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= O 7}04: Detectors based on ionization

Gas detectors
® Wire chambers
©® Drift chambers

® Time projection chambers

o .

Solid state detectors
® Sidetectors

©® Diamond detectors

o .
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Gas detector vs. Solid state detector

Gas detectors

O SIMYAIE IHA HAET|E AL,
ALR20| 22/0|= 7tA JALE 0|23} Btet
— U212t 0|2 dH.

o {I|¥S 20T, MAtet 0|20]
220| R=4IZE oHECDE

O 7tA YAHEL| AR, A oHR |22 =
LALSHE[0f QUL

Solid state detectors
© 1|9 B, Mo Ee="
ol /"2 &|ofQck. %

2
© SHHYRIL DM HEI|Z ALt7HY, 2
20| mjet M ohof M2t (B2 o
I CHOf HB)S TS 4 Tt — A9} 2
hole A4, As

© U=chof = AL ZHARE O] U= Aot
hole2 247|128 Z0j% 8 g2olct, ® 606 0
Mg Mg Mg Mg 3@8 s



Why solid state detector?

Primary ionization

electron/hole pair 2+=7| 9|5 H0f| L A]

~ afew eV

Diamond (13eV), Si (3.6eV), Ge (2.9¢eV)

H| 1) Gas ionization: (30 eV) for a single ion
Scintillators : (100 eV) depending on

light yield

Solid State vs. Gas Detector

@ 7tA A&7\ H|W5HH, Y &= 2F1000
Bl H&= 310, electron/hole pair 244 0f|
LWR2SHoH A= sio| AL Argon 7tAECE
of 78 2+,

[Cr2tM, MM &= primary chargesQ| £~= 2F
1048 H & QUL —» DY AE7|= charge
amplification0| T giCH

@ 7tA HE | 2ot 0|29 £ o
10008 H &= CH2 BHH Bt X A= 7| LY
A2} holeQ| & &&= HO| H|25iC —
B2 A5 A

© U7t 0t gh2 AE7|E UEE 20|
Jhssteh

Amplifier

Charged Particle | >
\
lt
Diamond li" ek Crtticn

LI I

Electrodes |

Diamond - A solid state
ionization chamber
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CHO[Ol=E2 HE7|S US4t

—

Typical thickness - a few 100um
<1000 charge carries/cm® at room temperature due to large band gap

Amplifier
Charged Particle | :
b
\
‘\
*
Digmond |y < Crestion
»

Electrodes

Velocity:
Ue = 1800cm?/Vs, up, = 1600cm?/Vs
Velocity = uE, 10kV/cm — v = 180um/ns — Very fast signals of only a few ns length!

_I_ 7=D 1,(t)

‘ \ J of v T Z=zy A single e/h par produced in the center

Z=0
I I T=2-3ns

2t O|A| 2E ZE7IE HO|Oh=ER 2hEA) 1 —(
CHE gr=3| 228 20t2at: —)
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SOFEH: Of| R |CHt 4|, BHE |, HHA|
oL1R|cho] Fole} 7=

© O L4/ (Energy band): 12{7} 0] THLE 4|Z 0|2 B 21| Of 4] 29|
201 242t0] QIEFS Yot G520 ERE 2Tk 0[S o Xchat Helsict,

©® 7}t (Valence band): A7t 7HS 2t Q)= Of| 4 Z|CH

©® M= (Conduction band): 27 80| M HOJLL AIREH Ol 4 U
Of| LA 2| i

© 22|t (Forbidden band): 7} 2{Che} A =CH AFO|2| 0L 2|2 YRI5ty 0|92
A7 22 4= SiCh.

© O|HZ| 2 (energy gap): S AICHL O R| . 42| A7|0f et E4|, BHe=a|, E A
(Eg > 5eV) =2 LH=C}. (BHEX|Q| A2 Si: 112 eV, Ge: 0.66 eV, GaAs: 1.43 eV)

=S
=

Conduction Conduction IS
band band a
g
S
Electrons g
cee
o)
8
ol Eo=bev Eg~1eV
)
8
5 000
il Holes.
°
2
5
8
8 6/30
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Alg| 21} ZH2 HIE 2|2
= [ E - =
z | A SEEEEEE—

|
g E,
g
&
An intrinsic semiconductor at T=0 K
behaves like insulator
E. ‘Ti
E,
E,
At T > 0 K, four thermally generated

electron-hole pairs. The filled circles (») represent electrons
and empty fields (0) represent holes.

2} Of| 2| 2= Fermi-Dirac 225
— 1
CELE F(E) = frapegan

0%
rto
=
4n
g

Conduction Conduction Conduction
Band Band Band
Ecw o
Atabsolute Ny ‘f“f”‘ ) High
B have energy above
the evel
Fermi Level - —--
1
!
1G] 1G] ©
L0 10 10
Valence Valence Valence
Band Band Band

(note) H 20| £2: 2[2|2} AR 2|2
U= 7Y =2 0lHA| 2. T£A00[H,
217t 242 2ol 191 042,

Er ~ several eV, soft zone (when T>0) ~ 100

meV at 300 K

- Density of states of electrons 3|/r; a band
(Fermi gas model) g(E) = (227'2)53 VE
- Electron density: n = & f;’"“* 3(E)f(E)dE
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=0 M Hst2Er B

AF20f| A excitation Z} recombination 5F0H &2 IS AEHO)| = EFSHCF. O]y (QFof
Ai2 0|83l Hst2 e U= E e

Intrinsic carrier concentration:
Eg Eg
Ne = np =n;j =~/NcNy - exp(———) o< T2 . exp(— ——)
¢ ' ( 2kT) ( 2kT

Nc: effective density of electrons at edge of conduction band
Ny: effective density of holes at edge of valence band

Ultrapure silicon2| 2<%, nj ~ 1.45-10°cm™3
102atoms/cm® 0|2} 5tH, 10" silicon atoms Z0f| 5tLt= 0|25}z 0 QCH

247t... intrinsic charge carrier7} 2HOF2 0| =0|... (A7t X|Lt7FA] M7 | = signal 2Cf
BH 1242 C intrinsic carrier signalO| Bt& <. 22 121712
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Intrinsic silicon detectorOf| A 2| S/N
&elZo YAt XL ZkE T 7= signal Zf background S A£G 2 4.
Mean ionization energy lp = 3.62 eV,

dE/dx = 3.87 MeV/cm,
i ~1.45-10°cm ™2 at T = 300 K (Ge= C{2F 1.5 - 10" cm—2)

© S d = 300um, B A = 1cm?2| ZE7|0f| MIP Y7t Z|LIZHCHH,

dE/dx+-d  3.87-10%V/cm - 0.03cm

= ~ 3.2-10%~h* pairs
lo 3.62eV

@ & AZ7| 81| L9 intrinsic charge carrier (T=300 K),

nidA = 1.45-10"cm =2 - 0.03cm - 1cm? ~ 4.35 - 10%e~h* pairs
Thermal e~ht 49| =271 MIP QI A} signal EC} QHEH E L CiCh

= Hde2|2S0|8c B&VIE Tt "depletion zone in reverse biased pn
23ICt Do

:
=2H
junctions"O| & pingO| & 23}Ct. 9/30



Doping (2 =&=)

n-doping in Si: n-type

Group 5 (15=) 214 (e.g. P, As, Sh) 2 Si& o4 2] 2| B3} — conduction band BI2
SHotH, M2t 5t e &3] £4e[0f Of2H
QIC}. A20{| M CHEE conduction band2
LA H2E A Sote 22 S T (Donor)2t O 7|EICH
sich.
unba\ﬁlaﬂrm covalently bonded
A \ I
e e | =) e \ e £ conduction band 3 conduction band

ol s)yeels)eels Bsiexsie

00
00
<
00
00
electron energy

© sie0 ~ 006 06~ 006 s 6

N
) e ) ) ) e o
e e e ) )
© si @O si ©© s @0 s @6 si e .. emply levels * .. single occupied level (electron)
= ... occupied levels o ... single empty level (hole)
) ) ) ) )
e e e = B
© si/eO s 00 si ©6si @0 si 6
| e € e e Fermi level EF moves up. 10/30



Doping

p-doping in Si: p-type

Group 3 (13Z) A (e.g. B, Al, Ga, In)Z Si&
EWotH, 30| oLt 47ICt — attract
electrons from the neighbor atoms

UCIYBE ATt 2L ofuel

(Acceptor)2} StCt.

Indium atoms producing holes

° o e ° e
© (si. @ee si @eelsi @@ si @e(si e

e ° q o )

e e e o o

o0
o0
> 00
o0
o0

o0
o0
o0
o0
o0

Of| 42| &¢| #13}: — valence band HI2 2|
AL20]| A CHEE valence band2| 22

2HS
2 ZICh,
Ec conduction band Ec conduction band
N N_e . °
&
]
5
c
4
g
s

... emply levels
.. occupied levels

* .. single occupied level (electron)

o ... single emply level (hole)

Fermi level Ef moves down.
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Intrinsic and extrinsic EF= 4|
S HIE|f = O] of ot O L 2] Z2 (Si B2

Group 5: P, As, Sb
Group 3: B, Al, Ga, In

Sb P As
Ec
n .039 eV
.044 eV
049 eV
_____________________________ E: pure Si
085 eV
.067 eV
.045 eV EE—
p
Ey
B Al Ga

Typical concentrations:

Dopants: > 10" atoms/cm® (compared to Si-density: 10%22atoms/cm®)

l.lev
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The p-n junction
Creating a p-n junction: n-typef p-type B 2| &gt

Density gradients exist in the majority carrier concentrations at each edge of the space
charge region. — A density gradient produce a "diffusion force".

E-field < (counter acting) diffusion force

In thermal equilibrium, the diffusion force and the E-field force exactly balance each other.
— Fermi-energies of both systems become equal.

E-field counteracting the diffusion can be characterized by the built-in voltage Vp
(diffusion/contact potential), AE = eVp

O|Z A| charge carriers?| 111 space chargeBt Q= 3E Z(depletion zone)0| A =ICt.

Er

/| o
Diffusion ™~
© ... acceptor + ... empty hole AN 13/30
Drift Ey
@ ... donator ~ ... conduction electron



The p-n junction

Forward bias

S&I—‘?'—OHH p-type Z0f +, n-type Z0j -
S QIIFSHY, et h7t 2h2t 29 ZICh =

SHS0| gforzlct.

Potential barrier becomes smaller by eV =

diffusion across the junction becomes easier

Current across the junction increase
significantly.

p-n junction with forward bias

O O O
O O O

p

O+O O
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The p-n junction

Reverse bias

2| 20| A p-type Z0f -, n-type ZO0f +
HYE QTtotH, et h7t 242t SHE

4102 QRict = ZHZ0| FAYCY,

Potential barrier becomes higher by eV =
diffusion across the junction is suppressed

Current across the junction is very small
"leakage current".

4n

7}||7|-7~I—O =2 -|Q.E'.I=O| 9—17\|E|-

I—y "o o

U

™o oy
for 11 oH
L
n

%EE.A & background
AHIek : (

371| 2t=0l ZE7|

Wy

e o
un o
0 op
¥ e
L o

__'.L

)

p-n junction with reverse bias
p

n
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The p-n junction

BT E| EHE A2

3HZS 5, A7, potential S2 poisson
equationS 0] Altket 4= QAT

v p(¥)

dx? €
overall region, space-charge neutral

0] X > Xp
eNp 0 <X <Xp

X) =
P09 —eNp —Xxp<x<0
0 X< —Xp
av _ —eNp/€e - x+ Cy 0<X<Xp
dc T eNp/e x+Cp —Xp<x<O

| —eNp/e-(x—xn) O0<x<x,
- eNp/e - (X+xp) —Xp<x<O

as electric field E = -dV/dx must vanish for
X =Xpand x =—Xx,

p(x)

_stD / /'4

Xn
//,

-eNy
V(x)
—xp n
p-type n-type

Model for calculating
depletion zone
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The p-n junction

ojg &9
Depletion depth:

ZEVO(NA + ND)
A=t % =\ N
AND

. 2eVp 2eVo
with x, = Xp =
" \/eND(1+ﬁ—2) P \/eNA(1+z—*D“)

e.g.eVo = Egqp = 1eV, Np = Ny = 10"/em®
= Xn = xp = 1um, E = 10°V/m

Remark: If one side more heavily doped,
depletion zone will extend to lighter doped
side; e.g. Na > Np, xn > xp

if e.g. Npo > Np (choose asymmetric doping.

e.g. Np = 10'2/cm® and N, = 10"%/cm3) —
Xn > Xp

26V0

~\/2€pnieVo

d~x,~
eNp
using conductivity o = 1/p = e(ne + pun),
with n = Np and mobility u = v/E.
Depletion depth determined by mobility of
charge carriers.

Typical values:

silicon: 0.53(pn Vo )92 um(n — type);
0.32(ppV0)®->um (p-type)

Germanium: 1.00(pnVo)%>um(n — type);
0.65(ppV0)°->um (p-type)

Typical p & 20000Qcm and Vo =1V — d = 75um
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The p-n junction

Width of the depletion zone with reverse bias

0| 2E0], p*-njunction 2L Z9| S 7}
Reverse biasS Z0{FH O{YH| Bt =2
ATE 2L,

doping concentration:
Na =10"ecm™3 in p* region
Np = 102em =2 in n bulk
Without external voltage:

Xp = 0.02um
Xn = 23um
Applying a reverse bias voltage of 100 V:
Xp = 0.4um
Xp = 363um

Width of depletion zone in n bulk:

d & ~/2eup|V| with p = e;N

pt
n

Ny = 1015 em—3

Ny =1012 cm=3

p*n junction

V: external voltage
p: specific resistivity

u: mobility of majority charge carriers

N: doping concentration
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The p-n junction
Current-voltage characteristics

p-n junction®| 239l current-voltage 24|
exponential current increase in forward bias
small saturation current in reverse bias

ideal diode equation
I=lo- [exp(%) —1]  Io: reverse saturation current

Operation mode 4
A 3k FORWARD
2

B CONDUCTION
Vs( \\ T

ll|] 1 Il Il Il | | | I 1

— V(V)
-6 -5 -4 -3 -2 -1 0 2
_1 b
REVERSE -2}
BREAKDOWN b

_al 19/30




= =
a4=7| &4
Leakage current

Al2|2 HE7|= reverse biasE Q7 ol | 252 2, leakage current?t 22|92 2FAIALCY
Thermally 444 El e~ h* 40| 27| &S 2t S2|0|X leakage currentS L44A|ZICH.
Z27| 284=0| thet Bl A=t ElcH = 23 Jhstt 2|4 M AV(Q SHAE
YofiECt.

300

250

200

T T T U

150

TTTT T

100

leakage current /g [nA]

50

[ SR IR I (P I S D

0 50 100 150 200 250 300 350
reverse bias voltage V [V]

20/30
Ex) Measured detector leakage current at room temperature (CMS strip detector)



29| EA

a4=7| &4

Depletion voltage

Depletion voltage: MIA 4|7} fully depleted == @}

Operating voltage: 2 Bt4 O 2 depletion voltage 2 Ct 27F =H| 7t+&t

=

Under-Depleted Silicon Detect Fully-Depleted Silicon Detector Over-Depleted Silicon Detector
5 ¥
+ o+ 4+t o © + o +
Co ¢ Can
c.Ce © Ses
+ + e
T H
P "o P! Zone without ree Charge carrers P "
Zone withoutfree  Zone with free positively charged. i Zone without free charge
charge carriers  electrons. Sensitive Detector Volume. i carriers positively charged.
positively charged. | Conductive. i Sensitive Detector Volume.
Sensitive Detector i Insensitive to H
i particles. :
b=} b=} z
2 ~ o I~o K]
[ Ss o h [y
Q s %) Sss e
£ Y 2 S~al £
8 8 g
[ N w - o

CIO|O2E AE7(9 7| 225 H|Wsl{ 2, CtO|OF2 E bulkof] ¢t
AE7|EbulkZt SE0|22 7|42 440|Ct

StZ| 2t p-n junction Si ZZ7|= 3L E0] space charge?| 7| W20l 2740 =7}
opLct.

njo
o
d
En
o
rin
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H= E A

d=7| 54

Depletion voltage

H|2{&0| =2 =24 (i.e. low doping) 2 4~Z depletion voltage?| ~~/2eup|V|)

1000

500

T

500 pym
100

50

T

reverse bias voltage V [V]

o 300 pm

10 I | 1
0 5 10 15 20

resistivity p [kOhm cm]

Depletion voltage as a function of the material resistivity for two different detector thicknesses (300 um, 500 um) 22/30



4271 &4

Capacitance of a detector

For a typical Si p-n junction (Ng » Ng » n;) 20

=2 0|22, Qof|M 2Btd

€
Cc= A
2up|V|

V: external voltage
p: specific resistivity

u: mobility of majority charge carriers Lo T ;éo T
A: detector surface reverse bias voltage V [V]

=)

o
T

detector capacitance C [nF]

Ex) Measured detector capacitance as a function of the bias

voltage (CMS strip detector)
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Signal generation

Z27| LollA 220/ Hate ol 82
H517H 2210]7| A A0 REAIS AN

=2
40
|.|-|
=
fol
j
e
rn
nl

DETECTOR AMPLIFIER

Atek

VELOCITY OF v
CHARGE CARRIERS

12

RATE OF INDUCED dgy
CHARGE ON SENSOR gy
ELECTRODES

t

Qs
SIGNAL CHARGE 4y

t
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H27| M A

Signal generation: S-EE 0] 47! 5+49] e,h0f oot R =F5HEFS AL o = AL

—

electron0f| CH3 AlAFH= O, dQ= T ax
Electric field: d
t dx e
eNy Qe(t) = _E A adt EX0(1 — exp—)
T

U712 x0l| 2|Z5t= YOo|Ct.

For an electron at location x within the
depletion zone:

V= — = —uE= =2 with t=e/o
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47| = dd
Signal generation: Z-EZ0f 447/

holeO|| CHEH A = H|AteH £ &
e t
Qn(t) =——x0(1—exp(—-))
d T

ofst

S= st

ﬂJlO

electron2} holeO|
e5hH,

Qtot(t) = Qe(t) + Qh(t)

Qtot = Qe(ta) + Qu(t — +0)
e a d ) e
= axo g EXO =—e

BH440] e h0f O[3t REHIGIZE ALt

charge induced by electron and hole as a
function of time (y= £33 B} 12l):

Typical signal shape

in semiconductor detector
[
o
T
5 ] Qror
Qe
—xo (- —) F--
I
e e s s g s
axof -
1 G
1
0 Bh n Time
He
Using:
t—r”—h mE add=z
He To
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HE7| MS MY

Signal generation

Al A2| 2 (300 KH M e = Signal rise time essentially determined by
1350cm?/Vs, up = 480cm?/Vs, T = 1ns)Of| T=¢/o

Ciiot 2452k A|ZHHG} i.e. typically in the order of nanoseconds.
Xo/d=0.30|2} 74, Typical: /0 = p = 10000Qcm;

€ ~ 107 "2s5/Qcm

o

= b
N
Q fratiaoe.
e 7B | Further complications:
+
N—
o os \ ® Consider particle trajectory [here only
) \ for one electron-hole pair]
\ Q.
\““V
i [ \ ® Tracks not exact line charge
,,_,%‘3577 g [distributed over typically 50 - 100
ok [= t=t, g=-e um width]
! !
0 0.5 1 L5 2 ® U and up not independent of E-field
t (ns)

[i.e. need to introduce p(x)] 27/30



=
M| HE7| 12
o1 2Herst 2l ZE )

A large surface diode with guard ring

SiO2

A @ AHE Off (FAZIA 2 &)

Si2 Csl

Depleted
Undepleted
Depleted
N

Charged
particles | W | | R |7 7
i Rear Front
P+ contact Guard ring L L
22|7t Cti2tE AE St p-n junction HEH!
1.5
mm
N+ contact
1.0mm
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M2|2 437| 72
Y& o 285 (LY £mE2!)

electronics outside charge collection diode

Standard-MAPS

/

pEpllax\aHayer 7 .
P-substrate Application: ALICE (2019/20) =7
(low ohmic) R e

STAR AWSTAR *
charge collection by diffusion
electronics inside charge collection diode

50, Q -

B e e l-l\/ nv1/‘lF)E; 1
| deepnvvell - design proposed by Ivan Perié
depleted
P-substrate (depleted)

P-substrate . . . 3

Application: u3e(Mu3e)-experiment

charge collection by drift

ATLAS HLLHC(7) b
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Take home message

© H2Z FEVIE AW AMESEA AN Het Y22 YO 2 JiAL
O |2|Z 0|&3l 2= A= A

o2 7t
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