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C
onsid

erations on the silicon strip d
etectors to be used

 in the A
T

L
A

S sem
icond

uctor
tracker are presented

.  C
ritical rad

iation d
am

ages on the silicon bulk and
 on the surface

oxid
e are review

ed
 and

 preferred
 choices of technology are listed

.  Practical param
eters,

such as size of the d
etectors, are d

iscussed
.  T

he results are sum
m

arized
 in the tables,

w
hich item

s and
 values are to be taken as a specification of the final d

etector.

1. In
trod

u
ction

B
ased

 on our know
led

ge and
 technologies established

 for the rad
iation-hard

 silicon
strip d

etector, w
e w

ould
 like to propose a specification of the silicon strip d

etector for the
A

T
L

A
S Sem

icond
uctor T

racker (SC
T

).  In the follow
ing, w

e w
ill d

iscuss the rad
iation

environm
ent and

 the consid
erations on the d

etector in general in the section 2, the m
ajor

d
etector param

eters in the section 3, and
, finally, the d

im
ensions of the d

etectors in the
section 4.

2. G
en

eral rem
ark

s

2.1 R
ad

iation
 level

A
t a rad

ius of 30 cm
, over 3 years of operation w

ith a lum
inosity of 1×10 33 cm

-2s -1

and
 7 years w

ith 1×10 34 cm
-2s -1 afterw

ard
, a charged

 particle fluence of 1.0x10 14

particles/
cm

2 in total is expected
 (correspond

ing to 27 kG
y of absorbed

 d
ose in Si) [ 1].

T
his fluence is counted

 by the 1 M
eV

 neutron equivalent flux using the non-ionizing
energy loss hypothesis (N

IE
L

).  Several hund
red

 M
eV

 protons have about 40%
 higher

d
am

age than the 1 M
eV

 neutron:  1.43 (1 M
eV

 n/
cm

2) =
 1 (500 M

eV
 p/

cm
2) [ 2].  T

his
d

ifference requires som
e care in com

paring a particular result of the proton d
am

age to a
pred

iction.

2.2 D
ep

letion
 voltage

W
ith the fluence of 1.0x10 14 particles/

cm
2, the resistivity of the silicon w

ill d
ecrease

accord
ing to the generation of effective acceptor states by traversing particles, and

 thus,
the reverse-bias voltage to d

eplete the full thickness of the silicon bulk w
ill increase.  A

part of the initial effective acceptor states w
ill d

isappear in tim
e (i.e., annealing); a part of
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the initial effective acceptors is perm
anently stable; and

, there is a com
ponent in the

effective acceptor states w
hich increases in tim

e (i.e., anti- or reverse-annealing) [ 3, 4].
T

he tim
e constants of the annealing and

 the anti-annealing are found
 to be very

tem
perature d

epend
ent.  W

hen the d
etector is operated

 and
 kept at 0 °C

, the d
etector is

pred
icted

 to require a full d
epletion voltage of 146 V

 (H
. Z

iock et al.) or 156 V
 (E

.
Fretw

urst et al.) for a 300 µm
 silicon thickness.  W

e have irrad
iated

 four d
etectors w

ith
500 M

eV
 protons at a fluence of 0.56x10 14 /

cm
2 and

 kept them
 at 0 °C

.  W
e have tracked

the full d
epletion voltage and

 m
easured

 it to be around
 70 V

 at one year after irrad
iation

[ 5].  W
hen extrapolated

 linearly w
ith the fluence, it m

ay give a d
epletion voltage of 130V

or less at 1.0x10
14 particles/

cm
2.  A

lthough the coincid
ence of the three num

bers is
plausibly w

ell, confirm
ation m

ust be required
 for the d

epletion voltage of the real
d

etector (to be used
 in the A

T
L

A
S SC

T
) at the fluence.

A
lthough the tim

e constants of the annealing and
 the anti-annealing are

tem
perature d

epend
ent, because of the com

petition of the tw
o processes, there is a

tem
perature m

inim
um

 at -7 °C
 in the operation tem

perature (Fig. 1).  T
he valley of the

tem
perature m

inim
um

 is rather shallow
 as seen in the figure.  T

he im
plication of the

shallow
 valley is the w

id
e tolerance on the d

etector tem
perature; ∆

T
~

 10 °C
 (i.e., -12 ~

 -2
°C

) can be allow
ed

 practically for a d
epletion voltage variation of 10 V

.

2.3 p
-n

 ju
n

ction
 b

reak
d

ow
n

 w
ith

 reversed
 b

ias voltage

SD
C

 prototype d
ouble-sid

ed
 silicon strip d

etectors [ 6] can hold
 the bias voltage up

to 300 V
 w

ithout introd
ucing an excess leakage current.  T

he leakage currents w
ere

m
easured

 up to 200 V
 for sam

ples before irrad
iation (Fig. 2) and

, up to 300 V
 for a type-

inverted
 sam

ple after an irrad
iation of about 1×10 14 protons/

cm
2 (Fig. 3).  T

he d
etector

guard
 structure is the stand

ard
 of H

am
am

atsu Photonics (single guard
 ring (see the

section 3.6.2)).

2.4 S
in

gle-sid
ed

 vs. D
ou

b
le-sid

ed

U
sing a d

ouble-sid
ed

 d
etector provid

es ad
vantages of: red

ucing m
aterial (0.3%

 X
o  ×

4 layers =
 1.2%

 X
o ); built-in alignm

ent of axial and
 stereo sid

es (w
ithin 5 µm

 being
established

 at H
am

am
atsu).  D

isad
vantages are: requirem

ent for full d
epletion of the

bulk to m
ake the ohm

ic sid
e w

ork; potentially higher cost.
U

sing a single-sid
ed

 d
etector reverses the ad

vantages and
 the d

isad
vantages of the

d
ouble-sid

ed
 d

etector.  H
ow

ever, the cost for alignm
ent of the axial and

 the stereo
d

etectors should
 be properly evaluated

 and
 includ

ed
.  In the case of back-to-back gluing,

one m
ust also includ

e the cost of careful hand
ling of the d

etectors in the gluing process.
A

lso, one need
s to evaluate the stress to the d

etector being caused
 by hard

ening of the
glue by irrad

iation and
 to find

 a m
ethod

 to provid
e a potential to the m

id
d

le plane.
C

onsid
ering the expected

 bias potential of below
 200 V

, even includ
ing over-

d
epletion, there is no fund

am
ental lim

itation to use either type of d
etectors.

