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(Wavelength Excitation source

The detector

Focusing optics

 The detector properties should match the light that needs to be measured.

* The main detector characteristics are:

Wavelength Dispersive

* Size and structure (single detector / array) — element

* Useful range (wavelengths/photon energy)
 Responsivity (output signal per light intensity)
* Noise level

e Speed

Detector

« We look here at several types of detectors:

e Thermal detectors:
e  Thermopile
. Bolometer
. Pyroelectric detector
*  Photon detectors:
. Photomultiplier
. Semiconductor photodiode
. CCD/CMOS camera
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Definition of detector parameters (1)

* Size and structure: Single detectors have mostly sizes of 0.1-10
mm. Array detectors and cameras (CCD and CMOS), with 1-25

um size pixels, are also used in spectroscopy, to produce a full
spectrum in a single measurement.

* Responsivity/Sensitivity S (output signal per light intensity):
Most detectors produce electrons (current) in response to
photons (light intensity). The responsivity is defined as current
output per light input, its units are A/W. Usually an external " [5aAs PD
amplifier transforms the current to voltage (in some cases a 05
small resistor is enough). In photon detectors, we can define . //ll

(Typ. Ta=25 °C)

the QE (quantum efficiency): the number of electrons (<1) )
generated by an incoming photon. 03

0.2

Photosensitivity [(A/W)

* Useful range: the usable wavelength range of the detector,
usually defined at the 1% responsivity or QE. It can be very wide 01
(e.g. for thermal detectors) or narrow (for some photodiodes).
Sometimes it is expressed in energy units: E(eV)=1.24/A(um).
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https://www.it-service24.com/wp-content/uploads/2022/06/ccd-sensor-2048x1356.jpg https://www.hamamatsu.com/blobs/1328783866354?blobheadernamel=content-disposition&blobheadervaluel=inline%3Bfilename%3Dk_top_photodiode.jpg&ssbinary=true
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Definition of detector parameters (2)

* Noise level: The noise current generated with or without light input. (o 10225 °C)
It can have several sources: [
 Johnson noise, related to the detector's resistance. 0.5
 Shot noise, related to leakage (dark) current. 04 //]
* @Generation-recombination noise in semiconductors. / l

03 /

 The noise is usually temperature-dependent, so in many cases the
detector must be cooled to perform better. The noise can be
characterized by different parameters: 01
* Noise current /, (units: A/VHz): direct indication of the noise .
* Noise-equivalent power (NEP): NEP=/ /S (units: W/VHz): normalization of the

noise current by the detector's sensitivity, allowing direct comparison of the WavelengthChm)
noise to signal power. Smaller is better!

 Detectivity D* : D*=VA/NEP (units: cm'W VHz ), A= detector area, further
normalization by the detector area (in many cases noise is proportional to
detector size). Higher is better!

 Speed: For most spectroscopy applications, detector speed is not an
issue. When cameras are used, the large number of pixels requires
faster pixel readout speed (1M pixels read at 1 MHz require 1s
readout time!). Some special applications (photon correlation,
lifetime measurements) require very fast (<1ns) detectors.

0.2

Photosensitivity [A/W)
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« Thermal detectors react to the radiation energy (heat); they are equally sensitive to all wavelengths.

* Thermal detectors are usually constructed of two parts:
*  An absorber that gets heated by the incoming radiation.
* A means of measuring the temperature change of the absorber.

« There are many methods to detect the temperature change, leading to different detectors:
. By the Seebeck effect (thermocouple)
. By resistance change (bolometer)
. By the pyroelectric effect (pyroelectric detector) Power P

 The first two detector types can measure constant radiation power,
the last one is sensitive only to temperature changes so can detect Resistive
Thermometer
only pulsed (or chopped) radiation. e

absorber

e Some of these detectors can be miniaturized and are used as linear or

rectangular array detectors / cameras. Thermal Mass
. . Heat Capacity C
* Another type is superconducting photodetectors (see below). Temparature T

* Main use: to measure IR/FIR radiation, e.g. in FTIR spectrometers.

ere . . . hermal
* Main advantages: sensitivity is independent of photon energy. Conductance G
 Main disadvantages: low sensitivity, slow response.

https://upload.wikimedia.org/wikipedia/commons/thumb/1/1e/Bolometer_ %
conceptual_schematic.svg/1280px-Bolometer_conceptual_schematic.svg.png Thermal Reservoir
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Photon detectors - General

 Photon detectors are based on semiconductors: incoming photons laser
1 H ACTIVE AREA
generate electron-hole pairs that are transformed to electric current. — G e
e ;Z¥ DEPLETION

REGION
— n TYPE SILICON

~—
4_J_ n MATERIAL

(FOR CONTACT)

* The semiconductor bandgap determines the longest wavelength that St&g:©
can be detected (photon energy must be higher than the bandgap), s
but also the noise properties of the detector.

METAL CONTACT

* The main types are:

Photomultiplier (PMT) \

Photodiode (linear and avalanche) = f‘ \ ‘\

e CCD/CMOS camera . 1 S
 We usually distinguish between:

*  Wide-medium band semiconductors, can detect up to 1 um. y

. Narrow-band semiconductors, can detect above 1 um. @

 Main use: To measure UV/VIS/NIR(FIR) radiation in all spectrometers

 Main advantages: high sensitivity (down to the single photon level),
low noise.

