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4.1 Introduction

Microscopy = High resolution 2D or 3D real space spatial imaging , i.e.,
mapping of materials properties on a magnified scale.

= This yields the microscopic landscape of properties such as morphology, mass density,
chemical composition, reflectivity, absorption, luminescence efficiency, or any other
property, depending on which type of response signal and probe sample-interaction is
recorded as imaging signal. Most common: Imaging of structure,
morphology or composition of materials.

= Microscopic imaging is possible in principle for all
material characterization methods described in the
previous chapter. However, the achievable spatial
resolution can be quite different due to the different
used probes.

In this chapter:

» The principle approaches and methods of
microscopy are introduced and the image formation
processes described,

» Resolution limits and conditions for best resolution are derived for optical imaging
microscopy and transmission electron microscopy,
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* Optical microscopy (HM, PCM):

Resolution
Visible light: Resolution down to 200 nm (= A/2). e R
A
. 3:: - 06 | SEM
» Electron Microscopy: (TEM, SEM) B 33T 1
Electron beams: Small wavelengths A << A ‘ :
TEM: Resolution of atom rows, limited by optics,

SEM: Resolution limited by interaction volume,

* Field ion microscopy: (FIM, FEM)
Imaging using electrons or ions: E>
Direct imaging of single atoms at surface steps,

Limited to tip-shaped samples with radius<100 nm,

VERTICAL SCALE

* Scanning proximal probe
microscopy:
Proximal probes with very small tip radius

and localized (near-field) interaction
Atomic resolution possible for STM & AFM.

LATERAL SCALE
Type of probe determines:

(a) Resolution, (b) probe-sample interaction (c) information type,
(d) required technical instrumentation.
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4.2 How to Perform Imaging with High Resolution ?

A. Scanning Microscopy = Local excitation + non-local detection

= Excitation of a small sample volume by a
tightly focused beam probe produced by
demagnifying optics.

excitation

A source)

remote source B detector
photons, x-rays

electrons,

ions, atoms

= Global detection of the response signal from
the sample by an integrating detector

canning

= 2D images created by raster scanning the

probe over the sample surface detector

sample

Examples: Scanning electron microscopy(SEM),
scanning optical (SOM), scanning probe (SPM), (possible also in transmission)
scanning x-ray microscopy (SXRM), .....

B. Imaging Microscopy = Non-local excitation + Local detection.

= Excitation of a large sample volume but detection only the signal from a small volume that is
projected by magnifying optics onto the detector.

= 2D images created usually by parallel detection of many individual spots using a two
dimensional pixel detector such as a photoplate, human eye, CCD camera, channel plate, etc.,
for which one pixel corresponds to the signal from one small sample spot.

Examples: Transmission electron microscopy (TEM), optical imaging microscopy (OM) ...

C. Confocal Microscopy = local excitation and local detection(Combination of both).
Example: Confocal scanning optical microscopy, ....
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Optical Imaging Microscope

detector

= Electrical
Contacts
Focusing
Reticule, o Automatic
Exposure

L p:
Focusin, , —
Teloscope . Motering

Olympus
Sensor BH2
Research
Projection Microscope
Eyepiece

Trinocular

Objectives
Mounted in
Revolving
Nosepiece
—Stand
Mechanical

Coarse/Fine
Focusing

Knobs™ | amphouse

Collector Lamp

Heat Lens
Colo;%:lrance Diffuser Filter

Stabilizing Mirror
Foot

= Magnifying optics required
for image formation, magnification
determined by focal length

Laser Scanning Microscope

_— :{,r* sample

stage
beam spllneAr i f

lis<l =5

voice coil movable
SSSSST objective lens

= Demagnifying optics for probe formation,

Magnification set by scan size

Note: The same type of variants exist for electron and x-ray microscopy
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4.3 Scanning Microscopy

In scanning microscopy, an image is created by raster scanning a small probe that locally
interacts/excites the sample and the detection of the global response signal I(t) as a function
of time, where at a given time t the probe is at a different spot (x,y)= f(t) on the sample.

= Each image point is recorded sequentially at a different time linked to a certain spot position !

proximal

probe ions, atoms

scanning

ample

detector
spectrometer

detector

—

remote sources
photons, x-rays, electrons,

electrons,

photons, ions,
x-rays, etc.

:

display of I(x,y):
monitor, photoplates,

image processor
data storage

Magnification = simply the ratio between display and scan size: M = Wiispjay / Wscan
The smallest useful scan size is limited by the probe size, i.e., Wscan > Wprobe.

Resolution is determined only by the probe size as well as interaction/excitation volume.
The probe size depends on the quality of the demagnifying optics and wavelength of the
probe, and the interaction volume on the probe energy and interaction strength.
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Characteristic Features of Scanning Microscopy

© No magnifying optics are required - only simpler focusing optics for probe formation,
Thus, no demanding high resolution imaging optics are required.

© Thus, applicable to wide range of techniques because no imaging optics are required.
© Easy to combine with spectroscopic techniques. Thus, probing of many properties possible.

© Ultimate resolution = determined by the probe size and the interaction volume.
For beam probes, the probe size is limited by diffraction and the lens aberrations of the focusing
optics. The excitation volume depends on the probe pararmeters. In confocal fluorescenece
microscopy (STED) it can be narrowed below the diffraction limit using non-linear optical effects.

® Sequential point-by-point recording is slow and limits the signal integration times per pixel.

© Overall, only a virtual sample image is obtained that represents measured signal versus (X,y).
The image must be displayed on a monitor screen, photo plate, printer, etc. .

Variants: Scanning Electron Microscope (SEM), Scanning Tunneling (STM) and Scanning Force
Microscope (AFM), Scanning Near Field (SNOM) and Scanning Confocal Optical Microscope, ...

3 Confocal optical

microsco“ﬁ

¥\
n Scanning electron
icroscope

. omic foré_e_
_microscqpe"E

—
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4.4 Imaging Microscopy

Local detection is achieved by creating an enlarged image of each sample point using magnifying
optics of lenses or curved mirrors. The enlarged image is viewed or recorded using a 2D detector.

Magnification |mgage distance Object distance
— e y -
M focal length

Magnification: |M =

Magnification: M =B /G is determined by the lens equation, i.e., object and image distances b/g

= At any time, each point of the image = signal collected from one point of the sample! |
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Magnification of a two lens optical microscope
Given by lens strength fi and tube length t

Tubuslinge t

FZ
Seye =25 cm

\ Objektiv
S t -t +1 t
M2=—=—2 Eye piece /Mtot:Ml'MZE 1 2 Mlzfl ~—
o S Magnification: Si- /2 S S

= The tube length t of optical microscopes is usually fixed (standardized tot =160 mm).
Thus, different objective lenses with different f; have to be used to change the magnification.

Basic features of imaging microscopy:
+ Resolution: Due to diffraction and lens imperfections, the image of each @
point of the object is smeared out on the detector. Thus, below a certain

distance r , two object points can no longer be resolved. The resolution
depends on the imaging wavelength A and the quality of the optical imaging
system but it is fundamentally limited to r > "2 A.

(b) (c)

« Useful magnification: Although by using strong lenses with small f
and a large tube length t the magnification My,.g =t/f can be made
be arbitrarily large, due to the resolution limit the “useful” magnification is finite
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Instrumentation

For the different probes very different kinds of instrumentation, i.e., beam sources, optical elements,
detectors, environmental conditions, etc. is required but the basic opitical system is identical.

Example: Optical Microscope versus Transmission Electron Microscope

ElectrlcaldeteCtor : eleCtrOﬂ
ta

Focusing MY Contacts | source

Reticule, = I Automatic

Focusing { —
Telescope Ietering

_ Olympus — object
Eyepl‘im ' I le:;e:;:ge Objective
—_— Objective &
Messurid i o ) ) i (back focal
Reticule .. magnification optics 1. k]
Beamsplitter’ | 3 i & 2 lmzaglf /f.
| ﬁ1 Vi M—
Objectives -k
lA:I\f-g}anm - Intermediate B
9 "

=—Stand

Mechanical

! CoarselFine

Focusing
Knobs

image #2
2= bz/ fz
o

Projector %4,

Lamphouse

B3= b3/ f3

Final im:

Collector Lamp
4 Heat Lens
Filter

Palae Dalania s e

1
1
1
1
1
1
1
1
1
1
1
1
1
! I
Nosepiece 1 ens
1
1
1
1
1
1
1
1
1
1
1
1
1
1

illumination optics' image Final image

Different (1) Beam sources: Light verus electrons, (2) Lenses: Glass versus magnetic/ electrostatic lenses,
elements: (3) Environment: Air versus vacuum column, (4) Photon versus electron detectors, (5) High voltage
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Key features of imaging microscopy

© A real physical image of the sample is formed within the image plane.

© Thus, all sample points are simultaneously imaged at once at the same time:
This enables real time imaging of the whole sample at high speeds to reveal fast
dynamical changes occurring within samples as a function of time.

© Long integration times per point are possible that yield high signal-to-noise ratios.

® The resolution is fundamentally limited by diffraction (~wavelength) .

Variants of imaging microscopy: Light microscopy (OM) using visible/IR/UV light,
transmission electron microscopy (TEM), low energy reflection electron microscopy (LEEM), photo
emission electron microscopy (PEEM), field ion microscopy (FIM), etc.