2.5 A
C

 cou
p

lin
g vs. D

C
 cou

p
lin

g

T
he A

C
 coupling d

etector avoid
s the large leakage current flow

ing into the
am

plifier (estim
ated

 to be 2µA
/

strip at m
axim

um
), easing the d

esign of the am
plifier,

and
 at the end

, giving a better am
plifier perform

ance in noise, a better m
aterial bud

get,
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etc.  D
C

 coupling forces to use a single-sid
ed

 d
etector or a d

ouble-sid
e d

etector w
ith

am
plifier floating.  T

he A
C

 coupling d
esign has obvious ad

vantages.
C

oncern of the A
C

 coupling is the breakd
ow

n and
/

or the reliability of the
(integrated

) A
C

 coupling capacitors.  T
he fatal breakd

ow
n voltage of the d

ouble layer of
SiO

2  (2000 A
) and

 Si3 N
4  (500 A

) is m
easured

 to be m
ore than 200 V

 (Fig. 4).  Y
ield

 of the
A

C
 coupling is being im

proved
.  D

E
L

PH
I d

ouble-sid
ed

 d
etectors (d

ouble layer of SiO
2

and
 Si3 N

4 ) are achieving less than 1%
 loss in prod

uction [ 7].
E

ven though the loss is less than 1%
, there w

ould
 be a shorted

 coupling capacitor.
T

he shorts can be d
etected

 in the initial burn-in phase and
 can be d

etached
 from

 the
am

plifier (by m
echanically d

e-bond
ing or by burning out a trace by laser).

2.6 In
terface fixed

 oxid
e ch

arge

Silicon strip d
etectors are processed

 to have a so-called
 passivation layer of SiO

2  to
protect the surface.  In case of an A

C
 coupling d

etector, the coupling layer over the
im

plant strip is also m
ad

e of SiO
2  (som

etim
es together w

ith other m
aterial such as

Si3 N
4 ).  It is know

n that the ionization rad
iation creates a positively ionized

 oxid
e layer at

the interface betw
een these SiO

2  layers and
 the bulk of silicon (w

hich is called
 as the

interface fixed
 oxid

e charge).  T
he charge d

ensity of the interface starts to saturate at a
value of about 2×10 12 e/

cm
2 around

 a d
ose of 2 kG

y (correspond
ing to the fluence of

0.7×10 13 p/
cm

2)[ 8].

2.7 M
icro d

isch
arge at strip

 ed
ge

M
icro-d

ischarge at the strip ed
ge is caused

 w
hen the electric field

 along the strip
ed

ge is stronger than that of the avalanche breakd
ow

n of the silicon (about 30V
/µm

).
T

he strong field
 is generated

 by three factors: (1) the reverse-bias voltage applied
 to

d
eplete the silicon bulk (potentially severer at the p-n junction sid

e), (2) the voltage
d

ifference betw
een im

plant strip and
 the read

out electrod
e in the case of A

C
 coupling,

and
 (3) the electric field

 generated
 by the accum

ulated
 interface positive oxid

e charge.
In the factor (2), one has a choice to have a full (or faction) of bias voltage d

ifference
on the A

C
 coupling by ground

ing the A
C

 electrod
e (w

ith ground
ed

 am
plifiers) or null

d
ifference by floating the am

plifiers.  In the case of having a voltage d
ifference, the field

concentration can be m
itigated

 by d
esigning the A

C
 electrod

e narrow
er than the im

plant
strip.  T

he SD
C

 D
SSD

 is d
esigned

 to have a w
id

th of 12 µm
 of the im

plant and
 a w

id
th of

6 µm
 of the A

C
 electrod

e [ 9]; it has achieved
 the d

ischarge starting voltage of m
ore than

150 V
 (Fig. 4 (a) p-sid

e, (b) n-sid
e).  T

his is before irrad
iation.

T
he effect of the interface oxid

e charge is being vigorously investigated
 by

irrad
iating γ's in Japan.  A

fter accum
ulating rad

iation, the factor (3) is found
 to have a

large effect [ 10].  A
 prelim

inary result is that the effect of the trapped
 oxid

e charge
d

om
inates over the effect of the potential d

ifference on the A
C

 coupling.  G
round

ing or
floating the am

plifier m
ay m

ake no d
ifference.  T

his m
ight be true for the D

C
 coupling

d
etector, too, because it also has a SiO

2  passivation over the surface.  T
o ease the m

icro
d

ischarge even in the oxid
e charge accum

ulation, one need
s to im

prove the im
plant-strip

ed
ge itself not to m

ake the electric field
 concentrate.  W

e are m
aking an attem

pt to have
the d

oping level of the im
plant d

enser and
 the d

epth of the im
plant d

eeper, etc.
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3.  D
etector P

aram
eters

W
e w

ill d
iscuss specific param

eters of the d
etector in the follow

ing.  T
he param

eters
are sum

m
arized

 in T
able I and

 III as a spec in ad
d

ition to m
iscellaneous colum

ns.  T
able

II gives the SD
C

 D
SSD

 spec for a reference.

3.1 In
itial leak

age cu
rren

t

T
o assure the quality of a d

etector, one can use the (initial) leakage current as an
ind

icator of the fabrication process.  T
he leakage current is less than 10 nA

/
cm

2 for a
good

 sam
ple (w

ith a 300 µm
 thickness) in experience.  T

olerance w
ould

 be 1 µA
/

cm
2 and

40 µA
/

d
etector in case of a 6 cm

 × 6cm
 d

etector.
For a strip d

etector, it w
ould

 be also better to specify the (initial) leakage current per
strip to assure the strip quality.  From

 the 1 µA
/

cm
2 tolerance, one w

ould
 specify, e.g., 60

nA
/

strip for 100 µm
 pitch of 6 cm

 d
etector.

3.2 B
ias resistor

3.2.1 R
esistan

ce valu
e

U
nlike the previous experim

ents, e.g., in L
E

P, the A
T

L
A

S silicon strip d
etectors w

ill
experience a large bulk d

am
age in silicon, w

hich lead
s to a large leakage current through

the bulk and
 the m

axim
um

 is set about 2µA
/

strip (at 200 V
 bias) at the fluence of 10 14

p/
cm

2.  T
his leakage current ind

uces a voltage d
rop in the bias feed

ing resistance.  It
w

ould
 be better to have a sm

aller voltage d
rop in the resistor (e.g., extra heat generation).

T
o lim

it the voltage d
rop w

ithin a reasonable value, e.g., 2 V
, the bias resistance should

be less than 1 M
Ω

.
T

he bias resistance generates an equivalent-noise-charge of the pream
plifier of

E
N

C
kT

R
m

b
∝

4
τ

/
.  

(1)

T
he E

N
C

 is 250 electron for R
b =

1 M
Ω

 and
 τm =

100 ns, w
hich is reasonable com

pared
 w

ith
the input transistor noise of the am

plifier of m
ore than 1,000 electron.   A

 faster shaping
provid

es a room
 to red

uce the resistance for the equal am
ount of the noise, e.g. R

b =
250

kΩ
 for τm =

25 ns.

