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ABSTRACT

A versatile STED microscope using a supercontinuum light source for selecting
various excitation and depletion wavelengths needed for different fluorescent dyes was
designed and built. Using a 0.9 NA microscope objective and 100 nm diameter beads, 90
nm de-convoluted lateral super-resolution was achieved.

A major drawback of traditional STED microscopy is the high depletion power
required, which alters sample integrity and causes dye bleaching. A new version that
should dramatically decrease the required depletion power is proposed and built. This ver-
sion uses a common vortex phase plate for both the excitation and depletion beams which
also improves mechanical stability of the overlapping focal spots. Rigorous electromag-
netic and rate equation analysis shows that the required depletion optical power is de-
creased by a factor of about six in comparison with traditional method for achieving the
same lateral super-resolution.

In a separate project, in order to introduce more optical power into a NSOM probe
without damaging the probe, epoxy heat sinks were fabricated on the probe tip. Optical
imaging and optical power measurements were used to verify that the NSOM probe was
not damaged when 405 nm light, at an input power of 21.4 mW, was coupled into the
NSOM probe. The NSOM probe was used to ex-pose though 93 nm thick photoresist. The

maximum scan rate was approximately 300 um/sec with a 100 nm aperture NSOM probe.
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1. INTRODUCTION

Near-field scanning optical microscopy

Studying samples under high magnification is important in many areas such as
engineering and material science. The spatial resolution attainable with optical micro-
scopes is limited to about half the wavelength of the light source if a high numerical aper-
ture microscope objective is used. One approach to overcome the diffraction limit is by
using Near Field Scanning Optical Microscopy (NSOM) [1]. NSOM breaks the diffraction
limit by exploiting evanescent waves. Evanescent waves are collected in the near field by
placing the detector very close to the specimen surface. This allows the surface to be in-
spected with high spatial resolution. Using NSOM, the resolution of the image is limited
by the size of the detector’s aperture, not the wavelength of the illuminating light [2].

NSOM uses evanescent fields which only exist very close to the surface of the
specimen. Evanescent fields carry high frequency spatial information, but the intensity of
the evanescent field decays exponentially with distance from the specimen. So, the detec-
tor must very close to the sample, and the illuminating power of the light source must
overcome the background noise. Therefore, NSOM is primarily a surface inspection tech-
nique. To form an image, the detector is raster scanned across the sample using piezo
stage. A feedback system is used to maintain separation between the detector and the spec-
imen [3].

Practical NSOM systems employ a fiber probe which is coated with a thin layer of

metal [4]. The intensity of the evanescent field outside the probe’s metal aperture decays



exponentially. Compared to far-field microscopy, NSOM probes do not have high light
intensity emitting from the probe. The light transport efficiency of NSOM probes is
<0.01%, and most of the laser energy is dissipated into heat around the NSOM probe
aperture. Using higher laser power increases the temperature of the NSOM probe. The
consequent damage of the NSOM probe can cause malfunction of the NSOM system [5-
8]. To avoid damage to the NSOM probe, the laser power must be reduced, causing image
acquisition times to be very long.

Stimulated emission-depletion microscopy

Fluorescence microscopy is a type of optical microscopy which use visible light,
fluorescent probes, and lenses to examine structures within a cell. Fluorescence micro-
scopes rely on the principles of fluorescence and phosphorescence to study cellular fea-
tures [9]. Fluorescence microscopy uses a narrow set of wavelengths of light to illuminate
the sample. These wavelengths of light interact with the fluorescent probes in the sample.
The fluorescent probes emit longer wavelengths of light, and this emitted light comprises
the image.

Due to the diffraction of light, the maximum spatial resolution achievable using
fluorescence microscopy is limited to approximately half the wavelength of light if a high
numerical aperture (NA) lens is used. Stimulated emission-depletion (STED) microscopy
is one technique which can achieve resolution beyond the diffraction limit. STED creates
super-resolution images by deactivation of fluorophores, reducing the area of illumination
at the focal point [10]. Stefan Hell and Jan Wichmann first described the technique in 1994

[11]. The technique was demonstrated experimentally in 1999 [12]. STED microscopy is
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a deterministic technique which exploits the non-linear response of fluorophores in order
to improve the resolution. Stochastic functional techniques such as stochastic optical re-
construction microscopy and photoactivated localization microscopy use mathematical
models to reconstruct an image from a set of diffraction-limited images [13].

Normally, fluorescence occurs by exciting an electron from the ground state into
an excited state of a different energy level. When the electron relaxes back from the ex-
cited state to the ground state, it emits a photon. STED microscopy interrupts this process
by selectively deactivating the fluorescence before the photon is released [14]. The num-
ber of incident photons impacts the efficiency of the stimulated emission. If the number
of incident photons is large enough, fluorescence would be completely suppressed [15].
This necessitates that the laser must be of high intensity. However, high laser power can
cause photo bleaching of the fluorophore.

STED microscopes function by selectively depleting fluorescence in certain re-
gions of the sample while allowing fluorescence from a center focal spot. This focal spot
can be engineered using diffractive optical elements [16-18]. Normally, the depletion
beam is a torus, and the excitation beam is a conventional Gaussian beam. The depletion
beam is generated by circular polarization and a helical phase ramp. Lateral resolution of
2.4 nm was reported using this technique with nitrogen vacancies in a diamond [19], but
the achievable lateral resolution is directly proportional to the depletion beam power. Due
to photo bleaching of fluorophores, the depletion beam power cannot be arbitrarily in-

creased.



2. FABRICATION OF A NEAR-FIELD PROBE WITH AN EPOXY HEAT SINK*

Overview

The spatial resolution of an optical microscope is limited to approximately half the
wavelength of the light source if a high numerical aperture is used. Near-field scanning
optical microscopy (NSOM) can overcome the diffraction limit by using a sub-diffraction
aperture in close proximity to the sample surface [20]. When light propagates through the
NSOM probe, most of the light is absorbed or reflected by the metal coating on the NSOM
probe, but a small percentage will propagate through the NSOM aperture as an evanescent
wave. According to the Bethe/Bouwkamp model [21], the transmission coefficient scales
as approximately D™, where D is the diameter of the aperture [22, 23]. Higher evanescent
wave intensity is desirable, but the intensity of the evanescent field cannot be increased
arbitrarily by simply increasing the intensity of the input laser light because the metal
coating on the NSOM probe will melt when approximately 2 mW of laser power at a
wavelength of 405 nm is coupled into the NSOM probe [24]. Scanning electron micros-
copy (SEM) images of chemically etched NSOM probes damaged by heating has been
reported [25, 26].

