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Strip Capacitancefor fast trigger capability, a trigger-less data push architecture, and
low power consumption. The chip was fabricated by the Taiwan
Semiconductor Manufacturing Company (TSMC) with 0.25 μm
CMOS technology. The analog section consists of an integrator/
shaper stage followed by a 3-bit ADC. A single FPHX chip mounted
onto the HDI is shown in Fig. 5. In this example, the wire bonding
to the control lines on the HDI is complete, but no bonding
between the sensor and the chip has been performed.

Many of the setup parameters of the front end are programmable
via an LVDS serial slow control line. Adjustable parameters include
gain, threshold, rise and fall time, input transistor bias current, channel
mask, plus several additional fine tuning parameters. Nominal setup
parameter values include integrator/shaper gain of 100 mV/fC, 800 mV
dynamic range, 60 ns risetime at the shaper output, and a 2000-
electron threshold at the first comparator. All analog functions were
exercised on a test stand and the measured values were very close to
pre-submission simulations.

The FPHX chip was designed to process up to four hits within
four RHIC beam crossings (or !4"106 ns¼424 ns). Each hit

contains a 7-bit time stamp, a 7-bit channel identifier, and a 3-bit
ADC value. By only accepting hits above a certain (programmable)
ADC threshold, the signal-to-noise ratio can be dynamically opti-
mized for different operating conditions. In addition, the ADC
information from strips in an FVTX hit cluster is used to determine
the center of the track via a weighted average of the charge in each
strip. An ADC with higher resolution would not significantly improve
the detector's tracking resolution, since multiple scattering in detec-
tor material is the dominant contribution to track smearing at the
!20 μm level.

The data words are output over two LVDS serial lines at up to
200 MHz clock rate. The total power consumption of the FPHX is
!390 μW per channel. The noise, when the chip was wire bonded
to a sensor with strips !2–11 mm in length (!1–2.5 pF), was
simulated and measured to be below the design specification of
500 electrons.

3.3. High-density interconnects

The silicon sensor and FPHX read-out chips are assembled
on an HDI which provides the slow control, power, and bias input
lines as well as slow control and data output lines. The HDI stack-
up is shown in Fig. 6 and consists of seven layers of single-sided
(20 μm) and double-sided (50 μm) copper coated polyamide
bonded together with a 25 μm sheet adhesive for a total thickness
of approximately 350 μm. Indicated on the HDI stack-up are two

Table 1
Summary of design parameters.

Silicon sensor thickness (μm) 320
Strip pitch (μm) 75
Nominal operating sensor bias (V) þ70
Strips per column for small, large wedges 640, 1664
Inner radius of silicon (mm) 44.0
Strip columns per half-disk (2 per wedge) 48
Mean z-position of stations (mm) 7201.1, 7261.4,

7321.7, 7382.0
Silicon mean z offsets from station center (mm) 75.845, 79.845

Fig. 3. A completed FVTX small wedge, with sensor facing up. Note the center line
dividing the two halves of the sensor and rows of FPHX chips along the
sensor edges.

Fig. 4. Details of the sensor layout. (a) Narrow end corner, (b) wide end corner and (c) wide end center. These areas correspond to the circled regions in Fig. 3.

Fig. 5. A single FPHX chip mounted onto the HDI. Along the top, wire bonds to the
HDI have been completed. Along the bottom, in two rows, are 128 bond pads for
wire bonds to the silicon strips.
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sensors arranged in a disk around the beryllium beam pipe. The
basic unit of construction is a wedge, (Section 4.1) each of which
carries a mini-strip silicon sensor (Section 3.1), read-out chips
(Section 3.2), and a high-density interconnect (HDI, Section 3.3).
Wedges are mounted on half-disks (Section 4.2), and fitted with
extension cables (Section 3.4). For simplicity, the half-disks are
referred to as disks. Disks are mounted into cages (Section 4.3), and
the extension cables are connected to ROC boards (Section 3.5), the
Read-Out Cards that are the first stage in the data path. Finally the
cageþROC assembly is installed in the carbon-composite frame
which also contains the VTX components.

Fig. 2 shows a model of two quadrants of the detector, with one
FVTX quadrant displaced in z for clarity. The wedges, mounted on
the disks, are shown installed into their cages. The VTX and its
associated electronics are shown in the middle, mounted in the
support frame. As can be seen in the figure, each cage has one
small and three large disks. The smaller disks are simply truncated
versions of the larger disks. A summary of the FVTX design
parameters is given in Table 1.