3.2.2 T
yp

e of th
e b

ias resistor

W
e have stud

ied
 tw

o d
ifferent types of bias feed

ing m
ethod

 [ 11]: (1) punch-through
gap on a junction sid

e and
 an accum

ulation layer resistance on an ohm
ic contact sid

e; (2)
Polycrystalline silicon resistors on both sid

es.  B
efore irrad

iation both types w
orked

 w
ell

as characterized
 to have stable d

epletion voltage.  A
s the rad

iation d
ose of 65 M

eV
protons accum

ulated
, the voltage d

rop over the punch-thru/
accum

ulation layer
resistance increased

, by m
ore than 10 V

 (at a bias potential of 80 V
) at 40 kG

y, possibly
d

ue to the effect of the oxid
e charge.  T

he polysilicon resistance w
as stable and

 the
increase of the voltage d

rop w
as about 50 m

V
.
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FO
X

FE
T

 (-"reach-through") schem
e is a variation of the punch-through m

ethod
 [ 12].

T
he schem

e need
s to prove the rad

iation hard
ness against the oxid

e charge accum
ulation.

B
ecause of the stability of the resistance and

 sim
plicity in operation, w

e w
ould

 prefer the
polysilicon resistor.

3.3 S
in

gle-sid
ed

 S
ilicon

 S
trip

 D
etector

3.3.1 T
yp

e of b
u

lk
 an

d
 typ

e of im
p

lan
t strip

D
ue to the creation of effective acceptor states in the bulk by rad

iation, the n-type
bulk w

ill transm
ute into p-type around

 a fluence of 2×10 13 p/
cm

2.  T
his type inversion

m
eans that the p-n junction w

ill m
ove from

 one sid
e to the other.  T

he n-bulk d
etector

requires a fabrication process so that the p-n junction in the other sid
e w

orks reliably
after type-inversion.

T
he n-bulk/

p-im
plant d

etector requires a care on the backsid
e so that it can be the

p-n junction after type-inversion, and
 also requires full d

epletion to isolate the p-im
plant

strips in the (type-inverted
) p-bulk.  T

he p-bulk/
n-im

plant d
etector w

ill not invert and
d

oes not require full d
epletion to isolate the n-strips.  T

he n-bulk/
n-im

plant d
etector w

ill
becom

e the p-type/
n-im

plant d
etector.  H

ow
ever, this n-bulk/

n-im
plant d

etector
requires the p-n junction in the backsid

e in the initial fabrication w
hich is essentially a

d
ouble-sid

ed
 processing; the cost of this d

etector is high.  A
 pair of this single-sid

ed
d

etector is m
ore costlier than one d

ouble-sid
ed

 d
etector [4].  W

e w
ould

 prefer the p-type
bulk for the single-sid

ed
 d

etector.  Since the p-type bulk is not the ind
ustry stand

ard
, it

m
ight be costlier than the n-type d

etector.
T

he bulk resistivity is naturally high d
ue to the slow

er m
obility of the m

ajority
carrier.  T

he initial resistivity w
ould

 be required
 to be m

ore than 14 kΩ
-cm

 to give a full
d

epletion voltage of less than 70 V
.  L

ittle know
led

ge is gained
 for the bulk d

am
age of the

p-bulk.  If the rem
oval of the initial acceptor level w

ill not occur, then the created
effective acceptor level w

ould
  pile up over the initial acceptor linearly, and

 the full
d

epletion voltage m
ay becom

e m
ore than 200 V

.  W
e need

 to confirm
 the full d

epletion
voltage to the expected

 fluence of 10
14 particles/

cm
2.

3.3.2 Im
p

lan
t typ

e of th
e silicon

 strip

W
e w

ould
 prefer n-type.

3.3.3 Isolation
 of p

-n
 ju

n
ction

 sid
e

A
ccum

ulation of the (interface) positive oxid
e charges in the SiO

2  A
C

coupling/
passivation layer w

ill help to d
eplete the region betw

een the n-strips by
expelling the m

ajority carrier of holes in the p-bulk.  H
ow

ever, the sam
e fixed

 oxid
e

charges m
ay create a thin accum

ulation layer of electrons very near the surface, m
aking a

thin layer of effective n-type bulk and
, thus, d

ecreasing the isolation of the n-strips.  T
o

avoid
 this thin accum

ulation layer, a d
ense im

plantation of p m
aterial near the surface of

the silicon is required
, e.g., im

planting a p
+ blocking line or  spraying p

+.

3.4 D
ou

b
le-sid

ed
 S

ilicon
 S

trip
 D

etector
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3.4.1 T
yp

e of th
e silicon

 w
afer

A
n n-type bulk is preferred

.  Since a d
ouble-sid

e d
etector w

ill require the d
ouble-

sid
e processing, there is no fund

am
ental requirem

ent on the type of the bulk.  Since the
n-bulk silicon w

afer is the ind
ustry stand

ard
, it w

ould
 be less costly.

3.4.2 Isolation
 of p

-n
 ju

n
ction

 sid
e

T
he initial p-n junction w

ill becom
e a p-p ohm

ic contact after the type inversion of
the bulk.  M

eanw
hile, there is the accum

ulation of the (interface) fixed
 oxid

e charge in the
SiO

2  A
C

 coupling/
passivation layer  T

his fixed
 oxid

e charge w
ill help to d

eplete the
region betw

een the p-strips, and
, since the im

planted
 strip is p-type, the possible thin

electron-accum
ulation layer of effective n-bulk w

ill form
 a p-n junction and

 w
ill not

d
egrad

e the isolation.  N
o special structure is required

 in this sid
e.

3.4.3 Isolation
 of n

-sid
e (O

h
m

ic-con
tact sid

e)

T
o isolate the n-strips (in the n-bulk) a structure is required

 betw
een the n-strips.

A
n M

O
S-type electrod

e w
orks to d

eplete the surface region.  A
s the rad

iation
accum

ulates, the potential to the M
O

S-type electrod
e increases steeply, up to 20V

 for a
d

ose of 10 kG
y to com

pensate the effect of the accum
ulated

 oxid
e charge [ 13].  A

 variation
of this m

ethod
 is having the A

C
 electrod

e w
id

er than the im
plant so that the potential of

the A
C

 electrod
e w

orks as the M
O

S electrod
e.  T

his w
id

er electrod
e w

ill generate a noise
by the m

icro-d
ischarge at the strip ed

ge, if the potential d
ifference is put on the A

C
coupling, or even if no potential d

ifference but w
ith the accum

ulated
 fixed

 oxid
e charges.

A
nother w

ay to isolate the n-strips is to im
plant a p-type layer betw

een them
,

im
planting a p

+ blocking line (or spraying p
+).  T

he required
 im

plantation d
ensity is

obtained
 experim

entally.  Since the charge d
ensity of the interface oxid

e charge is large,
although saturating around

 2×10 12 e/
cm

2, the d
ensity of p

+ im
plantation is required

 to
be as large as 1×10 14 borons/

cm
2; otherw

ise the possible electron-accum
ulation layer by

the oxid
e charge d

egrad
es the n-strip isolation [

14].  T
his p

+-blocking-line and
 the d

ensity
are still required

 after the type-inversion since the effective acceptor d
ensity after the

fluence of 10 14 particle/
cm

2 is still ord
er of 10

9 e/
cm

2 (1 µm
 thickness of the volum

e
d

ensity  of 10
13 e/

cm
2), w

hich is m
uch sm

aller than the oxid
e charge d

ensity of 10
12

e/
cm

2.T
he p

+ m
ethod

 is sim
ple, straight-forw

ard
, and

 care-free over the M
O

S m
ethod

.
T

he effect of p
+ spraying of this d

ensity over the im
plant strip is unknow

n (at least for
the authors).  W

e w
ould

 prefer the p
+ blocking line for the isolation of the n-strips.