Examples: Left: Optical microscopy with different contrast. Right: TEM image
e Contrast Mic W) N S
e e

& Bright field opt. Microscopy f§ Phas
”._ 7 N L & s
neE .. ':::f.:_-'

ol R L
Lhin

i 3 I .o
Sy
. :
K ,;."%nanocrystals
living cell et xR e

Different variants of imaging microscopy are distinguished according to (i) the kind of
waves used for illumination and (ii) how the contrast is formed in the image.
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4.5 Resolution of Imaging Microscopy

Generally, the lateral resolution of any microscopy system is limited by two factors:

1. Diffraction effects due to the finite entrance aperture of the optical system

= fundamental & ultimate resolution limit ( = Abbe resolution limit,1873)

2. Image distortions/smearing caused by lens imperfections (aberrations)
= “practical” resolution limit (always > diffraction limit)

= Both effects limit the resolution independently intensity Eé :
of the magnification of the optical system. -~ :
For beam scanning microscopy, both effects 5
lead to a broadening of the probe spot size HE

on the sample, with a certain minimal diameter

that cannot be further reduced. point spread

Object fungtion ‘

Forimaging microscopy this leads to a _reﬁ
broadening of the image of each

. .o or beam
object point, i.e., the smallest resolvable source Image
distance between to points is limited. ' —_— '
In sum, the total effective resolution re r. - /rz 42
is given by the square root summation: eff — 7\ "diff * Taber
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4.6 Abbe Resolution Limit (Diffraction) (see, e.g., E. Hecht: “Optics”)

In any optical system, the optical beam is confined by apertures with finite diameter and size.

At these apertures, the beams are diffracted. The resulting diffraction patterns can be derived
using the Huygens principle, where the electric field and thus, the intensity at a point P away from
the aperture is calculated by summation over spherical waves emitted with wave vector k=2n/\ from
each point within the aperture of area A.

D

4.6.1 Diffraction by a Single Slit with a Width b

— Totally destructive
interference

o Py
3 1
1L . b & .
p 3 spherical waves : 4 N E(r,t) =—sin(ot — kr)
. r
od E(r,0) =&/ r-sin(ot —kr) WL TP L
S
b = a/? R
H I l Viewing
1 screen
fais ~iia - B Cc
| Incident i

wave

Emitted spherical wave : E(r,t)=¢/r-sin(wt — kr)

+b/2
Total field at point P:  E(R.0,6)= [ E(r,t)dA=[(&/r)-sin(wt —kr)dA = &/R [sin(ot—k(R - ysin6))dy
A A

-b/2

1

Fraunhofer far-field diffraction r=R—ysin@+(y*/2b)sin’@+..=R—ysin® for y<<R
parallaxial approximation (r>>w))
g . sin(1/2-kbsin @
E-Field distribution: = E(R,0,t) =2 —sin(ax) ( _ )
R kbsin @
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Far-field intensity distribution 1(0) for a single slit

1(0)=c- gO<E2(9, ’)>t —c- £0<sin2(a)t)>t :2EZ sin® (14 - kbsin 0)/ (kbsin 6)>

[(8) = (E(t)?) = I, -sin® B/p% | with p_ZbsinG o= difraction angle

A
2 Ay
tan@ =sinf = 6 = —
l. b
Diffraction 0~ R~ =
Pattern On ntensity o= _3'"9""
Darlk Fllm Distribution & __’._é...-—-'
b J‘T’ 2 -
| P D
2Md Ad 0 Ad 20d 13
Square aperture ez O s -
sin (0.07°) = 662 i / 485 nm bsin © =ik y m
b

Basic Properties:

1. Ceptral inFensit.y maximum I(_) with I,=c-g, E(f —c-g, '(S/R)2
series of side minma and maxima.

2. Intensity minima occurat: sinf =0 — B=m'n — sin6= A" m/b,m =123..

3. Phase difference of out-most beams for these minima: Ap=m L | note: = /10/.” ‘
(wavelength in medium)

4. Broadening of the image = Separation between the central maximum
and the first side minimum: sin 6, = A/b

5. Stronger diffraction, i.e., larger angles and broader image the smaller the slit width b .
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4.6.2 Diffraction by a Circular Aperture (Airy disk)

Diffraction pattern of a circular aperture (=Airy disk) with diameter D and radius Ry:
Derived in a similar way by summation over all spherical waves emitted from the disk area

S = Central intensity maximum with
Jemm1azs Gretsmmem— concentric satellite rings
“Airy intensity distribution”

| Image
Plane

Aperture
P Focusing

Collimating
Lens

Lens

The Airy intensity distribution

is described by first order Bessel function Jy(x) : Loint

16) = Iy 4-]J5(B)/B?

where I, = primary intensity,
J1(B) = 1% order Bessel function with the argument:
B = 2mnR - sinB/1 , where R = aperture radius,
A = wavelength, n = refractive index, and 6 = diffraction angle (observation angle).

Collected Light
Diffracted Light

Properties of the Airy intensity distribution:

Intensity-Minima are given by zeros of the Bessel function J;(B8) = 0 occurring at

B =3.83,7.01,10.17,.. = 2anR - sin0/A| — Opinma = M;A/D with
m; = 1.22,2.23,3.24,... (D =2R)

Radius of the 1% diffraction ring (Airy disk) 5
focused by a lens with a focal distance f onto a screen -
4 : Hmm,l =1. ZZA/D

rAiry =1.2221 f/D

~ smallest achievable
focal spot of a laser
beam with diameter D
and wavelength 4

For each minimum, the path difference

between outer beams is: Ay ; = m;A | Eq. (1) y (mm)
Circular aperture Single slit
Ring m Tmax Itotal m Imax - hd
Central maximum 0 1 1 0 1
First dark 1.220 1.000
Second bright 1.635 0.01750 0.084 1.430 0.0472
Second dark 2,233 2.000
Third bright 2.679 0.00416 0.033 2.459 0.0165
Third dark 3.238 3.000 1.22)fd
Fourth bright 3.699 0.00160 0.018 3.471 0.0083
Fourth dark 4.241 4.000
Fifth bright 4.710 0.00078 0.011 4477 0.0050
Fifth dark 5.243 5.000

Note: In a medium with refractive index n, the wavelength & = 44/ n is shorter, accordingly: Gin = Ginvac /1
i.e., the intensity minima are more closely spaced , i.e., the diffraction broadening reduced !




4.6.3 Diffraction broadening in the Image: Point Spread Function

For a microscope, the resolution is generally described by the so-called point spread function
that is the intensity distribution of the image of an ideal point source produced by an optical system.

Its shape characterizes the performance of a microscope system and includes all broadening
factors caused both by diffraction at the entrance aperture as well as by lens aberrations.

For a perfect diffraction-limited optical system without any lens aberrations,
the lateral point spread function, i.e., radial intensity distribution I(r) of a point source
is the Airy diffraction pattern, which in the parallaxial approximation (small angles) is:

2
2-]1(2n-sina-ﬁ) . ‘¢ n. . 2
Lyiry(r) = I [ T » Radius of the 1" Airy disk:| Ry, = 0.61 M 51;

where again J4 is the first order Bessel function, o is the aperture angle, n the refractive index
of the medium between the object and lens, M the magnification and A the wavelength of the light.

Experimental Determination of the point spread function

The point spread function of an optical system can be measured directly by recording the image of a
point source, for example of a single fluorescent molecule or a small nanocrystal or quantum dot.

The Point Spread Function

: Diffraction q
Point source fings Lateral PSF
Airy o
disk s
£ 0.6
g
y y -
2
3 0.2
X X .- -
Fitting Single-Molecule Pixel Data to a Gaussian Function Y Position (um) -
Full Width at Half Maximum a
-_— I Pixel ;
Data i g
_!‘[‘ ) by
Centerline f_,“ i\ ,. i
P ) FHIERE
—_— ] — (a) (b) (e)
&% (b}
Localized
Raw Data Gaussian Fit Function Data Point L l

The width of the central maximum in the image,
i.e., the radius of the first dark ring determines the
ultimate microscope resolution !




4.6.4 Diffraction Limit of the Lateral Resolution (Abbe Limit)

The finite diameter of the objective lens of a microscope acts as a finite size circular aperture that
creates an Airy diffraction pattern in the image plane for every point of the object.

When two object points are very close to each other, the point Rayleigh ~ Sparrow

spread function (Airy patterns) of their images overlap so that
eventually the two points can no longer be resolved.

(a) Rayleigh Criterion
(@) (b) ()
Two point sources can be just resolved when the central
maximum of the diffraction pattern of one point
coincides with the minimum of the neighbouring point.

Rayleigh

r=0.77 x l1st Airy disk |

||’ = Ist Airy disk |

Sparrow

|r =0.61 2/ n sina | r=0.47 A/ n sina |

(b) Sparrow Criterion (= Ultimate resolution limit)

Two point sources can be just resolved when there starts to
exists an intensity dip between the image of the points.
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Abbe resolution limit derived by the Rayleigh criterion

In a microscope, the diameter D of the objective is finite and thus acts as a finite size circular
aperture that creates an Airy diffraction pattern in the image plane for each point of the object.

As shown on the previous slides, the radius of the 1% Airy disk of the image of a point source located in
the object place at point O is Ry, = 0.61MA / sina where Ay, = Ayqc/n is the wavelength of light

in the medium with refractive index n between the lens and the objective, and M the magnification.

Ap=1.22

I’ o
i =M-150

= Tracing back this position I to the object plane, the image point of the Airy minimum corresponds
to an object at position O’ that according to the Raleigh criterion can still be resolved.

As seen in the figure, point O’ is separated vertically from point O by the distance r = tan&, * lob;
where o, ~ £ is its distance from the objective lens.

