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Abstract— Radiation tolerance up to 10'5 1-MeV neq/cm2 is
required for the silicon microstrip sensors to be operated at the
Super LHC experiment. As a candidate for such sensors, we are
investigating non-inverting n"-on-p sensors. We manufactured
sample sensors of 1 x 1 cm in 4” and 6” processes with
implementing different interstrip electrical isolation structures.
Industrial high resistive p-type wafers from FZ (float zone) and
MCZ (magnetic Czochralski) growth are tested. They are
different in crystal orientations <100> and <111> with different
wafer resistivities. The sensors were irradiated with 70-MeV
protons and evaluated on the leakage current increase, noise
figures, electrical strip isolation, full depletion voltage evolution,
and charge collection efficiency.

I. INTRODUCTION

T HE LHC machine, currently at the final tuning stage, is
expected to provide proton-proton collisions at luminosity
of 10* cm?s’. In the ATLAS detector, Semiconductor
Tracker (SCT) employs silicon microstrip sensors in the
region between 30 cm and 51 cm from the beam pipe [1]. The
sensors are p -on-n, which are radiation tolerant up to 2x 10"
1-MeV neq/cmz, corresponding to the fluence for 10 years of
LHC operation. Extended operation is limited since the full
depletion voltage Vgp will exceed 350 V, which is already
quite close to the voltage rating 500 V of the system.

Super LHC, where the luminosity will reach 10% em?s™, is
regarded as the next step to improve the statistical situation for
physics reaches in 2016 afterwards. The inner most part of the
tracking will be covered by pixel devices, as for the present
ATLAS, then followed by short-strip (2.4 cm) silicon sensors
to manage the increased particle density. At the anticipated
location of the short-strip sensors (=25 cm), the estimated
fluence ranges from 5.2 to 8.0x 10" n./cm’, depending on
the distance from the interaction point from z=0 to 3 m, for an
integrated luminosity of 3000 fb™' without taking any safety
factor [2]. Roughly one half is due to protons and other
particles directly from the interaction, and the rest is due to
neutrons. To cope with the increased radiation environment,
the new SCT should be tolerant at least up to ~1x 10" 1-MeV
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neq/cmz. We started our R&D in 2004 to develop n*-on-p
sensors. Sensors with p-type wafers are selected since the pn
junction stays at the strip side even after receiving radiation.
This allows the sensors to remain operational even with the
bias below Vp. Therefore n'-on-p sensors should be usable
after receiving high radiation where Vgp exceeds the voltage
rating of the system. Actually the HV cables of the SCT
system should be re-used and the 500 V rating should be
applied. The collectable charge will be reduced at partial
depletion. However, the S/N should be acceptable since the
strip length will be shortened (2.4 cm with respect to the
present 12 cm) and the electrical noise will be reduced,
accordingly. Alternative choice would be an n"-on-n sensor,
which is employed for the present Pixel detector. This,
however, requires both side processing and is not suitable for
microstrip sensors of large quantity. Thinned sensors may also
be interesting, which requires intensive R&D.

Silicon microstrip sensors so far have been manufactured
utilizing mainly n-type wafers. There is no exception for large
scale detectors, although small quantity R&D works exist for
p-type wafers [3][4]. Positive charges inherently trapped in
the oxide layer accumulate a layer of mobile electrons in the
silicon surface between the readout strips, which may prevent
their independent operation. Technologies such as p-stop and
p-spray [5] have been successfully adopted for double-sided
p -n-n" strip sensors and n"-on-n sensors. Similar structure is
required for n'-on-p sensors [3]. The availability of high
resistive p-type wafers was also an issue for depressing
adoption of p-type wafers. Recent years, p-type MCZ
(magnetic Czochralski) wafers become available, together
with “conventional” p-type FZ (float zone) wafers. The
primary goal of our R&D is to fabricate radiation tolerant
silicon sensors using industrial p-type wafers available to
Hamamatsu Photonics, one of the companies who have ability
of large scale production required.

The sensors reported in this paper were fabricated first with
4” process and then with 6” process. The strip isolation
structures and doping densities were modified in these
productions. The wafer makers are also different. Test sensors
were irradiated with 70-MeV protons up to 5x 10" 1-MeV
ne/cm’. The sensor performance was evaluated before and
after irradiation through dark current leakage vs. bias (IV),
bulk capacitance vs. bias (CV), interstrip resistance (Isolation),
and charge collection (CC) efficiency measurements. The
details of the samples and irradiation procedure are described
in Sec. II. The pre- and post irradiation characterization
procedures and results are given in Sec. III. Section IV
describes the summary.



