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Developing the Hybrid Cryogenic Detectors of the Future

e Advances in HEP, DM
detection, quantum imaging
demand better detectors:

- Extreme spatial/temporal
resolution

- Extreme environments
(cryo, rad-hard)

- Extremely low noise (< 1 e-)

« Multi-year DOE collaboration
to co-design:

- New sensors
- New readout electronics
- New packaging/integration
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Particle tracking and ID
Dark Matter

Single y imaging 7
Spectroscopy ﬂ// -

Cryogenic operation
Large channel count
Pico-second timing (b
Photon resolving N )to
Position resolution ~dew !

Power optimization
Multiplexing
Impedance matching
Discrimination

Event selection and
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Integrated
sensing

Low-power, low-noise
front-end
High speed time tagging
i Large channel/pixel
H count
1| Low latency control of
B superconducting

“““““ electronics and detector
Edge computing and feature extraction
Data buffering and high-speed links

Hybrid bonding ===
Monolithic integration

Superconducting interconnect technology

(Indium BB + superconducting multi-chip interposer)

Critical technologies:
Skipper CCDs (this talk) + SNSPDs
£& Fermilab




Review of CCD Imaging |4

3

Incident particles create e-h pairs in the CCD
Substrate.

Charge carriers separate under substrate bias,
and one (say e-) is captured just below the
surface.

TG 5G1 161 SG2 162
ant ip+) a ‘ Sense node

| e [y | s e | o |
f-type buried channel
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Review of CCD Imaging

Incident particles create e-h pairs in the CCD

4

substrate.

Charge carriers separate under substrate bias, =Tl 1

TG 5G1 161 SG2 G2
Pinning implant {p+) Gate oxjde Sense node

and one (say e-) is captured just below the T s
surface. -
Charge packets create a small voltage that can -
be sensed by a CMOS amplifier. et
Integration of the readout reduces noise... up ] o
to a point. ‘ e
g o More time .| r—l ‘ [
8 Less noise : H
g‘ ] 5_| B —-—_‘_\ ﬂm:w:rg?ﬁ-rserm
S Stefanoy, et al. [8] _
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source

The Skipper-CCD Principle 5 e

5
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if 1 Floating gate (FG) \ S.Q
What if instead of one long sample, we took many ke

SG 0G

short ones? “one skipper

sample

Avoid shifting to 1/f-dominated region.

charge pacl?et (Q)
buried channel (BCH)

Signal is correlated, noise is not; improve SNR by VN

Integrated noise << 1 e-is p033|ble'
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Development of Hybrid Skipper-CCD-in-CMQOS

and associated Fermilab talks at CPAD 2022

Fig. 10. JPL CMOS-compatible lateral APS.

Skipper-CCD
proposed JPL ‘93 [7]

!
Talk by D. Braga

(9:30a Thu)
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5 mm

Pixel Matrix el |
200 x 200 pixels £ |

5mm

15 ym pitch

(MAPS)

!
Talk by B. Parpillon

(1:55p Weds)

3x3 Pixel cluster

Micro-bump
connection

Hybrid Readout for
Skipper-CCD-in-CMOS

!
This Talk!
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Why Hybrid Readout?

Monolithic, Column-Parallel

oo, RD

o |
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I Column averages I
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| |
|

Column address-'—b| Multiplaxer |

Sensor outputs

Stefanov, et al. [2]
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Hybrid, Per-Pixel

3x3 Pixel cluster

Skipper ASIC:

*  Pixel matrix
with skipper
functionality

Readout ASIC: P

S

ADCs

Real-time data — Mi Cro-bump
processing .
Fast I/Os L connection

Per-Pixel readout offers =~ 0(n) speedup, but at a cost:

front-end and ADC circuits.

2= Fermilab



How to Detect a Single Electron

Wref
VDD
R I_T

B
TG 5G OG DG idrain
I . .-
sTI - sirngIE 5Tl
Powell Caollected electron ',
charge Buried
channel

peepi

1 electron...
— Source Follower output: 115 uV

- Pre-Amp output: 1.15 mV

Equivalent output noise: 550 uV, or
0.48 e-
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Cin Crb ¢ ToADC
b I I I\ g)sa.mkp I IIJT'E .
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¥ g g > 1

Impulse response of a CDS circuit.
H.M. Wey and W. Guggenbuhl [3]
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How to Detect a Single Electron (and Digitize it)
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Bump Bond
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Charge Redistribution SAR ADC
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CL Value
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Initial state

CapHi=1

CL = 0’b0000000000
CR Value

Qequal

CL =0’'b1000000000
CR Value

CapHi =1

CL = 0’b1000000000
CR Value
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Qequal
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CapHi =0
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Qequal
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And so on...
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SAR Logic Implementation
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In Silicon...

2= Fermilab
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How to Detect a Single Electron (and Read it Out)
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x32

Analog
Frontend with
in-pixel ADC

X

10b ADC
per pixel
digital logic

32

Analog
Frontend with

in-pixel ADC

10b ADC
per pixel
digital logic

Shared ADC
digital logic
(32 pixels)

—

Synchronous
Binary tree
readout with
shared
output bus

Sequential
readout of
1024 pixels
@10b/pixel

High speed
serializer

(1Gbps)

LVDS Clk
receiver ( 1GHz)

LVDS driver
( 1GHz)

—»

100 kfps full frame
readout rate

10b * 100 kHz * 1 MPix = 1 Tbhps!
Data compression is important:

* Zero-suppression
* PCA
 ML-based Autoencoder

2= Fermilab



Test Chip 09/2022

LVDS —
— Analog
Bias Block
Pixel
Miniarray(s)

Test
Structure

2= Fermilab

14 11/29/2022 Adam Quinn | SPROCKET



What’s Next?

* In-Pixel Sample Pileup

10x sample pileup: Noise « v10 with similar (ADC-dominated) readout rate

Vrefbuf

Wirebond Pad ¢'T.S't Bootstra A[
pped shleldlng CapHi
7 brows G o a7
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CapTrim

.| ADC Control

Preamplifier CDs Integrator

« SPROCKET2 Test Chip 12/2022
» Full-reticle tapeout in 2023
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Comparator

o Logic —+—» ADC Out
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Capacitive DAC
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