3. Electronics

This section describes the electrical components and support
systems used to read out and power the FVTX. The silicon mini-
strip sensors and the FPHX read-out chips are described in
Sections 3.1 and 3.2, respectively. The HDI that provides power,
bias voltage, and slow control signals to the sensor is discussed in
Section 3.3, and the extension cables which handle signals
between the wedges and the Read-Out Cards are described in
Section 3.4. The Read-Out Cards and Front End Modules which
process signals from the detector are discussed in Section 3.5,
followed by a description of the high- and low-voltage delivery
systems in Section 3.6.

3.1. Sensors

The silicon mini-strip sensors were designed at Los Alamos and
fabricated by Hamamatsu Photonics KK. The wedge-shaped geo-
metry comprises two individual columns of strips that are mirror
images about the center line on the same sensor. The wire bond
connections between the strips and read-out chips are located
along the outer edges of the sensor (see Fig. 3). The centerline gap
between columns is 100 μm and is completely active.

The strip length increases with radius on the sensor, and goes
from 3.4 mm at the inner radius to 11.5 mm at the outer radius,
with a pitch of 75 μm in the radial direction. Each sensor covers
7.51 in ϕ, and since the strips are perpendicular to the radius, they
make an angle of 86.251 with respect to the centerline, as can be
seen in Fig. 4.

The sensors were fabricated with p-implants on a 320 μm thick
n-type substrate. The strips are AC-coupled and biased through
individual 1.5 MΩ polysilicon resistors to a typical operating voltage
of þ70 V. The metallization on the strips is wider than the implant to
provide field plate protection against micro-discharges, a concern that
becomes greater with radiation-induced increases in the leakage
current. The strips are also protected by two p-implant guard rings
and an nþ surround between the guard rings and the sensor edge.
There are two sets of bond pads for each strip, one of which is
dedicated to probe tests. Each strip also has a spy pad, which is an
opening through the capacitor oxide layer, that allows the DC
characteristics of the strip to be probed. Fig. 4 shows details of the
sensor layout, including guard rings, bond pad locations, and mechan-
ical fiducial marks.

3.2. FPHX chip

A custom 128-channel front-end ASIC, the FPHX, was designed
by Fermilab for the FVTX detector [10,11]. The chip was optimized

Fig. 2. A drawing of the combined VTX/FVTX assembly. One FVTX quadrant is displaced for clarity.
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Strip Thickness 
[µm] Width [µm] Length 

[mm]
Capacitance 

[pF]
Measurement 

(Kai-Yu)
Hamamatsu

DC cap**
FVTX

320 78
2 ~ 11 mm 1 ~ 2.5 

INTT-Type-A 12mm 2.5* ~ 1 [pF] 0.45 [pF]
INTT-Type-B 18mm 3* 0.57 [pF]

FV
TX

 N
IM

*Simple scaling from FVTX

There are discrepancy between the 
actual measurement by Kaiyu, 
Hamamatsu, and expected value by 
simple scaling from FPHX by the 
length of the strip.

**later slide Hamamasuʼs
measurement 



Hamamatsuʼs Measurement
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Hamamatsuʼs vs Kai-Yuʼs Measurement 

HPK検査（DC回路）
bias line - Nsub =Cbtotal

論文の測定（AC回路）
CcやCiが加わる

HPK検査（DC回路）
bias line - Nsub =Cbtotal

論文の測定（AC回路）
CcやCiが加わる

On 2023/05/22 1:52, kaoshima@hq.hpk.co.jp wrote:

理化学研究所 中川様

お世話になっております。
浜松ホトニクス株式会社 ⻘嶋です。

ご連絡ありがとうございます。

論⽂とは対象としている容量が異なると思います。

when the chip was wire bonded to a sensor with strips ~ 2–11 mm in length 
(~ 1–2.5 pF), was
simulated and measured to be below the design specification of 500 
electrons.

ですので、ACPADから⾒た際の容量(Load capacitance)になりますので、

のモデル図になるかと思います。
HPKから提供しているデータは、Bias ring-Nsub間の総容量（Vfd算出のた
めの測定データ）ですので、
このうちCbの全strip totalを測定しているものとなります。



The Measurement Result of INTT Sensor Testing
• Because the layout of sensor, each module is divided into four parts in the measurement. The left plot show one

part result of sensor 1133-1159. All capacitance of channels are gaussian distribution, so we can identify the
broken and functional channels from measurement. The left plot obviously show there are two different
distributions. These differences could match to measuring period that be showed in middle plot.

