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DETECTOR SIGNAL PROCESSING
Veljko Radeka - radeka@bnl.gov

1.Signal Formation and Ramo's Theorem
2. Noise Generation Mechanisms

*Generation of noise spectra
*Random telegraph Noise (RTS) and 1/f noise

3.Equivalent Noise Charge (ENC) Calculation

*ENC calculation in time and frequency domains

*Simple ENC calculation for series and parallel noise

*ENC Calculation for 1/f noise

*1/f noise parameters and noise corner frequency for 1/f vs. white noise

4.Signal Processing, i.e., "filtering" or "pulse shaping“
*Weighting function of the whole detector readout system

*Correlated and uncorrelated sampling
*Optimum weighting functions



5. Charge Amplifier Configuration

Transfer of charge from detector to amplifier
6. Timing Measurements

Anti-walk techniques

7. Total Fluctuations on a Capacitance and
Charge Measurement Sensitivity

“kTC noise” and correlated sampling
8. Noise from Dielectrics
9. References on Signal Processing for Radiation Detectors

Appendix

A.1 Noise calculation: Time domain and Frequency domain

A.2 Parallel Noise in devices with Avalanche Gain

A.3 Noise Figure and Noise Temperature

A.4 Noise in Resistors at Different Temperatures and “Electronic Cooling” by Feedback
A.5 Zero-crossing statistics of noise

A.6  Autocorrelation function as a diagnostic tool

A.7 Pileup effects vs shaping



1. Signal Formation
and
Ramo’s Theorem
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The Simplest Case: Induced Currents in Continuous Planar
Electrodes for Localized and Extended lonization in
Semiconductor, Gas and Liquid Detectors
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Weighting Potential and Pulse Height Distribution for Strips vs Pixels

2D case (strip)

3D case (pixel)

X-ray
illumination

pixel diameter =1/8 drift depth

Count

Charge

100%

Comparison of their theoretical
induced charge pulse height distribu-
tions. Assuming an ionization event
creates a point charge. and the abso-
prtion probability is constant along
the depth.

Count

0 Charge 100%



2. Noise mechanisms



A Model for Generation of Noise Spectra -
h(t) < H(jw)
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Empty trap state
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Spectral density [A/NHZ]

10°F

typical 1/f spectrum
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3. Equivalent noise charge
(ENC) calculation

11



Noise Sources and Spectral Densities in Charge Amplifiers
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Equivalent Noise Charge (ENC) — Integrals and
Coefficients A1, A2, A3
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0 —00
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ENC Calculation in Time domain: Weighting Function Role
K—L

JV—AV—AV-AV* 8'(t) Cin  white "series" noise  ENC3 _; e2 c2 J.[w (t)] %dt
A M A 5(t) white "parallel” noise ENC2 =2 J‘ [wi(t)] 2dt
2

qiqt_z.if* — weighting function w(-t) 3

)
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_ signal s(t) " S4kT
i2 =2ely = ——
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i2 =2e°n
b |
\
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1 3 4 6
t t ot ! V.R., Ann. Rev. 1988
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Simple ENC Calculation for Series White Noise

ENCS = % 4kTR,Cy, * I

RS 6“2 I t
W O I ° Shaping: -
T A wlt -
O, 6(?] @ - Cin 1 /;\W( ) 1] = {.Wrz(f)df = 2/1;}]
N7 LN I
. _ 12
- - o F I | dENCs/dCin_en/tm [ ]
1:6:) (for 5™ order semi-gaussian /; = 2.2)
Noise slope:
e, =1 nV/Hz"
Cin = 1pF — ENC,=6rmse — AENC, /AG,

fm = 1lus

e, = series noise (voltage) spectral density [V/Hz”]

e,Ci, = series noise (charge) spectral density [e/Hz"?
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Simple ENC Calculation for Parallel White Noise

==

ENC, =t 2el, 13 |- [woa
— h
2,
JK —O
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w(t)
I. Assume a gated integrator for w(r) :
- | ENC, = (el te)" = (e'nte)” =e(nts)” = eng”
I 3|=1a 1,
- ENC,/e=ns” [rms €]
-

I nAin Ipys = ne=6250e, ENC,=79 rms e
2. Triangular weighting function (similar to semi-gaussian)

A3 [ENe re= (o, 3)2

AR equal ENC, for: 16 =21,/3
‘_f(;—“l %ZIS/thZ/?’

3. Resistor noise = shot noise: 4kT/RP =2el,

for R,[, =50 mV at 293K
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Calculation of ENC for 1/f Noise

From slides 12, 13: 2
2 2 —— analytical solution
ENC? = 7C2 A A,

" —_— imate soluti S
dapproximate solution f’,-—"

A = Ij:o[vv(l/z) (t)]zdt (W(1/2)=fractional 1.5

order derivative)

It can be shown that: A2
1

(4/2)
A <(AA) ¥
An approximation for practical purposes : !
(ENC; to 10%): 0.5 | |

A ~0.75(AA)"

0 0.5 1 1.5 2

ENC? = ﬂCIiAf Az ~ ﬂCiiAf <0-75\/ AA3, ) Trapezoidal weighting function (e.g.,

dual slope integrator):

Transistor technology constant A o

(~ind_ependent of transisto; size) ) ) A = ( A+ %)
Ki=AC,  [(V*)(ASV)]=[vAs]=[Jouie A ~075{ (s %)Tﬁ )



Weighting Function Noise Coefficients

Series Parallel Series 1/f Series 1/f
Weighting function white white A A (approx)
Aq Ag 2Acale) | = 0.75(A,A;)12
triangle =Q 2 2/3 0.88 87
semi-gaussian g [\ Lo 2.04 0.90 1.04 1.01
4t order e N\
CR-RC j\ 1.85 1.85 1.18 1.39
trapezoidal /—\ 2 1.67 1.38 1.37
A= Tp | ATp | Tp
ENC? =1¢’C’ ﬁ+7zC2AfAZ+ |, AT
2 en In q 0




ENC vs shaping (peaking time):
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1/f Noise parameters: corner frequency, “technology constant” K;
and “measurement constant” A,

-14

—
o

_.
=N
o

—
[
=N

-~

Equivalent Series Noise [V2/HZ]
=y

H
<,
— ™
ja]
()

A, =V f ~(3x10™ V?/H2) - (10°HZz) = 3x10 ™%V ?

b

|

14x10°7]

N

K =737x107"7

Measured

~
N Expected

~
~
N
~
~

Py ~1.8mW
I ~200pA, g ~1.5mS$

\ 10.4 nV/Hz
ol 1 Lo aaaal B Lo el 1 T EEET

White=14.4 nV /Hz 3

™ = e oo e

10°

10

Frequency [Hz]

“corner f “

6

10

10

Measure:

[(rmsvol ts)z}

<, =(CMDA [joules
3nV/HZ"
e =y4kT /g, ;7:%

K N 10K fP
Ky ~107°J
K fIFET — 10_27 J

20



Low-frequency noise in CMOS: slope and dependence on L

(Adapted from: G. De Geronimo and P. O’Connor, Ref. 39)

10_6 E LY b | bR T LI R | uE
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S, _ Ky (L) 2
! CoxWLfaf % i ratio ~2.4 ]
B
o
o
TSMC .- v g 10° E slope 1/f A AR
0.25um - &
o - [ TSMC 0.25um
measured : L W=7.2mm, J =140pA/mm, V_=400mV
-10 L1l rasl rasl Lol Lo gl
0.85<a;<1.08 10
f 10’ 10° 10° 10 10° 10°
Frequency f [HZ]

ratio ~ 2.4 s> ~ |2A8HM 44
0.24um

5x10-2° <K;<2.7x10-24
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What do different transistors have in common?

--  Fluctuations associlated with the gain
mechanism

Intrinsic (white) noise, although from a different mechanism for each device
type, can be expressed by the transconductance in terms of the equivalent

noise resistance,
R = Vg
eq gm W

y—values : I
BJT 1/2

JFET 2/3 toxi [~
n B e n
CMOS (strong inv..) 2/3 C i T/ Lest *
CMOS (weak inv.) 1/2
CMOS <~180nm >2/3
Noise (voltage) spectral density: eﬁ _ 4kT 4

g 22
m



Additional (white) noise sources in MOSFETs: and Equivalent Series Noise

. Resistance for Charge Detection
G

c | gate “In tr|n3|c channel
det | NnoIS
o substrate ring 5 = 4kTRn , Rn = }// Oris
g y >2/3 for FETs

L
—
DJ m S J\ N y =1/2 for BJTs

drain

Epi-Layer

\

p+ Layer

2 2

Req _ o CQS E gmb C
7//gms_1+57/ Cin 7/(R\gng) (Rb\gmb) gms (Rbgr;) Cin

*
Gate induced

Induced into gate

Gate .
/ \ resistance Substrate | _—" [Bieleize oy fin

— ) inversion layer!?
Intrinsic channel noise «1 resistance y )
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4. Signal processing, i.e.,
“filtering” or “pulse shaping”
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Weighting Function

Weighting function

3 e ) ()

Impulse response

'/h(t)

I

T

sample

. Each sample carries a memory of the past events determined by the

impulse response of the system preceding the sampler.
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Composite Weighting Function for Correlated Double Sampling

Weighting function

w {f, r&{,’

I

Impulse response

'/h(r)

Composite / .
weighting

function
[ from V"’(I:Im)_nj(t!tﬂ) ]

e WL 1)

. f[} tm

\ !;amp]e

“baseline sample”™

. Each sample carries a memory of the past events determined by the
impulse response of the system preceding the sampler.
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Amplitude [V]

Transfer Functions in Time and Frequency Domains

-0.9

00100 150 200 250 300 350 400

Time [ns]

Frequency Response [db]

108

Ulilipolar
"""""""""""" Blpolaq \ |
10+ 10° 100 107
Frequency [Hz)
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Optimum Filter for Amplitude Measurement
(delta functian signal current)

I out

31, 21, f T, 0
31, Time

7= noise corner time constant

Trapezoid w(t) for reduced
ballistic deficit with finite
width signal current
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Offset Output (Arb)

Trapezoidal Weighting Functions

by

Digital (Uncorrelated) Signal Processing

From: X-ray Instrumentation Associates,

App. Note 970323-1
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Passes
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Sample

Here

——————————

Slow Filter —

. 3 , |
2 Fails

1

f"g | Preamp

Isolation
— Test

Fails o
Width . =
Test Fast Filter

- e o = o e e = e = = = = -

Slow Filter

10

25 30
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5. Charge amplifier
configuration and charge
transfer from detector to

amplifier
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Basic Feedback Preamplifier Configuration

Qb fg >

Crosstalk signal mto adjacent
channel (via capacitive
coupling) increases with T,

Go - ngo
(Dh - gi??/CO
1
LT TR

~—y

-—

Rise t.c.

Aperiodic
response for

R /G

Inductance:

T R/
>21 S 31

@, C; | oF



Charge Transfer from Detector to Amplifier

Transfer by conduction:

Qs5(t)é_(:_1_:_\ e

+ The lowest noise for an
electronic amplifier that
. _ C, C, could be achieved under
Switch closed : Q, =Q, C,+C, Q= Qs C, +C, ideal circumstances:

QS /s distributed as the ratio of capacitances

~ Te
ENC,,, = 22 [k;TC,_ | A

QS (1)

RG
gL..

W Ad C vsCq, matching needed!

useful”charge: AQ, =Q./|1+(Cy +Ciey +Cy)/C, | 7. —Clectrontransittime

throughthechannel
ACDC/AI d — Z-e = gs gs/Al d = C/gm_) Cgs = nge g 32



Optimization of speed, gain and power in CMOS

250 T

Iy AT

100~

: \ : —— 180nm
T - = —130nm| |
L : : —-—-90nm

_—180nm
: : - = =130nm
e T : -—-—-90nm

IEEE TRANSACTIONS ON ELECTRON DEVICES VOL. 53, NO. 9, SEPTEMBER 2006

04 06 08 1 12 14 16
Vg V]

From: B. Murmann et al.

9,/ [S/A]

(919" [GHz*S/A]

| ——180nm
- = —130nm

160

1120

33
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Eq. Noise Charge (ENC) due to gate tunneling current
(parallel noise)

100 E ! | ! | ! | ! | ! | ! ?
0L 90 e /sqrt(pF) at 1us ]
107 k E
™ - ]
§' 10° 3 «— 3 e/sqrt(pF) at 1us -
c - ]
S 107 q
& §
o 10°k E
Q .
S 10°F y
107 k ]
b v,
0.0 0.1 0.2 0.3 0.4 0.5 0.6
* Py Technology [um] Lmin (Min. channel length)
TOX_
i "'_"'Leff n+ Gate oxide thickness: ¢, =L . /50

34



6. Timing measurements
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Time Measurements
We want to measure the arrival time of the signal pulse

as time information we

B choose the 0-crossing
& " - time of the output signal

~ < time walk = T

noisy output signal for simplicity we fix the 0-crossing time in t=0
S,,» NoON-noisy _ _ _ _
output signal *From the ratio of amplitude and time fluctuations:
2
o) 2 O
Oa f‘K -t os_| dSo Oy = 2
W time - = dt dSO
amplitude r.m.s ‘ =0 b}
r.m.s. ' dt
t=0

time resolution improves as the slope at the 0-crossing increases

Adapted from: C. Guazzoni 36



Constant Fraction Timing of Variable Shape Signals

Detector Current

el in Input Signals —
i |
- =i
Time
.'_.' S2 = J idet df r: y
Delayed Z 5 :
preamp out 7.~ CFG)

CF(S))

—o—/

A -
1
ZCD N TS

*This method provides anti-walk
timing (constant fraction) on
early part of the signal (short t)

«Amplitude of the constant
fraction has to be above the
noise.

Time

> oV —

v

Input Signal

Delayed and
Inveried Input

Attenuated and
Inverted Signals

-V, 1+

(1-NVvy -

Constant-Fraction
Signal

(1-1) '.I"E

1l

TARC

T A Bipolar Timing Signals Fi

Constant
fraction signal

(From: Ortec)

. Formation of the Constant-Fraction Signal.
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Constant Fraction by RC “Quasi Delay”

Timing after
signal peak Signal after RC

apr,2 b N\ et d p e L NN
TP3 - -Haoq:w._-i-l' -}n-o-o-Ha-o-a-n-l—t-o-o—u
TP4
TPS
100 ns/div 50 ns/div
Difference Zero crossing —
signal timing signal is after
the signal peak
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/. Fluctuations on a capacitance
and charge measurement
sensitivity - kTC noise
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Thermal Noise, Total Fluctuation without band-limiting: kTC noise

sigwal noise e“ Frequency Spectrum
1Rl oL
ad © 'f
v,
L *while woise = 4kgTR
I B ‘ /
=—+ joC ’°g : .
2 —AL T/ P
Ln "H'LBJ. T AN

2 Eq. bandwidth = —
Gq:kBTC q Ih 4RC

According to equipartion

theorem (1/2)k T  for
each degree of freedom —
(1/2)ksT =(1/2)0Z /C=(1/2)Co;| 1. C=IpF } RC = 1ms

_ R=1GQ f=250 Hz
independent of R 2. C=100f RC=1ns

R=10k fn=250 MHz

“independent of R”
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Charge and Voltage Total Fluctuations on Capacitance

pacitance: |Charge Voltage

fluctuation: fluctuation:

C [F] (KTC)** /g, [rms €] |(KT/C)"* V]

1a 04 64m

10a 1.26 20m

100a 4 6.4m

1f 1.26x10 2.0m

10f 4.0x10 0.64m

100f 1.26x102 0.20m

1p 4.0x102 64

10p 1.26x103 20

100p 4x103 6.4u

Dynamic range:

500mV ~
AG ~ 500

ENC (if no filtering):
=126 rms e
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Transient Build-up of Noise: kTC noise vs time

1
g = J

Campbell:
t
= % E/ h?(u)du = %(1 — e 2/T)
0
1 _op /72 |p===cr==-===
o/ (kpT/C)"™ = (1—e*/7) avie
o(t) ’
(kpT/C)" 0 o
‘ “ | H H}g_ h(t) o / For t/7<< 1: crf, x t (random walk)
t=0 t.Y
IR oo (/0 (21
h(t) = e et/ T

N For 7=RC =15 5, /(ky1/C)" ~[_4.5%

t = lus




Pixel Reset, or Charge Transfer and kTC Noise vs Time

Gﬂ/(,fcil‘"(f)”2 = (1 _e—Qr/RC)wz

/ \\

N N

[N 067% |

Illl |\\* JI

f}\_\ll LLITLLL
/ AN S

’

5

4
\"“a__________/

' I 2 3 ] 5

/ Reset /Transfer Transistor ON

B Reset Transistor
Charge Transfer -|—|-"‘/

Reset Transistor Transist
Pixel or - ransistor |
Readout Anode SF [iwi —a | | |
' £ b
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Correlated Double Sampling (CDS) and kTC

Noise “new” KTC building up
y2 12
“old” kTC Signal oo KTCJ [ 1-exp(-2/ (R

(from reset) |
/ 5 /
— : —

/

Reset switch el O.f “Old’i
opens: Sample 2 kTC decaying with

Sample 1 time constant CyR:¢
1 Roee /Ty ~10° —10™
Lyows = Ton |~ {
Example:
|— C~20fF
Active Pixel ¢ —= L = ron~ 10° ohms ronC ~ 20 ps
(orcCh) | Riign = Roer Rore~ 10130hms R C=0.2's
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8. Noise from Dielectrics
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Lossy Dielectrics and Complex Networks

r—— === - — — — 9 —_ -
| |
|

IEEE:

Complex Spring Constant
FHLAH T IE AT

‘. %—Jl-é—l 1-é—HT§L|m

m

k=k(l+jo)
k.= “relaxed” spring constant

f=1/Q=10"%-1078

ielectric
1 Ly | | 1 .E"
€ = € +j¢ =E(1+]E)
e Q O]
From the Fluctuation- ) 1 ) ,
L & =4k, TD—, ; g~ = 4kpTC —
Dissipation Theorem: 'n =B e In B

For charge measurement ENC D= k B TC(2.4D)
(ns to ms range)

ForC=1pFatT=293 K

Gy = (kg T C)”2 =400 e rms

ENC, <5e (with an optimized amplifier)
Dielectric Noise Contribution:
D =5x10”, ENCp=4ecms

D = 2x107%, ENCp = 86 rms (GI0 circuit board)

R(1 + CDR®)
C2R2w? + (1 + CDR)

2 —
va(@) = 4kpT

. .{BT[n+ D Log(4n2R2CH 1 +D2)) 5 W ,
h 1 - TRCS, (14 D%) _ABH.U,Q (-fh}
a2 = | v2(n dr = ‘ . + ~
v 0 nCll+ D7) nC(l+D=)
5 kBT
Sys < 46
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A. 1
Noise Calculation:
Time Domain and
Frequency Domain

¢ For time invariant systems impulse response h(t) and weighting

function w(t) are interchangeable for noise calculations.

From Parseval’s theorem, noise variance can be expressed as:

_ v 8} _ o
o =nq | bndr = 2nq’] H(w) df
e 0
Campbell’s theorem 0
Also: & =W, | [H(w)|" df

0

Thus noise spectral density: W, =2 n q2 = 2q.l, for shot noise
(similarly W, = 4kT/R for thermal noise)

Parallel noise inteeral:

a0 o0
L ENC, = %Wy, [ h(ndr=W,, [ [H(w)Pdf
=00 0O

parallel noise (current) spectral density = W,

Series noise integral:

v 8] o0
I, ENCS = %W, Gyl W (nde=W,Ci | @ |H(w) df

-0 0

series noise (voltage) spectral density, W, = e.> = 4kTR,

o0 o0
(since | h? (ndi=2] & |[H(w) df)
-0 0

For time variant systems, noise 1s calculated using weighting function
and time domain relations.




A.2 Parallel Noise due to Dark Current in Devices with
Avalanche Gain

Parallel noise (from Campbell’s theorem):

EN(";‘; =ng” | w(t)dt = nq’1;
n.q2 =q(nq)=ql, n = rate of charge impulses
I = equivalent integration time

e Devices without avalanche gain. ¢ =e = electron charge

e Devices with avalanche gain M : ¢ = Me = charge in each impulse in Poisson sequence

Parallel noise due to dark current in avalanche photo-diodes:
~2 52
ENC, = n(Me)“t,;
)
ENC?=1,M et

Avalanche gain magnifies the noise (ENC),) by M "2 compared to the shot noise from a

current I, .
1.e., the noise due to avalanche dark current I, equals the noise due to single electron

current M1, .

