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A
dvantages:

•
10
” plate �

10
12
grains �

~
10

9
pixels

•
Inexpensive

•
Include ow

n data storage system
•

S
table over very long periods of tim

e

D
isadvantages:

•
Low

 D
Q
E
  (~

2
-5
%
)

•
N
on-linearity

•
N
on-uniform

ity

•
T
im
e resolution

•
W
avelength coverage

•
D
igitization



T
h
re
e
 B
a
sic T

y
pe
s of D

e
te
ctors

1
.
Ph
oton d

e
te
ctors

R
espond directly to individual photons �

releases bound charge 
carriers.  U

sed from
 X
-ray to infrared. 

Exam
ples: photoconductors, photodiodes, photoem

issive detectors

2
.
T
h
e
rm
a
l d

e
te
ctors

A
bsorb photons and therm

alize their energy �
m
odulates 

electrical current.  U
sed m

ainly in IR
 and sub-m

m
 detectors. 

Exam
ples: bolom

eters

3
.
C
oh
e
re
nt re

ce
ive

rs

R
espond to electrical field strength and preserve phase  

inform
ation (but need a reference phase “local oscillator”).  

M
ainly used in the sub-m

m
 and radio regim

e. 
Exam

ples: heterodyne receivers

O
utline

1.
Photon D

etectors
a)

Principle of (intrinsic) Photoconductors
b)

V
ariations of Photoconductors

c)
R
eadout and O

perations
d)

D
etector A

rtifacts

2
.
T
herm

al D
etectors

a)
Principle of B

olom
eters

b)
V
ariations of B

olom
eters

3
.
C
oherent R

eceivers
a)

Principle of H
eterodyne R

eceivers
b)

K
ey com

ponents of H
eterodyne R

eceivers
c)

Perform
ance characteristics



Pa
rt I

Ph
oton D

e
te
ctors

Pa
rt I

I
T
h
e
rm
a
l D

e
te
ctors

Pa
rt I

I
I

C
oh
e
re
nt R

e
ce
ive

rs
Pre

fa
ce
: E

le
ctronic S

ta
te
s a

nd
 B
a
nd
s

S
ingle atom

ic system
E
xam

ple: H
 atom

A
tom

ic crystal
W
avefunctions Ψ

overlap

�
E
nergy levels of individual atom

s 
split due to Pauli principle 
(avoiding the sam

e quantum
 

states)

�
M
ultiple splitting �

“bands”



Pre
fa
ce
: E

le
ctric C

ond
uctivity

Conductivity requires charge carriers in the conduction band

O
ne needs to overcom

e the bandgap
E
g to lift an e

–into the 
conduction band. T

his can be done via: 

1.
external excitation, e.g. via a photon 

photon detector

2
.
internal excitation due to therm

al energy

3
.  im

purities

Pre
fa
ce
: T

h
e
 F
e
rm
i E

ne
rgy

T
he F

erm
i energy

E
F
determ

ines the concentration of therm
ally excited 

electrons in the conduction band.
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Pre
fa
ce
: T

h
e
 Pe

riod
ic S

y
ste

m
 of th

e
 E
le
m
e
nts

“classical” sem
iconductors:  4

 e
–
in valence state (outer shell)

E
lem

ents w
ith 4

 e
–form

 crystals w
ith diam

ond lattice structure (each 
atom

 bonds to four neighbors)



B
a
sic Principle

 of intrinsic Ph
otocond

uctors

-
E
γ lifts e

-into conduction band

-
electric field Ē

 drives charges to electrodes

-
few

 charge carriers �
high resistance

Conductivity:

w
here:

R
d
= resistance 

w
,d,l = geom

etric dim
ensions

q  = electric charge
n
0
= num

ber of charge carriers  
φ
= photon flux

τ
= m

ean lifetim
e before recom

bination
µ
n
= electron m

obility ~ m
ean tim

e betw
een collisions.

n

d

q
n

w
d l

R
µ

σ
0

1
=

=

w
d

l
n

ϕ
η

τ
=

I
m
porta

nt Q
ua
ntitie

s a
nd
 D
e
finitions

electrical output signal
R
esponsivity S

≡
input photon pow

er  

Photoconductive gain G
: 

T
he product ηG

 describes the probability that an incom
ing photon w

ill produce 
an electric charge that w

ill penetrate to an electrode.  

