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a b s t r a c t

We are developing n+-in-p, p-bulk and n-readout, microstrip sensors, fabricated by Hamamatsu

Photonics, as a non-inverting radiation hard silicon detector for the ATLAS tracker upgrade at the super-

LHC (sLHC) proposed facility. The bulk radiation damage after neutron and proton irradiations is

characterized with the leakage current, charge collection and full depletion voltage. The detectors

should provide acceptable signal, signal-to-noise ratio exceeding 15, after the integrated luminosity of

6000 fb�1, which is twice the sLHC integrated luminosity goal.

& 2010 Elsevier B.V. All rights reserved.

1. Introduction

The silicon microstrip detector continues to play an essential

role in high-energy experiments for its capability for precision

tracking. The detectors at the planned super-Large Hadron

Collider (LHC) are required to remain operational up to an

integrated luminosity of 3000 fb�1 with an instantaneous

luminosity of 1�1035 cm�2 s�1. In order to cope with this ten-

fold increase in instantaneous luminosity beyond the design value

of the LHC, currently under commissioning, the ATLAS collabora-

tion is investigating an inner tracking system based fully on

semiconductor devices. The segmentation will be varied in radius

R with the innermost layers being pixels, followed by short

(2.4 cm) and long (9.7 cm) microstrip detectors. The expected
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radiation fluence [1] including a safety factor of two is

(7–11)�1014 1-MeV neq/cm
2 for the short strip (RZ38 cm) and

(3–6)�1014 1-MeV neq/cm
2 for the long strip (RZ85 cm) regions,

where the ranges within the parentheses are the highest fluence

values at the central and forward regions, respectively. The

charged particle contribution to the fluence is similar to the

neutral at R�28 cm in the central region but decreases with R and

in the forward region to typically 20% of the total. It is therefore

important to investigate the damage due to both charged particles

and neutrons.

The ATLAS R&D group ‘‘Development of non-inverting silicon

strip detectors for the ATLAS ID upgrade’’ was formed to develop

radiation hard tracking detectors based on p-bulk microstrips [2].

Since the radiation induced impurity in silicon contributes

dominantly acceptor like states, n+–on–p devices are non-

inverting. N-strip readout allows us to operate the sensors at

partial depletion, if required. However, the experience of employ-

ing p-bulk silicon for particle trackers is limited. This is in part

because additional strip isolation structures are required for

individual read-out strips to prevent electron accumulation

between strips effectively shorting them together. The R&D group

is evaluating sensors fabricated by Hamamatsu Photonics using

commercially available p-type wafers. We report here on the bulk

damage aspects, including the increase of leakage current, the

decrease in charge collection (CC) and the full depletion

voltage (FDV) evolution. The surface damage aspects are reported

in Ref. [3].

2. Samples and irradiation

The sample sensors were fabricated using 15 cm wafers with

/1 0 0S crystal orientation and 320 mm thickness. The new data

we report on in this paper are float-zone grown wafers (FZp

wafers in Ref. [4]), showing better leakage current characteristics

than other p-type FZ wafers (FZs wafers in Ref. [4]) available to

Hamamatsu. The initial FDV is 200 V. The R&D group continues to

evaluate other commercially available p-type wafers including

magnetic Czochralski grown wafers (MCZ in [4]). The strip pitch is

74.5 mm. Details of the design, including strip isolation structures,

are given in Ref. [2]. The performance of the main sensors,

97.5 mm square, is reported elsewhere [5]. The characteristics of

irradiated sensors are studied using miniature samples of 10 mm

square, where there are 100 strips of 8 mm length.