(Surface leakage current noise 1s not subject to avalanche gain.) 53



A3. Noise Figure vs Noise Voltage, Noise Current and

Noise Temperature
el R,

source

6.
4KT R,

NF = 10 log) [(source + ampl.)/source]
NF = 10 log;o [1+(e,” + i,” R,\)/4KTR,]
For i, R, <<e, ., ie, R,=50

NF =10 lOgl() [l + Rg/Rg] =10 IOg]() [1 + T“/T]

Rs = lfzgm + Ipb’
inz =2 elb =2e lc/hFE

[db]

T, = ampl. noise temperature

R,T=R,T, = T,/T =R/R,

NF [db] R [ ] e,[nV/Hz"] T,[K]
3 50 091 293
2 29 0.71 170
1 13 047 76
0.5 6 032 35

ENC from ¢;,1, (withCp+C,andty)
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A4. Noise in Resistors at Different Temperatures and “Electronic
Cooling” by Feedback

T [c
T T

r

R, R, R.
T, T, T,= %3_"‘*'
2

0_2 kB R]le[T T2 ]

vC R, R,
1. forT; =T, — o—f:kﬁ' .
kpT 1
2. if T,=0 — ol =-21.
C 1+R/R,

4J]|_'

\cf

Ruo.

With feedback (cooled) damping:

kT 1
Y C 1+R/R,

RnaRl
R?,

o, min for R, = (Ranﬂ)“2

2 _ kT 2
Y C 1+(R/R,)"?

—O

R,= 10°Q
R..=100Q }

95



ADS. Zero-Crossing Statistics of Noise

- e = = fA _, ~ —_ Discriminator
N\ /"’7(\\ "~ threshold
\___/-/ W(a)) = spectral density

Rate of positive zero crossings: K(z) = autocorrelation function

o = [K(o)]]/2 — Ims noise

N |-

1 _Ta)ZVV(a))da)

o4 K] 1 Rate of positive level crossings:
“r 27| K(0) 2

TW(a))da) V2
L 0 - n(vd)+ =Ny, eXp|:— %K (O):|

Example: 2" order high frequency cutoff (2 RC integrations)

Solution: Threshold crossing rate:
_ 1 v,/lo=n(vy),/n,,
27 (7172)1/2 2 1.4x10" J.S. Bendat, Principles and
3 1 1x102 Applications of Random Noise
For: 7, = 7, = 50Ns;1 45 ; aacs | oo eyssons
n,., = 3MHz150kHz 5 4x10° 56




A.6 Autocorrelation Function as a Diagnostic Tool

Xy “= -
_ 5 ; B
'_ 4 ' : ‘_L. Ok
o o ! _
| ~J '
o _:___ |
F x S X(7)
O'=‘K"2(o)% 1 ‘
| :
0 'i' — 1

Y



An Example of Noise Autocorrelation Measurement by
Digital Oscilloscope

Tek Run: 2. SOGS!S ET Sample i

T 31§ T LI L LRI SN N S B T T 1T T 1 agx.ll-ax..11‘.l. .....

Refz Zoom 1ox Vert 20): Horz ' o ]

1.00mv 50.0ns
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Resolution [pm]

A.7 Pileup Effect on Centroid Position Resolution for
Unipolar and Bipolar Shaping (Weighting Function)

400 1.0
- O  Unipolar
| 0.5 f----
i ® Bipolar =
300 [~ 2
i =
=)
Q < 05
200 009 : : : : : ; |
= ( 50 100 150 200 250 300 350 @ 400
- Time [ns]
100 0 :
- —_ Unipolar : :
i g S e S N
n §—40 _L """" B|p61ai‘_J """""""
0 TR N I TN NN TR SR AN TN TR SR SU NN TR NN MR S SN S 5] : : :
0 1 2 3 P B e e R WV
Rate (atn=2.7) [kHz/cm?] 5 ol o\
Detector: 1.5 m long MWPC with ] | | |
interpolating cathode strip readout; 10K TS G 0 Tos

Peaking time ~ 250 ns Frequency [Hz}
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e Basic semiconductor operation

e Devices & models

* Diodes
* Bipolar transistors
* MOS transistors
* Strong inversion model
* Moderate and weak inversion

e Device fabrication processes



* Silicon (atomic number 14) has 4 valence electrons in outer shell (as does Ge)

* Most stable (lowest energy) state has “filled outer shell” of & electrons
* Collections of Si atoms arrange themselves so as to form lowest energy configuration
* Each Si atoms shares its 4 electrons with 4 neighbors (covalent bonds)
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* Average energy to liberate electron-hole pair: 1.2eV in silicon (bandgap
energy)
* Energy can be supplied by particle, photon, or phonon (thermal energy)
* Electrons and holes can move independently in the lattice by

*Diffusion

* Electric field
* Electron mobility (velocity/field strength) ~ 3x hole mobility



* Average thermal energy per electron in lattice ~ 25 meV << 1.2 eV

* Very few electrons/hole pairs actually do get liberated thermally (~ 1in 1072)

* Electron or hole concentrations can be dramatically increased by “dopants”

* N type dopants (donors) have extra valance electron than silicon ( columnV in
periodic table: e.g. Arsenic)

* P type dopants (acceptors) have one fewer valance electron than silicon (column
[Ilin periodic table - e.g. Boron)

* Donor/acceptor atoms contribute electron/holes on one-to-one basis
* Generally applied by ion implantation (or gaseous diffusion in older processes) ’
* lon implantation provides better precise control of concentration and depth profile
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Acceptors
Elemental semiconductors

ﬁ Donors

helium

nydr&gen ’ ) ) ’ ;

* m o v :
H He
1.0079 4.0026
lithium beryllium boron carbon nitrogen oxygen fluorine neon

3 4 5 6 8 10
Li | Be B|C|N|O| F |Ne
6.941 9.0122 10.811 12.011 14.007 15.999 18.998 20.180
sodium magnesium aluminium silicon phosphorus sulfur chlorine argon
1" 12 13 14 16 17 18
Na | Mg Al|Si|P | S |Cl|Ar
22.990 24.305 26.982 28,086 30.974 32.065 25453 39.948

potassium calcium scandium titanium vanadium chromium | manganese iron cobalt nickel copper zinc gallium germanium arsenic selenium bromine krypton

19 20 21 22 23 24 25 26 27 28 29 30 3 32 33 34 35 36
K | Ca Sc|Ti|V|Cr|Mn|Fe|Co| Ni|Cu|lZn|Ga|Ge|As|Se | Br| Kr
39.088 40.078 44.956 47.867 50.942 51.996 54.938 55.845 58.933 58.693 63.546 65.39 69.723 72.61 74.922 78.96 79.904 83.80
rubidium strontium vitrium Zirconium niobium | molybdenum| technetium | ruthenium rhodium palladium silver cadmium indium tin antimony tellurium iodine xenon
37 38 39 40 M 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb | Sr Y | Zr [Nb|Mo|Tc|Ru|{Rh|Pd|Ag|Cd|In |Sn|Sb|Te| | | Xe
85468 87.62 88.906 91.224 92.906 95.94 98] 101.07 102.91 106.42 107 .87 112.41 114.82 118.71 12176 127.60 126.90 121.29
caesium barium lutetium hafnium tantalum tungsten rhenium osmium ridium platinum gold mercury thallium lead bismuth polonium astatine radon
55 56 57-70 ! 72 73 74 75 76 7 78 79 80 81 82 83 84 85 86
Cs|Ba| * [Lu|Hf | Ta| W |Re|[Os| Ir | Pt |Au|Hg| Tl |Pb| Bi | Po| At | Rn
132.91 137.33 174.97 178.49 180.95 183.84 186.21 190.23 192.22 195.08 196.97 200.59 204.38 207.2 208.98 [209] 1210 [222]
francium radium lawrencium | rutherfordium|  dubnium | seaborgium bohrium hassium meitnerium | ununnilium | unununium | ununbium i
87 88 89-102 103 104 105 106 107 108 109 110 111 112 114
Fr| Ra|*x*| Lr | Rf | Db | Sg | Bh | Hs | Mt (Uun|Uuu|Uub Uuq|
[223] 226 262] 261] 262] [266] 264] [269] 268 [271] [272) [277]
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Doping levels & nomenclature
* Intrinsic silicon (non-doped) ~ 5x10%2 Siatoms/cm?

*N- ~ 107* donor atoms/cm?
*N ~107% donor atoms/cm?

*N+ ~10"8 donor atoms/cm®
*N++ ~1029 donor atoms/cm? ( ~ 1% concentration in silicon)

* Similar (but somewhat higher) number s for P-, F, P+, P++

Mobilities of electrons & holes (independent of concentration)

2 2
cm cm
~1500 — 300 —
A V-s “p Vs
Resistivity of doped silicon
1 1
p=—:
. 4, N+ Hpy P

—> Wide range of resistivity possible via doping (controlled by majority carriers)



* Drift

* Carriers are pushed by electric fields
* Velocity proportional to electric field strength [V/m]
* Constant of proportionality is mobility, n (different for electrons and holes)

v=u-E
* Diffusion
* Carriers move by thermal motion from regions of high concentration

to regions of lower concentration.

* Flux is proportional to gradient of carrier concentration

* Constant of proportionality is the diffusion coefficient, D, also
different for electrons and holes.

.2

J=q,.
. D~



for either holes or electrons [1]

* Note D has units [ Lenght?/time] or “area velocity”

* Recombination
* Moving electrons can find holes and “drop in”. Characterized by carrier

lifetime, 7, the average time required for probability of annihilation to be
1/e.
* Diffusion length defined as

L, =+D-7

* Diffusion length is the same as mean-free-path of minority carriers

[1] A.Einstein (1905), in connection with work on statistical physics and Brownian motion
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*Any direct contact between p-type and n-type material will form p-n junction diode
* Initial concentrations of majority carriers

300300 (803",

p-region h-region

* With no applied voltage, there is no field to drive drift of carriers
* Majority carriers in each region move by diffusion across junction

3o @@' :
Qo Q ’

O

p-region n-region
Space charge
’<_ region _>‘

* Note: Frequently one side is more heavily doped than the other
—>lopsided distribution of essentially one type of carrier. 10
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* Space charge builds up internal electric field - “built-in field”

-

p-region ~ h-region

* Built-in field stops the flow of carriers across the junction
* Externally applied field in opposite to built-in field produces current
flow. = Forward bias

* p-n junction consists of high electron concentrations separated from
high hole concentrations by space charge region, hence form a capacitor
- Diffusion capacitance

* Large reverse bias increases the size of the space charge region. 2 Cd
decreases with increasing reverse bias.

11
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Diode current-voltage relationship

q AV} \Y

| =1_-(e™T -~ -e™

*Is = reverse saturation leakage current, generally pico-amps to nano-
amps, and is very temperature dependent.

*Approximation valid for forward bias >a few Vt

k= Boltzmann’s constant (1.38 x 102 Volt-Coul/degK)

*kT/q = Vt DThermal voltage (~ 25 mV @ room temp)

*n = Ideality factor, generally ~ 2 for pn diode

* Small signal conductance in forward bias

ol I 0 ma

G - ~20 ——
oV n-V; Volt

"~y

12
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Junction (diffusion) capacitance

* Diffusion capacitance is defined in terms of “small signal” model
* Incremental increase in V injects additional carriers into space charge region
0Q & | .7

_ 1. 1) =G.r=—"
VIR VAR ]

where 1 is the carrier lifetime.

* Note that carrier lifetime is the same as junction time constant. E.g. If the current
is made to change abruptly, the voltage will change with single pole response with
time constant t

Example

A diode has a carrier lifetime of 100ps. What is diffusion capacitance at 2 ma
of bias current?

2> At2ma, G~ 10malV > C,;~10x10°x 1001012 = ~ 1pf

13
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Typical parasitic diodes in CMOS processes

n-implantation : n-well

% p-type material

p++ implantation in n-well

% p-type material

Substrate diode, generally reverse biased

P++ in n-well. Parasitic diode in MOSFETSs,
generally reverse biased, but can be used as
diode in forward direction, or as “input
protection” diode.

14



Point Contact Transistor Junction Transistor
Bardeen, Brattain 1947 Shockley 1946

15



emitter

* ¢c-b junction (n-p) is reverse biased with positive voltage.

* Electric field is formed in c-b junction

* b-e junction is forward biased.

* Electrons flow (are injected) from emitter to base, but are swept up by collector
by electric field in c-b junction.

* Base typically lightly doped (low hole concentration), long diffusion length, and
thin (<< Ld)

* Some recombination occurs in base. 2 | <I..

el=1-1,=hgxl, 16



Collector current vs base-emitter voltage

Ic vs Vbe

Qv v

T — 9 0.05
I = IS ‘(ekT —1) ~ IS ‘eVT (Vbe)

—

c

h = ideality factor ~ 1

—-0.05
=], -0.5 0 0.5 1

Transconductance (units “mhos” or “Siemens”)

C C 9

G =] Gy _ 40 v
NV, 1,

Note: Gm/I for bipolar transistor is gold standard for any particular semiconductor.

- Highest Gm per unit current
17



Ideal collector current characteristics

Ic

Saturation region
* Insufficient collector
voltage to sweep up all
injected electrons

Family of curves

for increasing
Vbe

\ Vce

Active or linear region

* Collector sweeps up all
injected charge

* |, independent of V,

* Output conductance is
infinite.

18



Non-ideal collector current characteristics

* Increasing V,, increases the size of the space charge region
* This decreases the effective width (thickness) of the base
* Increases the collector current.

* “Early effect” (shown exaggerated below)

- Vce
V,: “Early voltage”

* Finite output (collector) small sighal conductance

oly) I
N, V. +V, .

ce ce

0=
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Additional effects and small signal modeling

* Base spreading resistance : R, : Physical ohmic resistance in the base region.

Typically 10s to 100s of Qs
* Effective collector impedance R ~ 1/g,

*Base-emitter resistance R,,,.

6(Vbe _ a(Vbe _ hfe

v, ol G

Example
*lc=2ma—> Gm=2ma/25mvy=80 mS

21/Gm=12.5Q

*hfe=120 2> Rbe=120x12.5 = 1.5kQ

20
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Vee (B5Y) — Vee =
RL
' N
L
: Vo Vin Rbb’ COb : Vo
— 1o | °
Vm
9 Cbe — Rbe R = 1 /go — Cce Vln X Gm
© ©

* Can be viewed as
» Current amplifier
—>low frequency gain h,,

—Dominant pole 1/(C,, R,
- Unity (current) gain bandwidth @ ©,=G,/C,,
—>Both bipolar transistors and MOSFETs are characterized by o

»VCCS - Transconductance amplifier - Much higher frequency
21

configuration
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Simple (sometimes parasitic) transistor structures

Vertical pnp (common collector) Lateral pnp

P+ (emitter) P+ (emitter) n (base) p+ (collector)

h (base)

p(collector)

22
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Deep-trench-isolated, double-polysilicon, self-aligned bipolar technology
B E ks

p™ polysilicon - n' polysilicon
p" polysilicon

+
p P p -
n

* subcollector

o Polysilicon-filled ~— _—
deep-trench isolation

Y. Taur and T.H. Ning, Fundamentals of Modern VLSI Devices, Cambridge University Press, 1998.

From slides by G. Anelli - pg 37 23
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Base spreading resistance, R,

Thermal voltage noise source in series with base

— e, =/4KT -R,,,

Example

R, =62Q > e =1nV/Root(Hz)

24



* Collector-base junction is reverse biased. = Collector current suffers shot

(Poisson) noise

in :\lz'qe°|c

where i, is current noise density in amps/Root(Hz)

* For purposes of analysis, collector shot noise can be represented as an
equivalent voltage current density (e,) across the base-emitter junction. e, has
units of volts/Root(Hz)

More current = lower noise in common emitter configuration
25



Example

|

* Transistor at room temperature
*l,=1Tma

SR,..=1250

—> For transistor in previous example, input series noise
dominated by R, (62 Q)
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Noise source is in parallel with input

|I - ”parallel” noise source.

27



Field Effect Transistor Patent — Lilienfeld, 1927

/\.. 272437
. /L‘/ 77, 192 2
e

The method of controlling the flow of an electric

I Claim:=-

current in an electrically conducting solid, which comprises

establishing an electrostatic influence in proximity to said
flovie )
-2

The method of controlling the flow of an electrie

current in an electrically conducting medium of minute

thickness, which comprises subjecting the same to an electrp=

static influence.

% century later

Quad Core Intel® Xeon™ 7110M (server) - 1,328,000,000 (90nm) transistors

28
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Conductor
Insulator
gate
source drain
n++ n++

p-type substrate

Initial conditions
* Set Vsub=0V

*Vs =0V
* For Vg=0V, no current flows regardless of Vd (back-to-back diodes)

29
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p-type substrate

* Increasing Vgs establishes electric field from gate to source

* Field attracts repulses holes ~attracts electrons (minority carriers)
* Majority carrier concentrations decrease, minority carrier
concentrations increase

* For Vgs > Vth, an “inversion layer” (orange) is formed under gate
—>conductive layer with n>p

* Typical Vth ~ 0.7V (long channel)

* Electrons become the new majority carriers in inversion channel
30
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n++ n++
9 | b(bulk)

al

p-type substrate

* For any fixed V . > V., channel is conductive. For small V,, it is resistive
(g~ Vo)
*As VY, increases, channel becomes lopsided 2 E < E_

* Channel depth shrinks near drain.
* Increasing V,,_ further does not appreciably increase |, (“pinch-off)

31
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\ n-well

p-type substrate

> Ty e

32
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Strong inversion =2 Vgs-Vth > few hundred mV

Resistive region

'V, <<V95—VtI1
* No electrons under gate until Vgs>Vth
*ForV >V, - Total charge under gate

Qg =W I—'Cox ) (Vgs_vth)

where C_, is oxide capacitance per unit area

* Time required for charge to be swept from source to drain

bbb L
viooou- Eds H- (Vds/ L) H 'Vds

33
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Resistive region

Drain current

W
Id — T’:u'cox ) (Vgs_vth) 'Vds

* Drain-source “on resistance”
L 1
Rds(on) = W ) C Y,
Moy (V gs th)

* Definitions used for simplicity

A
K, =u- COX[\?] Typical values (~ 50 to several 100) pA/v2

34
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Transition region
V4, comparableto V -V,

Charge density under gate 5 % d

,0(0) — Cox ) (V gs_Vth)
p(l—) = Cox | [(V gs_Vth) _Vds]

Total charge

V
Q =W I—'Cox '[(Vgs_vth) _%]

Drain current
W Quadratic in Vds

_ Vds
|, = T K, -V s Vin — 7) Vas Peaks (saturates) at V,=(V,,-V,,)

35
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Saturation region

W
ly=5-"K, °(Vgs_vth)2

2-L
Drain conductance (output conductance)
g, = A, =0 - Infinite output impedance
OV,
Transconductance
ol W
On = = 2°Kn'r°|d

gs

Transconductance per unit drain current

%=J2-Kn- W
l L-1,
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Can MOSFET’s transconductance per unit drain current rival that of bjt??

ok W 1 1
L-1, V, 25-mV

Expressing this in terms of gate voltage, this should occur when

V. -V, <2-V; ~50-mV

But this doesn’t happen because “strong inversion” assumption becomes invalid.
—> At very small values of “effective” gate voltage, operation enters “weak inversion”

where strong inversion equations do not apply.
—> Can also be viewed as region in which drain current “density” (Id per unit W)

becomes very small.
= Drain current expressions become exponential, similar to those of bjt.
37
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Id vs Vds - Simplified strong inversion model

ax10™* >~
S / Saturation
1(0.9V.Vg) 3x107* o
I[1.1V.V,
Sy ds) 21074 / /
1(12V,Vy) /
e L— Resistive region
ot : ; 3
Vs
Id vs Vgs - Simplified strong inversion model
e 297 g aturation 4\
(V. 1V o ‘
1(_g 2v; %\ Resistive region
hi 1x107* A
Sub threshold —_
GO\L 1 : 3

Vs

Note: In this example, Kn=100 x10° A/VZ and W/L = 1 38
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Model can be tweaked “by hand” to make drain conductance finite

- Inlinear & saturation regions, make following replacements

Linear
W V W V
Id - Kn ) (\/ gs_Vth _ﬁ) 'Vds — Kn ) (\/ gs_Vth _ﬁ) 'Vds ) (1+ A °Vds)
L 2 L 2
Saturation

W 2 W 2
Id :ﬂ'Kn'(Vgs_Vth) :ﬂ°Kn°(Vgs_Vth) '(1+ﬂ“°vds)

where A is an empirical Early coefficient (units of V1)
39
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Id vs Vds (W/L =1)

T Output conductance
6x107° Jannin P

I(.9V. V)
ﬁvvds} / g =8Id B ﬂ“ld <]
yvg) #0 °T OV, 144V, d
I(1.2V. V)
o 25107 S

% Example

% . 2 ) ld=4uA, A=1/25V

Vs —>go ~ 1/60k2

40



* In saturation, dominant noise source is thermal noise in drain resistance
* Physical drain resistance can be approximated by [1]

[1]“Analog MOS Integrated Circuits for Signal Processing” R. Gregorian, G. Temes - Wiley 41
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1/f noise

* Thermal and shot noise are examples of “white” noise = density is frequency
independent

* MOSFETs have additional “pink” noise = Power per unit frequency is proportional
to 1/frequency

* Thus, power per decade of frequency is independent of frequency.

