Photodiode, CMOS and CCD Arrays

 Cooling

e CCD vs. CMOS vs. PD
* QE, sensitivity

 Read noise

« EM-CCD

Spring 2010 Mat 288S Optoelectronic
Measurements



TE-Cooled Silicon Photodiodes

LODE

Si photodiode ﬁ e
S2692/S3477 series

Thermoelectrically cooled photodiode for low-lighi-level detection n UV to near IR

B Electrical and optical characteristics (Typ. Ta=25 =C)
5268203 sS4TT-03 5208204 5347704

Spectral response range A 180 to 1100 mim
Peaak sensitivity wavelangth Ap 960 nim
Photo sensiivity 5 |a=kp 0.5 L
Short circuit currant lsc 100 kx, 2856 K 5 28 HA
Dark current D |VE=10mV 10 25 [
remperalure coeicient of | Tep 1.15 times/"C
Risa fime kr VR=0V, F1=1 ki} 0.2 1 HE
Terminal capacitance Ct |Ve=DV ) 280 pF
Shunt resistance Rsh [VR=10 mV 1 0.4 =01
Moise equivalent power NEP |Vr=0V, \=ip 8.1 = 10" 1.3 = 107" WiHz'"
Cooling temperature AT 35 'C

NEP @ -10 °C = 1.3E-14 W-Hz1/2
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Responsivity (AMW)

0.5

TE Cooled InGaAs Detectors

NEP vs. Temperature
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Imaging Families

 Photodiode array
e SI, InGaAs, HgCdTE
e Fast, high noise floor
« CMOQOS array
e Sionly
e Fast, moderate noise floor
e Cheap
« CCD
 Sionly
 Slow, very low noise
o ~$10K
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Photodiode vs. CCD Array

InstaSpec™ | InstaSpac™ |V
Sili:[:En:I::‘.:.lEI FDAs Spectrnsﬁpy CCDs
Spectral response 18010 1100 nm 180 to 1100 nm
Pixal size (binned) 25 Um X 2500 pm 26 m X 260m
“Saturation level (binnad) 1255107 & 20 x10° e
[Ees k109 a)

Saturafion BXposUre

=107 Nd cm2 @600 fm

=250 pd cm= & B00 nm

"Dark Current
@min temp.

=G 4x1 0 EA prcal
<1.02010 ¥akeme

=161 0= A/ pixal
<2 40107154 cme

“Detection limit

=33 pJom® @ 600 nm

=3.8 IJ cm 2 @E00 rm

=3a7ale =10 a"

Max SN ratio 10,000:1 S00:1
"Dynamic range 32,780: 1 5 5o 1
L& &2 kHz) LE 62 kHz)

Electronsfcount 1900 10
Lsable for linear spectroscopy! Yes Yes
imaging
Uzable tor two dimensional Mo Yos

gpactro-scopy and imaging
(shutter required)
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2D InGaAs PDA

Sensor format 640 x 512 I LI
Pixel pitch 25 um PHOTONICS, LLC
Max frame rate (full frame) 100 fps
Spectral sensitivity 0.9—1.7 um
Optical fill factor 100%
Full well capacity 75,000 (HG), 2,500,000 (LG) electrons
Readout noise 70 (HG), 400 (LG) electrons
Windowing Arbitrary region of interest
Integration modes Snapshot, Integrate Then Read
Snapshot, Integrate While Read
Quantum efficiency > 70%
Operability >99.5%
Noise Equivalent Irradiance < 8 x 10° photons/cm®-s — 3E3 e-/sec/pixel
Integration times 4 us to 95% of frame time
Spring 2010 Mat 288S Optoelectronic 6
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CMOS vs CCD

Camera Complementary Metal Oxide Semiconductor
(Printed Clircult Board) Image Sensor
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: | : .E
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' o |1 | Timing /r =g
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(]
e | — | Column Amps : "E =
| Line T \ T \ 28
| Driver [ A — —| Column Mux I 8
I -i =
|
To Frame  Analog-to-Digital
Grabber Conversion

CMOS

« Amplifier at each pixel

 Low fill factor

 High noise from digital circuitry

Line [

priver [ |, [ ™" T 1]
__t____\v____.l ________ _\___.I
ToF Analog-to-Digital Photon-to-Eleciron
e Conversion Conversion

Grabber Eleciron-to-Voltage
Conversion

Camera Charge-Coupled Device
(Printed Circuit Board) Image Sensor
r——————————— S 1
I . Clocka |! 1 = '
| e qu;' Timing | ! | || I
| eneration Generation | | 1 |
I | I B : I
I Clock || | ] '
I | Oscillator Drivers — | | > I
I Iy | |
I I > \ I
I ‘ |
I [ |

CCD

e Single amplifier at end
 High fill factor

 Lower noise from circuitry
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CMOS Operation

VRrst . .
Vv » Charge amplified at each pixel
DD_
RST _l Mrst  Clocked out like a memory chip
e Digital reset at each pixel
\'\__ \ Mg
\.\ A IVlsel
— 17
ROW L
COL
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CCD Operation

» Gate bias forms electrostatic well
« Multiple clock levels shift charge laterally

