
contact angle measurements
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Young equation:
valid for homogeneous, smooth, rigid solids

Horizontal balance of forces:
Young equation

γSV = γSL + γLV cos Θ

dGS = (dGS)SV + (dGS)SL + (dGS)LV 
dGS = dA (γSL - γSV) + dA γLV cos (Θ‘)
At equilibrium:
dGS /dA = 0 =>
γSV - γSL = γLV cos Θ



wettability

Θ     0°! ! !                     90°                 !              180°

cos Θ 1! ! ! !              0!!              ! !        -1

• Θe depends on chemical constitution of both solid and liquid 

1) hard solids - covalent, ionic, metalic => high energy surfaces γSO ∼ 500 to 5000 
ergs/cm2

2) weak molecular crystals - vdW, H bonds => low energy surfaces γSO ∼ 50 ergs/cm2

Contact angle:

Spreading       Complete wett.    Partial wetting         γSL= γSV    !     negligible wett.              Non-wett.



spreading coefficient

S = free energy difference between a bare solid, directly  in contact with the vapour 
and a solid covered by a flat, thick liquid layer

γSV

γLV

γSL

S ≡ γSV - (γLV + γSL)

S > 0, 
complete wetting

S < 0,
partial wetting



experimental methods 1

• Photograph of the drop => either by direct measurement of the contact angle or 
calculating it from drop profile 

Θ

Gas bubble

Sessile bubble

r

Sessile drop

h Θ

Spherical shape: tan Θ/2 = h/r

Θa

Liquid added

Θr

Liquid withdrawn

Use of a micrometer syringe: swell (shrink) the drop / bubble => receding & advancing angle

Sessile drop



experimental methods 2

R1

Wilhelmy slide 
technique:

Θ

h

sin Θ = 1 - ρgh2/2γ = 1- (h/a)2

a – capillary constant = (2γ/Δρg)1/2 

Δρgh = 2γ/R1 when contact angle is 0°
Δρgh = 2γ/R= (2γ cos Θ)/R1

R

h

Capillary rise



contact angle hysteresis

Young eq. predicts single value for intrinsic c. a. but

Range of stable apparent contact angle can be measured experimentally:
=> hysteresis, H ≡ θa - θr

maximum - advancing
minimum - receding

Hysteresis

Roughness

Chemical contamination
or heterogeneity of solid surface

Θr

Θa

Solutes in the liquid
(surfactants, polymers)
may deposit a film on solid surface



roughness

Θa 
Θi 

Θa - apparent contact angle
Θi - intrinsic contact angle

Wenzel equation for wetting rough surfaces

r = actual area/apparent area 

γSV - γSL = γLV cosΘ - no roughness
r (γSV - γSL) = γLVcosΘapp  - rough surface

⇒    cosΘapp = r cosΘ

⇒ for Θ < 90°, roughening the surface will reduce the contact angle!



chemical heterogenity

Microscopically heterogeneous surface

calculation of Θapp representing the absolute minimum in the free energy of 
the system (Cassie equation):

cos Θcomposite = f1 cos Θ1 + f2 cos Θ2

f1 and f2 area fractions, Θ1 and Θ2 corresponding intrinsic contact angle 
(composite - small patches of various kinds)

Θa



contact angle measurement



Ellipsometry
ellipsometry can be used to measure the thickness (and / or refractive index) of a 
thin film / monolayer on a solid substrate by reflection of polarized light (before 
and after film deposition)
-> non-contact, non-destructive method
-> it is a model based method!



Ellipsometry setup

Plane of incidence of light is the plane containing the normal to the sample surface 
and the incident direction of light.
-> The s-plane is perpendicular to the plane of incidence.
-> The p-plane is parallel to the plane of incidence.

Plane of 
incidence



Ellipsometry setup

A linear polarized monochromatic light beam (from source & polarizer) is passing 
through retarder / compensator in +/− 45° orientation and then impinging on the 
substrate surface with equal polarization component parallel (s) and perpendicular (p) 
to the surface.  After reflection the light is elliptically polarized due to different 
interaction of s− and p−component with the surface.  By setting the polarizer and 
analyzer so that no light is passing (null ellipsometer) the relative phase change ∆ 
and relative amplitude change ψ can be calculated.  If the refractive index of the 
thin film (nD  =1.45 − 1.5 for hydrocarbons) is known the thickness can be calculated 
from ∆ and ψ with angstrom resolution (→ molecular monolayers).

The two parameters Δ (sometimes cosΔ) and Ψ are related to the ratio of the 
Fresnel amplitude reflection coefficients for p- and s-polarised light:



Ellipsometry setup

Psi Ψ

Delta Δ

Measured by ellipsometry

Build optical 
model to 
extract desired 
information

Film thickness

Refractive index

Surface roughness

Interfacial regions

Crystallinity

Anisotropy

Material parameters we need



Secondary Ion Mass Spectrometry 
SIMS: mass spectrometric characterization of surface and near surface regions, the 
sample in ultra high vacuum (10−9−10−10 torr) is bombarded with neutral or charged 
ions (primary ions, Cs+, O2+, O−  → reactive, Ar+, He+, Ne+  → inert), which eject ions 
from the sample (0.5−30 keV, secondary, or sputtered ions), these ions are then 
analyzed with a spectrometer, which detects their mass to charge (m/z) ratios 
allowing identification of the elements in the material (→  depth profiling)

!"#$%&'()*+$%*,'--*!."#/($0"/()*1!+,!2

!"#!$%&'((%()*+,-.&*,-/+%+0'-'+,*-/1',/.2%.3%(4-3'+*%'25%2*'-%(4-3'+*%-*6/.2(7%,0*%('&)8*%/2%

48,-'%0/60%9'+44&%:;<!=!;<!;<%,.-->%/(%?.&?'-5*5%@/,0%2*4,-'8%.-%+0'-6*5%/.2(%:)-/&'-A%/.2(7%B(C7

D
E
C7%D!%!"%-*'+,/9*7%F-C7%G*C7%H*C%!"%/2*-,>7%@0/+0%*I*+,%/.2(%3-.&%,0*%('&)8*%:<JK!L<%M*N7%

(*+.25'-A7%.-%()4,,*-*5%/.2(>7%,0*(*%/.2(%'-*%,0*2%'2'8A1*5%@/,0%'%()*+,-.&*,*-7%@0/+0%5*,*+,(%

,0*/-%&'((%,.%+0'-6*%:&O1>%-',/.(%'88.@/26%/5*2,/3/+',/.2%.3%,0*%*8*&*2,(%/2%,0*%&',*-/'8%:"%%5*),0

)-.3/8/26>



x-Ray Photoelectron Spectroscopy
XPS: surface is irradiated with x−rays, core electrons in surface atoms are ejected 
and their energy is measured (element specific, often binding state specific), valence 
electrons can fall into core hole and emit characteristic photons (→  x−ray 
fluorescence) or secondary electrons of lower energy (Auger electrons) 
− non destructive (...limited to organic material) 
− quantitative method for elemental composition 
− sensitive (0,1% ML) 
− chemical shifts give information about: 
      oxidation state 
      chemical environment 
− sampling depth 10−100 Å (depth profiling) 
− possibility of imaging 

!!"#$%&'()(*+,--,(.%/0*1)2(-1(0$%3!&/%4%5/678

!!"#"!$%&'()*'+,%!-.../+0+'%$!t#!#(12"+*!02'%(+2/3
!!4)2"'+'2'+,%!0%'5#$!6#(!%/%0%"'2/!*#07#&+'+#"
!!&%"&+'+,%!-89:;!<=3
!!*5%0+*2/!&5+6'&!1+,%!+"6#(02'+#"!2>#)'?

#@+$2'+#"!&'2'%
*5%0+*2/!%",+(#"0%"'

!!&207/+"1!$%7'5!:8!:88!A!-$%7'5!7(#6+/+"13
!!7#&&+>+/+'B!#6!+021+"1

Si O

Me

Me

n

&)(62*%!+&!+((2$+2'%$!C+'5!@!(2B&9!*#(%!%/%*'(#"&!+"!&)(62*%!2'#0&!2(%!%D%*'%$!2"$!'5%+(!%"%(1B!+&
0%2&)(%$!-%/%0%"'!&7%*+6+*9!#6'%"!>+"$+"1!&'2'%!&7%*+6+*39!,2/%"*%!%/%*'(#"&!*2"!62//!+"'#!*#(%!
5#/%!2"$!%0+'!*52(2*'%(+&'+*!75#'#"&!-!!!@!(2B!6/)#(%&*%"*%3!#(!&%*#"$2(B!%/%*'(#"&!#6!/#C%(!