Since for A << D, tanBpin = Gin it follows that 7, = 1.22 AN~ lgpj /Dien = 0.61A/N " T /Ryens -

Because f/ R ~ 1/sina. | the diffraction limited resolution turns out to be: [ rmin =0.61 A/ n sina

Chapter IV: Optical Microscopy G. Springholz - Nanocharacterization | IvV/19




Resolution and Numerical Aperture

The diffraction limited resolution  rq = 0.61 A/ n sina Wavelength (nm)  Resolution (nm)

360 — 450 nm (violet) 190 — 250 nm
450 — 500 nm (blue) 250 -300 nm
500 — 570 nm (green) 300 — 350 nm

increases with (i) decreasing wavelength A, and
(ii) decreasing acceptance angle o
The denominator

NA = n sina |is called “Numerical Aperture” 620 750 nm (red) 380 —460 nm

It combines the aperture angle a of the entrance lens and the refractive index n of the medium
between sample and lens and thus, characterizes the properties of a given optical lens system.

The numerical aperture NA can be increased by (a) increasing the diameter of the objective lens
and/or (b) decreasing the focal length f of the lens as shown by the figures below:

= High NA = small working distance WD » small f-number » high magnification [M ~t/f]
= But: For n =1, sinais limitedto<1 = NA<1.

"M =1 = a small

Object magnification |mage

| : M=t/f ~1/f
—— - Airy disk

f —

(b) —
—
a=7" NA=012 «=20°NA=0.34 (=60°NA=0.87 M =4 = a, NA large
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4.6.5 Resolution of Scanning Microscopy: Minimal Spot Size

In scanning (laser) microscopy, imaging is performed by scanning a tightly focused laser spot over the
sample surface and recording the reflected or transmitted light intensity as a function of spot position.

The resolution is given by minimal spot size, which is again limited by the diffraction at the focusing lens, or
more specific, for a quasi parallel laser beam focused by the beam diameter (=beam waist).

Screen
p=2

P"—T

Width

p=r1d

p=2

The diffraction angle of the 1% Airy disk caused by the diffraction is again given by 6nin1 = 1.22 - A/Dn,
which is appears at a distance x from the optical axis with x = f tang. When the lens diameter is large,
Gmin is small and thus, x =f tang = fe 8 = fe« NA. Accordingly,

the diameter of the Airy disk (=spot size) is:
w
dspot = 1-22}\, fID ::: T
where the parameter f /D is called ;g: I‘
“f” number of the lens. "

= Note that for a laser with Gaussian beam profile, the
laser does not uniformly fill the aperture, for which reason the
spot size is slightly increased to dspor =4/m A f/D. Example: 1=680nm, D =5 mm, f=5mm » dgpe = 1.9 pm
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4.7 Modulation Transfer Function: Resolution in Fourier Space

4.7.1 Resolutoin for a Periodic Line Grating

For a 2b periodic line grating with line width b, the angles o; of the diffraction maxima are given by:

sing; =i A/(2nb)|with i...diffraction order, n ... refractive index, A ... wavelength

If the grating is imaged with an objective lens with a capture angle a, only diffracted beams
with ¢; < o can contribute to the image formation.

Resolution Criterion:

The grating can only be resolved if at least
the 1 order diffracted beams are still
collected by the lens (@1 < o).
/ i, . .
S,n,, NA_Z ‘a%“\'\;: Condition: sin @1 = A/ (2N byin ) =! sina
_ Ubjektwolfnung - / - R= bmin =05 A/ (n " sin (X,)
/
/ or |R=0.5  XA/NA
/. ‘
\ AVZIVAN with NA= (n * sin o)
e Mo (numerical aperture of the lens )

= Thus, the objective acts as a low
Abb. 4.2.20, Veranschaulichung der Beugungsordnungen (0, 1, -1, 2, -2, ...) in der paSS f||ter in diﬁraction Space '

Objektivéffnung und der Defokussierung bei einer beugungsbegrenzten Projektionsbe-
lichtung. Die Fliche der ausgefiillten Kreise in der Objektivéffnung soll die Intensitit

der einzelnen Beugungsordnungen andeuten. Af ist die Defokussierung. Die unter = Off-axis illumination increases the resolution
dem Winkel « einfallenden Randwellen haben gegeniiber der Zentralwelle einen Gang- . . . .
unterschied von Af/cosa — Af because more higher order diffraction maxima

go through the objective.
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4.7.2 Fourier Decomposition of the Sample Contrast

Any real space object with intensity contrast Cs(x,y) o o _

can be thought to be composed up of a sum of sinus  |C(X, Y) = I I AK, , ky)e_'(kakyy)dkxd ,
and cosine functions of various wavelengths A or —a0—00

wave vectors k =2n/)\ , with the amplitude
of each Fourier component A(k) or A(L)

27n

C(x) = % +3° A(n)sin(k,x) + B(n)cos(k,x) wherek, =

n=1

(For periodic functions, the integral can
be replaced by a summation)

Example: Box function: |_| W\/’\/\N

—|_|_|_|7 * o square wave can be made by adding.. F— v
Syne Function

W ® the fundoam ental... W - \l [/
N
S
|A(nodd )| =1/n WW * minus 1/3 of the third harm anic W \ /V\ }

o

Sy
AAAMAASAANAANS  # plus 1/5 of the fifth harm onic... ,\ r
A1) =0 ] w - \VJ
ey [fvv\AI,
ARAARASAANAAARAANS @ rrinos 1/7th of the Fth harmonic.. LWI L
L L

= An exact 1:1 Fourier representation of C(x) requires an infinite number of Fourier components.

= Inareal image formation process, however, the higher order spatial frequencies are cut off,
i.e, A(k)=0 for k > k. . Thus, only a finite Fourier series contributes to the image and as a result,
the sample contrast Cs(x,y) is no longer exactly reproduced, i.e., Cimage(X,Y) # Csample(X,Y).
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Fourier Representation of the Sample

The Fourier space representation of the intensity contrast Cs(x,y) of a real space object is consists of
the sum of plane waves with an infinite number of spatial frequencies k =2zn/A . Each plane wave is
weighed by a different amplitude A(ky,ky) (=Fourier component), i.e,

Object C(x,y) &=

C(X, y): J‘IA(kxaky)e_i(kXXJrkYY)dkxdy

—Q0—00

kx =2m/Lx and k, =2n/\, are the wave vectors in x and y
direction of each plane wave, which are inversely propor-
tional to the corresponding spatial wavelength A, .
A(kx,ky) is the amplitude of the plane wave component
with wave vector (ky,ky). Thus: C(x,y) = FFT(A(kx,ky)).

The Fourier amplitudes A(kyky) (=contribution of each
frequency or wavelength to C(x,y) ) can be calculated by FFT- PSD A(ky.k,)
the inverse Fourier transformation (iFFT) of the object

contrast function C(x,y).
Thus: A(kx,Ky) = iFFT(C(X,y))

Ak, k,) = 47%2 [ Jex, yet' " Vdxdy

—00 —00

From the knowledge of the Fourier amplitudes A(ky,ky) the
sample structure C(x,y) can be reconstructed and vice versa.
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4.7.3 Modulation Transfer Function

(a) Ideal optical imaging system

For an ideal perfect imaging process, each spatial frequency contained in the object

WOU|d be exactly reproduced, |e, Aimage(kximage,kyimage) = Asamp|e(kx,ky)

Accordingly, the sample contrast

C(x,y) = FFT(A(kx,ky)) would be exactly reproduced in the image without any loss of information.

(a) Real optical imaging system

In a real imaging system, different spatial frequencies are reproduced differently well because
high spatial frequencies (small period structures) are generally reproduced less well than

low spatial frequencies. This means that the amplitudes A(k) of Fourier components with

high spatial frequencies contained in the object are reduced by a certain factor in the image.

= The ability of a lens system to reproduce different spatial frequencies of the object in the image
is characterized by the modulation transfer function MFT(f) or MFT(k).

Definition of the modulation transfer function:

Object

image contrast modulation A, (k)
object contrast modulation Aobj(K) Image MTF MTF

VWL WW__ ww

MTF(K) =

at a given spatial frequency k.
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MTF

Properties of the Modulation Transfer Function

For a perfect imaging MTF = 1 at all frequencies, whereas for a real imaging system the MTF
decreases with increasing wave vector, i.e., with decreasing periodicities contained in the sample.

As a result, there exists a certain maximum cut-off spatial frequency k. above which the MTF is

zero, meaning that all high frequency information is eliminated in the image formation.

= A lens system acts like a low pass Fourier filter such that the contributions

of the higher spatial frequencies in the image are removed.

Real modulation transfer MTF (k) plotted versus spatial frequency k = 1/A

£
P E
]|
2
‘ a
(1 I T [1m]
s e I JVUVVW §100% i
Period = \ mm =
= A 11 MG sssssssssssissssssasssapenisss =
Frequency = ' mm www fioo% E
- =0
\ o
[T
- a E --
*] S . s 1
1ln]he HENCY (nur N
il BERD QNI oot equency (may =0 1 2
. Lo " 10 10
! \ H \:H! .\“.I"' Line pairs per mm; MTF = 80% 10% @ 36.8, 68.6/mm; Max MTF =12
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Modulation Transfer Function MTF(k) of a Diffraction Limited System

The modulation transfer function is the inverse FFT of the point spread function (=image of a point source).

For a diffracting limited optical system the MTF can be thus directly calculated from the

Airy intensity distribution as: MTF(k) = 2(¢ - cos¢ sing)/r  where ¢ = cos™(k Aiu/2NA)
MTF Point Spread Function (PSF) Diffraction Limited System
1.0 Numerical
(a) c Aperture
el N\ 2 = 1.32
TN z 3 =085
g \ Cutoff (flc))| @ 20.5 - 0.65
's % =
= - 2
o
004020 3.0 40 5

Spatial Frequency Radius at Image Plane - N
spatial frequency (um™)

> At low spatial frequencies, MTF(k) = Aim / Aoy ~ 1 . Thus, the image contrast is equal to that of the
sample. At higher frequencies, MTF decreases and falls to zero at the cut-off frequency k.

