of CMS a comparative survey of silicon materials and technologies is being
performed in order to identify the baseline material for the future tracker. Hence, a variety of mate-
rials (float-zone, magnetic Czochralski and epitaxially grown silicon with thicknesses from 50um to
320pm as p- and n-type) has been processed at one company (Hamamatsu Photonics K.K.), irradiated
(proton, neutron and mixed irradiations up to 1.5¢15n.,/cm? and beyond) and tested under identical
conditions. The wafer layout includes a variety of devices to investigate different aspects of sensor
properties like simple diodes, test-structures, small strip sensors and a strip sensor array with varying
strip pitch and strip width. This paper presents the current status and results of this campaign.
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Figure 1: Radial dependence of the particle fluence as simulated by FLUKA for the current CMS tracker
layout assuming an integrated luminosity of 3000fb~! (data from [2]). The silicon strip tracker extends from
a radius of 20cm up to 120cm. The inner region is occupied by the pixel vertex detector.

1. Introduction

The CMS Tracker Upgrade group conducts an R&D campaign to identify the best silicon mate-
rial and sensor design for an upgraded silicon strip tracker to be operated during the high luminosity
phase of LHC (HL-LHC, starting around 2020). The envisaged integrated luminosity during the
high luminosity phase of 3000fb~! is a factor of six larger than the expected integrated luminosity
the current detector was designed for [1]. From simulations of the radiation environment at CMS
one expects a maximum particle fluence of 1.5- 10" Neq/ cm? for the silicon strip tracker region [2].
For radiation hardness studies of silicon materials it is also important to note the mixture of particle
types, which changes with radius (Fig. 1). Within the RD50! collaboration it was found that oxy-
genated silicon does not follow the NIEL (Non-Ionizing Energy Loss) predictions and a mixture
of neutron and charged hadron irradiation could generate compensating defects, which results in
an increased charge collection compared to oxygen lean material [3]. Therefore we study sensors
made of magnetic Czochralski (MCz; high oxygen concentration due to manufacturing process)
and standard float-zone (FZ) material. These sensors are fabricated as n-type devices with p-type
strip implants and as p-type devices with n-type strip implants in two versions with p-spray” as
well as with p-stop? strip isolation.

The thinnest silicon sensor in the current tracker is 320 um thick. For the Upgrade we investigate
thinner sensors (50um to 320 um) because of the smaller expected full depletion voltage and leak-
age current and the reduced material budget. For a currently discussed module type (2S-module [4])

Uhttp://rd50.web.cern.ch/rd50/

Zhomogeneous p-type doping layer at moderate peak concentration of about 5 - 10'% cm—3

3structured p-type implantation with higher peak concentration (> 2 - 10'® cm™=3) surrounding the strip implants
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Figure 2: The layout of the R&D wafer with many devices. Diodes and mini-strip sensors (Baby_Std,
Baby_Add), multi-geometry strip sensor (MSSD), test-structures (TS), a mini-strip sensor with integrated
pitch-adapter (Baby_PA), a four-fold segmented strip sensor with edge read-out (FOSTER) and a multi-
geometry pixel structure (MPix).

consisting of two strip sensors the difference between 300um and 200 um thick silicon makes up
about 30% of the total radiation length of the module and therefore also a large fraction of the
radiation length of the tracker. The radiation length of the tracking region needs to be kept to a
minimum to avoid photon conversions, nuclear interactions and multiple-scattering.

Another aspect of the sensor R&D is the investigation of layout variations. One obvious parameter
is the strip pitch, which has an impact on the strip capacitance, which in turn significantly affects
the sensor noise. As mentioned before, we also study the implication of strip isolation techniques,
not only on these devices, but also with other manufacturers and by T-CAD simulations [5, 6].
Further more, we investigate the influence of routing lines connecting the charge sensitive strip im-
plants to the pads for wire bonding to the read-out chips. This can be used to spare the commonly
used additional glass pitch-adapter by implementing the pitch-adapter on the sensor itself. Another
application is the connection of sensitive regions in the center of the sensor to the outer edge for a
more convenient connection to the read-out chips as needed for the 2S-module concept [4].

