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Abstract

Using a SPICE network model, we simulated the signal and noise of AC-coupled, single-
sided, n+ on n type Si micro-strip detectors connected to PreMux-128 read-out electronics.
The detector response was studied before and after neutron irradiation with a uence of
8:3 � 1013 n=cm2. We compared the simulated and experimental signal-to-noise ratios.



1 Introduction

The signal-to-noise ratio (S/N) is the key parameter of Si micro-strip detectors to determine the detector
e�ciency. The general requirement to achieve good tracking capability in CMS experiment for LHC at
CERN is S=N > 10 [1]. This performance should be maintained over 10 years of operation, by the time
the uence at the hottest part of the system is expected to reach about 1:6 � 1014 n=cm2.

The main component of the noise associated to the measurement of the charge signal in a Si detector is due
to the front-end electronics. For a charge sensitive preampli�er, having CMOS input transistor, this noise,
expressed it in Equivalent Noise Charge (ENC) units, is a linear function of the load capacitance seen by
the preampli�er. After heavy irradiation the leakage current increases and gives a signi�cant contribution
to the total noise. Furthermore, due to the increasing number of trapping and recombination centers the
charge collection e�ciency decreases. This can be partly compensated by increasing the bias voltage. To
keep the signal-to-noise ratio above the design value, it is necessary to operate the detector at high bias
voltage and to cool the system below 0 �C (in CMS T ' �10�C and Vbias ' 500 V will be required by
the end of the life-time of the detectors).

Both the signal amplitude and the noise level due to the detectors and the read-out electronics depend
strongly on the capacitive coupling between the detector elements. In a detector that is AC coupled to the
read-out electronics, the charge induced on an implant strip is shared among the coupling capacitance
to the read-out electronics and other parasitic capacitances such as inter-strip and body capacitance.
The charge coupling depends also on resistance parameters, for instance strip and bias resistance, inter-
strip and strip-to-back resistance. Therefore, a careful analysis and simulation of capacitive and resistive
coupling is essential in order to evaluate the signal-to-noise ratio.

In a previous work, we measured the main characteristics of n+ on n type detectors before and after
neutron irradiation and we implemented a SPICE network model for this detectors [2]. That model was
very successful to simulate the frequency dependence of the capacitance measurements. Using the same
model in this paper, we investigate the signal processing and signal-to-noise ratio and compare the results
with the experimental data.

2 Detector Model

We studied single-sided, AC coupled, n+ on n type SINTEF detectors. The detectors were 280 �m thick,
the length of the strips was 57.4 mm. The number of the n+ implant strips was 1025 with a pitch of 56
�m. The number of the metal strips was 512, so that every second n+ implant strip only was read-out
(112 �m read-out pitch). The intermediate strips did not have metal strips and we will refer to them as
non-read-out strips. The isolation of the n+ strips was achieved by using p+ blocking strips. A detailed
description and the main detector parameters can be found in ref. [2,3].

We studied the detector performance before irradiation and after neutron irradiation at a uence of
8:3 � 1013 n=cm2. At this uence the detectors were type inverted. The detectors were simulated using
Powerview simulation software [4].

Our SPICE model is a network of resistors, capacitors and diodes containing more than 30000 circuit
elements [2]. All capacitive and resistive couplings between the detector elements (e. g. read-out metal
strips, n+ implant, p+ blocking strips, backplane) and strip resistance were taken into account. The p�n
junction was simulated with diodes. In our previous work we investigated two models: a simple one which
did not contain the p+ blocking strips (accounted only for the direct coupling between the n+ implants)
and an extended one which included also the coupling to the p+ blocking strips. For non-irradiated
detectors the two models resulted to be equivalent, while for irradiated detectors we obtained a better
agreement with the measured values using the extended model. To simulate the signal processing and
the noise we used this extended model. The parameter values were determined by direct measurements
or, in a few cases, by simulating the capacitance measurements [2]. Table 1 shows the parameter values
used in the models.