» For a diffraction limited system, the cut off frequency k. is given by: ke=f.=2.1NA/A
Thus, the highest spatial frequency is determined by the Sparrow limit.

» The corresponding radius of the first dark concentric ring
surrounding the central peak of a point spread function is given by: r=0.61x/NA

» Objectives with low NA produce a wider point spread functions and thus, lower resolution.
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4.7.4 Calculation of the Image using the Modulation Transfer Function

Once the modulation transfer function MTF(k) is known, the Fourier component
amplitudes of the image, i.e., Ainaqe(ky,ky) can be calculated using: | Aim(k) = MTF(k) ~ Agpi(k)

From the resulting Aimage(Kx,Ky), the real
space image Sinage(X,y) can be calculated
by back transformation of Ainage(kx,ky) into

real space:

Sim(x) = iIFFT[Ain(k)] = iFFT[MTF(K) - Aouj(k)]

le: Influence of the modulation transfer function on the image

| Real Object C(x,y) |_, | iFFT of C(x,y) = A(kx,ky)| The contrast modulation of the object

3 x 3 pm image of " FFT of image (=A%(ky,)

at a spatial frequency k is given by
the corresponding Fourier amplitude
A(Ky,ky) Of the object contrast C(x,y).

This amplitude is obtained by the
Fourier transformation of the object
contrast distribution C(x,y) or I(x,y)
that represents the real space
structure of the object

A perfect optical system with infinitely high resolution would have a modulation transfer function of

MTF = 1 (unity) for all spatial frequencies. Only then, it follows that  limage(X,y) = loject(X,y) !!!

Chapter IV: Optical Microscopy

G. Springholz -

Nanocharacterization |

IV /28

Image formation calculated using the modulation transfer function

3 x 3 ym image of QDs i

An imperfect optical system strongly damps
the higher spatial frequencies where the
transfer function MTF approaches zero.

The back transformation of the damped FFT

sample spectrum yields:

Simage(X,Y) # Cobject(X1Y)-

FFT of image (=A%(Kqiyh

S(x) =invFFT[FFT(C(x))x FFT(r(x))]

e o Ay
X

x MTF with A=160nm cutoff resulting image

The modulation transfer function includes both image broadening effects due to diffraction and
Lens imperfections. A lens system without aberrations is termed diffraction limited.

Chapter IV: Optical Microscopy
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| Real Object C(x,y) |—> | FFT of C(x,y) = A(kyky) |—> |A(kx,ky) x MTF(ky,ky) |—>| back transformation = I(x,y)|
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Other Example: Testpattern for Quantification of the Image Resolution

“Siemens Star” imaged with an optical system with increasingly lower cut-off frequency

I BN e

alnuade |edluswinu JeaMo
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4.7.5 Measurement of the Modulation Transfer Function

The modulation transfer function and point spread function of any optical system including

a microscope can be determined using a point-like light source such as single fluorescing mole-

cules, quantum dots or nanocrystals, or illuminated point like apertures.

Procedures: Image of the point source

(@)

(b)

(Airy pattern)
The intensity distribution of the image of the , _
Diffraction

point source corresponds to the point spread Point source rings
function of the microscope.

Lateral PSF

Airy
disk
The Fourier transform of this intensity profile
of the point source image yields the

modulation transfer function MTF(k)

X X
The MTF can be also directly measured:

It is the diffraction pattern formed in the back focal plane of the objective system.

Alternatively, the intensity profile of a sharp shadow edge can be also used to determine the
MTF function, again by calculating the Fourier transform of the intensity profile in the image.

In general, for an ideal point source the modulation transfer function corresponds to the
diffraction pattern formed in the back focal plane of the objective system, and the point
spread function to the intensity distribution in the image plane.

Thus, the MTF and PSF are strictly interrelated by the Fourier transformation.
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Examples for modulation transfer functions

Modulation Transfer Function
I High Performance
Objective

[ Objective with
Varying Performance

B Low Performance
Objective

Good
Response

Cutoff

Relative Modulation

Spatial Frequency [f‘,lRa',rIeigh [I'{c:u:u
=L Feature Size " M".‘i" f]Sparrnw
Object

VATATAVIR YlYHlIWx
Image !

MWW, W

Properties of the MTF:

7
0’0

continuously decreases with increasing
spatial frequency until it reaches zero

at the cut-off frequency k. (or f.)

+ all frequencies higher than k. are completely

blocked by the optics.

+ high performance objectives with large NA
have a higher cut-off frequency and higher

MFT values at lower frequencies.
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4.8 Axial Resolution and Depth of Field

The point spread function is actually a 3D intensity
distribution in (x,y) as well as z (axial) direction.
Axial Airy intensity distribution:

4l 2 NG
NA [sm(;zNA 2/2n* M ,1)}

M? | aNA*-z/2n*M*A
This means that the image of a point source is not
only broadened in the lateral, but also in the axial
direction, with an axial width (=1%' zero of I(z)
Az 4y, =2n%-M* 2 NA?
Thus, the axial resolution, defined as
minimal z-separation of two points that can

1 4iry(x=0,2)=C-

Detector

be discriminated in the microscope when
focusing through the object is limited to:

Az

res

=2n* A/ NA*

The Rayleigh Criterion for Lateral and Axial Resolution

1.2

(@)
1.0

=== | ateral PSF
- === Axial PSF T

Figure 5

N
=

| 0% of i .
.-ED.S Peak Intensity ED'S 45 40 -5 0 5 10 15
'E 0.6 % 0.6 v (Optical Units)
~ 04 “ 04

0.2 0.2
0500 400 0 400 800 1200 072000 -1000 0 1000 2000 3000
X-Axis (Nanometers) Z-Axis (Nanometers)

Figure 2




broadened in the image plane.

The Depth-of-field (DOF) is thus defined as the

vertical distance or sample height over which thea microscopy image appears still sharp.
= Like the lateral resolution, the DOF is determined by acceptance angle «, (NA) of the objective lens.

,,-;)

s |
e || l
lr'ri W

eeere!

' g

ii.'

|

small NA

Derivation of the DOF using the following resolution criterion:
Criterion: DOF = Depth of sample across which the broadening &z) due to the spreadin
Az) = ryiss |

of the light cone by ay is equal to the lateral resolution rgi in the focal plane, i.e.,

From above figure: 6=d tana & rgis=0.61A/nsino=d = 0.61A/(tan o n sina )

=

DOF =2d =1.22 1 (n? - NA?%)"2 | NA?

For small a:

DOF ~ n A /NA?

» Increasing the numerical aperture NA decreases the depth-of-field of the image !
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Depth-of-Field / Focus

Due to the broadening of the PSF in the axial direction an
object part that is offset from the ideal focal plane appears

0
Z (um}
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DOF =2d = 1.22 . (n? - NA?%)"2 | NA?

Depth of Field versus Numerical Aperture

For small o: DOF ~n-A/NA?

Axial and Lateral Point Spread Functions

10000.0 155 [ F
- .
E_mu_u @ Immersed 10} - It
[ @ Dry M 8|
E = —_— L * -
S gt 2t
5 1000 z
= : = 5
i = 2
E 10.0 |- ' : Figure 2 & === Lateral PSF | *,
'-_._'; i ’ s 5[ emmAxial PSF T %%
£ 10} § e ® T
s 1 %o 2 eeq . 10| Figures 1 .
= B L] “ k1 f
] [ ] ~
0.1 1 | 1 1 1 1 1 -15 L 1 ! 1 1 5
0.0 0.5 1.0 1.5 2.0 -6 -0 5 0 5 1 15

Conclusions:

Numerical Aperture

v (Optical Units)

= For large sample thicknesses or large topography variations, the image is not sharp over the
whole microscopy image.

= A high lateral resolution and a large DOF cannot be achieved at the same time.

= A large DOF mean a low axial resolution because at large DOF the microscope cannot
discriminate between objects located at different z-positions. This ability is called axial
resolution, which is important for 3D imaging of the objects in x,y,z direction.
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4.9 Z-Series: A Method to Overcome the DOF Limitation

The limit of image sharpness due to the finite DOF can be overcome by recording a whole
series of images (= “z-stack”) with incremental vertical shifts of the focal plane.

From each image, the sharp parts are selected by an image processing software, and then
a total virtual image is constructed only from the sharp regions for the whole sample series.

Z-stack Best focused Z-level for

each XY-position All'in focus -image

Selection criterion:
The sharpest z-element is the one with the highest local contrast modulation,
i.e., the element containing the highest spatial frequencies.

Example: Z-Series in Optical Imaging Microscopy

When a z-image series is recorded with precisely-controlled z-displacement increments Az, the x,y
coordinates of the sharp parts of the images can be correlated with their location in z-direction.
In this way, a complete 3D sample image is obtained.

Z-Stack Series

Examples for z-series 3D image reconstruction

Py &

Single image Z-Stack St

~200 nm Fi

RI=1515
z

-
L. ~

T B, ﬁﬁéﬁ"!e 68°
Image data in x- and Image date in X-, y-,

=

y- direction and z-direction m

v

Lateral resolution: Ax =0.66 A /NA ~ ) /2 Vertical resolution: Az=DOF ~n 1/NA? ~




4.10 Resolution Limits due to Lens Aberrations

For imperfect optical systems, the PSF point spread function is additionally broadened.

This is due to the fact that imperfect lenses do not focus all beams exactly on the same image spot
in the image. This leads to a smearing of the image and thus, the resolution is decreased.