Heating of NSOM probes due to high laser power has been studied previously.
When laser light is coupled into a NSOM probe, the temperature of the NSOM aperture

will increase [27-32]. Temperatures up to 470 °C have been reported [28]. Fluctuations in

* Reprinted with permission from “Near-field scanning optical microscopy probes with heat sinks for
higher power operations” by McBride D., Su C. B., 2015, Mater. Res. Express (2) 105202, Copyright
2015 by IOP Publishing

4



the temperature of the NSOM aperture cause fluctuations in the throughput of the NSOM
probe due to thermal expansion of the metal coating on the NSOM probe [32]. So, it is
desirable to prevent the NSOM aperture from heating during scanning in order to maintain
constant NSOM aperture throughput.

The following steps describe the fabrication of NSOM probe with epoxy heat
sinks. The epoxy heat sink was fabricated by inserting a standard NSOM probe into a fiber
optic ferrule. Epoxy was injected into the ferrule using capillary action. Then, the NSOM
aperture was positioned a few microns outside the epoxy surface using an optical micro-
scope. After the epoxy cured, SEM was used to image the NSOM aperture and measure
the amount of epoxy on the aperture. Since the extent of the evanescent field from the
NSOM aperture is only a few nm, all excess epoxy must be removed from the NSOM
aperture. Reactive lon Etching (RIE) was used to remove the excess epoxy from the
NSOM aperture. SEM, Energy-dispersive X-Ray Spectroscopy (EDS), and Backscattered
Electrons (BSE) were used to verify the absence of epoxy on the NSOM aperture.

During the RIE step, the presence of the gold coating on the NSOM probe produces
the lightning-rod effect due to high electric field intensity around the sharp gold-coated
NSOM tip, resulting in anisotropic etching of the epoxy. The etch rate is especially non-
uniform within a few microns of the gold coating. The lightning-rod effect can also cause
the gold coating on the NSOM probe to be damaged during etching due to ion sputtering.
A combination of low power, high pressure, and low temperature were used in order to
make the etching more uniform. This etching recipe also favors chemical etching rather

than ion sputtering [33], which minimizes ion bombardment of the gold film. Using this
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RIE process, the excess epoxy was removed from the NSOM aperture with no observable
damage to the gold coating, as verified by SEM, BSE, and EDS.
Process steps for fabrication of NSOM probe with epoxy heat sink

First, the front end of a standard zirconium oxide ferrule was machined using a
polycrystalline diamond bit and a lathe so that the ferrule tip diameter was reduced from
the standard 2.5 mm to 1 mm. The reduced diameter is favorable for subsequent epoxy
injection into the ferrule to form a good epoxy curvature profile. The next step is to guide
the NSOM tip from the ferrule back end so that it protrude out from the reduced diameter
front end. Note that the ferrule hole diameter is a standard 127 um, thus it is not
straightforward to guide the NSOM tip into the ferrule hole as hitting the tip against any
part of the ferrule will destroy the tip.

The buffer of a piece of optical fiber was removed, leaving the bare piece of fiber
about 10 cm in length. Both ends of the fiber were cleaved and cleaned. With the machined
ferrule held in a ferrule holder, the fiber was inserted into the ferrule such that the fiber
piece protruded a few microns out of the back end of the ferrule. The NSOM probe and
ferrule were translated such that the NSOM tip and the piece of fiber protruding from the

back of the ferrule were both observed under the microscope, as shown in Figure 1.



Figure 1. NSOM probe aligned with guiding fiber.

In Figure 1, the bright sharp strip of the fiber’s cleave end under the microscope
light indicated that the top of the fiber is in focus. Then, the NSOM was also translated so
that the tip is also in focus. Then, the NSOM tip was translated down by 127/2 micron and
also laterally translated the so it was aimed at the lateral center of the fiber’s cleaved end.
The NSOM tip was then positioned at the center of the ferrule hole both vertically and
laterally. The cleaved fiber was then removed from the ferrule. The NSOM tip was
translated into the ferrule hole until the tip protruded out of the machined ferrule’s front

end by approximately 10-20 pum.



Now, the epoxy injection rod was placed on a micro-translator. Using a syringe,
approximately 1 uL of optical epoxy was applied to the tip of the epoxy injection rod. The
tip of the epoxy injection rod and the NSOM tip (protruding out of the ferrule) were both
positioned within the field of view of the microscope. Then, the epoxy injection rod was
translated so that the convex epoxy meniscus at the tip of the rod made physical contact
with the front of the machined ferrule. Due to capillary action, epoxy flowed into the front

of the ferrule hole (see Figure 2).

Figure 2. Optical epoxy injected into machine ferrule using capillary action.



Since the empty volume of the machined ferrule is greater than the volume of
epoxy in the convex epoxy meniscus, the injection process was repeated several few times
until the entire volume of the machined ferrule is filled with epoxy. Due to surface tension,
a convex epoxy meniscus formed on the front of the machined ferrule. Since the NSOM
probe tip must protrude outside the epoxy meniscus, the NSOM probe needed to be posi-

tioned 1-3 um outside the surface of this convex meniscus (see Figure 3).

Figure 3. NSOM probe placed a few microns outside epoxy surface.



In order to position the NSOM aperture properly, monochromatic laser light (we
use red light) was coupled into the NSOM probe in order to locate the NSOM aperture
using the optical microscope. By observing the position of the laser light emitted from the
NSOM aperture, the NSOM aperture was positioned 1-3 pum outside the epoxy meniscus.
During positioning, red light from NSOM aperture was visible when the microscope light
was turned off.

Now, the epoxy was allowed to fully cure. During curing of the optical epoxy, the
epoxy volume was reduced due to epoxy shrinkage, causing the NSOM aperture to pro-
trude from the epoxy surface. Additional epoxy was used to coat the sides of the NSOM
probe which protruded outside the epoxy. A second epoxy injection rod with a smaller
diameter (125 um fiber in this case) was used to apply a few pico liters of additional epoxy
to the NSOM probe tip. Surface tension enabled the epoxy to flow down the exposed part
of the NSOM fiber tip, encapsulating the whole fiber tip and leaving only a few microns

at the very tip uncovered (see Figure 4).
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Figure 4. Additional epoxy added to coat sides of NSOM probe using second epoxy injec-

tion rod.

