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Project schedule

Chose topic/scope

Create project plan (tasks, milestones, schedule)

MS1 — project plan approved by Johannes

Study literature on the topic
Design/simulation
Write up prelim report (inc references, design, results)
MS2 — submit preliminary report to Johannes
Design/simulation
Write up final report (incl references, design, results)
MS3 — submit final report to Johannes & presentation
MS4 — grading (pass/fail) by Johannes & Tohid
Exam

06.10.2020

1-Sep

8-Sep

15-Sep
22-5ep
29-Sep
13-Oct
20-Oct
20-Oct
27-Oct
3-Nov

10-Nov

8-Sep

15-Sep
22-Sep
29-Sep
13-Oct
20-Oct
20-Oct
27-Oct
3-Nov

3-Nov

10-Nov

18-Nov 2020



UiO ¢ Department of Informatics
University of Oslo

Contents

« Measurement tools

 QE — Quantum efficiency

« CG - Conversion gain

* RN - Readnoise

« DC — Dark current

« DSNU — Dark signal non-uniformity
 PRNU - Photoresponse non-uniformity
 VFPN — Vertical fixed pattern noise

« HFPN — Horizontal fixed pattern noise
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Recommended reading

« EMVA 1288 Standard for image sensor characterization
— https://www.emva.org/wp-content/uploads/EMVA1288-3.1a.pdf
 SPIE book by Jim Janesick: Photon Transfer
— Available at UiO

 PhD thesis on CIS characterization
— file://IlUsers/eier/Downloads/Utsav jain thesis report.pdf

 SPIE paper on Raspberry Pi based camera
characterization

— https://lwww.spiediqgitallibrary.org/journalArticle/Download?fullD
01=10.1117%2F1.JEI.26.1.013014
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Integrating sphere

 llluminating a sensor uniformly on all pixels

— Can be combined with a filter to select specific
wavelength(s)

Spectrometer

Lamp (Input)
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otoliner

Diffuser

J { Pattern plate (optional)

ntegrating sphere + filters + optics
llumination w/test pattern

)

Optics (optional)

Control

-=

Sensor

Sensor under test

e
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Light box with Macbeth colour checker
chart
 lllumination w/colour temperature settings

e Ref: RGB coordinates of Macbeth colours

10,000 - North Light (Blue Sky)
9,000 -
8,000 -
7,000 - Overcast Daylight
6,000 -
" B
4,000 -
3,000 -

Household Light Bulbs

Early Sunrise

2’000 N ungsten Li
1’000 _- Zan?ilzliglt}.ght
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Light spectrum from a blackbody is
determined by its body temperature

A
R\ : 71
d
4 / 5 (T Blackbody Radiation Curves
<-- -->B,(T) n
, g Bodies radiating at similar
\
k—/ I \4 temperatures
\1, 6000 K /% Surface of the sun: 6000 K
' Carbon arc lamp: 4000 K

Planck’s radiation law:

2hc? 1 E
Bz(T): P "TThe =
et —1

Lamp filament max.: 3000 K

B ,(T)=spectral energy (J/(s sr m3))
h=Planck’s constant (6,6 x 1034 Js) T
A=wavelength (m) P -
c=speed of light (3x108 m/s) Wavelength
k=Boltzmann’s constant (1,38x10-23 J/K)

Ultraviolet

More details: J Nakamura, Appendix-1.
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Monochromator

 Purpose: Narrowband wavelength selection
e Used for: Spectral response measurement (QE)

----- Monochromator N Reference detector —
: Ratio Output
DUT —

White light
| —— y 4

Prism

Diffraction grating
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Quantum efficiency

« Definition: Probability of a pixel detecting a photon of a
given wavelength (spectral sensitivity)

 Method: With a monochromator, step through each
wavelength and measure average output pixel value,
calculate back to #electrons captured, then divide by
#photons incident on the pixel to get QE value

The red response is
reduced due to rear
surface recombination
: QE curves with standard pixel structure
A Blue refspcnserlfs reduced b reduced absorption at
due to front surface recombination long wavelengths and QE measurement data from 2.8 pm pixel (%) gsonm
low diffusion lengths L 4 |
1 \ deal auantum 80 !
deal quantu
/ ency 70
60
A reduction of the overall QE is 50
caused by reflection and a low 40

diffusion length No light is absorbed 30
below the band gap 20
so the QE is zero at

long,wavelengths bl

External Quantum Efficiency o

__—_— BN, hc \wavelength Wavelength (nm)
06.10.2020 Eg 10
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QE remarks

 QE influenced by angle of incidence
— Wide angle => more crosstalk to neighbour pixels
— Using small array in the centre minimizes crosstalk

» Interference oscillations from optical stack
e Latest innovation to boost QE in NIR
e Ref: Scientific Reports, Vol. 7, Article No. 3832, June’l7

Nyxel technology QE curves with Nyxel
Integrated pixel lllustration technology Integrated

QE measurement data from 2.8 pm pixel (%) gsonm

06.10.2020
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Photon Transfer Curve (PTC)

« PTC: plot of variance vs mean (in DNs, Volts, or

electrons)
Curve bends due to
Slope /: CG } clipping near saturation
t iIn DN/e-
2Nbit_1 ( ) e
Convert from
—~ DN/e- to uV/e- by
% multiplying with:
Ngz’ Vref /2NPit . 1/Asf
Readnoise
\ A

0T ]

O Mean pixel value, (DN)
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Photon Transfer Curve

Let Sout = @ * Ngjee + P (1)

, Where

S,yt= output pixel value (DN)

a = conversion factor (DN/e-)

N.;..= number of electrons captured (e-)
B = black level offset (DN)

From (1), the noise output variance (c2,;) can be expressed by

2 — 2 2 __ 2 2
Oout = Oelec + ORNy = & Nelec + ORN (2)

. where

0,. = electron shot noise (DN?)

o5y = readnoise floor at zero illumination (DN?)
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Photon Transfer Curve (cont.)