The test-beam results were obtained for two detectors connected together, which corresponds to a total
strip length of 114.8mm [5], while our simulation was done for a single detector (57.4mm strip length). In
a small region of the detector only every second read-out strip was connected to the read-out electronics,
resulting in an e�ective read-out pitch of 224 �m. To simulate the signal processing and noise of a
daisy-chained detector pair we simply multiplied the parameter values obtained for a single detector by
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Before irradiation After irradiation
without p+ stops with p+ stops without p+ stops with p+ stops

Rbias 2M
 2M
 2M
 2M

Rn 37K
 37K
 37K
 37K

Rm 300
 300
 300
 300

Rnm 5T
 5T
 500G
 500G

Rnn 12G
 13:8G
 20M
 23M

Rp 1 592K
 1 592K

Rnp 1 48G
 1 80M

Istrip 200 pA 200 pA 900 nA 900 nA
CAC 155 pF 155 pF 155 pF 155 pF
Cnn 6:66 pF 1 pF 3:6 pF 1 pF
Cnn+1 0:55 pF 0:55 pF 0:63 pF 0:65 pF
Cmm 0 0 0:2 pF 0:5 pF
Cnb 2:23 pF 1:2 pF 2:23 pF 1:2 pF
Cnp 0 11:9 pF 0 5:2 pF
Cpb 0 1:8 pF 0 1:8 pF

Table 1: The resistance and capacitance parameters used in the two network models. (m: metal strips,
n: n+ implants, p: p+ blocking strips, n+ 1: second neighbour n+ implants, b: backplane.)

2 or 0.5 depending on whether the elements are connected in series or in parallel (for example, the factor
is 2 for the strip resistance and inter-strip capacitance, 0.5 for the inter-strip resistance).

3 Signal simulation

A particle crossing the detector may induce signals on one or more implant strips. In the case of 112
�m read-out pitch, we investigated two extreme cases: when the particles cross the detector close to a
read-out or a non-read-out strip. The signal simulation consists of three steps: (i) charge generation on
an implant strip associated with a crossing particle, (ii) evaluation of the induced signal on the metal
strips (at the ampli�er input) and (iii) processing of the signal through the preampli�er.

(i) In our model, we injected directly in the implant strip a signal of 22400 e�, which corresponds to a
minimum ionising particle (MIP) crossing a 280 �m thick detector. We approximated the signal shape
of a MIP with simple broken lines (see in �gure 1). The sharp peak of the �rst few ns is induced by the
electrons, while the long tail can be associated with the holes, whose mobility is lower [6]. The e�ective
shape of the signal is not critical in our simulation since the duration of the signal is shorter than 50 ns,
the shaping time of the read-out electronics. The signal was injected at the opposite end of the implant
strip with respect to the read-out electronics.

(ii) The signal and its integral (the total charge) were evaluated on the metal strips coupled to the
implant strip. In the case of read-out strips, most of the charge is induced on a single strip. In the case
of non-read-out strips we added the signals induced on the two neighbouring metal strips. The signals
induced on further strips were low and they were not considered. Figure 1 compares the signal and the
total charge injected into an implant strip (input signal) with the signal and charge induced on the metal
strips.

The e�ciency of the charge coupling is the ratio of the input and induced charge (see �gure 1b). In table
2, we listed the e�ciency of the charge coupling in the case of 112 �m read-out pitch, 57.4 mm and 114.8
mm strip length, before and after irradiation, and for read-out and non-read-out strips.