Figure 5a shows a conceptual diagram of a coated NSOM tip inside a fiber optic
ferrule. Figure 5a shows the NSOM probe inside a ferrule before epoxy is applied. Figure
5c¢ shows a NSOM probe after application of a small amount of epoxy. Figure 5d shows a
NSOM tip which is completely coated with epoxy.

After the NSOM probe was completely covered with epoxy, the epoxy was
allowed to completely cure. In order to use the NSOM probe in experiments, excess epoxy
must be removed from the NSOM probe aperture. To determine the amount of excess

epoxy to be removed, the NSOM probe aperture was examined using secondary electron
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microscopy (SEM).

- Fiber optic
- Ferrule

d)

Figure 5. a) Conceptual diagram of a coated NSOM tip inside a fiber optic ferrule, b)
NSOM probe inside a ferrule before epoxy is applied (scale bar is 40 pum), ¢c) a NSOM
probe after application of a small amount of epoxy (scale bar is 40 um). d) CCD image of
a NSOM tip coated with epoxy (scale bar is 10 um). Reproduced with permission of IOP

Publishing.
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Figure 6a shows the amount of epoxy on the NSOM aperture. After RIE etching
finished, The NSOM aperture was examined again using SEM, backscattered electron mi-
croscopy (BSE), and energy-dispersive x-ray diffraction (EDS) to ensure that excess
epoxy was completely removed. The NSOM aperture after RIE etching is shown in Figure
6b. A zoomed-in view of the NSOM aperture after RIE etching is shown in Figure 6c.

From the SEM images in Figure 6a-c, it is apparent that there is no observable
damage to the gold coating on the sides NSOM probe. Hence, the primary etching mech-
anism of the epoxy is chemical etching rather than sputtering. Also, there is no observable
damage to the NSOM aperture due to sputtering, and the aperture is clearly observable.

Figure 6d shows a backscattered electron image of NSOM aperture. There is clear
contrast between the epoxy and gold on the NSOM aperture. As Figure 6d shows, there is
no observable excess epoxy on the NSOM aperture. Additionally, it is apparent, that there
is no damage to the gold coating on the NSOM aperture. This indicates that evanescent
field from the NSOM probe is still suitable for usage during experiments.

The SEM results show that this RIE procedure is able to prevent damage to the
gold coating, despite the lightning-rod effect caused by the gold coating on the NSOM
probe. EDS was also used to ensure the absence of epoxy on the NSOM aperture. EDS

results showed no observable epoxy on the NSOM aperture.
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Figure 6. (a) SEM image of NSOM probe before Reactive lon Etching. (b) SEM image of
the NSOM probe after Reactive lon Etching. (c) Zoomed-in view of the NSOM aperture
after Reactive lon Etching. (d) BSE image of the NSOM probe after Reactive lon Etching.

For all images, scale bar is 1 um. Reproduced with permission of IOP Publishing.
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Verification of NSOM probe’s integrity during high power operations

In this study, the NSOM probe used was the UV NSOM probe from Nanonics,
which consists of a gold-coated probe with a sub-micron aperture (100 nm). The NSOM
probe was fabricated using the laser-pulling method. The input end of the NSOM probe
was connectorized using a fiber optic connector. The laser was a connectorized pig-tail
laser diode, with emission at 405 nm. Light was coupled into the NSOM probe by con-
necting both connectors. The integrity of the NSOM probe was evaluated by measuring
transmitted power of the NSOM probe vs. the input laser power. The transmitted light was
collected by a Thorlabs power meter, using a large area detector. The NSOM probe tip
was positioned very close to the detector so that all transmitted light was collected by the
detector. Since the refractive angle is 10.6° (because the refractive index of silicon is 5.4
at 405 nm wavelength), the detector detects nearly all transmitted light, even if the incident
angle is 90°. First, the transmitted power from the NSOM probe was measured as a func-
tion of the laser current. The NSOM probe’s fiber input was then cut, but the connector
was not disconnected. The laser power coupled into the NSOM fiber was determined by
butting the fiber’s cut end to the detector and measuring the detector power vs. laser cur-
rent. The measurement was repeated three times. Figure 7 shows the overlapping data of
the input power versus output power, up to an input power of 21.4 mW. The measurements

were stopped at 21.4 mW to prevent damaging the laser.
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Figure 7. Plot of output power versus the input power for three measurements. Reproduced

with permission of IOP Publishing.

Heating-induced damage to the NSOM probe’s gold coating permanently com-
prises the integrity of the probe, and the output power increases significantly. Therefore,
the repeatability of the data shown in Figure 7 proves that the gold coating is intact. The
transmittance of the probe is 1.2x10, which is comparable to the nominal transmittance
of 5x107°, which is quoted by the vendor for the 100 nm apertured NSOM probe.

A non-defective NSOM probe should have light emission only from the aperture.

So, direct light-emission imaging of the NSOM probe after higher power operation was
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used to verify integrity of the NSOM probe. Imaging of the NSOM probe’s emitting sur-
face was conducted using a high numerical aperture microscope objective. An Olympus
UPlanApo apochromatic objective (with NA of 0.85) was used to obtain diffraction-lim-
ited resolution. Images were recorded using a CCD camera. The emitting surface of the
NSOM tip, illuminated by the white light source of the microscope, is shown in Figure 8a.
Reflection from the gold coating of the emitting surface of the probe’s tip is observable,
and the central dark region, which is the position of the probe’s aperture, is also observa-
ble. The diameter of the front surface of the NSOM probe is about 800 nm. The central
dark region cannot be resolved because the aperture diameter is below the diffraction limit.
Figure 8b shows the probe’s surface when the laser is turned on. The center of the Airy
pattern coincides with the central dark region. The spot size is approximately 320 nm,
which is comparable to the diffraction limit. Figure 8c shows the emitting surface with the
microscope light turned off. Figure 8d shows the Airy pattern of the light from the probe’s
aperture at a laser power of 21.4 mW. The emission spot was symmetric, and no additional
emission regions are observable. The NSOM tip was translated towards and away from
the microscope objective to determine if any additional emission regions existed, but no
additional emission spots were observed. The probe was also examined using a micro-
scope objective with a larger field of view than what is observable using the high NA
objective. No additional emission spots were observable. Therefore, it is shown that there
were no additional emission spots inside or outside the epoxy region, as the epoxy is trans-

parent.