• The capacitance of signal channel showed in left plots is about 0.5pF, so total capacitance is about 1000pF.
Compared with total sensor from HAMAMATSUʼs inspection only has 7% difference. Therefore, this method could
measure the capacitance of single channel.

• To check why capacitances are different in periods, we analyze the relation between environment and
measurement. The right plots shows the variety of capacitance with humidity at same temperature. The result
shows the measurement is not obviously affected by humidity, so maybe this effect come from the status of sensor
or measure system.

Two chips are
remeasured in period
II

Period
I

Period
II

Broke
n

5
210121_SensorTesting_ExecutiveSummry.pptx

~70% variation

~70% variation



The Measurement Result of INTT Sensor 
Testing
• One set of sensor need use four probe cards

to measure all chips. All sensor data shows in
right four plots. These plots obviously show
there are few different capacitance
distributions. These differences could match
to measuring period.

• The measurement was paused in the middle,
so whole testing could be divided into two
period. The bottom plot shows the values are
different in these two periods.

Two chips are
remeasured in period II

Period
I

Period
II

Broke
n

2021/1/18 6
230525_SiliconCapacitance.pptx



HPKʼs Response On 2023/05/24 21:03, kaoshima@hq.hpk.co.jp wrote:

• 理化学研究所 中川様

お世話になっております。
浜松ホトニクス株式会社 ⻘嶋です。

ご連絡ありがとうございます。

理由については、よくわからないです。
そのため、こちらの持っている試算モデルで、ジオメトリーからの理
論値を出してみました。
論⽂の容量値のほうは少し⼤きく出ている気がします。

FVTX： pitch 75um 
P+ width 18um
AL width 28um

strip length 2mm 0.32pF/strip
11mm 1.74pF/strip

S14629-01： pitch 78um 
P+ width 10um
AL width 20um

strip length 12mm 1.57pF/strip
18mm 2.35pF/strip

よろしくお願いします。

• 送信者: "Itaru Nakagawa" <itaru@riken.jp>
宛先: kaoshima@hq.hpk.co.jp
⽇付: 2023/05/24 22:54
件名: Re: シリコンストリップのCapacitance

浜松ホトニクス株式会社
⻘嶋様、

ご返答ありがとうございます。御社の測定がDC回路の測定である
こと、承知しました。
AC-PADで我々の実測はType-Aのストリップ⻑で典型的に1 pF程度な
のですが、FVTX(2-11 mm) よりもストリップが⻑いのに電気容量が
⼩さいようです。厚みやストリップ幅が同じなので、単純に考えると
FVTXよりも⻑さが⻑い分だけけ我々のシリコンの⽅が電気容量が⼤
きくなりそうな気がするのですが、何かを⾒落としているか、ご指摘
いただければ幸甚に思います。

中川

230530_StripCapacitanceCalc.xlsx



Strip Capacitance
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Strip Length 
[mm] Pitch [mm] p+ width 

[mm] 
Al Width 

[mm]
Meas. [pF] 

(Kai-Yu)
HPK model 

[pF] FVTX NIM

FVTX 2
75 18 28

N/A 0.32 1
FVTX 11 N/A 1.74 2.5

INTT-Type-A 12
78 10 20

0.5 ~ 1.5 1.57
INTT-Type-B 18 0.4 ~ 1.5 2.35

Thickness:320 [µm]

• Hamamatsuʼs a model calculation is consistent with given dimensions.
• The capacitance value found in FVTX NIM is larger than Hamamatsuʼs calc by 

factor of 2 to 3.
• Kaiyuʼs measurement is smaller than Hamamatsuʼs calc by > 1/3 or so.
• Problem what to be stated in the INTT paper.