All these aspects are addressed by one big irradiation and measurement campaign within the CMS
Tracker Upgrade group. We have designed one single mask layout, which comprises several dif-
ferent devices for the individual purposes (Fig. 2):

Diodes Evaluation of generated defects. IV* and CV> measurements, Transient Current Tech-
nique (TCT) [7] and edge-TCT measurements to extract the charge collection efficiency
(CCE), trapping and electric fields. Thermally Stimulated Current and Deep Level Transient
Spectroscopy to investigate defect characteristics.

4current vs. voltage characteristic

Stotal capacitance vs. voltage characteristic
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Mini-strip sensors Evaluation of radiation hardness of the different materials. IV and CV mea-
surements, strip characterization, charge collection measurements (results presented in this
paper) and Lorentz Angle measurements [8].

Multi-geometry strip sensors Evaluation of strip sensor properties for a variation of strip pitches
and width-to-pitch ratios. Also used for beam test analysis [9].

Multi-geometry pixel sensors Characterization of a sensor with very short strips (1-2mm), vary-
ing pitch and biasing connection (poly-silicon or punch-through) [10].

Test-structures Characterization of the process quality [11].

Advanced designs Evaluate the performance of a strip sensor with integrated pitch-adapters and a
four-fold segmented strip sensor with edge read-out (results presented in this paper). Further-
more there are pixel sensors with layout variations which fit the current CMS pixel read-out
chip (PSI46) footprint.

This layout has been processed on different wafer materials (FZ: 320 um, 200 um, 120 um; MCz:
200pm; Epi: 100um, 50um; all as n- and p-type with p-stop or p-spray) by one manufacturer
(Hamamatsu Photonics K.K.) for best comparability of the results. This manufacturer was selected
due to the known very good quality and the capability to produce the quantity needed for a large
scale production for a new tracker.

Labels for the materials discussed in this paper are composed of silicon type (FZ: float-zone with
physical thickness of 320 um and deep diffusion to eventually reduce the active thickness; M: mag-
netic Czochralski (MCz); FTH: thinned float-zone), nominal active thickness (320, 200) and doping
type (N: n-type; P: p-type with p-stop; Y: p-type with p-spray).

The samples have been characterized in detail after production and went through selected irradia-
tions with protons and neutrons (Tab. 1). The fluences are selected to reflect the conditions in the
tracker in view of total fluence and mixture of charged and neutral particles for a few radii under
study as depicted in Fig. 1. Irradiations are performed with 23MeV protons at ZAG®, Germany,

Table 1: Summary of the foreseen particle fluences for this campaign. The values represent regions inside
the tracker volume at the given radii and forward z positions (220cm < z < 265cm) where the neutron
radiation is higher. Bold lines indicate irradiations covered in this paper and italic lines represent irradiations
for the pixel region.

Radius | Protons / 10 neqcm*2 Neutrons / 104 neqcm*2 Total / 1014 neqcm*2 Ratio p/n
40cm 3 4 7 0.75
20cm 10 5 15 2.0
15cm 15 6 21 2.5
10cm 30 7 37 4.3

Scm 130 10 140 13

Shttp://www.zyklotron-ag.de
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and reactor neutrons in Ljubljana’, Slovenia. During the campaign we decided to add further irra-
diations with 800MeV and 23 GeV protons, for which the evaluations are ongoing.
This paper presents the measurements on mini-strip sensors performed and analysed so far.