17



aj b) c) d)

Figure 8. Image of the emitting surface of the probe tip. a) Microscope lighting only. b)
microscope lighting on and laser on. ¢) microscope lighting off and laser on. d) image with
laser power at 21.4 mW. For all images, scale bar is 1 um. Reproduced with permission

of 10P Publishing.

Summary

In conclusion, NSOM probes with epoxy heat sinks were demonstrated. The posi-
tion of the epoxy was carefully controlled so that the probe’s tip protrudes out of the epoxy
by only 2-3 microns. SEM, EDS, and BSE were used to examine the fabricated NSOM
probes to verify the integrity of the epoxied NSOM probes. Optical imaging and optical
power measurements were used to verify that the NSOM probe was not damaged when

405 nm light, at an input power of 21.4 mW, was coupled into the NSOM probe.
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3. NEAR-FIELD LITHOGRAPHY USING A NEAR-FIELD PROBE WITH AN

EPOXY HEAT SINK

Overview

Studying samples under high magnification is important in many areas such as
engineering and material science. The spatial resolution attainable with optical micro-
scopes is limited to about half the wavelength of the light source if a high numerical aper-
ture microscope objective is used. One approach to overcome the diffraction limit is by
using Near Field Scanning Optical Microscopy. NSOM involves using a fiber probe that
has an opening which is much smaller than the wavelength of the light source. When light
propagates through the fiber, the majority of the light will be absorbed by the tip or reflect,
but a small amount will propagate through the opening. However, the light does not prop-
agate outside the opening. Instead, the electric field distribution outside the tip follows an
exponential decay.
Theoretical description of near-field probes

For an aperture of diameter 2a, the minimum range of P is given by the uncertainty

principle:
Apr- Ar>2x or (4pr),. = g @)
The electric field E(r,z) at the aperture is given by:
E(r2)= D E,(B.5,) 0B,z + iBx+ iB,Y) )

O-"/))X 1ﬂy

From Maxwell’s equations:
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With the Bethe/Bouwkamp model [21], the transmission coefficient scales as a®,
where a denotes the aperture diameter [22, 23]. However, the intensity of the evanescent
field cannot be increased by increasing the intensity of the input light because the metal
coating on the NSOM tip will melt when more than a few mW of power is introduced into
the NSOM fiber.

Near-field Scanning Optical Lithography (NSOL) [34-38] using a NSOM probe
can fabricate sub-diffraction patterns using evanescent waves. Using a sub-diffraction ap-
erture, evanescent light exposes the photoresist layer. Although NSOL offers sub diffrac-
tion-limited resolution, it requires slow scan speeds since high input optical powers cannot
be used. NSOL with heat sinks have never been used, and the intensity of the input light
source has been limited to a few mW. Using a heat sink and higher input optical power
will increase the scan rate.

Researchers have exposed photoresist films using NSOM probes, but the devel-

oped pattern in the photoresist did not extend through the entire photoresist layer. Naber
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et. al. made a pattern in photoresist that was 78 nm wide but only 20 nm deep, and the
thickness of their photoresist layer was 70 nm [39]. The triangular shape of the pattern
obtained by Naber is explained by the exponential decay of the evanescent wave outside
of the aperture. Figure 9 shows a Bethe/Bouwkamp calculation of the approximate eva-
nescent intensity from a small hole in an opaque screen. Figure 10 shows the intensity

versus distance from the aperture. The intensity follows an exponential decay.
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Figure 9. Bethe/Bouwkamp calculation of the approximate evanescent intensity from a

small hole in an opaque screen.

21



ETTZ,

Intensity

Sanaaet, o

4 x 103 down

Ax10 Y

Z (nm)
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Feedback distance control for NSOM lithography

The NSOM probe tip must be held a few nanometers from the sample during scan-

ning in order to obtain high-quality images. Several feedback mechanisms have been de-

veloped based on electron tunneling current [40, 41], photon transmission through the

sample [42], and shear-force measurements [43, 44]. None of these feedback methods can

be directly applied to for the experiment in this study. Electron tunneling current cannot

be applied because the zirconium oxide ferrule and epoxy are both insulators, and the

magnitude of the tunneling current would be very small. Photon transmission through the

sample provides information about the distance between the NSOM probe and the sample,
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but electron tunneling current must also be used in order to determine when the NSOM
tip and sample are a few nanometers apart. Also, shear-force measurements are not com-
patible with NSOM tips that are coated with epoxy because the tip cannot resonate.
Therefore, novel optical distance control was developed in this research. The op-
tical setup for tip-surface distance control is shown in Figure 11. In Figure 11, a low nu-
merical aperture (NA = 0.16) collimates the light from a 528 nm laser. The light is first
polarized by a polarization beam splitter (PBS). The green light is then split by a beam
splitter BS2. Half of the green light retro-reflects off mirror M1. The other half of the
green light reflects off M3 on the spring fixture. The NSOM probe is inside a fiber optic
ferrule which is mounted on a platform that is attached by three low-k springs. The spring
fixture is attached to an optical microscope. After reflecting off the mirror M2 on the plat-
form, the light is recombined by BS2 and collected by a CMOS image sensor. The two
optical paths combine on the CMOS image sensor, generating a fringe pattern as shown.
For distance control, the wafer is slowly moved upwards by the X-Y-Z nano-trans-
lator. The CMOS image sensor can be used for rough positioning of the z-position of the
wafer. When the wafer makes contact with the NSOM tip and compresses the springs by
5 nm (or more), the mirror on the platform also moves upwards by 5 nm (or more), which
causes the fringe pattern to shift observably on the CMOS image sensor. It was found that
compressing the springs by as much as 100 nm still did not damage the NSOM tip, but the
wafer surface is kept approximately 10 nm away from the NSOM tip during scanning to

eliminate pressure on the NSOM tip. The fringe pattern shift can also be quantified by
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replacing the CMOS image sensor with a photodiode. Computer software keeps the