II. SAMPLES AND PROTON IRRADIATION

A. Samples

Table I summarizes the characteristics of the evaluated
samples. The outer dimensions of the sample are 10 mm x 10
mm and 0.3 mm thickness, the strip length being 8 mm. The
strip structure is identical to the present SCT, 16 um wide
implant strips spaced at an 80 pum pitch with each strip
connected to the common bias ring via 1.5-MQ poly-silicon
resistor. The 22 um wide Al electrodes are AC coupled,
extending over the implant strips.

For the strip isolation, two p-stop concentrations and one p-
spray were tried each for 4” and 6” samples, as summarized in
the table. The p-spray was subjected to the samples (with “P”
in Sample name) with low p-stop concentration such that the
sum concentration at the p-stop channels is equivalent to the
p-stop only samples with lower concentration (with “L” for 4”
and “M” for 6”). As the lower concentration for 4” turned out
to be too small, we increased the concentration (“M”) for 6”.
Note that the concentration values should be regarded as
indicative only. For 6” we employed two types of FZ wafers,

Fz and Fzp. Fzp wafers contain fewer defects than standard Fz.

On a wafer basis, we have implemented six different strip
isolation structures including one with no structure. The
structures are illustrated in Fig. 1 [6]. Zone 1 has no structure;
Z2 and Z3 have individual and common p-stop structures,
respectively; Z6 has no p-stop but with poly-silicon electrodes
on top of oxide insulators (AC field plates). The poly-silicon
potential can be controlled externally to eliminate the electron
accumulation underneath utilizing the MOS effect. Z4 and Z5
are differently implemented for 4” and 6” processes. In 47,
they are similar to Z2 and Z3 but with poly-silicon electrodes
DC connected to the p-stop implants. Since the effects of DC
plates turned out to be not significant, we modified them in 6”
to wider (Z4) or fully wide (Z5) common p-stop electrodes.

TABLE I
LIST OF THE SAMPLES. THE PREFIX 4 OR 6 REFERS TO THE WAFER SIZE
(INCHES), FZ IS FLOAT ZONE, MC IS MAGNETIC CZOCHRALSKI. LISTED
ARE RESISTIVITY, CRYSTAL ORIENTATION, P-STOP AND P-SPRAY

CONCENTRATIONS.

Sample p (kQcm) Orientn p-stop (/em?) p-spray (/em?)
4FzP 6 <111> 2%x10"? 2x10"
4FzL 6 <111> 5% 102

4FzH 6 <I11>  20x10"

4McP 0.8 <100>  2x10"“ 2x10"
4McL 0.8 <100>  5x10"

4McH 0.8 <100>  20x 10"

6FzP 5 <100> 8% 10" 2%10"
6FzM 5 <100> 10%x 10"

6FzH 5 <100>  20x10"

6FzpP 5 <100>  8x 10" 2%10"
6FzpM 5 <100>  10x10"

6FzpH 5 <100>  20x10"

6McP 2 <100> 8% 10" 2x10"
6McM 2 <100> 10x 10"

6McH 2 <100>  20x10"2

Zone 1 Zone 2 Zone 3

Al Al Individual Narrow Common
\— (— —— e e < -

n+ n+ p-stop p-stop

Zone 4 (4" only) Zone 5 (4" only) Zone 6
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Fig. 1. Electrical strip isolation structures, Z1 to Z6, implemented for 4”
and 6” processes. The structures with DC field plates Z4 and Z5 in 4” are
modified to wider and full wide p-stop in 6. Three p-stop concentrations were
examined with p-spray added to the lowest concentration.

B. Proton irradiation

The proton irradiation was performed with 70-MeV protons
at CYRIC, Tohoku University. The facility and early
irradiation results are described elsewhere [7]. The NIEL [8]
conversion factor 1.3 is adopted to take into account the
damage ratio of 70-MeV protons to 1-MeV neutrons. For 4”
samples, six fluence points (1, 2, 5, 10, 20, 50) x 10 ncq/cm2
were chosen, while 50x 10" n/cm® was omitted for 6”.