The proton irradiation was performed at Cyclotron Radio

Isotope Centre (CYRIC) of Tohoku University. Details of the

irradiation facility and methods are provided in Refs. [4,6]. The

sample sensors were uniformly irradiated by 70-MeV protons

through scanning them periodically in the beam. The irradiation

took typically tens of minutes to a few hours depending on the

fluence. The sensors were kept cold at �7 1C during irradiation

and the irradiated samples were immediately stored in a

refrigerator to prevent any post-irradiation annealing from taking

place. The samples measured in Japan were glued onto a printed

circuit board and biased at �100 V during the irradiation. The

samples measured outside Japan were irradiated as bare chips

with no bias applied. The fluence we refer to is the 1-MeV neutron

equivalent value, taking into account the non-ionising energy loss

(NIEL) correction factor of 1.4. The fluence uncertainty is

determined by the 27Al(pn) reaction cross-section, which is no

more than 10%.

The neutron irradiation was carried out at TRIGA reactor in

Ljubljana, Slovenia [7]. The spectrum averaged NIEL factor is 0.88

with the overall fluence uncertainty of 10%. The irradiation was

made at a rate of 1.9�1012 neq cm
�2 s�1 with no bias to the

sensors. The irradiation to 1015 neq cm
�2 is thus completed in

9 min and annealing effect during irradiation can be ignored. The

irradiated samples were stored in a refrigerator.

We compare the charge collection of Hamamatsu sensors with

Micron sensors [8,9]. Micron samples were irradiated in addition

using the 26-MeV protons at Compact Cyclotron, Karlsruhe and

24 GeV/c protons at CERN Proton Synchrotron.

3. Annealing

The irradiated sensors are known to show beneficial annealing,

followed by degradation such as in reduced signal and FDV increase

[10]. Fig. 1 shows the FDV evolutions measured with three samples

[11], which were irradiated with protons to 2�1014 neq cm
�2. The

data for two neutron irradiated FZp samples are shown in Fig. 2.

Both proton and neutron data are consistent with a FDV minimum

after around 80 min at 60 1C, which is similar to the annealing

curves measured for n-bulk sensors [10].

4. Leakage current

The leakage currents of proton irradiated sensors are plotted in

Fig. 3 as a function of the bias voltage. The samples were annealed

Fig. 1. Evolution of full depletion voltage as a function of annealing time, with

samples kept at 60 1C. The full depletion was determined from C–V curves and

charge collection curves to infrared laser [4]. These samples were irradiated with

70-MeV protons to 2�1014 1-MeV neq/cm
2.

Fig. 2. Evolution of full depletion voltage of two FZ samples (irradiated with

neutrons to 2�1014 1-MeV neq/cm
2) as a function of annealing time, with samples

kept at 60 1C. The full depletion was determined from C–V curves and charge

collection curves to 90Sr b-ray.
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for 80 min at 60 1C. The temperature during the measurement

is �20 1C. The fluence ranged from 1.4�1012 to 1.12�1015

1-MeV neq/cm
2. The leakage current increase seen at the lowest

fluence is not consistent with micro-discharge [12], and is

understood as resulting from surface current. The increase

disappears for the samples irradiated to 1013 neq/cm
2 and above.

The leakage current values at 500 and 800 V are plotted in Fig. 4

for proton and neutron irradiated samples. We note that there is

little difference between proton and neutron irradiations. The

damage constant known for n-bulk, (3.9970.03)�10�17 A/cm

[10], can be translated to 17.3 mA at 1015 1-MeV neq/cm
2 for

effective area of 80 mm2 and 0.32 mm thickness. Here the energy

gap of 1.12 eV is taken for the temperature correction. The

measured values are in reasonable agreement taking into account

that the FDV is approximately 700 V. We conclude that the p-type

wafers exhibit a damage constant similar to that of n-type wafers.

We note that FZp wafers show a pre-irradiation leakage current

similar to that of Hamamatsu n-bulk sensors.

5. Charge collection (CC)

5.1. Measurement system and requirement in CC

The charge collection (CC) resulting from penetrating 90Sr

b-rays was evaluated at four sites independently using different

systems. The Liverpool and Ljubljana groups employed an

analogue electronics chip (SCT128) [13] clocked at 40 MHz that

has 25 ns shaping time. The Valencia group has used the LHCb

‘‘Beetle’’ ASIC [14] with analogue signal output. Conventional

discrete amplifiers (10 ns peaking time) and CAMAC ADC system

were used by the Tsukuba/KEK group. These groups define the

collected charge as the most probable charge of the analogue

signal distributions. The UCSC group had a binary readout system

based on PTSM (100 ns shaping time) [15]. In all the sites the

samples were cooled to �20 to �30 1C and scintillation counters

were used for triggering. Fig. 5 shows that the charge collection of

non-irradiated samples is consistently measured at four of the

sites.