For comparison, we also calculated the charge coupling e�ciency values using equations of ref. [7], which
can be obtained by taking into account the charge sharing among the capacitances in the detector. For
read-out strips

Enf =
CAC

CAC + Cnb + 2(C 0

nn + Cnn+1)
; (1)

where
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a)

b)

Figure 1: The signal (a) and charge (b) injected in an implant strip compared with the signal and charge
induced on the closest metal strip in the case of read-out strip, before irradiation. (114.8mm strip length)
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nn+1 =
Cnb + Cnn
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Cnn+1; (2)

and for non-read-out strips

Ef =
2CnnCAC

Cnb(Cnn + CAC) + 2CnnCAC

: (3)

In these formulas CAC is the coupling capacitance, Cnn is the inter-strip capacitance, Cnn+1 is the second
neighbour inter-strip capacitance and Cnb is the body capacitance. The couplings to further strips were
not considered. Since these formulas refer to our simple model which did not contain the p+ stops we
used the corresponding parameter values (�rst and third columns of table 1).

While the calculation takes into account only the charge sharing among the capacitances of the detector
elements, the SPICE model includes the resistive couplings, as well. In this latter case, the detector can
be considered as a network of many RC-CR �lters. Comparing the calculated and simulated values in
table 2 one can see that the �ltering of the signal is more signi�cant when the charge is released on a
non-read-out strip with respect to the case when it is induced on read-out strips. This e�ect reduces the
collected charge.

The results show that the charge coupling is about 15-35 % lower when the signal is applied to a non-read-
out strip. This is because the non-read-out strips are coupled to read-out electronics through inter-strip
capacitance whose value is much lower than that of the coupling capacitance. Moreover, the inter-strip
capacitance decreases with the irradiation (see table 2), as a consequence, the charge coupling e�ciency
drops by about 15-20 % after irradiation. This e�ect cannot be observed in the case of read-out strips,
since they are directly coupled to the preampli�er through the coupling capacitance, which does not
change with irradiation. As far as the charge collection e�ciencies are concerned, the performances of
the short (57.4 mm strip length) and the long (114.8 mm strip length) detector modules are very similar.
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57.4 mm strip length 114.8 mm strip length

Before irradiation After irradiation Before irradiation After irradiation

read-out non-read-out read-out non-read-out read-out non-read-out read-out non-read-out

Calc. 0.93 0.85 0.95 0.76 0.93 0.85 0.95 0.76
Sim. 0.92 0.77 0.94 0.62 0.91 0.73 0.93 0.62

Table 2: Calculated and simulated charge coupling e�ciencies in the case of 57.4 mm and 114.8mm long
strips, before and after irradiation, for read-out and non-read-out strips (112 �m read-out pitch).

In the case of 224 �m read-out pitch the signal coupling e�ciency is very low if the signal is induced on
a non-read-out or not connected read-out strip, see table 3.

Before irradiation After irradiation

conn. read-out non-read-out not conn. read-out conn. read-out non-read-out not conn. read-out

0.93 0.59 0.51 0.94 0.47 0.41

Table 3: Simulated charge coupling e�ciency in the case of 114.8 mm strip length, before and after
irradiation, for 224 �m read-out pitch.

(iii) In order to investigate the signal processing through the read-out chip we used the circuit model
of PreMux-128 described in ref. [8]. This model consists of four modules: preampli�er, shaper, charge
follower and output bu�er. The preampli�er output level is proportional to the input charge, nominally
5 mV for 24000 electrons. The shaper forms a signal with �xed peaking time. The signal at the end
of the bu�er peaks at 50 ns, with an amplitude proportional to the input charge. This means that the
signal amplitude measured at the output of the read-out electronics is proportional to the charge coupling
e�ciency. In the simulation the amplitude of the output signal, e. g. the ampli�cation, can be modi�ed
by changing the output resistance value. In order to compare the signal amplitudes and the noise levels,
we used always the same ampli�cation.

Our model does not take into account the charge loss due to the recombination and trapping centers. This
e�ect reduces the charge collection e�ciency by approximately 5-10 % after irradiation at this uence
[9], which should be taken into account when comparing the simulated or calculated values with the
experimental data.