Hamamatsuʼs Model Calculation
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Abstract

In the context of the development of radiation hard silicon microstrip detectors for the CMS Tracker, we have
investigated the dependence of interstrip and backplane capacitance as well as depletion and breakdown voltage on the
design parameters and substrate characteristics of the devices. Measurements have been made for strip pitches between
60 and 240 mm and various strip implants and metal widths, using multi-geometry devices, fabricated on wafers of
either /1 1 1S or /1 0 0S crystal orientation, of resistivities between 1 and 6 kO cm and of thicknesses between 300 and
410 mm: The effect of irradiation on properties of devices has been studied with 24 GeV=c protons up to a fluence of
4:3! 1014 cm"2: r 2001 Elsevier Science B.V. All rights reserved.

PACS: 29.40.Wk; 29.40.Gx; 07.77.Ka; 84.37.þq

Keywords: Silicon microstrip detectors; Strip detector capacitance; Radiation hardness; Tracking at the LHC; CMS

1. Introduction

The operation of silicon microstrip detector
systems at the Large Hadron Collider (LHC) sets
new demanding requirements on the performance
of such systems. At design luminosity, several
hundreds of particles will be produced every 25 ns:

Their detection requires a tracking system with
high granularity and fast response. In addition, the
system as a whole, and the silicon detectors in
particular, need to be sufficiently radiation hard to
survive a period of 10 years of LHC operation.
This implies in the most exposed regions of the
silicon tracker an equivalent irradation fluence of
up to 1:6! 1014 1 MeV-neutrons=cm2 and up to
about 70 kGy of ionizing radiation [1]. This
radiation damage will increase the bias voltage

*Corresponding author.
E-mail address: ernesto.migliore@cern.ch (E. Migliore).

0168-9002/01/$ - see front matter r 2001 Elsevier Science B.V. All rights reserved.
PII: S 0 1 6 8 - 9 0 0 2 ( 0 1 ) 0 2 1 2 0 - 9

required for efficient charge collection to up to
several hundreds volts, the leakage current to a few
mA per strip and the oxide charge to the saturation
value. Finally, in order to provide enough
measurement points along the particle trajectory
and to supply good angular coverage it is
necessary to instrument a large volume with many
detection planes, with a total surface to be
instrumented of up to 200 m2: These requirements
go significantly beyond those of existing silicon
microstrip detector systems.

The silicon microstrip detectors at LHC should
operate with a single-to-noise ratio of at least 10:1
over the lifetime of the experiment. The signal level
is directly proportional to the charge collection
efficiency. Operation of detectors in overdepletion,
with bias voltage up to several hundreds volts, is
required to ensure an efficient charge collection
efficiency also after the type inversion of the bulk,
produced by the exposure to irradiation. An
appropriate choice of the resistivity of the sub-
strate material may limit the maximum bias
voltage required for a good charge collection
efficiency. The total noise figure, on the other
hand, for an appropriate choice of the strip
resistance and the bias resistors, is dominated by
the intrinsic amplifier noise and by the leakage
current shot noise [2]. The former scales with the
capacitive load which the strips present to the
preamplifier. The required short shaping time of
around 25 ns mitigates the shot noise contribution,
which increases with the square root of the shaping
time, but it boosts the intrinsic amplifier noise
which scales with the inverse square root of the
shaping time. Therefore, it is crucial to understand
the dependence of the total strip capacitance on
the strip geometry and, where possible, to reduce

it. The effect of irradiation on the interstrip and
backplane capacitance must also be understood in
order to ensure the performance of the silicon
detectors over the LHC lifetime. It will be seen
that this depends strongly on the choice of the
crystal orientation of the silicon substrate. Finally,
the requirement of stable operations at high bias
voltage, and also the desire to use rather large strip
pitches, make it essential to design the silicon
sensors in such a way as to avoid an excessive
electric field strength both at the strips and at the
cutting edge.

The results reported in this paper were obtained
in the framework of an R&D activity [3] for the
silicon tracker for the CMS experiment [1]. As the
strip pitches to be considered varied from 60 to
280 mm; these studies had to be performed over
this wide range of strip geometries. In particular,
measurements were needed for large strip pitches
of more than 120 mm since there were no published
results in the literature. As will be shown in the
paper, the key geometrical parameter is the strip
width-to-pitch ratio w=p (cf. Fig. 1). The final
design of the strip is a compromise between the
minimization of the total strip capacitance, which
favours small values of w=p; and the requirement
of high voltage stability, which disfavors small
values of w=p:

The structure of this paper is as follows: In
Section 2, the expectations for the detector
electrical properties as a function of the detector
geometry and of the substrate characteristics are
reviewed. The experimental set-up and the mea-
surement procedure used in the present study are
described in Section 3. In Section 4, an overview of
the measured backplane and interstrip capacitance
as a function of the applied bias voltage and

n-type bulk

aluminum strip

silicon oxide and nitride
p+ strip implant

n+ backplane implant

d
w

p

Fig. 1. Cross-section through an AC-coupled strip detector. Throughout the paper w will indicate the width of the pþ implant, p the
strip pitch and d the detector thickness.
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detector thickness of 300 mm one obtains

Ctot ¼ 0:8þ 1:6
w

p

! "

pF=cm p¼ 100 mm

Ctot ¼ 0:9þ 1:4
w

p

! "

pF=cm p¼ 50 mm

Ctot ¼ 0:9þ 1:6
w

p

! "

pF=cm p¼ 25 mm: ð8Þ

Predictions from this model have been compared
with measurements for pitches varying between 25
and 80 mm: Agreement of up to 15% is found in
Ref. [6].

It appears that the coefficients in Eqs. (8) for
intercept and slope are rather similar for the
different pitches. To the extent the parametriza-
tion is independent of p: It is also independent of d
and therefore the total strip capacitance is
approximately a function of the ratio w=p only.
This somewhat surprising result is readily obtained
from the observation that the total strip capaci-
tance will not change if strip width w; pitch p and
detector thickness d are all scaled by the same
factor. If the total strip capacitance is also
invariant under a common scaling of just the
width w and the pitch p; then it cannot depend on
the thickness d: Apparently, the decrease in
backplane capacitance with increasing detector
thickness is compensated by a corresponding
increase in interstrip capacitance. The prediction
that the total strip capacitance does not depend on
the detector thickness d has not been found in the
literature.

2.4. Radiation damage

The high particle flux at the LHC experiments
will lead to radiation damage of both the bulk and
the surface of the silicon detectors. The bulk
damage is due to the non-ionizing energy loss
(NIEL) which, through the displacement of atoms
in the crystal lattice, creates new energy levels in
the band-gap, effectively acting as acceptors.
Therefore, the effective doping concentration will
change and with irradiation, the initially n-type
bulk will eventually behave under reverse bias as
p-type (type inversion) [7]. As a consequence, the
depletion voltage will go through a minimum at

inversion and then rise linearly with fluence.
The radiation-induced defects are not stable at
room temperature. Some fraction can anneal
with time (beneficial annealing). However, it is
also found that the long-term annealing of
the radiation-induced defects results in a fur-
ther deterioration of the detector performance
(reverse annealing). Both processes depend
strongly on temperature and below 01C reverse
annealing is virtually completely suppressed. A
further consequence of the radiation-induced
energy levels is an increase of the leakage current.
It rises linearly with the NIEL, irrespective
of the type of radiation or the resistivity and
crystal orientation of the substrate material.
Therefore, using the damage cross-sections, a
given irradiation fluence can be converted to a
reference radiation type. It is a common pra-
ctice to represent the intensity of any hadron
irradiation by its equivalent fluence of 1 MeV
neutrons. If one allows for full beneficial anneal-
ing, the proportionality factor between leakage
current density ileak and 1 MeV-neutron fluence F;
known as the damage constant, is measured to be
aN ¼ ð2:970:2Þ % 10& 17 A=cm at 201C [8]. At a
given temperature T the leakage current density
will be

ileak ¼ aðT0ÞF
T

T0

! "2

exp & t
1

T
&

1

T0

! "! "

ð9Þ

where T is the absolute temperature of the silicon
and tE7020 K:

The most relevant surface damage is the
formation of trapped charges in the oxide and
its interface to the silicon bulk. This charge
is predominantly positive and therefore leads
to the accumulation of an electron layer under
the oxide in the region between the strips [9]. This
in turn leads to an increase of the interstrip
capacitance with irradiation. The density of
trapping centres depends on the density of
dangling bonds and thus on the crystal orientation
of the wafer. For wafers with a /1 0 0S crystal
orientation the saturation density of oxide charge
is expected to be significantly smaller than for
/1 1 1S [10].

S. Braibant et al. / Nuclear Instruments and Methods in Physics Research A 485 (2002) 343–361346

measurement frequency is given. Capacitances and
depletion voltage are then discussed as a function
of the geometrical and substrate parameters
(resistivity and crystal orientation), before and
after exposure to irradiation, in Sections 5 and 6,
respectively. In Section 7, the performance of the
detectors at high voltages are discussed. The
implications of the results on the sensor design
which has been adopted for the CMS silicon
tracker are discussed in Section 8.