 Main disadvantages: far-IR and single-photon detectors need cooling
(Sometimes down to 77K!) to rEd uce nOise. https://www.hamamatsu.com/blobs/1328783866354?blobheadernamel=content-

https://www.newport.com/n/photodiode-physics disposition&blobheadervaluel=inline%3Bfilename%3Dk_top_photodiode.jpg&ssbinary=true
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The thermocouple detector is based on the Seebeck effect: A

. ] . . chromel : ref 1 copper | Tineter :
junction of different metals at a different temperature e | | 3
develops a voltage difference: AV = —SAT . | ‘\ | .: | %3 :
. . ) - alumel | | copper |
The Seebeck coefficient S depends on the metals, the highest = A—
value is for "Type E" (Chromel-Constantan) pair: 70 uV/°C.
To increase the voltage, many metal pairs can be connected in
series, to form a "thermopile": AV = —nSAT. o ——— _ _ _
i f 5 Type E !
Typical performance (Hamamatsu T15770): 0l i S Tpey/ PR
° SenSitiVity: 50 V/W Thermal Heat 60 - ----------- R --------- ----- —
. 1 nW vV H Resistance Flux, q” ; TypeK
NEP:1n / Z Layer g S 50—'5 """""" """"" 'Tij'eE'N"'_
e  Response time: 20 ms E ool VY S .
AT §3o—-: ---------- /! ----------- L .
F - — ) 20 _Typ u-Pt _____ Pt'Pd_
h 10—------5—--- T s
Advantages: Low resistance (low Johnson noise). ol b= ST -
Disadvantages: Low voltage, slow. it ek pedinrg/wiihermopile 0 500 1000 1500

https://en.wikipedia.org/wiki/Thermocouple Te m pe ra tu re T ( d eg C)
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Bolometer detectors

* The bolometer detector is based on temperature measurement
by resistance change.

 The temperature-sensitive element can be a metal film (e.g. Bi),
a thermistor (ceramic compound), which has an exponential
thermal response, or a Si film.

 The resistance change is typically measured by a bridge circuit.
In some cases, an AC excitation is used, to reduce 1/f noise (use
a lock-in amplifier) and improve performance.

* Typical performance (IR Labs, at 4.2K):
e Sensitivity: 2.510° V/W

* NEP:25-10"13 W /+Hz
* Response time: 2 ms

Diff

10.8kHz 7\ C

L

 Advantages: Low resistance (low Johnson noise).

 Disadvantages: slow, cryogenic cooling often required. *

https://circuitglobe.com/bolometer.html https://www.irlabs.com/ —
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The pyroelectric detector

 The pyroelectric detector is based on the pyroelectric effect: A crystal with permanent electrical polarization

responds to heating by expansion, leading to polarization and electric charge change. This change produces a

d dr . : : . .
current: [ = d—f = Ap = where A is the surface area and p is the pyroelectric coefficient of the material: p =

— % (P = polarization).
* The current is produced only for a temperature change,
so only changes in radiation power are measured.
 Typical performance (InfraTec LME-335):
*  Sensitivity: 9110* V/W
e NEP:5-10"1°wW/VHz
* Response time: 150 ms laser

BLACK COATING PYROELECTRIC :
: MATERIAL —> H Single pulse

 Advantages: Room temperature operation, ELECTRODES -

cheap, small (arrays possible). P P

Output voltage

1 L] . . . ﬁk_
e Disadvantages: AC only, medium sensitivity. N
T >
. . (++++++++ +++++++I+ 44| 4 § 4
* Main uses: Motion detectors, alarms. ses[ s i _
pyroelectric m : > E—
crystal capacitor  resistor

https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.infratec.eu%2Fsensor-division%2Fservice-support%2Fglossary%2Fpyroelectric-
detector%2F&psig=AOvVaw2djeC2dsWOB7AF2NOXx7tJ&ust=1731511602137000&source=images&cd=vfe&opi=89978449&ved=0CBQQjRxqGA0TCIDLj-iN14kDFQAAAAAJAAAAABCDAgE https://www.newport.com/n/pyroelectric-physics
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Photon detectors: the photomultiplier

Incoming Photomultiplier Tube

* The photomultiplier is composed of a photocathode, which oy y.daw ‘ { f
cathode Dynodes II ‘ Anode |

e

emits electrons when illuminated, and a set of dynodes, that
multiply the electron flux. This setup is contained in a vacuum
tube, with an external voltage maintaining the potential
difference (100-300V) between successive dynodes, to

Focusing
Electrode

\'Ioltage l')ropping.;

accelerate the electrons and increase the electron yield. Lt = e— L
* Atypical photomultiplier has up to 14 dynodes, yielding a ., Dynotia Membior va PAT Gale
total gain of 10°-107 electrons/photon. 14 Stage
* The photocathode is made of alkali metals, with low work  —susmi o7 12 Stage
function, giving the wavelength response T :

of the tube: the photon energy must be
higher than the work function — this defines

10

Detection efficiency [%]

the long-wavelength cutoff of the tube.