NSOM tip within 10 nm of the photoresist surface during exposure.
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Figure 11. Optical setup for photolithography

NSOM lithography experiments

AZ5214E positive photoresist was used in this study. The photoresist film was
spin-coated on a cleaned silicon wafer. First, hexamethyl disilane (HDMS) primer was
deposited on the wafer. Then, the resist was diluted using Thinner P (PGMEA) by a factor
of 1:6. The resist was spin coated on the silicon wafer at rotation speed of 4000 rpm. The

wafer was then baked on a hot plate at 100 °C for 60 seconds. The thickness of the film
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was 93 nm, with a variation of approximately 1 nm across the wafer, as measured using a
reflectometer. Laser light from a cw-laser diode, A = 405 nm, was coupled into the NSOM
probe. The NSOM tip had an aperture of about 100 nm (20° cone angle) at the tip. The
throughput of this type of NSOM probe is approximately 10*. The number of pulses was
controlled using computer software, and the pulse duration was controlled using an exter-
nal home-built circuit. The laser diode was biased using a current source. After exposure,
the sample was developed using developer AZ 400K for 10 seconds. The developer was
diluted using DI water by a factor of 1:4. After development, the wafer was washed with
DI water and dried with nitrogen gas. The sample was characterized using scanning elec-
tron microscopy and backscattered electrons.

In order to ascertain the dwell time needed to expose through the photoresist, the
following scan scheme was employed: as the tip position moved laterally, it was pro-
gramed to dwell at periodic positions for a chosen time interval. The quick spatial move-
ment after each dwell is 20 nm, so that the exposing light spots overlap, which should
result in a straight line. Different chosen dwell time intervals will correspond to different
parallel rows of lines. Figure 12 shows an SEM image of parallel lines that were fabricated
using NSOL. However, after photoresist development only the line that was exposed com-
pletely through the photoresist layer will show in the SEM image because of the strong
contrast in the intensity of backscattered electrons between the photoresist layer and sili-

con wafer.
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The exposure input power was 20 mW for all lines. The lines were formed by
patterning dots in the photoresist with a spacing of 20 nm between adjacent dots as de-
scribed above. The dots in each line were exposed using the same exposure time. In Figure

12a, the times for the four lines were 2 ps, 22 us, 42 ps, and 62 s per dot. Vertical spacing

between adjacent lines was 500 nm.

a) b)
Figure 12. Photoresist exposure using 93 nm thick photoresist with laser input power of
20 mW. (a) Lines exposed using exposure times of 2 us, 22 s, 42 s, and 62 us per dot.
Only the line exposed using an exposure time of 62 us per dot was able to expose com-
pletely through the photoresist layer. Width of the line was approximately 150 nm. (b)
Lines exposed using exposure times of 100 us, 200 s, and 300 us per dot. For both fig-

ures, scale bar is 1 pm.
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Only the dots exposed using an exposure time of 62 ps per dot were able to expose
completely through the photoresist layer. In Figure 12b, the exposure time for 100 us, 200
ps, and 300 ps per dot. Since the minimum exposure time was only 62 ps, all of the dots
fabricated in Figure 12b were over-exposed, causing the adjacent lines to merge together.
Summary

NSOL using a NSOM probe with an epoxy heat sink was demonstrated. The input
optical power was increased to 20 mW (cw-laser, A = 400 nm) without damaging the
NSOM probe. The probe was used to expose though 93 nm thick photoresist at 62 us dwell

time, giving a potential line scan of about 300 um/sec with a 100 nm NSOM probe.
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4. A VERSATILE STIMULATED EMISSION DEPLETION MICROSCOPE WITH A

SUPERCONTINUUM LIGHT SOURCE*

Overview

Diffraction effects limit the resolving power of an optical microscope to approxi-
mately half the wavelength of light. Confocal microscopes have a lateral resolution and
axial resolution of approximately 250 nm and 500 nm, respectively, if a high NA objective
is used. Stimulated Emission Depletion (STED) Microscopy breaks the diffraction limit
by suppressing the florescence emitted from dye molecules via stimulated emission [46].
In STED, the excited state of the dye molecules population is depleted via the simulated
emission effect [47, 48]. Recently, birefringent elements have been used to improve the
resolution and simplify designs [49].

Other methods for achieving super-resolution include Saturated Patterned Excita-
tion Microscopy (SPEM) [50], Saturated Structured Illumination Microscopy (SSIM)
[51], PALM [52, 53] and STORM [54-56]. In SSIM and SPEM, the sample is illuminated
by a periodic optical pattern, which is described by wave vector ki. The spatial beat be-
tween k1 and the k-vector space of the sample is measured. Due to saturation effects, the
non-linear behavior of excited molecules decreases the r-space resolution and simultane-
ously increases the k-space resolution. PALM and STORM rely on sequential registration

of dye molecules which are separated by a distance larger than the diffraction limit. The

* Reprinted with permission from “A low cost and versatile STED superresolution fluorescent micro-
scope,” by McBride D., Su C. B., Kameoka J., Vitha S., 2013, Modern Instrumentation (2), pp. 41-48,
Copyright 2013 by Scientific Research Publishing
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center of each dye molecules is calculated using a fitting algorithm, with an accuracy that
exceeds the diffraction limit. Molecules that were previously turned off will eventually
photo-bleach, reducing the likelihood of producing a mistaken molecular position. In
STORM, photo-switchable molecules are switched off between each frame using a laser
which has a longer wavelength [56].
Theoretical description of stimulated-emission depletion microscopy

A vortex phase plate [57] is placed in the path of a collimated depletion beam. The
depletion beam is focused by a high NA microscope objective, producing a donut-shaped
focal spot with a central intensity null (Figure 13a). A focused shorter wavelength excita-

tion beam produces a fluorescent spot from dye molecules, as shown in Figure 13b.

0 50 100 150 . % 100 150 0 50 100 150

a) b) c)

Figure 13. Basic principle of STED. a) The focal spot of a red depletion beam with a
central intensity null, b) Green fluorescence due to dye molecules which are excited by a
focused excitation beam, and c¢) Resultant emission spot. The size of the image frame is 2

X 2 pm.
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The fluorescent intensity is directly proportional to the fluorophore excited state
population. When the excitation and depletion beams overlap, the excited dye molecules
which reside outside the central intensity null are de-excited to the ground state by the
depletion beam via the stimulated emission effect. The size of the resulting emission spot
is decreased, as in Figure 13c.