Three (for 4”) or six (for 6”) samples were glued and wire-
bonded per printed-circuit board (PCB) for electrical
characterization, see Fig. 2. About 10 such PCBs were stacked
along the beam, and exposed to protons to the planned fluence.
During the irradiation, the samples were cooled at -10°C and
kept biased at 100 V. In order to achieve uniform exposure for
the finite beam size (5-15 mm FWHM), the samples were
scanned in the beam continuously. The irradiation periods
were several minutes to hours depending on the fluence. The
energy loss along the beam was evaluated with GEANT4,
which is not significant in view of NIEL factors.
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Fig. 2. Printed circuit board for 6” irradiation containing Z1 to Z6 test
samples (with a test diode at right) and traces for biasing and signal readout.
The beam profile is visible as darker area around the samples.

The actual proton fluence was evaluated through the
reaction *’Al(p,x)**Na and detecting 1.368 MeV y’s from **Na
decay with a calibrated Ge detector. The uncertainty of the



fluence is dominated by that of the reaction cross-section,
which is no more than 10%. The achieved uniformity was
checked using Fujifilm imaging plates [9] that detect y-rays
generated in Al foil.

III. PERFORMANCE CHARACTERIZATION AND RESULTS

A. Characterization procedure

The irradiated samples were undertaken the annealing
process at 60°C for 80 min to settle the initial recovery.
Except during this process and characterization measurements,
the samples were stored in refrigerator at -20°C.

The electrical properties IV, CV, and strip isolation were
measured for every sample by placing the test PCB board in a
light-tight thermostat chamber. The temperature was set at
20°C before and -20°C after the irradiation. In these
measurements the bias was raised up to 1 kV at a step of 10 V.
With the CV, the capacitance between the bias-ring and the
backplane was measured with an LCR meter at a test
frequency of 1 kHz. The strip isolation was evaluated by the
current when 5 V was applied across a pair of implant
electrodes at neighbor. If the interstrip resistance is large
enough, the current should read 1.7 pA determined by the two
bias resistors and two implant resistances in series.

Since the current of the irradiated samples increases
substantially and may deteriorate the noise performance, we
measured the noise using an SCT ABCD3T readout chip and
DAQ system [10, 11]. In order to simulate the performance of
2.4-cm long strip detector, a candidate for super LHC, three
strips at neighbor were wire-bonded in series to other two
remote sets of three strips. Thus, three neighboring 2.4-cm
long strips were made and wire-bonded to the specific
channels of the ABCD3T chip. In changing the sample, the
same channels were used to eliminate the gain difference in
the ABCD3T channels. The measurement was made for 4”
samples with high p-stop concentration since the noise
originating in the isolation structure may be most significant.

The charge collection was measured as a function of bias by
injecting a collimated infrared laser light [12] between the
specified strips and measuring the amplified signals of the two
strips with a digital oscilloscope. The amplifiers are of current
amplifiers. The peaking time is 20 ns for the laser signal,
similar to the SCT electronics. The temperature was typically
-10°C on the sample PCB, controlled by a cooled block
underneath and cooled N, gas. The gas flushing was effective
to prevent thermal runaway. On the same block, a reference Si
sensor was located. We repeatedly measured the reference to
monitor and normalize the laser power. We chose Z6 sensors
for this study.

B. Leakage current, IV

Examples of IV curves are plotted in Fig. 3 for 6 samples
with p-spray. For the pre-irradiation data, available for each
fluence value, only typical sets are plotted. The pre-irradiation
leakage current is about one order lower for Fzp than the
others, as explained by fewer defects. The typical current 10

nA/cm? for Fzp, however, is a level similar to “standard” n-
type sensors, implying that “standard” p-type wafers available
to HPK are of lower quality compared to n-type wafers. Note
that many spikes seen in the curves are due to equipment
problems; the averaging time of the ampere-meter is too short
to measure such small leakage current. The micro-discharge, a
steep leakage current increase above some bias, is often seen
in pre-irradiation data. The plotted FZ data, except for Z5,
show micro-discharge onset voltages exceeding 500 V, which
seem better than MCZ data. Any conclusion, however,
requires accumulation of more data to statistically understand
the difference.

