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ABSTRACT 

A versatile and inexpensive super-resolution fluorescent microscope that functions as easily as a conventional confocal 
microscope is described. Components of the microscope were designed on a platform which was placed atop a surplus 
microscope frame. All optical components and equipments used are given. The excitation and depletion beams are ex- 
tracted from a compact low-cost supercontinuum light source. The focal spot of the depletion beam at the focal plane is 
studied and imaged by a 100 nm aperture near-field fiber tip. The collinear excitation and depletion beam focused by a 
0.9 numerical aperture microscope objective produce a 90 nm lateral super-resolution as verified by imaging 100 nm 
diameter fluorescent beads. 
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1. Introduction 

The resolving power of an optical microscope is limited 
by diffraction effects to about half the wavelength of 
light. The confocal optical microscope widely used by 
biologists to examine three-dimensional cellular features 
has a lateral resolution limit of about 250 nm and an axial 
resolution limit of 500 nm if a high numerical aperture 
objective (1.4 NA) is used. In STED microscopy, sup- 
pression of florescence emission from dye molecules by 
stimulated emission effect for breaking the resolution 
limit was first invented by Stephen Hell in 1994 at the 
Max Planck Institute [1]. His idea involved the depletion 
of excited state dye molecules population by a depletion 
beam via the stimulated emission effect—the same prin-
ciple responsible for lasing action in lasers. He named 
the microscope the “STED Microscope”, which stands 
for Stimulated-Emission-Depletion Microscope [2,3]. Since 
then STED microscopy has advanced to using birefrin-
gent elements to improve resolution and greatly simplify 
designs [4]. In 2008, Lecia introduced the first comercial 
STED microscope which had a lateral resolution of 90 
nm and currently cost about $700 K. With a novel design, 
we built a versatile STED microscope that functions like 
a confocal microscope but is much cheaper. 

The basic principle of STED is briefly described. 
Some formulas that are useful for generating spot images  

and predicting performances are given in the Appendix. 
A vortex phase plate [5] placed in the path of a colli- 
mated depletion beam that is focused by a microscope 
objective produces a donut shaped focal spot with a dark 
region at the center (Figure 1(a)). The fluorescent spot 
from dye molecules excited by a focused shorter wave- 
length beam is shown in Figure 1(b). The fluorescent 
intensity is taken to be proportional to the fluorophore 
excited state population. If the two spots overlapped, 
then the excited molecules that reside outside the central 
dark region will be de-excited to the ground state by the 
longer wavelength depletion light via the stimulated 
emission effect, turning the fluorescence off. The resul- 
tant emission spot is decreased as shown in Figure 1(c). 
These spots are calculated using formulas given in the 
Appendix. 

Other noted super-resolution techniques are Saturated 
Patterned Excitation Microscopy (SPEM) [6], Saturated 
Structured Illumination Microscopy (SSIM) [7], PALM 
[8,9] and STORM [10-12]. Their functions rely on dif- 
ferent principles. In SPEM and SSIM the sample is illu- 
minated by a periodic optical pattern described by some 
wave-vector k1. The wave-vector information due to the 
spatial beat wave-vector between k1 and the k-vector 
space that describes the specimen feature is measured. 
The nonlinear behavior of exc ted molecules due to satu-  i 
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(a)                                         (b)                                     (c) 

Figure 1. Basic principle of STED. (a) The calculated focal spot of a red depletion beam with a central intensity null, (b) 
Green fluorescence due to dye molecules excited by a focused shorter wavelength beam, and (c) Resultant emission spot. The 
image frame is 2 μm × 2 μm. 
 
ration effects increases the k-space and simultaneously 
decreases the r-space resolution. 

The basic principle of PALM and STORM relies on 
sequential registration of emitting molecules separated 
by more than the diffraction limit. Their central coordi-
nates are calculated by a fitting algorithm with accuracy 
better than the diffraction limit. As this procedure repeats, 
molecules that were turned on in previous cycles will 
eventually be bleached lessening the likelihood of mis- 
taken molecular positions as the frame accumulation 
progresses. When sufficient frames have been accumu- 
lated, a stack is formed to obtain a superresolution image 
of the sample. In STORM the photo-switchable probe 
molecules are switched off between frames using a laser 
with longer wavelengths [12]. In contrast, STED scans 
through the sample employing the same method used in 
confocal microscopy. 