I T
1 — — ABERRATION-FREE
—— 03D C.OBSTRULCTION
— #/ PRIMARY SPHERICAL
= A | T A S . possElEvEELTY UMY
% PERﬂECT I ABEREATED T B
= ! Y N .
I L N ™
FWHM<—— - L \ A Ve
| FuHmM | / 1l v
i [rac:llus] ,q||5=w ]II | II ) I| I|r
i 1stn!:|r_lr“éght i oisc ) ) ) ,J ] ||f l\]|
)l . I : [radius) I I |
il { | ; : ; . : ; ll L |
i1 ¢z 3 4 IS L I
MF 0 1 2 3 F E E  AF
The resulting effective resolution is described by the RMS sum
of diffraction broadening rqs and aberration broadening raer : | Fert = (F2ait + aver)
The overall performance of an ojective lens is then
characterized by an effective numerical aperture NAgs : NAett = n sina rg ref

which is always smaller than the geometrical numerical aperture !

There are three main types of lens errors (aberrations) that degrade the spatial resolution:
(1) Spherical Aberration, (2) Chromatic Aberration and (3) Astigmatism.

Chapter IV: Optical Microscopy G. Springholz - Nanocharacterization | IV /38

4.10.1 Spherical Aberration

Spherical aberration arises from the spherical shape of optical lenses.

A spherically shaped lens acts differently on central and far off-axis rays:

Focal plane
» Off-axis beams are bend. more L Wavefronts
strongly towards the optical axis. —_ ) — L‘fﬁﬂoutl”m"““ aberration
—_—— ds :
i
» Thus, parallel beams are not focused '} —A{Te 7
on the same point on the optical axis.
Plane of
_ e least confusion >
3 Gaussian
" image plane

Spherical aberrati
Result: Broadening of the spot size. pherical aberration

Spot radius r,, in the focal plane:l I'sph = Cs’ a' | Cs ... spherical aberration constant.
o - exponent: n ~ 3

Radius in the plane of least confusion: [ r*<on = repnl 4|

Spherical aberration decreases with decreasing lens curvature, i.e., increasing focal length.
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Example: Calculation of spherical aberration for a simple half-spherical lens

1
Focal length f for a thin spherical lens: ? =(n- 1)(

(1) Incidence angle y on curved lens surface:

ot
Rl RZ
siny =

J . Half-spherical lens:

v/R

o

_ R
n—1

(2) Refraction of beam at curved surface (Snell’s law): sin f =n-siny » Focusing angle a =(£—y)

(3) Focal distance of outer rays: 7(y) =y/tana = f; [1 - k(y/R)z] for < 10°, k = constant

(4) Additional shift A of origin: A(y)=R—x=R(I1—-cosy)~1/2R-(y/R)*> for o< 10°

= Effective focal distance of

outer rays:

f)=F()-A)

Jo

2 2
(5) Change of focal distance: 4/ (») = /o ~f-4=f, k(%} = fo(n=1)? k(LJ ~ fo(n=17 k-’

(6) Broadening: r(a) =4 (a) tana ~ fy(n— 1)2 ko’
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Example: Curvature R = 10 cm, refractive index n = 1.5, corresponding focal length fo = 20 cm

2 [ T s i R
exact e O Y
it P —?xact -----

,,,,,,,,,,,,,,,,, i c e —— fit
° i i E 10 ‘ >
| | B ] sphericat aberration 7
- ) spherical aberration | T T i = o
5 : B f
3 j : P8 10 :
= 15— TR P8 i
B 3 = I
.-E 16 l .. \ i E 77777
T e I S s AN f% 107
8 T : : ; =
- | | | | -
Y S T W i =2 A
() | 1 ra)~C,
~ fo-|1-k"| = i (o 10 pmmmmstssses g
MRS IR I —
; t B
3 1 1 1 1 1
0 1 2 3 4 5 @ 10° 10
Distance y from optical axis (cm) Aperture angle alpha (deg)
L Wavefronts
_— — with ; ;
. spherical aberration
£._, ---- without P
———— ds 1
——R !
4 e z
Plane of
EEE————— least confusion >
2 Gaussian
image plane
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4.10.2 Chromatic Aberration

Light with different wavelengths or energies are

L
b —E

refracted differently by the lens due to the TS E-AE p
dispersion n(A) of the refractive index of the ——— ST ¢
lens material. S
« _,——-::/
» Broadening of the spot size (spot radius renr) . ===
according to
AA AE Chromatic aberration

s ~ap: | =G =G

C. ... chromatic aberration constant: ~dn/d4 or ~dE/dA or ~df/di, m~1

1.9
Example: Dispersion \ \ Lanthanum dense flint LaSF9

n(A) of the refractive 1.8

index for tvpical lens <
é 16 Dense flint SF10
g

Chromatic aberration z k .
S 16 Flint F2
= StI"OI’]g|y depends on E Barium crown BaK4
the material properties - Borosilicate crown BK7
= increases with increasing wave- Fluorite crown FK514

length spread of the used light o | : : : : :

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Wavelength A (um)
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4.10.3 Astigmatism

= Non-uniform action of the lens in two orthogonal directions.

Main origin:

Asymmetries of the lenses, misalignments of
the optical system, electric stray fields due to
charging in electron microscopy.

» Broadening of the spot

size/radius r,s according to Fast = aAf

In all, the

=  total effective resolution is given by:

)1/2

- (2 2 2 2
leff = (I' dif+ r sph+ r chr+ r ast+

i.e. by the sum of all broadeing factors.
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4.11 Maximizing the Microscope Resolution

For any microscope, the total effective resolution r; is given by the sum of diffraction and
aberration broadening according to:

2 2 2 2 ‘
Total effective resolution: \/r""f Topn + oy + oy = 0.61- 4/ NA,

which is characterized by the effective numerical aperture NAg

= For highest resolution all terms must be minimized !

However: Diffraction broadening and aberration broadening counteract each other !

2 2
0.614 AA
Vot = ( ) + (Cspha3)2 +(Cchr 7&}

nsino

¢ Diffraction broadening is proportional to ~1/sina
e Aberration broadening is proportionalto ~C ' &"

= With increasing aperture a, diffraction broadening decreases but lens aberration increase.
Consegquences:

= The resolution cannot be simply increased by increasing the lens diameter:
Instead a compromise must be made that minimizes the sum of all broadening factors.

= This means that there exists an optimum aperture angle a,p: for which the highest
resolution is practically achieved.

= This optimization is particularly important for electron microscopy, where the lens
aberrations are very large and dominate the achievable resolution.
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4.11.1 Reducing Diffraction Broadening

Numerical apertures NA =n-sina : Means that a as well as n should be maximized

(a) Increasing the aperture angle

p, = tan(D/2f )

requires lenses with large diameter D
and/or smaller focal length f.

MNumerical Aperture NA = n « sinjc)

(a)a=7" NA=0.12
(b) ot = 20° NA = 0.34
{€) ot = 60° NA = 0.87

= For microscopes with fixed tube length

and with fixed objective diameter D, o can é‘g,'.‘; b

be increased only by decreasing the (a) {b) o f€) o

focal length f of the objective, ' . .
= Reducing f means also reducing the .

S r,.. =0.61- n

working distance w ~ f 2l 0.61- /nsin
Consequence: Because at the same time Resolution & Numerical Aperture for . = 550nm (green)
the magnification M = t/f, increasing f Magnification Resolution (um)

simultaneously increases the magnification:

= High NA (and high resolution) is
obtained only at high magnification !

= A high NA also gives a high brightness
of the image, which is proportional to V(NA)

N.A. = Numerical Aperture
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(b) Increasing the refractive index n: Immersion Microscopy

Introducing a liquid medium with refractive
index n > 1 between the sample and
objective reduces the diffraction angles and
thus, increases olefr.

Refracted Unrefracted

light rays lightrays S _

losttolens 51 enter lens; \ Imrnarsion oil’
This is called immersion microscopy. Glass cover s\ | Glasscoversip |
Numerical apertures NA > 1 can be ke S /N r
obtained, which reduces diffraction Specimen  Light source Specimen  Light source

(a) without immersion oil (b) With immersion oil

broadening and improves resolution

Ty = 0.61-A/nsina

air: n=1, water: n=1.33, glycerine: n = 1.47
synthetic oils: n = 1.51, Bromonaphthalene: n = 1.659, Methylene iodide: n = 1.74,

o

Oil imersion image
of Kieselalgenschale
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4.11.2 Correction of Lens Aberrations

= To achieve a diffraction limited resolution, all lens errors must be corrected !

Non-perfect lens system: Performance defined by effective numerical aperture NAei < n sin a.
This value is smaller than n sine and accounts for additional broadenings caused by lens aberrations.

= Objectives with better corrections yield higher effective NAex values close to NAigea = N Sin o
= Combination of several lenses in one objective allows to compensate of most lens aberrations.