From (1) we have  Sout — B = @ - Ngjec (3)
Replacing into (2) gives

O5ut = A(Sout — B) + 0in (4)
Deriving (4) with respectto S, gives

dogyt _
dSOUt

(DN/e-) ()

Conclusion: Conversion gain (in DN/e-) is slope of output variance
versus mean curve. Can be referred back to FD node by dividing
by ADC gain and SF gain.

06.10.2020 14



UiO ¢ Department of Informatics
University of Oslo

PTC remarks

* Vary light level by changing integration time
— High precision from crystal oscillator
— Tint=0 gives readnoise value (RN)

 To measure mean value (x-axis), prudent to capture dark frame
(black level) for each setting

 To measure variance (y-axis), convenient to use difference
between two subsequent captures
— Removes black level and fixed pattern noise
— Remember to divide by 2 since noise variance is additive
— Pixel values start to clip near saturation (measurement error)
» [For extra precision calculate variance for each pixel independently,
l.e. by capturing 100-1000 pictures for each light level setting
— Avoids the influence of PRNU at high signal levels

06.10.2020 15
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PTC example

RN (e-"2) —e—Shot noise (e- *2) PRNU (e-rms) —e—Total noise (e- rms)

1000000
100000
10000
1000

100

Noise variance (e- 2)

10

1 10 100 1.000 10.000 100.000
Mean signal (e-)
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Dark current (DC) measurement

Sources of DC

A
Readout circuit

—~~
=z Slope=DC (DN/s or e-/s) Onide
a B T e
~ st X%

X @ ¢ X X

E_L J @T:GOC SCR & 0 In:czt:;cc
=2 P ® '\. wap ® FElectron

Diffusion l
P -cpi & @ Bulk defects @ Bulk defects
T|nt (S) " P-sub % Interface traps

tp=0s taxp= 0.025 1, =0.0325 t,,=0.055 t,,=0.08s

top=0.1255 t,,=0.25s tap=0.325 t,,=05s typ=08s

DC captures at
constant temp tap= 1255 typ=2S  tp=255 typ=32s  ty,=4s

A Example
¢ of bright
| pixels

tap=5s tp=6.58 typ=8s tp=10s typ=125s
|

!
typ=325 ir“,=405

Source: Harvest Imaging blog
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Dark current measurement remarks

 Ensure sensor has reached a stable temperature since DC is highly
temperature dependent (DC doubles every 6-8°C)

* Avoid light exposure (sometimes challenging)

 Beware of DC shading. Could be due to non-uniform doping or
contaminant levels and/or heat glow from circuits nearby (e.g. high
power voltage driver)

» Plot DC vs Tint. Slope gives DC in e-/sec.

06.10.2020

DC can be calculated as average per frame OR individually for each
pixel and then averaged

In the latter case, you can calculate the RMS variation of the DC. This
Is called the DSNU (dark signal non uniformity).

DSNU sometimes artificially large due to 'outliers’ in the DC distribution
(ie bright pixels or black pixels). Could be filtered out.

18
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Photoresponse non-uniformity (PRNU)

* As the name suggests, PRNU is a measure of
the variation in responsivity from pixel to pixel

e |t's definition varies In the literature, but the
most common Is as follows

J 02,0, — DSNU?
PRNU =

% rms
(.uSO% _ :uda'rk) ( )

* Where 0y, IS the rms variation of pixel mean
values across the frame at 50% saturation (i.e.
all the temporal noise is removed by averaging
multiple frames, e.g. 100-1000 frames)

06.10.2020
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PRNU remarks

« Convenient to re-use data from PTC
measurements (assuming 100-1000 frames
were captured for each integration time)

L4 I I
¢ ]
N 1 |
N

Remove temporal 2.
noise by calculating 1
mean (M) for each
pixel position. Use it
to calculate PRNU

. . due to temporal
which is spatial and -
. . _ noise, only)
fixed noise. -

Stack of captures
each with identical
setting (values vary
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Vertical Fixed Pattern Noise (VFPN)

* VFPN induced by col-to-col
variations in Vth and parasitic
couplings causing signal DC
offset variations

« Measured by (i) capturing
dark frame, (ii) averaging all
rows to form one single row
without temporal noise, (iii)
calculate rms value of row

* VFPN value should be 10x
smaller than RN to be invisible
In image

06.10.2020 21
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Hnoise (rownoise)

e Temporal noise on all pixels
along one row induced by
spikes on array signals or on
VDD or GND during CDS
readout (same noise spike on
all pixels along one row)

* Hnoise measured similarly to
VFPN, ie average all columns
to remove temporal noise, then
calculate rms value

06.10.2020 22
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