Most of the micro-discharges disappear after irradiation
except for Z5 (with triangles in plots), for which the electric
field at the n'/p-stop boundary should be too large. The
leakage current after irradiation resembles among the samples,
while Z6 (in broken curves in plots) shows systematically
smaller current. There is small difference also for other
samples with high and middle p-stop concentrations. The
damage constant ranged from 3.3 to 4.0x 10" A/cm’, which
is consistent with the value known [13] for n-type wafers.
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Fig. 3. IV curves for 6” samples with p-spray (6FzP, 6McP and 6FzpP).
The upper curves are after irradiation measured at -20°C for 5 fluence values,

and lower curves are before irradiation measured at 20°C. No Z5 data for
2% 10" /em?.

C. Noise

The noise results are shown in Fig. 4 for 4” samples 4FzH
and 4McH. The samples were cooled to -20°C. The noise of
un-connected channels of this ABCD3T chip distributed in the
range 700-850 ENC. The noise figures of the three connected
channels increased and were almost similar among them with
the central channel showing a noise slightly larger than the
neighbors (50 ENC at maximum). The noise decreases with
bias as the strip isolation is established (see Sec. D). This
tendency is more distinct for FZ since the isolation of MCZ
samples is established from low bias voltages.



Figure 6 shows the zone dependence at two fluence values,
highest fluence 5x 10"°/cm” and the lowest fluence or non-
irradiation (for sample availability). The samples Z4 and Z5
with DC filed plates showed larger noise than Z2 and Z3.
There is no clear dependence on the fluence, i.e., on the
increased leakage current. Comparing to the nominal noise of
the present SCT detector 1500 ENC, the irradiated short-strip
detector exhibits smaller noise as expected.
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Fig. 5. The noise values averaged for the bias range from 300 to 700 V,
shown for 4FzH and 4McH samples.

D. Strip Isolation

The strip isolation is achieved as the bias voltage is
increased, as shown in Fig. 6 where the data for samples
irradiated to 2x 10'3/cm?® are shown as examples. We define
the isolation voltage as the bias where the current reaches the
value 10% larger than the asymptotic current at high bias.
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Fig. 6. Strip isolation for 6” Fz with high p-stop concentration, irradiated to
2x10" /em®. The AC field of Z6 is floating.

In Figs. 7 and 8, the isolation voltages are plotted as a
function of the fluence for 4” and 6” samples, respectively.

From the 4” data, we conclude that p-stop concentration of
5x 10"%/cm’ is too small, because an isolation voltage of about
800 V (200 V) is required for Z2 and Z3 of FZ (MCZ), even

at the lowest fluence while it is nearly zero for the samples
with high p-stop concentration. For the samples with p-spray,
sum concentration 4x 10'%/cm? at the p-stop channel is also
too weak. These samples (L and P) show a tendency that the
isolation voltage decreases with fluence up to 1x 10"/cm?,
where it then turns to increase. The pre-irradiation isolation
voltages are different among the samples, depending on the
location in the wafer, for example. This is the reason for the
substructure deviating from the above general tendency. Some
effectiveness of DC field plates (Z4 and Z5) is seen only for
these samples with low p-stop concentrations.

The isolation of 4” MCZ samples is better than 4” FZ. This
is most probably due to the difference in the crystal
orientations since the improvement from 4” FZ <111> to 6”
FZ <100> is substantial while there is little difference between
4” MCZ and 6” MCZ, both being <100>.
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Fig. 7. Strip isolation voltages [V] of 4” Fz (upper) and MCZ (lower)
samples for three p-stop concentrations (H, L, P in Table I). Z1 samples were
not irradiated and Z6 data are not plotted
300

" 6 FzpH — 6 FzpM ‘ 6 FzpP
—o—Z2|
Py ot »
. s -z4 / 4 A
100 : el
/ / ) ;//' /:'j/'
0 v : | -1 o _— i
300
6FzH 6FzM ‘ % 6FzP
200 o
A A /ﬁ
- 11 e
100 gt : »j/
¥} B
S LJ& &
300
6McH 6McM 6McP
200
100 - ——"
i T
- AT
L ]
1 10 100 1 10 100 | 10 100

Fluence (n/cm?) x10™

Fig. 8. Strip isolation voltages [V] of 6” Fzp (upper), Fz (middle) and MCZ
(lower) for three p-stop concentrations (H, M, P in Table I). Z5 and Z6 data
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From the data for 6” samples, the isolation voltages of
middle concentration samples (M and P) increased more than
of high concentration samples (H) at fluence above
1x 10%/cm®. However, the required bias, 150 V at maximum
for FZ, is small compared to the full depletion voltages and is
manageable. Concerning the different wafer growths, MCZ
seems better in general than FZ. We note that the isolation of
Fzp Z1 where no isolation structure is present is established
from zero bias. The necessity of the strip isolation structure
for n"-on-p sensors should be entirely dependent on the Si
irregularity probability at the surface. The isolation of Fzp Z1,



however, starts to degrade above 5 x 10"/cm” and
implementing some isolation such as p-spray is preferred. In
fact, p-spray only process is considered as a promising
candidate since the performance of other wafers becomes as
good as Fzp and the pre-irradiation individual difference
should be reduced, while it requires fewer masks and hence
fewer process steps.