%"%(1B!-E)1%(!%/%*'(#"&3

!!"#$%&'()(*+,--,(.%/0*1)2(-1(0$%3!&/%4%5/678

!!"#"!$%&'()*'+,%!-.../+0+'%$!t#!#(12"+*!02'%(+2/3
!!4)2"'+'2'+,%!0%'5#$!6#(!%/%0%"'2/!*#07#&+'+#"
!!&%"&+'+,%!-89:;!<=3
!!*5%0+*2/!&5+6'&!1+,%!+"6#(02'+#"!2>#)'?

#@+$2'+#"!&'2'%
*5%0+*2/!%",+(#"0%"'

!!&207/+"1!$%7'5!:8!:88!A!-$%7'5!7(#6+/+"13
!!7#&&+>+/+'B!#6!+021+"1

Si O

Me

Me

n

&)(62*%!+&!+((2$+2'%$!C+'5!@!(2B&9!*#(%!%/%*'(#"&!+"!&)(62*%!2'#0&!2(%!%D%*'%$!2"$!'5%+(!%"%(1B!+&
0%2&)(%$!-%/%0%"'!&7%*+6+*9!#6'%"!>+"$+"1!&'2'%!&7%*+6+*39!,2/%"*%!%/%*'(#"&!*2"!62//!+"'#!*#(%!
5#/%!2"$!%0+'!*52(2*'%(+&'+*!75#'#"&!-!!!@!(2B!6/)#(%&*%"*%3!#(!&%*#"$2(B!%/%*'(#"&!#6!/#C%(!

%"%(1B!-E)1%(!%/%*'(#"&3

!!"#$%&'()(*+,--,(.%/0*1)2(-1(0$%3!&/%4%5/678

!!"#"!$%&'()*'+,%!-.../+0+'%$!t#!#(12"+*!02'%(+2/3
!!4)2"'+'2'+,%!0%'5#$!6#(!%/%0%"'2/!*#07#&+'+#"
!!&%"&+'+,%!-89:;!<=3
!!*5%0+*2/!&5+6'&!1+,%!+"6#(02'+#"!2>#)'?

#@+$2'+#"!&'2'%
*5%0+*2/!%",+(#"0%"'

!!&207/+"1!$%7'5!:8!:88!A!-$%7'5!7(#6+/+"13
!!7#&&+>+/+'B!#6!+021+"1

Si O

Me

Me

n

&)(62*%!+&!+((2$+2'%$!C+'5!@!(2B&9!*#(%!%/%*'(#"&!+"!&)(62*%!2'#0&!2(%!%D%*'%$!2"$!'5%+(!%"%(1B!+&
0%2&)(%$!-%/%0%"'!&7%*+6+*9!#6'%"!>+"$+"1!&'2'%!&7%*+6+*39!,2/%"*%!%/%*'(#"&!*2"!62//!+"'#!*#(%!
5#/%!2"$!%0+'!*52(2*'%(+&'+*!75#'#"&!-!!!@!(2B!6/)#(%&*%"*%3!#(!&%*#"$2(B!%/%*'(#"&!#6!/#C%(!

%"%(1B!-E)1%(!%/%*'(#"&3



x-Ray Photoelectron Spectroscopy

High-resolution XPS spectra of carbon 1s from 
polyethylene terephthalate backsheet material, 
showing excellent quantitative agreement 
between measured and predicted peak area 
ratios. Subtle differences in polymer 
functionality are assessed by deviations from 
stoichiometry.



Fourier Transform Infrared Spectroscopy 
polarized IR in reflection absorption (RA) can detect orientation of molecules in 
anisotropically oriented sample, in attenuated total reflection (ATR) higher signal− 
to−noise ratios can be obtained 

!"#$%&$'($)*+,"$-'.*,$)$&/'01&23$"+2"14'5!(.67

1"8)$%9&/!"#!$%!&'()'*+$,%!-./,&0+$,%!1#23!*-%!

4'+'*+!"$%&*3)3%"*!,(!5,)'*6)'/!$%!

)*%+"3$"1%2)884!,&$'%+'4!+)-18&7!$%!

-++'%6-+'4!+,+-)!&'()'*+$,%!128#3!9$:9'&!/$:%-)!

+,!%,$/'!&-+$,/!*-%!.'!,.+-$%'4

"#!.'-5

28#!/'+60!

#2!/'+60

!"#$%&$'($)*+,"$-'.*,$)$&/'01&23$"+2"14'5!(.67

1"8)$%9&/!"#!$%!&'()'*+$,%!-./,&0+$,%!1#23!*-%!

4'+'*+!"$%&*3)3%"*!,(!5,)'*6)'/!$%!

)*%+"3$"1%2)884!,&$'%+'4!+)-18&7!$%!

-++'%6-+'4!+,+-)!&'()'*+$,%!128#3!9$:9'&!/$:%-)!

+,!%,$/'!&-+$,/!*-%!.'!,.+-$%'4

"#!.'-5

28#!/'+60!

#2!/'+60



Small Angle X−Ray Scattering 
x−ray reflectivity / diffraction or small angle x−ray scattering (SAXS) 
provides information on film thickness / layer spacing by diffraction at
the film planes / periodic layer spacings parallel to the substrate plane 
according to Bragg’s law:    n λ = 2 d sin θ
  n: order of reflex (n = 1, 2, 3,...);  λ: wavelength of x−ray;  d: layer 
spacing;  θ: angle of x−ray to surface plane 
Bragg peaks (large angle): periodic layer spacing 
Kiessig peaks (small angle): overall film thickness 
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Image Methods: Breath Patterns
Breath / condensation pattern:  By cooling a substrate below the condensation 
temperature H2O will condense in different rates on the substrate with the nucleation 
rate of condensation depending on the surface topography and chemical composition / 
materials properties. 
The resulting condensation pattern (with lateral dimensions above the wavelength of 
light) allows observation of differences in chemical surface composition (often vertically 
in molecular dimensions) by optical microscopy or even with the unequipped eye. 
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Optical Microscopy
visual inspection / magnification of an object by the use of light, resolution around 
half the wavelength of light (practically around 0.5 µm for separated points)

OPTICAL MICROSCOPY
Davidson and Abramowitz
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materials (25-28).  Because light is unable to pass through

these specimens, it must be directed onto the surface and

eventually returned to the microscope objective by either

specular or diffused reflection.  As mentioned above, such

illumination is most often referred to as episcopic

illumination, epi-illumination, or vertical illumination

(essentially originating from above), in contrast to

diascopic (transmitted) illumination that passes through

a specimen.  Today, many microscope manufacturers offer

models that permit the user to alternate or simultaneously

conduct investigations using vertical and transmitted

illumination.  Reflected light microscopy is frequently

the domain of industrial microscopy, especially in the

rapidly growing semiconductor arena, and thus represents

a most important segment of microscopical studies.

A typical upright compound

reflected light (illustrated in

Figure 13) microscope also

equipped for transmitted light has

two eyepiece viewing tubes and

often a trinocular tube head for

mounting a conventional or digital/

video camera system.  Standard

equipment eyepieces are usually

of 10x magnification, and most

microscopes are equipped with a

nosepiece capable of holding four

to six objectives.  The stage is

mechanically controlled with a

specimen holder that can be

translated in the X- and Y-

directions and the entire stage unit

is capable of precise up and down

movement with a coarse and fine

focusing mechanism.  Built-in

light sources range from 20 and

100 watt tungsten-halide bulbs to

higher energy mercury vapor or

xenon lamps that are used in

fluorescence microscopy.  Light

passes from the lamp house

through a vertical illuminator

interposed above the nosepiece

but below the underside of the

viewing tube head.  The speci-

men’s top surface is upright

(usually without a cover slip) on

the stage facing the objective,

which has been rotated into the microscope’s optical axis.

The vertical illuminator is horizontally oriented at a 90-

degree angle to the optical axis of the microscope and

parallel to the table top, with the lamp housing attached

to the back of the illuminator.  The coarse and fine

adjustment knobs raise or lower the stage in large or small

increments to bring the specimen into sharp focus.

Another variation of the upright reflected light

microscope is the inverted microscope—of the Le

Chatelier design (25).  On the inverted stand, the specimen

is placed on the stage with its surface of interest facing

downward.  The primary advantage of this design is that

samples can be easily examined when they are far too large

to fit into the confines of an upright microscope.  Also,

the only the side facing the objectives need be perfectly

flat.  The objectives are mounted on a nosepiece under

the stage with their front lenses facing upward towards

the specimen and focusing is accomplished either by

moving the nosepiece or the entire stage up and down.