 Maximum wavelength: 900 nm.

https://www.olympus-lifescience.com/fr/microscope-resource/primer/digitalimaging/concepts/photomultipliers/

o A 104 1 1 J
200 300 400 500 600 700 800 900 1000 1000 1500 2000 2500

Volts
https://www.picoquant.com/products/category/photon-counting-detectors/pma-hybrid-series-hybrid-photomultiplier-detector-assembly Wavelength [nm] Figure 1




““Continuous and pulse-response photomultiplier

104

 The photomultiplier can function in a continuous mode: light
(photon flux) is converted to electron flux, which is multiplied to
give the output current. Typical sensitivity is: 50-100 mA/W.

 Photomultipliers can also measure individual photons: each
photon produces a photoelectron, yielding 10°-107 electrons or a 1o
short current pulse at the output. This current pulse can be
counted, to give the count of photons. Fast photomultipliers can

103

102

DARK COUNT (s)

100

have very short response time, down to 50 ps. L Y
AMBIENT TEMPERATURE (°C)

* Noise is related to spontaneous electron emission fromthe 7 T
electrodes, which can be reduced by cooling: from 100-1000 - AT
counts/s at room temperature, down to 1 count/s at -40°C. 2 /’

* Advantages: High sensitivity, low noise, high speed. 5 N

- Disadvantages: Bulky, limited wavelength, high voltages needed. = \| J| fumervoumee: oo

3 L RS

* Main uses: high-sensitivity / high-speed UV_VIS detection.

https://www.hamamatsu.com/resources/pdf/etd/R3809U-50_TPMH1067E.pdf TIME (0.2 ns/div)
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Photon detectors: the linear photodiode

 Photon detectors are based on a semiconductor diode depletion |ayer
(p-n junction), which has a wide carrier-free "depletion 1 S
layer". This layer has a strong internal electric field.

0 O 0O O -

+....

-—
electric field

 The diode structure is special: thin top p layer, to let electric field
light enter with low absorption, and a thick depletion X—-wdiffusion otential ()
region, where most light should be absorbed. N\~ 4 _ ko

 The absorbed light in the depletion layer generates
electron-hole pairs, which are separated by the junction
field and collected by electrodes, generating a current.

E,.
g&4p
\ i 4 Ev

3 Light input

‘__ . ,‘—Acﬁve ea Diameter ——
electric field oo o
_____________________ oating . Anode (+)
{ ‘\‘ _______ .{;t ___________ S
. . . N ] Deplelion Region _____ _ /
diffusion potential (V,;) N-Type Substrate
cococccceT tredhccccccccccand EC N*
EF Contact Metal

E gap Cathoge (=)

+ E,

http://www.osioptoelectronics.com/application-notes/an-photodiode-parameters-characteristics.pdf
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Photon detectors: the linear photodiode

electric field

 The photon energy must be higher than the

semiconductor energy gap. This determines the longest

wavelength that can be detected.

 Thel/V curve of a photodiode is the same as a typical
diode curve; light displaces the curve to negative currents.

 Advantages: High sensitivity, low noise, high linearity,
cheap, any size (from 0.1 mm high-speed detectors to
many m? solar panels).

 Disadvantages: Longest wavelength is limited by bandgap
(e.g. 1.1 um for the most common Si photodiode).

* Main uses: General-purpose and high-sensitivity UV — VIS -
NIR detection.

http://www.osioptoelectronics.com/application-notes/an-photodiode-parameters-characteristics.pdf

ooooo

L/
"/
\

)

Light intensity
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The linear photodiode equation .

»  The diode equation: I = Ij[e€"/k8T) — 1| — I, , where I is the SEP—
photocurrent: I, = ne® = neP /hv . @ is the photon flux, ﬂ
Light intensity

P=radiation power, v=frequency, n=quantum efficiency.

* The photodiode's responsivity is thus: S = I, /P = ne/hv =

nA/1.24 (A in um). It is highly linear! o] S EE
* The zero-voltage current: [(V = 0) = —Ip is proportional to the S o
light power (photon flux) input, over many orders of magnitude. |

* The quantum efficiency depends on photon energy: n =
ET(l — e‘“(’l)d) , €is the e-h pair collection efficiency, T is the
surface transmission, a(A) is the absorption and d is the depletion R
layer thickness. .

Current den

* This leads to a universal behavior of the quantum efficiency (and = e ///:\
responsivity) of semiconductor photodiodes: il e I\
For photon energy higher than the bandgap (shorter WW), L Vi //'\\
responsivity increases with wavelength (S = ni/1.24). "
*  For photon energy lower than the bandgap (longer wavelength), N

responsivity falls quickly with wavelength (absorption a()) decreases). ttps/ fwurw.researchgate.net/figure/Linear Dynamic Range-LDR of -

700nm-PCDTBTPC70BM-0OPD-and-commercially-available_fig5_264428141



- Electrical model of the photodiode

 The electrical model of the photodiode contains the
photocurrent source /,,,, the ideal diode, a shunt resistance Ry,
(107-10° Q) and junction capacitance C; . The output has also a
small series resistance R, (10%-103 Q2).

* The junction capacitance C; depends strongly on reverse bias:
It's highest at zero bias, and decreases with bias voltage.

 The photodiode is usually used in either zero-biased
("photovoltaic mode") or with negative bias
mode").

noise), but higher junction capacitance (slower response):

 The diode leakage current is low up to the breakdown voltage,
where it starts to increase exponentially with bias voltage.