(i) Spherical aberration correction: Cause: Spherical curvature of lenses results in
stronger bending of outer rays towards the optical axis. Strong effect for “thick” lenses

rfect | . f(h)=
perfect lens :f(h) cons

Broadening: |rsph ~ Cs' @ ™ 7em
3 6
— - § S —i—5
h %) real lens : |
» 2 4
o L : [
“aws T o
. % C BAF~ \
- . L] S
| } Y
- | I L_‘
|
I"—_‘_sl:"_“" : Gem 6 7 & 8 10 11 : 120
I'“——-—-——f —_— —_——
see: Jenkins & White: Fundamental of Optics Focal point f versus distance h

of ray from the optical axis
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Solution #1: Use of several lenses with smaller curvature and smaller aberration

Solution #2: Use of asymmetric lenses with two different curvatures on each side to minimize
spherical aberration

R, +R
D 1 . . .
Lens shape factor; =i determines the change of f(h) ~ spherical aberration
R,-R
: h %
. Lt & 1,
Axis . ,2. . F‘-‘-\
- L [\
— ! i - . _ o S =
—gf ! : ¢=-2.00 1,00 0.50 0 +050 1.00 +200 =0
e 54 q=-20 -1.0 -05 O 405 +.0 +2.0
2.0
st
L
Spherical aberration is minimized when: 0.5r
%% 7 8 9 10m @ B @ ® ©
5 ) (n
- _ 2(nlens -1 . Sobj — Sim — _ 2(nlens — 1) .
Nieps + 2 Sobj + Sim Riens + 2
Sobject ~ Simage

where sq, and s’in are the object and image distances, respectively. Sopicct T S;
objec image
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For an object at infinite ( Sgp; = <, p=-1, n.=1.50),

Optimum lens shape: yields | oopt ~ 0.7
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Solution #3: Combination of positive (convex) and negative (concave) lenses
with positive and negative spherical aberration constants (dublets and triplets)

S i n g Iet AK-Objektiv FH=Objektiv HA=Ob jektiv VA-Objektiv VAS-Objektiv
Doublet - e
016 —- ‘—1
852 — 852 ——
[~
--:.‘___‘ 706 — 708 ——
P T T an 656 —| 656 —+—
AP 587 —— 587 —1—
"":' 566 —— 516 ——
486 — 486 ——
313 236 —}—
Positive and negative spherical aberration - :::F
65 35 —4—
Height ® psthan O ™ As'i'l.-ﬂ‘s * Aﬁgﬁ.ll -
i
LA =LA ol 1
Positive Element Negative Blement Combination
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Solution #4: Use of more expensive nonspherical lenses
Aspheric Lenses ,
Spherical lens
: S
1
Aspherical lens
F
0005 S N ([ -~~~ - -~ -~~~ - }.
E 0010
g-ums
Egzzz _ hyperbolical shape
e H* ~ H?
-0.030 Rq(l . ’/14-(%)2) Ry \/;% L H?

aperture [mm)

= Best Focus Paint
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(ii) Correction of chromatic aberration

1.9

Flint

Cause:
Wavelength
dependence, i.e.,
dispersion of the
refractive index n(A)

Flint F2

1.6+
H g Barium crown Bak4
S (o] I uti on.: ¥ Borosilicare crown BK7

Fluorite crown FR51A4

Lanthanum dense flint LaSF9

|

Dense flint SFI10

Refractive index n

Achromatic doublet

Lens doublets or
trlplets Of COHVGX and ‘ 0.2 0.4 n!(\ Ill.li ]I.l] I.IZ l!d 1.6
concave lenses Wavelength 2 (jum)

consisting of glass
materials with different
dispersion (crown, flint

glasses and fluorspar).

Axial Chromatic Aberration

Blur = 0.30mm

- (@) — 50 NM
Single Lens = 550 nmM
_—— 450 nm

Blur = 0.01mm

(iii) Correction of astigmatism

Cause: Asymmetric lenses or Actvoma |
misaligned/unparallel optical elements -
Solution: Improved lens symmetry, = Aehmmkt Figure 3
precise alignment.
Apochromat
(iv) Curvature of field-of-view Curvature of Field

For spherical lenses, the image is not focused
on a plane but rather on a curved surface.

Cause: Curvature of lens surfaces.
Solution: Correction by additional lens elements.

(v) Coma = smearing of outer part of image
Cause: Inclined beams have different focal position for outer beams through the lens.

Solution: Correction by additional lens elements.
Off-Axis Coma Aberration

Zone 1 B Zone 1

Zone 3 Zone 2
Zone 4

Zone 2

Zone 3

Optical
is

Lens

Coma Blur Figure 3




4.12 Application to Light Microscopy

In optical microscopy, visible (or near-infrared) light is used for imaging of the sample.

Wavelength:  |A[nm]=c /o =1240/E[eV]| Energy: |E[eV]=h-v=1240/\[nm]

Light, the visible spectrum

Color
violet indigo  blue green yellow orange red Eneray | VWavelength
T T T .
Y 750 675 630 590 535 510 460 380 violet 32_-28 |380-430nm

blue 2.8 —2.5 | 450495 nm

green  25-2.2 | 495-570nm

MER 400 a5 475 510 570 590 850 780 yellow | 2221 | 570-590 nm
1 1 ! l [ 5y 1 |
::eo:;; s_lw z_ls 2i6 2i4 2_|2 2}.1 wl.g 1|.6 orange 2.1 -1.9 |590-620 nm
[ay#2)
*In terahertz (THz), 1 THz = 1 % 10Reyeles per second.
## 10 nanometres (nm); Tom = 13108 metre red 1.9-1.6 620750 nm

@ 2006 Encyclopadia Britannica, Inc. #2+In electron volts (V).

Resolution limits: Since for VIS & NIR optical systems, effective aberration corrections exist that
nearly fully eliminate aberration broadening, diffraction is the main remaining limitation for the
spatial resolution of VIS & NIR microscopy.

= The best resolution is about Y2 A of the

S _ _  Wavelength (nm) | Resolution (nm)
illumination wavelength X using aberration

corrected objectives with high NA ~ 1 360 —450 nm (violet) 190 —250 nm

lres = i = 0.61 A / NA 450 — 500 nm (blue) 250 — 300 nm

500 — 570 nm (green) 300 — 350 nm

= Note: Recently, sub /2 resolution scanning 620 — 750 nm (red) 380 — 460 nm

fluorescence microscopy has been developed.
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Types and Specifications of Objective Lenses

Achromats: Objectives corrected for axial Common SbiEtve Dptival Cormention Facton
. . 10x Achromat 10x Fluorite 10x Apochromat
chromatic aberration at two wavelengths
(486 nm blue and 656 nm red) and corrected
for spherical aberration in the color green (546
nm; see table).

Fluorites or semic-apochromats:
Additional lenses for spherical
corrections at two wavelengths.

Apochromats: Best corrected objectives,
correction of spherical aberrations for wide a wavelength region.

Objective Correction for Optical Aberration Longitudinal Chromatic Aberration
Objective Spherical Chromatic Field '
Type Aberration Aberration Curvature
Achromat 1 Color 2 Colors No §
Plan Achromat 1 Color 2 Colors Yes g
Fluorite 2-3 Colors 2-3 Colors No et
Plan Fluorite 3-4 Colors 2-4 Colors Yes
Plan Apochromat 3-4 Colors 4-5 Colors Yes

450 500 600
. Wavelength (Nanometers)
see: www.micro.magnet.fsu.edu

Plan: Lenses with field of view curvature correction are termed with additional “plan” prefix.
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Specifications of Objective Lenses

e Type of Objective
(Degree of correction)

e Magnification (number)

e Numerical Aperture

e Tube length (mm)

e Cover Glass correction
(thickness)

Objective Type
Plan
Apochromat
Resolution
(um)

Plan Achromat Plan Fluorite

[ : :
Magnification N.A, Resolution \ , Resolution »

(um) (pum)

N.A. = Numerical Aperture
Violet: A = 420nm (25% improvement) www.micro.magnet.fsu.edc

» Objectives with better corrections yield significantly higher resolution !
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Cover Glass Correction (common for biological specimen)

Frontlinse Frontiinse
des Objektivs des Objektivs

- W
(0.17mm)

specimen specimen
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Comparison of Image Quality: Achrochromat
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Planapochromat
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4.13 Contrast in Microscopy

Contrast is produced by local variations in sample properties, which gives rise to changes in
the response signal S(x,y) that is detected and forms the microscopy image.

Contrast is defined as relative difference in 4 S(x)
signal AS from adjacent spots on the
sample normalized to the average value:

B R s =
0ty = 5052 . l l l l

Contrast is crucial for high resolution microscopy, because if the contrast is smaller than the
noise level, the actual resolution is zero ! Thus, contrast needs to be maximized for best
imaging conditions and highest resolution.

Contrast depends on many factors:

% How strongly the local sample properties and vary across the sample,
i.e., what kind of micro- or nanostructure is present in the sample,

% The type and strength of the probe-sample interaction,
s The probe energy or wavelength,

% The type of detected response signal and what detection scheme is used (e.g.,
spectroscopic detection, angle resolved detection, energy or wavelength filtering, etc. )

= Contrast depends not only on the sample properties but also on the imaging conditions !!
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4.13.1 Contrast and Resolution

Contrast has a significant effect on resolution. This is because small sample features can be
resolved only when the signal difference AS in the image is larger than a certain threshold value
(=visibility criterion). Due to the broadening of the image by diffraction or lens aberrations, when the
feature size decreases the signal difference AS or signal amplitude continuously decreases and
drops to zero when the feature size becomes smaller than the resolution limit.

Example: Stripes with decreasing line spacing

(a) Object of sinusoidal contrast line grating
with constant amplitude = 1

(b) Measured microscope imale:

= The image contrast decreases when 10’ 10°
the Iine Spacing decreases | Line pairs per mm; MTF =50% 10% @ 36.8, B8.6/mm; Max MTF =1.2

Bar pattern (hottomn); Sine pattern (top)

MTF %, amplitude
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4.13.2 Visibility and Noise in Practical Microscopy Resolution

Visibility defines how well different features in an image can be distinguished.

Visibility criterion: Adjacent features in an image can only be discerned if the
signal contrast AS is ~ five times larger than the noise level N. AS > 54077

For random noise, the noise level is typically assumed to be proportional to
the root mean square deviation of the signal from its average value, i.e., N = Ggrus = Vn

As a result, the signal-to-noise ratio S/N strongly influences the practically achievable
microscope resolution. This means that the theoretically resolution limit can be reached only
for (i) high contrast specimen and/or (ii) sufficiently low noise levels in the images.

Example: Image signal S(x) for a periodic sample C(x) images with a Gaussian response
function for different superimposed uncorrelated random noise levels N.

Width = 75nm; Confrast= 40%:; Noise level= 40%. Min-Max = 13% Width = 75nm; Contrast= 40%:; Noise level= 20%, Min-Max = 13% Width = 75nm; Contrast= 40%; Noise level= 10%. Min-Max = 13%

signal

08 Nnoise ~ AS |

0.4

02

H00 50 00 50 0 50 100 150 200 -150 100 50 O 50 100 150 2000 150 100 80 O 50 100 150 20
% in [nm] x in [nm] % in [nm]
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Sources of noise: Fluctuations of illumination intensity, of sample emission, detector noise,
amplifier noise, mechanical and acoustic noise, etc. ....

Noise is particular a problem for scanning microscopy because the measurement time per pixel
or image point is very small (= total recording time / number of pixels (10°)).

Noise reduction can be achieved by: S()=35 + N()

» improved hardware (low noise detectors, amplifiers, vibration damping, electromagnetic shielding)
» increasing the illumination intensity when the absolute noise level is constant.
» time averaging or signal integration.

Time averaging and integration: 1: S(t) = <S> + N(t) e

il

H save(t.m)

i

For uncorrelated statistical noise, the root
mean square (RMS) noise level ¢ decreases
with increasing averaging or integration time.

This is because uncorrelated random noise
averages out, leaving a constant signal value
after a sufficiently long integration time.

Sae (0) =t [(S+ N (D))t

smal

Al Ul
B A

=S+t N(dt > § "'f'g:inggw% 1

0 50 100 150 200 250 300 350 400 450 500
time in [arb.units]

>.(s,-5F

i=1

Resulting noise level 6,"° of average signal:

When the signal is measured n-times giving a set of 1
n

values S; the RMS noise of the average signal is given by O'ORMS

the an the standard deviation of the S; values:
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Example how the signal-to-noise ratio improves by time averaging:

Width = 50nm; Contrast= 30%; Noise level= 80%, Min-Max = 21%

Width = 50nm; Contrast= 30%: Noise level= 80%, Min-Max = 21%

1
il | ! I
i1 -y LR UM L |.
16 I ‘ | T ‘ | ‘
il it (1 '
1
I (1 |
= | | E
g g
@ ! { 2
08 0,8[
08f v, =50mm 1 x averaging 06 wmm_mm 5 x averaging
0.4- Wi = 50nm ] ot = 50nm
Average Number =1 Average Mumber = 5
0.2 02t
—Mln-Ma:( ‘71%
o . . e o s Ll S
Width = 50nm; Contrast= 30%; Noise level= 80%, Min-Max = 21% m.m l.':umm-m mm,.m m-zm
2r ol
1.8
1.6
1.4
i _12
s .
§ 1 25 x averaging - 2 1 ~ 625 xaveraging
08| - 0.8
0.6 - 0.8
Wobject = 50 nm I‘bml = :gr:_l“
0.4f Voo = Sonm 0.4} Wouss =
Average Mumber = 25 Average Number = 625
0.2 0.2
[ Mrn-lu'lax 21% — Min-Max = 21%
B T T ) 30 200 100 150 200
X in [nm] xin [nrn]
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Example: Noise Reduction in Scanning Electron Microscopy

According to statistics, the RMS noise o} ave Of an

n-times averaged signal decreases according to:

(o}

n,ave

=0'/\/;

This means that the noise oy ave Of the average signal decreases by the factor 1/\n with
increasing number n of averaging steps, which is equivalent to increasing the integration time .

Thus, the signal-to-noise ratio SIN = Slc improvesas S/ N = §/o, = (S/o'é{MS)\/;
Example: SEM images obtained using different integration times

11307

SEM images of
50-200 nm Au
crystallites on a
carbon template
recorded with
different integration
times (in seconds).

Signal ~ S _ 71

_N_Fz,/g

Noise
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4.14 Contrast Mechanisms

Generally, many different mechanisms contribute to the contrast in the response signal:

« Absorption and thickness contrast due to variation t
of the transmission according to T(x) ~ e ~*®4®) '
+ Reflection/backscattering contrast of the probe due
to variation of the reflectivity and backscattering yield Specimen
% Phaselinterference contrast due to constructive or n(m)
. . . . Transparent
destructive interference of beams experiencing different HTIE i Medium

phase shifts when transmitted or reflected from the sample,

®
°

Topographic contrast due to local tilts, Surface topography
edges, shadowing, multiple scattering, etc.,

O
°

Diffraction & anqular scattering contrast due
to sideway deflection by diffraction or by diffuse
scattering at surface roughness, topographic
features or local microstructure,

X
-R=0,05-10pum

O
g

Spectroscopic / color contrast due to energy/wavelength differences in the transmitted beam or in
the excited response signal such as, e.g., fluorescence, luminescence, cathodoluminescence,
characteristic x-ray emission, fluorescence markers, etc. (see Chap. 2).

Contrast formation is often very complex. This applies in particular for electron microscopy where
many different types of interaction processs occur simultaneously. In addition, the contrast mechanisms
can vary across the sample surface when the topography is complex.
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Contrast for the Different Microscopy Methods

Optical microscopy:

Example: Scanning Electron Microscopy
e Contrast due to local difference in optical

constants n(x) and a(x), color contrast, Surface topography ser  ETO

e Contrast in fluorescence yield, topographic

contrast (reflection mode), .. 7
+R=0.05-10pum /s

X-rays: a) (pure) Surface tilt contrast

e Z-contrast due to different x-ray absorption. LN /l n “ [L 1 S ~ slope

e Strong diffraction contrast due to local b) Surface it + shadowing contrast

variation in lattice structure and lattice
constants, strain contrast, ] + shadowing

c) Surface tilt+ BSE diffusion contrast

Electrons:
e Z-contrast due to dependence of electron roundig of
. 7 —» edges
Scattermg on the atomic Z number' d) SE diffusion contrast e) Mass—thickness contrast g
o Absorption contrast and contrast due to me - @
L . Z Agg=1-10n
variation of secondary electron generation v ‘i
yield and diffuse scattering M
e Topographic contrast due to shadowing
Fig. 6.1. Contributions to t hi trast d trated sch ically b,
and edge effects (SEM) surface com:(c))l[llr;1 (:0;)(;11:11(:(]} 1igg§£:5 olfc SCEonsirésals;e?:;n:u;?aie tsl[it ecrgztt;r‘;st,y (b)),

i i shadowing contrast, BSE diffusi trast, (d) SE diffusi trast and
¢ Diffraction and phase contrast (TEM) due s thickens contrast Hston contrest, (d) SE diftsion contrast and (€)

to differences in the lattice structure and
lattice constants.
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4.15 Contrast Enhancement Techniques

For many sample specimen, the relative differences in the transmitted light or for electron
microscopy is often rather small and thus, the image contrast weak.

In order to fulfill the visibility criterion and actually discern different features, therefore
contrast enhancement techniques are employed, by which the magnitude of the
contrast in the microscopy images is increased.

Contrast enhancement techniques for imaging (and scanning) microscopy

1. Sample modification: Staining (dyes), selective etching, fluorescence markers.

2. Grazing incidence illumination and/or detection (=angular filtering) to enhance
topography contrast due to increased shadowing and scattering at step edges.

3. Spectral filtering of detected signal to take advantage of differences in n(E, 1),
ao(E, 1), I(E,A) of different parts of the sample and to obtain enhanced material
selectivity.

4. Modification of the optical path in the microscope using additional beam blocking or
phase shifting elements. This results in dark field microscopy, phase contrast
microscopy, differential interference contrast microscopy, etc.

Note: In general, the image contrast is not solely determined by the sample properties, but also
depends strongly on the light path and optical configuration of the imaging optics which can be
modified and optimized for a given application.
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4.15.1 Staining and Sample Modification

= Local modification of the absorption or emission of biological or organic specimen by selective
absorption of color dye molecules that attach to specific sites of the sample structure.

= For metallurgical specimen often etching or staining is applied that selectively removes
material according to its composition or local orientation, ......

Staining:

/S S SE

e — — ’“x_# b num_‘\

: SN coccus
. .:m_m &
W Sd

ju

BB

© Application of © Application of © Alcohol © Application of - e
crystal violet iodine (mordant) (deeolorluuon) safranin (counterstain) ol /’*
(a) (purple dye) - A vibrio 5 % o

Copyright © 2010 Pearson Education, inc.
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Stained versus unstained organic specimen imaged by optical microscopy

Chapter IV: Optical Microscopy

r -
i . B , 3
> £
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At w0 T >
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Example: Etched Metallurgical Specimen

The etchants used in metallographic examination are solutions of acid and chemicals and are
applied to attack selectively a polished surface, thus permitting microstructural examination

(3) Stain etchant used to produce color

b ’ L ) « 3\
X - 'y L ‘3 \
100 « S, % e
Rk i - S g |

; ¢ B ) 15 P . ;
((c) Dark field — shows negative effect  (d) Three-dimensional

(b) Bright field — typical way of examining
microstructure, shows grain structure and
“twins, “ but some areas not clearly

s .

effect makes grain

with grain boundaries more distinct, but boundaries clearer, with more sharply
some other areas not totally defined defined grains and "twins.”

Samples (b), (¢) and (d) were etched using Waterless Kalling’s Reagent.
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Microstructure of a stainless Type 330 sample
@ 100 x magnification, prepared using a tint
etch consisting of a solution of 40 ml
hydrochloric acid (HCL) + distilled water (H,0)
+ one gram potassium meta bisulfite (K2S,0s)
+ 4 grams ammonium biflouride (NH,F-HF) at
room temperature.
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4.15.2 Dark-Field Microscopy (=enhances edge contrast)

Working principle: Off-axis illumination of the sample and blocking
the central light passing through the specimen without angular scattering or
deflection. The image is then formed exclusively by scattered light.
Without scattered light, the image appears dark (=dark-field image).