2. Leakage current and full depletion voltage

The most basic properties of a silicon sensor are its leakage current and full depletion voltage.
The increase of leakage current in diodes with irradiation fluence is well studied and follows a
single parametrization independent of particle type and energy or sensor material [12]. Therefore
this measurement can serve as a standard to confirm irradiation fluences. In this campaign, diodes
have been irradiated together with all the other devices to the same fluence where possible. The
measured volume generated leakage currents of diodes (Fig. 3(a)) confirm the expectations and
demonstrate the independence of silicon material and particle type. It also indicates that the target
fluences are met for all devices within a group. For mini-strip sensors (Fig. 3(b)) we measure an
excess current compared to the expectation for most of the samples. The IV curves (an example
is shown in Fig. 3(c)) of the mini-strip sensors do not show saturation above the full depletion
voltage as it is observed for diodes. Therefore we plot the leakage currents at a fixed voltage of
600V, which is the highest voltage the tracker power supplies can currently deliver. With this
approach we can get an estimation of the expected currents during the operation of the strip sensors
in the experiment. For example, a sensor at 40cm radius would receive a fluence of about 5 -
1014neq /cm?. The measurements of our mini-strip sensors (volume of 0.149cm?) yield about
90uA at -20°C at that fluence. Scaling to the foreseen sensor size (10cmx 10cm, 200 um thick) the
leakage current results in 1.2mA and therefore a heating power of 0.7 W at 600V per sensor, which
needs to be evacuated. Keeping in mind that there might be longer annealing times than applied for
these measurements, the stated power would be an upper limit, since leakage current drops with
annealing time [12].
The full depletion voltage is extracted from the capacitance-voltage characteristic of the sensors by
plotting 1/C? over bias voltage and identifying the turnover to saturation. This method works well
for non-irradiated sensors, but is not very accurate for irradiated sensors, since no sharp transition
is observed (an example is given in Fig. 4(a)). Figure 4(b) shows the full depletion voltages for
the various materials and particle fluences. These measurements confirm that the sensor thickness
increases the full depletion voltage and that a p-type sensor has higher full depletion voltage than
the n-type version of the same thickness after irradiation. This is due to the donor concentration
in n-type sensors, which compensates part of the generated acceptor-like defects [12]. Further we
observe in Fig. 4(b) different slopes for neutron- and proton-only irradiated samples (steeper for
neutron irradiations), and that MCz material has lower full depletion voltage than FZ material with
the same thickness of about 200 um. In Fig. 4(c) the calculated effective doping concentration of
mini-strip sensors are confirmed by measurements on diodes. Only for M20ON at 1 - 10 Neg/ cm?
the extracted full depletion voltage seems to be too low compared to the diode measurements
and compared to the charge collection measurements in Sec. 4. This demonstrates the potential
inaccuracy of the method for CV curves as in Fig. 4(a).

http://www.rcp.ijs.si/ric/index-a.htm
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(c) Leakage current vs. fluence on strip sensors at -20°C.

Figure 3: Leakage currents of diodes and mini-strip sensors after annealing of 10min at 60°C. The expec-
tations follow the parametrization derived from many measurements in [12].

Further irradiations representing the 15cm radius in Tab. 1 are currently in progress and should
give a clearer picture.

3. Strip characteristics

The quality and performance of an AC coupled strip sensor is not only characterized by leak-
age current and full depletion voltage but also by the strip characteristics like coupling capacitance,
bias resistance, inter-strip resistance and inter-strip capacitance. In addition, we also check for pin-
holes, which are shorts between the strip implant and the metal read-out strip through the coupling
oxide. In this campaign we did not find a single one, which underlines the excellent quality of the
devices.

Fig. 5 summarizes the strip parameter measurements (bias resistance, inter-strip resistance, cou-
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Figure 4: Full depletion voltage of mini-strip sensors as extracted from CV-curves at -20°C and 1kHz.
Sensors at 7- 1014 Neg/ cm? have been exposed to about four days longer annealing at room temperature than
all other measurements, which were annealed for 10min at 60°C after each irradiation (details in [14]). The
Nefr is calculated from the extracted full depletion voltage and, for strip sensors, corrected for the effects by
segmentation [15].

pling capacitance and inter-strip capacitance) for all materials and their development over fluence.
The value of the poly-silicon bias resistance (Fig. 5(a)) strongly depends on processing details and
can vary from wafer to wafer. Values in the range from 1 MQ to 4 MQ are acceptable as long as
the resistance is lower than the inter-strip resistance, but higher than the strip implant resistance.
Homogeneity of the resistance over the sensor is much more important and the standard deviation
should be less than 10%. On these devices we measured a typical standard deviation of less than
1.5% [14]. At the lowest fluence point we see an increase of the bias resistance of about 10%,
which more or less stays at that level also for higher fluences.