#
 absorbed photons

Q
uantum

 efficiency η
≡

#
 incom

ing photons  

m
e

tra
n

sit ti

life
tim

e
c
a
rrie

r 
=

=
=

t

p
h

q I
G

τ τ

ϕ
η

W
avelength cutoff:

[
]

eV
E

m

E h
c

g
g

c

µ
λ

2
4

.
1

=
=

�
G
erm

anium
:  1.8

5
µm

�
G
aA

s: 0
.8
7
µm

Photo-current:
G

q
I

p
h

ϕ
η

=



f
f I

I
f

∆
∝

2

2/
1

f
R k
T

I
J

∆
=

4
2

f
G

q
I

R
G

∆
=

−
2

2
2

4
ϕ

η

G
-R
 noise

J
ohnson or kT

C noise

1/f noise

T
h
e
 m
a
in N

oise
 C
om

pone
nts

fundam
ental statistical noise due to the Poisson 

statistics of the incom
ing photon stream

 �
transferred into the statistics of

the generated and 
recom

bined holes and electrons �
tw
o independent 

statistical processes (2
N
) 1/2. 

fundam
ental therm

odynam
ic noise due to the therm

al 
m
otion of the charge carriers.  Consider a 

photoconductor as an R
C circuit:  fluctuations in 

E
storage

are associated w
ith a noise current I

J .   S
ince 

<Q
2> = kT

C, the charge noise is also called kT
C noise 

or reset noise. 

increased noise at low
 frequencies, due to bad 

electrical contacts, tem
perature fluctuations, 

surface effects (dam
age), crystal defects, and 

J
FE

T
s.  Physical origin m

ostly unclear. 

T
he total noise

in the system
 is:

T
he

bandw
idth  

; if Poisson-distributed �
relative error ~

 1/√
t

O
perationally, background-lim

ited perform
ance (B

LIP)                             
is alw

ays preferred*

T
he noise equivalent pow

er (N
E
P)  is the signal pow

er that yields an R
M
S
 

S
/N

 of unity in a system
 of Δ

f =
1 H

z:

In B
LIP the N

E
P can only be im

proved by increasing the quantum
 

efficiency η.
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E
x
trinsic S

e
m
icond

uctors

Exam
ple:  addition of boron to silicon in the 

ratio 1:100,000 increases its conductivity 
by a factor 1000! 

Lim
itations of intrinsic photoconductors:

-
short w

avelength cutoffs

-
non-uniform

ity of m
aterial

-
problem

s to m
ake good electrical contacts

-
difficult to “keep clean” and m

inim
ize J

ohnson noise

G
e

S
i  

S
olution: add im

purities at low
 concentration to provide excess 

electrons �
m
uch reduced bandgap

�
longer w

avelength cutoff



B
locke

d
 I
m
purity

 B
a
nd
 (B

I
B
) D

e
te
ctors

•
E
fficient absorption  [a(λ) = σ(λ) N

I ]  
requires large N

I
�

high conductivity
•
N
oise requirem

ents:  high resistance 
= low

 conductivity

IR
-active layer:  heavily doped

B
locking layer:    thin layer of high purity

(intrinsic photoconductor)

T
ypical species are S

i:A
s or S

i:S
b

S
olution:  use separate layers to optim

ize 
the optical and electrical properties 
independently:

Lim
itation of extrinsic photoconductors: absorption coefficients  are 

2
 –
3
 orders of m

agnitude less than those for direct absorption in 
intrinsic photoconductors �

low
 Q
E
 �

active volum
es m

ust be large �
conflicts:

Ph
otod

iod
e
s

1.
B
ased on junction betw

een tw
o
oppositely doped zones

2
.
T
he tw

o adjacent zones create a depletion region w
ith high im

pedance

1.
Photon gets absorbed e.g. in the p-type part

2
.

A
bsorption creates an e

–-hole pair
3
.

T
he e

–diffuses through the m
aterial

4
.

V
oltage drives the e

–across the depletion 
region �

photo-current

S
am

e if absorbed in the n-type part but then 
the hole m

igrates through the junction. 



S
ee 

h
t
t
p
:
/
/
w
w
w
.
r
s
c
.
r
o
c
k
w
e
l
l
.
c
o
m
/

i
m
a
g
i
n
g
/
h
a
w
a
i
i
2
r
g
.
h
t
m
l
 for 

m
ore info

Can also be com
bined to a 2

x2
 m
osaic

E
x
a
m
ple

:  T
h
e
 T
e
le
d
y
ne
 H
A
W
A
I
I
-
2
R
G

C
h
a
rge

 C
ouple

d
 D
e
vice

s  (C
C
D
s)

CCD
s = array of integrating capacitors.