2. Expected detector characteristics

2.1. Depletion voltage and backplane capacitance

In the most simple ansatz one could approx-
imate the strip by a planar diode of thickness d
and width p: In this case, the thickness of the
depleted layer is

x ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2e0eSiVbias

q eNeff

s

ð1Þ

where Neff denotes the effective doping concentra-
tion, q e the electron charge, e0 the free space
permittivity and eSi the dielectric constant of
silicon. Therefore, full depletion is reached if the
diode is biased at

Vdep;diode ¼
q eNeffd

2

2e0eSi
: ð2Þ

The backplane capacitance per unit length at full
depletion is

Cback;diode ¼ e0eSi
p

d
: ð3Þ

The fact that the width w of the strip is actually
smaller than the pitch p modifies these two key
parameters. A semi-analytical solution of Pois-
son’s equation predicts [4]

Vdep ¼Vdep;diode 1 þ 2
p

d
f

w

p

" #$ %

¼
q eNeff

2e0eSi
d2 þ 2pdf

w

p

" #$ %

ð4Þ

Cback ¼Cback;diode
1

1 þ p
d f

w

p

" #

¼ e0eSi
p

d þ pf
w

p

" # ð5Þ

where f is a universal function which is numeri-
cally approximated by

f ðxÞ ¼ % 0:00111x% 2 þ 0:0586x% 1 þ 0:240

% 0:651x þ 0:355x2: ð6Þ

All detector layouts analysed in this work are in
the range 0:1ow=po0:6 where the function f
monotonically decreases from about 0.65 to 0.10.
Hence, compared to a diode one expects a higher
depletion voltage and a lower backplane capaci-
tance for the strip, this correction becoming
smaller for larger values of w=p:

2.2. Interstrip capacitance

The capacitance of a strip to its neighbours
(interstrip capacitance) often dominates the total
strip capacitance. For the simplified case of a strip
in between two semi-infinite plates, from which it
is separated by gaps ðp % wÞ; and infinite detector
thickness, one can calculate the capacitance
analytically [5]. In the range 0:10ow=po0:55 a
good approximation is given by

Cint;d-NE 0:8 þ 1:9
w

p

" #

pF=cm: ð7Þ

A backplane at a finite distance from the strips will
reduce this capacitance as it reduces the volume of
the dielectric.

2.3. Total capacitance

The relevant parameter for the electronics noise
figure is total strip capacitance Ctot: It has been
calculated by an electrostatic simulation [6] solving
a two-dimensional Poisson equation. For a given
pitch p; it predicts a linear dependence on the strip
width w: In the range 0:10ow=po0:55; for a
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INTT:
w=10, p=78 [um]
w/p=0.13

Type-A    Type-B
(12mm)  (18mm)

1.21         1.81
1.30 1.94

Hamamatsu Calc.
1.57         2.35

-> 20% larger than my calc

230530_StripCapacitanceCalc.xlsx



Reference [6]

Nuclear Instruments and Methods in Physics Research A310 (19t}l) lXt}-191 
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Electrostatic simulations for the design of silicon strip detectors 
and front-end electronics 
R. Sonnenblick, N. Cartiglia, B. Hubbard, J. Leslie, H.F.-W. Sadrozinski and T. Schalk 
Santa Cruz btstitute for Particle Physics, Unicersi~' o f  California, Santa Cn~z, CA 95064, USA 

We report the first results from a simulation of the electrostatic properties of silicon microstrip detectors. We extract the 
capacitance and pulse shapes and show their importance for the design of front-end electronics and strip detector geometries for 
HERA and the SSC. 

1. Motivation 

In the past, the collection of charges in silicon strip 
detectors was usually treated as a static problem. When 
employing front-end electronics with typical integra- 
tion time of the order I p,s [1], the details of the charge 
collection proceeding in less than 50 ns was not critical, 
although one had to take into account secondary con- 
sequences of the charge transport in the detector, i.e., 
diffusion, and the Lorentz angle in a magnetic field [2]. 
With the advent of high luminosity colliders, shaping 
times become shorter and the motion of the electrons 
and holes have to be considered in the signal forma- 
tion. The time between collisions will be 96 ns at 
HERA and 16 ns at the SSC, and the shaping time of 
the front-end electronics has to be commensurate to 
this time if one wants to identify the event bucket and 
minimize the dead time. In addition, the front end for 
silicon detectors at the SSC has to be low power and 
low noise at high speed. Circuit designs arc con- 
strained by the capacitance of the detectors which is 
dominated by the intcrstrip capacitance. Electrostatic 
calculations might allow one to optimize the detector 
design for small capacitance. 