The electronics noise of the new 250 nm ABCN chips [16],

which is the first version of the readout ASIC planned for use for

the ATLAS strip upgrade is under evaluation [17,18]. The

measurements indicate a noise of around 600 ENC for short strip

and of 950 ENC for long strip sensors. In order to re-use the

present ATLAS infrastructure, mainly the cables, it is preferred

that reasonable signal-to-noise ratio (S/N410) be achieved at

maximum rated voltage of 500 V bias. Taking into account the

maximum fluence, including a safety factor of two, the collected

charge is required to be larger than 6 ke� at 1015 neq/cm
2 (short

strips) and 9.5 ke� at 6�1014 neq/cm
2 (long strips) at 500 V bias

in order to achieve S/N410.

5.2. Annealing in CC curve

The charge collection of the irradiated samples was measured

either with or without annealing. We studied the change in CC

curves due to annealing in order to compare the results from all

sites. Fig. 6 shows that two samples irradiated with protons to

1.12�1015 1-MeV neq/cm
2 exhibited identical CC before

annealing, and 10–30% larger CC after annealing for 80 min at

60 1C. The CC for the samples irradiated with neutrons to 2�1014

and 5�1014 1-MeV neq/cm
2 showed also an increase of 10–30%,

as shown in Fig. 7.

Fig. 3. Leakage current vs bias voltage of the samples irradiated with protons. The

numbers attached to the curves are the charged particle fluence corrected to neq/cm
2.

Fig. 4. Leakage current at (filled marks) 500 V and (open) 800 V irradiated with

protons and neutrons (p or n attached). The lines are drawn to guide the eye. The

samples are from two productions.

Fig. 5. Charge collection in kilo-electrons of non-irradiated samples, measured

independently at four sites.
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In the following comparisons, we multiply by 1.2 the CC data

measured without annealing in order to emulate the effects of

annealing.

5.3. Charge collection of proton irradiated samples

Fig. 8 shows the CC of proton irradiated samples measured at

various sites. The two plots are approximately for the expected

maximum fluence for the short and long strip sensors. The

horizontal bars correspond to the S/N¼10 criteria for short and

long strip sensors. In both cases, however, S/N of 18–20 should be

achievable at 500 V.

5.4. Charge collection of neutron irradiated samples

Fig. 9 shows the CC corresponding measurements for neutron

irradiated samples. The two plots correspond approximately to

the maximum expected fluence for the short and long strip

sensors. The horizontal bars correspond to the S/N¼10 criteria for

short and long strip sensors. In both cases, S/N of 15–18 should be

achievable at 500 V.

5.5. Comparison with other strip detectors

The charge collection of various sensor types fabricated by

Micron has been evaluated by Liverpool group [8,9]. The collected

charge at 500 V bias is shown in Fig. 10, together with the present

data for Hamamatsu sensors. Since no annealing was included in

the Micron data, the collected charge from the previous plots

(Figs. 8 and 9) was reduced by 20710% for direct comparison.

Among these, the p-in-n sensors show much lower CC for both FZ

and MCz bulk material. The FZ n-side read-out sensors from

Hamamatsu and Micron are similar both for proton and neutron

irradiations.

5.6. Dependence on irradiation sources

Fig. 11 shows the collected charge of Hamamatsu and Micron

n+–in–p FZ sensors at 500 V bias for various irradiation sources.

The Micron data are from [9] and the Hamamatsu data correspond

to the condition without annealing. At 500 V, the differences are

small between the different irradiation sources.