Here, the general formulas for calculating resultant emission spot are described.
The result of reference [58] is extended by including the effect of phase plates which are
placed in the object plane of a microscope. Also, a Gaussian wave is used, rather than a
plane wave.

The positive z direction is the axial direction of the microscope objective lens
through the center of the lens and away from the image plane. Using spherical coordinates,
a point in the image plane is defined by coordinates (R, ®, ®). Then, a common function
to be used is:

K(R,®,®,0,¢) =exp{ik, - [R-(cos(8)-cos(@)+sin(8)-sin(@)-cos(¢—@))]} (7)
where, k, =2z-n/ 4, nis the refractive index of the immersion medium of the objective,

and A is the wavelength. @ and 6 are variables of integration.
With incident light which is polarization in the x-direction, the X, y, and z compo-

nents of the electric field at any point in the image plane are described by,

a?lr

Ex = [ [G1(6.4)-K(RO.®.0.4)-Fy(¢)-Fy(6)-dg-do )
00
alr

Ey = [ [Gy(6.4)-K(R.O,@,0,4)-Fs(8)-Fy(0)-dg-do (8b)
00
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alr
E, =I IGZ(0,¢)- K(R,0,@,0,4)-F4(4)-Fy(0)-dgp-do (80)
00

where Gy, Gy, and G; are given by,

Gy =—4/cos(0) -sin(0)-{cos(0)+ [1—cos(#)] -sin(4)} (92)
G, =/c0s(0) - sin(0)-{[ 1 cos(8)] -sin(¢) - cos(4)} (9b)
G, =+/cos(8) -sin?(9)-cos() (9c)

The 0 integration limit, a, is given by,

o= sin_l(l\r\) (10)

where NA is the numerical aperture of the microscope objective.

Fa(®) and F(0) describe the effect of the phase-plate which is placed in the object
space. For a first-order vortex phase plate,

Fy(p)=e'’ (11a)

For a Gaussian intensity distribution without a 6-dependent phase plate,

2
Fg(e)zexp{—(zD'\‘lD ~sin2(49)/20'2} (11b)

where D is the aperture diameter of the objective at its back focal plane, and 6% =
W?/(4In(2)). W is the half-intensity width of the collimated beam entering the microscope
objective.

With incident light polarization in the y-direction, Ex, Ey, E; are the identical as

10a-10c, but G, Gy, and G; are given by,

Gy =+/cos(8)-sin(0)-{[1-cos(&)]-sin(¢)-cos(4)} (12a)
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G, =—/cos(8)-sin(8)-{cos(8)-sin?(¢)+cos?(#)} (12b)

G, =+/cos(8) -sin?(8)-sin(g) (12¢)
If the incident light has equal polarization magnitudes in the x and y directions,

then the intensity profile, I, near the focus is given by,
| =|E; +exp(in/ 2) B (13)
Here E. is the vector sum of the electric field at the image plane (8a-8c) due to the x

component of the incident electric field. E. is the vector sum due to the y-component of

the incident electric field. exp(iz/2) Is the phase factor which accounts for the phase shift

between E, and E, due to the quarter wave plate.

The depletion effect of the dye molecules can be predicted by the rate equations
which describe transitions between ground and excited molecular states. The absorption
and emission cross-sections describe these molecular states. Since a dye molecule’s en-
ergy state consists of singlet and triplet states, exact rate equation description is not real-
istic. For qualitative description, absorption cross-section 12 and emission cross-section
o21 are assumed. Additionally, it is assumed that the ground and excited states have mo-
lecular density which consists of the sum of all the states in its manifold. The results shown
in Figure 1c use these assumptions.

The excited state population, N2, is described by the following rate equation,

dNZ“’”{alz(ﬂerw}Nl(r,t){ozluo)'PD(”)+1 Nyt (1)
dt ho, vp T
Np(rt)=N-Ny(rt) (15)
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where Nz is the ground state population. N is the total molecular density. t is the sponta-
neous lifetime. Aq and A¢ are the depletion and excitation wavelengths, respectively. Their
corresponding frequencies are vg and ve. 612(Ae) and c21(Ap) are the absorption and emis-
sion cross-sections, respectively, at the excitation and depletion wavelengths. Pe(r,t) is the
excitation power. Pp(r,t) is the depletion power. Their spatial dependence is calculated
from the previously given formulas above. The powers are time-dependent because the
laser is pulsed. Since the cross-section of dye molecules is approximately 1x1071 cm?, this

value was used for 612 and o21. The image of Figure 13c is obtained by solving (14)-(15),
with the spatial intensity given by Zt; N2 (r. 1)

Optical setup for STED microscopy

The absorption and emission spectra of the dye molecules used in this study deter-
mine the transmission and reflection spectral characteristics of the optical components
which are implemented in this research. For experiments, Invitrogen F8800 (100 nm di-
ameter) orange fluorescent beads were used for verification of super-resolution. The ab-
sorption and emission spectra of these beads is used for explaining the design of the STED

microscope. In Figure 14, the absorption and emission spectra of F8800 beads is presented.
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Figure 14. The extinction (absorption) and emission spectra of F8800 beads.

In Figure 15, the optical configuration of the STED microscope is presented. A
low NA apochromatic microscope objective is used to collimate the light from the fiber
output of a supercontinuum white light source. In this research, the Koheras SuperK Com-
pact supercontinuum white light source was used. A higher power supercontinuum has
been used for STED by other researchers [59]. The SuperK Compact outputs white light
with a pulse width of 2 ns at a repetition rate of 25 kHz. A polarization beam splitter (PBS)
is used to polarize the light. In order to produce a focal spot with a central intensity null,
polarized light must be used with the vortex phase plate and the quarter-wave plate.