4 Noise simulation

The main noise sources in AC coupled Si detectors are the following [7]:

1. The noise of the preampli�er, which is proportional to the input capacitive load:

ENC1 = aCload + b; (4)

where Cload is the load capacitance in pF . For PreMux-128 a = 41:5 and b = 558 [8]. Cload can be
calculated from

1

Cload

=
1

CAC

+
1

Cnb + 2(C 0

nn + Cnn+1)
: (5)

2. The shot noise of the strip leakage current, which is signi�cant after irradiation and can be calculated
by:

ENC2 =
e

2

q
�Istrip=qe; (6)

where e is the Euler-constant, qe is the electron charge, Istrip is the strip leakage current and � is the
shaping time.

3. The thermal noise of the bias resistor, Rbias, which can be calculated by:

ENC3 =
e

qe

p
�kT=2Rbias: (7)

4. The thermal noise of the series resistors:

ENC4 =
e

qe
Cload

p
kTRs=2� ; (8)
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where Rs is an e�ective series resistance, which is about one third of the metal strip resistance [7].

The total noise can be obtained by adding in quadrature all noise components:

ENC2 = ENC2

1 +ENC2

2 +ENC2

3 +ENC2

4 (9)

The noise components 1 and 4 are considered "series noise" since they can be modeled by a noise voltage
generator connected in series to the read-out electronics. The noise components 2 and 3 are called
"parallel noise" components and can be modelled by noise current generators connected in parallel to the
read-out electronics.

We have simulated the noise performance of our system using SPICE. The noise components 3 and 4 are
automatically taken into account since the bias and strip resistors were directly included in the SPICE
model.

To simulate the noise of the preampli�er (noise component 1) we used the circuit model of the read-out
electronics described in [8], which contains a MOSFET input transistor. The parameters of this transistor
were tuned to have the noise characteristics described by equation (4).

To simulate the noise due to the leakage current, we replaced the body capacitors and resistors with
diodes in our detector model described in [2]. The parameters of the diodes were set to have the same
capacitance values at full depletion voltage (100 V before irradiation and 200 V after irradiation) as in
our previous model and the appropriate strip leakage current (200 pA before irradiation and 900 nA after
irradiation for 57.4 mm long strip). In this way the noise component 2 is also taken into account. By
reproducing the capacitance measurements, we did not �nd any di�erence using diodes or resistors and
capacitors between the implants and the back. The two models also resulted to be equivalent in concern
with the simulation of signal coupling.

57.4 mm strip length 114.8 mm strip length

Before irradiation After irradiation Before irradiation After irradiation

Calculation

ENC1 989 877 1420 1197
ENC2 11 713 15 1008
ENC3 120 120 120 120
ENC4 352 261 997 739

Total ENC 1056 1166 1739 1735
Simulation

Total ENC 1039 1051 1466 1507

Table 4: Calculated and simulated noise in ENC units for 112 �m read-out pitch.

Table 4 compares the noise evaluated by the previous formulas and the noise simulated by our model.
The noise for 114.8 mm strip length is much higher than that one for 57.4 mm long strips because
Cload increases approximately linearly with the strip length. After irradiation the leakage current and
the related noise (noise component 2) increase considerably. On the other hand, we measured a lower
inter-strip capacitance after irradiation [2], which means that Cload is also lower after irradiation resulting
in a lower series noise (noise components 1 and 4) after irradiation. The noise of the leakage current is
almost compensated in our case by the decreasing noise due to the preampli�er and the series resistors.

It is worth noting that in p+ on n devices an opposite behaviour is observed: the increase of the series
noise after irradiation [1]. This reects the fact that the inter-strip capacitance in a p+ on n detector
increases with irradiation.

The noise levels in the case of 224 �m read-out pitch are similar to the one of 112 �m read-out pitch:
1344 and 1432 before and after irradiation, respectively, for 114.8 mm strip length.

