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Abstract

The proposed luminosity upgrade of the Large Hadron Collider (S-LHC) will demand the inner most layers of the

vertex detector to sustain fluences of about 1016 charged hadrons/cm2. Due to the high multiplicity of tracks, the

required spatial resolution and the extremely harsh radiation field thin silicon detector assemblies are proposed as a

possible solution for this challenge. The radiation tolerance of 50mm thin high resistivity float zone (FZ) devices has

been studied for 24GeV/c protons in the fluence range between 4� 1013 cm�2 and 8.6� 1015 cm�2. For the

manufacturing of such thin devices, a technology based on direct wafer bonding and deep anisotropic etching was used.

Annealing measurements at 80 1C have shown that the introduction rate gC in the stable damage component is about

the same as observed for oxygen enriched FZ detectors and that the fluence dependence of the reverse annealing

amplitude NY exhibits a saturating function. It is also demonstrated that the annealing behavior of the reverse current

related damage parameter a is independent on the fluence and the silicon material parameters. Charge collection

efficiency (CCE) measurements were performed using 5.8MeV a-particles. After fully annealing for about 31 days at

80 1C CCE was determined by extrapolation to be 66% at 1016 p/cm2.
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1. Introduction

Thin silicon detector assemblies are mandatory
for vertex detectors in high-energy physics experi-
ments at future colliders, in particular for the
d.
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proposed luminosity upgrade of the Large Hadron
Collider at CERN (S-LHC) or the International
Linear Collider (ILC) [1–3]. Especially the upgrade
of the LHC will demand the inner most layers of
the vertex detector to sustain fluences of about
1016 charged hadrons/cm2 and doses up to
420Mrad [4]. Due to the required very high rate
capability and spatial resolution small area pixel
detectors are the logical choice. Although there are
several proposals for possible radiation tolerant
semiconductor materials under investigation in the
frame of the RD50 collaboration [5,6], silicon is
still regarded to be the optimal choice because of
the very high material quality and the best
developed device technology.

A considerable reduction of the pixel area,
essential for the inner layers of the vertex detector,
allows correspondingly a smaller detector thick-
ness while maintaining the same input capacitance
and hence its influence on the electronic noise. In
addition, the shot noise due to the leakage current
will be reduced and thin active layers will certainly
reduce the voltage for total depletion. This allows
to establish a high electric field strength through-
out the sensitive volume and the degradation of
the charge collection efficiency due to trapping can
be partly compensated.

For the development of thin detectors different
technological approaches are possible and under
investigation in the frame of the RD50 collabora-
tion. These are thin epitaxial layers grown on
highly doped Czochralski substrates [7], thinning
of high resistivity float zone (FZ) devices by
chemical etching [8] and processing of thin high
resistivity FZ devices using the so-called wafer
bonding technology [9]. In this work we present
results on the radiation hardness of 50 mm thick
devices manufactured on high resistivity n-type FZ
silicon using the wafer bonding technology [9].
Fig. 1. Top (left) and handle wafer side (right) of a chip with

four 10mm2 diodes on 50mm thin silicon.
2. Experimental procedures

The technological approach to manufacture
very thin sensors is based on the wafer bonding
technique. The process starts with two oxidized
wafers, the sensor wafer (top wafer) and the
so-called handle wafer. The backside implantation
of the top wafer is also done before bonding. These
two wafers are then bonded together and are
annealed at high temperatures forming a stack
with buried backside implants for the top wafer
and silicon oxide in between. The top wafer is then
thinned to the desired thickness and the front side
process is performed as for a conventional wafer.
After this process the backside of the handle wafer
is structured and removed according to the sensor
backside area and the silicon of the handle wafer is
selectively etched away. Details of this technology
are described in Ref. [9]. Fig. 1 shows a photo-
graph of the front and the backside of a chip with
four diodes in the four thinned windows.
The silicon material used is high resistivity

(�3 kO cm) n-type FZ material with /1 0 0S
orientation. The devices are p+-n-n+ pad diodes
with an area of 10mm2 surrounded by a single
guard ring. The thickness for the devices under
investigation varies between 47 and 50 mm. Ac-
cording to the high resistivity and the small
thickness the voltage for full depletion is only
VfdE2–3V.
The irradiation has been performed at the

irradiation facility at CERN with 24GeV/c pro-
tons. A set of nine devices was exposed in
consecutive steps to fluence values between
4� 1013 and 8.6� 1015 cm�2. In order to investi-
gate the radiation-induced changes in the short-
and long-term operation all samples underwent
after irradiation an isothermal annealing proce-
dure at 80 1C with cumulative steps up to
45000minutes (E31 days). After each annealing
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step the devices were electrically characterized at
20 1C by C–V and I–V measurements with the
guard ring properly connected to ground in order
to minimize lateral edge effects on both measure-
ments. After the full annealing cycle up to the
cumulated time of 31 days charge collection
measurements were performed for 5.8MeV
a-particles of a 244Cm-source using the same
TCT-setup for recording current pulse shapes
induced by laser light pulses [10].
3. Experimental results

The development of the voltage for full deple-
tion of the devices Vfd as extracted from C–V

measurements after annealing at 80 1C as function
of fluence is shown in Fig. 2. The annealing time
corresponds to values at which the annealing curve
of Vfd or DNeff reaches its minimal value (see
Fig. 4). At the lowest fluence value of 4�
1013 cm�2 a very small depletion voltage of 1.6V
is measured followed by a non-linear increase up
to 9.0V at 6� 1014 cm�2. In the high fluence range
up to 8.6� 1015 cm�2 a linear increase is observed.
According to former results which had been
achieved for hadron induced radiation damage of
thick (300 mm) high resistivity FZ silicon detectors
we can assume that all devices are type inverted
and that the development of the doping concen-
0 20 40 60 80 100
proton fluence [1014 cm-2]

0

20

40

60

80

100

V
fd

 [
V

]

0.0

1.0

2.0

3.0

4.0

5.0

N
ef

f [
10

13
 c

m
-3

]Annealed at 80°C

23 GeV protons

Fig. 2. Development of full depletion voltage Vfd as function of

fluence after annealing at 80 1C for specific durations (8min up

to 1.7� 1015 cm�2, 30min at 3.5� 1015 cm�2, 60min at

8.6� 1015 cm�2).
tration Neff with fluence F can be parameterized by
[11,12]:

Neff ¼ Neff ;0 � exp �cnF
� �

� b� F
�� ��. (1)

Neff,0 is the initial doping concentration, c� is
related to the so-called donor removal constant
and b the introduction rate of acceptors being
negatively charged in the space charge region.
From the fit to the experimental data we derive for
these parameters: cn ¼ 2:3� 10�14 cm2 and
b ¼ 3:6� 10�3 cm�1. The b-value is in the same
order as obtained for oxygen enriched FZ (DOFZ)
silicon [11,13], although these devices were not
subjected to any deliberate oxygenation procedure.
Possibly the high temperature treatments during
the wafer bonding and the device processing lead
to an in-diffusion of oxygen from the oxide surface
layers and may increase the oxygen concentration
throughout the 50 mm thin bulk beyond the initial
level of the untreated material.
For the reverse current per volume, taken at full

depletion and after an annealing of 8min at 80 1C
a linear increase with accumulated fluence is
observed (see Fig. 3). The extracted slope repre-
senting the current related damage parameter is
aðTa ¼ 80 1C; t ¼ 8 minÞ ¼ 2:4� 10�17 A=cm
which is in agreement with results of numerous
studies on various silicon materials [11–14].
Each diode underwent a full annealing cycle at

80 1C for accelerating the annealing kinetics and to
study all components in the damage-induced
change of the effective doping concentration DNeff
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Fig. 3. Increase of reverse current per volume with fluence after

annealing at 80 1C for 8min.
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with respect to its initial value before irradiation
Neff,0 [13]:

DNeff F; tðTaÞð Þ ¼ Neff ;0 � Neff F; tðTaÞð Þ. (2)

As function of time and fluence DNeff can be
described as:

DNeff F; tðTaÞð Þ ¼ NA F; tðTaÞð Þ þ NC Fð Þ

þ NY F; tðTaÞð Þ. ð3Þ

In this equation, it has to be emphasized that the
time dependence is in itself subject to the annealing
temperature Ta. The three components in Eq. (3)
are: a short term annealing NA, a stable damage
part NC and the reverse annealing component NY.
NC can be described by an incomplete donor
removal, depending exponentially on the fluence,
with a final value Nc,0, and a fluence proportional
introduction of stable acceptors with a rate gC:

NC Fð Þ ¼ NC;0 � 1� expð�cFÞð Þ þ gC � F. (4)

NC should obey a similar fluence dependence as
exhibited in the development of Neff as function of
F shown in Fig. 2. The time dependence of the
reverse annealing component is best described by

NY F; tðTaÞð Þ ¼ NY;inf � 1� 1=ð1þ t=tYðTaÞÞ
� �

(5)

where the amplitude is given by NY,inf(F) ¼
NY,sat � (1�exp(�cYF)) which can be approxi-
mated for low fluences to NY,inf ¼ gY �F (having
defined gY ¼ NY,sat � cY) and tY(Ta) is the char-
acteristic time constant of this long term process.
The problems connected with this simplified model
of the reverse annealing are discussed in Ref. [15].

How well this model describes the experimental
data for the full set of fluences as function of the
annealing time is shown in Fig. 4. The full lines are
the result of fits according to the functional
dependencies as described above.

From these plots it becomes obvious that the
minimum of the annealing curves shifts to longer
annealing times for the last two high fluence values
(3.4� 1015 and 8.6� 1015 cm�2). This corresponds
with an increase of the short-term annealing time
constant and in particular a strong increase of the
reverse annealing time constant tY as function of F
is observed, as demonstrated in Fig. 5. A similar
dependence had been observed for DOFZ-detectors
but already for lower fluences [13,16]. Furthermore,
the fluence dependence of the reverse annealing
amplitude NY,inf shows a small but not negligible
saturation effect (see Fig. 6) which is also typically
observed in DOFZ material [13,16]. Finally, in
Fig. 6 the fluence dependence of the stable
component NC is included. The solid line presents
the fit according to Eq. (4) with an introduction rate
gC ¼ 3.0� 10�3 cm�1, which is very close to the
extracted b-value presented above. All these find-
ings strengthen the assumption that these devices
exhibit a larger amount of oxygen as expected for
standard high resistivity FZ material. The extrac-
ted parameters are summarized in Table 1 and
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Fig. 6. Fluence dependence of the stable damage component

NC and the reverse annealing amplitude NY,inf.

Table 1

Damage parameters for the 50 mm FZ devices in comparison to

results derived from 300 mm DOFZ samples

Parameter 50 mm FZ DOFZ

NC,0/Neff,0 0.97 1.0

c (cm2)a 1.5� 10�14 —

gC (cm�1)a 4.8� 10�3 6.6� 10�3

NY,sat (cm
�3) 5.5� 1014 1.0� 1013

cY (cm2)a 8.4� 10�17 4.7� 10�15

gY (cm�1)a 4.6� 10�2 4.8� 10�2

tY (min)b 164 155

The parameters with the label
aare normalized to 1MeV neutron equivalent damage, the

given time constants tY
bare only valid for low fluence values (see Fig. 5).
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Fig. 7. Development of reverse current per volume as function

of cumulated annealing time at 80 oC after irradiation with

different fluences.

Table 2

Parameters for the annealing of the reverse current related

damage coefficient a (Eq. (6)). a0,1,2 values normalized to 1MeV

neutrons

Parameter This work Ref. [14]

a0 (10
�17A/cm) 1.3370.08 1.13

tI (min) 1872 9

a1 (10
�17A/cm) 4.0170.42 4.23

a2 (10
�18A/cm) 2.6070.51 2.83
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compared with those derived from 300mm thick
devices which had been oxygen enriched by
diffusion at 1150 1C for 72h [6,16]. However, it
should be emphasized here that the damage
parameters can exhibit a wide variation for
standard FZ devices processed by different manu-
facturer or using different FZ ingots [17].

The annealing of the reverse current is shown in
Fig. 7 for all irradiated diodes. The time depen-
dence of the reverse current per volume Irev/
V ¼ a(t(Ta))�F is given by the time dependence
of the damage parameter a, which is well described
by a short term exponential decay, a constant and
a logarithmic term [14]:

a tðTaÞð Þ ¼ a0 � expð�t=tIÞ þ a1 � a2 � lnðt=t0Þ

(6)
where t0 is fixed to 1min.The extracted parameters
are given in Table 2 and compared with those
reported in Ref. [14]. Also in this case the values
are normalized to a 1MeV neutron equivalent
damage taking a hardness factor of 0.62 for
24GeV/c protons with respect to 1MeV neutrons
into account.
For the application of such thin devices in a

radiation environment as expected for S-LHC the
degradation of the charge collection efficiency due
to the loss of the drifting charge carriers by
trapping is the major problem. The charge
collection properties of the irradiated and fully
annealed diodes were measured using a collimated
beam of a-particles (see Section 2). As the a-
particles penetration depth is 23 mm (taking an air
gap of 3mm between the source and the detector
surface into account) both holes and electrons
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contribute to the induced charge but not equally.
In Fig. 8 the measured charge collection efficiency
is plotted as function of fluence. For the highest
fluence value of 8.6� 1015 cm�2 CCE measure-
ments were not possible because for full depletion
a bias voltage as high as 425V is needed. At such
high bias voltage a soft break down in the reverse
current occurred. For all other devices the CCE
values correspond to a constant bias voltage of
190V which is always above their full depletion
voltage, being maximal 180V for the device
irradiated up to 3.5� 1015 cm�2. The solid line in
Fig. 8 presents a fit to the experimental data
according to: CCE ¼ 1�bc�F. For the parameter
bc a value of 3.4� 10�17 cm2 is derived which leads
to an extrapolated CCE value of 66% at
F ¼ 1016 cm�2 (broken line in Fig. 8). If one
compares this result with charge collection mea-
surements on proton irradiated 50 mm epitaxial
devices performed with a 90Sr b source (represent-
ing minimum ionizing particles) a quite similar
value of 60% at 1016 cm�2 had been observed [18].
This indicates that for thin detectors charge
collection measurements with a-particles result in
quite similar CCE values as one would achieve
with mips. Further, these observations point to a
universal behavior of charge carrier trapping in
highly proton irradiated silicon devices being
independent on the silicon material type and the
impurity content.
4. Conclusions

The presented study on high energy proton
damage of thin high resistivity FZ devices vali-
dates the beneficial effects concerning the scaling
of the radiation induced change of the full
depletion voltage with the thickness of the active
sensor layer and the reverse current. For the first
time the full annealing of the effective doping
concentration up to a cumulated duration of about
31 days at 80 1C could be investigated and
analyzed for extremely high fluences (8.6�
1015 cm�2) for high resistivity FZ devices. This
was so far not possible for 300 mm thick detectors
since the full depletion voltage after the final
reverse annealing would exceed values of about
15 kV for fluences in the order of 1016 p/cm2. The
extracted damage parameters for the change of
the effective doping concentration indicate that the
wafer bonding and device processes possibly
increase the oxygen concentration in the sensitive
layer leading e.g. to a reduced acceptor introduc-
tion rate gC which is in the same order of oxygen
enriched FZ material. Further, thin sensor layers
allow to establish a high electric field strength in
the order of 20–40 kV/cm throughout the active
volume at moderate bias voltages (100–200V)
without the danger of electrical breakdown. This
makes high carrier drift velocities possible, near to
their saturation values, and in combination with
the small thickness of 50 mm the carrier collection
time is extremely short. Thus, the losses of signal
charge due to trapping can be partly compensated.
A further improvement of the charge collection
efficiency in thin pixel devices might be possible if
one chooses an n+-n structure since then electrons
would be the leading charge carriers.
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contribution to the Fifth International Conference on

Semiconductor Materials Detectors and Devices

RESMDD04, Florence, Italy, October 10–13, 2004.


	High energy proton damage effects in thin high �resistivity FZ silicon detectors
	Introduction
	Experimental procedures
	Experimental results
	Conclusions
	References