 Charge finally collected at sense amplifier
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CCD Architectures

“
Lo Image

1° Secion Frame transfer:
ZaEEE « High fill factor
52 s » Moderate image smearing during transfer
% On-chip
Charge To
[ E:rmﬁ:n
Readout b e
Register
J b mege .
i Interline transfer
On-chip

L]

cese o L_ow fill factor

Conversion . . .
LLLLLLLTH| > e Little image smearing
Output

Readout B
Register

partially compensated by the use of
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Spectral Response
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SIGNAL

Noise Sources

SIGNAL N—m—mnm

il (SLOPE=1)
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= 2
] FIXED PATTERN NOISE g 10 =
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£ ‘v 10
= 7
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= 14 ,
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‘ 10™
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LIGHT EXPOSURE TEMPERATURE (°C)

 Cooling makes dark current negligible
* Fixed pattern noise can be compensated

Spring 2010 Mat 288S Optoelectronic 12
Measurements



CCD Noise

Input photon / Noise

1000

.y
100 /

10 !_,__-#"4’

--- readout noise

Noise (e-)

1 10 100 1000 10000 100000 1000000

Input photon number

« Signal shot noise dominant above 70 photons/pixel

« Amplification before 1-V conversion would lower shot noise limit
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EMCCD Gain

Image Do0D
Secton !
EM CLOCK
1000 VOLTAGE (V)
— 443
Store i 435
S On-chig 100 T
Gmem E — 426
oe \ —e
- 10 — 402
HEEEEEEEE IIIII*[\}‘*
T L oo — 378
Readout bdultiplication 1 — 3.3
Register Regisber 80 B0 0 60 50 40 <30
- o - - - a1 Tempearaturs [*C)
| ] | ] | ]
readout R e

« Small avalanche gain in each cell

gain == « Many multiplication cells
i l—' %\‘ 104 charge gain achievable
& ooo0 D
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EM-CCD Noise

S/N vs. Input photon
1000
100 E =g
10
— 7
= e "1 LA
- :ﬁ A
i = Gain=4
ZT 1A = Gain=50
L7 | /] Gain=100
0.1 ? = Gain=200
= — Gain=500
= Gain=1000
ool [T
1 10 100 1000 10000 100000 1000000
Input photon number

* EM doesn’t buy much above 500 photons/pixel

 EM accompanied by spurious noise- grainy image
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CCD SNR

.-—-f!/‘,

IDEAL—,

oy 0 100 1000 10000 100000 000000
Numbar of Photlons
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Full Well Capacity & Dynamic Range of Various Cameras

Camera

OL-535K-%P

DL-Eam-TIL

OLI-397-
CSO0-BY

OL-920r-84

Pixel
Size
pm?

dxa

1010

16 % 16

26 w26

Dynamic Range

Full Well
Capacity
a

30000

25000

180000

310000

Reail
noise
o

200(x3 1500
pre-amg)
15 1E66YT
3 (x1 20000
pre-amgl
10 S1000

Dynamic
Range

Decibels
idB

B4

Gid

<]

24

Bits

11

11

15

16

Hotes

EM Amplifier with Mo
Gain (dynamic rangs
higher with EM gain)

Emd Amplifier with Mo
Zain

Conventional
Amplifier & 1hHz
[Cynamic range
higher with
aternative pre-amg)

S0kHz Feadout Rate

Larger pixel = larger well capacity but poorer resolution
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EM-CCD Specs

Read noise (e- rms & Galn State 3)

10 MHz EM Port 45e- Photometrics

5 MHz EM Fort 32e- )

5 MHz non-EM Port 12e- 512 x 512 pixels
1.25 MHz non-EM Port fie-

16 um x 16 um

Pixel Well Depth

Active area 200,000e-
Galn reglster 800, 000e-
Elas stabillty
A measurement of the camera stabllity when no light hits the sensor. =0.0006
A slope of zero would be Ideal. See footmote #7.
Caln stabllity Quantum Efficiency
A measurement of ™
Ideal value would | - ’/" ]
measuring the slop = ]
EM Gain applied. § 5 « al N
= / ™
Fleld uniformity - ~L
The Image quality 3 N
of any gradient (L 3 » / >~
footnote #3. - S
:':\I" =0 &0 I 500 &0 I B 300 SO0 1100
Baseline blas value Wavelength (nm)
Cooling temperature Alr cooled (@ amblent alr 20°C) -B&°C
Chilled liquid (@ 10°C) -100°C
Drark current 0.0 e-fpelisec (5ee footnote #4.)
Background events
(10 MHz, 1000X EM galn} Standard operation 0.0045 events/peel (@ 1000X EM galn)
(10 MHz, 1000X EM gain} BERT operation not detectable (See footnote #5.)
Spring 2010 Mat 288S Optoelectronic
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http://www.andor.com/learning /
http://sales.hamamatsu.com/en/support/technical-notes.php
http://www.photomet.com/
http://www.oriel.com/
http://www.aeriusphotonics.com/datasheets.html
http://www.judsontechnologies.com/
http://www.dalsa.com/corp/markets/ccd_vs_cmos.aspx
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