After the PBS, the white light is filtered by 561/13 nm notch filter. This notch filter
passes all wavelengths of light, except the selected wavelength range within the notch.
Wavelengths which are removed by this notch filter cover the fluorescence wavelength

range which is detected by the photo multiplier tube. The selected wavelength range for
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emitted (fluorescent) light is 9 nm, centered at 563 nm. This wavelength range is between
the vertical lines shown in figure 2, and this range should be away from the excitation and

depletion wavelengths.
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Figure 15. Design of the STED microscope used in this research. PBS: polarization beam
splitter, VPP: voltage phase plate, M: mirror, BS: beam splitter, PMT: photomultiplier,

QWP: quarter wave plate. Reproduced with permission of Scientific Research Publishing.

After the notch filter, the light beam is split by a dichroic beam splitter. Short
wavelength light below 532 nm is reflected, and the rest of the longer wavelength is trans-
mitted. The reflected shorter wavelength light is used for pumping the F8800 beads to

their excited states for emission of fluorescent light. The power level of the Koheras
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SuperK Compact light source drops off for wavelengths below 500 nm, but the shorter
wavelength light still has average power of approximately 0.3 mW. This power level needs
to be attenuated by a factor of 100, in this case, because average power levels above a few
uW saturates the dye molecules’ excited state population, with no increase in emitted light
beyond a few uW. Therefore, excessive excitation power decreases the depletion effect,
reducing the resolution of the microscope.

The light that is transmitted through the dichroic filter is filtered by a bandpass
filter which is centered at 628 nm, with a passband width of 32 nm. The transmitted light
is used for depleting the excited dye molecules. A wider passband increases the depletion
power, improving the resolution. However, the width of the passband is limited by two
criteria. First, as figure 2 shows, the absorption extends into the longer wavelength region
of the emission spectra. Therefore, the dye absorption within the passband must be negli-
gible. Second, the passband should not be too broad; otherwise, the central intensity of the
depletion spot will not be null intensity. The notch filter which follows the bandpass filter
is identical to the previous notch filter. It transmits all the light which passes through the
bandpass filter, but it reflects the detection wavelength band which comes from the fluo-
rescent emission. The vortex phase plate (VPP) and subsequent quarter-wave plate shape
the beam, and the beam’s cross-section exhibits a central intensity null upon focusing by
the apochromatic objective with NA = 0.9. The central intensity null is caused by the
cancellation of the z-component of the electric field at the focal plane, as described in
reference [60] using the formula from reference [58].

The spatial resolution increases with depletion power [61]. So, one would like to
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use the highest depletion power available. However, the vortex phase plate’s performance
is wavelength-dependent. In this study, the average depletion power is 0.9 mW.

The excitation and depletion light recombine collinearly at the second dichroic
beam splitter. The combined beam is reflected downward by a mirror and focused onto
the sample using a microscope objective which is mounted on the turret of the Olympus
model MX 50A-F microscope. The excitation and depletion focal spots are overlapped by
adjusting mirrors M1 and M2. Since the excitation and depletion spots must overlap, this
places a tight constraint on tolerable beam-angle shift when components need to be
changed for different dyes. The angular tolerance is approximately 3 arc-second for a 50
nm lateral shift at the image plane.

Fluorescent light from the sample is collected by the microscope objective, and it
propagates backward. The dashed line shows its path. The fluorescent light from the sam-
ple retraces the original transmission path to the notch filter. It is then reflected into the
lens tube and then focused into a multimode fiber and measured by the photo multiplier
tube (PMT). A 563/9 nm bandpass filter (not shown) is placed inside the lens tube. An
Olympus WSLM apochromatic water immersion objective (NA = 0.9) was used for eval-
uating the super-resolution.

A beam splitter (BS) was placed before the microscope objective, and it was used
with the lens tube and the CCD camera to view the sample and monitor the overlapping
focal spots. Imaging is performed by translating the sample. The sample was translated
using the Melles Griot nano-translator model NanoMax 17Max600/L, with 10 nm resolu-

tion. The nano-translator and PMT were controlled using LabView programs.
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All components mentioned previously, except for the PMT and the supercontin-
uum light source, were secured to a common platform. This platform replaced the original
lens tube platform on the Olympus MX 50 microscope (Figure 4). Any light source which
has a fiber connector output can be connected to the 0.16 NA objective on the platform.

So, the system functions like a confocal microscope. The microscope is shown in Figure

16. The components used in the design are summarized in Table 1.

Figure 16. The STED microscope used in this research. Reproduced with permission of

Scientific Research Publishing.
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Table 1. Components used in the versatile STED microscope

Components Make Model number
Supercontinuum light source Koheras SuperK compact
apochromatic objective Olympus UPLSApo 4x/0.16
Apochromatic objective Olympus PlanApo 40x/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 AQWPO5M
broadband dielectric mirrors Thorlabs BB1-E02
precision kinematic mirror mount | Thorlabs KS2D
nano-translators Melles Griot/Thorlabs | Max603D

STED microscopy experiments

To obtain super-resolution, the donut-shape focal spot from the depletion beam
should have a central intensity null. The central intensity null occurs due to the cancella-
tion of the z-component of the electric. The quality of the central intensity null cannot be

evaluated by simply observing the focal spot with the CCD camera because the image spot
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is not focused at the camera, and the z-component is too small. Therefore, the central dark

region which is observed on the camera does not guarantee a sufficiently dark central

region.
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Figure 17. (a) 3um x 3um scan of beads with depletion beam obstructed. (b) Same scan as
(a) with depletion beam unobstructed, revealing two clumps of beads. Bottom graphs show

horizontal line scans through the fluorescent spots indicated in the images above.
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The resolution of the microscope was measured using 100 nm F8800 fluorescent
beads. The beads were embedded in agarose gel on a microscope slide and attached to a
cover glass slip. The sample was translated during scanning using the nano-translator.
Figure 17a shows a fluorescent image with the depletion beam obstructed. Figure 17b
shows a fluorescent image with the depletion beam unobstructed, revealing two clumps of
beads.

From these two graphs, it is apparent that the maximum intensity remains the same,
with or without the depletion beam obstructed. When the depletion beam is unobstructed,
only the width of the spot decreases because the depletion beam has a central intensity
null. Using a 0.9 NA microscope objective, a convoluted later super-resolution of 90 nm
is obtained, accounting for a bead diameter of 100 nm.