3.5. S
ilicon

 W
afer th

ick
n

ess

T
he full d

epletion voltage of the silicon d
etector is proportional to the square of the

d
epletion thickness.  A

 250 µm
 thickness d

etector still gives enough electron-hole pairs
[ 15], and

 is clearly preferable.  H
ow

ever, the 300 µm
 thickness is the ind

ustry stand
ard

 for
the 4-inch w

afer.  A
lso, a concern on cracking the 250 µm

 w
afer d

uring the
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sem
icond

uctor processing is expressed
 by a m

anufacturer.  W
e w

ould
 require a pre-

prod
uction of enough quantity to learn the yield

 of the 250 µm
 thick d

etector.

3.6. D
istan

ce from
 th

e active region
 to th

e d
icin

g lin
e cen

ter

3.6.1 D
icin

g w
id

th

Ind
ustry stand

ard
 (for IC

 chip prod
uction) is not the full-thickness cutting: saw

ing
half-d

epth and
 cracking.  T

his introd
uces large chip on the rim

.  H
am

am
atsu rule (of the

silicon d
etector) is the full-cutting.  T

he prod
uct is proved

 to have a very clean cutting
surface and

 very sm
all chip on the rim

.  T
he cutout w

id
th is 60 µm

.  T
he ed

ge of the real
d

etector is 30 µm
 narrow

er than the d
icing line center.

W
e have m

easured
 20 cut-sam

ples (6 cm
×3.4 cm

) and
 the error of the size is <

3 µm
(one stand

ard
 d

eviation).  T
hus, a (achievable) tolerance w

ould
 be 4~

5 sigm
a's, i.e.,

±12~
15 µm

.

3.6.2 W
id

th
 of ed

ge in
active region

H
am

am
atsu d

etector has an inactive region around
 the ed

ge (Fig. 5).  T
he region is

m
ad

e of the bias ring, the guard
 ring (20 µm

 w
id

th und
erneath the bias ring), clear space

(150 µm
 w

id
th), and

 a m
etal band

 (350 µm
 w

id
th).   T

he ed
ge of the im

plant strip is 100
µm

 aw
ay from

 the outer ed
ge of the bias ring.  In total, a w

id
th of 600 µm

 of the ed
ge

inactive region is surround
ing the active strip area.  W

ith this d
esign the SD

C
 D

SSD
hold

s a bias potential of m
ore than 300 V

.
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4. O
verall d

im
en

sion
 of a d

etector

4.1 M
axim

u
m

 area

T
he m

ost cost effective w
ay of using a silicon w

afer is to use the m
axim

um
 area out

of a w
afer.  T

here is a "stay-clear" region around
 the ed

ge of the w
afer w

here the process
quality is getting w

orse.  T
he general rule is to have a 5 m

m
 of stay-clear in the 4-inch

(10.0 cm
 d

iam
eter) w

afer.  T
he usable d

iam
eter is, then, D

=
90 m

m
.  T

he relation betw
een

the length (L) and
 the w

id
th (W

) of a rectangular d
etector is

W
D

L
=

−
2

2
(2)

T
he m

axim
um

 usage is to have a square (W
=

L=
63.6 m

m
) or nearly square shape (e.g.,

L=
60 m

m
, W

=
67 m

m
) (Fig. 6).

4.2 L
en

gth

For a sm
all-stereo angle d

etector, w
hen tw

o d
etectors are bond

ed
 in length w

ise to
form

 a longer d
etector, the length of the single d

etector is quantized
.  T

he im
posed

assum
ptions are:

(1) A
 stereo strip of one d

etector is a geom
etrical continuation of the stereo strip of

the other d
etector (w

hen electrically bond
ed

).  Since tw
o d

etectors are id
entical, the tw

o
strips are repetition (n tim

es) of the stereo strips (Fig. 7).

(2) T
he pitch of the bond

ing pad
s (to read

out chips) is set id
entical for the axial

strips and
 the stereo strips.  T

he justification for this assum
ption is to use the id

entical
hybrid

 and
 the id

entical bond
ing m

ethod
 for both axial and

 stereo d
etectors.  W

ith this
assum

ption, the pitch of the stereo strips (p
s ; m

easured
 norm

al to the strip) becom
es

slightly sm
aller than that of the axial strips (p

a ) by cosΨ
, w

here Ψ
 is the stereo angle, i.e.,

p
s  =

 p
a  cosΨ

.

W
ith these tw

o assum
ptions, the relation on the pitch p (of the axial strip, i.e., p

a )
and

 the length L is

np
L

=
sin

Ψ
, 

(3)

then, 
L

np
=

sin
Ψ

.  
(4)

For a stereo angle of 40 m
rad

 and
 an (axial strip) pitch of 50 µm

, the length L
 is

quantized
 to 5n (m

m
), i.e., 55, 60, 65 m

m
.  For a pitch of 75 µm

, the length is 3.75n (m
m

),
i.e., 56.25, 60, 63.75 m

m
.  A

lthough quantized
, there is infinite num

ber of choices for the
length, e.g., slightly d

ifferent choice of the stereo angle gives slightly d
ifferent length.

A
m

ong the infinite choices, a length of 60 m
m

 looks very reasonable for the num
bers

such as the pitch of 50 or 75 µm
 and

 the stereo angle of 40 m
rad

.
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T
he length L

 is of the id
eal d

etector w
ith id

eal strips.  W
ith the requirem

ent for a
space for d

icing and
 ed

ge structures, the (id
eal) d

etector length should
 be kept at L

; the
actual d

etector is sm
aller by the d

icing cutout (60 µm
) and

 actual strip length is shortened
by the space required

 for the ed
ge structures.  W

hen tw
o d

etectors are butt-glued
, the

id
eal d

etectors (length L
) are to be glued

 w
ith no gap.  In the real life, the d

icing cut-out
(60 µm

) is just perfect for filling the glue (Fig. 8).

4.3 W
id

th

4.3.1 W
id

th
 of th

e axial strip
 d

etector

W
id

th of the d
etector is prim

arily d
eterm

ined
 by the num

ber of read
out strips.  A

read
out chip m

ay have a 128 read
out channels, and

 the total read
out region is a m

ultiple
of 128 channels.  B

esid
es the read

out region, the d
etector need

s to includ
e the field

shaping regions and
 the ed

ge inactive region.  H
am

am
atsu rule is to have a 300 µm

 for
the field

 shaping and
 a 600 µm

 for the ed
ge inactive region, in total of 900 µm

 per sid
e.

W
ith a strip pitch (p) and

 a m
ultiple of 128 ch chips (n), the total w

id
th of the d

etector (W
)

is

W
 =

 128np +
 1.8 (m

m
)

(5)

For a 50 (100) µm
 pitch and

 w
ith n=

10(5) chips, the read
out region is 64.0 m

m
 and

the total w
id

th is W
=

65.8 m
m

.  For a 75 µm
 pitch and

 n=
6 (7), the read

out area is 57.6
(67.2) m

m
 and

 the total w
id

th is 59.4 (69) m
m

.  T
he 7-chip 75 µm

-pitch d
esign is out of the

m
axim

um
 available w

id
th of 67 m

m
.

4.3.2. C
on

cep
ts for th

e stereo strip
 d

etector

T
here are tw

o w
ays to m

ake the stereo strips:  skew
 the w

hole axial d
etector by the

stereo angle (=
rotating solution); skew

 the stereo strip pattern by the stereo angle in a
rectangular d

etector (=
stereo d

etector solution).  In the case of d
ouble-sid

ed
 d

etectors, the
latter choice is the only available one.  For the back-to-back gluing of tw

o single-sid
ed

d
etectors, those tw

o choices are available.  A
fter the consid

eration d
iscussed

 below
, w

ith
the read

out electronics placed
 in the center of the 12 cm

 d
etector (2 x 6 cm

), the rotating
solution gives the sam

e d
ead

 area as the stereo d
etector solution for the φ and

 z
overlapping.  C

onsid
ering the aw

kw
ard

ness of the ed
ge pattern of the rotating solution,

w
e w

ould
 prefer the stereo d

etector solution.  T
he increm

ental cost for m
aking another

set of m
ask for the stereo pattern w

ould
 be negligibly sm

all for the prod
uction of 18 m

2 of
silicon d

etectors.

4.3.3 W
id

th
 of th

e stereo strip
 d

etector

C
ase (1): E

lectronics at the end
 of the 12 cm

 d
etector - B

ecause of the stereo angle,
the stereo strip sid

e requires an offset of LtanΨ
.  For a 12 cm

 d
etector and

 a stereo angle
of Ψ

=
40 m

rad
, the offset is 4.8 m

m
 (Fig. 9).  T

he triangular regions, w
hich has no read

out
connection, still w

orks as the field
 shaping.  T

hus, no field
 shaping region is required

.
A

d
d

ing the offset of W
off =

4.8 m
m

 and
 the ed

ge inactive region of W
edge =

1.2 m
m

, the
stereo sid

e requires an extra w
id

th of  6.0 m
m

.  A
d

d
ing the extra w

id
th to the read

out
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region, the w
id

th becom
es 70.0 (63.6) m

m
 for the 50 (75) µm

 pitch.  T
he 50 µm

 pitch
d

etector exceed
s the m

axim
um

 available w
id

th of 67 m
m

 by 3.0 m
m

.  O
ne can lim

it the
w

id
th to 67 m

m
 by red

ucing the (full-length) read
out region to 61.0 m

m
.

C
ase (2): E

lectronics at the center of the 12 cm
 d

etector - In this case, the offset is
red

uced
 to that of 6 cm

 d
etector and

 is W
off =

2.4 m
m

 (Fig. 10).  H
ow

ever, since the read
out

region is reaching the sid
e-ed

ge, w
e d

on't need
 to ad

d
 the extra region correspond

ing to
the offset of 2.4 m

m
, but w

e d
o need

 the field
 shaping region of 300 µm

.  T
hus, W

edge =
1.8

m
m

.  T
he total w

id
th is equal to that of the axial sid

e: 65.8 (59.4) m
m

 for the 50 (75) µm
pitch.C

ase (3): E
xtra fan-in connection - In case w

e have an extra fan-in connection, w
e

can m
ap the strips even in the triangular region to the electronics (Fig. 11).  Full stereo

d
etector strips are read

 out, i.e., W
off =

0 m
m

.  Since w
e need

 to read
 out the extra region,

w
e have options either putting m

ore read
out electronics or red

uce the num
ber of strips,

i.e., w
id

ening the strip pitch.  W
id

ening the strip pitch m
ight be a practical choice, but w

e
w

ill loose the ad
vantage of using the sam

e read
out hybrid

 on the axial and
 the stereo

sid
es; w

e need
 full-w

id
th fan-in connection.  A

lso, w
e need

 to re-d
efine the d

etector
length and

/
or the stereo angle.  T

he extra w
id

th is for field
 shaping and

 for the inactive
region.  T

hus, W
edge =

1.8 m
m

, and
 the total w

id
th is the sam

e as the axial sid
e.
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4.3.4 O
verlap

p
in

g th
e d

etectors in
 φ an

d
 z

S
tereo-d

etector-solu
tion

 - T
o have a continuous coverage in φ d

irection (and
 in z

d
irection), ad

jacent d
etectors are to be overlapped

.  Since the stereo d
etector is the w

id
er

one, w
e w

ill d
iscuss the overlap of this d

etector.  W
e require to overlap the w

id
th of the

triangular region (W
off ) and

 the ed
ge inactive space (W

edge ).  In ad
d

ition, w
e require to

overlap 2.5 strips per one sid
e.  T

hen, the total overlap w
id

th becom
es

W
φ =

W
off +

W
edge +

5×p.  
(6)

T
he w

id
ths for each case of the section 4.3.2 is listed

 in T
able III.   T

he overlap w
id

th is 7.0
(7.9)%

 to the read
out region for the read

out pitch of 50 (75) µm
 for the case (2): electronics

at center.
In the z d

irection, since the ed
ge of the d

etector is rectangle, the required
 overlap is

the sum
 of the ed

ge inactive region and
 the sim

ilar sensitive space correspond
ing to the

2.5 strips:

W
z =

W
inactive +

5×p =
 1.2 m

m
 +

 5×p.  
(7)

R
otatin

g-solu
tion

 - W
hen m

aking the stereo sid
e by rotating the axial d

etector, the
offset is null in the φ d

irection, and
 thus, the φ overlap can be m

inim
um

 (Fig. 12).
H

ow
ever, w

hen w
e look at the z d

irection, there is an offset of W
off =

W
tanΨ

, w
hich is

typically 2.4 m
m

 (assum
ing a typical w

id
th of W

=
60 m

m
).  Since the d

etectors are aligned
in φ, w

e need
 the sim

ilar overlap quantity as in the eq. (6) to overlap the corners.   T
he

overlap w
id

th is

W
z =

W
off +

W
edge +

5×p.  
(8)

T
he rotating solution w

ill help in the φ d
irection but require the overlap in the z d

irection
m

ore; N
o im

provem
ent over the case (2).

4.3.5 D
ou

b
le-m

etal d
esign

 of th
e stereo strip

s

If the d
isappearing strips out of a sid

e can be fold
ed

 to the appearing strips in the
other sid

e, there is no requirem
ent for the extra w

id
th (Fig. 13).  T

he stereo-sid
e w

id
th

can be as sam
e as that of the axial-sid

e.  A
lthough a fraction of stereo strips covers tw

o
regions geom

etrically, they w
ill not give tw

o-d
im

ensional confusion (for the stereo angle
of 40 m

rad
 and

 a d
etector length of 12 cm

) because no axial strip crosses the fold
ed

 stereo
strip in tw

o points.  T
his fold

ing can be d
one by external connection, e.g., d

ouble-m
etal

layer w
hich is the least labor intensive for the connection (although the process

intensive).

Increm
ental capacitance of the fold

ed
 stereo strips - T

he d
ouble-m

etal layer usually
increases the total d

etector capacitance d
ue to the extra interstrip capacitance of the extra

traces, along w
ith the cross-over capacitance.  Since the extra connecting traces are placed

very sparsely (d=
pitch/

tanΨ
: 1.25 m

m
 for a pitch of 50 µm

), the increm
ental interstrip
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capacitance is expected
 to be sm

all.  T
he interstrip capacitance (per unit length) is

approxim
ately given by

C
d

a
=

πε
log(

/
)

(9)

and
 the increm

ental capacitance (for a w
id

th of the trace of a=
10 µm

) is

C
C

p
a

d
a

'
/

log(
/

)

log(
/

)
=

 =
 33 %

.  
(10)

U
sing a typical 1 pF/

cm
 capacitance (d

om
inated

 by the interstrip capacitance), the 12 cm
strip has a total capacitance of 12 pF, and

 the increm
ental capacitance w

ould
 be 4 pF.

T
he ad

d
itional cross-over capacitance (n=

600~
1300 cross-overs, insulator thickness

of g=
5 µm

, ε=
4εo  (SiO

2 )) is estim
ated

 as

C
n

ag
≈

4
2

ε
 =

 1.7~
3.7 pF.  

(11)

T
otal increm

ental is 6~
8 pF, i.e., 48~

67 %
 increase; the total strip capacitance w

ould
 be

18~
20 pF.

4.4  T
ilt an

gle of th
e d

etectors

T
here are tw

o w
ays to overlap the ad

jacent d
etectors in r-φ d

irection: (1) N
o tilting

and
 changing the rad

ius of the d
etectors; (2) tilting the d

etectors and
 keeping the m

ed
ian

of the d
etector rad

ius constant.  T
here is a good

 point in tilting the d
etectors besid

es
m

aking overlap, i.e., im
proving the spatial resolution by creating the charge sharing

region.T
he m

axim
um

 charge sharing is achieved
 by m

aking the charge carriers spread
 over

betw
een tw

o strips.  W
ithout a m

agnetic field
, the sw

ath of the carrier (∆
o ) at a tilt angle

(χ) is

∆
o =

d
tanχ

(12)

w
here d is the thickness of the d

etector (d=
300 µm

).  E
quating the sw

ath to the strip pitch
(p) gives the tilt angle of 9.5° (p=

50 µm
), or 14.0° (p=

75 µm
).  A

 m
agnetic field

 d
eflects the

carrier and
 change the relation.

In the case of single-sid
ed

 d
etector, only one type of bulk, i.e., one type of charge

carrier, can be chosen.  W
e take p-bulk and

 electrons.  T
he d

eflection d
istance of the

furthest carrier is

∆
-=µ

B
eB

d.  
(13)
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Since the H
all m

obility of electrons is large, µ
B

e=
1391 cm

2V
-1s -1[ 16], the d

eflection is also
large, 83.5 µm

, at B
=

2 T
esla.  A

 tilt angle is required
 to com

pensate the d
eflection so that

the corrected
 sw

ath to becom
e the pitch as

p=∆
=∆

--∆
o

(14)
and

,
χ=

tan
-1((µ

B
eB

d  - p)/d).  
(15)

T
he tilt angle is 6.4° (p=

50 µm
) or 1.6° (p=

75 µm
).

In the case of d
ouble-sid

ed
 d

etector, there are tw
o types of charge carrier, i.e.,

electrons and
 holes.  Instead

 of m
aking the sw

ath to equal the pitch, w
e need

 to choose
the sw

ath of electrons and
 the sw

ath of holes to be equal to balance the both resolutions,
i.e.,

∆
++∆

o  =
 ∆

--∆
o  .  

(16)

From
 the relation, the tilt angle becom

es

χ=
tan

-1((µ
B

e-µ
B

h)B
/

2) 
(17)

w
hich is 6.1° using the H

all m
obility of holes, µ

B
h=

325 cm
2V

-1s -1[14].  T
he sw

ath is about
50 µm

.
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T
able I.  A

 specification of the A
T

L
A

S silicon strip d
etector

Single-sid
ed

D
ouble-sid

ed
C

om
m

ent/
R

equirem
ent

D
im

ension
L

ength
60 m

m
60 m

m
D

icing
line center

W
id

th
T

able III
T

able III
<

67 m
m

E
d

ge space
0.6 m

m
0.6 m

m
V

bias
>

300V
, H

am
am

atsu rule

B
ulk

T
ype

p-type
n-type

at B
O

L
R

esistivity
>

14 kΩ
-cm

4~
8 kΩ

-cm
at B

O
L

,
V

d
ep  <

70 V
variance

≤10%
≤10%

T
hickness

250~
300 µm

250~
300 µm

variance
<

3%
<

3%

Im
plant strip

T
ype

n-type
p-type, n-type

D
ensity

M
D

M
D

V
d

ischarge  >
80V

 at E
O

L
D

epth
M

D
M

D
V

d
ischarge  >

80V
 at E

O
L

A
xial pitch (p

a )
T

able III
T

able III

Stereo pitch (ps )
pa cosΨ

pa cosΨ
Ψ

: Stereo
angleStrip w

id
th

T
B

D
T

B
D

Isolation of n-strips
p

+ blocking line
p

+ blocking line
R

esistance
>

>
R

b
>

>
R

b
at E

O
L
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T
able I cont'd

...