Pixel structure: m
etal “gate” evaporated onto S

iO
2
(isolator) on silicon = M

O
Sbias 

voltage 
V
g

N
ote that there are tw

o types: front-illum
inated and back-illum

inated CCD
s. 

Front-illum
inated: electrode of heavily doped S

i blocks blue/U
V
 photons

B
ack-illum

inated: long distance to depletion region �
low

 Q
E
 �

thinning

1.
photons create free e

-in the 
photoconductor

2
.
e
–drift tow

ard the electrode but 
cannot penetrate the S

iO
2
layer

3
.
e
–accum

ulate at the S
i—
S
iO

2
interface

4
.
the total charge collected at the 
interface is a m

easure of the num
ber 

of photons during the exposure
5
.
�

read out the num
ber of e

–



N
e
x
t: D

e
te
ctor O

pe
ra
tions

CCD
s and infrared arrays are fundam

entally different!

CCD
s:  

•
destructive reads

•
charges are physically shifted to the output line

•
shutter determ

ines exposure tim
e

IR
 arrays:  

•
non-destructive reads

•
readout addresses individual pixels directly

•
read/reset determ

ines exposure tim
e



I
nfra

re
d
 A
rra

y
s –

C
onstruction

1.
Produce a grid of readout am

plifiers

2
.
Produce a (m

atching m
irror im

age) of detector pixels

3
.
D
eposit Indium

 bum
ps on both sides

4
.
S
queeze the tw

o planes together �
hybrid arrays

5
.
T
he Indium

 w
ill flow

 and provide electrical contact

M
ultiple

x
e
rs

M
ultiplexing: “Pixel signals �

S
equential output lines”

M
U
X
 T
asks:

•
address a colum

n of pixels by turning on their am
plifiers

•
pixels in other colum

ns w
ith pow

er off w
ill not contribute a signal

S
ignal at photodiode �

gate T
1

R
eadout uses row

 driver R
1 and 

colum
n driver C

1 to close the 
sw
itching transistors T

2 , T
3 , T

4 .

�
Pow

er to T
1
�

signal to the 
output bus

R
eset: connect V

R
via T

5
and T

3 .



E
le
m
e
nts of a

 D
e
te
ctor E

le
ctronics S

y
ste

m
E
xam

ple: PH
A
R
O
 (the Palom

ar H
igh A

ngular R
esolution O

bserver)

B
ia

s

A
/D

 C
o

n
v

P
re

A
m

p

A
rra

y

I
R
 A
rra

y
 R
e
a
d
 O
ut M

od
e
s

S
ingle

 S
a
m
pling

•
m
ost sim

ple approach
•
does not rem

ove kT
C
noise

•
m
easures the absolute signal level

R
e
se
t-
R
e
a
d
-
R
e
a
d

•
R
esets, reads and reads pixel-by-pixel

•
S
ignal = R

ead(2
) –

R
ead(1)

•
best correlation, no reset noise

•
but requires fram

e storage
•
reduced dynam

ical range (saturation!)

(M
ultiple

) F
ow
le
r S

a
m
pling

•
sim

ilar to reset-read-read ...
•
... but each read is repeated m

tim
es

•
S
ignal = m

ean(read2
) –

m
ean(read1)

•
R
educes readout noise by √

m
 over R

R
R

S
a
m
ple

-
up-

th
e
-
ra
m
p F

itting

•
m
equidistant reads during integration

•
linear fit �

“slope”
•
reduces readout noise by √

m
•
particularly useful in space (cosm

ics!)



C
h
a
rge

 C
ouple

d
 R
e
a
d
outs

Time sequence

here: 3
 sets of electrodes 

�
3
-phase CCD

Collected charges are passed along
the colum

ns to the edge of the array 
to the output am

plifier.

B
e aw

are of charge transfer (in-)efficiencies (CT
E
s) due to electrostatic 

repulsion, therm
al diffusion and fringing fields.
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D
e
te
ctor A

rte
fa
cts  (1

)

D
ead, hot and rogue pixels.  

M
itigation: subtract off-source 

im
age and/or

reduce bias voltage

Fixed pattern 
noise.  
M
itigation: 

“flat-fielding”

R
esidualor latent im

ages 
after overexposure.  
M
itigations: w

aiting, frequent 
resets, annealing

M
uxbleed, pulldow

n
and banding.

M
itigation: avoid bright sources, short 

exposures.

D
e
te
ctor A

rte
fa
cts  (2

):  F
ringing

In spectrographs:  photons reflect off the back of the detector and interfere 
w
ith the incom

ing light.l1

l2

If the phase difference betw
een l1 and n

⋅l2
is an even m

ultiple of π
constructive interference occurs.  If an odd m

ultiple destructive 
interference occurs �

fringes = w
ave pattern. 

detector
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rt I

I
I

C
oh
e
re
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e
ce
ive
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B
olom

e
te
rs

S
o far:  photon detection via direct excitation of charge carriers

N
ow
: photon absorption and conversion into energy (heat)

•
A
bsorber is decoupled from

 the detection process
•
E
specially for low

 light levels
•
E
specially for the far-IR

 &
 sub-m

illim
eter w

avelength range

Invention of the G
e:G

a
bolom

eter in 19
6
1 by 

Frank  Low

H
erschel / PA

CS
 

bolom
eter:  a cut-out 

of the 6
4
x3
2
 pixel 

bolom
eter array 
assem

bly. 

B
a
sic O

pe
ra
tion of B

olom
e
te
rs

Principle:  the detector is connected via 
a therm

al link w
ith therm

al conductance 
G
to a heat sink of tem

perature T
0 .  

d
t

d
T

C
G

T
t

P
T

1

1
)

(
+

=
T
he total pow

er absorbed by the detector is:Chip of doped silicon or germ
anium

 

•
A
 high input im

pedance am
plifier m

easures the voltage
•
the voltage depends on resistance

•
the resistance depends on tem

perature 



C
om

posite
 B
olom

e
te
rs

Problem
: low

 Q
E
.  

Partial solution:  enhance absorption w
ith black paint –

but this w
ill increase 

the heat capacity.   
B
etter solution:

com
posite bolom

eters, w
here:

•
absorber has low

 heat capacity C and high Q
E

•
sensor has low

 C but is w
ell coupled to absorber 

H
ere the heat capacity of the blackened sapphire plate is only 2%

 of that of G
e. 



E
tch

e
d
 B
olom

e
te
rs

Precision etching techniques in S
i m

inim
ize the size of the structures �

•
low

 heat capacity C
•
short therm

al tim
e response ~ C/G

•
m
ultiplexing advantage (“arrays”)

...a
nd
 m
a
ny
 m
ore

 T
y
pe
s of B

olom
e
te
rs

M
ost of them

 utilize the 
properties of superconductivity.  
E
.g., 

•T
ransition edge sensors (T

E
S
)

•
M
icrow

ave K
inetic Inductance 

detectors
(M

K
ID

s)  [Photons are 
absorbed in a superconductor, producing 
quasi-particle excitations, w

hich change its 
kinetic inductance]

G
H

z
R

e
a
d
-o

u
t

S
ig

n
a
l

F
IR

 p
h

o
to

n
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B
a
sic I

d
e
a

Problem
s: 

•
very low

 photon energies �
w
ave character of light is dom

inant
•
often very w

eak signal �
am

plification essential
S
olution: 

•
m
ix signal w

ith reference w
ave

A
dvantages: 

•
encodes signal over a w

ide w
avelength range

�
ideal for spectroscopy

•
typically, pow

er(ω
LO ) » pow

er(ω
S )

�
am

plification
by oscillator signal

•
dow

n-conversion to frequencies w
here low

-noise electronics exist.

d
ip

le
x
e

r

lo
c
a

l o
s
c
illa

to
r

m
ix

e
r

S
te
p 1

: D
ow
n-
conve

rt th
e
 F
re
que

ncy

1. T
he signal S

1 is m
ixed

w
ith a local oscillating field S

2

N
ote:

λ
= 1 µm

  
�

ν
= 3

0
0
 T
H
z  

�
Δ
t
= 3

.3
·10

-15
s

λ
= 10

0
 µm

  
�

ν
= 3

 T
H
z  

�
Δ
t
= 3

.3
·10

-13
s

λ
= 1 cm

  
�

ν
= 3

0
 G
H
z  

�
Δ
t
= 3

3
 ps

2
.  T

he m
ix produces a dow

n-converted difference, interm
ediate, or 

“beat” frequency at ω
S
1 –

ω
S
2
(and ω

S
1 + ω

S
2 ).



T
he IF

 is the “beat frequency”, the 
difference frequency betw

een local 
oscillator and signal frequency.

Exam
ple:  M

easure a signal at 1.5 G
H
z �

use an oscillator at 1.55 G
H
z �

dow
n-

convert the signal to a 50 M
H
z carrier.

T
h
e
 I
nte

rm
e
d
ia
te
 F
re
que

ncy
 (I

F
)

From
 the m

easured IF signal w
e cannot 

tell w
hether the signal frequency ω

S
 w
as 

low
er or higher than ω

LO
�

assum
e tw

o 
com

ponents of equal strength , one at 
(ω

LO +ω
IF ) and one at (ω

LO –
ω
IF )

S
te
p 2

: M
e
a
sure

 w
ith

 a
 non-

line
a
r D

e
vice

1. M
odulated am

plitude at the IF

2
. C
lipping of negativities &

 recording m
ean 

A
 linear device (a) yields 

no output pow
er at any 

frequency.
�
N
eed a non-linear 

device (b,c)
that converts 

pow
er from

 the original 
frequencies to the beat 
frequency (=

m
ixer)



A
t low

 frequencies (radio/sub-m
m
) one uses an 

electronic LO
 (in com

bination w
ith w

ire antenna or 
w
aveguide)

+ easily tuneable in frequency

-
low

 pow
er at high frequencies (sub-m

m
)

L
oca

l O
scilla

tors  (L
O
)T

h
e

 A
L

M
A

 C
e

n
tra

l L
O

 in
 th

e
 A

O
S

 

T
e

c
h

n
ic

a
l B

u
ild

in
g

 a
t 5

0
0

0
m

. 

P
h

o
to

: W
. G

ra
m

m
e

r.

A
t high frequencies

(IR
) the LO

 m
ay be a continuous w

ave (CW
) laser

+ high pow
er

-
discrete set of frequencies



M
ix
e
r T

e
ch
nology

Problem
s:

•
“pixel” size > λ

for efficient absorption,  
but frequency response ∝

1/size.

•
good &

 fast photon detectors do not 
exist for λ

> 4
0
µm

.
M
a
te
ria

l
R
e
com

b
ina

tion 
tim

e

S
i

10
0
µs

G
e

10
0
0
0
µs

PbS
2
0
µs

InS
b

0
.1
µs

G
aA

s
1
µs

InP
~
1
µs

S
olutions:

•
S
IS

 junctions

•
H
ot electron bolom

eters

•
S
chottky

diodes



Pe
rform

a
nce

 E
stim

a
tors

T
o describe the perform

ance of heterodyne detectors w
e introduce:

1.
T
he noise tem

perature T
N :  

It is defined such that a m
atched blackbody at the receiver input 

at a tem
perature T

N
produces a S

/N
 = 1.   

O
bviously, the low

er T
N
the better the S

/N
.

2
.
T
he antenna tem

perature T
S : 

It is defined, analogous to the noise tem
perature, as the strength 

of the source flux (S
/N

=1) .
In the R

ayleigh-J
eans approxim

ation, the antenna tem
perature is 

linearly related to the input flux density:
S

S
T

P
~

E
xam

ple: V
LA

 exposure tim
e 

calculator:
h
t
t
p
:
/
/
w
w
w
.
v
l
a
.
n
r
a
o
.
e
d
u
/
a
s
t
r
o
/
g
u
i
d
e
s
/

e
x
p
o
s
u
r
e
/
c
a
l
c
.
h
t
m
l

Pe
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pa
rison

Case 1:
B
olom

eter operating at B
LIP and heterodyne receiver 

operating in the therm
al lim

it
(hν«kT

) 

�
the bolom

eter w
ill perform

 better

T
his is alw

ays true, except for m
easurem

ents at high spectral 
resolution, m

uch higher than the IF bandw
idth.

Case 2
:
detector noise-lim

ited bolom
eter and a heterodyne receiver 

operating at the quantum
 lim

it
(hν»kT

).

�
the heterodyne receiver w

ill outperform
 the bolom

eter.  

In the case of narrow
 bandw

idth and high spectral resolution the 
heterodyne system

 w
ill alw

ays w
in.  

If the spectral resolution ν/Δ
ν
is kept constant over the observed 

range the figure of m
erit goes as 1/ν

2. 



T
h
rough

put of a
 H
e
te
rod

y
ne
 S
y
ste

m

S
everal factors lim

it the throughput of the 
system

:

1.
O
nly com

ponents of the signal electric 
field vector parallel to the reference 
field can interfere.  F

ull cancellation 
occurs w

hen offset  ~
  λ

m
a
x

m
a
x

sin
θ

λ
θ

l
l

≈
=

2
.
T
he E

tendue
A

×Ω
~
 λ
2
sets a constraint on the coherent beam

 
that can be accepted by a telescope of diam

eter D
 �

a
coherent 

receiver should operate at the diffraction lim
it
of the telescope.

3
.
S
ince the laser field is polarized only one polarization com

ponent 
of the source can interfere and produce a signal �

heterodyne 
receivers = single-m

ode detectors