The inter-strip resistance (Fig. 5(b)), in contrary, strongly depends on the irradiation fluence. Initial
resistances of more than 100 GQcm fall below 1 GQcm after a fluence of 1-10'° neq/cm?. However,
this value is still high enough to isolate the strips from each other. This is especially interesting
for the p-type sensors with p-spray isolation, which require a well optimized process [16]. For
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Figure 5: Overview of relevant strip characteristics measured at —20°C and 600V reverse bias voltage, if
not stated otherwise.

FZ320Y we have an additional data point at 3.8 - 10! Neg/ cm?, which has still a high inter-strip
resistance value of more than 50MQcm. Additional signal measurements on this sensor also show
well defined clusters, which means that the isolation is sufficient. From this we can conclude that
HPK manages to process a p-spray isolation with a sufficiently high break-down voltage and good
isolation capability.

The coupling capacitance (Fig. 5(c)) varies within about 4%, which is a rather small effect, and
hence negligible for operation.

Changes of the inter-strip capacitance (Fig. 5(d)) directly affect the strip capacitance and there-
fore the read-out noise. After an initial increase of about 5% after 3 - 104 Neg/ cm? for most of
the materials it stays flat over fluence. Only the data point of FZ320Y at the highest fluence of
3.8-101 Neg/ cm? is reduced again, which could be related to the low inter-strip resistance.
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(a) Charge collection at a reverse bias voltage of 600 V. (b) Charge collection at a reverse bias voltage of 900 V.

Figure 6: Charge collection vs. irradiation fluence. Measurements have been taken at —20°C with a Sr90
source and an ALiBaVa read-out system after 10min at 60°C (sensors at 7 - 1014 Neg/ cm? after additional
90h at room temperature and sensors at 1.5- 10" Neq/ cm? after 20min at 60°C). A cluster has a seed signal
>5x strip noise and neighbours of >2 x strip noise.

4. Charge collection

The signal to noise ratio is the most important parameter for hit identification. Parameters
which affect the noise, like leakage current and capacitances, have already been discussed. The
collected charge forms the signal and depends on bias voltage and fluence as shown in Fig. 6.
These measurements have been performed with a Sr90 source and an ALiBaVa analogue read-out
system [17]. The signals have been calibrated assuming the charge generation of the primary elec-
trons to be 80e-/pm. The gain of the chips is temperature dependent and different for each chip.
This was considered and corrected to about 5% accuracy [18].

The initially higher signal of the thick materials (Fig. 6) drops fast with increasing fluence until it
reaches the charge collection of the thin materials at about 1 - 1013 Neq / cm?. At that fluence and
between 300V and 600V the physically thin materials (M and FTH) collect more charge than the
thick sensors (Fig. 7(a)). This effect is most pronounced for MCz material, which also has the low-
est full depletion voltages. Both plots in Fig. 7 demonstrate that at these fluences the full depletion
voltage is still a good indication of the needed bias voltage to get at least about 90% of the maxi-
mum charge (below 1000 V). Only outlier is M200N, for which the slightly distorted CV curve led
to a wrong extraction of the full depletion voltage (Fig. 4(a)). Still, the sensors collect reasonable
charge above 10ke™ even below full depletion voltage.