* 1/f noise density scales as gate area (gate capacitance) > W x L

2 8 kT Kf'ld 1
39, C, ,W-L f

where Kf is “flicker noise coefficient”

* Can be characterized by “1/f noise corner frequency” at which the two terms
above become equal

* Abovef, . ... white noise dominates. Belowf, . .. 1/f noise dominates
* 1/f noise tends to dominate for “long shaping time” circuits

* Can frequently be fixed by increasing transistor size, both W & L

* Tends to be smaller in pfets than in nfets.

42



Summary and conclusions

* Simple MOSFET models, including noise, are intuitive and can guide initial designs
* Models are similar to SPICE Level-3 models

* Not nearly as accurate as BSIM models, available through vendors MOSIS, or
Euro-practice. The shorter the gate length, the more this is true.

* ASIC designs CAN be made with BSIM/SPICE models alone, but one has to rely on
simulator “sensitivity” modeling.

* Unvarnished opinion
» Start with simple model hand calculations
» Estimate transconductances, choose initial Ws and Ls, include major noise
sources, 1/f contribution, etc
> Tune up the models with more accurate SPICE simulations iterative
procedure

* For those who are interested in pursuing more extensive physics based models,
there is EKY (See bibliography)
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Outline

* QOperation and characteristics of MOS and Bipolar transistors
* Sub-micron CMOS and BiCMOS technologies

* Feature size scaling

« Radiation effects and reliability

* Mixed-signal circuits

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06



Operation and characteristics of MOS and Bipolar
transistors

» MOS transistor equations and characteristics

» MOS transistor small-signal equivalent circuit

» Bipolar transistor equations and characteristics

» Bipolar transistor small-signal equivalent circuit

« Sub-micron CMOS and BiCMOS technologies
» Feature size scaling

« Radiation effects and reliability

* Mixed-signal circuits

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06
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The MOSFET

The basic idea behind Field Effect
Transistors (FETs) was first patented by
J. Lilienfeld in 1930 for the MESFET (MEtal
Semiconductor FET) and in 1933 for the
MOSFET (Metal Oxide Semiconductor
FET). But we had to wait until 1960 to have
a technology capable to make a working
device.

The first working
MOSFET was made
in 1960 at the Bell
Laboratories by
D. Kahng and
M. M. Atalla.




EE The (N)-MOS transistor
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Gat :
Source ©? / e Oxide

Z
‘4 X Body a}).

(Substrate)

DRAIN What is a MOS transistor?

GATE «“j— SUBSTRATE  Analog circuits: amplifier (V to |)

SOURCE Digital circuits: switch

Y. Tsividis, Operation and Modeling of The MOS Transistor, 2nd edition, McGraw-Hill, 1999.

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06
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G
s D
1 1

Y T

G

S
e

o

LINEAR REGION (Low V):

Electrons are attracted to the SiO, — Si
interface. A conductive channel is
created between source and drain. We

have a Voltage Controlled Resistor
(VCR).

SATURATION REGION (High V4):
When the drain voltage is high enough
the electrons near the drain are
insufficiently attracted by the gate, and
the channel is pinched off. We have a
Voltage Controlled Current Source
(VCCS).

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06
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3.0E-05

2.5E-05

2.0E-05

1.5E-05

los [A]

1.0E-05

5.0E-06

0.0E+00

Giovanni Anelli, CERN

This is a real device measurement !

L Locus of Ips_sar VS Vps_sar

|

Output conductance

T

1

Saturation region (VCCS)

Linear region (VCR)

0.0

0.5 1.0 1.5
Vs [V ]

NSS-MIC Short Course, October ‘06

2.0

2.5

@ three
different V4
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Drain current vs Gate voltage

This is also a measurement, same device.

2.E-03
—_— —_— red
1.E-03 - —_—  —
= High field
1.E-03 - ST (vertical and The SLOPE of this
() H H .
T longitudinal) plot is called
i o 3 c effects
. 1.E-03 S £o \ Transconductance,
< O .
< 8 E-04 8 S c O ~— and is a very
.E-04 - =) o .
Té % o 59 important
= 6.E-04 - a = g paramete_r for_
e analog design (is
4.E-04 | - the “gain” of the
— V-to-l amplifier).
2.E-04 -
—_— —_ green
na—
0.E+00 I I I I ) ! ! ! ! !
04 0.0 oy 08 12 16 2.0
THRESHOLD VOLTAGE Ves [V ]

Giovanni Anelli, CERN

NSS-MIC Short Course, October ‘06
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Log(lps) Vs Vs

Exactly same measurement as before, but semi log scale

los [A]

LEAKAGE
CURRENT

Giovanni Anelli, CERN

1.E-02
1.E-03 -
1.E-04 -
1.E-05 - WEAK
1 E.06 | INVERSION AN
\ THRESHOLD

1.E-07 -

VOLTAGE STRONG
1.E-08 - \ INVERSION
1.E-09 -

SUBTHRESHOLD

E-10 SLOPE
04 00 04 08 1.2 16 2.0

Ves[V]

NSS-MIC Short Course, October ‘06

red

green
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LINEAR REGION:

nV
V. _V lps =B (Vas — Vr — i)VDS
Vps < &5 L= Vbs_sar “
. .
|
Transconductance: g, = 9los = BVps
oV
GS

SATURATION REGION: 3
s = — (Vgs — V)2
DS 2n( GS T)

V.. -V
Vps > Gsn L= Vbs_ sar
ol B B
Transconductance: =08 Py -V.)=, 25
g oV, n( es — V1) [ DS
n=gm+gmbz1.x g =a|DS B=IJ-C ﬂ C ZSSiOZ
Im ™ 8 Vss L N

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06 10
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then the drain current does not depend on
If  Vos > 4n¢, Vps any longer (saturation)

VGS
IDS :|D0 en(])t g — aIDS — IDS
m
- Vgs  NO,

Almost like a bipolar transistor (see later)!

b, = L ~ 25 mV @ 300 K

q

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06
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% . .
— 15805 - Dashed lines:
= 1.0E-05 - ideal behavior
Vos LV Al g AL
G C;out =
S D AV AV L-AL
T+ * T+ The non-zero output
n i ] n conductance is related to a
| AL, phenomenon called
! L ! channel length modulation

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06 12
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Drain-to-source current in saturation

Ihs = 2[3_n (Ves — Vs )% (1+ AVps) = IDS_SAT -(1+AVps)

Output conductance Output resistance
Ol 1 1 V. -L
gou = g s = = }\' . I r. = = = E
t i OVps O3-S ’ Jis Aclps sar  los_sar

ro 1 AL where AL = f(Vos, Npgoing) Remember: A is
V,s L-AL proportional to 1/L

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06 13
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Bulk effect AV, =y (Vo)+ b —os)) 7= V24esN,

C

Source parasitic g = I
resistance " 1+9.Rq
Vertical electric W= Ho
field effect 1+ 0 (Vgs — Vi)
Maximum f o1 O _ 1 (Ves —V;)  ins.i.
frequency ™ 2nC, 2mnl? % T

K. R. Laker and W. M. C. Sansen, Design of Analog Integrated Circuits and Systems, McGraw-Hill, 1994, Chapter 1.

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06
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For low values of the longitudinal electric field, the velocity of the
carriers increases proportionally to the electric field (and the
proportionality constant is the mobility). For high values of the
longitudinal electric field (3 V/um for electrons and 10 V/um for holes)
the velocity of the carriers saturates.

IDs_v.s. — WCoxvsat (VGS _VT) with Veat = 10’ %

gm _V.S. _WC

oX sat

f _ 1 gm — 1 Vsat
max_V.S. 27_[ Cgs 27_[ L

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06 15
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Weak Inversion (W.1.)

g = IDS _— gm = 1
" n¢t ID n(l)t

Strong Inversion (S.l.)

_ 9By, 9m_ BT
I = ZEIDS b n lps

Velocity Saturation (V.S.)

gm“D

1E-11 1E-09 1E-07 1E-05 1E-03
g, WC_v

ID | W In = Wcoxvsat - = —

IDS IDS

Moderate Inversion (M.l.): No Simple Equations

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06 16
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10 ' \ .+ Slope=-0.5
o ] Strong inversion
= ]
£ |
o
1 3
Slope = -1
) < Velocity saturation
0.1 . ; ; ; ; ; !
1E-11 1E-10 1E-09 1E-08 1E-07 1E-06 1E-05 1E-04 1E-03

o | W

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06 17
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Q U GATE ~“f‘|— WELL VGS <0V
n-well / DRAIN s<0V

B

(VGS - V; )2 0.E+00

0.0E+00 |DS -
,_// 2n -2.E-04 -
-5.0E-06 - o E0s
— -1.0E-05 A '  6.E-04 -
< _ 0 IDS <
— -1.5E-05 - O, = —6 V. —  -8.E-04 -
Q 2  1.E-03 -
£ .2.0E-05 - GS = Eas
-2.5E-05 - - — E(VGs — VT) = 1.E-03 -
'3.0E'05 T T T T n 'Z-E'03 T T T T T T
25 20 15 10 -05 0.0 B 24 20 16 1.2 -0.8 -04 0.0 04
Vps[V] = _ZHIDS Ves[V]

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06 18
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G D
Valid only in
saturation and at
g.V.. =T very low
l ’ % frequencies
No bulk effect
S

s = 2% (Vgs — V;)*(1+AV,) —— This equation fixes the bias point

=Gp -V

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06 19

This equation defines the small signal behavior



VDD

— VDS

S=

Rp

Q

I

/
-\ [)
U

0 %

For a small signal:

— ko *
Vds = “Vgs Im RD

K. R. Laker and W. M. C. Sansen, Design of Analog Integrated Circuits and Systems, McGraw-Hill, 1994.
NSS-MIC Short Course, October ‘06
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G | D
[ P ® | | Py °
C.
_ Cgs l gmvgs l ImbVos o
— Co é —_—C,, T Ca

B And we should also add the
series resistances...

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06 21
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First Point Contact Transistor

T - %

Ay

Lif.'..

Bardeen and Brattain, 1947
Bell Laboratories

Giovanni Anelli, CERN

The First Transistor

The Nobel Prize in Physics 1956

"for their researches on semiconductors and their discovery of the

transistor effect”

William Bradford
Shockley

@ 1/3 of the prize
Usa

Sermiconductar
Laboratory of
Beckrnan
Instruments, Inc
Mountain Yiew, CA,
UsaA

B, 1910

[in London, United
Kingdom

d. 1989

NSS-MIC Short Course, October ‘06

John Bardeen

@ 1/3 of the prize
ST

University of Illinais
Urbana, IL, USA

b, 1908
d, 1991

Walter Houser
Brattain

@ 1/3 of the prize
Usa
gell Telephone

Laboratories
Murray Hill, HJ, USA

b. 1902
d. 1987

22
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: I+ : I+ In normal operation condition (also called
active region) the Emitter — Base diode is
Emitter | Base | Collector forward biased and the Base — Collector diode
is reverse biased. Electrons are injected from
N P N the Emitter into the Base. They diffuse then

towards the Collector, where they are collected.

4}<]_l>‘7 At the same time holes are injected from the

base into the emitter, but in a much smaller
number since the base is normally much less
C doped than the emitter.

A fraction of the electrons injected into the
base will not reach the collector because it will
B recombine with holes in the base. To make this
a negligible effect the electrons lifetime must be
long so that their diffusion length is much
E larger than the base width.

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06 23
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Electron flux Hole flux
—————— > <
1 1 1 1
1 1 1 1
InE : : InC : : '|E=|pE+InE+|rg
I —-———'h—l---\— ————— —-———-T==9 I
E s . : : : : c IB=|pE+|rg+(|nE 'InC)'ICO
—> ] e = loc | | <+
1 1 1 1
1 1

|
CO =
P lc=lctlco

\
|
v
_____ HY i i
I || ] I I _
Irg : : - -:- - - -:- > InCO |E+|B+IC_O

| electron current injected into the base

|,c: electron current collected by the collector

;- emitter space-charge-layer recombination current

InCO and |,: collector reverse saturation currents (I,co * l,co = lco)

E. S. Yang, Microelectronic Devices, McGraw-Hill, 1988.
Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06 24



¢ IEEE . . .
e, Currents in a bipolar transistor

SOCIETY

IC - Ico InC

}lc  Common base current gain o = = =v-B;
VCV, -l lLe +1e +1
IB . . . . _ InE
- Emitter injection efficiency 7= | | |
\ nE + pE + rg
VBE InC
I lg Base transport factor B; = L
nE
v, B+ and therefore a are normally very close to 1 (but not 1)
o I : :
. = Ay + 1C_:sz =hee g +logo hee is the common emitter current

gain (sometimes also called ).
If o is 0.99 h.¢ is 99!

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06 25
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Agg: E-B junction area

D: diffusion constant (=p¢,)
n,: intrinsic carrier conc.

N: dopant concentration
W: E or B width

¢.- thermal voltage

Vee
o=l I = qAE%Q'po et _ By = 1‘ L =.D. 1,

n,.: equilibrium electron density in the base (=n;?/N )
1, electron lifetime in the base

L,: diffusion length

n: number between 1 and 2

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06 26
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A 3 e
Saturation region 0
77 \ 125 A 5
10 =
10 wed 1
. ¥z P —
8 e
< <
E p Active region\\ Ty |
- 30 -
4 N K -
23 \"""-...__
Ly T Cutoff o
0 g =0 pA . region o
0 2 4 6 8 10
VCE [ v ] L 0.2 04 0.6 08
Vee[V]

E. S. Yang, Microelectronic Devices, McGraw-Hill, 1988.

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06
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VB E

Collector current I~z =le” I
Transconductance g, = Ao _L
! a\/BE (I)t IC
Input resistance r = Pee
I
: Ve B
Output resistance o= Ve =
C
Max frequency o = f/lvjzn
B
0Qs _ Ws _

Diffusion capacitance  C, = =

= qAEBDn

Im _ 1 _40@300K

A “few” important equations

n;

NaBWB

qABCNaBWB

Ny "2D

n

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06
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The hybrid-n model

C.(C))
C
B & T C
 aVAVA | | °
Vie 2
_ CJE - CD % I Vi l OmVbe I — CCS
o o
N J
E s SUB
Cﬂ
rg is the base resistance, which is layout dependent
K. R. Laker and W. M. C. Sansen, Design of Analog Integrated Circuits and Systems, McGraw-Hill, 1994.
Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06 29



QIEEE

e

PLASMA EEIE NCES
SOCIETY

Comparison MOS - Bipolar

MOS Transistor Bipolar Transistor
In 0 lc / hee
Riy > M + g
Vissat ! Vceactive (Ves-Vr) /0 few ¢,
w.. - 1/nd,
O /| S.i. -2/ (Vgg-Vy) =/2B/(nls) 176,
v.s. - WCqyVeu/ lps =17 (Vgs-Vr)
Design variables W /L, Vgg-Vy oy
| range ~ 2 decades > 5 decades
Max f; @ low | Im / Cgs 9/ Cp
Max f; @ high | Vot | Logt Vi | Wy

Thermal Noise

4KT (0.7/g,, + Rg)

4KT (0.5/g,, + rg)

1/f noise

Higher for MOS than for bipolar transistors

Giovanni Anelli, CERN

NSS-MIC Short Course, October ‘06
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« QOperation and characteristics of MOS and Bipolar

\ transistors
» Sub-micron CMOS and BiCMOS technologies
» CMOS technology
» Integrated Bipolar Transistors
» Technology price comparison

* Feature size scaling
« Radiation effects and reliability
* Mixed-signal circuits

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06
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NMOS PMOS
G G

sub S D well
N ! 11

P*) —pt) (Y
p-substrate\ n-well

Gate
length
BN Polysilicon
——= QOxide
——— Electrons G NMOS
—— Holes layout

Gate width

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06 32



EE Why is CMOS logic so attractive?

THE INVERTER
Truth table
IN OuT

V,p (Logic 1) 0 3 V,p (Logic 1)

N
1

GND (Logic 0) GND (Logic 0)

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06 33
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Simulation of a chain of two inverters in a 0.25 um CMOS technology

Vn 4>¢ VOUt’ Iout D(P

2.5 800
, \ —vin 600 -
—Vout 400 - ]\
1.5 - 200 -
0 X .
-200 -
-400 -
) -600 -

! ! ! ! ! ! ! ! ! '800 | | I I I I I I I
o 1 2 3 4 5 6 7 8 9 10 0o 1 2 3 4 5 6 7 8 9 10
Time [ ns ] Time [ ns ]

Vin,Vout [V ]
lout [pA]

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06 34
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B E C
c .. 1 1 |
n+
P ® F ®
P
B P T Vertical NPN
N ] n
y,
. AN

p (substrate)

p-type pockets to isolate devices one from another

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06
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B E C
£ S B A
P n Lp l Vertical PNP
= E p p (Common
n |
) . collector!)
c p (substrate)
B C E C
..... ! ! ! !
- l o || p || P \
p — p Lateral PNP
V. ' \

P (substrate)

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06 36
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Deep-trench-isolated, double-polysilicon, self-aligned bipolar technology

B E C

p™ polysilicon X n* polysilicon
\ p' polysilicon
% W////%

e o

n*t subcollector

D

s

IR

R ..

S

P Polysilicon-filled — _—
deep-trench isolation

AN

L

Y. Taur and T.H. Ning, Fundamentals of Modern VLSI Devices, Cambridge University Press, 1998.

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06 37



< IEEE
M b Main innovations in modern BJTs

SOCIETY

Deep trench isolations: reduce significantly the device
horizontal dimensions. p-type diffusions were normally used
in the past, but they are as wide as they are deep

Polysilicon emitter: compared to a diffused emitter, it gives
smaller emitter junction depth and has a lower thermal cycle

Self-aligned polysilicon base contact: reduces dimensions and
allows thin-base transistors to be made more easily

SiGe graded-base-bandgap transistors (also referred to as
Heterojunction Bipolar Transistors — HBTs): Germanium is
incorporated into the base region of a standard Si bipolar
transistor. This is normally done with the ultrahigh-vacuum
chemical vapor deposition epitaxial growth technique. The
many advantages are discussed in the next slides

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06 38
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The bandgap of Germanium (0.66 eV) is smaller than that of Silicon
(1.22 eV). Incorporating Ge into the base region of a Si bipolar transistor
modifies the bandgap in the base region. Ge concentration is normally
higher closer to the collector, so that an electric field is created in the
base which helps the electrons drifting from Emitter to Collector. This
has an important impact on the collector current and does not change
the base current.

Base
Emitter _With Ge
E. - A /Without Ge A 100 meV change of
| the bandgap across a
E, Collector base width of 100 nm
E. gives a 10 kV/cm field
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SiGe bipolar transistors

The effects of base-bandgap grading obtained by the
inclusion of Ge in the base are all beneficial:

 The collector current increases while the base current
does not change - the current gain increases (x4)

* The Early voltage increases (x12)

* The base transit time decreases (x2.5), and therefore
the speed increases

(The factors in parenthesis refer to a total base bandgap narrowing of 100 meV)
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"+ The IC market is driven by digital circuits (memories,
microprocessors, ...)

« Bipolar logic and NMOS - only logic had a too high
power consumption per gate

<  Progress in the manufacturing technology made CMOS
technologies a reality

« Modern CMOS technologies offer excellent
performance (especially for digital): high speed, low
power consumption, VLSI, relatively low cost, high

\_ yield

CMOS technologies occupies the
biggest portion of the IC market

BiCMOS technologies offer, in addition, high performance
npn bipolar transistors, but are more expensive
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How much does all this cost?

st
Vendor Technology Number of Price for Price for Price for
Metal Levels | 10 mm? [k$] | 25 mm2 [k$] | 50 mm? [k$]
MOSIS
IBM 0.13 um CMOS MixMode 8 57.5 135.1 250.1
IBM 0.13 pm SiGe BiICMOS / 165 412.5 825
IBM 0.18 um CMOS MixMode 6 30 70 120.8
IBM 0.18 um SiGe BiCMOS V4 56 89 144
IBM 0.25 um CMOS 5 21 47.2 77.2
EUROPRACTICE

UMC 0.13 um CMOS 8 Min price 55.4 110.8
UMC 0.18 um CMOS 6 given for 30.4 60.8
UMC 0.25 im CMOS 5 25 mm? 16.2 32.4
IHP 0.25 um SiGe BICMOS 4 30 - 91 75—227.5 150 - 455

Giovanni Anelli, CERN
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QX.