Inverted microscope stands incorporate the vertical

illuminator into the body of the microscope.  Many types

of objectives can be used with inverted reflected light

microscopes, and all modes of reflected light illumination

may be possible: brightfield, darkfield, polarized light,

differential interference contrast, and fluorescence.  Many

Figure 13.  Components of a modern microscope configured for both transmitted and

reflected light.  This cutaway diagram reveals the ray traces and lens components of the

microscope’s optical trains.  Also illustrated are the basic microscope components including

two lamp houses, the microscope built-in vertical and base illuminators, condenser, objectives,

eyepieces, filters, sliders, collector lenses, field, and aperture diaphragms.

two modes of illumination: 
1) transmission: light source 
is on opposite side of 
specimen with respect to 
eyepieces (partially 
transparent samples 
required) 
2) reflection: illumination 
from the same side as 
eyepieces, reflected light is 
observed (non−transparent 
samples can be investigated) 
numerical aperture (NA): 
NA = r / f  →  radius of 
objective r divided by the 
distance objective−specimen 
f (~ focal distance of 
objective) 

Michael W. Davidson and Mortimer Abramowitz "Optical Microscopy":  http://micro.magnet.fsu.edu/primer/opticalmicroscopy.html



Light Paths in Optical Microscopy

Michael W. Davidson and Mortimer Abramowitz "Optical Microscopy":  http://micro.magnet.fsu.edu/primer/opticalmicroscopy.html

OPTICAL MICROSCOPY
Davidson and Abramowitz

2

of a conventional finite tube length microscope (17).  An

object (O) of height h is being imaged on the retina of

the eye at O”.  The objective lens (L
ob

) projects a real

and inverted image of O magnified to the size O’ into the

intermediate image plane of the microscope.  This occurs

at the eyepiece diaphragm, at the fixed distance fb + z’

behind the objective.  In this diagram, fb represents the

back focal length of the objective and z’ is the optical tube

length of the microscope.  The aerial intermediate image

at O’ is further magnified by the microscope eyepiece

(L
ey

) and produces an erect image of the object at O” on

the retina, which appears inverted to the microscopist.

The magnification factor of the object is calculated by

considering the distance (a) between the object (O) and

the objective  (L
ob

) , and the front focal length of the

objective lens (f).  The object is placed a short distance

(z) outside of the objective’s front focal length (f), such

that z + f = a.  The intermediate image of the object, O’, is

located at distance b, which equals the back focal length

of the objective (fb) plus (z’), the optical tube length of

the microscope.  Magnification of the object at the

intermediate image plane equals h’.  The image height at

this position is derived by multiplying the microscope

tube length (b) by the object height (h), and dividing this

by the distance of the object from the objective: h’ = (h x

b)/a.  From this argument, we can conclude that the lateral

or transverse magnification of the objective is equal to a

factor of b/a (also equal to f/z and z’/fb), the back focal

length of the objective divided by the distance of the object

from the objective.  The image at the intermediate plane

(h’) is further magnified by a factor of 25 centimeters

(called the near distance to the eye) divided by the focal

length of the eyepiece.  Thus, the total magnification of

the microscope is equal to the magnification by the

objective times that of the eyepiece.  The visual image

(virtual) appears to the observer as if it were 10 inches

away from the eye.

Most objectives are corrected to work within a narrow

range of image distances, and many are designed to work

only in specifically corrected optical systems with

matching eyepieces.  The magnification inscribed on the

objective barrel is defined for the tube length of the

microscope for which the objective was designed.

The lower portion of Figure 1 illustrates the optical

train using ray traces of an infinity-corrected microscope

system.  The components of this system are labeled in a

similar manner to the finite-tube length system for easy

comparison.  Here, the magnification of the objective is

the ratio h’/h, which is determined by the tube lens (L
tb

).

Note the infinity space that is defined by parallel light

beams in every azimuth between the objective and the tube

lens.  This is the space used by microscope manufacturers

to add accessories such as vertical illuminators, DIC

prisms, polarizers, retardation plates, etc., with much

simpler designs and with little distortion of the image

(18).  The magnification of the objective in the infinity-

corrected system equals the focal length of the tube lens

divided by the focal length of the objective.

Fundamentals of Image Formation

In the optical microscope, when light from the

microscope lamp passes through the condenser and then

through the specimen (assuming the specimen is a light

absorbing specimen), some of the light passes both around

and through the specimen undisturbed in its path.  Such

light is called direct light or undeviated light.  The

background light (often called the surround) passing

around the specimen is also undeviated light.

Some of the light passing through the specimen is

deviated when it encounters parts of the specimen.  Such

deviated light (as you will subsequently learn, called

diffracted light) is rendered one-half wavelength or 180

Figure 1.  Optical trains of finite-tube and infinity-corrected

microscope systems.  (Upper) Ray traces of the optical train

representing a theoretical finite-tube length microscope.  The object

(O) is a distance (a) from the objective (Lob) and projects an

intermediate image (O’) at the finite tube length (b), which is further

magnified by the eyepiece (Ley) and then projected onto the retina

at O’’.  (Lower) Ray traces of the optical train representing a

theoretical infinity-corrected microscope system.
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through Figure 6(c).  The larger disk sizes in Figures 6(a)

and (b) are produced by objectives with lower numerical

aperture, while the very sharp Airy disk in Figure 6(c) is

produced by an objective of very high numerical aperture

(2, 18).

The resulting image at the eyepiece diaphragm level

is actually a mosaic of Airy disks which are perceived as

light and dark regions of the specimen. Where two disks

are so close together that their central black spots overlap

considerably, the two details represented by these

overlapping disks are not resolved or separated and thus

appear as one (illustrated in Figure 6(d)).  The Airy disks

shown in Figure 6(e) are just far enough apart to be

resolved.

The basic principle to be remembered is that the

combination of direct and diffracted light (or the

manipulation of direct or diffracted light) is critically

important in image formation.  The key places for such

manipulation are the rear focal plane of the objective and

the front focal plane of the substage condenser.  This

principle is fundamental to most of the contrast

improvement methods in optical microscopy (18, and see

the section on Contrast Enhancing Techniques); it is

of particular importance at high magnification of small

details close in size to the wavelength of light.  Abbe was

a pioneer in developing these concepts to explain image

formation of light-absorbing or amplitude specimens (2,

18-20).

Köhler Illumination

Proper illumination of the specimen is crucial in

achieving high-quality images in microscopy and critical

photomicrography.  An advanced procedure for

microscope illumination was first introduced in 1893 by

August Köhler, of the Carl Zeiss corporation, as a method

of providing optimum specimen illumination.   All

manufacturers of modern laboratory microscopes

recommend this technique because it produces specimen

illumination that is uniformly bright and free from glare,

thus allowing the user to realize the microscope’s full

potential.

Most modern microscopes are designed so that the

collector lens and other optical components built into the

base will project an enlarged and focused image of the

lamp filament onto the plane of the aperture diaphragm

of a properly positioned substage condenser.  Closing or

opening the condenser diaphragm controls the angle of

the light rays emerging from the condenser and reaching

the specimen from all azimuths.  Because the light source

is not focused at the level of the specimen, illumination

at specimen level is essentially grainless and extended,

and does not suffer deterioration from dust and

imperfections on the glass surfaces of the condenser.  The

opening size of the condenser aperture diaphragm, along

with the aperture of the objective, determines the realized

numerical aperture of the microscope system.  As the

condenser diaphragm is opened, the working numerical

aperture of the microscope increases, resulting in greater

light transmittance and resolving power.  Parallel light rays

that pass through and illuminate the specimen are brought

to focus at the rear focal plane of the objective, where

the image of the variable condenser aperture diaphragm

and the light source are observed in focus simultaneously.

Light pathways illustrated in Figure 7 are schematically

drawn to represent separate paths taken by the specimen-

illuminating light rays and the image forming light rays

(17).  This is not a true representation of any real

segregation of these pathways, but a diagrammatic

representation presented for purposes of visualization and

discussion.  The left-hand diagram in Figure 7

demonstrates that the ray paths of illuminating light

produce a focused image of the lamp filament at the plane

Figure 7.  Light paths in Kohler illumination.  The illuminating ray

paths are illustrated on the left side and the image-forming ray

paths on the right.  Light emitted from the lamp passes through a

collector lens and then through the field diaphragm.  The aperture

diaphragm in the condenser determines the size and shape of the

illumination cone on the specimen plane.  After passing through

the specimen, light is focused at the back focal plane of the objective

and then proceeds to and is magnified by the ocular before passing

into the eye.
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curvature adds a considerable number of lens elements

to the objective, in many cases as many as four additional

lenses.  This significant increase in the number of lens

elements for plan correction also occurs in already

overcrowded fluorite and apochromat objectives,

frequently resulting in a tight fit of lens elements within

the objective barrel (4, 5, 18).

Before the transition to infinity-corrected optics, most

objectives were specifically designed to be used with a

set of oculars termed compensating eyepieces.  An

example is the former use of compensating eyepieces with

highly corrected high numerical aperture objectives to

help eliminate lateral chromatic aberration.

There is a wealth of information inscribed on the

barrel of each objective, which can be broken down into

several categories (illustrated in Figure 9). These include

the linear magnification, numerical aperture value, optical

corrections, microscope body tube length, the type of

medium the objective is designed for, and other critical

factors in deciding if the objective will perform as needed.

Additional information is outlined below (17):

· Optical Corrections: These are usually abbreviated

as Achro (achromat), Apo (apochromat), and Fl, Fluar,

Fluor, Neofluar, or Fluotar (fluorite) for better

spherical and chromatic corrections, and as Plan, Pl, EF,

Acroplan, Plan Apo or Plano for field curvature

corrections.  Other common abbreviations are: ICS

(infinity corrected system) and UIS (universal infinity

system), N and NPL (normal field of view plan),

Ultrafluar (fluorite objective with glass that is

transparent down to 250 nanometers), and CF and CFI

(chrome-free; chrome-free infinity).

· Numerical Aperture: This is a critical value that

indicates the light acceptance angle, which in turn

determines the light gathering power, the resolving power,

and depth of field of the objective.  Some objectives

specifically designed for transmitted light fluorescence

and darkfield imaging are equipped with an internal iris

diaphragm that allows for adjustment of the effective

numerical aperture.  Designation abbreviations for these

objectives include I, Iris, W/Iris.

· Mechanical Tube Length: This is the length of the

microscope body tube between the nosepiece opening,

where the objective is mounted, and the top edge of the

observation tubes where the oculars (eyepieces) are

inserted.  Tube length is usually inscribed on the objective

as the size in number of millimeters (160, 170, 210, etc.)

for fixed lengths, or the infinity symbol (   ) for infinity-

corrected tube lengths.

· Cover Glass Thickness: Most transmitted light

objectives are designed to image specimens that are

covered by a cover glass (or cover slip).  The thickness

of these small glass plates is now standardized at 0.17

mm for most applications, although there is some variation

in thickness within a batch of cover slips.  For this reason,

some of the high numerical aperture dry objectives have

a correction collar adjustment of the internal lens

elements to compensate for this variation (Figure 10).

Abbreviations for the correction collar adjustment include

Corr, w/Corr, and CR, although the presence of a

movable, knurled collar and graduated scale is also an

Figure 9.  Specifications engraved on the barrel of a typical

microscope objective.  These include the manufacturer, correction

levels, magnification, numerical aperture, immersion requirements,

tube length, working distance, and specialized optical properties.

Figure 10.  Objective with three lens groups and correction collar

for varying cover glass thicknesses.  (a) Lens group 2 rotated to

the forward position within the objective.  This position is used for

the thinnest cover slips. (b) Lens group 2 rotated to the rearward

position within the objective.  This position is used for the thickest

coverslips.

!!!!!
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brightfield:  conventional illumination with direct observation of light absorption / 
diffraction / reflection variations in specimen;  often requires staining of sample 

darkfield:  striking illumination of specimen under oblique angle and observation of 
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colors, e.g. blue haemotoxylin stain for cell nuclei

combined with pink eosin for cytoplasm.  It is a common

practice to utilize stains on specimens that do not readily

absorb light, thus rendering such objects visible to the

eye.

Contrast produced by the absorption of light,

brightness, or color has been the classical means of

imaging specimens in brightfield microscopy.  The ability

of a detail to stand out against the background or other

adjacent details is a measure of specimen contrast.  In

terms of a simple formula, contrast can be described as

(18):

           Percent Contrast = ((B
I
 – S

I
) x 100)/B

I            
(4)

Where B
I
 is the intensity of the background and S

I
 is the

specimen intensity.  From this equation, it is evident that

specimen contrast refers to the relationship between the

highest and lowest intensity in the image.

For many specimens in microscopy, especially

unstained or living material, contrast is so poor that the

object remains essentially invisible regardless of the

ability of the objective to resolve or clearly separate

details.  Often, for just such specimens, it is important

not to alter them by killing or treatment with chemical

dyes or fixatives.  This necessity has led microscopists

to experiment with contrast-enhancing techniques for over

a hundred years in an attempt to improve specimen

visibility and to bring more detail to the image.  It is a

common practice to reduce the condenser aperture

diaphragm below the recommended size or to lower the

substage condenser to increase specimen contrast.

Unfortunately, while these maneuvers will indeed increase

contrast, they also seriously reduce resolution and

sharpness.

An early and currently used method of increasing

contrast of stained specimens utilizes color contrast

filters, gelatin squares (from Kodak), or interference

filters in the light path (18, 19).  For example, if a

specimen is stained with a red stain, a green filter will

darken the red areas thus increasing contrast.  On the other

hand, a green filter will lighten any green stained area.

Color filters are very valuable aids to specimen contrast,

especially when black and white photomicrography is the

goal.  Green filters are particularly valuable for use with

achromats, which are spherically corrected for green

light, and phase contrast objectives, which are designed

for manipulation of wavelength assuming the use of green

light, because phase specimens are usually transparent and

lack inherent color.  Another simple technique for contrast

improvement involves the selection of a mounting

medium with a refractive index substantially different

from that of the specimen.  For example, diatoms can be

mounted in a variety of contrast-enhancing mediums such

as air or the commercial medium Styrax.  The difference

in refractive indices improves the contrast of these

colorless objects and renders their outlines and markings

more visible. The following sections describe many of

the more complex techniques used by present-day

microscopists to improve specimen contrast.

Darkfield Microscopy

Darkfield illumination requires blocking out of the

central light rays that ordinarily pass through or around

the specimen and allowing only oblique rays to illuminate

the specimen.  This method is a simple and popular method

for imaging unstained specimens, which appear as brightly

illuminated objects on a dark background.  Oblique light

rays emanating from a darkfield condenser strike the

specimen from every azimuth and are diffracted, reflected,

and refracted into the microscope objective (5, 18, 19,

28).  This technique is illustrated in Figure 14.  If no

specimen is present and the numerical aperture of the

condenser is greater than that of the objective, the oblique

rays cross and all such rays will miss entering the objective

because of the obliquity.  The field of view will appear

dark.

Figure 14.  Schematic configuration for darkfield microscopy.

The central opaque light stop is positioned beneath the condenser

to eliminate zeroth order illumination of the specimen.  The

condenser produces a hollow cone of illumination that strikes the

specimen at oblique angles.  Some of the reflected, refracted, and

diffracted light from the specimen enters the objective front lens.



Rheinberg Illumination
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Phase Contrast Microscopy

Research by Frits Zernike during the early 1930s

uncovered phase and amplitude differences between

zeroth order and deviated light that can be altered to

produce favorable conditions for interference and

contrast enhancement (30, 31).  Unstained specimens that

do not absorb light are called phase objects because they

slightly alter the phase of the light diffracted by the

specimen, usually by retarding such light approximately

1/4 wavelength as compared to the undeviated direct light

passing through or around the specimen unaffected.

Unfortunately, our eyes as well as camera film are unable

to detect these phase differences.  To reiterate, the human

eye is sensitive only to the colors of the visible spectrum

or to differing levels of light intensity (related to wave

amplitude).

In phase specimens, the direct zeroth order light passes

through or around the specimen undeviated.  However, the

light diffracted by the specimen is not reduced in

amplitude as it is in a light-absorbing object, but is slowed

by the specimen because of the specimen’s refractive

index or thickness (or both).  This diffracted light, lagging

behind by approximately 1/4 wavelength, arrives at the

image plane out of step (also termed out of phase) with

the undeviated light but, in interference, essentially

undiminished in intensity.  The result is that the image at

the eyepiece level is so lacking in contrast as to make the

details almost invisible.

Zernike succeeded in devising a method—now known

as Phase Contrast microscopy—for making unstained,

phase objects yield contrast images as if they were

amplitude objects.  Amplitude objects show excellent

contrast when the diffracted and direct light are out of

step (display a phase difference) by 1/2 of a wavelength

(18).  Zernike’s method was to speed up the direct light

by 1/4 wavelength so that the difference in wavelength

between the direct and deviated light for a phase specimen

would now be 1/2 wavelength.  As a result, the direct and

diffracted light arriving at the image level of the eyepiece

would be able to produce destructive interference (see

the section on image formation for absorbing objects

previously described).  Such a procedure results in the

details of the image appearing darker against a lighter

background.  This is called dark or positive phase contrast.

A schematic illustration of the basic phase contrast

microscope configuration is illustrated in Figure 18.

Another possible course, much less often used, is to

arrange to slow down the direct light by 1/4 wavelength

so that the diffracted light and the direct light arrive at the

eyepiece in step and can interfere constructively (2, 5,

18).  This arrangement results in a bright image of the

details of the specimen on a darker background, and is

called negative or bright contrast.

Phase contrast involves the separation of the direct

zeroth order light from the diffracted light at the rear focal

plane of the objective.  To do this, a ring annulus is placed

in position directly under the lower lens of the condenser

at the front focal plane of the condenser, conjugate to the

objective rear focal plane.  As the hollow cone of light

from the annulus passes through the specimen undeviated,

it arrives at the rear focal plane of the objective in the

shape of a ring of light.  The fainter light diffracted by the

specimen is spread over the rear focal plane of the

objective. If this combination were allowed, as is, to

proceed to the image plane of the eyepiece, the diffracted

light would be approximately 1/4 wavelength behind the

direct light.  At the image plane, the phase of the diffracted

light would be out of phase with the direct light, but the

amplitude of their interference would be almost the same

as that of the direct light (5, 18).  This would result in

very little specimen contrast.

To speed up the direct undeviated zeroth order light, a

phase plate is installed with a ring shaped phase shifter

attached to it at the rear focal plane of the objective.  The

Figure 16.  Schematic microscope configuration for Rheinberg

illumination.  Light passes through the central/annular filter pack

prior to entering the condenser.  Zeroth order light from the central

filter pervades the specimen and background and illuminates it

with higher order light from the annular filter.  The filter colors in

this diagram are a green central and red annular.
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narrow area of the phase ring is optically thinner than the

rest of the plate.  As a result, undeviated light passing

through the phase ring travels a shorter distance in

traversing the glass of the objective than does the

diffracted light.  Now, when the direct undeviated light

and the diffracted light proceed to the image plane, they

are 1/2 wavelength out of phase with each other.  The

diffracted and direct light can now interfere destructively

so that the details of the specimen appear dark against a

lighter background (just as they do for an absorbing or

amplitude specimen).  This is a description of what takes

place in positive or dark phase contrast.

If the ring phase shifter area of the phase plate is made

optically thicker than the rest of the plate, direct light is

slowed by 1/4 wavelength.  In this case, the zeroth order

light arrives at the image plane in step (or in phase) with

the diffracted light, and constructive interference takes

place.  The image appears bright on a darker background.

This type of phase contrast is described as negative or

bright contrast (2, 5, 18, 19).

Because undeviated light of the zeroth order is much

brighter than the faint diffracted light, a thin absorptive

transparent metallic layer is deposited on the phase ring

to bring the direct and diffracted light into better balance

of intensity to increase contrast.  Also, because speeding

up or slowing down of the direct light is calculated on a

1/4 wavelength of green light, the phase image will appear

best when a green filter is placed in the light path (a green

interference filter is preferable).  Such a green filter also

helps achromatic objectives produce their best images,

because achromats are spherically corrected for green

light.

The accessories needed for phase contrast work are a

substage phase contrast condenser equipped with annuli

and a set of phase contrast objectives, each of which has a

phase plate installed.  The condenser usually has a

brightfield position with an aperture diaphragm and a

rotating turret of annuli (each phase objective of different

magnification requires an annulus of increasing diameter

as the magnification of the objective increases).  Each

phase objective has a darkened ring on its back lens.  Such

objectives can also be used for ordinary brightfield

transmitted light work with only a slight reduction in

image quality.  A photomicrograph of a hair cross sections

from a fetal mouse taken using phase contrast illumination

is illustrated in Figure 19.

Figure 17.  Spiracle and trachea from silkworm larva photographed

at low magnification under Rheinberg illumination using a blue

central and yellow annulus filters and a 2x objective.

Figure 18.  Schematic configuration for phase contrast microscopy.

Light passing through the phase ring is first concentrated onto the

specimen by the condenser.  Undeviated light enters the objective

and is advancedd by the phase plate before interference at the

rear focal plane of the objective.



Phase Contrast
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of intensity to increase contrast.  Also, because speeding
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helps achromatic objectives produce their best images,
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substage phase contrast condenser equipped with annuli

and a set of phase contrast objectives, each of which has a
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rotating turret of annuli (each phase objective of different
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as the magnification of the objective increases).  Each
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transmitted light work with only a slight reduction in
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from a fetal mouse taken using phase contrast illumination
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central and yellow annulus filters and a 2x objective.

Figure 18.  Schematic configuration for phase contrast microscopy.

Light passing through the phase ring is first concentrated onto the

specimen by the condenser.  Undeviated light enters the objective

and is advancedd by the phase plate before interference at the

rear focal plane of the objective.
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Polarized Light

Many transparent solids are optically isotropic,

meaning that the index of refraction is equal in all

directions throughout the crystalline lattice. Examples of

isotropic solids are glass, table salt (sodium chloride),

many polymers, and a wide variety of both organic and

inorganic compounds (32, 33).

Crystals are classified as being either isotropic or

anisotropic depending upon their optical behavior and

whether or not their crystallographic axes are equivalent.

All isotropic crystals have equivalent axes that interact

with light in a similar manner, regardless of the crystal

orientation with respect to incident light waves.  Light

entering an isotropic crystal is refracted at a constant

angle and passes through the crystal at a single velocity

without being polarized by interaction with the electronic

components of the crystalline lattice.

Anisotropic crystals, on the other hand, have

crystallographically distinct axes and interact with light

in a manner that is dependent upon the orientation of the

crystalline lattice with respect to the incident light.  When

light enters the optical axis of anisotropic crystals, it acts

in a manner similar to interaction with isotropic crystals

and passes through at a single velocity.  However, when

light enters a non-equivalent axis, it is refracted into two

rays each polarized with their vibration directions oriented

at right angles to one another, and traveling at different

velocities.  This phenomenon is termed double or bi-

refraction and is seen to a greater or lesser degree in all

anisotropic crystals (32-34).

When anisotropic crystals refract light, the resulting

rays are polarized and travel at different velocities.  One

of the rays travels with the same velocity in every direction

through the crystal and is termed the ordinary ray.  The

other ray travels with a velocity that is dependent upon

the propagation direction within the crystal.  This light

ray is termed the extraordinary ray.  The retardation

between the ordinary and extraordinary ray increases with

increasing crystal thickness.  The two independent

refractive indices of anisotropic crystals are quantified

in terms of their birefringence, a measure of the

difference in refractive index.  Thus, the birefringence

(B) of a crystal is defined as:

B = |n
high

 – n
low

|                               (5)

Where n
high

  is the largest refractive index and n
low

 is the

smallest.  This expression holds true for any part or

fragment of an anisotropic crystal with the exception of

light waves propagated along the optical axis of the crystal.

As mentioned above, light that is doubly refracted through

anisotropic crystals is polarized with the vibration

directions of the polarized ordinary and extraordinary light

waves being oriented perpendicular to each other.  We

can now examine how anisotropic crystals behave under

polarized illumination in a polarizing microscope.

A polarizer place beneath the substage condenser is

oriented such that polarized light exiting the polarizer is

plane polarized in a vibration direction that is east-west

with respect to the optic axis of the microscope stand.

Polarized light enters the anisotropic crystal where it is

refracted and divided into two separate components

vibrating parallel to the crystallographic axes and

perpendicular to each other.  The polarized light waves

then pass through the specimen and objective before

reaching a second polarizer (usually termed the analyzer)

that is oriented to pass a polarized vibration direction

perpendicular to that of the substage polarizer.  Therefore,

the analyzer passes only those components of the light

waves that are parallel to the polarization direction of the

analyzer.  The retardation of one ray with respect to

another is caused the difference in speed between the

ordinary and extraordinary rays refracted by the

anisotropic crystal (33, 34).  A schematic illustration of

microscope configuration for crossed polarized

illumination is presented in Figure 20.

Now we will consider the phase relationship and

velocity differences between the ordinary and

extraordinary rays after they pass through a birefringent

crystal.  These rays are oriented so that they are vibrating

at right angles to each other.  Each ray will encounter a

slightly different electrical environment (refractive index)

Figure 19.  Photomicrograph of hair cross sections from a fetal

mouse taken using phase contrast optics and a 20x objective.
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Polarized Light
Birefringent or optically anisotropic samples (e.g. minerals, liquid crystals, oriented 
polymers) can be observed between two crossed plane polarizers.  Variation in intensity 
and color occur due to different light velocities for differently oriented polarization 
vectors in the specimen plane, leading to the rotation of the polarization axes. 
(birefringence  →  correlates to orientation of anisotropic crystal axes)
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as it enters the crystal and this will affect the velocity at

which ray passes through the crystal (32, 33).  Because

of the difference in refractive indices, one ray will pass

through the crystal at a slower rate than the other ray.  In

other words, the velocity of the slower ray will be retarded

with respect to the faster ray.  This retardation can be

quantified using the following equation:

       Retardation (G) = thickness (t) x Birefringence (B)      (6)

or

   = t x |n
high

 - n
low

|  (7)

Where     is the quantitative retardation of the material, t

is the thickness of the birefringent crystal (or material)

and B is birefringence as defined above (33).  Factors

contributing to the value of retardation are the magnitude

of the difference in refractive indices for the

environments seen by the ordinary and extraordinary rays

and also the sample thickness.  Obviously, the greater the

difference in either refractive indices or thickness, the

greater the degree of retardation.  Early observations made

on the mineral calcite indicated that thicker calcite

crystals caused greater differences in splitting of the

images seen through the crystals.  This agrees with the

equation above that states retardation will increase with

crystal (or sample) thickness.

When the ordinary and extraordinary rays emerge from

the birefringent crystal, they are still vibrating at right

angles with respect to one another.  However, the

component vectors of these waves that pass through the

analyzer are vibrating in the same plane.  Because one

wave is retarded with respect to the other, interference

(either constructive or destructive) occurs between the

waves as they pass through the analyzer.  The net result is

that some birefringent samples (in white light) acquire a

spectrum of color when observed through crossed

polarizers.

Polarized light microscopy requires strain-free

objectives and condensers to avoid depolarization effects

on the transmitted light (32-34).  Most polarized

Figure 20.  Schematic microscope configuration for observing

birefringent specimens under crossed polarized illumination.  White

light passing through the polarizer is plane polarized and

concentrated onto the birefringent specimen by the condenser.

Light rays emerging from the specimen interfere when they are

recombined in the analyzer, subtracting some of the wavelengths

of white light, thus producing a myriad of tones and colors.

Figure 21.  Photomicrograph of high-density columnar-hexatic

liquid crystalline calf thymus DNA at a concentration of

approximately 450 milligrams/milliliter.   This concentration of DNA

is approaching that found in sperm heads, virus capsids, and

dinoflagellate chromosomes.  The image was recorded using a

polarized light microscope and the 10x objective.!!!!!

!!!!!
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Differential Interference Contrast (DIC)
contrast enhancement of non−absorbing specimen due to variations in thickness / 
slope / refractive index 
→  light is split into two perpendicular polarizations with minute horizontal separation 
(below resolution limit) and recombined (interference) after sample 
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and is controlled by the numerical aperture of the objective

(5, 16, 18).  Higher numerical aperture objectives exhibit

very shallow depths of field and the opposite holds for

objectives of lower numerical aperture.  The overall

capability of an objective to isolate and focus on a specific

optical section diminishes as the optical homogeneity of

the specimen decreases.

Birefringent objects (rock thin sections, crystals,

bone, etc.), that can confuse images in DIC, can be

examined because the specimen is not situated between

the two polarizers (18).  Further, specimens can be

contained in plastic or glass vessels without deterioration

of the image due to polarization effects, because such

vessels are also above both polarizers, not between them.

This allows the Hoffman system to be far more useful

than DIC in the examination and photomicrography of cell,

tissue, and organ culture performed in plastic containers.

Hoffman modulation contrast can be simultaneously

combined with polarized light microscopy to achieve

spectacular effects in photomicrography.  Figure 23

illustrates a dinosaur bone thin section photographed with

a combination of Hoffman modulation contrast and plane

polarized illumination.  Note the pseudo three-dimensional

relief apparent throughout the micrograph and the beautiful

coloration provided by polarized light.

Differential Interference Contrast

In the mid 1950s a French optics theoretician named

Georges Nomarski improved the method for detecting

optical gradients in specimens and converting them into

intensity differences (15).  Today there are several

implementations of this design, which are collectively

called differential interference contrast (DIC).  Living or

stained specimens, which often yield poor images when

viewed in brightfield illumination, are made clearly visible

by optical rather than chemical means (2, 4, 5, 15, 18-

22).

In transmitted light DIC, light from the lamp is passed

through a polarizer located beneath the substage

condenser, in a manner similar to polarized light

microscopy.  Next in the light path (but still beneath the

condenser) is a modified Wollaston prism that splits the

entering beam of polarized light into two beams traveling

in slightly different direction (illustrated in Figure 24).

The prism is composed of two halves cemented together

(36).  Emerging light rays vibrate at 90 degrees relative

to each other with a slight path difference.  A different

prism is needed for each objective of different

magnification.  A revolving turret on the condenser allows

the microscopist to rotate the appropriate prism into the

light path when changing magnifications.

The plane polarized light, vibrating only in one

direction perpendicular to the propagation direction of

the light beam, enters the beam-splitting modified

Wollaston prism and is split into two rays, vibrating

perpendicular to each other (Figure 24).  These two rays

travel close together but in slightly different directions.

The rays intersect at the front focal plane of the condenser,

where they pass traveling parallel and extremely close

together with a slight path difference, but they are vibrating

perpendicular to each other and are therefore unable to

cause interference.  The distance between the rays, called

the shear, is so minute that it is less than the resolving

ability of the objective (5, 18, 36).

The split beams enter and pass through the specimen

where their wave paths are altered in accordance with the

specimen’s varying thickness, slopes, and refractive

Figure 24.  Schematic illustration of microscope configuration for

differential interference contrast.  Light is polarized in a single

vibration plane by the polarizer before entering the lower modified

Wollaston prism that acts as a beam splitter.  Next, the light passes

through the condenser and sample before the image is reconstructed

by the objective.  Above the objective, a second Wollaston

(Nomarski) prism acts as a beam-combiner and passes the light to

the analyzer, where it interferes both constructively and destructively.
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indices.  These variations cause alterations in the wave

path of both beams passing through areas of the specimen

details lying close together.   When the parallel beams

enter the objective, they are focused above the rear focal

plane where they enter a second modified Wollaston

prism that combines the two beams.  This removes the

shear and the original path difference between the beam

pairs.  As a result of having traversed the specimen, the

paths of the parallel beams are not of the same length

(optical path difference) for differing areas of the

specimen.

In order for the beams to interfere, the vibrations of

the beams of different path length must be brought into

the same plane and axis.  This is accomplished by placing

a second polarizer (analyzer) above the upper Wollaston

beam-combining prism.  The light then proceeds toward

the eyepiece where it can be observed as differences in

intensity and color.  The design results in one side of a

detail appearing bright (or possibly in color) while the

other side appears darker (or another color).  This shadow

effect bestows a pseudo three-dimensional appearance to

the specimen (18).

In some microscopes, the upper modified Wollaston

prism is combined in a single fitting with the analyzer

incorporated above it.  The upper prism may also be

arranged so it can be moved horizontally.  This allows for

varying optical path differences by moving the prism,

providing the user a mechanism to alter the brightness

and color of the background and specimen.  Because of

the prism design and placements, the background will be

homogeneous for whatever color has been selected.

The color and/or light intensity effects shown in the

image are related especially to the rate of change in

refractive index, specimen thickness, or both.  Orientation

of the specimen can have pronounced effect on the relief-

like appearance and often, rotation of the specimen by

180 degrees changes a hill into a valley or visa versa.  The

three-dimensional appearance is not representing the true

geometric nature of the specimen, but is an exaggeration

based on optical thickness.  It is not suitable for accurate

measurement of actual heights and depths.

There are numerous advantages in DIC microscopy as

compared particular to phase and Hoffman modulation

contrast microscopy.  With DIC, it is also possible to make

fuller use of the numerical aperture of the system and to

provide optical staining (color).  DIC also allows the

microscope to achieve excellent resolution.  Use of full

objective aperture enables the microscopist to focus on

a thin plane section of a thick specimen without confusing

images from above or below the plane.  Annoying halos,

often encountered in phase contrast, are absent in DIC

images, and common achromat and fluorite objectives can

be used for this work.  A downside is that plastic tissue

culture vessels and other birefringent specimens yield

confusing images in DIC.  Also, high-quality apochromatic

objectives are now designed to be suitable for DIC.  Figure

24 presents transmitted and reflected light DIC

photomicrographs of the mouthparts of a blowfly

Figure 25 (a)  Nomarski transmitted light differential interference contrast (DIC) photomicrograph of mouthparts from a blowfly.

(b)  Reflected light differential interference contrast photomicrograph illustration defects on the surface of a ferro-silicon alloy.  Both

images were captured using the 10x objective and a first-order retardation plate.

(b)(a)
reflected light DIC of defects on the surface of a ferro−silicon alloy



Fluorescence
chemical surface functions (like −NH2) can be specifically decorated with fluorescent 
labels 
→  bleaching with high intensity light provides contrast to unbleached regions at low 
fluorescence intensity
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(transmitted DIC) and surface defects in a ferro-silicate

alloy (reflected DIC).  Both photomicrographs were made

using a retardation plate with a 10x objective.

Fluorescence Microscopy

Fluorescence microscopy is an excellent tool for

studying material which can be made to fluoresce, either

in its natural form (primary or autofluorescence) or when

treated with chemicals capable of fluorescing (secondary

fluorescence).  This form of optical microscopy is rapidly

reaching maturity and is now one of the fastest growing

areas of investigation using the microscope (6-8).

The basic task of the fluorescence microscope is to

permit excitation light to irradiate the specimen and then

to separate the much weaker re-radiating fluorescent light

from the brighter excitation light.  Thus, only the emission

light reaches the eye or other detector.  The resulting

fluorescing areas shine against a dark background with

sufficient contrast to permit detection.  The darker the

background of the non-fluorescing material, the more

efficient the instrument.  For example, ultraviolet (UV)

light of a specific wavelength or set of wavelengths is

produced by passing light from a UV-emitting source

through the exciter filter.  The filtered UV light

illuminates the specimen, which emits fluorescent light

of longer wavelengths while illuminated with ultraviolet

light.  Visible light emitted from the specimen is then

filtered through a barrier filter that does not allow reflected

UV light to pass.  It should be noted that this is the only

mode of microscopy in which the specimen, subsequent

to excitation, gives off its own light (6).  The emitted light

re-radiates spherically in all directions, regardless of the

direction of the exciting light.  A schematic diagram of

the configuration for fluorescence microscopy is

presented in Figure 26.

Fluorescence microscopy has advantages based upon

attributes not as readily available in other optical

microscopy techniques.  The use of fluorochromes has

made it possible to identify cells and sub-microscopic

cellular components and entities with a high degree of

specificity amidst non-fluorescing material.  What is

more, the fluorescence microscope can reveal the

presence of fluorescing material with exquisite

sensitivity.  An extremely small number of fluorescing

molecules (as few as 50 molecules per cubic micron) can

be detected (6-8).  In a given sample, through the use of

multiple staining, different probes will reveal the presence

of different target molecules.  Although the fluorescence

microscope cannot provide spatial resolution below the

diffraction limit of the respective objectives, the presence

of fluorescing molecules below such limits is made

visible.

Techniques of fluorescence microscopy can be applied

to organic material, formerly living material, or to living

material (with the use of in vitro or in vivo fluorochromes).

These techniques can also be applied to inorganic material

(especially in the investigation of contaminants on

semiconductor wafers).  There are also a burgeoning

number of studies using fluorescent probes to monitor

rapidly changing physiological ion concentrations

(calcium, magnesium, etc.) and pH values in living cells

(1, 7, 8).

There are specimens that fluoresce when irradiated

with shorter wavelength light (primary or

autofluorescence).  Autofluorescence has been found

useful in plant studies, coal petrography, sedimentary rock

petrology, and in the semiconductor industry.  In the study

of animal tissues or pathogens, autofluorescence is often

either extremely faint or of such non-specificity as to

make autofluorescence of minimal use.  Of far greater

value for such specimens are the fluorochromes (also

called fluorophores) which are excited by irradiating light

and whose eventual yield of emitted light is of greater

intensity.  Such fluorescence is called secondary

fluorescence.

Fluorochromes are stains, somewhat similar to the

better-known tissue stains, which attach themselves to

visible or sub-visible organic matter.  These

fluorochromes, capable of absorbing and then re-radiating

light, are often highly specific in their attachment

targeting and have significant yield in absorption-emission

ratios.  This makes them extremely valuable in biological

Figure 26.  Schematic diagram of the configuration of reflected

light fluorescence microscopy.  Light emitted from a mercury

burner is concentrated by the collector lens before passing through

the aperture and field diaphragms.  The exciter filter passes only

the desired excitation wavelengths, which are reflected down

through the objective to illuminate the specimen.  Longer

wavelength fluorescence emitted by the specimen passes back

through the objective and dichroic mirror before finally being filtered

by the emission filter.
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application.  The growth in the use of fluorescence

microscopes is closely linked to the development of

hundreds of fluorochromes with known intensity curves

of excitation and emission and well-understood biological

structure targets (6). When deciding which label to use

for fluorescence microscopy, it should be kept in mind

that the chosen fluorochrome should have a high

likelihood of absorbing the exciting light and should

remain attached to the target molecules.  The

fluorochrome should also be capable of providing a

satisfactory yield of emitted fluorescence light.

Illustrated in Figure 27 is a photomicrograph of cat brain

cells infected with Cryptococcus.  The image was made

using a combination of fluorescence and DIC microscopy,

taking advantage of the features from both contrast

enhancing techniques.  Infected neurons are heavily

stained with the DNA-specific fluorescent dye acridine

orange, and the entire image is rendered in a pseudo three-

dimensional effect by DIC.

burdened with long exposures and a difficult process for

developing emulsion plates.  The primary medium for

photomicrography was film until the past decade when

improvements in electronic camera and computer

technology made digital imaging cheaper and easier to

use than conventional photography.  This section will

address photomicrography both on film and with

electronic analog and digital imaging systems.

The quality of a photomicrograph, either digital or

recorded on film, is dependent upon the quality of the

microscopy.  Film is a stern judge of how good the

microscopy has been prior to capturing the image.  It is

essential that the microscope be configured using Köhler

illumination, and that the field and condenser diaphragms

are adjusted correctly and the condenser height is

optimized.  When properly adjusted, the microscope will

yield images that have even illumination over the entire

field of view and display the best compromise of contrast

and resolution.

Photographic Films

Films for photography are coated with a light-sensitive

emulsion of silver salts and/or dyes.  When light is allowed

to expose the emulsion, active centers combine to form

a latent image that must be developed by use of

photographic chemicals (19, 37-39).  This requires

exposure of the film in a darkened container to a series

of solutions that must be controlled with respect to

temperature, development time, and with the appropriate

agitation or mixing of the solutions.  The developing

process must then be halted by means of a stop solution.

Next, the unexposed emulsion material, which consists

of silver salts and dyes, is cleared and the film fixed, then

washed and dried for use.  The development, stop, fixing,

and clearing must be done under darkroom conditions or

in light-tight developing tanks, and film must be handled

in complete darkness.  The rigors of temperature, duration,

and agitation are usually dependent upon the film being

used.  For example, the Kodachrome K14 process is far

more demanding than the E6 process used for Ektachrome

and Fujichrome (19, 37).  The emulsion speed determines

how much light must be used to expose the film in a given

time period.  Films are rated according to their ASA or

ISO number, which gives an indication of the relative film

speed.  Larger ISO numbers indicate faster films with an

ISO of 25 being one of the slowest films available and

ISO 1600 one of the fastest.  Because the microscope is

a relatively stable platform with good illumination

properties, films in the 50-200 ISO range are commonly

used for photomicrography.

Film is divided into a number of categories depending

upon whether it is intended for black/white or color

Figure 27.  Fluorescence/DIC combination photomicrograph of

cat brain tissue infected with Cryptococcus.  Infected neurons

are heavily stained with the DNA-specific fluorescent dye acridine

orange.  Note the pseudo three-dimensional effect that occurs

when these two techniques are combined.  The micrograph was

recorded using a 40x objective.

Photomicrography and Digital

Imaging

The use of photography to capture images in a

microscope dates back to the invention of the photographic

process (37).  Early photomicrographs were remarkable

for their quality, but the techniques were laborious and

Fluorescence/DIC 
combination of brain 
tissue. Infected 
neurons
are stained with dye.
-> pseudo 3D effect.
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Surface Force Apparatus

surface force apparatus measures the force 
acting between two surfaces coming into 
contact crossed cylinder geometry of mica 
sheets used in SFA is mathematically 
equivalent to sphere on flat surface contact 
measurement of adhesion forces and 
interfacial energy can be analyzed by JKR 
(Johnson, Kendal, Roberts) theory for large 
soft objects, or DMT (Derjaguin, Muller, 
Toporov) for small hard objects 
JKR:                  DMT:
Fadhesion = 3πγR      Fadhesion = 4πγR
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Scanning Probe Microscopy (SXM)
[...The scanning probe microscope is an imaging tool with a vast dynamic range, 
spanning the realms of optical and electron microscopes. It’s also a profiler with 
unprecedented 3−D resolution. In some cases, scanning probe microscopes can 
measure physical properties such as surface conductivity, static charge distribution, 
localized friction, magnetic fields, and elastic moduli. As a result, applications of SPMs 
are very diverse. ...] 

fundamental principle: 
A probe tip is brought into 
close proximity / contact with 
a specimen which is scanned 
in the x−y−plane.  The 
interaction of the probe tip 
with the surface is recorded 
with respect to the x−y
−position of the sample and 
converted into a 3 D map of 
the measured surface property 
(e.g. topography, conductivity, 
friction, mechanical module).



STM tunneling



STM:
sharp conducting tip is scanned over conducting surface and electrons tunneling 
between tip and surface (depends on bias voltage) at a separation below ~10 
angstroms are measured with respect to tip position
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STM: constant height/constant current
constant height mode:  the tip is scanned over the surface 
keeping the vertical tip position constant, topography / 
conductivity differences are mapped by recording variations 
in tunnel current with respect to x−y−position of tip 
constant current mode:  the vertical tip position is adjusted 
during scanning to keep tunnel current constant, 
topography / conductivity map is constructed from vertical 
tip position with respect to x−y−position 

high resolution possible since most of the tunnel current (~90 %) flows within the 
shortest tip−surface separation (exponential distance dependence of tunnel current)
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STM: examples

Only every-other lattice plane is 
exposed on the (110) surface, where 
only the Sb  (reddish) 
and As (blueish) atoms can be seen.

Nanolithography STM



SFM / AFM
force modulation microscopy:  damping of cantilever oscillation due to energy 
dissipation in sample surface is correlated to elastic properties of surface (compare 
also phase modulation) 
→  hard surface: weak damping, soft surface: strong damping 
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force versus distance curves:  vertical deflection of cantilever is measured with 
respect to acting force over a spot on the sample surface  
→  provides information on adhesive forces
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Atomic Force Microscopy (AFM)
Interatomic force vs. distance curve:



real AFM



AFM: contact / non-contact mode
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contact (repulsive) mode: tip makes soft "physical 
contact" with the sample, the tip is attached to the 
end of a cantilever with a low spring constant (lower 
than the effective spring constant holding the atoms 
of the sample together), the contact force causes the 
cantilever to bend to accommodate changes in 
topography 

non−contact / intermittent contact: AFM cantilever is 
vibrated near the surface of a sample with spacing on 
the order of tens to hundreds of 
angstroms for non−contact or touching of the surface 
at lowest deflection for intermittent contact ("tapping 
mode") 



AFM: phase mode
phase mode: compare phase of driving signal and cantilever response (information on 
elastic modulus of surface material)



Lateral Force Microscopy (LFM)
lateral force / friction mode: AFM cantilever in contact mode is laterally deflected in 
the sample plane due to scanning motion perpendicular to cantilever axes, lateral 
deflection is measured and gives information on surface material apart from 
topography 



Magnetic Force Microscopy (MFM)



Electrostatic Force Microscopy (EFM)



Chemical Force Microscopy (CFM)

Qualified interdisciplinary skilled scientists with 18-years experience are discussing 
with the users their surface related problems. Short as well as long term projects 
can be started with us. As our partner you get the maximum use from experience at 
lowest costs and risks. 

Our team is working for you on the problems in a well equipped Laboratory to get 
the optimum of information and support also after closing the project.

Chemical Force Microscopy: Due to the variants of options for the modification of 
SFM-tips, an effective instrument for the nano-mapping of chemical and biological 
surfaces is resulting by applying the Scanning Force Microscope. By using a 
suitable tip modification, a specific imaging of the surface based on a defined tip-
surface interaction can be achieved.

Defined possibilities for chemical head groups

Chemical picture of 

Polyelectrolytmolecules, 

recorded with an NH2- modified tip

* further modifications can be discussed   ** you can order chemical tips

The force is increased by the locally 

caused chemical reaction to the 

surface by a chemical component

Application potential

AFM-Mapping of surfaces with chemical contrast

Specific detection of OH groups

Specific imaging of biological surfaces

Imaging of hydrophilic/hydrophobic contrasts

Direct determination of intermolecular forces

Determination of adhesion forces on local scale

Induction of chemical reactions on local scale

pk-value determination of head groups

Innovation-Center Engen

Turmstrasse 4

78234 Engen, Germany

Tel. +49 7733 948445

Fax +49 180 3551807733
e-mail: info@nanocraft.de

web: www.nanocraft.de

Contact persons:

Sabri Akari Dr. rer. nat.

Harald Kühn Dipl.-Phys., Dipl.-Biol.

Michael Korte Dipl.-Phys.

Nano chemistry & analytics 

with the Chemical Force Microscopy

e-mail: info@nanocraft.de -web: www.nanocraft.de

Our Competence for you



Cantilever deflection



Scanner motion during acquisition



true imaging and tip imaging



recognizing tip imaging



cantilever examples

Diamond-coated AFM tip                                FIB sharp tip                   Gold-coated Si3N4 tip

pyramidal, tetrahedral or conical tips are the most common tip shapes



Nearfield Scanning Optical Microscopy
integration of optical microscopy tools with scanning probe techniques allows resolution 
far beyond optical diffraction limit, sample is excited by light coming from a wave 
guide tip with sub−micron aperture which is scanned over the surface, light coming 
from the probe is collected in an optical microscope objective, light intensity is 
recorded with respect to tip y−x−position



NSOM: examples

Shear force (topography), transmission NSOM, and fluorescence NSOM images of a phase 
separated polymer blend sample



Scanning Electron Microscopy (SEM)
scanning of electron beam (0.2 − 30 keV) over a (usually conducting) specimen and 
detection of secondary low energy or backscattered electrons, resolution from mm 
down to about 5 nm provides information on: 

1)  topography / morphology (surface profile, 
structural features) 
2)  composition (intensity of backscattered electrons 
correlates to the atomic number of elements within 
the sampling volume) 
3)  sometimes crystallographic information (single
−crystal particles > 20 µm)



SEM: examples
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Transmission Electron Microscopy
transillumination of a thin specimen (~ 30−100 nm) with high energy electron beam 
allowing high resolution imaging or electron beam diffraction in crystalline samples:  
acceleration voltage 100 keV → λ = 3.7 pm;  1 MeV → λ = 0.87 pm

!"#$%&$'()*+,-./'01#&."%..%,&'23)4*1,&'(%41,.4,56'702(8

!"#$%&''()&$#!&*$+*,+#+!-&$+%./0&)/$+12+34!544+$)6+7&!-+-&8-+/$/"89+/'/0!"*$+:/#)+#''*7&$8+

-&8-+"/%*'(!&*$+&)#8&$8+*"+/'/0!"*$+:/#)+;&,,"#0!&*$+&$+0"9%!#''&$/+%#).'/%<++#00/'/"#!&*$+=*'!#8/

544+>/?+!"#+@+3AB+.)C++5+D/?+!"#+@+4AEB+.)

0

#6++FGD+."*,&'/+&)#8/%+*,+H;F/+0"9%!#'+/;8/+15446+

,#0/+#'*$8+I554J+."*K/0!&*$L+MN5+H;!"&0-+

"/0*$%!"(0!&*$+15O4PH6

:6++'&>/+#6L+3N5+F/!"&0-+"/0*$%!"(0!&*$+1MO4PH6

06++;#">,&/';+FGD+*,+!-&$+Q8+'#9/"%+;/.*%&!/;+*$!*+

!-&$+D*R
M
L+$():/"%+8&=/+!-&0>$/%%+&$+)*$*'#9/"%



TEM: dark field



TEM: examples



Low Energy Electron Diffraction
LEED is used to study the symmetry, periodicity and atomic arrangement of solid 
crystal surfaces and thin films.  The LEED pattern symmetry, peak position and 
intensities give direct information on surface lattice parameters and the position of 
atoms in the surface unit cell. 
LEED principle:  low energy electrons (10−500 eV) are impinging onto a substrate 
surface and ~ 1 % (high interaction of electrons with matter) are elastically reflected 
to a phosphor screen, a diffraction pattern can be observed if lateral order at surface 
is beyond 20 nm
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LEED pattern of a Si(100) reconstructed surface



other methods

Wikipedia lists a long list of analysis methods.... 

http://en.wikipedia.org/wiki/List_of_materials_analysis_methods

http://en.wikipedia.org/wiki/List_of_materials_analysis_methods
http://en.wikipedia.org/wiki/List_of_materials_analysis_methods