2. Optical Setup 

The STED design that is used for obtaining superresolu- 
tion data is given below. Absorption and emission spec- 
tra of the particular dye molecules used determines the 
transmission-reflection spectral characteristics of optical 
components implemented in the design. Here we image 
the Invitrogen F8800 100 nm diameter orange fluores- 
cent beads for verification of super-resolution. The ex- 
tinction (absorption) and emission spectra of F8800 
beads is given in Figure 2, and is used for explaining our 
STED design given in Figure 3 using components ap- 
propriate for the fluorescent molecule used. 

We describe the detail of the design and relate the de- 
sign to the particular fluorescent molecules used. The 
components used in the design are summarized in Table 
1. In Figure 3, a low numerical aperture (NA = 0.16) 
apochromatic microscope objective collimates the light 

 

Figure 2. The extinction (absorption) and emission spectra 
of F8800 beads. 
 
that exits the fiber end of a supercontinuum white light 
source or any other light sources that have a fiber con- 
nector output (the objective is house in a fixture with a 
fiber connector input adaptor). The supercontinuum 
source is the Koheras SuperK Compact model. A higher 
power supercontinuum source had also been for STED 
microscopy [13]. The light output of the Koheras Com- 
pact model is pulsed with a pulse width of 2 ns and a 
repetition rate of 25 kHz. The light is first polarized by a 
polarization beam splitter (PBS). A polarized light is 
needed so that it can be used in conjunction with the 
vortex phase plate and the quarter-wave plate to produce 
a focal spot with a central dark region as will be de- 
scribed below. 

The white light is then filtered by a 561/13 nm notch 
filter that passes all wavelengths except the selected 
wavelength range within the notch. Wavelengths re- 
moved by the notch filter cover the fluorescence wave- 
ength range intended for detection.  l  
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Figure 3. Design of the STED microscope. PBS: polarization beam splitter. M: mirror. BS: beam splitter. VPP: vortex phase 
plate. QWP: quarter wave plate. PMT: photomultiplier. 
 

Table 1. Components used in the microscope. 

Components Make Model 

Supercontinuum light 
source 

Koheras SuperK compact 

apochromatic 
objective 

Olympus UPLSApo 4×/0.16 

Apochromatic 
objective 

Olympus 
PlanApo 40×/0.9 

WLSM 

notch filters Semrock FF03-561/13 

dichroic beamsplitter Semrock Di01-R532 

bandpass filters Semrock FF01-628/32 

bandpass filters Semrock FF01-563/9 

vortex phase plate RPC Photonics VPP-1 

achromatic quarter 
waveplate 

Thorlabs AQWP05M 

broadband dielectric 
mirrors 

Thorlabs BB1-E02 

precision kinematic 
mirror mount 

Thorlabs KS2D 

nano-translators Melles Griot Max603D 

 
The selected emission wavelength range for detection 

is 9 nm centered at 563 nm. These are the wavelengths 
between the vertical lines as shown in Figure 2 and 
should be away from the excitation and depletion wave- 
lengths. After the first notch filter, the beam is split by a 
dichroic beam splitter. A band of short wavelength light 
below 532 nm is reflected and the rest of the longer 
wavelength light is transmitted. The dichroic filter cho- 

sen here can be used for many different types of dyes. 
The reflected short wavelength light is used for pumping 
F8800 beads to its excited states for emission. Although 
the power level of the Koheras Compact model drops off 
dramatically for wavelength below 500 nm, the short 
wavelength light which has a average power level of 0.3 
mW still needs to be greatly attenuated (by a factor of 
100 in this case) because average power levels beyond a 
few μW saturates the exited state dye molecules popula- 
tion with no gain in emission signals beyond a few μW. 
Excessive excitation power only decreases the depletion 
effect compromising the resolution of the microscope.  