2. Simulations 

Minimum ionizing particles create about 25000 
electron-hole pairs in 300 gm detectors. The free 
charges in thc bulk induce surfacc charges on the 
conductors. In the electric field created by the bias, the 
electrons and holes drift to opposite electrodes causing 
the induced charges to change, thus generating a cur- 
rent. 

The basic equation for the reduced current is [3] 

iind = -q~zE,, ."  E o, 

where ~ = mobility (assuming v = g E o ) ,  E, ,  = 
weighting field (coupling between electrodes and 
charges located in the detector), and Eq3 = operating 
field (due to bias). The saturation of the drift velocity v 
near the strips is a noticeable effect for large bias 
voltages [4]. Note that tin a is due both to electrons and 
holes on both the junction side (mainly holes) and on 
the ohmic side (mainly electrons). Also, given tze//z h = 
3, the collection time of the electrons is three times 
shorter than for holes and the Lorentz angle of elec- 
trons is three times larger than for holes. In a typical 
microstrip detector, the strip length (10 em) is orders 
of magnitude larger than either the thickness (300 gm)  
or the pitch (25-100 ~m); hence the two-dimensional 
Poisson equa!ion is sufficient to calculate E .  and E,~. 
I11 order to calculate the txvo fields, we used a finite 
difference approximation on a 1 /~m square grid and 
let the potential map relax, using fixed voltages as 
boundary conditions. 

3. Capacitance 

The capacitance of the strip detector is calculated 
integrating the weighting field E,,, over the eleclrodes. 
It is proportional to the strip length and for the geome- 
tries considered is dominated by interstrip capacitancc. 
It depends on the ratio of strip width to strip pitch. 
Fig. 1 shows the calculated capacity per length as a 
function of the ratio x = width/pitch for different 
detector pitches. These simulations can be compared 
to measurements. Using an HP 4284 LCR meter we 
have measured the strip capacity of two different strip 
detectors. For an 8.2 cm long detector with 29 I.tm 
pitch and 8 ~m implant width (x = 0.276)we measured 
1.47 p F / c m ,  and for a 5.2 cm long detector with 81 gm 
pitch and 30 I, tm implant width (x --0.37)we measured 
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Fig, 1. Capacity per unit length for strip detectors of different 
pitch as function of the ratio x of impl:mt width to strip pitch. 

1.38 p F / c m ,  Using the equivalent noise charge in a 
preamplifier, Adolphsen et al, [5], have measured the 
capacitance of a 7.2 cm long detector with 25 ixm pitch 
and x = 0,32 to be 1,39 p F / c m ,  All these results agree 
within 15% of the prediction in fig. I. The minimum 
capacitance occurs for the smallest implant width. It 
would be interesting to investigate how much either 
the implant width or the implant depth can be mini- 
mized in the manufacturing proce.~s. 

4. Pulse shape 

We have calculated induced currents due to travers- 
ing minimum ionizing particles using the numerically 
calculated weighting and operating fields and have 
compared them with measurements of pulse shapes on 
single-sided detectors where the collection occurs on 
the junction side. (The extension of the simulation to 
the ohmic side where the electrons are collected in 

