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Scientific Image Sensors
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Low Fill Factor SPAD Imagers
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Binary SPAD Imagers
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-Simple binary pixels for improved fill factor 
and resolution

--High speed of operation (100kFPS+)

-Negligible readout noise
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TPhoton1
256×256

100kFPS,
61% fill factor, 

16µm pixel pitch

SPCImager
320×240

10kFPS,
26.8% fill factor, 
8µm pixel pitch

3.4mm
3

.1
m

m
5mm

5
m

m

≈50% fill factor 
after microlensing
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Single photon oversampled binary camera 
(Quanta Image Sensor)

Fossum (2005) “Gigapixel Digital Film Sensor (DFS) Proposal”



Example – Rotating fan
Sequence of raw bit-planes at 10kfps

(Playback at 500× slower rate)
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Response is akin to photographic film
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F. Hurter and V.C. Driffield, Journal of the 
Society of Chem. Ind. 1890
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Response is akin to photographic film

F. Hurter and V.C. Driffield, Journal of the 
Society of Chem. Ind. 1890
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Time-gated lifetime estimation

L
a

s
e

r 
p

u
ls

e Fluorescent
response

Synced to 
laserBinA

BinB

(i) Dual time gate (SPCImager) (ii) Sliding time gate (TPhoton1)
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Dual tim	����	�	�����	: R&G 

beads

A – Intensity (R+G)

B – Lifetime (R)

C – Lifetime (G)

D – Lifetime

Excitation: 405nm pulsed laser @ 5MHz

Acquisition time: 2s 

A B

C D

ns

25.6µm

1
9

.2
 µ

m
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Time gate sweep example: 
Convallaria

3ns

4ns
D

������ �&��(+)#

,���" -�� ��

68.3µm

�%&"
�'���
���'�
��
(��������
(���)
��������

*����
��'�
����	
���'�
��+,�������
��'�
���
�'���-

�.��
��+,�������
��'�
���
������'�
'��


*/0��
1���(
��
��
�'���
���'��-



��

$�%�	�
 ���
�����&��'�����������(��)���*������+�
��������������
�


���
���(� ����
�����������'	���
,�'	��������,�����
����������

����
%	�
��� �,�%
�����×�������������

�������-����	����




�

SPCImager + µlens

625 bit-planes (62.5ms exposure per 
image frame)

GATTA PAINT 40G 
(ATTO542) nanoruler

40nm

Single Molecule Localisation 
Microscopy




�

Single Molecule Localisation 
Microscopy

The camera of choice is typically an EMCCD: high quantum 
efficiency (QE×FF≈90%), and effectively no read or dark noise.

High SPAD frame rate can 
be exploited for background 
suppression
(“smart aggregation”)

SPAD: lower inherent QE (QE×FF<25%), but higher frame rates, 
continuous capture, no read noise and no excess noise factor.

I. Gyongy et al., Scientific Reports 2016

ms
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SMLM (dSTORM) 
example: nanoruler

�

����

EMCCD 
(FWHM* ≈ 32nm) �

).

./�.�0
�

� (�� ��)�
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SPCImager
(FWHM* ≈ 28nm)

*Mean FWHM of individual markers in super-
resolution image

Comparable localisation performance to EMCCD 

I. Gyongy et al., Optics Express 2018
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1µm

1µm

A – SPAD images at t=0 and t=100ms (0.5ms exp.)

B – sCMOS images at t=0 and t=100ms (5ms exp.)

C – Bead trajectory as captured using SPAD (full line, 2kFPS) 
and sCMOS (dashed line, 200FPS)

Particle tracking
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Brownian motion – experimental 
results
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1µm

EMCCD – 55ms frame time (time lapse) Extracted tracks
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1µm

SPAD – 55ms (150×110 pixel ROI is shown)
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Digital SPAD Imagers
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3D Stacked Digital SPAD 
Imagers
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VQuench

VHV

GND

T

E

ModeMode

Pulse

Pulse

C1 C2

C1

C2

G1 G2 G3

6-bit ripple 
counter

6-bit ripple 
counter

Gating 
logic

4096 Photon Full Well Capacity, 500fps

HB

8C!/���?��?FF!�G�@.�)�
���;

8C!/���?��?FF!�G�@.�)�
���;
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Single shot grayscale intensity image (2V ExB)

Raw image DCR corrected

8C!/���?��?FF!�G�@.�)�
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~15cm
~30cm
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Future Directions
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3µm Pitch SPAD Test Structure

• Demonstrates feasibility of small pitch 
high resolution SPAD imagers.



Cross Section and TCAD

• TCAD 
indicates 
well 
confined 
high field 
region.

• VBD=15.8V 
not 
confirmed.
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