B
ias resistor

R
esistance (R

b )
250k~

1M
Ω

250k~
1M

Ω
for

τm
=

25~
100ns, at E

O
L

variance
≤20%

≤20%
m

ethod
Polysilicon

Polysilicon
V

d
rop

<
2V

 at E
O

L

A
C

 coupling &
 electrod

e
M

aterial
SiO

2 +
Si3 N

4
SiO

2 +
Si3 N

4
V

breakd
ow

n
 >

150V
L

oss
<

1%
/

d
etector

<
1%

/
d

etector
C

apacitance 
>

10×C
d

et
>

10×C
d

et
C

harge
collection

E
lectrod

e
A

lum
inum

A
lum

inum
w

id
th

T
B

D
T

B
D

Strip-
ed

ge d
ischarge

resistance
<

30Ω
/

cm
<

30Ω
/

cm
Signal

d
ispersion

B
ond

ing pad
Size

50×150 µm
2

50×150 µm
2

R
einforcem

ent
R

equired
R

equired
N

o
breakage w

ith A
l-w

ire bond
ing

Passivation
SiO

2
SiO

2
E

ntire
d

etector except the bond
ing pad

s

L
eakage current

R
oom

tem
p. at B

O
L

<
60nA

/
strip

<
60nA

/
strip

V
bias =

100V
<

40µA
/

d
etector

<
40µA

/
d

etector
V

bias =
300V

N
ote:T

he range of value m
eans that a final value w

ill be chosen w
ithin the range.

B
O

L
=

B
eginning of L

ife (i.e., before irrad
iated

)
E

O
L

=
E

nd
 of life (i.e., 1.0×10 14 particles/

cm
2 and

/
or 27 kG

y of γ's)
M

D
=

M
anufacturer d

epend
ent, T

B
D

=
T

o be d
eterm

ined
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T
able II.  E

xam
ple: SD

C
 D

ouble-sid
ed

 silicon strip d
etector, a reference

D
ouble-sid

ed
C

om
m

ent

D
im

ension
L

ength
60 m

m
D

icing line center
W

id
th

34.1 m
m

T
w

o from
 one 10 cm

 w
afer

E
d

ge space
0.6 m

m
V

bias  >
300V

B
ulk

T
ype

n-type
R

esistivity
4~

8 kΩ
-cm

variance
≤10%

T
hickness

300 µm
variance

<
3%

Im
plant strip

T
ype

p-, n-type
D

ensity
M

D
V

d
ischarge  >

80V
 at E

O
L

D
epth

M
D

V
d

ischarge  >
80V

 at E
O

L
A

xial pitch (p
a )

50 µm
Stereo pitch (ps )

pa cosΨ
Ψ

: 10 m
rad

Strip w
id

th
12 µm

Isolation of n-strips
P

+ blocking line
1×10 14 borons/

cm
2, 26 µm

w
id

e, ~
1µm

 d
eep

R
esistance

>
>

R
b

at E
O

L



A
T

L
A

S IN
D

E
T

-62
12-09-1994

Silicon Strip D
etector for A

T
LA

S SC
T

Y
. U

nno, T
. O

hsugi

17

T
able II cont'd

 ...

B
ias resistor

R
esistance (R

b )
250kΩ

for τm
=

20ns
variance

≤20%
m

ethod
Polysilicon

stable till E
O

L

A
C

 coupling &
 electrod

e
M

aterial
SiO

2 +
Si3 N

4
V

breakd
ow

n
 >

150V
L

oss
<

1%
/

d
etector

C
apacitance 

20 pF/
cm

E
lectrod

e
A

lum
inum

A
lum

inum
w

id
th

6 µm
G

round
ed

 am
plifier,

V
d

ischarge  >
80V

resistance
50Ω

/
cm

B
ond

ing pad
Size

50×150 µm
2

R
einforcem

ent
Polysilicon

N
o breakage w

ith A
l-w

ire
bond

ing

Passivation
SiO

2
E

ntire d
etector except the

bond
ing pad

s

L
eakage current

<
100nA

/
strip

V
bias =

100V
 at B

O
L

<
1µA

/
d

etector
V

bias =
100V

 at B
O

L

N
ote: E

xpected
 E

O
L

 accum
ulated

 rad
iation level is 1~

2×10 14 charged
 particles/

cm
2.
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T
able III.  D

etector d
im

ensions and
 operation contid

ions

Pitch(*)
50(100) µm

75 µm
C

om
m

ent/
R

equirem
ent

L
ength

60 m
m

60 m
m

D
icing

line center
W

id
th

<
67 m

m
A

xial 
65.8 m

m
59.4 m

m
pitch (pa )

50(100) µm
75 µm

read
out strips

1280(640)
768

Full 12
cm

read
out w

id
th

64.0 m
m

57.6 m
m

field
 shaping

2×0.3 m
m

2×0.3 m
m

ed
ge space

2×0.6 m
m

2×0.6 m
m

Stereo 
65.8/

67/
65.8 m

m
59.4/

63.6/
59.4 m

m
E

lec:
C

enter/
E

nd
/

Fan-out
pitch (ps )

pa cosΨ
pa cosΨ

Ψ
: Stereo

angle =
 40 m

rad
read

out strips
1280(640)

768
read

out w
id

th (W
R )

64/
61/

64 m
m

57.6/
57.6/

57.6 m
m

offset (W
off )

2.4/
4.8/

0 m
m

2.4/
4.8/

0 m
m

ed
ge space (W

ed
ge )

1.8/
1.2/

1.8 m
m

1.8/
1.2/

1.8 m
m

O
verlap fraction (φ)

7.0/
10.3/

3.2 %
7.9/

11.1/
3.8 %

(W
off +

W
ed

ge +
5×p)/

W
R

B
est tilt angle

p-bulk single-sid
ed

6.4°
1.6°

B
est

resolution for 300µm
, B

=
2T

esla
d

ouble-sid
ed

6.1°
6.1°

B
est operation tem

p.
-12~

 -2 °C
-12~

 -2 °C
10 V

d
epletion-voltage variation at E

O
L

(*) 50/
100 µm

: 50 µm
-pitch full read

out, or, 50 µm
 im

plant and
 100 µm

 charge-d
ivition

read
out
75 µm

: 75 µm
-pitch full read

out
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Figu
re C

ap
tion

s

Fig. 1  D
epletion voltage variation as a function of the operating tem

perature at an
accum

ulated
 fluence of 1.0×10 14 p/

cm
2 in 7 years pred

icted
 by H

. Z
iock et al..  A

 voltage
band

 of 124 to 134 V
 is overlaid

 in the figure.

Fig. 2  L
eakage current m

easurem
ent of the tw

o 2nd
 SD

C
 d

ouble-sid
ed

 prototype
d

etectors.  L
eakage currents are m

easured
 at three tem

peratures: 0, 10, and
 23 °C

.  T
he

bias voltage w
as given up to 200 V

 w
hich w

as the m
axim

um
 output of the pow

er supply.

Fig. 3  L
eakage current m

easurem
ent of one of the first SD

C
 d

ouble-sid
ed

 prototype
d

etector w
hich has been irrad

iated
 to the protons at a fluence of about 1×10 14 p/

cm
2 and

kept at room
 tem

p.  L
eakage current m

easurem
ent at tw

o tem
peratures: 0 and

 23 °C
.

Fig. 4  N
oise m

easurem
ent of the 2nd

 SD
C

 D
SSD

 prototype d
etectors: (a) p-n junction

sid
e, (b) n ohm

ic sid
e.  T

he noise increase in the junction sid
e over the bias voltage of 160

V
 is caused

 by the m
icro d

ischarge (see text) and
 not by the breakd

ow
n of the A

C
coupling capacitor.  T

he A
C

 coupling capacitor hold
s the voltage d

ifference (in the
horizontal axis) up to 200 V

.

Fig. 5  L
ayout of the SD

C
 d

ouble-sid
ed

 d
etector (axial sid

e)

Fig. 6  M
axim

um
 rectangular d

etector out of a 4-inch w
afer.

Fig. 7  C
oncept for m

aking a larger stereo-strip d
etector from

 tw
o id

entical d
etectors

Fig. 8  A
 12 cm

 long silicon strip d
etector m

ad
e from

 butt-glued
 tw

o 6 cm
 d

etectors.  T
he

d
etector d

im
ensions, such as the length L, is calculated

 from
 the center of d

icing line; the
real d

etector is narrow
er by the w

id
th of saw

, e.g., 60 µm
, w

hich is perfect for filling the
glue.

Fig. 9  A
 12 cm

 long stereo d
etector w

ith a read
out electronics at the end

 of the d
etector.

T
he right-m

ost read
out strip w

ill have an offset of 4.8 m
m

 w
hen reached

 at the other end
.

A
d

jacent d
etector need

s to overlap this offset, in ad
d

ition to the inactive ed
ge space, to

m
ake a continuous coverage (in φ).

Fig. 10  A
 12 cm

 long stereo d
etector w

ith a read
out electronics placed

 at the center of the
d

etector.  T
he right-m

ost strip w
ill have an offset of 2.4 m

m
.  A

d
jacent d

etector w
ill

overlap this offset, in ad
d

ition to the inactive ed
ge region, to m

ake a continuous coverage
(in φ).

Fig. 11  A
 12 cm

 long stereo d
etector w

ith a read
out electronics at sid

e and
 a fan-in

connection.  T
he full area can be covered

 w
ith a d

esign of the fan-in by read
ing out the

short strips at the corners.

Fig. 12  A
 12 cm

 long stereo d
etector m

ad
e by rotating the axial d

etector.  T
he φ

overlapping can be m
inim

um
, but a large overlapping in z is required

.
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Fig. 13  A
 12 cm

 long stereo d
etector - a concept for m

aking a d
ead

-space-less d
esign by

connecting the short strips in one sid
e to the short strips in the other sid

e.  T
he connection

can be m
ad

e by either d
ouble-m

etal layer technique or an extra trace on a separate plane,
e.g., glass.
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100

150

200

250

-20 -15 -10 -5 0 5

V
d

ep
  [

V
]

Temperature  [°C]

124 

134 V

Fluence = 1.0x1014 p/cm2

300 µm silicon

Fig. 1  D
epletion voltage variation as a function of the operating tem

perature at an
accum

ulated
 fluence of 1.0×10 14 p/

cm
2 in 7 years pred

icted
 by H

. Z
iock et al..  A

 voltage
band

 of 124 to 134 V
 is overlaid

 in the figure.
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Fig. 2 to Fig. 6 are not available in an electrical form
.
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.

Ψ

W

L L

n axial strips

L
=

np
sin

Ψ  (pitch p)

C
oncept for m

aking a larger stereo-strip d
etector

from
 tw

o id
entical d

etectors

L
: D

etector length
W

: D
etector w

id
th

Ψ
: Stereo angle

Fig. 7  C
oncept for m

aking a larger stereo-strip d
etector from

 tw
o id

entical d
etectors
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.

d
icing cut-out

Id
eal ed

ge

R
eal ed

ge

G
lue

Ψ

W
Stereo strip

LL

B
ias-ring

G
uard

-ring

R
egion A

R
egion B

60 µm

R
egion B

R
egion A

LL

A
 12 cm

 long Silicon Strip D
etector

m
ad

e from
 butt-glued

 tw
o 6cm

 d
etectors

Fig. 8  A
 12 cm

 long silicon strip d
etector m

ad
e from

 butt-glued
 tw

o 6 cm
 d

etectors.  T
he

d
etector d

im
ensions, such as the length L, is calculated

 from
 the center of d

icing line; the
real d

etector is narrow
er by the w

id
th of saw

, e.g., 60 µm
, w

hich is perfect for filling the
glue.
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.

Ψ

A
 12 cm

 long Silicon Strip D
etector

m
ad

e from
 butt-glued

 tw
o 6cm

 d
etectors

Stereo angle Ψ
: 40 m

rad Ψ

6060

4.8
W

R

0.6
W

RR
ead

out electronics

Fig. 9  A
 12 cm

 long stereo d
etector w

ith a read
out electronics at the end

 of the d
etector.

T
he right-m

ost read
out strip w

ill have an offset of 4.8 m
m

 w
hen reached

 at the other end
.

A
d

jacent d
etector need

s to overlap this offset, in ad
d

ition to the inactive ed
ge space, to

m
ake a continuous coverage (in φ).
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.

A
 12 cm

 long Silicon Strip D
etector

m
ad

e from
 butt-glued

 tw
o 6cm

 d
etectors

Ψ

6060

2.4
W

R

0.6

R
ead

out electronics

Stereo angle Ψ
: 40 m

rad

Fig. 10  A
 12 cm

 long stereo d
etector w

ith a read
out electronics placed

 at the center of the
d

etector.  T
he right-m

ost strip w
ill have an offset of 2.4 m

m
.  A

d
jacent d

etector w
ill

overlap this offset, in ad
d

ition to the inactive ed
ge region, to m

ake a continuous coverage
(in φ).
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.

A
 12 cm

 long Silicon Strip D
etector

m
ad

e from
 butt-glued

 tw
o 6cm

 d
etectors

60

60

W
R

0.6

2.4

Fig. 11  A
 12 cm

 long stereo d
etector w

ith a read
out electronics at sid

e and
 a fan-in

connection.  T
he full area can be covered

 w
ith a d

esign of the fan-in by read
ing out the

short strips at the corners.
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Readout electronics

6060

Ψ

W
R

0.6
2.4

Readout electronics

6060

Ψ

W
R

0.6
2.4

A
 12 cm

 stereo d
etector w

ith "fan-in" connection

Fig. 12  A
 12 cm

 long stereo d
etector m

ad
e by rotating the axial d

etector.  T
he φ

overlapping can be m
inim

um
, but a large overlapping in z is required

.
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.

W

L L

C
oncept for m

aking a d
ead

-space-less stereo-strip d
etector

by fold
ing the im

coplete stereo strips at ed
ge to the strips in the other sid

e

2L
tanΨ

Ψ
: stereo angle

Fig. 13  A
 12 cm

 long stereo d
etector - a concept for m

aking a d
ead

-space-less d
esign by

connecting the short strips in one sid
e to the short strips in the other sid

e.  T
he connection

can be m
ad

e by either d
ouble-m

etal layer technique or an extra trace on a separate plane,
e.g., glass.
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