about one tllird of tile time is straightforward.) We 
begin with 25000 electron-hole pairs uniformly dis- 
tribnted along the particle path and then determine 
the induced current due to their drift and diffusion. A 
radial, an~bipohu' diffusion - with no drift - occurs 
until the density of electron-hole pairs reaches N o, 
the doping concentration [6]. This effect is only of 
small experimental consequence for minimum ionizing 
particles, but for highly ionizing particles such as a ' s  
the e rec t  will contribute significantly to the pulse 
shape. For the detector described below, fig. 2a shows 
the current induced by the electrons, the holes, and 
both combined, assuming no diffusion. Fig. 2b shows 
the same, assuming, however, ambipolar diffusion in 
the high density regions and drift and lateral diffusion 
in low density regions. We have measured the pulse 
shape due to minimum ionizing electrons from a H~Ru 
source with a HP 5411D digitizing scope, using a ultra 
low-noise amplifier of 100 MHz bandwidth [7] con- 
nected to microstrip detectors of 9-5 Ixm pitch and 300 
Ixm thickness. The detector depleted at 55 V and we 
biased it at 100 V. We have convoluted the simulated 
pulse with the amplifier response function Ae '^ where 
1/A = 3 ns and using a transresistance of R = 4 kf l .  
Fig. 3 shows the nonconvoluted pulse shape (from fig. 
2b), the convoluted pulse shape, and a typical mea- 
sured pulse. The agreement between simulation and 
measurement is good both in shape and absolute value. 
This agreement encourages us to use the simulation 
program to predict efficicncies, position resolution, the 
rcsponse of different front-end designs and the conse- 
quence of radiation damage. For example we have 
started to investigate how the shaping time of the 
pro-amplifier affects what fraction of the deposited 
electron-hole pairs contribute to the signal pulse within 
the peaking time. A similar analysis was performed by 
Sailor et al. [8], who used an analytic solution for the 
pulse form. 

I O0 
[ u A m p ]  

0 B0 

0 6 0  

0 40 

o2o f 
L 

000 I 

.0  2 0  t . . . .  
. 5  

, . , • , . . . .  i . . . .  i . . . .  ~ . . . .  L . . . .  , . . . .  

a) 
- -  T o t a l  

- - -  H o l e s  

. . . . .  E l e c t r o n s  

t 

0 5 10  15  2 0  2 5  3 0  
[ n s ]  

1 O0 

[ u A m p l  

o 8o  

0 6 0  

0 4 0  

o 20 k 

0 O0 

-0  2 0  
- 5  

. . . .  L . . . .  , . . . .  ~ . . . .  i . . . .  i . . . .  , . . . .  

b)  
- -  To ta l  

Ho les  

. . . . .  E l e c t r o n s  

. . . .  i . . . .  ~ . . . i . . . .  t . . . .  i . . . .  1 ,  . , 
0 5 10 15  2 0  2 5  

[ n s ]  
3 0  

Fig. 2. Current pulse generated at the junction side from a minimum ionizing particle. The strip pitch is 25 ixm and the implant 
width 8 i.tm. (a) The generated current for electrons, holes and both respectively. (b) Same as (a) but including the diffusion. 

Amplifier response with finite shaping times will eliminate the difference between the two cases. 



Conclusion
• The capacitance was measured by NCU group and varies by 

70% or so. This variation is mainly driven by the strip-by-strip 
variation rather than silicon-by-silicon variation. The 
capacitance also varies by the different period (Unfortunately, 
these measurements cannot be stated in the publication. )
• Hamamatsuʼs model calculated capacitance is 50~100% 

larger than NCUʼs measurement.
• The capacitance value found in FVTX NIM is larger than 

Hamamatsuʼs calc by factor of 2 to 3.
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Stripの電気容量

13

Strip Thickness 
[µm] Width [µm] Length 

[mm]
Capacitance 

[pF] 実測値 Hamamatsu
DC cap**

FVTX
320 78

2 ~ 11 mm 1 ~ 2.5 
INTT-Type-A 12mm 2.5* ~ 1 [pF] 0.45 [pF]
INTT-Type-B 18mm 3* 0.57 [pF]

*FVTXの⻑さでスケールした予測値
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Type-A 12mm⻑の実測:〜1pFぐらい
FVTX： pitch 75um 

P+ width 18um
AL width 28um

strip length 2mm 0.32pF/strip
11mm 1.74pF/strip

S14629-01： pitch 78um 
P+ width 10um
AL width 20um

strip length 12mm 1.57pF/strip
18mm 2.35pF/strip
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お世話になっております。
浜松ホトニクス株式会社 ⻘嶋です。
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理由については、よくわからないです。
そのため、こちらの持っている試算モデルで、ジオメトリーからの理論値を出してみました。
論⽂の容量値のほうは少し⼤きく出ている気がします。

FVTX： pitch 75um 
P+ width 18um
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strip length 2mm 0.32pF/strip
11mm 1.74pF/strip
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P+ width 10um
AL width 20um

strip length 12mm 1.57pF/strip
18mm 2.35pF/strip
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