[ ]
/mi
® S >
e

Capacitance (pF

B

v

~—

1 15
Reverse Bias Voltage (V)

Forward Bias

¥

Light intensity




" Photon detectors: typical circuits and noise
* The voltage outputis: /o = SREP .

* Thetime constantis: C = (Cj + Cr + CA)RF :

e Noise sources:

*  Shot noise from photocurrent /, and (in photoconductive mode) from
leakage current /;: I; = \/2eB(I, + I;) (B= bandwidth).

* Thermal (Johnson) noise: I; = \/4kBTB/RSH :
*  Amplifier noise /, .

 Total noiseis: I,, = \/152 +I7 + 1§ = I; for low light, low-noise
amplifier* and zero bias.
e Typical values: R,, =10°Q, I, = 12 fA/VHz, NEP=24 fW/VHz .

« Typical BW is: B = 1/2nRC; = 170 Hz (C¢= 1 pF), giving NEP =
310 fW.

*Example: Maxim MAX44261 op amp: I,= 1.2fA/VHz

C
Fir
1C

Re=500MQ

~b5BH
[t

= | =

Photovoltaic mode

Photoconductive mode
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oton detectors: the avalanche photodiode

When the electric field in the depletion zone is high,
electrons get accelerated and can excite other electrons.
This is the avalanche effect, which increases the gain of
the photodiode (each photon creates many electrons).

There are two modes of operation:

 Linear mode: moderate field, has linear photocurrent gain .

 "Geiger" mode: high field, each photon generates a high current
pulse, needs electronic "quenching" to return to zero current.

Avalanche photodiodes can replace photomultipliers with
similar performance (pulse response of 100-200 ps).

Advantages: High sensitivity, low noise, high speed, small
size, broader wavelength range than photomultipliers.
Disadvantages: less performant (ultimate sensitivity,
speed) than photomultipliers.

Main uses: high-sensitivity fast UV-VIS-NIR detection.

167, 159(2017) https://www.hamamatsu.com/resources/pdf/ssd/si-apd_kapd9007e.pdf

I
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__r._ ___________________
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I 1
!
i
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:
C
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~
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Photon detectors: narrow-bandgap materials

 The Silicon photodiode is the cheapest and most popular photodiode, but its bandgap limits the wavelength to
1.1 um.

 To detect longer wavelengths, we need narrow-bandgap semiconductors: InGaAs, InSb, InAsSb, MCT (HgCdTe).

* Narrow-bandgap materials suffer from o

thermal generation-recombination noise, :  Photovoltaicetectors  E
N Photoconductivedetectors |
so they must be cooled to low s : Silthermalfypeldetectors
temperatures. SIS
— X ““\si- Short-wavelengthEnhancedf/pehGaAs(R5C)
. o *D ~ ILongIIEavelzlengtlh[ﬁ/p]e[lhcliaAs[I(}196|l1’122)
 Advantages: High sensitivity, longer A= == e
wavelengths than for Si photodiodes. 7 /'-\InAsllI3196ElC)]
+  Disadvantages: Expensive, needs cooling.  1o:|_td \l_~\ | eososm) e
: ,;: = ‘{‘\‘\_ InSb:E(3196;l‘_’C) / i
_ - o i \Ik — 1 \ MCTIBI96EL) | mcTmiosmEe
e Main uses: high-sensitivity NIR-FIR ol /[T |\ [NOASSHBISSED) | | N— /] itk
. o SEE—=m=me= === =
detection, thermal imaging. 1 == ~ — \ S ~
/ ,l /’ = ’;\ ngm%elgthlﬁlpeu \ < \;\
_—— N\ InGaAs[(R5
109:'_4 — yAUY RUCIBe0E0 — \ S
: . S "~} InAsSb@30°L) A\ . —
PbSel25Er) / “\ \\\ 'PbSe' 201?[: \ /Then’nopllelfletectors —
108 .InAsS.b[G3.0EC)I

0 1 2 3 4 5 6 7 8 9 10 11 1z 13 14 15 16 17 18 19 20 21 22 23 24 25
https://www.hamamatsu.com/resources/pdf/ssd/e06_handbook_compound_semiconductor.pdf Wave I en gt h ( Mm )
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Array detectors: CCD and CMOS

« Both CCD and CMOS cameras are made of large arrays of silicon photodiodes, but their readout is different:

* Inthe CCD camera, the photocurrent charges a capacitor. This charge is moved between the pixels first along
the column and then along the row, arriving serially at a single output amplifier (charge to voltage converter).

* Inthe CMOS camera, each photodiode has an integrated amplifier to produce the voltage, then electronic

switches are used for the readout.
CCD photon to electron CMOS
conversion

| . . I.[&,li‘ T
e charge —b

1 | to voltage
1 conversion

A\ 5 ) (8.
A 5 ] 2
A, 05} ) 0 | O
A, 5] ) O el
A B EEE

https://meroli.web.cern.ch/img/lecture/spatial/clip_image002.jpg
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Array detectors: Comparing CCD and CMOS

« Asisshown in the table, CCD technology is better suited for cooled high-sensitivity "scientific cameras".