At 900V (Figs. 6(b) and 7) most of the investigated materials become comparable in terms of
charge collection both after 1- 105 neq/cm? proton irradiation and 1.5 - 10> ngq /cm? mixed irra-
diation. The collected charge of around 12.5ke™ is slightly lower than stated in [19] (13ke™ to
15ke™ for 300um p-type FZ sensors), but reasonably close given that the annealing state could be
different.

An exception is FZ320N at 1.5- 10" Neg/ cm?. For this material and fluence we cannot detect
a signal at moderate voltages, and with increasing bias voltage we get increasing non-Gaussian
noise contributions, which makes an operation impossible (also observed for measurements on an
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Figure 7: Charge collection vs. bias voltage at —20°C. In the upper shaded area the estimated full depletion
voltages from CV curves are given.

MSSD in a beam test and Baby_add during Lorentz angle measurements). This effect of increas-
ing irreducible non-Gaussian noise, which might originate from micro-discharges, is also observed
considerably on M200N and less severe on FZ200N after some annealing of about 10 days (Fig. 8).
After longer annealing of about 90 days the noise is going down again. p-type materials seem not
to be affected though.

The annealing of the charge collection is shown in Fig. 9 for the highest fluence point. An ini-
tial beneficial annealing of the signal is clearly visible at 600V, which reaches a maximum of the
charge collection after about 20 days. Thick materials show a continuing decrease of the charge
collection with annealing time, which has to be taken into account for planning of maintenance
periods without cooling. Thin materials at high voltages don’t show a decrease of charge collection
with longer annealing time, therefore one could profit from annealing of the leakage current to
reduce the noise resulting in an increase of the signal to noise ratio.

5. Advanced design: FOSTER

For the tracker upgrade it is considered to provide track information to the level-1 trigger at
full speed of 40MHz. That requires a strong reduction of hits to be read out. An on-module dis-
crimination of tracks by transverse momentum pr can be achieved with a module made of two
closely (1-4mm) spaced sensors for which hits are correlated by the read-out chips. Low momen-
tum tracks have smaller bending radii in the strong magnetic field of 3.8 T, which results in more
displaced hits in the correlated sensors. With this approach tracks with pt above about 2GeV can
be selected for read-out [20, 21].

The baseline sensor for the most basic module implementing this discrimination is 10cmx 10cm
large with segmented strips of about 5cm length. The two identical sensors are connected to the
read-out chips at both ends so that hits on the upper and lower sensor can be correlated in one chip.
These 5cm long strips provide enough granularity for the outer tracker region. Getting closer to

10
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(a) Randomly triggered signal distribution at 600V.
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(b) Randomly triggered signal distribution at 900V.

Figure 8: Example of observed non-Gaussian noise of highly irradiated n-type sensors (FZ320N, FZ200N
and M200N). These plots show the pedestal subtracted signal distribution (linear and log-scale) of a M200ON
sensor after 1.5- 10! Neg/ cm? mixed irradiation and about 13 days of equivalent annealing at room temper-

ature.
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(a) Charge collection at a reverse bias voltage of 600 V.
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(b) Charge collection at a reverse bias voltage of 900'V.

Figure 9: Annealing of charge collection for the highest expected fluence of the strip sensor region in the
tracker. Thin materials at high bias voltage deliver a constant charge of above 12ke™ after a small initial
increase shortly after irradiation. The annealing is performed at 60°C (for 20, 20, 40 and 75 min) and then
at 80°C (for 15, 30 and 60min). The indicated duration is scaled to annealing at room temperature by the

scaling of leakage current annealing from [12].
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Figure 10: Measurements of LASER induced signals on a FOSTER of type FZ320N at 300V bias voltage
taken with the ALiBaVa system. The upper halves of the figures illustrate the sensor layout and the region
of the scan (yellow bar). The plots present the signal height on the three selected strips vs. the LASER spot
position. No signal can be measured on regions where the LASER is reflected by the aluminium lines.