Fig. 6. Charge collection measured before (open marks) and after (filled) the

annealing of 80 min at 60 1C. The two samples were irradiated with protons to

1.12�1015 1-MeV neq/cm
2. Typical uncertainty is shown as an error bar.

Fig. 7. Charge collection measured before (open marks) and after (filled)

annealing. The two samples were irradiated with neutrons to 2�1014 and

5�1014 1-MeV neq/cm
2.

Fig. 8. Charge collection of proton irradiated samples: (top) 1.3�1015 and (above)

6�1014 1-MeV neq/cm
2. The horizontal bars correspond to S/N¼10 (see text).
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6. Full depletion voltage

The full depletion voltage (FDV) is an important parameter for

detector operation, although sufficient signal charge can be

collected even under partial depletion.

The FDV is evaluated from the bulk capacitance C–V

characteristics (fLCR¼1 kHz) and from the charge collection

CC–V curves. Examples are shown in Fig. 12 for two proton

fluence values: (a) 1.2�1013 and (b) 1.1�1015 neq/cm
2. At

1.2�1013, the C–V curves exhibit characteristic distortions for

the samples with p-stop only while samples with p-spray in

addition show good agreement with the curve expected from CC–

V. Note that CC–V is consistent between the two sample groups.

The above distortion was observed only at 1.2�1013 neq/cm
2.

Non-linear dependence in 1/C2 curves, as shown in Fig. 12b,

becomes more distinct at larger fluence. The CC2–V curve,

however, increases linearly with the bias as expected.

The FDV is defined from the CC2–V curve as the bias where the

linear line intercepts with the saturated plateau. At the highest

fluence, where the plateau is not obvious, the plateau is taken as

the one derived from the lower fluence data. The FDV from 1/C2–V

is determined similarly but two lines defined in lower and higher

bias ranges are used and the difference was taken as the

uncertainty. The central FDV value is taken as the one derived

from the lower bias range.

The FDV is summarized in Fig. 13 as a function of the fluence

for proton and neutron irradiated samples. The agreement

between C–V and CC–V is noticeable but the FDV differs

between neutron and proton irradiations.

The difference in CC–V curves between proton and neutron

irradiation is shown in Fig. 14 where the charge collection is

compared between two proton and two neutron irradiated

samples. The fluence is similar, 5�1014 for neutrons and

6�1014 neq/cm
2 for protons, and all the samples were

processed for the same annealing. Although the collected charge

is similar at 500 V, it increases further with the bias for the

neutron irradiated samples.

Fig. 9. Charge collection of neutron irradiated samples: (top) 1�1015 and (above)

5�1014 1-MeV neq/cm
2. The horizontal bars correspond to S/N¼10 (see text).

Fig. 10. Charge collection at 500 V bias in comparison with Micron sensors: (top)

proton irradiated samples and (above) neutron irradiated samples. Hamamatsu

data are shown in open squares. See text for annealing corrections.

Fig. 11. Charge collection at 500 V of Hamamatsu and Micron FZ sensors for

various types of irradiation sources. See text for annealing.
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7. Summary

We are designing radiation hard silicon microstrip detectors

for the ATLAS inner detector upgrade at the super LHC. P-bulk

sensors are good candidates for such a very high radiation

environment, reaching 1�1015 1-MeV neq/cm
2.

We evaluated the performance of Hamamatsu FZ grown

samples irradiated with protons and neutrons. The leakage

current increase and annealing property are in agreement with

the characteristics known for n-bulk sensors.

The collected charge was measured with different systems

using penetrating b-rays. At 500 V bias, the collected charge was

similar for the neutron and proton irradiations, and also similar to

results previously obtained from FZ sensors produced by Micron.

Signal-to-noise ratio of 18–20 and 15–18 should be achievable for

short and long strip sensors, respectively, at the maximum fluence

where a safety factor of two is included.

The full depletion voltage extracted from capacitance–voltage

studies rises at 1�1015 neq/cm
2 to �700 V for proton irradiation

and to nearly 1 kV for neutron irradiation. Operation in partial

depletion is therefore foreseen.
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