5 Signal-to-noise ratio

Since in our simulation the ampli�cation of the read-out electronics can be changed arbitrarily, only the
signal-to-noise ratios can be compared with the experimental data.
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We compared the results of the simulation with the experimental data obtained by exposing the detector
to a particle beam at a temperature of 268 K [5]. The measurements were performed with a daisy-
chained detector pair (114.8 mm strip length) before irradiation and after irradiation with a uence of
8 � 1013 n=cm2 at di�erent bias voltages. Here we refer to the data taken at 100 V before irradiation and
200 V after irradiation, which corresponds to about 50 V above the full depletion voltages in both cases.
The leakage current after the irradiation increased from 400 pA to 1.8 �A. With an external tracking
system we were able to determine the impact position of the particles with a precision of 8 �m [10]. We
selected events where the beam particles hit the detector close to a read-out or a non-read-out strip. If
every read-out strip was connected to the read-out electronics, the particles crossing the detector close
to a read-out strip induced signal mainly on one strip only; if the particles hit the detector close to a
non-read-out strip the two adjacent read-out strips had signal above the threshold, with nearly equal
signal amplitudes on both strips. When only every second read-out strips were connected to the read-out
electronics, the events were mostly 1-strip clusters if the particle impact was close to a connected read-out
or non-read-out strip, and they were mainly 2-strip clusters in case of impact close to a not connected
read-out strip. The most probable values of signal amplitudes were obtained by �tting the distribution
of signal amplitudes with Landau-curves [5]. The noise distribution was �tted with Gaussians. The
signal-to-noise ratio was calculated as the ratio of the most probable values of the signal and noise.

57.4 mm strip length 114.8 mm strip length

Before irradiation After irradiation Before irradiation After irradiation

read-out non-read-out read-out non-read-out read-out non-read-out read-out non-read-out

Calc. 19.8 18 18.2 14.6 12 11 12.3 9.8
Sim. 19.8 16.6 20 13.2 13.5 10.9 14.2 9.5
Meas. 14.2 11.1 14.7 11.5

Table 5: Comparison of the calculated, simulated and experimental signal-to-noise ratio (112 �m read-out
pitch).

In table 5, we compare the calculated, simulated and measured values in the case of 112 �m read-out
pitch. The calculation was made by using the charge coupling e�ciencies listed in table 2, the ENC
values of table 4 and assuming that the injected signal is equal to 22400 e�.

We obtained a good agreement between the simulated and measured signal-to-noise ratio. The calculation
does not take into account the resistive coupling between the detector elements. Therefore, the agreement
between the calculated and measured values is worse.

The signal-to-noise ratio is lower for non-read-out strips than for read-out strips. This can be explained
by the less e�cient charge coupling. The coupling of non-read-out strips, and therefore S/N, is especially
low after irradiation, since the inter-strip capacitance decreases with irradiation.

In the case of 224 �m read-out pitch, the signal coupling of non-read-out and not connected read-out
strips is very weak, and therefore S/N is low (table 6). We cannot compare these values with the test beam
results directly, since the low statistics of the data sample did not allow us to evaluate S/N separately
for read-out, non-read-out and not connected read-out strips. Experimentally we have obtained only
the mean S/N, which results to be 11.1 before irradiation and 8.3 after irradiation [5]. These values are
comparable with the simulated ones. Infact, the experimental values can be reproduced as the mean
value of the simulated ones weighted with the fraction of the pitch in which we expect signal on read-out
strip (0.25), on non-read-out strip (0.5) and not connected read-out strip (0.25).

Before irradiation After irradiation

conn. read-out non-read-out not conn. read-out conn. read-out non-read-out not conn. read-out

15.8 9.8 8.5 14.7 7.4 6.4

Table 6: The simulated signal-to-noise ratio in the case of 224 �m read-out pitch and 114.8 mm strip
length.
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6 Conclusions

A SPICE network model of silicon micro-strip detectors, which is able to reproduce the frequency de-
pendence of the capacitance measurements, is very suitable to simulate the signal processing and noise
of the detector. This model takes into account the complex R-C structure of the detector.

We obtained a good agreement between experimental and simulated signal-to-noise ratio. The simulation
proved to be very useful to support the experimental data and to understand the operation of the
detectors.
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