The isolation with AC filed plates (Z6) functioned
successfully. Most interesting sample for this study is 4” FZ
since the isolation is not complete. Typically -60 V was
required to establish the isolation with the back bias at -200 V.
For MCZ and irradiated samples, the required voltages were
even lower.

E. Charge Collection, CC

The charge collection was evaluated for Z6 samples where
the pulsed laser was spotted at the defined location between
the strips. Figure 9 shows typical oscilloscope traces for
irradiated samples. The pulse height does not change more
than 5% for 5 pum deviations about the nominal position,
positioning being well better than 5 pm.

The peak voltages are plotted in Figs. 10 and 11 for 4” and
6” samples, measured every 25 V. The peak voltage can be
translated to the input charge with the amplifier gain 3 mV/fC.
We use these curves to extract the full depletion voltages and
to evaluate CCEs of irradiated samples, normalized by the
pre-irradiation data.

The full depletion voltages are defined as the intercepts of
two straight lines in CC*-V plots. The straight line can be
obtained unambiguously in the region below Vgp. The plateau
CC is defined as the average in middle (400 < Vz< 600 V) or
high (600 < Vg < 800 V) bias regions, the difference being
assigned as the systematic uncertainty. The results are shown
in Fig. 12 for 4” and 6” data. Although the initial Vip’s are
different, the fluence dependences are similar among 4” MCZ
and 6” samples, showing a decrease up to fluence of a
few x 10'*/cm?®, above which Vpp increases gradually. The
behavior of 4” FZ is different from the others, showing a
steeper increase. The radiation hardness is reported to be
dependent on oxygen richness [13]. Unfortunately, such
chemical data are not available for all the wafer types. We
should keep investigate such properties to understand the
different tendency of the tested wafers.
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Fig. 10. Charge collection curves for 4Fz (left) and 4Mc (right) samples,
for fluence values from 1 to 50x10" /cm?.
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Fig. 11. Charge collection curves for 6Fz (left) and 6Mc (right) samples,
compared between before and after irradiation for fluence values from 1 to
20x10" /em”.

Since n'-on-p sensors have an advantage that they are
operational with biases below Vgp, evaluation of CCs under
such biases is of prime importance. As mentioned before, 500
V is the critical voltage in this evaluation. In Fig. 13, we plot
the CCs averaged in two bias regions, 300 < Vg < 500 V and
500 < Vi< 700V, as a function of fluence. The average CCs
for 6” are similar in the two regions since the sensors are
almost at fully depletion. They are approximately 50% at
2x 10"/ecm®. For 4” wafers, CCs are smaller since they are
definitely at partial depletion. Since the charge collections of
4” samples at 1 kV bias, for example, are similar to those of
6” samples, there is little difference among the wafers in the
maximum collectable amount of charges.
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Fig. 12. Full depletion voltages for three 6” wafers as a function of
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6” data.
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IV. SUMMARY

We have fabricated n"-on-p microstrip sensors using
industrial FZ and MCZ wafers. They were irradiated with
protons up to 5x 10" 1-MeV neq/cm2 and tested for electrical
properties and charge collection.

The strip isolation is better with <100> wafers. They
require a bias of <200 V to achieve isolation even without p-
stop or p-spray. Adding uniform p-spray may enhance the
reliability especially in the low fluence range up to 5x 10
/em®. Above this fluence, the isolation starts to degrade. The
degradation is at minimum with p-stop of high concentration.

Among the tested wafers, 4” and 6” MCZ, and 6” FZ
showed similar full depletion voltage evolution with fluence,
reaching approximately 500 V at 1x 10" /cm?. Wafers of 4”
FZ exhibited significantly degraded performance. The drop of
charge collection can be maintained to 50% for 6” wafers at
500 V after 2x 10" /em’.

The tested 6” wafers are good candidates for microstrip
sensors for Super LHC experiment.
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