The transmitted light through the dichroic filter is fil- 
tered by a bandpass filter centered at 628 nm with a 
passband width of 32 nm. The transmitted light is used 
for depletion of excited dye molecules. The wider the 
passband the higher the depletion power available and 
the better the super-resolution. However, the choice of 
this bandpass filter with the limited passband width is 
based on two criteria. First, one notes from Figure 2 that 
the absorption tail extends well into the longer wave- 
length region of the emission spectra. The dye absorption 
at the chosen depletion wavelength of 628 nm and within 
its passband must be negligible as is the case shown in 
Figure 2. Second, the passband must not be too broad. 
Otherwise the central intensity of the depletion spot will 
not be sufficiently dark. The following notch filter after 
the bandpass filter is identical to the previous notch filter. 
It transmits all the light that passes the bandpass filter but 
will reflect the selected detection wavelength band of 
light that comes from the fluorescent emission. The vor- 
tex phase plate (VPP) plus the subsequent quarter-wave 
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plate shaped the beam that upon focusing by the apo- 
chromatic microscope objective with high numerical 
aperture (0.9), the beam cross-section exhibits a dough- 
nut shape central dark region appropriate for achieving 
lateral superresolution. The central dark region is due to 
the cancellation of the z-component of the electric field 
at the focal plane as described in [14] using the formula 
in [15]. Since the spatial resolution increases with deple- 
tion power [16], ideally, one would like to make use of 
the maximum depletion power available. However, the 
performance of the vortex phase plate is wavelength de- 
pendent. With the supercontinuum light source, one 
needs to limit the wavelength range for depletion by em- 
ploying a bandpass filter as mentioned above. In this 
work the average depletion power is about 0.9 mW. 

The excitation light and the depletion light recombine 
collinearly at the second dichroic beam splitter as shown. 
The combined beam is reflected downward by a mirror 
then focused onto the sample by a microscope objective 
mounted on the rotating turret of the Olympus model MX 
50A-F microscope frame. Initially, the overlapping of the 
excitation and depletion focal spot is performed by ad- 
justment of mirror M1 and M2 (mounted on Thorlabs 
precision mirror mount). After the initial adjustment, 
slight adjustment of only M2 is sometime needed, but 
usually the spots stay overlapped for a long time (weeks) 
unless the system is deliberately perturbed. The require- 
ment that the excitation spot and the depletion spot over- 
lap in the image plane placed a tight constraint regarding 
the tolerable beam-angle shift whenever components 
need to be substituted when different dyes are to be used. 
A simple calculation shows that the angular tolerance is 
only about 3 arc-second for a 50 nm lateral shift at the 
image plane. Often components that need to be replaced 
are the notch filters and the bandpass filter when dye 
molecules are changed. These components can all be 
quickly replaced without disturbing the alignment of the 
system because they are all placed in the transmission 
path. Multiple elements of vortex plates for multiple 
wavelengths applications are all imprinted on the same 
wafer. So, they can be rotated into place without shifting 
the beam. If the dichroic filter is chosen to have a transi- 
tion wavelength of 530 nm, it does not need to be 
changed for many dyes.  

Fluorescent signal collected by the high NA micro- 
scope objective propagates backward, and its path is 
shown by the dashed line. The fluorescence from the 
sample retraced the original transmission path to the 
notch filter at which point it is reflected into the lens tube 
and then focused into a multimode fiber and measured by 
the PMT. The 563/9 bandpass filter (not shown) is placed 
inside the lens tube unit. We use an Olympus WSLM 
apochromatic water immersion objective with NA = 0.9 
for evaluating the super-resolution. 

A beam splitter (BS) is placed before the high NA ob- 
jective and is used in conjunction with the lens tube and 
the CCD camera to view the sample and monitor the 
overlapping focal spots at different magnifications by 
choosing objectives mounted on the microscope turret. 
The lighting is provided by the original microscope. The 
beam splitter is slide away when image scan is to be 
taken so that a maximum depletion power can be applied 
to achieve the best resolution. Imaging is taken by trans- 
lating the sample. The original translation platform is 
removed and replaced by the Melles Griot nano-transla- 
tor model NanoMax 17Max600/L with 10 nm resolution. 
We control the nano-translator and the PMT by LabView 
programs. All components mentioned above except for 
the PMT and the supercontinuum light source are se- 
cured to a common platform. The whole platform re- 
places the original lens tube platform on top of the 
Olympus MX 50 microscope (Figure 4). Any other light 
sources with a fiber connector output can be connected to 
the 0.16 NA objective unit on the platform. Thus, the 
whole system functions like a confocal microscope and 
are very easy to use and is very stable. A picture of our 
microscope is shown in Figure 4. 

