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Deep Underground Science & Engineering Lab

Sources: S. Hentschel & Jacobs Associates

LAr TPC —
70 tons ﬁn’ Long-Baseline Neutrino Experiment (LBNE)

Explore interactions and transformations of the world's highest-intensity
neutrino beam by sending it from Fermilab more than 1,000 kilometers
. straight through the Earth to the largest particle detectors ever built.
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*~ 700,000 anode wires
* up to 200 pF
* collecting (Y)
* non-collecting (U,V)
- charge amplification
* range 300 fC
*ENC < 1,000 e-
» sample/buffer events
* ADC 12-bit, 2 MS/s
* 3,000 deep buffer
- digital multiplexing
* 4096:1 two stages
* collab. with FNAL
* power constraint
* <10 mW / channel
» operation in LAr
* 88K, > 20 years



wires

LAr environment 88K (-185 °C)

128:1 LVDS

8 x 16-ch. mixed-signal
front-end ASICs

» charge amplifier, filter
*« ADC, compression

* buffering, 16:1 multiplexing

regulation

IMNMux AglIv

feedthrough
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Block Diagram

pulse generator
channel register
gain&  peaking time mode &
| test mode mode coupling bypass
mode

ac/dc

|<=°mm<>n register | _ _ I
I

]

<« CK
<« CS

<« DI
—» DO

— digital
ADC compression - buffer interface
12-bit,2 MS/s (LVor CM)

* 16 channels

]

Emmmnmw § T 101
I F = | i
=_u3 all umumm ][]

~5mm

» charge amplifier (adj. gain)

+ ac/dc, adjustable baseline
* test capacitor. channel mask

* high-order filter (adj. time constant)

« ADC (12-bit, 2 MS/s)
« compression, discrimination

* multiplexing and digital buffering

« LV or CM digital interface

* temperature sensor

v bulser] BGR, bias, temp. sens. req | control logic
BROOKHAVEN ~7 mm

* pulse generator, analog monitor

» LAr environment (> 20 years at 88K)

» estimated total size ~ 6 x 8 mm?
> .« estimated power ~ 10 mW/channel




Block Diagram

(common regstr | 8GR Commn bias emp:sonser”| - 91 =
interface | u
______________________________________________________________ | |
: channel register i : E
i gain&  peaking time mode& = i | o
! |test mode mode coupling ypass ! - : = 3]
| mode i LI | S ~
: . AT = 2N ] 3
! : : I il o 3
ol | B i
: i analog - L | u
i - ' n = | |
wire A = outputs i X
1 M = = |
+  dual-stage charge amplifier fiter ac/dc ; LB -
| 16 channels | ]

* 16 channels
» charge amplifier, high-order filter

- adjustable gain: 4.7, 7.8, 14, 25 mV/C * rail-to-rail analog signal processing
(charge 55, 100, 180, 300 fC) » band-gap referenced biasing

. ani . . » temperature sensor (~ 3mV/°C)
ad‘&f:;':; er fime :°.L';'S;a:;) - 136 registers with digital interface
- selectable collection/non-collection mode 525 mWichannel (input MOSFET 3.9 mW)
(baseline 200, 800 mV) * single MOSFET test structures
’ *~ 15,000 MOSFETs
» designed for room (300K) and cryogenic (77K) operation
* technology CMOS 0.18 ym, 1.8 V, 6M, MIM, SBRES

» selectable dc/ac coupling (100us)
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BROOKHEVEN Some differences in saturation voltage, sub-threshold slope, transconductance
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Input MOSFET
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T 300K

Input noise spectral density [nV/VHz]

L=180nm, W=1mm (20um x 50)
V_~400mV, T=300K
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Input noise spectral density [nV/VHz]

AZITK(N)

L=180nm, W=1mm (20um x 50)
V, =400mV, T=77K

1/f
—=— NMOS

|=3.2mA (IC=3)

10" ;
—— PMOS '
1.=0.7mA (IC=0.3)

fit curve
10 |
i 1
1 [ CMOS018
10' s 12l s 2 a2l s 2 a2l s 1 aauul s 1l s 1 2l N T
10 10 10° 10* 10° 10° 107 10°
Frequency [HZ]

White noise decreases considerably with T



White at given current decreases since

* T decreases
* d,, increases

g. q ~30 at T =300K
—> =
I nk ;T ~116 at T=77K
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Drain Current Density [MA/mm]

- always larger than unity

* general increase with

* drain current density
* inverse of channel length
* inverse of temperature
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3 T = 300K
10 F T LI B I B
L=180nm, W=1mm (20pum x 50)
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-
> 10°k .
=) E 1/f E
=3 —— NMOS
S |.=3.2mA (IC=1)
© 1 B
g 10 f  —— PMOS
S |.=0.7mA (IC=1)
% fit curve
o ol T
3 10°F white
c
‘g_ [ 1/
< [ CMOS018
10"  10° 10° 10* 10° 10°®° 10" 10°
Frequency [HZ]

- comparable K;
* NMOS

* slope <1
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* slope >1
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Input noise spectral density
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PMOS 360 nm at 300K
35 MJA/mm and 11 mA/mm

