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O P T I C A L  F I L T E R I N G

Total-internal-reflection-fluores-
cence (TIRF) microscopy has 
recently gained wide accep-
tance as a high-sensitivity tech-

nique for selectively imaging features in a 
narrow “slice” of a sample. TIRF enables 
imaging of individual molecules, obser-
vation of cellular processes and receptor-
ligand interaction on a cell’s plasma mem-
brane, and study of diffusion mechanics of 
individual molecules, for instance.  

TIRF-based systems generally use lasers 
for excitation because of their spectral 
purity and brightness compared to broad-
band sources (such as mercury and xenon 
arc lamps), and also because they can be 
easily maneuvered to achieve illumina-
tion. However, the use of lasers in fluores-
cence microscopy imposes new constraints 
on imaging systems and their components. 
For example, optical filters used for laser-
based imaging can have different require-
ments than those used in wideband-illumi-
nation fluorescence microscopy. These dif-
ferences affect the performance of imag-
ing instruments.

Effective filtering 
In TIRF microscopy, the excitation light 
path of a conventional epifluorescence 
microscope is modified such that only a 
thin section of the specimen located in close 
proximity to the cover glass is illuminated. 

As the fluorophores away from the cover 
glass are not illuminated, the background 
signal is reduced. This allows for high sen-
sitivity imaging of a sample. Such high-sen-
sitivity imaging requires that filters substan-
tially block unwanted light and enhance 
transmission of desired light. Hard-coated 
filters for fluorescence imaging, pioneered 
by Semrock, have several advantages com-
pared to the more conventional soft-coated 

filters. Hard dielectric coatings with a very 
high number of thin-film layers not only 
provide excellent, highly tailored blocking 
of unwanted light, but they also provide 

exceptional transmission, precise control 
over the filter spectral shape, and superior 
durability and longevity. The resistance to 
damage from high-intensity illumination 
for prolonged periods of time (“no burn-
out”) is particularly important for laser-
based imaging systems.

The absorption and emission spectra of 
fluorophores typically overlap (see Fig. 1). 
Because the fluorescent photons are pre-

cious, it is desirable that the sepa-
ration of the excitation and emis-
sion filters be as small as pos-
sible to enable maximum cap-
ture of even weak signals close 
to the excitation light. Achieving 
tight separation requires excep-
tional steepness of the filter edge 
between blocking and transmis-
sion regions. The edge steepness 
of a filter is defined as the wave-
length separation between a 
point of high blocking (such as 
optical density, or “OD,” of 6) and 
a high transmission point.  With 
advances in the design and man-
ufacturing techniques for hard-
coated filters, edge steepness val-
ues as small as 0.2% of the laser 

wavelength are readily available. Such a fil-
ter designed to block a 488 nm laser with 
OD more than 6 is guaranteed to achieve 
high transmission within 1 nm of the laser 
line. Therefore, matching of excitation 
and emission filters for best performance 
provides a means of achieving high-fidel-
ity imaging.

Perfecting TIRF optics
Increasingly popular, total-internal-reflection-fluorescence (TIRF) 
microscopy systems prefer lasers for excitation because of their spectral 
purity and brightness. But the use of lasers can restrict other TIRF system 
components. Clearing these hurdles requires some careful considerations.

Figure 1. A narrow laser line combined with a narrowband 
laser-line cleanup filter allows optimal excitation of the 
desired fluorophore (here green fluorescent protein, or GFP). 
This, combined with a steep edge filter allows almost perfect 
spectral efficiency for collection of weak fluorescence signals.

B y  Prashant  Prabhat  and Turan Erdogan

Prashant Prabhat is applications specialist and Turan Erdogan is chief technology 
officer and cofounder of Semrock (Rochester NY), a unit of IDEX Corporation. Contact Prabhat 
at pprabhat@semrock.com; 585-594-7064.



Sample

Cover
glass

Evanescent light

Oil

Objective

Excitation filter

Emission filter

Dichroic
beamsplitter

Combined lasers

Stage

Objective

Specimen

Dichroic
beamsplitter

Exciter
 filter
wheel

Emitter filter

CCD
camera

PC with
capture software

A critical requirement for TIRF exci-
tation is focusing of the light beam at the 
back focal plane of the microscope’s objec-
tive lens—which enables light emerging 
from the objective to be collimated. This 
ensures that the entire beam impinges on 
the cover glass at the same angle, which 
must be greater than the critical angle (see 
Fig. 2). Apart from the lens used to focus 
the laser excitation light in the back focal 
plane of the objective lens (see Fig. 3), other 
optical elements such as a dichroic beam-
splitter also impact the ability to focus the 
laser beam properly and optimize illumi-
nation of the sample. In particular, the flat-
ness of the dichroic plays an important role. 
The reflecting surface of a nonflat dichroic 
can act like a convex (or concave) mirror, 
and therefore introduce a shift in the plane 
of focus with respect to the plane of focus 
obtained using a perfectly flat mirror.  

A criterion conventionally used 
to evaluate the degree of focus 
of a beam of light is the Rayleigh 
Range, which is defined to be the 
distance along the beam axis from 
the beam waist (smallest radius) to 
the point where the beam radius is 
increased by a factor of the square 
root of two. This parameter indi-
cates the depth of focus of the 
laser beam and thus determines 

whether a certain focal shift of the beam 
is acceptable. Durable, hard-coated dichro-
ics specially designed for laser applications, 
such as BrightLine Laser dichroic beam-
splitters, contribute less than one Rayleigh 
Range of shift in focus (relative to a per-
fectly flat mirror) after reflecting a colli-
mated Gaussian laser beam with a diam-
eter of up to 2.5 mm, thus enabling highly 
uniform TIRF illumination of the sam-
ple. Additionally, the reflection of these 
dichroics is guaranteed to be better than 
98% (s-polarized light) and better than 
94% (average polarization) at the laser 
wavelengths, and the transmission typi-
cally exceeds better than 95% with very low 
ripple over extremely wide passbands—out 
to 900 and even 1200 nm.  The transition 
from reflection to transmission for these 
dichroics is exceptionally steep (better 
than 2.5% of the longest laser wavelength) 
to maximize capture of weak signals close 
to the laser line.

Samples labeled with multiple fluoro-
phores generally need to be illuminated 
with multiple laser lines.  Another type of 
dichroic beamsplitter that plays an impor-
tant role in such multi-laser fluorescence 
imaging systems is the “beam combiner,” 
which enables the beams from multiple 
lasers to be brought together into a single 
beam in the excitation light path (Fig. 4).  
Dichroic beam combiners that are optimally 
matched to the most important lasers used 

for fluorescence imaging are important to 
efficiently combine (“multiplex” or “MUX”) 
multiple lasers with minimal wasted light.  
Without high reflection and transmission 
filtering, less excitation light reaches the 
sample and lasers must be operated harder, 
thus shortening laser lifetime.

The long and short of it
One disadvantage of laser illumination 
in microscopy is that the beam has a long 
coherence length. In contrast to standard 
epifluorescence microscopy, for TIRF the 
excitation light is essentially completely 
reflected back towards the dichroic beam-
splitter and the emission light path. Since 
dichroics are usually not designed to pro-
vide very high blocking as are excitation 
and emission filters, some of this back
reflected light is transmitted through the 
dichroic and into the emission path. Inter-
ference fringe patterns resulting from mul-
tiple reflections of this light within the sys-
tem can be seen at the camera. These fringe 
patterns are often strong enough to hamper 
imaging of single molecules.

Fringe patterns and other imaging arti-
facts can be formed for various reasons, 
including accumulation of dust on an 
optical surface near any of the conjugate 
imaging planes of the microscope. How-
ever, when such interference patterns are 
formed by the “leakage” of excitation light 
past the dichroic beamsplitter in the emis-

sion light path of a flu-
orescence microscope, 
they can be effectively 
suppressed by addi-
tional blocking filters, 
including long-wave-
pass and notch filters 
(Fig. 5). These block-

Figure 2. Different configurations of the 
excitation light path can be used to create TIRF 
excitation. In this configuration, the sample is 
illuminated through a high-numerical-aperture 
objective (NA of approximately 1.45).

Figure 3. An inverted microscope configuration for TIRF illumination includes a focusing lens, mirrors, and a 
detector such as a computer-controlled CCD camera. To suppress the reflected excitation light that “leaks” past 
the dichroic beamsplitter in the emission channel, often an additional blocking filter is used in combination with 
an emission filter.



37
5

40
5

44
0

45
8

47
3

48
8

51
5

53
2

54
3

56
1

56
8

59
4

63
3

64
7

67
1

0
10
20
30
40
50
60
70
80
90

100

Wavelength (nm)

Laser wavelengths

350 750400 450 500 550 600 650 700

Transmission
(%)

400 450 500 550 600 650 700
6

5

4

3

2

1

0

Wavelength (nm)
400 450 500 550 600 650 700
7

6

5

4

3

2

1

0

Wavelength (nm)

Measured

48
8

48
8

40
5

56
1

63
5

Optical
density

Measured

optical        filtering       

ing filters should not only provide deep 
(OD of more than 6) blocking of the laser-
line, they should also have steep edges and 
a narrow blocking bandwidth in order to 
minimize obscuration of the emission sig-
nal. These filters supplement the block-
ing of bandpass emission filters, which by 
themselves typically have sufficient block-
ing of “well-behaved” excitation light, but 
may leak stray and scattered excitation 
light incident on the emission filter at high 
angles, for example.  For this reason it is 
a good idea to position any supplemen-
tal blocking filters at a different location 
in the emission path from the bandpass 
emission filters.

There has been tremendous growth in 
the application of fluorescence microscopy 
techniques during the last several decades. 
New imaging techniques and protocols are 
being developed in order to gain better 
insight into molecular interaction mecha-
nisms. Samples are being labeled with mul-
tiple fluorophores from a myriad of differ-
ent colors to unravel the complex cellular 
processes. Such studies require optical fil-
ters that are compatible with these multi-
ple laser lines and fluorophores, as well as 
the optical systems and techniques upon 
which they are based.  « 
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Figure 4. Systems with multiple lasers for exciting a variety of fluorophores require the lasers to 
be combined together efficiently. Dichroic beamsplitters of 45º allow highly efficient laser-beam 
combining (nearly 100% reflection and transmission) and are optimally matched to the most popular 
laser lines used in fluorescence imaging. 

Figure 5. Supplemental blocking filters are often needed to eliminate excess scattered laser light in 
the emission path. Notch filters (left) keyed to specific laser lines provide blocking of light with optical 
density greater than 6 (1 million times suppression) while providing very high transmission for all other 
wavelengths. In some multilaser systems a multinotch filter (right) is helpful to block multiple laser wave-
lengths simultaneously while providing high transmission at nonlaser wavelengths.