Summary

A versatile STED fluorescent microscope, with a configuration appropriate for us-
ing excitation and depletion beams from any supercontinuum light source, was described.
The components of the microscope were placed on standard microscope frame. The col-
linear depletion and excitation beams were focused by a 0.9 NA microscope objective,
producing a 90 nm de-convoluted lateral super-resolution, which was verified by imaging

100 nm diameter beads.
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5. MEASUREMENT OF THE DEPLETION BEAM OF A STIMULATED EMISSION

DEPLETION MICROSCOPE USING A NEAR-FIELD PROBE*

Overview

Scanning electron beam lithography is commonly used for nanoscale patterning,
but the sample must be in a vacuum environment [62]. Lithography can be performed in
air using photons, but the spatial resolution is diffraction-limited. Photo-induced activa-
tion and deactivation of polymerization using two wavelengths of light [63-67] can over-
come the diffraction limit. Photopolymerization which is induced within the perimeter of
a focal spot is inhibited by a second overlapping focal spot which has a central intensity
null. This causes polymerization to occur only at the sub-diffraction focal spot. A second
method is absorbance modulation, which uses a layer of photochromic molecules which
are on a layer of photoresist. The photochromic molecules switch between two isomeric
forms by exposure to two wavelengths of light [68-72]. STED fluorescent microscopy also
requires a doughnut-shape depletion beam with a central intensity null [73].

Activation/deactivation photolithography and STED microscopy both require the
precise measurement of the focal spots of both wavelengths. Traditionally, this measure-
ment was performed by imaging the scattered light off a gold nanoparticle or fluorescent
bead [74, 75]. However, precise localization of the nanoparticle or fluorescent bead is

challenging, and assuring that scattered light originates only from the nanoparticle is also

* Reprinted with permission from “Measurement of the depletion beam focal spot using near-field scan-
ning optical microscopy probes” by McBride D., Su C. B., 2013, Meas. Sci. Technol. (24) 125204, Copy-
right 2013 by 10P Publishing
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challenging. In this study, it was demonstrated that a NSOM probe can be raster-scanned
across the focal spot, providing sufficient detected light intensity to produce an image of
the focal spot. The NSOM probe was inserted into a fiber optic ferrule (as previously
described) for mechanical protection. Also, since the NSOM probe tip emits light, the
NSOM probe tip can be easily aligned to the focal spot using an upright microscope.
Therefore, this approach offers better repeatability and control and is less time-consuming
than the traditional method.

Other research groups have demonstrated the use of NSOM probes for imaging.
For example, three-dimensional mapping of the intensity distribution was performed using
collection-mode NSOM at the focal spot generated by a high NA objective [76, 77] and
studies have also been performed by measuring scattering from a sharp tip [78]. Collec-
tion-mode NSOM was also used for electric field measurements via photon tunneling
caused by probe-evanescent standing-wave interaction [79]. Collection-mode NSOM has
also been used for measuring wave-guide devices [80], surface-emitting laser diodes [81],
and quantum wire lasers [82].
Optical setup for measurement of focal spot

Figure 18 shows the optical setup which was used to demonstrate the NSOM
probe’s capability to image the focal spot. The white light from a supercontinuum light
source was collimated using a 0.16 NA infinity corrected UPLSAPOx4 Olympus apochro-
matic microscope objective. The supercontinuum light source has a photonic crystal fiber
output, and the spot size is approximately the diameter of the core region of the photonic

crystal fiber, which is 3.5 microns.
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Figure 18. Optical setup for producing and measuring the doughnut shape depletion beam.
PBS: polarization beam splitter, BS: beam splitter, M: A/10 mirrors, VPP: Vortex phase

plate, QWP: gquarter wave plate. Reproduced with permission of IOP Publishing.

The light was first polarized using a polarization beam splitter (PBS). Polarized
light is necessary because due to the vortex phase plate and quarter-wave plate which
produce a focal spot with a central intensity null. The light that transmits through the di-
chroic filter (functional if an activation beam is used) was filtered using a 628/32 nm

bandpass filter. The beam then proceeds to the vortex phase plate and quarter-wave plate.
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The beam eventually reflects downward by a mirror and is focused by an infinity corrected

Olympus UPIlanx40 apochromatic microscope objective (NA = 0.85).

Table 2. Components used in the measurement of the focal spot

Components Make Model number
Supercontinuum light source Koheras SuperK compact
apochromatic objective Olympus UPLSApo 4x/0.16
apochromatic objective Olympus UPlanx40 0.85 NA
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 AQWPO5M
broadband dielectric mirrors Thorlabs BB1-E02
precision kinematic mirror mount | Thorlabs KS2D
nano-translators Melles Griot/Thorlabs | Max603D

NSOM probes Nanonics 100 nm UV
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The average power after the microscope objective was 0.2 mW. The CCD camera
was used to facilitate alignment of the NSOM fiber probe with the focal spot. The NSOM
probe was mounted on a nanotranslator with the NSOM tip point upwards. The vortex
phase plate and quarter-wave plate shaped the polarized beam. After focusing by the mi-
croscope objective, the beam’s cross-section should have a doughnut shaped central in-
tensity null, as described in reference [74]. Since central intensity null is caused by the
cancellation of the z-component of the electric field at the focal plane, the beam should be
tightly focused. The components used in experiment are given in Table 2.
Measurements of focal spots using NSOM probes

Apertured NSOM fiber probes with an aperture diameter of 100 nm can be used
for imaging the focal spot. The apertured NSOM fiber probes from Nanonics are coated
with a thin layer of gold on the sides and face of the tip. As previously described in chapter
2, the NSOM fiber probe was inserted into a standard fiber optic ferrule. The ferrule was
mechanically attached to the nano-translator. Since the NSOM tip is coated with gold,
focused light reflects from the probe’s tip, facilitating alignment of the probe tip to the
focal spot. For alignment of the NSOM fiber tip with the focal spot within the CCD cam-
era’s field of view, another light source was coupled into the NSOM fiber so that both
light spots could be observed using the CCD camera. To obtain an image of the focal spot,
the input end of the NSOM probe was connected to a photo multiplier tube (PMT), as
shown in Figure 18. A raster scan with nano-translator was then performed, and Labview

software was used to synchronize the nano-translator with the output from the PMT.
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Figure 20a shows a 2x2 pum scan of the focal spot obtained by raster scanning the
NSOM fiber tip. The central intensity null of the depletion beam is clearly observable. An
Airy ring is visible. