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Disclaimer: these are my hand notes on the course of Radiation Detection Systems,
taken during the academic year 2023-2024. | made these notes in preparation for the
exam, reviewing the theory using mainly the slides. As they are not based on live class
notes, some observations made by the professor may be missing.

These notes are not a substitute of the slides. Especially on the last part, some slides
content may be missing. | made these notes for myself and did not plan to publish them
in advance, so | also apologize for my bad writing and page layout.

Last thing, don’t take everything in these notes as true! Some uncertainties are still in it,
and maybe even errors I’'m not aware of! So please, question everything and check
yourself if what is written makes sense. | personally suggest in following the course as
the professor for me was really clear and also available to discuss every doubt.

Good luck!
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Continuous ionization
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(a c—

Q

Induced
®) Charge

0

Distance

=Two inter-digitated coplanar grid electrodes sense the motion of charge carriers in
the detector (solid-state equivalent of the “Fritsch grid” of gas detectors)

*A small potential difference applied btw the C-grid and NC-grid to avoid charge
sharing and double polarity signals

*When generated in the bulk, a charge carrier induces equal amount of charge on
the 2 grids. A net difference signal is induced only when the carriers to be collected
(e.g. electrons) are close to the coplanar electrodes.

*The net result is a measured charge nearly independent of the interaction depth
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- radiation incident at x=0.5d.

1 bsd b > .
box e L B p% - hole trapping can take place at x,
x_%‘g .‘: ; uniformly distributed within (0, 0.5d)
- S i - electrons travel with no trapping

energy spectra

; A

05E0  EO ! EO

single-ended readout differential readout
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ANODE-DIODE CAPACITANGE (Built in:0.2 V)
300,

CAPACITANCE (pF)

* full depletion
o7 :
VoLTAGE (V)
Fig. 12. Capacitance versus voltage plots of two of the test
devices provided on the wafer for monitoring its doping uni
formity.
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O
p+ rectifying junction (-V)

2 fully depleted volume N
capacitance value has been decoupled from detector active area
2 holes are (quickly) collected by the p+ electrodes

© How to bring electrons toward the anode?

Emilio Gatti & Pavel Rehuk, 1983 » Prac. of the DPF Workshop on Collider Detectors, LBL
(March 1983): “The concept of a salid state drift chamber”
- 2nd Pisa Meeting, Grosseto, Italy (June 1983),

“Semiconductor Drift Chamber - an application of a novel
transport scheme”

HV

i \6 ﬂ 2,
R,

* p+ junctions segmented in strips with linearly increasing potential on both sides
- uniform drift field parallel to the surface

> signul electrons are focused in the center of the wafer and drift at constant
velocity towards the readout anode

Signal Formation Page 3



ili i « Proc. of the DPF Workshop on Collider Detectors, LBL
Emilio Gatti & Pavel Rehak, 1983 (March 1983): “The concept of a solid state drift chambe

- 2nd Pisa Meeting, Grosseto, Ttaly (June 1983),
"Semiconductor Drift Chamber - an application of a novel

HY

transport scheme”

o geberi )

* p+ junctions segmented in strips with linearly increasing potential on both sides
- uniform drift field parallel to the surface

- signal electrons are focused in the center of the wafer and drift at constant
velocity towards the readout anode

Shape the potential
for the charge coll
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negative electrostatic potential B @
(i.e. the potential for electrons)
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T @i
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near collecting anode

=S
o

The simultaneity of ideas

A novel avalanche photodiode (APD) concept, “the channeling APD”

* Usinga new interdigitated p-n
junction structure, electrons and
holes are spatially separated and
impact ionize in layers of

different band gap. @
Thus the effective ionization-

rates ratio can be made

extremely high (/B > 100), while
maintaining a high gain,

P-N hethero-junction
(e.g. AlGaAs/GoAs)

Fig. 1. Schematic diagram of the APD (not to scale). The plavers
have  wider band gap than the n-layers. Sce text for layer thicknesses
w

O<VeVpm

Important features:
* the unique

characteristic

the interdigitized
geometry which allows
the depletion of large
volumes of (@
semiconductor
materials

Vevpin

Fig. 2. (3) Cross section of the interdigitated p-n junction device at
different reverse-bias voltages V. (b) The shaded portions of the
layers represent the depleted volume which increases with increasing
bias. (c) Vpyp is the voltage at which the layers are completely de-

Fig. 3. Band diagram of the APD under operating conditions. e, is the pleted. Any further increase in bias adds a constant field ¢, parallel
parallel electric field causing carriers to impact onize. U is the sum to the device length. Note that to ensure a parallel electric field con-
of the punchthrough voltage and the built-in potential. The valence- stant along most of the device length L, this dimension is made much
band discontinuity has been assumed negligible with respect to AZ, peator than the layer thicknesses. For simplicity of lustration
Shown s also the electron-hole separation mechanism. “ equal doping levels (p = n) have been assumed.

F. Capasso, IEEE Trans. Electron Device, Vol. ED-29, No.9, Sept. 1982
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integration phase
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|IEEE TRANSACTIONS ON NUCLEAR SCIENCE (1997)
Conception and Design Criteria of a Novel Silicon Device for the
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pn-CCD vs. MOS-CCD

casste «wp —
S“‘qrc;l*()eb ——\ -
MOS CCD

* MOS transfer gates
» pn junctions

* buried channel
» deep transfer

* partial depletion
> full depletion
« front-side illumination
> backside entrance window

« serial readout
> 1 preamp per channel

pn CCD
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gate  Alb [ ~300 pA/e-

dl"qin bUlk

electrons generated in the fully depleted bulk
are collected underneath the transistor channel
(internal gate) and modulate the source-drain
current (~300 pAl/e-).

internq|
gate

back contqey

collecting anode = internal gate - no interconnection strays!
non-destructive readout = readout on demand!
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DEPFET matrix prototypes

» Global drain contact

» Sources connected
column-wise

> Gate, Clear &
Cleargate connected
row-wise

> Source follower
readout: Column biased
by current source

CAMEX 64 G:

64 channel low noise voltage amplifier
8-fold CDS-filter and integrated

sequencer
Switcher II:

GATE SWITCHER

T 1L 11
il isiS st
- l ] ) ]
S T LI L]
w0 N o U 1 G f ot el i
f | l 1 l
| TREAE ||
3 | r i | ./.'._:
N PN N
,_-1{ | )_T )—T\ )_TL,

§0 o 6y

Control chip with 64 channels a 2 ports & integrated sequencer
AMS high voltage CMOS process (up to 20 V)

DEPFETs as pixel detectors

» matrix arrangement allows to turn on

transistors individually

> readout of charge in place of origin

* no “charge transfer loss"

* ho “out-of-time" events

» continuous row-by-row readout

==

[

i

GATE SWITCHER
row selection for readout

CLEAR SWITCHER
row selection for reset

[

I HHJLI* -
T I Hﬁl‘ﬁ HHIJ% [

\
e

(through serial or parallel readout)

> followed by clear of row

» no waiting (charge collection) period

amplifier / multiplexer

needed e n — FCLIL;A(% — J(%)_
Ciargate 1 ” 1
S e
DePrev  dtedtels (e vsed cmFZracv UVen
wibn 1 fEPFETT mer pykel, as  (hye con
Lba lected i the  1aterndl  gate
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Multiple readout (ping-pong)

Gate 2 Clear

source  gate

transfer
gate

drain 2

Stte1 | oo

* Noise reduction technique based by
repetitive readout of signal charge

- ENC ultimate limitation can be broken

- Signal charge measured by current difference
between filled and empty internal gate

back contacy

* Moving signal charge in and out internal gate

GateA 3% Gaep  Cument DePMOS A N times
. i i |
_— _I_LI_LI_l noise reduction !
noge | Py Current DePMOS B
1 i 11 +  We will analyse it for white and 1/f series
Transfer-gate noise
time
The ENC can in principle be lowered below the limit of
single-pulse (S/N) analysis
noise analysis
Measurementtime Tror
1
- 2 2 n=1
ENC? = AjaC?, 3 Ay (mAr)CEye + As(ql)T
p.s. a,b are BILATERAL noise spectral densities. Ay is the 1/f noise —_— ]
coefficient of the single-sided noise spectral density (A/f) Tror/3
n=3
Schematic representation of the multiple :
non-destructive readout with fixed total !
measurement time T,y ) ’ .
Tro7/5 n=5

In the upper drawing, only one readout of
the signal (red line) is performed, exploiting
the whole Ty;. In the other two cases, the R Ty TS oy (1 ) N
signal is reproduced and read out 3 and 5
times respectively.

Baseline ignal time
The time available for each single 'Baseline  $ignal ' Baseline Signal ' Baseline Signal
measurement is Tror /n, number of
. B s B S B S B S B s
repetitions. h(

. . . - _ L -en ko N
The reduction of the shaping time for each single measurement (look at the blue weighting functions) A-" b - LU
turns out in an increased r.m.s. value of the white noise of the individual measurements. The Z

averaging effect of the n readouts (3 and 5 respectively) compensates this noise increment. N

Therefore, the ENC component related to the white voltage noise does not change with the number WM

of measurements in a fixed time interval. Q
ENc:-, = OV,

For the 1/f noise the situation is different. The r.m.s. value of noise of one measurement is independent N

from the measurement time. This means a single measurement of time length 1;5; /n would result in yf mw

the same r.m.s. noise.
: 1]
B ewc, | =

In this case, the averaging effect of n measurements makes the ENC go down with approximately Vn.

80— : . . . T T T
* sub-electron noise
achieved !
G, ~0.18 e (fit)
60 .
| » increase of ENC for
% ! f' higher no. of readouts
§ 40 .‘ | i most likely related to
[e] ! parallel noise
O Aﬂ' ! Ll
u
20 1 |" ‘ V‘ 1l i M e - single photon imaging in
| V .M "HW' W the visible !
| I'."f' If .‘”)ﬁ-].'?\ ;"uw ’W - absolute calibration of
A ... WY ' charge !
0 1 2 3 4 5 6 7 8
electrons

Single photon spectrum measured at low light intensity with a circular RNDR-DEPFET at a
temperature of =55 °C. Due to the higher amplification the read noise of a single readout is
only 3.1 e- rms and a minimum noise of 0.18 e~ was obtained with only 300 readouts.
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