Frequency [Hz]

* as K; increases, slope
increases (a; increases)
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Input noise spectral density
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Equivalent 1/f: equal value at twice the
white component (four times in power)
=S,(f,) where S, (f,)=4x white

= Ky = C, WLF_ 3 x white
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» dependence on drain current
density is now modest
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ENC [rms electrons]

Optimum W: example for 1 pF
50 Te T T T T rT| T T LB B L | “ T T L A
‘I
Pd=100uW |
45 I~ "’ =
40 | -
S \ A A “10mwW
30 -
25 LI = PMOS027 T
s R C_. =1pF
—.—---v... - Kf \ DET
20 i —— - V- u Kfeq ~30 TPK=1“’S
[ —&—--¥-- B - gveraged Kfeq T=300K
15 1l L L MR R | L L PR R T A
0.01 0.1 1 10

Gate Width [mm]

* negligible error in optimization

~averaged

K4 Can also be used

* small error in estimate for large
relative power (large mW/pF)



08 | Gain 25 mV/fC
Peaking time 1ps
—— T=300K
0.6 |- — T=77K
>,
S 04}
2
2
£
<
0.2 |-
0.0
| 1 |
-4 -2 0 2 4 6 8
Time [us]
s
Adjustable gain, peaking time and baseline :%
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maximum charge 55, 100, 180, 300 fC

Bandgap Reference

1.185 V at 300 °K
BGR

1.164 V at 77 °K
variation= 1.8 %

Temperature Sensor
867 .0 mV at 300 °K
e {259 3mV at 77 °K
~2.86 mV/°K

Pole-zero cancellation at 77K
to be addressed in next revision

B non-collecting mode

gain [mV/fC]
25 -
I 14

Peak time [us]

—10
- 720 .
— 3.0

coIIectlng mode

0 10 20 30 40 50
Time [us]



from
inPut to
wire shaper
dual-stage charge amplifier
N,=20 N,=3,5,9,16
M, M,

Cn, =180 fF

Integrated injection capacitance (10 x 18 pm?)

Disabled (grounded) when unused {184 ffF at 300K
NG

Measured with high-precision external capacitance 183 fF at 77K

~ 0
BROOKHAVEN change ~ 0.5%



Layout Detail

1800
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1200

1000

800

600

ENC (electrons r.m.s.)

400

200

| ! | ! |
| —il— T=300K .
—@— T=77K
CDET=220pF
- Q,,,,=300fC -
I target at 90K
measured
i - ]
B / simulated whole front-end ]
— simulated input MOSFET —
Dynamic Range > 3,000 -
. ! . ! . !
0 1 2 3

Peaking Time (us)

Measurements affected by:

« input line parasitic resistance

*Cin
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- ~ 150 e~ at 77 K (~ 590 e at 300K )

+ addressed in next revision dENC =~ /2kTC ,tg5
dielectric noise (not present in wire) (200 e for NPO
«~60e at77 K ~ 3

L60 e for MICA

Input Line
L=1mm
W =3.5pum
(M3 + M4)
R,.k=3Q
R30ok 12 Q  gpy 300k =45 MS (22 Q)

900

800

700

C (electrons r.m.s.)

& 600

500

ASIC revision designed and fabricated, currently being tested

Input MOSFET
L=270 nm
W=10 mm

(50pum x 200)
Gm 77k = 90 MS (11 Q)

T=77K
C =220pF

Dielectric:
—&— MICA
—¥— NPO

0

Peaking Time (us)



ENC [rms electrons]

1200 -
11oo-ﬂ
1000 | °
900 |
800 |
700 |
600 |

500

400

300

Gate Width [mm]

Selected size and operating point:

original (simul. noise) vs revised (meas. noise)

*lp =2 mA (3.6 mW)
*W/L=10mm /270 nm 20 mm /270 nm

* Om 300k =45 mS 48 mS g, 77« =90 mS 118mS
* Cy 300k = 14 pF 25pF C, ;7 =18 pF 28 pF

IC ;7 = 1.25 1

Gate Capacitance Density C /W [pF/mm]

1.5 ——

i i C4(IC,L) determinant in
i _ the selection of L
- . W _ Cin
. opt
I oc,, |
c., 4, 1C Ca
- - C, 0lIC
| —— 300K PO36 .- - ]
u __77K P027sim | 4-0- SIMULIATED K o | | 1
Cpoer=200pF IR 35F NMOS  PMOS T
—4. e N - 300K 77K 300K 77K &
|t " lus 3.0 L=360nm
| =2mA L - o— | =270nm
D. P | Ll > 25}
1 10 100 [
20}

1.0 F 2 - -
05F -
L CMOS018
00 PSR | PSR | PSR | PSRRI | PR | PSR | MR
10° 10* 10°® 10* 10" 10° 10 10°

Drain Current Density [mA/mm]
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Clockless low power ADC stage (demonstrated in ASIC for SNS)

shaped pulse

(current signal I) \'
l d1 l d2 PP PP dm—2! I dm1

Sa1 Sa2 Sam-1

I Vi Vo Vm-1
Sot dscq 502 Ysc, oMt S Gy

i i % im-1
Current mode ADC

ADC cell

 dual stage 6-MSBs in 150ns, 6-LSBs in 250ns
* single trigger conversion per stage [share
* 12-bit resolution