Parameter Cccb

Sensitivity 60% — 95%, though high QE sensors are very expensive
Speed — read out in megapixels per second (MPS) 1 to 40 MPS

Read Noise — how much noise in electrons is produced 5-10 electrons for standard CCDs, 1 electron for more
at each pixel when the sensor is read complex electron multiplying devices (EMCCD)

Cooling High cooling is relatively easily achieved

Pixel Size 3 to 25 microns

Well Depth — how many electrons can each pixel hold 40,000 to 200,000
A/D Converter bits 16 bits
Binning — combining pixels for sensitivity Easily achieved at an analog level with zero added noise,

extremely high binning levels possible
Amp Glow — on-board electronics create some light Easily mitigated by powering down readout transistors

Infrared Imaging Deep Depletion sensors can achieve high QE at 650 to 1000
nm
Fixed Pattern Noise Occasional hot columns, easily mitigated

https://diffractionlimited.com/ccd-versus-cmos-better/

Scientific CMOS
75% —95%

100 to 400 MPS
1-3 electrons is common for modern CMOS sensors

Sensors generate a large amount of heat and
cannot operate at extreme cold temperatures

2 to 9 microns

30,000 to 75,000. Can be mitigated via stacking
given low read noise.

Usually 12; some chips now use dual gain to create
16-bit images but with some pitfalls

On-chip analog binning is extremely limited

This is a bigger problem with CMOS, since there
can be millions of on-board transistors.

Currently not possible with CMOS

Fixed pattern noise can be a significant problem,
but technology is improving rapidly
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Typical properties of the "scientific" CCD camera

*  Operating temperature is low (-70 to -150C), yielding very low noise: 0.002 electrons/s (dark current noise) + 7

electrons (readout noise).

* Pixel size is quite big, up to 25 um, to increase light gathering.

 To increase efficiency, light enters the chip from the (thinned) substrate. This avoids the obstruction by

electrodes, and increases absorption in the active part.

 Pixels can be read in groups (binning) to reduce noise. Example: in spectroscopy, when the spectral dispersion is
along the X-axis, we can sum many pixels along the Y-axis to get the maximum signal.

« Readout speed is low (33-100 kHz).

Quantum efficiency of CCD

BEX2-DD |

100
- I BV
e  Dynamic range: 1:106. 1000000 TN
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Reminder: The grating monochromator

* There are two modes of operation:

* Spectrometer: A narrow output slit selects the output wavelength, then a single detector measures the intensity. To

. . : : . A
obtain the full spectrum, we turn the grating according to: sin f — sina = Uiy

* Spectrograph: A camera or detector array at the output measures simultaneously a full or partial spectrum. The position

. . . . A ..
of the spectrum peak on the detector is determined by: sm% —sina = mT . If the detector size is D, the measured

aD

spectral range is: AA = — . For a larger spectral range, several spectra should be measured by turning the grating.

mL°

Single detector

o ‘ focusing mirror  —
collimating mirror

Monochromator

trance slit mmmlemm | M .
entrance sli : : T
Q § h,  exit slit

light source detector

Typical values:
a=0.83 um
L=550 mm
D=25mm

=> AL=38 nm

https://www.researchgate.net/profile/Jianwei_Qin/
publication/312956040/figure/fig1/AS:45660814158
2336@1485875272925/Wavelength-dispersive-
imaging-spectrographs-a-prism-grating-prism-PGP-
transmission.png

https://blogs.maryville.edu/aas/wp-
content/uploads/sites/1601/2015/04/monochroma
ter.jpg

Camera/array detector

Detector <
-
m—
&mdwml-__ -z

Sample

Upper

e
A\ Mirror

Entrance
Slit
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Camera vs. single detector for spectroscopy

 Using a camera has several advantages:

e Afull spectrum is acquired in a single image (500-2000 pixels), while a single detector requires
monochromator sweep which is much slower.

* The vertical dimension can be used:

 To integrate several pixels to increase the signal.
*  To measure a 1D spatially resolved spectrum of the sample.

* The camera has a few disadvantages:

 Low-noise "scientific" cameras are expensive!

* Pixel size is smaller than in single detectors, so light gathering ability might be lower (not always — high
resolution spectroscopy requires a small slit width, equivalent to a small pixel).

* Most cameras are silicon-based — wavelength range is limited to 200-1000 nm.
* Low-noise measurements need cooling (built-in in modern cameras).

* Main uses of cameras: High-sensitivity, high-resolution UV-VIS-NIR spectroscopy.

 Other array detectors:
* Cooled InGaAs arrays, with wavelength range of 0.9-1.7 um — have similar performance but higher noise.

 Thermal detector arrays (bolometer, pyroelectric etc.) — for FIR detection; performance is similar to the
single detectors, pixel size is 50-100 um.
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Compact spectrometers

* For simple applications (UV-VIS-NIR) at room temperature, compact low-cost spectrometers are popular.
* Inputis by an optical fiber for flexibility, output is directly to the PC (USB).

* The spectrometer is based on a fixed grating with curved mirrors, and the spectrum (A=200-1100 nm) is
projected to a Si CCD array with 2048 pixels.

CCD array

* S/Nis400:1 at 10 ms scan, can be increased by longer scans.

. Resolution: <1 nm -

*  Dynamic range: 10%.

. Instrument size: 15x10x5 cm!

Curved mirrors "

,O

N

. OceanOptics

i

Fixed Grating

Ocean HR

High-Resolution Spectrometer

Entrance\
(fiber)

https://focenter.com/media/wysiwyg/documents/Ocean-Optics-Inc-Ocean-Optics-USB4000-Fiber-Optic-Spectrometer-Fiber-Optic-Cent
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Raman spectroscopy
Raman spectroscopy studies the interaction between photons and phonons.

 The process is inelastic scattering of photons from molecules, where the scattered photon
gains or loses energy by interaction with phonons (molecular vibrations, rotations etc.). The
emitted photon's wavelength is thus longer (Stokes) or shorter (anti-Stokes) than of the
excitation photon. There is usually no absorption of the excitation photons.

* The intensity of the scattered light is usually much lower (10 - 10-7) than elastically scattered
light. The Stokes scattering amplitude is higher than the anti-Stokes amplitude, as it's easier
to emit a phonon than to find an existing phonon.

A

— Anti-Stokes
\/\/\/\/\/\/\/\_> Raman Scattering
Wser

excitation

signal
source

detector

Stokes Raman

Scattering Rayleigh
)\scatter > }\Iaser Scattering
)\scatter . }\Iaser

excitation

probe energy

filter

https://www.edinst.com/blog/what-is-raman-spectroscopy/ spec imen
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aman spectroscopy - principles Conduction band

 The Raman shift is the energy difference
between the scattered photon and the
excitation photon. It's usually measured in cm™:

1 1
Ag (em™) = 107 ( — ) u
( ) Aexc(nm)  Agcqee(nm)
 Each Raman peak is related to a vibrationor | g A

rotation mode of the molecule, so they can be

used to identify the molecule. 2 e o
- @,ip ®,ib

Raman spectrum of CCl,

A ) Anti-Stokes Rayleigh Stokes '

T Anti-Stokes _ s

\/\/\/\lf\/\/\/\’ Wﬁering Ag=532 nm +459 Rayleigh Spontaneous Spontaneous
Ascatter = AI +3 14

918 Scattering Stokes Raman anti-Stokes Raman
2 l
Stokes Raman 2 . .
Scattering Rayleigh § ! Raman Shift I Raman Shift I

Ascatter > Niaser Scattering |5 i (anti-Stokes) i (Stokes)

Ascatter = Naser < > <

-218 VR U U N DV 1
'314 o= —— o= — —
-459 U U K I Ao Aanti : Ao Astokes
A
https://www.edinst.com/blog/what-is-raman-spectroscopy/ _5'00 _4'00 _3'00 _2'00 _1'00 '0 1'00 2'00 3'00 4'00 5'0 1 o |

D. W. Shipp et al., Advances in Optics and Photonics Vol. 9, 2, 315-428 (2017) Raman Sh |ft (Cm'l) Aanti AO



© B. Dwir IPYS EPFL 2024

Raman spectroscopy - setup

« The Raman spectroscopy setup is similar to a

photoluminescence setup: Laser source, focusing optics,

sample, collection optics, monochromator, detector.

 The main differences from photoluminescence:

The light source is always a laser, which produces high power,
stable, monochromatic light.

The monochromator should have a very high rejection (1:108)
of the excitation wavelength, which is very close to the weak
signal (Raman-shifted) wavelength. Usually a narrow-band
rejection filter at the laser wavelength precedes the

monochromator. Sometimes a double monochromator is
needed for high rejection.

 Key features:

Laser wavelength (standards: 532, 628, 785, 1064 nm).

Laser power

Minimum Stokes shift (cm™) — related to excitation rejection.
Resolution (cm™).

Noise.

https://en.wikipedia.org/wiki/Raman_spectroscopy
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Imaging (hyperspectral) Raman spectroscopy

* In life sciences, a confocal microscope is integrated with a Raman spectroscopy setup.
Organic and live matter (cells) can be probed in a non-destructive way, with good optical
spatial resolution (sub-um).

 The excitation laser passes through a dichroic mirror to improve rejection (only the Stokes-
shifted wavelength passes to the monochromator).

* Alens-pinhole set gives spatial filtering
to increase resolution.

Video imaging

=

Pinhole

 To get a mapping of the sample, it is
scanned under the microscope objective
by a piezoelectric stage.

Microscope

Laser
filter
(notch)

Spectrograph

D. W. Shipp et al., Advances in Optics and Photonics Vol. 9, 2, 315-428 (2017)
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Raman spectroscopy vs. FTIR spectroscopy

 Both Raman spectroscopy and FTIR spectroscopy are used to detect molecules and follow
chemical reactions. However, they have different sensitivities, especially with molecules that
have a center of inversion, which render Raman and FTIR spectroscopies mutually exclusive.

« Raman Spectroscopy is better when studying:
e Carbon bonds in aliphatic and aromatic rings.
 Bonds between identical atoms (0-0, N=N, C=C) and weak dipoles.
 Reactions in agueous media and particles in solution, e.g. for polymorphism.
* Inorganic Oxides.
 Lattice modes in crystals

 FTIR Spectroscopy is better when studying:
 Reactions in which reaction components fluoresce.
 Bonds with strong dipole changes are important (e.g. C=0, O-H, N=0).
 Reactions in which reagents and reactants are at low concentration.
* Reactions in organic solvents with a strong Raman signal.
* Reactions in which intermediates that form are IR active
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. Typlcal Raman spectra of

DNA and RNA (a),
proteins (b), lipides (c)
and carbohydrates (d):

 We can see peaks that
are associated with
specific parts of the
molecules, such as C-C
and C=C bonds, CH,
groups, etc.

* These can be used to
identify the molecules
and track chemical
changes, e.g. in a cell.

D. W. Shipp et al., Advances in Optics and Photonics Vol. 9, 2, 315-428 (2017)
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Cathodoluminescence
Optical spectroscopy excited by electrons

e Electrons in semiconductors can be excited by photons (PL) or electrons (CL).
* The analysis/detection parts of the system are similar to PL

name probe signal

excitation

source signal

detector

excitation
EDS Electrons X-photons obe energy
Pr filter
AES X-rays Electrons
EELS Electrons Electrons
specimen
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Main parts of a CL system

* Electron beam focused on the
sample at required position

° Sample can be cooled if Inside SEM vacuum chamber Spectrometer CCD
needed N
* Mirror collects most of emitted
light to produce parallel beam | o S |
. . | parabolic mirror :
focused on the input slit of a g |- i
o e B :
monochromator CL / g PMT
: : : N |
* Dispersed light is detected by 7

single (PMT) or array (CCD)

detector sample
. _ secondary|electrons
* Optionally, secondary electrons cooling stage
(SE) and sample current (EBIC) 5_300 K _7_4

are detected .

https://en.wikipedia.org/wiki/Cathodoluminescence#/media/File:Cl-scheme.svg
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Electron beam sources
The electron beam can be generated by:
 Astandard SEM column

« A STEM column — rare (expensive, high voltage, TEM resolution not needed)

* A specially constructed SEM column (integrated CL system)

https://d320gogmyaldw8.cloudit® esearch_education/geochemsheets/techniques/UWj{

https://uwaterloo.ca/metrology/tem-stem toIight.com/wp—content/upIoads/2018/07/atto|ight_a|IaIin_ eb.pdf
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Generation of the CL signal

The electron beam interacts with the sample:

* Primary beam has high energy, small spot size
* Auger and secondary electrons (< 50 eV) are limited in range

e Scattered electrons have largest range

All these electrons can generate a CL signal!

electron beam

Auger Electrons (AE)
surface atomic composition

Secondary Electrons (SE)
topographical information (SEM)

Backscattered Electrons (SE
atomic number and phase difference

Characteristic X-ray (EDX)
thickness atomic composition

Continuum X-ra
Cathodoluminescence (CL) (Bremsstrahlung

electronic states information

SAMPLE

Inelastic Scattering
composition and bond states (EELS)

Elastic Scattering
structural analysis and HR imaging (diffraction)

Incoherent Elastic
Scattering

Transmitted Electrons

https://en.wikipedia.org/wiki/Electron_microscope#/media/File:Electron_Interaction_with_Matter.sy,

morﬁhological information (TEM)
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Distribution of scattered electr(g

Monte-Carlo simulations of trajectories:

n
tatistics of electron distribution:

e As function of R (at Z=0
e Scattered electrons’ range strongly depends on energy and material (2) ]
o e As function of Z (at x=0)
* Shape of electron distribution does not change much, but scale does! EaoITIRGSCaRCH by Radie
15.0 nm( g
InSb 1kV
-18.0nm -9.0nm -QOmm 9.0nm 180nm -2084.8 nm -1042.4 nm >Jmﬂlmm 10424 nm 2084.8nm ! _Radius (n:) ¢ ! ¢ ° *
Catholuminescence by Depth
9.6 nm 3000.0 nm| §
‘)¢ ‘ V | R
Diamond 1kV Diamond 30kV 0
120 nm BA0nnm 0 @ mmm A0nnm 12 0 nm 3769 6 nm -1884 8 nm A0 O mmm 1884 8 nm 27696 nm h ttpS://WWW.gel‘USherbrOOke.ca/caSinO/What.htmI ’ Denth 1n:|.\e
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Distribution of scattered electrons — high energy
Summary of statistics of electron distribution, for a large range of electron energies:
e As function of Z (at x=0)
* As function of R (at Z=0)

 The range (depth and radius) is many microns for energies above 10 keV — incompatible with
high resolution measurements! This excludes most TEMs...

. . 6.E+03 .
Depth (at half of max. intensity) Beam radius at 90% electrons
3.E404 >-E+03
4.E+03
E 2.E+04 =
£ c 3.E+03
N
= 5
() =
1.E+04 o
_ 1.E+03
—Diamond —Diamond
—SnSb S
0.E+00 0.E+00 SnSb
0 20 40 60 80 100 0 20 40 60 80 100

Beam energy (keV) Beam energy (keV)



© B. Dwir IPYS EPFL 2024

Distribution of scattered electrons — low energy

 The range (depth and radius) is below 100 nm for energies below 3-6 keV (depending on
material density) — this is the electron energy used for high resolution measurements

e Usually this energy range is readily available in a SEM

600

Depth (at half of max. intensity) Beam radius at 90% electrons

100
500

80
400

e S 60
£ 300 =
— 7
)
>
o 200 5 40
(] ©
o'
100 _ 20
—Diamond —Diamond
—SnSb B
0 0 SnSb
0 2 4 6 8 10 0 2 4 6 8 10

Beam energy (keV) Beam energy (keV)
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Electron beam current

 To generate a sufficient optical signal, we need a relatively
high electron current.

-

* The best source is the Schottkey field-emission gun, which can
deliver more than 100 nA in a relatively small beam (a few nm)

1320gogmyaldwa8.cloudfront.ne Peducation/geochemsheets/techniques/UWSEM.jpg

https://attolight.com/wp—content/upIoad572018/07/attolight_alIaI n_webpdf
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CL standard optics

* The CL optics has to collect the emitted light and transmit it to the spectrometer with high
efficiency.

* A parabolic mirror placed close to the sample collects most of emitted light, to produce
parallel beam. A small hole in the mirror lets the electron beam go through.

* The light beam exits the vacuum chamber through a window, chosen to be transparent at the
wavelength range of interest.

* The light is then focused on the input slit of the spectrometer. Spectrometer CCD

1
parabolic mirror ’

’ cL_ 11 N7 - |[PmT
[ <§< / N

sample

\
secondary electrons

cooling stage

5-300K &

https://en.wikipedia.org/wiki/Cathodquminescence#/media/FiIe:CI—scheme.svg
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Advanced CL — developed at EPFL (1)

* A better system has been developed at EPFL through a
start-up company (Attolight)

 The optics (Coaxial mirror objective inside the SEM
lens) has a much better collection efficiency over a
large (300 um) field.

 The light beam exits the vacuum chamber through a
coaxial mirror and a window, transparent at a wide
wavelength range (e.g. UV-VIS-NIR).

* The light is then focused on the input slit of the
spectrometer.

https://attolight.com/cathodoluminescence-spectroscopy-technology/
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Advanced CL — developed at EPFL (2)

An important option is
Time-resolved CL: The
electron source is a
photoemission cathode

excited by a high-power fightcollection

pulsed (ps) UV laser beam.
The emitted light from
each sample point s
analyzed in 2D:
wavelength and time, by a
spectrometer coupled to a
streak camera.

A lot of data is generated:
2D imaging, plus time and
wavelength at each point:
1(x,y,A,t).

Condenser lens |
& integrated

]

Laser <10ps,
80MHz

N

Synchronisation

1
{ Schottky FEG, CW &
N Pulsed emission Free space optical
_~ coupling

Gun lens

¥ N \

Imaging spectrometer

CCD Camera

Streak Camera

https://attolight.com/cathodoluminescence-spectroscopy-technology/
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CL data analysis

* The collected data can be analyzed in several ways:
 Aspectrum I(A) can be displayed at a specific sample point (x,y) on the sample, or integrated over a region.

 An image I(x,y) can be displayed at a specific wavelength, showing the spatial extent of a specific spectral
feature.

* A false-color image can be obtained by mapping spectral wavelengths to image colors, then displaying at
each pixel (x,y) the color corresponding to 3 predefined wavelength bands.

* The spectral images can sometimes be combined with the SE image.

E Mirror Lens
Datacube "
" Spectrograph
W " : <l F =
= I 2 :
3 G g ot
] :
b :
) % Loy |
s [ Sample |
/y

X https://www.nanoscience.com/techniques/cathodoluminescence/hyperspectral-cathodoluminescence-imaging/
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Examples of sample analysis: 1. GaP microdisk with GaPN QWs

(b) [300K

iy

900

600

PL int. (arb. units)
p

f ~
I | | | I
620 640 660 680 700

600

Wavelength (nm) -
* A GaP microdisk has whispering-gallery E )
optical modes (SEM and PL above). SN
* They’re excited by emission from GaPN 24
QW:s in the disk
e CL imaging, plus background removal

(right), show the spatial and wavelength
mapping of the modes.

Pierre Guillemé et al., Optics Lett. 43, 1766 (2018)
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Examples of sample analysis: 1. GaP microdisk with GaPN QWs

—~
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¥y position (pum)

CL imaging, plus
background
removal, show
the spatial and
wavelength (b)
mapping of the
modes, which
correspond well
to theory

y position (pm)

Pierre Guillemé et al., Optics Lett. 43, 1766 (2018)
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Examples of sample analysis: 2. ZnO Nanowires

 7Zn0O nanowires (NWs) have a high gap, emit at UV (3.3 eV).
 CLimaging shows the spatial and energy mapping of the emission across the NW.
* We can see confinement energy, mode shape, etc.

Side view of a NW: SEM CL map

(a) (b) 3.357 eV_ _3.361eV (c) Shift from lg (meV)
SEM image of a group of NWs 1 (Ig) A =5 A4 0
- . — 80 - - - = - ‘ - 3
7} / ’ < s
60 g : .
o - 2§
i) < e
40> S| < 5
£ =
20 € <
= - < ]
o \ - > S
r T 1 al 0 - : = : . 0
332 334 336 338 3.357 3.359 3.361

L.J. Brillson et al. Mat. Sci. in Semi. Proc. 57, 197(2017)  Photon eneray (eV) Fitted peak position (eV)