Cardioid Darkfield Condenser

b _ELIg};t to
,E-; yepieces
High

'
Numerical
Aperture —| |
=

Objective

In dark-field imaging, the specimen is
illuminated with a cone of oblique rays.
Without angular scattering in the sample
these rays pass outside of the objective
lens and not contribute to the image.
The specimen therefore appears dark
(= “dark-field microscopy”). Only at features such as steps or

Oblique interfaces where light is scattered the sample appears bright, i.e.,
“ﬁg&w\ . > the contrast is drastically enhanced. The same principle is used in
Cone { e NS Segcimen  Jark-field transmission electron microscopy.

— Cardioid

Dark field image
Condenser

FrTE

ok gassun

Bright field image o o .
T i _, {

Mirror _  ger v )
= ® oenppesEE!

Light =——
From
Source

]
Bright-field / Dark-field Imaging in TEM

In TEM, bright-field or dark-field contrast is obtained by blocking part of the beams using apertures
inserted in the back focal plane where the diffraction pattern of the sample is formed.

Example: TEM imaging of a thin Ti foil

Specimen
I
I
! Normal image
Objective
lens
— i Back focal plane Fig.4.10. 1) experimental i lustration of in-focus and out-of-focus images ofa Ti foil, recorded
| with no apertures inserted in the column: b) the selected area aperture is placed at the dashed
| circle in the center image of a), and the image inside the aperture is focused: ¢) switching to
| diffraction mode, a diffraction pattem is obtained (in this case near |[1.0] zone axis orientation);
| d) the diffraction aperture is inserted around the central beam, and ) in image mode a high
Intermediate contrast Bright Field image is observed.

lens

! Focal length: 145
O
Diffraction pattern

ght field aperture

Dark field: Central intensity maximum is
blocked and only angularly deflected
electrons are selected for image formation.

Thus, the sample appears dark, except for
parts with enhanced angular deflection.

Bright field: Only central intensity maximum
is used for image formation.

At imperfections, electrons are sideways
deflected and thus, they appear dark.
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4.15.3 Phase Contrast Microscopy

(=enhances refractive index contrast)

For transparent (e.g., organic) samples, absorption differences are usually very small. Although, the
absorption contrast is weak the refractive index can still vary significantly. This creates phase
changes in the transmitted optical beams due to the optical path differences.

In phase contrast microscopy, these optical
path or phase differences in the transmitted
beams are converted into amplitude, i.e.,
intensity differences. Thus, the contrast in
transparent samples is strongly enhanced.

Optical Path Difference in Phase Objects

Figure 4 t
-( -
OF =tn(s)
Light Specimen
Waves

< n(m)
Medium -
/ OP = tn{m)
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Bright field Phase contrast image .

Example: Transparent, colorless human cells imaged

with optical microscopy under differing contrast modes.

Left: Bright field, Right: Phase contrast.

Nanocharacterization |
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Working principle (for transmission mode)

1. The conversion of phase differences into intensity differences is achieved by separating the direct-
ly transmitted unscattered light (yellow) from the diffracted light (red in the figure) from the sample.
These two components are projected onto different locations in the objective back focal plane due
to parallel beam off-axis illumination coming from a condenser annulus aperture.

2. The directly transmitted light
appears as a ring in the back focal
plane of the objective. There a ring-

shaped phase plate of etched or Lamp

semi-transparent glass is inserted,
inducing a phase shift of the directly b
transmitted light.

Apertiures\

Phase Contrast Microscope Optical Train

|
Curtd?nser Dh]efiP\’aECk foc&lff;;li?fd
1

Light (Red)

Collector " I | 5 d
The diffracted light is spread all Lens Condenser Specimen | Phase iy
. Annulus Plate
over the back focal plane and is i 1 (Yellow)

thus not much phase shifted.

Thus, the phase plate induces a
phase shift between the direct and

hn'age
Plane

the diffracted light rays.

3. When the different light rays are combined in the image plane, the phase difference between
these rays leads to strong interference effects and thus, large intensity modulations, which
enhances the contrast from the sample. A strong contrast appears at the points in the sample

where the refractive index changes.
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Phase Contrast Microscopy

Shade-Off in Positive and Negative Phase Contrast

Positive Phase N

ative Phase

(c) (e}

Microdensitometry Intensity Profiles

Extended
Phase Specimen

-

Figure 8
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Objective Apertures and Phase Contrast Optics

4x (PhL) 20x (Ph1)

10x (Ph1) 40x (Ph2)

Positive Phase Plate

Negative Phase Plate

i1

C'g"::mﬁf BB Phase Retarding Material
. — Partially Absorbing Material
Figure 5 — Glass (Lens Element)
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4.15.4 Differential Interference Contrast Microscopy (DIC/Nomarski Microscopy)

Differential interference contrast microscopy enhances the sensitivity to topography
(reflection mode) or to thickness / refractive index variations (transmission mode) in the sample.

Working principle:

(1)The illumination light passes through a
linear polarizer and projected through a
half-mirror on the sample.

WaEvngérrgru
Field
(2) A bi-refringent Nomarski prism sepa-
rates the light into two orthogonally po-
larized components, which are slightly
sheared with respect to each other.
The objective focuses sheared wave
fronts on the surface.

(3) The two shear waves experience
varying optical path differences as
a function of surface topography and
are collected by the objective and are
recombined and superimposed by the

Reflected DIC Microscope Optical Pathways

" - Analyzer

e

—

Off-Axis Figure 2

Image Raytraces

Orthogonal
1o Half-Mirror
Half-Mirror
Polarizer
Oh&ec‘tlv& N?:marski m—--— -
Fol:al Plane

Interference
Pl

/
ane l
J -r

Opague

Nomarski prism.

(4) After the Nomarski prism, the waves pass through the half-mirror and the second polarizer analyzer.
Components of the orthogonal wave fronts parallel to the analyzer transmission vector to pass through in
a common azimuth, and subsequently interfere in the image plane. By adjusting the relative orientation
of the polarizer and analyzer axes, the interference contrast in the images can be tuned.
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Resulting DIC contrast

Because the intensities in the image are Integrated Circuit in Brightfield, Darkfield, and DIC with Reflected Light
extremely sensitive to the phase gradient : o ¥ -
between the orthogonally polarized
beams, the Nomarski microscope
drastically enhances the resolution in
z-direction down to a few nanometers.

Thus, the topographic contrast in the
images is strongly increased and is
particularly sensitive to surface steps.

Examples:

Distinction between phase contrast
(PCM) and differential interference
contrast (DIC):

roc ical ~ dOPD
Enyhincyts Optic Amplitude = 40FD

= OPD (nm)
PCM: Intensity ~absolute phase differences

DIC: Intensity ~ phase gradients or
~ topography gradients

jt— Shear Axis ——=f |w—Shear Axis—s=

= Thus, DIC images appear as derivative of the bright field images, as if the sample were
illuminates from the side.
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4.15.5 Comparison of Different Contrast Enhancement Techniques

Modulation transfer functions:
Contrast Enhancing Technique MTFs

1.0

Relative h;odulation
o

0.0
0.0 1.0 2.0 3.0 4.0 5.0
Spatial Frequency (Cycles/Micrometer)

Effect of off-axis illumination
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Chapter IV: Optical Microscopy

Comparison of Different Contrast Techniques for a Bacterium
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4.16 Summary
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Chapter IV: Optical Microscopy

Two main approaches for microscopy exist: Scanning and imaging microscopy.

These either consist of local excitation and non-local detector (scanning microscopy), or
of non-local excitation and local detection (imaging microscopy).

The resolution in scanning microscopy is limited by the spot size and interaction volume.

In imaging microscopy, the resolution is limited by two factors:

(a) Diffraction at the objective aperture, which yields: raift = 0.61 A/ n sina
Irchr=Cc'dn/n'd]|n~1,Cc~f

Other aberration effects include coma and field of view curvature.

(b) Lens aberrations, introducing broadening

due to spherical & chromatic aberrations

1/2

The total effective resolution is thus given by the sum | re = (rzdif+ rzaber)

The depth-of-focus decreases with increasing numerical aperture: |DOF =~ n A/ NA?
By recording z-stacks (focus through series), 3D images can be obtained.

Due to efficient aberrations corrections, the resolution in optical microscopy is mainly
diffraction limited and the highest resolution is achieved for high numerical apertures
NA =nsina andshort wavelength A imaging systems.

For electron and x-ray microscopy the resolution is mainly aberration limited because
of the much lower quality of the lenses.
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Point spread function and modulation transfer function

The image formation process can be described either by the

(i) convolution of the object with the point spread function, or by

(i) convolution of the Fourier transformation of the object with the modulation transfer
function, which describes the contrast modulation amplitude in the image versus that
of the sample amplitude as a function of spatial frequencyj, i.e., periodicity.

Both functions precisely describe the performance of a microscope.

Contrast is the second crucial parameter for microscopy.
It influences the “practical” resolution due to the visibility criterion.

» Therefore, a high signal-to-noise ratio is essential high resolution imaging.
This can be much improved by proper signal averaging and increase of integration times.

» Many different mechanisms contribute to the contrast such as differences in absorption,
reflectivity, topography, diffraction, composition (Z-contrast), strain, phase differences, etc.

» For many specimen, the contrast is weak / insufficient.

» Contrast enhancement technigues are therefore employed such as staining,
selective etching, phase-, interference-contrast, off-axis illumination, etc. .

This modifies the modulation transfer function and enhances it at higher spatial frequencies,
thus, increasing the visibility especially of small scale structures closed the resolution limit.