the interaction point the granularity might be increased. To still provide the connectivity at the
two ends of the sensor we developed a design with four strips along the sensor where the inner
strips are displaced by half a pitch and connected to the bond pads at the end of the sensor via thin
aluminium routing lines (FOur-fold segmented STrip sensor with Edge Readout - FOSTER; the
layout is shown in Fig. 10). The produced samples have been characterized like the standard mini
sensors in the campaign with similar results [14]. The signal coupling has been investigated by
scanning a LASER beam across the strips of the sensor and reading the signals with an ALiBaVa
system. Scanning in the far (from the read-out edge) region one can observe signals on the strips,
which are next to the LASER spot (Fig. 10(a)). Strips from the near region do not see any induced
signal. Both effects are expected. Scanning in the near region produces a similar signal distribution
on the near strips, but in addition signals are coupled into the read-out line of the far strip, which
was not expected. In a small region close to the routing line the signal becomes even higher on the
routing line than on the near strips thus faking a hit in the far region. This would lead to wrong hit
assignments in about 15% of all hits.

To understand this in more detail, T-CAD simulations have been performed (Fig. 11), which sug-
gest to implant a p-type layer below the read-out lines, which should prevent to couple charge into
the read-out line in p-type sensors [14, 22]. Sensors with such a layout have been produced at ITE®
Warsaw and investigated in [6]. Due to underestimated diffusion of boron into the oxide the result-
ing concentration was very low so that a proper strip isolation was not established. Therefore final
conclusions cannot be drawn, but we have indications for the additional p-layer below the read-out
line to suppress the charge induction. A further processing run including this type of sensor is

8Institute of Electron Technology
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Figure 11: T-CAD simulations with Synopsys Sentaurus have shown that a p-common layer below the
read-out line can suppress the induced signal.

initiated with CNM® Barcelona.

6. Summary and Outlook

The foreseen measurements are not completed yet, which does not allow a final conclusion.

We still miss most measurements from samples irradiated with 23 GeV and 800MeV protons and

further irradiation steps corresponding to smaller radii (Tab. 1) to investigate materials for the pixel

region and to study contingencies for the strip sensors.

Preliminary conclusions for strip sensor measurements up to 1.5- 10" Neg/ cm? are:

Leakage currents of strip sensors can be about 40% higher than expected from diode mea-
surements due to surface currents and/or charge multiplication in the high field regions
around the strips.

The extracted full depletion voltage from CV curves is still a good indication for the mini-
mum bias voltage to be applied to exploit the potential charge collection.

All characteristic strip parameters, except inter-strip resistance and of course strip leakage
currents, are only moderately changed with irradiation. Even the initially fast decreasing
inter-strip resistance seems to saturate at higher fluences staying at a level which is sufficient
to isolate the strips for both p-stop and p-spray technologies of HPK.

After an irradiation equivalent to a radius of 40cm the collected charge at 600V is sufficient
(>13ke™) for all investigated materials. At 900V, the 320um sensors collect about Ske™
more charge than the 200 um thick ones.

9Centro Nacional de Microelectrénica
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e After an irradiation equivalent to a radius of 20cm the collected charge at 600V is not suf-
ficient any more (<10ke™) for all investigated materials. Applying 900V increases the col-
lected charge above 12ke™ for most of the materials but FZ320N, for which we do not see a
signal at all. During the annealing phase M200N and FZ200N show irreducible non-Gaussian
noise, which does not allow proper hit identification.

e After an initial small increase of collected charge with annealing time the charge stays con-
stant over one year at room temperature for thin 200 um devices. Thick p-type sensors allow
to collect up to 25% more charge during a beneficial annealing phase, but approach the
charge collection of thin sensors after one year.

Now we are beginning to study implications of the measured sensor properties on a binary read-out

and

on the discrimination concept as described in Sec. 5. This should allow us, together with the

additional measurements, to conclude on the baseline sensor material for the CMS Tracker Upgrade

by spring 2013. This process will also include simulation studies of the overall performance of a

future tracker with the selected material and consider aspects of costs and material budget.
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