» 2 MS/s conversion rate Ll: :‘i

» power dissipation 3.6 mW at 2 MS/s

* power-down option for low rate applications J |
ne

» wake up in few tens of ns e

* layout size: 0.23 mm x 1.25 mm
gi | | clalele
5 |
o —
(2K !
e i
S—, |
__________ i

1252 um BROOKHAVEN
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6mm

1 6-Chan nel Differential Monlinearity (DML 3 0 0 K Integral Monlineatity (INL) Percent
ADC+buffer a- 2.5-
A REEEE EEPEPRERPERZE g 2
|
Il : .
{ &
il . ] 1
(A 4 T os
i
3 0-
2
-D|5_
1
0- -1
o 500 1000 1500 2000 2500 3000 3500 4000 4500 _1'5_,:', SO0 1000 1500 2000 2500 000 3500 4000
i EIN BIN
© 43mm ] ADC output - 1.4 V sine ADC output - 500mV dc
4500 — 240000 -
000 o 1 F i 220000
77 K 3500 -" \l ‘l'l lJr -'Ir 200000
- fAL Jy T L 120000
B oo IR et g=1.1LSB
2 2ooo_h ISR . 140000
= = 120000
el | I A R YN Y g
| 100000
1000 ll' "II "I II' JII 1L "r 80000
i SR\
S I A o
o =F 1
0 SO0 1000 1S00 2000 2500 3000 3407 20000
Tirne
D13:5.1 1365 1370 1375 1351
» operation verified at room and cryogenic temperatures B

« differential non-linearity limited by timing design error in control circuit
* integral non-linearity limited by mismatch (linear - common centroid)

ASIC revision being designed, to be fabricated in July BROOKHAVEN



e Degradation is due to impact ionization

e charge trap in oxide, interface generation - shifti and g,
Source

e Substrate current is a monitor of impact ionization

e increases with drain voltage

e is higher in short channel devices

 has a maximum at V¢ = V,/2

-35 I | I I | I
NFET
2 -30 - wiL=10um —
Vpe=3.3V
S o ]
= -25 |- T=300K  Nasum
o
= -20 - -
‘;: -15 |- J. Cressler et al. |
©
B -10 -
(3 -5 |- Lz5um L=1um _
0 | Mu
0 05 10 15 20 25 3.0

Gate-Source Voltage (V)

Gate

—

T
i

P-Substrate

n+
o
b1 .
“ impact

, — .
. lonization

sub

e increases as the temperature decreases

X 107"

Ve o Vo s
et \ ch—.-:.Vn

o

NFET
WYL = 10/1 um/um

5 Vps=33V._ [

J. Cressler et al.

43 K

0 05 1

25 3 3.5

Vas (V)

Commercial technologies are rated 10 years lifetime (10% g, shift) in continuous
V4 = nominal Vy+5%, Vg = V/2)

ring oscillator operation: T=300K, L=1L

min’
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Accelerated tests at increased Vg allow extrapolation of lifetime

107
10°
108
107
10°
10°
104
10°
102

Lifetime (s)

0.10

analog circuits

- operate devices at low current density

WxL=10x1 pm x pm
— Stressed under max I, condition

NFET

O0O—0O 300K
O—¢ 200K
A—ABZK

| |
10 year lifetime

vu =3.50V

J. Cressler et al.

0.15

0.20 0.25 0.30
1/ Vpg (VT

Desired lifetime at low temperature
can be achieved by:

1. decreasing V (e.g. decreasing
the supply voltage)

2. decreasing J, (i.e. decreasing
the drain current density)

3. increasing L (i.e. non-minimum
channel length devices)

0.35

Design guidelines can be obtained for:

- use non-minimum channel length L

digital circuits
- operate devices at -10% of nom. V,
- use non-minimum channel length L

- operate at low clock frequency

Accelerated tests at cryogenic temperature are being performed to verify guidelines BROOKHIATEN



* CMOS performs better at cryogenic temperatures
 Defined and predictable design for cryogenic T is possible

* Low-noise at cryogenic T demonstrated

« ENC< 1,000 e at 200pF ~5mW/ch.
* characterization and modeling of CMOS 180nm
* equivalent 1/f (Kc.,)

* Long lifetime at cryogenic T possible with guidelines
e Critical building blocks (front-end, ADC) developed

* Future work
* optimize ADC, improve static models
* merge and finalize

J. Triolo, D. Pinelli, The MOSIS Service
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T,
T

lour

2X ! X _
]

» during ADC encoding 2 is closed and Vg tracks V,, through V
* the loop on Vg closes with A,
* the voltage V, includes the offset from A,

* sample occurs by opening 2 and closing 1
* the loop on Vg closes with A,
* the offset from A, is now subtracted
* the output signal settles in less than 50 ns
* in the mean time V,, tracks V),

- after the conversion (during ADC encoding) 1 is open and 2 is closed ...
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