3. Experiments 

In order to achieve super-resolution the donut shaped 
focal spot from the depletion beam must exhibit good 
quality and have a sufficiently dark central region. Since 
the central dark region is due to the cancellation of the 
z-component of the electric field as mentioned above, 
one cannot judge the quality of the central dark region by 
observing the focal spot from the CCD camera because 
the image spot at the camera is not tightly focus and the 
z-component of the electric field is small anyway. Thus, 
a good dark central region observed on the camera does 
not guarantee a sufficiently dark central region of a 
tightly focused spot created by a high numerical aperture 
apochromatic objective. We found that a 100 nm aperture 
NSOM fiber tip can be used for imaging the focal spot,  
 

 

Figure 4. The STED microscope with components mounted 
on top of a surplus microscope. 
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but a 50 nm aperture NSOM fiber tip cannot because the 
light coupled into the tip is insufficient for producing an 
image. The straight NSOM fiber tip from Nanonics was 
inserted inside a standard fiber optic ferrule for protec- 
tion. Standard fiber optic technologies can then be used 
for positioning the NSOM fiber and measuring the signal 
coupled into the fiber tip. Once the tip is protected by the 
fiber optic ferrule, this method offers better repeatability 
and is less time consuming to implement than the normal 
method which uses the light scattered off a nano-particle 
or a fluorescent bead for imaging the focal spot [14,16]. 
Figure 5(a) shows a 2 μm × 2 μm image of the focal spot 
by x-y scan of the NSOM fiber tip. 

The central dark region of the depletion beam spot is 
verified. Also shown on the right is the horizontal line 
plot of the intensity profile across the central dark region. 
A convolution calculation taking into account the 100 nm 
aperture of the NSOM fiber tip, gives essentially an in- 
tensity of zero at the center of the dark region. Note that 
an Airy ring is also visible. Figure 5(b) shows the image 
of the focal spot if the vortex phase plate is removed. The 
spot is quite uniform with a central intensity maximum as 
it should be. A line plot of the intensity is also given. The 
optical components listed in Table 1 give excellent beam 
quality for achieving the required characteristics of the 
depletion spot. 

For verifying the super-resolution with 100 nm dia- 
meter F8800 fluorescent beads, the beads are attached to 
a cover glass and embedded in agarose gel on micro- 
scope slides. The sample is placed on the nano-translator 

 

 
(a) 

 
(b) 

Figure 5. (a) Image of a 2 μm × 2 μm scan of the focal spot 
of the depletion beam using an UPlanApo dry apochromatic 
objective with numerical aperture of 0.85. The intensity plot 
through the central dark region is also given. (b) Image of 
the focal spot if the VPP is removed. 

for scanning. The objective with the highest numerical 
aperture available to us is the Olympus WLSM 40× wa- 
ter immersion apochromatic objective with NA = 0.9. 
Figure 6(a) shows a fluorescent image using this objec-
tive for the case with the depletion beam blocked. Figure 
6(b) is the image with the VPP in position revealing two 
clumps of beads. 

Note that the peak intensity remains about the same 
with or without the depletion beam, only the width de- 
crease because the center of the depletion beam is dark. 
With the 0.9 NA objective, a convoluted lateral super- 
resolution of about 90 nm is achieved accounting for a 
bead size of at least 100 nm. Note that the focal spot size 
should decrease with objective’s NA. The decrease in 
focal spot size increases the optical intensity, giving a 
better depletion effect. Therefore, using a higher NA 
objective such as the oil immersion apochromatic objec- 
tive with NA = 1.4 ($9 K), the estimated resolution 
should be about 40 nm accounting for the two factors. 

4. Conclusion 

An inexpensive and versatile super-resolution fluorescent 
microscope was described. The microscope functions 
easily as a conventional confocal microscope. The com- 
ponents of the microscope were designed on a platform 
that was placed atop a surplus microscope frame. The 
excitation and depletion beams were extracted from a 
compact low-cost supercontinuum light source. Other 
light sources can be used by simply connecting its light 
output to the fiber receptacle of the objective’s housing 
unit. The focal spot of the depletion beam at the focal 
plane was studied and imaged by a 100 nm aperture 
near-field fiber tip. The collinear excitation and depletion 

 

 
(a)                               (b) 

Figure 6. (a) 3 μm × 3 μm scan of beads with depletion beam 
off. (b) Same scan as (a) with depletion beam on, revealing 
two clumps of beads. Bottom graphs show horizontal line 
scans through emission spots indicated in the image above. 
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beam focused by a 0.9 numerical aperture microscope 
objective produced a 90 nm later super-resolution after 
performing a convolution as verified by imaging 100 nm 
diameter fluorescent beads. The total cost of the project 
is about $38K with the bulk of the cost coming from the 
supercontinuum source ($20 K), the nano-translator ($11 
K) and the apochromatic microscope objective ($7 K). 
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Appendix 

1. Formulas for Calculating the Electric Field  
near the Focus of a Microscope Objective 

The general formulas that can be used to write computer 
codes for calculating the focal image are given below. 
These basic formulas are given in [15]. Here we extend 
the result of [15] by including the effect of phase plates 
placed in the object plane of a microscope objective. We 
also substitute a plane wave in the object plane by a more 
realistic wave described by a Gaussian distribution.  