Outline

Operation and characteristics of MOS and Bipolar
transistors

Sub-micron CMOS and BiCMOS technologies

Feature size scaling
> A bit of history
» A look into the future
» CMOS scaling: how does it work?
» Scaling of Bipolar Transistors
» Scaling impact on CMOS analog circuits

Radiation effects and reliability
Mixed-signal circuits

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06
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First integrated circuit

opto-electronics"

Russia

Jack S. Kilby, 1958 AF. loffe Physico-

Technical Institute
St. Petersburg,

Texas Instruments i

b, 1930

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06

"far developing semiconductor
heterostructures used in high-speed- and

Zhores I. Alferow
T 174 of the ptize

"for hiz part in the
invention of the
irtegrated circut"

Herbert Kroemer Jack 5. Kilby
174 of the prize iD 172 of the ptize
Federal Republic of USA

Gerrmany

Uriversity of Texas Instrurnents
Califarnia Callas, TH, USA
Santa Barbara, CA,

SA

b, 1928 b, 1923

d, 20035
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1965: Number of Integrated Circuit components will double every year

G. E. Moore, “Cramming More Components onto Integrated Circuits”, Electronics, vol. 38, no. 8, 1965.

1975: Number of Integrated Circuit components will double every 18 months
G. E. Moore, “Progress in Digital Integrated Electronics”, Technical Digest of the IEEE IEDM 1975.

1996: The definition of “Moore’s Law” has come to refer to almost anything related to the semiconductor industry that

when plotted on semi-log paper approximates a straight line. | don’t want to do anything to restrict this
definition. - G. E. Moore, 8/7/1996

P. K. Bondyopadhyay, “Moore’s Law Governs the Silicon Revolution”, Proc. of the IEEE, vol. 86, no. 1, Jan. 1998, pp. 78-81.

transistors

Pentiumf 4 Processor 100,000,000

MDDHE I S LAW FPentiuma Il Processor

Pentium® Il Processor
Pentium® Processor
486™ DX Processor //
An example: // | 1,000,000
ﬁ 386™ Processor %
J H

1 10,000,000

Intel’s Microprocessors . l 100,000
BOBE & :
o ]
8080 g 110,000
BODS S it
apoa & \F& o '.
h B W OP— 1 1000
1970 1975 1980 1985 1990 1995 2000

http://www.intel.com/
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4004
11 /1971

10 um

108 KHz

Intel486™ DX

04 /1989

1 um

25 MHz

Giovanni Anelli, CERN

The

8008
04 /1972

10 um
200 KHz

Pentium®
03/1993

0.8 um

66 MHz

intal. Microprocessors

8080 8088 80286 Intel386™
04 /1974 06 /1979 02 /1982 10 /1985

6 um . 1 um
2 MHz

Pentium® Pro Pentium® Il Pentium® Il Pentium® 4
11171995 0571997 02 /1999 11/ 2000
0.6 um 0.35 um 0.25 um 0.18 um

150 MHz 233 MHz 500 MHz 1.5 GHz

http://www.intel.com/
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* The National Technology Roadmap for Semiconductors (NTRS):
Sponsored by the Semiconductor Industry Association (SIA)
Edited in 1992, 1994 and 1997

* The International Technology Roadmap for Semiconductors (ITRS):

Sponsored by:

* Semiconductor Industry Association

» European Semiconductor Industry Association

» Korea Semiconductor Industry Association

« Japan Electronics and Information Technology Industries Association
« Taiwan Semiconductor Industry Association

Edited in 1998 (Update), 1999, 2000 (Update), 2001, 2002 (Update), 2003,
2004 (Update), 2005

These documents always contained a 15-year outlook of the
semiconductor industry major trends
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55 10
— 50 | T
= L
.E. E 45 i
5 (D 40 1 T
e 2 35 O » T
X +—NX
@
: o 30 1
- O T T
6 o 25 V AT
E 5 20 1 \J
2 157 |
O
c 10 ¢ !
A 5 ¥ O
0 [ [ [ [ [ 0-1
2003 2006 2009 2012 2015 2018
Year

Data taken from the International Technology Roadmap for Semiconductors (2004 Update)
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Why CMOS scaling?

Scaling improves density, speed and power
consumption of CMOS digital circuits

Example: CMOS inverter o

tatic = leak
VDD staliC ea age

*Vpp

2
~{ denamic = CL 'VDD - f
Vour PDP =C, - V2,
—{ 1 \ Power-delay product
GND
GND box ‘ Voo ‘ CL‘

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06 o1
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The aim of scaling is to reduce the device dimensions (to improve the
circuit performance) without introducing effects which could disturb
the good operation of the device.

(
VOLTAGE,v —4 WIRING
| Wm\l
Shon! t.. /a4 28 .
GATE} - W ox ¥ 1~{wa xd — Si /(I)bi + V
V \ + T
\ k_J 'k \ TLDRAlN J ll ‘H\\‘E:)/l qNA
\
———ee? N _{D J —{L/aj—
. -
T >
}‘* L—4 DOPING a-Nyp o> 1

p SUBSTRATE, DOPING Nj

B. Davari et al., “CMOS Scaling for High Performance and Low Power - The Next Ten Years”, Proc. of the IEEE, vol. 87, no. 4, Apr. 1999, pp. 659-667.
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Constant field scaling

Summary of the scaling factors for several quantities

Quantity Scaling Quantity Scaling
Factor factor
Device dimensions (L, W, t_,, X;) 1/a Capacitances 1/a
Area 1/a2 Capacitances per unit area o
Devices per unit of chip area (density) o2 Charges 1/02
Doping concentration (N,) o} Charges per unit area 1
Bias voltages and V; 1/a Electric field intensity 1
Bias currents 1/a Body effect coefficient (y) 1o
Power dissipation for a given circuit 1/a2
Power dissipation per unit of chip area 1 Transistor power-delay product 1/a3
€a:
a>1 Cox = ,l:SIo2
oxX
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Subthreshold slope and width of the moderate inversion
region do not scale. This can have a devastating impact on
the static power consumption of a digital circuit.

oV Ves

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06 o4
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= 10
> i
gm 5 g * The dimensions in the device scale as in
s - -V, i the constant field scaling
E L]
2 r o E * V4 scales to have reasonable electric
=l e 3 500 fields in the device, but slower than t_,, to
- -
g : "‘;r/l/l - i have an useful voltage swing for the
sosf ] < :
g [ . - 200 § signals
A gl iy 2 * The doping levels are adjusted to have
g ] = the correct depletion region widths
€ 04} ot 150 3 -
n & * To limit the subthreshold currents, V;
i o
- {20 3 scales more slowly than V 4
1 1 i [ 1 10

0.05 01 0.2 05 1
MOSFET Channei Length (pm)

Y. Taur et al., “CMOS Scaling into the Nanometer Regime”, Proc. of the IEEE, vol. 85, no. 4, Apr. 1997, pp. 486-504.
Y. Taur and T. H. Ning, Fundamentals of Modern VLSI Devices, Cambridge University Press, 1998, p. 186.

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06 95



¥ IEEE . . .
e ocaling of interconnections

SOCIETY

An accurate scaling of the interconnections is needed as well, so that we can
profit at the circuit level of the improvements made at the device level.
Interconnections are becoming more and more important in modern
technologies because the delay they introduce is becoming comparable with
the switching time of the digital circuits.

1E8 g — - —7
Wire Size: ) 7
P 0.1 um ’
“ 1E9 4
= == 03 um ]
= - - 1.0 pum Wires
[ 7]
Q 1E-10 with
&)
@ square
S 1E11 section
E’ Limited by Speed
£ 1E12 of EM-Wave
1E_13 i Laassl A TNy i Lo s aaaal 1 L2 412332
0.001 0.01 0.1 1 10

Wire Length (cm)

Y. Taur et al., “CMOS Scaling into the Nanometer Regime”, Proceedings of the IEEE, vol. 85, no. 4, Apr. 1997, pp. 486-504.
T. N. Theis, "The future of interconnection technology”, IBM Journal of Research and Development, vol. 44, no. 3, May 2000, pp. 379-390.
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“Reverse” scaling

The scaling method is different from the one applied to devices

FW, L, t,, and tE:e decreased by a

// % Itm % %  Current density increases by o

/ / 7

* R increases by a, C decreases by a

L
* RC (delay) does not scale!!!
In practice, wires dimensions are
T reduced only for local

zRRBepERER220080888 8 B aaez . .
AT interconnections (but not t_). At

\\\\\\\\\\\\\\\\\\\\\\W the chip scale, t and t_, are

SUBSTRATE increased (reverse scaling).

G. A. Sai-Halasz, "Performance trends in high-end processors", Proceedings of the IEEE, vol. 83, no. 1, January 1995, pp. 20-36.
Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06 o7
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Bipolar transistors scaling

Scaling has been much less emphasized for bipolar than
for MOS transistors, but reducing the lateral and vertical
dimensions of a BJT has a beneficial impact on its
performance.

Reducing the lateral dimensions increases the density
and reduces the parasitic resistances and capacitances
(- speed increases).

Reducing the vertical dimensions (in particular the base
width / depth W;) increases the collector current density,
the current gain and the speed.

Scaling must be performed adjusting doping levels and
bias voltages accordingly (breakdown voltages!).

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06 o8
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t., scales —— for the same device dimensions

Threshold volt tching i o Const -t
- Threshold voltage matching improves S T WL
WL

Vi e K, 1
Af C2 WL f°

* 1/f noise decreases

* Transconductance increases (same current) g_

2 W
\/H ucox f IDS

« White noise decreases

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06
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* New noise mechanisms

* Modeling difficulties

» Lack of devices for analog design

* Reduced signal swing (new architectures needed)
« Substrate noise in mixed-signal circuits

* Velocity saturation. Critical field: 3 V/um for electrons,

10 V/um for holes
=WC_ v

gm_vel.sat. ox = sat

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06
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Weak inversion (w.i.) s w.i =Ibo Te ¢ On_ w.i. no,

Strong inversion (s.i e oo = 2 (Vog — V) = 2B
rong inversion (s.i.) os_si. = 5 (Vos = Vi) On_oi. =12 los
VG'OCity saturation (V.S.) IDS_v.s. = WCoxvsat (VGS - VT) gm_v.s. = Wcoxvsat

w
Ios 4 d, 4 B=nCo -
V.S.
W.i.
>
VGS
\'4
Vw.i. to_si. 2n¢t Vsi to v.s. — 2nL —s& Vs.i._to_v.s. decreases
- T 1) with scaling!!!
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PWR =1, -V,

Scaling impact on power, speed, SNR

Assuming constant field scaling and strong inversion:

v2

n_ white

= 4kTny —

1
In

SNR,, =

VDD

2
n_ white

w L B | lps |IPWR|C, WL | Q | At=Q/l | v . SNR,,

o | 1o | o | 1o | 1/a? 1/ 1/0? 1/ 1 1/
1 | 1o | a® | 1 1/a. 1 1/, 1/a. 1/a1/2 1/a1/2

1Mo | 1 1 | 1a? | 1/03 1 1/, o a2 1/03/2
1 1 o | 1o | 1/a? o 1 o 1 1/
a | 1o | a® | « 1 o 1 1/a 1/, 1

To maintain the same SNR we do not gain in Power !!!

Giovanni Anelli, CERN
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« QOperation and characteristics of MOS and Bipolar
transistors

* Sub-micron CMOS and BiCMOS technologies

%X' Feature size scaling

« Radiation effects and reliability
» Introduction
» Total lonizing Dose (TID) effects
» Displacement Damage
> Single Event Effects (SEE)

» Solutions to the problems induced by radiation in CMOS
technologies

» Reliability issues
« Mixed-signal circuits

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06
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The two most important phenomena to be considered
are ionization and nuclear displacement.

Neutrons give origin mainly to nuclear displacement.
Photons give ionization.

Charged hadrons and heavy ions give both at the same
time.

For ionization we talk about Total lonizing Dose (TID),
for nuclear displacement about Fluence
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MOS
TID < |
_ Bipolars
Cumulative
Effects Bipolars

Displacement
< Optoelectronics

- Non Catastrophic
Single Event (SEU) MOS

Effects (SEE) Catastrophic

(SEGR, SEL) — MOS
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Problems due to ionization in the thin gate oxide

3

(1) Tonizing ~_—_—~_#
Radiation

7/

GATE

/|

(2) Electron-Hole Pair
Generation

N

(5) Interface Traps Resulting
From Interaction of Holes

|

1.1V
+ |Z Y
+ .|z SILICON
SILICON N
DIOXIDE * %+| "\ (4) Holes Trapping at the
+ Si/ 8i0, Interface

(3) Hopping Transport of Holes Through
Localized States in SiO2 Bulk

Threshold voltage shift
Mobility degradation

Swing degradation

> Threshold voltage shift

Other degradations:
* Transconductance
* Noise

* Matching

F. B. McLean and T. R. Oldham, Harry Diamond Laboratories Technical Report, No. HDL-TR-2129, September 1987.
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Problem due to ionization in the thick field (lateral) oxide
Parasitic

Parasitic
channel

Trapped
positive
charge

Thin gate oxide

R. Gaillard, J.-L. Leray, O. Musseau et al., “Techniques de durcissement des composant, circuits, et systemes electroniques”, Notes of the
Short Course of the 374 European Conference on Radiation and its Effects on Components and Systems, Arcachon (France), Sept. 1995.
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“CENTRAL”
(MAIN) MOS
TRANSISTOR

ploglp
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NMOS - 0.7 um technology -t_, =17 nm

1.E-02

1.E-03 (=
T T
! -1.E_06 /—/ / ge shift

e on /

1.E-09 /

1.E-10
1.E-11 ./ — Prerad

1.E-12 _\/\/\// — After 1 Mrad

1.E-13

§=
>

Ip [A]

4 05 0 05 1 15 2 25 3 35
Ve [V]
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Again problem due to ionization in the thick field (also
called lateral or isolation) oxide

Vo INTERCONNECTION Vss
T ] T
FIELD OXIDE

N\~ N+WELLCONTACT A+ . 4 4+ 4+ 4+ + + + + + 4+ 4+ £ N+SOURCE
N-WELL -/ >
Radiation
P-SUBSTRATE induced leakage
between V,,
and Vgg
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Total Dose
n+ source Post-irradiation Bias conditions
leakage currents — Gate Material
; depend on i . i
n+ drain P Field oxide qua"ty
PRERAD AFTER 1 Mrad

1.E-02 ¢

1.E-04 |
/ 1.E-03 13
— 1.E-06

< | < 1-E-04
1.E-10 | - ’

1.E:06 |
1,607 X

Metal Gate
Polysilicon Gate

0 10 20 30 40 _
Ves[V] Vs [V]
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Substrate, sidewall and surface inversion (in oxide-isolated processes)

L4
n+
. i P
-+
+ n-epi n-epi
L I

N+ BURIED
LAYER

PSUBSTRATE

(m Surface Metallization

N+* Buried Layer : | N* Buried Layer

Thermal Oxide —.. {{ _—Polysilicon

Leakage Current
-

P* Implant

P- Substrate

R.L. Pease et al., IEEE Trans. Nucl. Science. Vol.32, N.6, 1985
E.W. Enlow et al., IEEE Trans. Nucl. Science. Vol.36, N.6, 1989
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1.0

Wﬁpk

Giovanni Anelli, CERN

TID damage in bipolar devices

Gain degradation:
Increase of the surface component of the base current

Prarad
—i— 10k
—— 20k
- 50k

-7 100k
= 200k

lllllllllllljllilllllllllll

LS
T Total Dose (rad(Si))\\M

SDYDIk'IIII

Trjrrrrprrt

04 05 06 07 08
Vg (V)

0.5

I, (A), I, (A)

103
104
105
10€
107
108
Total Dose (rad(Sl))
108 O Ok
o 50k

1019 & 200k
1011 v 500k
10-12III'I'Illl]l!’llll!ll[llli'

0.4 0.5 0.6 0.7 0.8 0.9

Ve V)

R. N. Nowlin et al., IEEE Trans. Nucl. Science. Vol. 39, N. 6, 1992
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Factors affecting TID response of bipolar transistors

* Transistor polarity

« Oxide thickness over base-emitter region

« Oxide trap efficiency

« Vertical and fringing electric field

« Base and Emitter surface concentration

 Emitter perimeter-to-area ratio

« Transistor geometry (ratio of lateral to vertical current flow)
* Injection level

 Dose rate

« Temperature

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06
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Displacement increases the recombination of minority
carriers in the silicon bulk.

MOS transistors are not sensitive to displacement damage,
since they are majority carrier devices and the transistor
action takes place close to the SiO,-Si interface (not in the
silicon bulk).

Bipolar transistors, on the other hand, are sensitive to
displacement damage, since they are minority carrier devices
and the transistor action takes place in the silicon bulk. The
increased recombination in the base increases the base
current and reduces the gain.

Scaling of bipolar transistors helps reducing the sensitivity
to displacement damage, since it reduces the transistor
active volume.
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Electrical latch-up in CMOS processes might be initiated by electrical
transients on input / output lines, elevated T or improper sequencing
of power supply biases. These modes are normally addressed by the

manufacturer. Y,
DD
Voo Voo Vss Vss R1 $ R2
contact source source contact
XY, P L4l (o +/ o +J <
\ R1 R2 ANV <> R3
A’ ’ RS
nwell ~ — _ _ _ _ _ _— R6
AN\ 44" R6
R3

p substrate

Latch-up can be initiated by ionizing particles (SEL).
If the supply is not cut quickly enough, it can be destructive!
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Static RAM cell Voo Voo

oot b qF
> B s
=g

GND

Never destructive, always (very) annoying.

Fighting SEU in a chip is a matter of risk management!
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MOS transistor gate oxide (thickness t_,)

108 —r— 108 ——T] r r —
I THIN | THICK /
- REGIME , REGIME
§ 102 . - |
I
Rl 10°
.»I ~ l
~ b YV B i s | !
(7)) \o’,‘?é - "
D /// E :
= o - |
O AQQ . - |
- - | AD;, = t‘:n(ﬂ
= o o !
: 107 &D - ? + 12 am
m sl _ |
i o o S ]
> 10"2 B P _ - 55;(2.0 MV/cm
<
o
— )
1 10 100 4 10 20 40 10
t.. [nm] t., [nm]
N. S. Saks et al., IEEE TNS, vol. 31, no. 6, Dec. 1984, and vol. 33, no. 6, Dec. 1986.
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AV, AV | AV
VT VDD
Decreasing t_, we . u= Ko
decrease the I+a-(AN,)
degradation of: ~
ransconductance

Subthreshold slope

Noise
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Measurements done in our group @ CERN: it is really true!!!
1.E+04

— —

m m

+ +

o o

N %
| |

7 R
© e 16
t X 1.2
z X o0
R + 0.7
~1.E+01 by
él ¢ 05-A
g ¢ 05-B
- 1.E+00 + A 035
= n 025-A
= O 025-B
S 1.E-01 ® % 0.13N
< Points taken o 0.13P
after 100 Mrd —tox"2
1.E-02 \y_\/ ;
1 10 100

tox (Nm)
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Modern CMOS technologies have: Voo

R1$ R2
Retrograde wells A ‘j

] <
Thinner epitaxial layers - R1andR6 M1 <rs
] ] reduced
Trench isolation B g’
* Vpp reduced R

R6

All these issues help in preventing SEL,
but they might not be always effective

A. H. Johnston, IEEE Transactions on Nuclear Science, vol. 43, no. 2, Apr. 1996, pp. 505-521.
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| 200 . .
* Vp reduced g 1op e
£ N
* Node C reduced I
BUT T ol
p= C s
° E X O Outside the well OFF
Charge CO"eCted @ " @ |nside the well OFF
reduced = 1 ] Experimental Range
[y - o 20

Feature Size (um)

The SEU problem (may) worsen with scaling

P.E. Dodd et al., IEEE Transactions on Nuclear Science, vol. 43, no. 6, Dec. 1996, pp. 2797-2804.
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SEGR: Single Event Gate Rupture
It is caused by a highly ionizing particle going through the
gate of a MOS. It is a destructive effect (gate rupture).

12 '
10 | i
| decreasing t_,
= 8l 6.5 nm
E : 6.0 nm
— .
S 6f —A 12nm Maximum
s : 18 nm _ electric field for
w o gl a quarter micron
; technology
2r
0 [ PR SR SN O FUN WO TN TN S NV S VWA WU G N W N SN NN WY AN WA N UUN Y SN U AN SN N TN SN TRV A N W N
20 30 40 50 60 70 80 9 100
LET (MeV-cmzlmg) F.W. Sexton et al., IEEE Transactions on Nuclear Science, vol. 44,

no. 6, December 1997, pp. 2345-2352.
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SEGR in ULSI CMOS

£ 20 40 o
2 . Voltage stress only - > 2.6 nm 9.0 nm a
> ] St 33Inm EOT
; 3.3nm j I t a | (EOT) ¥ (ECT)
g,; 16 7 \%\ Oxynitride{15%N} HERYSIORIENaliRgiRInexs ® >m 8 AlOs S10:(15%N) & HIO,
I.IT 3 K \i g 4 2.3nm 3.3 nm 5.4 nm \
- 3 / L% 2 1 (EOT) S'IO AkO; 0.5
z 3 1 Zrsio z y=1.9x  +0.1
_g 12 422nrm | 65
= 1810 ® !
o ] m 1
= ] ] 122nm
« 1 ® ]8I0
8 87 @ 4]
T P
3 / i >
L 3.3 nm 2
":’ 4 3 Si10; $i0; % 2 . .030_;1 97
9 ] 4.5 nm Pata From Sexton at al. 1997 Q ] 06’_.0' .
u% E Zrsio | +—— Vpp from National Technology Roadmaps
0 Y T 0 02 r T -
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Film Thickness {nm) Film Thickness {(nm}
SEGR is not a problem even in the most
advanced CMOS processes.
F.W. Massengill et al., IEEE Transactions on Nuclear Science, vol. 48, no. 6, December 2001, pp. 1904-1912.
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* TID in thin oxide - Mainly V. shift = Smaller in deep sub-p
CMOS processes.

 TID in Field Oxide - Leakage (in NMOS transistors and
between transistors) = Might be better in more advanced
technologies, but still a very big issue to be solved.

« SEU - Isit a Problem? This has to be evaluated and, in case
it is, solved. Might become worse in deep sub-u CMOS.

« SEL - Does not seem to be a problem, but care should be
taken anyway.

« SEGR - Not a problem in deep sub-u CMOS.
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LEAKAGE
G

PATH ~_

G

ELTs solve the leakage problem in the NMOS transistors
At the circuit level, guard rings are necessary
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Vbp Vss Vss
T T T

OXIDE | | OXIDE

N\_N+ WELL CONTACT a4 P+ GUARD ok N+ SOURCE
N WELL \

The heavily doped p+ guard ring
P SUBSTRATE “interrupts” possible conductive

paths (inverted p substrate),

preventing inter-device

leakage currents
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1.E-02
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1.E-04
1.E-05
1.E-06
1.E-07
1.E-08
1.E-09
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1.E-13

Effectiveness of ELTs
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NMOS - 0.7 um technology -t_,, =17 nm
——
/S /S
Y
_— /]
— [ /
[/
/ ]/
/ / — Prerad [
// // — After 1 Mrad ]
\_:/\,\\,/\/ — After 1 Mrad (ELT) [
{05 0 05 1 15 2 25 3
Vs [V]
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EE ELT & deep submicron

SOCIETY

NMOS - 0.25 um technology -t_, =5 nm

1.E-01
1.E-02 +
1.E-03 +
1.E-04 } Prerad and
1.E-05 -
Eop after 13 Mrad
z 1.E-07 -
~ 1.E-08 -
" 1.E-09 -
1.E-10 - No leakage
1.E-11 + -
e | No V- shift
1.E-13
833 32 38 yJIxggae
@ @ @ © © © © = = v N N N W
VelV]
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o A radiation-hard inverter
p+ guard ring n+ guard ring
Vgg Voo
metal - polysilicon
- n+ diffusion p+ diffusion
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ELT'sand __
guard rings

speed
low power
Deep sub-um means also: VLSI

R +

tOX

low cost
high yield
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v Single Event Effects

SOCIETY

SEL The systematic use of guard rings is
ALSO an effective tool against SEL

SEGR Never observed in our circuits

The higher gate capacitance of ELTs

SEU decreases the sensitivity, but other
techniques might be necessary (at
the circuit level)!
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i Reliability

SOCIETY

Reliability: probability that a circuit will perform a required
function under stated conditions for a stated period of time.

Reliability has become very important due to the aggressive
scaling of device dimensions (without a corresponding scaling of
the voltages).

This implied:

 Higher electric fields

* Higher current densities
* Higher power dissipation
* Higher chip temperature

* Higher technology complexity (e.g. number of metal levels)

http://lwww.imec.be/mtc/
G. Groeseneken et al., “Reliability, Yield and Failure Analysis”, IMEC Microelectronics Training Center Course, Leuven, Belgium, 24-26/11/03
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* Devices:
» Oxide breakdown - due to high electric field in the oxide

» Hot Carriers - create interface traps and charge trapping @ the
drain

» Electro Static Discharge (ESD) - discharge of static charge
coming from human body

» Latch-up
 Interconnects:

» Electromigration (wires and contacts) - mass transport of metal
ions by momentum exchange with conduction electrons

 Packages:
» Thermomechanical fatigue
» Die cracking
» Bond aging

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06 94
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SOCIETY

« QOperation and characteristics of MOS and Bipolar
transistors

* Sub-micron CMOS and BiCMOS technologies
» Feature size scaling

&- Radiation effects and reliability
* Mixed-signal circuits

» Analog design in digital CMOS processes
» Digital noise in mixed-signal circuits

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06
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EIEEE Analog design in digital processes
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The integrated circuit market is driven by digital circuits, such as
memories and microprocessors. This led to an increasing interest in
integrating analog circuits together with digital functions in processes
optimized for digital circuits, making what it is called a System on a Chip
(SoC). This approach has several advantages and disadvantages.

ADVANTAGES: DISADVANTAGES:
» Lower wafer cost  Low power supplies
* Higher yield  Lack of “analog” components
* Higher speed * Inadequate modeling
. » Output conductance
* Lower power consumption > Different inversion regions
« Complex digital functions on chip (DSP) - “Digital” noise

* E. A. Vittoz, "The Design of High-Performance Analog Circuits on Digital CMOS Chips", IEEE JSSC, vol. 20, no. 3, June 1985, pp. 657-665.

* W. Sansen, "Challenges in Analog IC Design in Submicron CMOS Technologies", Proceedings of the 1996 IEEE-CAS Region 8 Workshop on Analog
and Mixed IC Design, Pavia, Italy, 13-14 September 1996, pp. 72-78.

» C. Azaredo Leme and J. E. Franca, "Analog-Digital Design in Submicrometric Digital CMOS Technologies", Proceedings of the 1997 IEEE
International Symposium on Circuits and Systems, Hong Kong, 9-12 June 1997, vol. 1, pp. 453-456.
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Analog design needs high-quality passive components. These are
not always present in processes optimized for digital design, or at
least not in the first stages of the process development. These
analog “options” are:

* High-resistivity polysilicon for resistors

* Diffusion resistors

* Trimming options

 Linear and dense capacitors
> Metal to metal (at least one special metal layer required)
» Metal to poly
» Poly to poly

Giovanni Anelli, CERN NSS-MIC Short Course, October ‘06 97



EIEEE Integrated capacitors

SOCIETY

* High-linearity capacitors can be obtained with metal-to-metal
structures. This requires adding a special metal layer to the technology,
in order to reduce the dielectric thickness between the metal plates. The
density reached is generally around a few fF/um?2,

* Dense capacitors can be obtained exploiting the high capacitance
density of the thin gate oxide. This allows having dense and precise
capacitors, good matching but very poor linearity. This solution can be
adopted in any process.

* A third possible solution is suggested by the availability of many
interconnection layers. Exploiting the parasitic capacitance between
metal wires in a clever way, one can obtain linear capacitors with good
matching and linearity and densities up to 1.5 fF/um?2. These capacitors
can be integrated in any process!!

* A. T. Behr et al., "Harmonic Distortion Caused by Capacitors Implemented with MOSFET Gates", IEEE JSSC, vol. 27, no. 10, Oct. 1992, pp. 1470-1475.
* D. B. Slater, Jr. and J. J. Paulos, "Low-Voltage Coefficient Capacitors for VLSI Processes", IEEE JSSC, vol. 24, no. 1, February 1989, pp. 165-173.

* J. L. McCreary, "Matching Properties, and Voltage and Temperature Dependence of MOS Capacitors", IEEE JSSC, vol. 16, no. 6, Dec. 1981, pp. 608.

» S. Pavan, Y. Tsividis and K. Nagaraj, "Modeling of accumulation MOS capacitors for analog design in digital VLSI processes", Proceedings of the
1999 IEEE International Symposium on Circuits and Systems, Orlando, Florida, USA, 30 May — 2 June 1999, vol. 6, pp. 202-205.
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EE Multi-metal-layer capacitors

SOCIETY

exploit the fact that in deep submicron
processes the highest parasitic capacitance
can be obtained “horizontally” rather than
vertically, i.e.t > s

/ This solution is a possibility, but it does not

2.0 ~ . —
r \\
\\ .
\\
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L] g
@
\\\
@ S
= 1.0 b
~
- e
~
------ Trend \\
0.5 | ® Data points 2
po ™, \
0.0 :
0.1 0.2 04 0608 1.0 2.0
Technology (um)
S Fig. 3. Ratio of metal thickness to horizontal metal spacing versus technol-

ogy (channel length).

» Hirad Samavati et al., “Fractal Capacitors”, IEEE Journal of Solid-State Circuits, vol. 33, no. 12, December 1998, pp. 2035-2041.
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T— - S Top View
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» Hirad Samavati et al., “Fractal Capacitors”, IEEE Journal of Solid-State Circuits, vol. 33, no. 12, December 1998, pp. 2035-2041.
* R. Aparicio and A. Hajimiri, “Capacity Limits and Matching Properties of Integrated Capacitors”, IEEE JSSC, vol. 37, no. 3, March 2002, pp. 384-393.
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N MQOS capacitors
NMOS in an N well MOS structure
Accumulation Region Accumulation Region
'} '}

vV ~ N
I#. ki |

[ Iﬁ

‘n+\:—:—:‘ n+Hp+\ p+|+++| p+

n-well

p-substrate
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/
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The NMOS inan N
well capacitor is in

accumulation for
V>0V.

The NMOS
capacitor is in
inversion for V > 0.
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Integrating analog blocks on the same chip with digital circuits can
have some serious implications on the overall performance of the
circuit, due to the influence of the “noisy” digital part on the “sensitive”
analog part of the chip.

The switching noise originated from the digital circuits can be coupled
in the analog part through: Voo

 The power and ground lines <!

VIN — VOUT

* The parasitic capacitances between interconnection lines

|_|JI/__,_ I

e The common substrate

GND

The substrate noise problem is the most difficult to solve.

* A. Samavedam et al., "A Scalable Substrate Noise Coupling Model for Design of Mixed-Signal IC's", IEEE JSSC, vol. 35, no. 6, June 2000, pp. 895-904.
* N. K. Verghese and D. J. Allstot, “Computer-Aided Design Considerations for Mixed-Signal Coupling in RF Integrated Circuits", IEEE JSSC, vol. 33,
no. 3, March 1998, pp. 314-323.

* M. Ingels and M. S. J. Steyaert, "Design Strategies and Decoupling Techniques for Reducing the Effects of Electrical Interference in Mixed-Mode
IC's", IEEE Journal of Solid-State Circuits, vol. 32, no. 7, July 1997, pp. 1136-1141.
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* Quiet the Talker. Examples (if at all possible !!!):
» Avoid switching large transient supply current
» Reduce chip I/O driver generated noise
» Maximize number of chip power pads and use on-chip decoupling

 |solate the Listener. Examples:
» Use on-chip shielding
» Separate chip power connections for noisy and sensitive circuits
» Other techniques depend on the type of substrate. See next slide

* Close the Listener’s ears. Examples:
» Design for high CMRR and PSRR
» Use minimum required bandwidth
» Use differential circuit architectures
» Pay a lot of attention to the layout

*N. K. Verghese, T. J. Schmerbeck and D. J. Allstot, “Simulations Techniques and Solutions for Mixed-Signal Coupling in Integrated Circuits”,
Kluwer Academic Publishers, Boston, 1994.
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There are mainly two types of wafers:

1. Lightly doped wafers: “high” resistivity, in the order of
10 Q-cm.

2. Heavily doped wafers: usually made up by a “low”
resitivity bulk (~ 10 mQ/cm) with a “high” resistivity
epitaxial layer on top.

TSMC, UMC, IBM and STM (below 180 nm) offer type 1

R. Gharpurey and R. G. Meyer, "Modeling and Analysis of Substrate Coupling in Integrated Circuits", IEEE JSSC, vol. 31, no. 3, 1996, pp. 344-353.
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To minimize the impact of disturbances coming from the substrate on
the sensitive analog blocks, we have mainly three ways:

- Separate the “noisy” blocks from the “quiet” blocks. This is effective especially in
uniform lightly doped substrates. For heavily doped substrates, it is useless to use a
separation greater that about 4 times the epitaxial layer thickness.

* In n-well processes, p+ guard rings can be used around the different blocks.
Unfortunately, this is again effective mainly for lightly doped substrates. Guard rings
(both analog and digital) should be biased with separate pins.

* The most effective way to reduce substrate noise is to ground the substrate itself in the
most “solid” possible way (no inductance between the substrate and ground). This can be
done using many ground pins to reduce the inductance, or, even better, having a good
contact on the back of the chip (metallization) and gluing the chip with a conductive glue
on a solid ground plane.

- Separate the ground contact from the substrate contact in the digital logic cells, to avoid
to inject the digital switching current directly into the substrate.

D. K. Su, M. J. Loinaz, S. Masui and B. A. Wooley, "Experimental Results and Modeling Techniques for Substrate Noise in Mixed-Signal
Integrated Circuits", IEEE Journal of Solid-State Circuits, vol. 28, no. 4, April 1993, pp. 420-429.
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Analog Design

* Electronic Design Automation Tools and Foundry Access
* Analog CMOS Circuit Design
« Packaging, Interconnect and Systems Issues

Paul O’Connor, Brookhaven National Laboratory
IEEE Nuclear Sciences Symposium/Medical Imaging Conference

October 30, 2010



Electronic Design Automation (EDA

e Commercial: Cadence, Mentor, Synopsys, Tanner

e Public domain: IS a
good starting point. See also

for Magic, a VLSI Layout Editor.

Magic VLS| Layout Tool

Current distribution version 7.5

cadencel|

SYNOPSYS



http://www-cad.eecs.berkeley.edu/software.html�
http://www-cad.eecs.berkeley.edu/software.html�
http://www.cadence.com/index.aspx?lid=home�

Essential tools for circuit-level design

e Transistor-level circuit simulator
—  Matrix solution of network equations of your circuit
— PSPICE, HSPICE, SPECTRE are the standards
— Inputs: circuit topology, device models, source driving functions
— Outputs:
— DC bias point, source sweep, temperature sweep
—  Frequency sweep using linearized model of active devices
— Noise analysis in freq. domain
— Time sweep
—  Monte-Carlo facility, samples from user-defined parameter distributions

e Transistor models

— Strike a balance between
e Accurate in all transistor operating regions
e Physics-based
— Surface-potential based
— Inversion charge based
e Computational efficiency
e Simple parameter extraction methodology

— Recent interest in CMOS for high-frequency RF applications and imagers has led to
improved analog models

—  BSIM, EKV, MOS9 for advanced CMOS
— Usually supplied by foundry
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EDA tools for physical design

e Chip layout (full custom, no pre-designed blocks)
— Polygon-level mask editor with built-in process knowledge
e Design rule checker
— Checks mask geometry, flags violations of foundry design rules
e Connectivity verification
— Layout-to-schematic network comparison
e Parasitic extraction

— Find capacitance, resistance associated with interconnect lines on
chip



Layout with MAGIC

<« 500um — >

3 Q ik

mdk,
= 1L
-

et i I

Analog and digital layout, 1.2um CMOS

#wxxk top level cell is ./preampflat.ext

C1IN 25.00932e-13 C13 OUT VB2 3.8F
Cxxnull2 vss 1.323e-13 Cl14 VSS VB2 6.2F

M1 BGND IN 1 GND! nch M=48 W=87.6U L=1.2U GEO=3 C15 9_1806_18# OUT 1.0F
M2 1 VB1 Vdd Vdd pch M=2 W=42.0U L=3.0U GEO=3 C16 OUT VSS 2.6F

M3 3 VB1 Vdd Vdd pch W=30.0UL=3.0U GEO=3 C17 BGND VSS 4.3F

M4 VSS 2 3 vdd pch W=12.0UL=1.8U GEO=3 C18 vdd VB1 1.1F

M5 2 BGND 1 Vdd pch M=6 W=83.4UL=1.2U GEO=3 C19 1 GND 404.4F

M6 2 VB2 VSS GND! nch W=199.8UL=40.2U GEO=3 C20 2 GND 79.6F

M7 VSS VB2 OUT GND! nch M=3 W=199.8U L=40.2U GEO=3 C21 3 GND 98.5F

M8 OUT 3 Vdd GND! nch M=24 W=87.6U L=1.2U GEO=3 C22 9_2072_18# GND 1.0F
R1IN 357166.5 C23 VSS GND 439.1F

C3 9_2072_18# OUT 1.0F C24 Vdd GND 447.6F

C4 9_226_18# BGND 1.0F C25 BGND GND 449.7F
C5 1 VSS 2.3F C26 9_226_18# GND 1.0F
C6 BGND IN 8.6F C27 9_720_18# GND 1.0F
C7 vdd 3 3.0F C28 OUT GND 275.9F

C8 9_720_18# BGND 1.0F C29 IN GND 149.9F

C9 1IN 5.3F C30 9_1806_18# GND 1.0F
C10 BGND Vdd 1.8F C31 VB1 GND 23.2F

C11 OUT 3 4.2F C32 VB2 GND 96.3F

C12 vdd VSS 1.1F .END

Circuit netlist extracted from layout w/
parasitic capacitances

C e

Mixed-signal circuit, 6x105 transistors, 0.25um CMOS
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I\/IuItiEro'Iect services for low-cost Erototinng

e Organize regularly-scheduled multiproject runs (MPW)

e Collect and merge designs and provide production-compatible masks to foundry
— Share costs among users
* mask-area weighted
e Access to latest production processes from major foundries
—  CMOS, BICMOS, SiGe, CIS, (GaAs, InP, MEMS)
e User support:
— design kit
— models

—  parametric process data

e process control monitor and reference design probed after each MPW run

e statistical process database

e quality/yield monitor
— access to wafer thinning, dicing, wirebonding, and packaging services
— low-volume production



Multigroiect services

e Multi-foundry:
— MOSIS WWW.IMosIS.org
— Europractice
— Canadian Microelectronics www.cmc.ca

e Foundry-based:

EUROPRACTICE]

— TSMC WWW. LSMC.COMm //‘
— XFAB cMmcC
— Austria Microsystems Wwww.austriamicrosystems.com
— TowerJazz Semicond. WWW. Jazzsemi.com
N TOERAE.
Y
@? austriamicrosystems

a leap ahead in analog


http://www.imec.be/europractice�
http://www.xfab.com/�

e

S

Cost comparison

Process chip size lot size cost

mm?2 no. parts $K
1.5pm CMOS 5 5 1.1
0.5um CMOS 5 40 6.5
0.35um CMOS 15 40 20.7
0.25um CMOS mixed 25 40 47.3
0.18um CMOS 50 40 126.8
0.35um SiGe BiCMOS 50 40 90.0

WWW.MOsis.org

10



Engineering run costs

Typical engineering 0.8
run = 20 wafers 0.7 - W Cost/run ($M)
06 - B Cost/mm"2 ($)

0.5um 0.35um 0.25um 0.18um 0.13um
Technology



Technology introduction roadmap

MOSIS and Semiconductor Industrx Association

Technology node (nm)
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Analog CMOS Circuit Design

Paul O’Connor, Brookhaven National Laboratory
IEEE Nuclear Sciences Symposium/Medical Imaging Conference

October 30, 2010
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L ow noise charge amglification

e Charge sensitive configuration (active integrator)

for Z,,,|A | >

v | IAGL _Q,
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i
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MOS charge amplifier design

e Key parameters:

- Cdez‘l Idez‘l Qmax (dEtECtOO
— Rate, P, (system)
-, K-, 1, (technology)

Key design decisions
— NMOS/PMOS

_Lg

- Cgs/ Ca’ez‘
— Reset system
—  Weighting function



Charge amglifier noise sources

c N
parallel noise | parallel noise

detector isgé JQ\% N E

| ]

I C wr T C det T (-‘m ¢

| .rvll _ ale;w(j;t e .2

| ENG = 7 +al]s\ér(|”é§ fifterfoise

: ! 4kl |
| e,, 4 4kTR, =4 20l \,
I f

ENC (rm.s. &)

series 1/f noise

o 6. . TR 1060 To0
ts



Dimensioning the input MOSFET for minimum noise

Cdet

Choose minimum L for best g,,/C ratio

Increasing M1 width makes e, smaller while C gets
larger

= optimum width for M1 must exist

1/f noise:

White -- two cases :

. Fixed V (fixed current density, fixed fy)

Om € Cgs

C = Cdet

gs,opt

Il. Fixed I (practical case)
Om o Cyst/? [strong inversion]

Cec oot = Cyedl3

gs,opt

P. O’Connor, G. De Geronimo, “Prospects for charge sensitive amplifiers in scaled CMOS”,

NIM A480 (2002), 713 - 725
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Comgosite noise

* Cuee=3pF H0
° t,O = 0.5 MS ,_..
® Pa’/ss =1mW >
g //eak — 100 pA "-‘ Mﬂ.
e Technology: 0.35 um . ™.
NMOS . |
S 100 '?-
. | _Z 5 7
- Optimum width for series S~ = 3
noise is a compromise 0 1 /
between white and 1/f T S ' /
Iy A1 R A 1) g pRpIA
components
10 =3
1-10 0.01 0.1 1 10
~g/Cd

w— gernies white
* Ut



Optimizing the input MOSFET using advanced models

Series noise “capacitive match” problem:

ENC? = ENC2, + ENC? yand g, depend on region of
operation:
ENC2, = 2""1 e?,(C, +C, )’ P
Fo y o
» _ 4kTny
€now = g weak  1/2 gl /nkT
ENC? =a,7—F— Ke (C, +C, ) strong  2/3 \/ZuCoxﬂ I
COXW In L

How to handle moderate
Inversion?

G.De Geronimo, P.O'Connor , V. Radeka and B. Yu, “Front-end electronics for imaging detectors”, Nuclear Instrum. Methods A471 (2001) 192-199

P. O'Connor and G.De Geronimo, “Prospects for charge sensitive amplifiers in scaled CMOS”, Nuclear Instrum. Methods A484 (2002) 713-725

L. Fabris, P. Manfredi, “Optimization of front-end design in imaging and spectrometry applications with room temperature semiconductor detectors”,

IEEE Trans Nucl. Sci., 49 (4) ,1978 1985, Aug. 2002

M. Manghisoni, L. Ratti, V. Re, and V. Speziali, “Submicron CMOS Technologies for Low-Noise Analog Front-End Circuits”, IEEE Trans. Nucl. Sci.
49,1783-1790, Aug. 2002 21



Simplified EKV model for hand calculations
* substrate-referenced compact MOS model

« small, physics-based parameter set
e continuous modeling of weak to strong inversion
* simple set of equations valid for saturation:

g, 1 1
Inversion coefficient  i=1,/1, I, n-U; f(i)
W KT
| =2ngB-U? =u-C,— U, =—
0 ﬂ T ﬂ L T q CGS ) 1
Il wee, 3 f(@)
Interpolation function : 2

f (i) =%(\/1+ 4i +1)

short-channel effects not modeled 4kTng,, -

C. Enz, F. Krummenacher, E. Vittoz, “An Analytical MOS Transistor model valid in all regions of operation and
dedicated to low-voltage and low-current applications”, Analog Integrated Circuits and Signal Processing 8, 83-114 (June 1995) 22



d., VS. Cs vs. scaling

L:= .18n
0.1
500 pA
0.01
O AV s e I . S50 puA

1107 = = — A ——

4 [ T il 5uA
Lt e
1107

1107 11074 1107 110712 110712

Cs F
NMOS (upper)  PMOS (lower)

Strong inversion:

Om ~ \/CG
Omn ~ 3gm,p

Weak inversion:;
g, ~ const.

gm,n = gm,p

23



White series noise vs. C;/C, vs. scaling

L= 0.18p
110
S uA
1-10°
1 50 pA
ENC,,, rms e’ 500 pA
100 P e — =
190 0.01 0.1 1 10

Ce/C,

NMOS (upper)  PMOS (lower)

24



White series ENC, C. ,,/Cpet VS. Cper

$

NMOS

PMQOS

100K

NMOS, 0.5um technology, t,=50ns

10k |

[rms e]
=

ENCmin

100 |
g —e— 1pA (3pW)

—m— 10pA (30pW)
——— 100pA (300pW)
1 " T A |

10 1 I I A |

4 100m

Co/Coer

----- 10m

100f 1p 10p
CDET [F]

For fixed power budget,

Cper, Weak inversion
ENC «

Cper4, strong
inversion

10k ¢ — — :

PMOS, 0.5um technology, 1,=5us

.
.

.
LI
..,

10

—8— 1pA (3uW)
—m— 10pA (30pW)

—— 100uA (300pW)
1 L IR S S S T | L I T S B

100f 1p 10p
CDET [F]

Power allowed to scale with Cpgy:

ENC o Cpgr2

De Geronimo et al. , NIM A 471 (2001) 192 - 199

100

11

4 100m

om

im

P

25
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Optimized noise vs. power

(MOSFET optimized at each power level and shaping time)

Shaping
1000 time:
—10ns
\ —30
R 100
) \\ 300 Note:
7))
— 1000
ié, 100 \\\\ —3000 |dN <04
7 \ \ daP|”
3
@) \
Z \
\\
\,
10
10 100 1000 10000
Power (uW)
Cd = 1pF

0.25 pm CMOS 26



ENG,,; [r.m.s. electrons]

0.25um CMOS optimized noise/power

1000 ¢ ————ry ——rry ———r
E TSMC 0.25pum - P, . =1mW, C, =1pF
RS | - 10‘3

[y 5
100 |

- 1=0.24um i
r Nch - L=0.36pum Pch ]
| —=— Nch - L=0.48um ]
—o— Pch - L=0.24pm \9_

Pch - L=0.36pum
10 1 1 Lol 1 1 Lol L1

10° 10" 10° 10°

Peaking time , [s]

Enhanced noise model incorporates:

Gate capacitance bias dependence
» Gate-source and gate-drain overlap capacitance
» Length-dependent 1/f noise coefficient

« 1/f¢ behavior of low-freq

uency noise

ENC,,, [r.m.s. electrons]

1000E — ———
100

10k
O T T
10" 10" 10" 10"

Input capacitance C,, [F]

G. De Geronimo, P. O’Connor, to be published in IEEE Trans. Nuc. Sci.

27



Choice of PMOS vs. NMOS

q
— PMOS lower 1/f noise I Gmp V5 |
— NMOS white series noise 10 A AT A
advantage over PMOS diminishes NP )
each generation ) . /
— PMOS can be operated at reverse .
Vs to reduce bulk resistance /
noise ! LT
— PMOS lower tunneling current at o
ultra-th|n tOX " Inversion Coefficient

— Single-supply operation of PMOS-
input preamp awkward:




Minimum series noise

e |nput MOSFET fully optimized:

ENCsw,opt ~ \ I(Tcdet 1/%
ENCl/f,opt ~ \ KFCdet

e Key ingredients for low series ENC:
— flow C,,;
— long t,
— Short 7,
— low K.

7., =electron transit time
under the gate
=Cq/ On

29



Gate resistance noise

.r- ) .. FET with interdigitated layout
e Polysilicon gate is resistive:

G
Pooly 25 (Usq. T
Pisilicided poly 4 (Xsq. Wi/n
resistance of non-interdigitated gate: l
W G
Ry = Poiy L
n gate fingers
series noise due to gate resistance: h=4
e, = 4KT -R,
Layout Req Req
driven one end driven both ends
Single finger Rg/3 Rg/12
Interdigitated Rg/3n? Rg/12n?
n fingers

30



Bulk resistance noise

e Resistive substrate couples to the channel via the back
transconductance g,

e Substrate resistance is distributed.

leads to noise in the channel:

2 _
Idb_

-VSS

e Minimize by reverse biasing the source-substrate junction. I



Layout techniques to reduce gate and bulk
resistance noise

Waffle iron layout Substrate contacts, guard ring,
multiple gate fingers contacted
both ends

Drain connection

Source connection

32



P

ream

reset — requirements

sig

L

Cdet

heak

all charge preamplifiers need DC
feedback element to discharge
the input node and stabilize the
bias point

usually, a resistor in the MQ — GQ
range is used

monolithic processes don't have
high value resistors

we need a circuit that behaves
like a high resistor and is also

insensitive to process,
temperature, and supply
variation

low capacitance
lowest possible noise
linear

33



Preamplifier reset — monolithic technigues (1

Physical resistor

o | - always accompanied by parasitic capacitance
o - de-stabilizes circuit and increases noise
= Retz 1 - noise higher than 4kT/R by factor ~ RC/t,,

“in

Pulsed reset by MOS switch

e [N C"}(\f msw - sampled noise VKTC
Q= JT 1:_ S| - Qi Noise from switch control voltage
e Capnn Pt - leakage current integrates on output node dV,,/dt = 1,/C
i
Ce
N .
\/

34



Preamplifier reset — monolithic techniques (2
Single Vhias S'annur et E:I.i de?ﬂr;ir;%gﬂ;ﬂ;g)g)
L—‘ﬂ ] e Geronimo et al., (
MOSFET # TE N De Geronimo et al., TNS v47 n4 (2000}
(ﬁf CT,N ﬁ,‘: - provides effective current gain -N
- full compensation (high linearity)
_ - - minimum noise (thermaly
u - requires baseline stabilization
Z}:v_ - can be realized in multiple stages
Vd
Low Frequency
Feedback Loop Ibias
Krummenacher, NIM A350 (1991)
Ludewigt et al., TNS v41 n4, (1994)
Vdd — [ Vref Vandenbussche et al., TNS v45, n4 (1998)

Manfredi et al., Nucl.Phys.B 61B, Proc.Suppl. (1998)

- noise can be high
- requires baseline stabilization at high rates
- compensation an issue

35



Preamplifier reset — monolithic technigues (3

Santiard et al., CERN-ECP/94-17 (1994)
Chase et al., NIM A409 (1998)
Sampietro et al., Elec.Lett. v34 n19 (1998)

R-Scaling

It - noise can he high (large values of R and N required)

- linearity an issue
A II: - parasitic capacitor an issue
- compensation available in some configuraitions

- requires baseline stahilization

Blanquart et al., NIM A395 (1997)
Blanquart et al., NIM A439 (2000)

1L
S_Iew—rate -,—,FI - MOSFET operates in saturation only when there is signal activity
Limited - naise can be high (it requires Ibias > Idet)
f:':f - parasitic capacitor an issue
- suitable for Time-Over-Threshald processing technigues

- requires baseline stahilization at high rates
' - linearity an issue
z

- compensation an issue




Nonlinear Eole-zero comgensation

]
I I
1] |
CF cC
IN ,\ l\

VG e
1 1
7 1
MF MC
| | | |
| i
CF CcC

G. Gramegna, P. O’Connor, P. Rehak, S. Hart, “CMOS preamplifier
for low-capacitance detectors”, NIM-A 390, May 1997, 241 — 250.

Classical

RF - CF=RC -CC
Zero created by RC,CC cancels
pole formed by RF, CF

IC Version

CC=N:CF

(WIL)ye = N - (WIL),e

Zero created by MC, CC cancels
pole formed by MF, CF

Rely on good matching
characteristics of CMOS FETs
and capacitors

37



Preamp reset with nonlinear PZ compensation — experimental results

Channel integral linearity error [%]

linearity
0.2 ——— .
[
0.1t ° .
L .. ® o ¢
00+ \‘ o i
[
i ®, ° T, ~ 1Us
PY Gain ~ 200mV/fC
o1} Ciag = 200pF |
C,+C ~ 1.5pF °
| ~1nA
p
-0.2 . '
0 6 9 12
Injected charge [fC]

15

Channel output voltage [V]

N
o

=
ol

=
o

o
(&

o
o

output vs pixel leakage current

C,+C ~3pF
Q=~11fC

Gain ~ 200mV/fC
|, ~250pA +70nA
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com Eensated reset system

e Advantages:
— near theoretical noise contribution

— accepts detector leakage current over wide range
e allows DC coupling of detector to preamp

— compensate the parasitic preamp feedback pole with a precisely matched
zero
e allows crude single-element feedback

— Insensitive to variations in supply voltage, temperature, and process

— Internal bias circuit needs no external adjustments
e same circuit works for any detector, gain, tp

— easy to implement programmable gain
e Drawbacks:
— only works in one polarity

— DC leakage amplified by same factor as signal
e requires BLR in 2" stage

— large area consumption



Secondarx noise sources in the preamp

— g2 and ig,? are effectively in parallel with the
input transistor

— Their contribution to input (white) thermal
series noise is (gpmg12/Im1)?.

— We minimize their g,, w.r.t. that of M1
— Umei12 = V2pC o, Wi/L

— use low WI/L (i.e. long-gate) devices with
large or degenerate with source resistor.

— Keep W/L as small as possible (thus V-V
large) while keeping Vpg > V-Vy

— Various ways to optimize.

MB2

M1

MB2

MCAS

40



Shaper and baseline stabilizer

Shaper

BLS

41



Inteqrated shaping amplifiers

Limits the bandwidth for noise

Gives controlled pulse shape appropriate for
rate

Control baseline fluctuations
Set slope at threshold crossing for timing
Bring charge-to-voltage gain to its final value

By its saturation characteristics, sets upper
limit on Q,,

. Feedback circuits give the most stable and
precise shaping
— At the expense of power dissipation

—  Poor tolerance of passives limits accuracy of
the poles and zeros

. High-order shapers give the lowest noise for a
given pulse width

Shaper Characteristics

()

o |,

first and second moments

[ |h(t)[" dt

h'(t)[” dt

¢ slope at threshold
crossing

n'(trc)
where h(t,.) =V,

42



Pulse shaper — matched filter with compromises

e calculation of matched filter
— Incomplete knowledge of noise spectrum
— Incomplete knowledge of input waveform

e exact transfer function difficult to realize in practice

e optimum filter requires a long time to respond constraints:
— pileup < limited rate capability *hoise corner
@ .. - ryy ‘rate!
» “pallistic deficit charge collection
— Input charge Is not a o-function *preamp decay

— width of impulse response must be >> duration of input charge waveform

SR TANES VAN
* — Q,
A ] Nt

43



Pulse shaEing filters with real Eoles

Simplest filter: CR-RC

o«

. _1"1;!_: RC

‘> : R A_
© &) él_fl o ] p\% [ ¢ =

CR-RC", unipolar semiGaussian

o = e~ nQl
ol 7N
R R
7 T 1
. N —————— Y

n~l {n&e%m\-ims

CR2-RCn", bipolar semiGaussian

oL
T A

e asymmetric response

* Identical real poles
* Symmetry improves with order n:

increasing n

Normalized step response
00 02 04 06 08 10

» Area-balanced
* Derivative of CR-RC"

44



Properties of real-pole semiGaussian shapers

unipolar CR-RC" bipolar CR2-RC"
()
hu(l) etp é_tpl
t
t
c—— t, —
—t, >
S (ST)2 2
T
H - H S)= = —
U(S) (1+ST)n+l ( ) (1+ ST)nJrZ a)max nr
ny o (L) g h(t) = ——— (lj e [t—(n+1)7]
“()_n_! e (n+1)1z\ 7
t,=nr ty=(N+1-+vn+1)r
t.=(n+Dr

t,=(M+1+vn+1)r 45



Complex pole approximation to Gaussian pulse

Shaper Pole Positions

6
u
1 4
n
n 1 2 ™mHz
T ‘ 1 - 1 1 O
10 -8 6m4 2 0 ,
_
1 -4
H
-6
- Gaussian --lt- A CR2RC6

Ohkawa synthesis method (Ohkawa, NIM 138 (I376) 85-32, "Direct

Syntheses of the Gaussian Filter for Nuclear Pulse Amplifiers”)
For given filter order, gives closest approx. to a true Gaussian

More symmetrical than CR-RC" filter of same order for same
peaking time

Noise weighting functions:
I
I

|,cumplex/ II.ER-R[: =118 Series

/y cpe = 0.81 parallel

2 complex

46



Shager ogtimization

Amplitude

Shaper type rel. noise

— 5M-order complex (0.62)

RC-CR4 (0.68)

**** RC-CR (1.0)

pu— Cl

Sallen-Key Lowpass

IE
o D%I

L
l

Multiple Feedback Lowpass

* For a given rate-handling
capability, high-order shapers
have lower noise.

* Adding an extra shaper stage
can reduce noise more than
putting the equivalent amount of
power into the preamp.

* For a given shaper order,
complex pole constellation using
second- or third-order active filter
topologies minimizes noise.

Shaper Pole Positions

6
]
4
n
] 2 MHz
Al 0
1o 8 W4 -2 P
n
-4
[ ]

-6
---l--Gaussian ---l-- A CR2RC6 47




Second-stage noise

PREAMP

| SHAPER
¢ |
== 1—\:}-—
]
{)——‘ > ; Co—AnN- 1—1‘
é'—gab eﬁ I 'E.B KB \3“1
]

[

Transform eg to the input:

L .
Sl

O
oI
Co
EBJ{(CD;{CF‘FI) ('BEA

ENC, C, (R
ENC, C, |R

D A

48



Baseline stabilization

Baseline can move due to:

1. DC coupling to detector with
variable leakage

2. Temperature and power supply
drift

3. Rate fluctuations in a system
with AC coupling

(1) and (2) can be prevented by low
frequency feedback circuit:

IN 4{Preamp Shaper » OUT
Low Pass < REE

Compensate with nonlinear element or gating of the feedback circuit

Result:

10 ¢ —
[ Gain = 200mV/fC
[ .= 12ps

<
=X
=%

-
T

Output Baseline [V]

Detector Leakage Current I, [A]

But this introduces unintended AC coupling:

lolo
10°E

e o e e - e - - -

without feedback

Simulated Gain
10°
10

. with feedback
10°f

Gain [}

10°F
10*F

03 L L L L L "l L "l
10° 10" 10° 10* 10° 10° 10° 10° 10° 10
Frequency [HZz]
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Area balance after AC coupling

* Unipolar pulse:
* baseline displaced below 0
* instantaneous rate fluctuations cause baseline to wander

A A A A

* Bipolar pulse:
e each pulse is area balanced, no detrimental effect of AC coupling
« penalty is higher noise, longer occupancy per pulse

50



Outgut stage

Output Stage

>

Vv

51



Output driver

class AB common source

: ”__) lIQ Vioad ~ VoD

» class A: high standing current » class AB stage can source or sink
* can't swing rail-to-rail currents >> quiescent current
 cOmmon-source stage can drive rail-to-rail

Hogervorst ref.

52



Analog samgling

Sampler

53



Candidate sampling/memory cells in CMOS

Sample/hold using switched Peak Detector (PD)

capacitor o peak
held

+VDD

in 4‘ out
J— - out

* small
* low-power
* self-triggered edeadtime until readout
« timing of hold signal: needs CFD for walk- « timing output reset
free operation . : .
_ - « feedback loop poor drive capability
* switch charge injection  accuracy impaired by
« poor drive capability: needs output amp opamp offsets, CMRR,
slew rate

54



in

Switched-capacitor track-and-hold

CMOS switch:
— Jlow I

— highG,, 0<V,

TRACK/= = =
HOLD \Y
Vin _/
CMOS
switch
S
Vclk
L
Vout
iV
1
\'/

clkb

Ch

HE-

sig < |/DD

MOS/MIM capacitor:
—  well-matched
— Jlow leakage
— linear

Design tradeoffs:

speed — droop rate

speed — charge infection
speed — clock feedthrough
low voltage limits

55



CMOS Peak Detector

Classical peak detector
in

v
Improved CMOS versio_n_
in _H:: }__{ E_
hold
:

hold

Diode replaced by current mirror acting as
rectifying and loop-stabilizing element.

Reduced charge injection from sharp
transient at node A(B).

AV, = Vp; AV =V, << Vp

Accuracy, speed, and dynamic range

limited.
o.ov ] in
o5V
te 2008 e 40us
Vout = -1.0017V Vout =-1.0011¥
4 d o
-1.0v Vout
Vpesk .« 10017V Voul = -1.0018
s 10us 20us 30us 40us S0us

"¥Vin Yo Time

M. W. Kruiskamp, D. M. W. Leenaerts, IEEE Trans. Nuclear Sci., 41(1)
295 (1994) 56



The two-phase peak detector concept

Write phase

* behaves like classical
configuration

Read phase

» op-amp re-used as buffer

e offset and CMMR errors
canceled

e enables rail-to-ralil
sensing

» good drive capability

e self-switching (peak
found)

l_?/_off ,>-\ 5
T £
ICh = 0
1 o

0
C
x -5
©
(O]
o
out £ 10
o
g 15
Voff )
1

\\
&ir

<05V
=10V

20V |
=25V

0.1

1 10
Peaking Time (us)

P. O’Connor, G. De Geronimo, A. Kandasamy,, IEEE Trans. Nucl. Sci. 50(4), 892 (2003)
G. De Geronimo, P. O’Connor, A. Kandasamy, Nucl. Instr. Meth. A484, 533 (2002)
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Track/hold array + N-to-1 multiglexer

N\

: yd
T—T
€I
v _
! 1
! B
L v
| 1
T
v _
1
€I

| -

READ
PNTR

N
7

out

tradeoff of multiplexing
ratio, deadtime

good channel-channel
matching

requires external signal
to control track/hold
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Switched-cagacitor array waveform recorder

/L.

77

/L.

Y L

—> PNTR —

77

Vout
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Deadtimeless SCA with simultaneous R/W

WRBUS
] RDBUS
Vin Vout

r>/ /[ /% [/

/L.
77

1 1
1 1
1 1
| |
1 1
1 1
| |
1 1

W R

P P

N

S
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Discriminator

Discriminator

D>

61



Discriminator properties and applications

- 5" Rise Cm:é;i%ig
Vv § . \ :
Vout = 1 if V(in+)>V(in-) i A\
> 0 otherwise Your b 5 \ |
- -— - £ \_\\
tpHL tpLH ,
. « 40 60 80 100

Overdrive Voltage (mV)

. Characteristics

—  propagation delay 12 v _
e vs. overdrive 104 rate =1+erf [th_fuj
e vs. risetime (of input wfm) ' o
e vs. load capacitance 081 074
- hysteresis S e —— _—
. 0.6 o
—  recovery from saturation
0.4
402 _—
. Used for 0.2
—  hit detection (YES/NO) 0.0 U ‘ ‘
— [‘r/:gger 20 30 40 s 50 60 70
- amplitude windowing
—  amplitude spectra (by threshold
sweep)
—  time interval marker O —~
[ >
Noise hit rate in threshold detection: § 2
System bandwidth B, rms noise ¢ = 3 |I‘ %
2 =
\V/ o
~ _ Vi
f . =0.6Bexp 27




CMOS discriminator topologies (1)

Vdd ) _ = Main differential pair M1-M2

1 1 plus dual current mirrors
provide gain ~ 500
e Cross-coupled pair M1a, M2a

provide positive feedback.
e Hysteresis level adjustable by
12/11 ratio.
OUTa e Balanced, fully differential
g circuit less prone to feedback
oscillation.

<

L
] [
OUTb Mla M2a

NP

L]
3
—

GND

C. Posch, E. Hazen, J. Oliver, ATLAS internal note 22/05/01



CMOS discriminator topologies (2

[E ;}:I e Cross-coupled pair M1a,
J L M2a provide positive
feedback

e Hysteresis level adjustable
by M1/Mla width ratio

—1¥7
14T
| T
—
—1




Cascade togologx

A A; As A,
IN :!> =!> =!> __ouT
autozero
I
% |/
AN
'\ ref
gain stage
VDD i A\?
gain A, = G/, Overall gain
bandwidth f,=g,,,/22C
| » 0= G’ 7 out Overall BW  f /2" -1
—|v—>— —<—||— 0
= —
T » Cascade gain increases faster than bandwidth
n —— < « decreases as add more stages.
r— —
e Nonlinearities limit n to ~ 5 - 6 in practice.

M.L. Simpson et al., IEEE J. Solid-State Circuits 32(2), 1997 (198)
N. Paschalidis et al., IEEE Trans. Nuc. Sci. 49(3), 2002 (1156) 65



Peak detector as timing comparator

out hold
in I
N
+
hold
@ out
E— |

C,, may be precharged to threshold V. Is free of time-walk



Clocked comparator

M
v,,,+ %

—

I_.__l . Vr)uH—

Vour-

T b

$=0:

M3 holds latches in balanced condition

o=1:
M3 OFF, M1/M2 unbalance latches, positive
feedback gives rapid response

* This topology frequently used in ADCs.

Comparator offset cancellation by autozeroing

o1
/
2
Vin
¢1

67



Non-delay-line constant fraction discriminators

. delay line not available in CMOS
Traditional CFD - Y

o O:fbi

Non-delay-line CFD /—filter (lowpass or highpass)

Simple monolithic implementation

Vshaper(‘/L
o

N
10 E R 3

Ve(®)
O
Venaper(t) i(t)=0 when dV(t)/dt=0, i.e. at
peak of lowpass waveform
Ve(t) independent of amplitude of
Vshaper(t)

Higher-order filter improves slope at zero-cross and
leading-edge sensitivity

1

T Pl e — T L T T T
Input Signel. - Two- Pole Inout*: Vingk{1-&xp{-1Ap) (1+14p) u(Y
B e -~ | *tp=tinisgri?) f_
x f / ! i
S 06 & |
ol ~~Shaping Signals | |
D / L — : .
g g /5 1
S S A R N '1, Delay-Line CFD: 1d = 1.5036n, = 0.2
> / 2 2, 1P Gauss CFD: fau (sa) = 1.325tn, f = 0.5
0 “\:g T3, 2P Gauss GFD: tau (ea.) = 0.563tin, f« 0.5]
3 4,37 Gauss CFD: tau (ea) = 0.360tn, = 0.5
0.2 > 5, 47 Gauss GFD: lau (oa) = 0,2651n, f = 0.5]
I 1&f = 260 l |
0.4 et } S

5 6 7 8 9 10
tt,,

B.T. Turko, R.C. Smith, IEEE Trans. Nuc. Sci. 39(5), 1992 (1311)
C.H. Nowlin, Rev. Sci. Instr. 63(4), 1992 (2322)
D.M. Binkley, IEEE Trans. Nuc. Sci. 41(4), 1994 (1169) 68



Analog-to-digital converter (ADC)

ADC
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RESOLUTION (Bits)

ADC architectures

‘ INDUSTRIAL

16

14

12

10

MEASUREMENT

VOICEBAND,
AUDIO

DATA
ACQUISITION

HIGH SPEED:
INSTRUMENTATION,
VIDEO, IF SAMPLING,

=== CURRENT
STATE OF THE ART
(APPROXIMATE)

8

L 1 LI
10 100 1k 10k 100k

1 Ll
iMm  10M
SAMPLING RATE (Hz)

W. Kester, Analog Dialogue 39(2), 2005 (11)

SOFTWARE RADIO, ETC.

Tradeoffs:
* speed
e power
e resolution
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Flash converter

Vret

n |3

@"-1)toN
encoder

N digital
outputs

TR
3 LEVEL ADC
28
s x5 o . e

dE/dX

ENCODER

dE/dX RANGE ADJUST

5 bit output

—>  9bit dynamic range

» N-bit converter requires 2N-1 comparators and
resistors

e Converts in one clock cycle (no latency)

= Comparator offset must be < V/(2V)

« Vin must be able to drive large dynamic load of
comparator array

 Resistor string may be tapped for piecewise-linear
transfer function

w 0de

1s

10|

&
Ny
0?5
&

=al-

za.s5-

b b b b b by by a1y Gloevoa bbb Lo o]
G zoAd0e08 T =14 1.6 1.8 = eg G.5 T T = =5 =
Vin (V) Vin (V)

(=) ()

K. Barish et al., Nuclear Science Symposium Conference Digest
IEEE, Nov. 2001, 604 71



Successive A

CONVERT
START
|—————
TIMING
——
EOC,
D%IRBDJéY
ANALOG
INPUT COMPARATOR |
O
CONTROL
LOGIC:
SUCCESSIVE-
APPROXIMATION
REGISTER
DAC |-=— 7 (Y
OUTPUT
Binary search
Vguess
VREFIE ...................................
p———
0.75 VREE} - -=--- S e ———
: el
0.50 VREF jmet I ————
: e mm—— et
H e ——
0.25Vreg}h------  — —
; : =
0 : —p. |
0 2 3 4 5 6T

roximation (SAR) converter

» Performs binary search using N-bit accurate DAC

e Charge-redistribution DAC gives 10 bit accuracy without
calibration for typical 0.1% capacitor matching

< With digital autocalibration accuracy improves to 18-bit

» N-bit conversion requires N comparisons

« Sample-and-hold required at input so value to be converted
does not change during the conversion time

Charge Redistribution DAC
Example: 4Bit DAC- Input Code 1011

reset a- Reset phase - Jreset b- Charge phase Vout

=L, Vout -
1. Le % r Lo Lc %c
g s g P2 E E } J - N
’ by (Ish) L 5
Fref Vref
seser  C- Charge redistribution Q=V,.. (8C+2C+IC)=V,op*1IC

Vout

A S R S

8C 2 C . - , -
: I Vier #11C =V, %16C
b, b, b -
! b, (Isb) i 11
= = = = f =V =—"Ve

) | vy s
In SAR converter, CDAC also combines functions of
sample/hold and subtractor
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Single-slope (Wilkinson) integrator

CLOCK

START Z] COUNTER
e
RAMP -
GENERATOR
| \V
— In+
Il >“STOP LATCH
T In-
Ramp Generator
pic : dv/dt = I../C

et ? STOP

set

START

0. B. Milgrome, et al, “A 12 Bit Analog to Digital
Converter for VLSI Applications in Nuclear Science,”
IEEE Transactions on Nuclear Science, Wol. 39, No. 4,

pp. 771-5, 1992.

e Converts voltage into time interval
« N-bit conversion requires 2N-1 clock
cycles (worst case)

e Dual-edge clocked, Gray code
counter improves speed performance
e Compact, low power

e Easily extended to multichannel

systems
e counter, ramp generator common to all
channels
e Sample/hold, comparator, and output
register per channel
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Dual-sloge integrator

, 52 51
r"’g == (SJ —

Vi o__f‘—‘i{l;_ v Comparator, y
Vgt o= J_:D Control P ounter]—obs
logic :

{Vi, is held constant during conversion.) -~ —oPn
Clock K *
f[k = L Boui

¢ Tclk

Yy A
Phase (I) ; Phase (IT)
. (Constant slope)

= —> " Time

T, (Three values for three inputs)

e Compare V, to reference voltage by
measuring time needed to
charge/discharge C;

» 2N clock cycles per conversion, worst
case

e Result independent of R;,C;,
comparator offset

e Largely supplanted by oversampling
>—A converters in most commercial
markets
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Pigeline converter

Bit 1, MSB

e Cascade of N stages, each stage consists of a
sample/hold, low resolution ADC and DAC, summing
amplifier with gain-of-2

e Each stage converts one bit and passes the
residue on to the next stage

« N samples being simultaneously processed

e High throughput, moderate complexity, low power
e Only first stage needs full accuracy

e Sub-converter nonidealities can be removed by
digital error correction

» Latency of N clocks between sample and valid data
e Minimum clock rate because of droop of internal
S/H's

e Cannot be operated in burst mode
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Time—to-digital converter (TDC)

TDC
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Time-to-amplitude converter (TAC

RST

|
I
Cc

ADC

VOUT
STOP START 5

START ,_\

STOP ,_\

VOUT =1l¢
avout &

STOP

STOP

VOUT

CLOCK STOP

RST
I} COUNTER
c
N
START D LATCH
N
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Delax—locked Ioog intergolator

j»mn|_> Charge | Conirol vollags
cop
) vouuga-oorwro!?d?lalqydmin ;
CLOCK JN
40 Mz
Hit > Vomier register
ofe[o[#[1[1]1]3[1]1{1{o[e]0]0]0
Encoder
vV
4 bit fine ime
Variable delay element Phase detector

Vadd

= wi

e Clock (START) signal propagated down a tapped,
N-element delay chain

» Hit (STOP) freezes state of delay line

 Delay per stage stabilized to T, /N by phase-
locking output to input, using voltage control of
delay elements

» Resolution T,/N; dynamic range T,

e Extend dynamic range by coarse counter

e Mismatch of delay elements =» nonlinearity

e Long delay lines more nonlinear

* Easily extended to multichannel systems:
e DLL common to all channels

e Latch, encoder per channel

=l wl

=

— B before A

—» A before B

T
ul
|

GND

nﬂ% L
-t Lo

ol wl

f=]]

f=1]

K. Barish et al., Nuclear Science Symposium Conference Digest
IEEE, Nov. 2001, 604 78



Pulse—shrinking TDC

S [
1

START STOP

PN

ENCODER
Q Q Q Q
1—D CK| 1—D CK| 1—D CK 1—D CK

_LI\/

=/

.
T

VCNTL

Cyclic version

JL
BH—

Coupiing
Stage

oo

Pulse-Shrinker

Counter

b 16 hit

| ceases

=

e Chain of pulse-shrinking elements

e Change of pulse width At per cell (stabilized)
 After n cells the pulse width shrinks to zero
« Cyclic version recirculates pulse through
same shrinking element; count number of
cycles until pulse vanishes

* Resolution LSB can be << t,, of the
technology

e Conversion time > time interval to be
measured

e Both schemes can be combined with coarse
counters to extend dynamic range

E. Raisanen-Ruotsalainen, IEEE J. Solid State Circuits 30(9), 984 (1995)
S. Tisa et al., Proc. ISCAS 2003, p.465



Vernier technigues

Vernier DLL

tl1>1t2

t, t 4
START— = 1 D—

Two-ring oscillator

START ’
LATCH
—_—n
stowose

— | PHASE
— DETECT

STOP - LATCH
FAST 05C (T2) n2

—>| < ATI

LOCl.(
. . detection
First ring —l
oscillator
Second ring
oscillator

e START and STOP signals propagate down
separate delay lines

» START chain has longer element delay than
STOP

e Measure the stage where STOP catches up
to START

« Stabilize by controlling difference t1-t2 so
that N(t1-t2) = T

* Resolution LSB can be << t,, of the

technology
P. Dudek, IEEE Trans. Solid-State Circuits 35(2), 240 (2000)

e START and STOP signals are used to enable
triggerable oscillators having a small frequency
difference

» START triggers the slower of the two
oscillators, STOP triggers the faster one

» Resolution LSB is equal to the difference in
period between the two oscillators T1-T2

e Counters record the number of periods of
each oscillator between START and lock
detection

* AT = (n; — n,)T2 + ny(T1-T2)
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Not In signal Eath, but imgortant

e Power conditioning and distribution
e Bias circuits

e Electrostatic discharge protection

e Digital configuration switches

e Analog monitor

e DACs

— set comparator thresholds
— trim channel-channel variations

e Calibration pulser
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Packaging, Interconnect, and Systems
Issues

Paul O’Connor, Brookhaven National Laboratory
IEEE Nuclear Sciences Symposium/Medical Imaging Conference

October 30, 2010



Cost of Interconnect

Relative Interconnect Cost

4
10 Network
10° [ Box
PCB
T r IC
PKG
102 [ —— analog
— digital
10
10

Distance From Chip Center (m)

IR 2000
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Pixel density

1E+7
_LSST
1E+6 o e
@ barcode /‘///OMAPS
1E+5 - DEPFET1 - DEPFET2
& Mpix2 e
~  1E+4 - |
c //Q’XAMPSI @ LHC pixels
O  1E+3 - e
u e
g 1E+2 ///0 EXAFS
Q. @ PHX MVD e @ PET
1E+1 - 7 gamma cam
@ sTARTPC 7
1E+0 - e Doubling every 5 months I
1E-1 - -~ @ PHX PAD
1E-2
1998 2000 2002 2004 2006 2008

Year
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Interconnect issues in monolithic front ends

e Detector — Front End

— Lowest possible capacitance for low noise
— Maintain small form factor
— Ease of assembly

* Front end — Data Acquisition

— Analog processing to reduce the required level of digitization
e sampling
e peak detection
e multiplexing

— Efficient use of expensive “analog” interconnect
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Detector — FE interconnect choices

* board-to-backplane
— easy to test, repair
— large boards possible
— connector pins are failure points
— coarse pitch and high capacitance (> 1pF)

» standard SMT package soldered to board

(QFP or BGA)
— easy to test, difficult to repair
— capacitance down to 0.2 pF for small
packages
— board area limited by reflow oven capacity

» wirebonded chip-on-board
— difficult to test, assemble, and repair
— board area limited by wirebonder
— fragile
— low capacitance (0.1 pF)
* bump-bonded flip-chip
— can match pixels with pitch from ~30 — 1000
um
— difficult to test, assemble, and repair
— circuitry has to fit in same area as pixel
 monolithic detector/electronics
— interconnect is created as part of the detector
fabrication process
— ultra-low capacitance (few fF)




Power density

1.E+03 R e » On-detector power density
1.E+02 _\h\ / orcea liquia cooling require |S I|m|ted by COOllng
= 1E+01 N — .- 0.1 Wiem2 capability.
E 1.E+00 - \.‘. \‘\ — . -1 Wem?2
& ::Eg; s, e 10Wiem2 + Electronics for high-density
& S N detector must be extremely
g 1.B034 NN low power
= 1.E-04 - NN el
= 1.E-05 - Limit of -\ﬁ\\-
ﬂ? 1.E-06 - cor;?/t:(ﬁm N . N -
1.E-07 | withio°C N
1.E-08 temp. rise RS

1.E-02 1.E+00 1.E+02 1.E+04 1.E+06 1.E+0

Pixel density (pix/cn¥)




Packaging densit

Connection density (pins/cm'z)

1E+6

1E+5

1E+4

1E+3

1E+2

1E+1

1E+0

hybrid technology

/\ o PGA

L X QFP

. h = = | - A BGA1.27mm

—B- FBGA 1.0mm
R —— — &
—¥— UBGA 0.8mm

—e— COB

—+— Hybrid 50 um
—— Hybrid 25um
Hybrid 10um

—+— Hybrid 150um
surface mount

10

100 1000 10000

Package pins 89



Front end — DA

* High bandwidth analog interconnect is
expensive and bulky.

* Due to the low occupancy, this
Interconnect bandwidth is mostly
wasted.

* Digitizing every channel is inefficient in
a low-occupancy system.

« Existing approaches to sampling and

multiplexing are inefficient:
e track/hold needs trigger, incurs
deadtime during readout
e analog memory (SCA) deadtimeless but
needs trigger, multiple samples, no
sparsification, complex controller

Interconnect

Jl—
||

™S
L~

N~_0 )
l/

\U )

ADC

DIG.

PROC

IADCI

ANLG.

MUX

AM

N I
L~

— Ul WM. record

sparsified

DAQ

DAQ

ADC

DAQ
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Putting It all together

— Output Stage

i >

Shaper

Vv

Sampler ADC

— =

Y

IS
e
Bizaa]

Discriminator
BLS TDC

>




Power Efficient Architecture

e Highest power functions:
— charge preamplifier
— analog line driver
— ADC

e Staying within a power budget and achieving
maximum performance involves careful tradeoff.

93



Figure of merit for charge amEIifiers and ADCs

By -7,

FOM ¢, =

O /GQ

e Expresses the power cost of achieving SNR and speed
e Can be applied to front ends in any technology

e Corresponds to figure of merit for analog-digital
converters:

I:)d
2 ENOB fs

FOM ¢ =
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Rule-of-thumb estimates

 Use FOM.s, — 1pJ, calculate most quantities of
Interest.

e Given P, rate r, what is achievable SNR?
SNR =

FOM ., -10r
— e.g. P=1ImW, r=100kHz, SNR ~ 10P
 What power needed to get timing accuracy o,?
Oy T FOM

O, ~ ~ :
' dv/dt SNR o,
— e.g.6.=2ns, P — 50ulW
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Figure of merit for charge amplifiers (FOMgg,)
VS. detector capacitance

—
o
o
@
— _| ® %
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B |
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Erdmannt et al., NIMA549(2005)153




Figure of merit for ADCs (FOM,pc) VS. dynamic
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Dynamic Range
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Architecture choices

e Digital waveform recording of every channel requires ADC to
have:
— Ssame SNR as charge amplifier
— sampling frequency 2X — 20X higher than analog bandwidth
e Guarantees Pypc >> Pgp

e Better architecture: capture and buffer the analog information
on the FEE ASIC, then steer samples to the ADC

e Switched capacitors or peak detectors can serve as the sampling
cells

e Use analog buffers (memory) with simultaneous READ/WRITE
to avoid deadtime
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Examgle: TPC Digitization Power

*  Npags 8000
° Ntimeslices 500

° I\Ivoxels 4x10°
* Lyine 7us

R 2kHz

Occupancy 2%

e Digitization Energy (12 bit resolution):
— 10220t * 22 * N, .. = 16 mJ

e Power (FADC):

— 16mJ/ 7us = 2000W (250 mWychan)
e Power (buffer and readout at 2 kHz trigger rate):
— 16mJ/ 500us = 30W ( 4 mW/chan)

e Compare with 0.75mW/chan for amplifier + 0.6mW/chan for PD +
TAC.

* With sparsified readout of only occupied channels
buffered in PD: P,pe ~ 0.6W (75 gW/chan).
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summary

Modern IC technologies, optimized for digital performance, are
challenging for analog design but offer exceptional integration
density, speed, and radiation tolerance.

Noise is limited by available power, detector properties, event
rate, and the 1/f properties of the technology.

In addition to optimizing the first transistor, choice of shaping
function is also important in noise optimization.

High-order shapers improve the power/noise tradeoff, and also
iImprove pileup and charge collection performance.

An empirical figure of merit for charge amplifiers, analogous to
that for ADCs, can be used to guide design choices.

Reducing the number of analog-to-digital conversions and

minimizing off-chip analog signal transmission (where possible)

Improves noise by allowing power to be allocated to the front
end.
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Design Examples:

1. Time Projection Chamber (TPC) Readout:

An example of Detector Signal Processing Design
and System Fabrication

2. Examples of Low Noise ASICs

Veljko Radeka, BNL
NSS Short Course 2010



1. GEMvs MWPC
2. Anode pad configuration - chevron

3. Anode pad — ASIC board topology
and fabrication

4. ASIC D&D
5. Field cage fabrication and asembly

TPC Critical Technologies:

HV
Connection

HV Cathode Plane

Field cage

Double GEM
planes

Digital readout

Interpolating anode pad plane
with front end ASICs



TPC - Key Features and Parameters

eDesigned for low rate (—kHz), low multiplicity environment: single sample
per channel per trigger

«TPC Active Volume:
Inner diameter —~9 cm; Outer diameter —35 cm; Drift Length: 50 cm

eDouble GEM amplification, gas gain <1000
«Drift field — 600V/cm (30kV high voltage) max., total drift time — 5-7 ps.

eInterpolating zigzag anode pad plane, —200 um position resolution for stiff
tracks; Pad density =10 times higher than in previous large TPCs

eReadout channel count, 7296
eCustomized ASICs, 32 channels per chip, 40mW per chip, 10+6 W total

eElectronic noise <250e, 500ns peaking time, single peak time and
amplitude measurement, timing resolution — 5-15 ns

8 sets of ADCs digitize the sparsified and serialized data streams, worst
case event processing time <0.5ms



O < 200pm

Front-End Electronics Specifications

anode plane

X axis title

Tracking

* Rate: 2kHz

 Multiplicity: 3 tracks max

» Charge of triggered pad

» Charge of neighbor pads (centroid)
» Timing of triggered pad

\

Front-End Requirements
* ENC < 250e rms (S/N>100 at 4fC min)
* Timing Res. < 20ns rms (drift ~ 7us)
* Readout Time < 500pus (all channels)
* Power < 1.5mW (<10W total)
* Preamplifier - shaper
 Pulse amplitude (peak detect) + analog memory
* Pulse timing (TAC) + analog memory
* Neighbor channel/chip logic
» Gain equalization +/- 30%, 3-bit
» Channel calibration capacitance
» Channel masking
* Analog monitor and analog buffer



ASIC Readout Channel - Block Diagram

neighbors
—continuous resetl* I —> flag
I
* || ® threshold peak | mux1
—— detector PD
\ 2nd order baseline ‘
i _I: T shaper [ stabilizer
timing | mux2
ramp —— detector TD
INPUT n-MOSFET SHAPER
* optimized for operating region « amplifier with passive feedback PEAK DETE_CTOR
« ENC < 250 rms electrons - dual stage multiple feedback * two-phase configuration
« NIM A480, p.713 - 2nd order, 600ns peaking time * offset error cancellation .
- adjustable channel gain (3-bit) * high absolute accuracy < 0.2%
CONTINUOUS RESET » US patent 6,512,399
- feedback MOSFET BASELINE STABILIZER ey~ ° NIMA484, p.544
» self adaptive » band-gap referenced TIMING DETECTOR
* low noise * low-frequency feedback « time-to-amplitude converter
* fully compensated * slew-rate limited follower :
« internal or external ram
» US patents 5,793,254 & pend. * high dc stability < 1mV « two-phase configuratior?
* NIM A421, p.322 * low channel dispersion < 4mV « timing resolution < 20ns rms
* TNS 47, p.1458 * TNS 47, p.818
— _/ N~ — _

~ 350 pW ~ 900 pW



channel

TPC ASIC Layout

Timing Resolution [ns rms]

e TSMC 0.25um
e 32 channels

e 3.1 x 3.6 mm?(~0.35
mm?/channel)

e 47k MOSFETs
e 1.2 mW/channel

15

Y | I T T T T

Ix

: ' ® 7usintemd ranp

E:/,/t”eShdd ¢ Tpsedemd ramp

Vbaseline % 4ys extema ranp
10 | z ----- theoretical 45

: "!‘ delay =25

oo gain = 256mvifC

.

i .‘
SF i L0 -

g e

] \

! *\:_,\.i $ g3 s o
O :- ] ] ] L
0.0 0.5 1.0 15 20 2°f



Layout of the Anode Pad Plane —
Topology of the Readout Board

Pad size: —2mmx5mm, 22 rows
Total # of Channels: — 7296

My

W
LAY e B |
'H."»C\'"__ -




A major topology and

Board
hallenge (solved)

Asic
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Board fabrication — Inner details

S S s
LAYER 1 (TOP SIDE) [ |
I A
LAYER 2 (GROUND PLANE) | ]
I |
LAYER 3 (SIGNAL LAYER) | ]
LAYER 4  (GROUND PLANE) | L - | .11 TOta| LayeI’S
I A
LAYER 5  (SIGNAL LAYER) | 1 = | ===t ===
I Al . .
LAYER 6  (POWER PLANE) | : B | 014459 B||nd V|aS
LAYER 7  (SIGNAL LAYER) | - L |
LAYER 8  (GROUND PLANE) | 8 1 | . H H
r ————1 /9952 Blind Vias with
LAYER 9  (SIGNAL LAYER) r
| f ' controlled depth drilling
LAYER 10 (PATTERN LAYER) [ |
(Hl VOLTAGE)
LAYER 11 (BOTTOM SIDE) | ]
(chevron patlern) L=

Anode pad
Bnogltﬁﬂalill
NATIO/ L LABORATORY
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2. Examples of Low Noise ASICs



3He detector for small angle neutron scattering experiments

¢ Low-noise front-end with unity gas-gain

¢ Single-pad induction (small-pixel effect)

e 3He pressure for max 3-pad charge sharing
e Full size: 196 x 196 pixel array (108 n/s)

e Pixel 25 mm?, 5 pF, rate 5 kHz / pixel

» 64 channels - mixed signal
* low-noise charge amp.

R RN » peak detector, 6-bit ADC
neutrons

 18-bit timestamp

«l10e resol 15 mWNieh
* sparse readout and FIFO
» 300,000 transistors

300 —7r . r - r - r -1t -1t T T 1 17
T = 300K
LA
250 - }
& Peaking Time 500ns :
5 e
‘8’ 200 + /A’ 1 /,." .
o] . U’S, - PN
: .
— 150 | '1', ’,¢" ":::: ””””” |
% A T i
-,:91':;‘::3::’%
100 r—””x:"“i:” -
Ht o
Dashed Lines: Theoretical Fitting
50 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L
G. De Geronimo et al., IEEE TNS 54 (2007), collaboration with ORNL o 1 2 3 4 5 6 7 8 9 10 11
Microelectronics - 14/27 External Input Capacitance [pF]




 Collaboration with NASA at XRS for elemental mapping
» Based on Silicon Drift Pixels

bl

plpipipipininip

2X 4.6 mm?

Microelectronics - 15/27

* 16 channels - mixed signal
* very low noise amplification
* 11 electrons resolution
* Pixel <1pF

* 1.2 mW/channel

* peak detection, sparse readout
« 30,000 transistors

Counts

10M

™

E 7 T v T v T v T v T v T v T v T
F “Fe, T=-44C M
[ Peaktime =1 pus  iratio 5.9 keV
e Rate = 1 kcps i~5000 153 eV
£ Ch. 14 ;
L E lea - Mnkﬁ
100k ¢ Ar, .5 1'65 ke\)’ 6.5 keV
i 7
Ar 3.2 keV ® 164 eV

10k L 5
= 2.9 keV ;
E 121V \\ ,’

S
Ca esc,kp
- Al ka X ‘:Si(kav 4.7 keV
100 k 3.7 kev 4.1ke
: 1.5 kev 142 eV
10 I n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1
0 1 2 3 4 5 6 7 8

Energy [keV]

G. De Geronimo et al., IEEE TNS 55 (2008), collaboration with NASA



ASIC for high resolution X-Ray spectrometers — <10 rms e

registers, DACs, temperature sensor

gain| mask, monitor, lthreshold

"""""""""""""""""""""""" IO(‘/' —<— ENA
] —<— CLK

I I 1§

| ] ] ] 1 1 )
HEEEEEEE N
DErErErErEE

B (0 (Rl

) 4 SA —t— PD
dual-stage charge amplifier I_x ol > FLG
ADR o ADR
| i6channels e N h— MON
mux
20 L) L) L) L) L) L) L) L) I L) L) L) L) L) L) L) L)
T=-44 C, Gain 5 V/fC
L Measured g
< ch14, sensor connected and biased
15 @ ch14, no sensor Simulated -
plpiplninininin * no-sensor

Measured ENC [e]]

CMOS 0.25 pm
2.2mmx4.6 mm
1.2 mW/channel
NASA, NSLS

0 L L IR W TR S T W |

BROOKHAVEN 0.1 1 10 46

NATIONAL LABORATORY

[ P—————— Peaking Time [us]



Layers of 2 mm thick Si, 1x1 m?2
Double sided orthogonal strips
Total strip length 30 cm (= 30pF)

1400 T T v T T T T T ' 1
L T = 300k, Negative charge amplification
1200 - Gain Peaking time g AT
— 14 mV/fC 0.5 us S
= 1000 | et 28 mV/fC . |
£ | === 56 mV/fC ]
@ T s
S 800 > .
o
2 600 =
O
i
400 =
200 -
0 1 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100

External input capacitance (pF)

32 channels - mixed-signal

» positive or negative low-noise charge amplification
 peak detection, sparse readout, multiplexing

* 65,000 transistors

» also used with CZT sensors for astronomy applications

EEE BEELEEEE BELEEEREE BEEEELREE

Blhhhl HELEEEEL LRELEELEEL EREEELLL

9 mn

i

4.9 X

Mi . G. De Geronimo et al., IEEE TNS 55 (2008), collaboration with U.S. Naval Research Laboratory (DoD)
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Concluding Remarks

Detector concept &= Readout Concept

Electrode Design Capacitance
Interconnections | = | Noise
Front end design Power




Design Examples:

1. Multichannel pulse measurement with analog
data concentration and derandomization

2. Readout ASIC for miniaturized PET tomograph



1. Multichannel pulse measurement with analog
data concentration

Signals from 32
detector elements s3
(random arrival times)
S1 S2 S4 S5

L/LJL/\ CH; I
A ENERGY >| apc —
I -
J_A_Jj_k ) 1
_ CHy _ * s DAQ
TIME _ - ADC|
AN J A 1 CHsy
ADDR AlX A2 X A3 X Ad X A5 'R
S|

Front-end Data-concentrating Digital data
preamp-shaper analog FIFO (“PDD”) acquisition
system



PDD ASIC Block Diagram

>

INPUTS ——>

1
VTH_’/

SWITCH
32:8

>

T

PD/
TACs

—> MUX

-

LOGIC

> AMPL.

> TIME

T

» ADDR.

> FULL, EMPTY

+——READ

REQ.

e Self-triggered and self-sparsifying
e Simultaneous amplitude, time, and address measurement for 32

input channels

e Set of 8 peak detectors act as derandomizing analog memory
e Rate capability improvement over present architectures
e High absolute accuracy (0.2%6) and linearity (0.05%b), timing

accuracy (5 ns)

e Accepts pulses down to 30 ns peaking time, 1.6 MHz rate per

channel

e Low power (3 mW per channel)

P. O’Connor, G. De Geronimo, A. Kandasamy, Amplitude and time measurement AS,
with analog derandomization: first results, IEEE Trans. Nucl. Sci. 50(4), pp. 892-89

(Aug. 2003).



Switch matrix — initial state

empty
empty, WP
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- peak stored o » ~ o
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2. pulse peaks on Ch. 3

MUX
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3. pulse arrives on Ch. 0

MUX

PD,
PD,
PD,

N X
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PULSE IN; an a (b Gy
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/_\ PULSE IN,

COMP,

PULSE IN,
COMP,

PULSE IN,
COMP,

PULSE IN,
COMP,

4. pulse arrives on Ch. 2

\/
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./

D
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5. pulse peaks on Ch. O

MUX

N (32]

(@) (@)

o o
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— . COMP, h o NS /
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6. PD, read out In response to external read
request

PULSE IN,
COMP,

PULSE IN,
COMP,

/ \ PULSE IN,
—\—=_  COMP,

PULSE IN,
COMP,

©

©

PD,

o/

©

©

©

PD,

-,

&

©

PD,

<

©

o

/

MUX ===
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/. another pulse arrives on ChO

MUX =2

PD,
PD,
PD,

A N
:/—\; PULSE IN, an A
T — COMP, — D,
PULSE IN, O O A~ O
COMP, - = 5% -
/\ PULSE IN, N g ® J I}
—x—_ COMP, ) v o B
PULSE IN O (B o (B
COMP, YV \ N
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Quad-mode Time-to-Amplitude Converter

MBBE 2

TAC
-Il DISCR 5 START ———>
TAC
PEAK FOUNI; STOP
IN PD
READ REQ.
_Vﬂ/\ 1. risetime
IN = —1:—— 2. peak-RR
| 3. TOT
PISCR — 4. lead-RR
PEAK FOUND

TAC
READ REQ.

|

TAC

12



PDD layout

Cross-point switch PD/TAC array
and arbltratlon Ioglc

Comparators kg

o,

mmnm&hg:;ﬁ}ﬂw ttua

Serial Programmable Interface

size : 3.6 X 3.2 mm?
technology: 0.35um CMOS
DP4M

13



Reconstruction of peak height and time

MM

LU

— PULSE
— RREQ

0 20

40 60 80 100

4M
| PDOUT

— TDOUT

40 60 80 100

ASIC Inputs

ASIC Outputs

14



Reconstruction of peak height and time

2 -
.
- Reconstructed
* .
points
L 2
. . Actual
1 4 + waveforrm
* *
.
0 ) ) ) 1 1
0 20 40 60 80 100
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High rate capabillity

Fast pulses, high rate

400} ;E%EEHZ )
ag0| L— fit 64MHz
g 250
m——1 TV U it e e
Tmm'gzoom{f CHI 2007y MS.00Hs AUX Y 300MmV o ) e
Ch4 s5.00V : ‘ , i ; . ‘ i
1] 50 100 150 chza?-.?-m 250 300 350 400
Black — pulse input
Blue — Read Request . 32 CZT sensors, 7X3X7mm3
Green = PD output 241Am source, overall rate ~ 8MHz
. Shaper peaking time 600ns
* Inputpulses: . Rate of read request varied from 8 MHz
* 30 ns peaking time 10 64 MHz

1.6 MHz rate

« Readout rate 500 kHz - No peak shift or FWHM degradation

seen

- Settling time of output mux ~ 10ns
16



—

Risetime

s Cme T

Biparametric spectra

v
0

L}

FE R ]

e

EE

2090 40 60 60 7

T

Energy—

2r A0

Counts [107]

TAC Amplitude [V] 04 04

_FWHM = 3.44%i.e. 2 pkeV

=
e}

=
o)}

=

PO Amplitude [V]

» Detector: eV Products CZT
Pixellated Linear Array of 32
elements 16x3x3 mm?3 biased at
900V

e Source: 2 x 8mCi 21Am
* FE: t, = 400ns, gain=200mV/fC

 Event Rate: 4.5MCounts/s
overall, 210kCounts/s on the

single pixel 17



Time-Over-Threshold Measurement for pile-
up rejection

Experiment Setup

* Array of Imm x 1mm silicon diodes, built on a fully-
depleted 400um high-resistivity wafer and cooled at ~ -54 °C

» 8keV X-ray monochromatic collimated 10umx10um beam
from NSLS focused on the center of one pixel

* FE with 2us peaking time

Biparametric Spaectrum Biparametric Spectrum
25 i 25 T T T T
2r 2L
= o
=) [=)
= Ly
(i) (1]
- ey o —g
= i - il T
S 15f st I o
> 4 e e T
[} [l LRGN
QT ) S
E E
= =
1k 1k
05 1 1 1 1 1 1 1 1 05 1 1 1 1 1 1 1 1
05 03 1 1.2 1.4 1.6 1.8 2 272 0B 0s 1 1.2 1.4 16 1.8 2 272
Amplitude Amplitude

Before The Correction After The Correction 18



Time-Over-Threshold Measurement for pile-up
rejection

Pulse Height Spectra Comparison

0
10
Before the correction 5
B After the correction -
107"}
j%)
S
S
- 10
s
IS
£
(@)
e
-3
10
I LU {
5 WAl . |

0.6 0.8 1 1.2 14 1.6 1.8 2 2.2
PD Amplitude [V]
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2. RatCAP — Rat Conscious Animal PE

2X2X5mm
LSO
scintillator

A septa-less, full-ring tomograph with a diameter of 4 cm
and an axial extent of 2 cm, suspended by a tether, which
will allow nearly free movement of the awake animal.
Supports BNL program in addiction research.

. The tomograph ring must be light enough to be
supported by the rat and allow reasonable freedom
of movement

. Light weight detectors (~ 150 g total weight)

. Light weight electronics with low power dissipation
. = New custom ASIC

. High data rates and large singles background

. Small field of view and large parallax effects

. Limited sampling due to space and weight
requirements

. Must be rugged enough withstand activity of the rat

4 x 8 APD [
array

20




Electronics for a mobile, miniature animal PET tomograph

readout ASIC

socket

Mockup of the portable ring on the head of a rat

*0.18 um CMOS
* 1.5 mW/channel
* 32 channel ASIC

« Preamplifier + shaper + timing discriminator

« address encoding
« serialized output

LSO scintillator

APD array

counts

Counts

linearity
0.6
ost  Slope =15.2 mV/fC
ENC=902+29 e’s
S*0 rms
<
E, 03
EL 0.2
3
0.1
0
0 50000 100000 150000 200000 250000 300000
Input charge (electron)
energy resolution
C LSOIAPD (Ge-68) energy resolution peak 4652
fwhm: 84.1
resolution (fwhm/peak): 0.18
1500 -
1000 FWHM = 18%
—
500 \
0 T T T
0 200 400 600 800
L. adc channels
tlmlng resolution
5000
FWHM = 2.47 ns
4000 -
3000 -
2000 A
1000 o

6 4 2 o 2 4 6
Time (ns)
ASIC preamplifier with CFD vs. BaF,/PMT



RatCAP ASIC address serializer

» 384 channels on ring make it impossible to bring all signals off detector.
e Analog pulse height information is not saved, lower level discriminator only.
 Discriminator pulse is encoded to give 5 bit address

» Leading edge of encoded serial pulse train gives time information

< Telk > File Edit Vertical Horiz/Acq Trig Display Cursors Measure Masks Math App Utilities Help Buttons
CLOCK | i N .. ety S APTOSTE00
fclock~100MHz S A A S
CFD [\ I R ST ki ia -
i ST : : i : : : ) :
TIMING o e i
EDGE ) ) !
CHAN PR
ADDRESS / A0 X Al X A2 X A3 X A4 \ Birartey i ey ! i o ’
- serializer
EDGE + e e e S
ADDRESS \ A0 X AL >< A2 X A3 X A \ : : ' '
T 1 7 68V Ons/div
\' 3 .32V 2.5 s 400ps/pt
AV: -4 36V [ - 660mV
Tserial . Q

J.-F. Pratte et al., Front End Electronics for the RatCAP mobile animal PET scanner,

IEEE Trans. Nucl. Sci. 51(4), pp. 1318-1323 (Aug. 2004).
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ASIC Performance - Timing
Resolution

Preamp/Shaper + ZCD

3.54 ns FWHM

Electronic Timing Resolution
at 511 keV equivalent energy

with

10 10
time (ns)
5000
LSO+APD FWHM = 2.47 ns
+ VS 4000
6.7 ns FWHM
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(2.4 ns rms) @ 3000
5
o
O 2000
_> 4—
1000
0 ,
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Spatial Resolution

%8Ge point source
— ~1 mm dia.
—r=0-16 mm

2D FBP

— sinogram arc correction by
linear resampling

— ramp filter

3D Monte Carlo MLEM

] ] 4 B
— 50 Iterations € A FBP no arc
E 3- - = Z =#—FBP tang
= r/'/r SO - FBP rad
. 2 - 3DML tang
Note: = A SO e oo g | ==~ 3DML rad
— arc correction parametersto  *- S )
be optimized T
— point source size NOT 0 2 4 6 8 10 12 14 16 18

deconvolved radius (mm)



First Phantom Data

X! RB_Phantom_10-1_runl_v1-NOATN-SC.img

Rat striatum phantom
— 3.4:1 ratio

— RatCAP
« MLEM
e 25 iterations

* post-smoothing with 2 1
mm FWHM Gaussian ~ feeee e X0 Swisal 0

i(68,62,36); 56707.1 nCi  Zoor

Spatial Resolution vs. Radius

~/

6)

I
T I B

e A FBP no arc
£ 3 - n =8-FBP tang
= T/./I' o - FBP rad

g 2 - = 3DML tang
LL O Oy g 3DML rad

o =
44%’5))*

6 8 10 12 14 16 18
radius (mm) 25

o
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First conscious rat brain image
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Thanks!

BNL RatCAP team
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