Role of detectors

Photomultiplier tubes (photoemission)
Modulation transfer function
Photoconductive detector physics
Detector architecture



Where detectors are used in science & technology

Scientific: Imaging
Spectroscopy

Technical: Acquisition / guiding
Active optics
Adaptive optics
Interferometry
(fringe & tip/tilt tracking)
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Optical and Infrared Astronomy
(0.3 to 25 um)

Two basic parts

Telescope to collect and focus light

Instrument tfo measure light

Instrument




Instrument goal is to measure a 3-D data cube
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But array detectors are 2-dimensional |
Our detectors are| BLACK &RWIsIRES
Cannot measure color, only intensity

So the optics of the instrument are used to map a
portion of the 3-D data cube on to the 2-D
detector
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We will concentrate on
Optical - silicon-based (CCD, CMOS)
Infrared - IR material plus silicon CMOS multiplexer



Detect 100% of photons Up to 99% quantum efficiency

» Each photon detected as a v' One electron for each photon
delta function

* Large number of pixels v 1 billion pixels by 2008
» Time tag for each photon No - framing detectors
* Measure photon wavelength No - defined by filter (except STJs)

* Measure photon polarization No - defined by filter

Plus READOUT NOISE and other “features”



b basic steps of optical/IR photon detection

1. Get light into the detector
Anti-reflection coatings Quantum

2. Charge generation

Popular materials: Silicon, HgCdTe, InSb SAFIEEE)
3. Charge collection
Electrical fields within the material Point
collect photoelectrons into pixels. >
4. Charge transfer Sprend ||
If CMOS, no charge transfer required. Function 2
For CCD, move photoelectrons to the &
edge

where amplifiers are located.
5. Charge amplification & digitization
Amplification process is noisy. In general

CCDs have lowest noise, CMOS
detectors have higher noise.




Step 1. Get light into the detector

Good optics
No lost light
No stray light
Anti-reflection coatings

Anti-reflection coatings will be discussed in next
lecture.



Modulation Transfer Function

Sinusoidal and Star Targets
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Modulation

Modulation Transfer Function

* Relation to point-
spread function

(PSF)

Fourier Relationship between MTF and PSF
MTF Point Spread Function (PSF)
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Intensity

Radius at Image Plane
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MTF

+ Effects of processing

Crriginal

Lens onl

Film onl

Film + le

Digitizer

Sharpen
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Line pairs per mm, MTF = 50% 10% & 36.5, 68.6/mm; Max MTF = 1.2




Step 2. Charge Generation

PHOTO-ELECTRIC EFFECT

A
1 SILICON SURFACE
PHOTON
CONDUCTION BAND, E
e [
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VALENCE BAND, €,
®
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365eVie

——
ENERGY OF PHOTON (eV)

Silicon

Similar physics
for IR materials




Detector Current Responsivity

S = photocurrent
/incident power

5 - QE }LQG/hC Rieke 2.13

where G=t/ T 1= carrier lifetime
T = transit time

(for photomultipliers, the photo-conductive gain
G canbe>»ll)



Minimum Noise Equivalent Power

Detector internal Johnson noise limited:
<I;>=4kT Af /R

NEP>I;/ S = [2hc/QEAGEI(KT/R)VZ W/Hz?

but most applications are not internal noise
limited...



Noise Equivalent Power

Include shot noise from input photons
(so-called generation-recombination noise):

NEP., > I;/S =[2hc/M])(0/QE)2 W/HZ!/?

sum.

NEP2 = NEP2,  + NEP2; + NEP?, .



For an electron to be excited from the Conduction Band
conduction band to the valence band -

g
hv > Eg Valence Band

h = Planck constant (6.6310-34 Joule-sec)
v = frequency of light (Hz) = A/c Ae = 1238 / Eg (eV)
E,= energy gap of material (electron-volts)

Material Name Symbol E, ev) A (um)

Silicon Si 1.12 1.1
Mer-Cad-Tel HgCdTe 1.00-0.09 124-14
Indium Antimonide InSb 0.23 5.9

Arsenic doped Silicon Si:As 0.05 24



For an electron to be excited from the Conduction Band
conduction band to the valence band -

g
hv > Eg Valence Band

h = Planck constant (6.6310-34 Joule-sec)
v = frequency of light (Hz) = A/c Ae = 1238 / Eg (eV)
E,= energy gap of material (electron-volts)

Material Name Symbol Eg (eV) A, (um) Operating Temp. (K)

Silicon Si 1.12 1.1 163 - 300
Mer-Cad-Tel HgCdTe 100-0.09 124-14 20 - 80
Indium Antimonide InSb 0.23 5.9 30

Arsenic doped Silicon Si:As 0.05 24 =



Step 3: Charge Collection

Intensity image is generated by collecting photoelectrons
generated in 3-D volume into 2-D array of pixels.

Optical and IR focal plane arrays both collect charges via
electric fields.

In the z-direction, use an electric field to "sweep”
charge toward pixel collection nodes.

2-D array
of pixels




Photovoltaic Detector Potential Well
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Silicon CCD & HgCdTe and InSb are photovoltaic detectors. They use
a ph junction to generate E-field in the z-direction of each pixel. This
electric field separates the electron-hole pairs generated by a photon.



Step 3: Charge Collection

Optical and IR focal plane arrays are different for
charge collection in the x and y dimensions.

IR - collect charge at each pixel and have amplifiers
and readout multiplexer

CCD - collect charge in array of pixels. At end of
frame, move charge to edge of array where one (or
more) amplifier (s) read out the pixels.

2-D array

of pixels
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CCD POTENTIAL WELL

POTENTIAL
i CONDUCTIVE GATE
/ GATE INSULATOR
/ n i P
] cranneL SUBSTRATE

fj:qu';.f..’:-—:—-SEMICONDUGTDR—-

Vo= 10V

Vg =5V

ov L&

« :
l DISTANCE INTO SILICON
T CHANNEL BIAS

-

A BURIED CHAANNEL LD

For silicon

n - region from
phosphorous doping

p - region from
boron doping

h-channel CCD
collects electrons

p-channel CCD
collect holes




Steps 4 and 5: Charge transfer and amplification

Transfer different for CCDs and IR
detectors (will cover next time).

Both use MOSFETs (metal-oxide-
semiconductor field effect transistors) to

amplify the signal.



CCD - Serial register and amplifier
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MOSFET
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Amplifier Responsivity

Q:=CV
V=Q/C

Capacitance of MOSFET = 1013 F (100 fF)
Responsivity of amplifier = 1.6 uV /e

More recent amplifier designs have higher responsivity, 5 - 10 uV/e,
which give lower noise, but less dynamic range.
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