The positive z-direction is the axial direction of the 
microscope objective lens through the lens’ center and 
away from the objective in the image plane. A point in 
the image plane is defined by spherical coordinates, (R, 
Θ, Φ). A common function to be used is, 
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where, 0 2πk n   , λ is the wavelength and n is the 
refractive index of the immersion medium at the objec-
tive.  and    are variables of integration. 

For incident light polarization in the x-direction, the x, 
y and z component of the electric field Ex, Ey, Ez at any 
point in the image plane is described by (asides from a 
proportion factor), 
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where Gx, Gy, and Gz in (2a)-(2c) are given by, 
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The θ integration limit α is given by, 
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where NA is the numerical aperture of the microscope 

objective. 
Generally,    and F F    are arbitrary functions 

describing the effect of the phase-plate placed in the ob-
ject space. For a vortex phase plate,  

  exp F i                 (5a) 

And for a Gaussian intensity distribution without a θ 
dependent phase plate, 

   
2

2exp sin 2
2

D n
F

NA
2  

      
   

   (5b) 

D is the aperture diameter of the objective at its back 
focal plane, and  2 2= W 4 ln 2 ,   where W is the 
half-intensity width of the collimated beam entering the 
objective.  

For incident light polarization in the y direction, the 
expression for Ex, Ey, Ez are same as (2a)-(2c) except that 
Gx, Gy, and Gz are given by (6a)-(6c), 

          cos sin 1 cos sin cosxG           (6a) 

          2 2cos sin cos sin cosyG         (6b) 

     2cos sin sinzG            (6c) 

If the incident polarization has equal magnitude in the 
x and y direction, then the total intensity profile, I, near 
the focus is given by, 

  2

1 exp π 2I i   2E E             (7) 

where 1E  is the vector sum of the electric field at the 
image plane (2a)-(2c) due to the x component of the inci- 
dent electric field in the object space and 2E  is the vec- 
tor sum due to the y-component. The phase factor, 

 exp π 2i , accounts for the phase shift between 1E  
and 2E  due to the quarter wave-plate. 

2. Rate Equations for Describing the Depletion  
Effects 

In principle the depletion effects can be predicted by rate 
equations that describe transitions between excited and 
ground molecule states. The main parameters needed are 
the absorption and emission cross-section. It is known 
that if the molecule consists of only a band of singlet 
states, then it is possible to define a single spectral de- 
pendent effective emission and effective absorption 
cross-section, and the emission and absorption cross- 
sections are related by the well-known Einstein relations 
with a single fitting parameter. The cross-sections can 
then be determined by fitting to the given absorption 
spectra and the measured spontaneous lifetime. However, 
dye molecule energy states are very complicated, gener- 
ally consisting of singlet and triplet states. Exact rate 
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equation description is unrealistic. Nevertheless, only for 
qualitative description purpose, we simply assume an 
absorption cross-section σ12 and a emission cross-section 
σ21. We also assume that the excited states and the 
ground states molecular density consist of the sum of all 
the states in its manifold. The calculated results pre- 
sented in Figure 1(c) use these assumptions. 

The rate equation describing the excited state popula-
tion N2 is given by, 
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  (8) 

N1 is the ground state population, and N is the total 
molecular density. λe and λD are the excitation wave- 
length and depletion wavelength, respectively. Their 
corresponding frequencies are υe and υD. σ12(λe) and 
σ21(λD) are the absorption and emission cross-sections at 
the excitation and depletion wavelengths, respectively. τ 
is the spontaneous lifetime. Pe(r,t) is the excitation power, 
and PD(r,t) is the depletion power. Their spatial depend- 
ence is calculated from the formulas given above. The 
time dependence occurs because the laser is pulsed. 
Since the cross-section of molecules is approximately 1 
× 10−16 cm2, we assume this number for σ12 and σ21. The 
image of Figure 1(c) is obtained by solving (8) and (9), 
with the spatial intensity given by . 2 ,

t

N r t

  1 ,N r t N N r t  2 ,               (9) 

 


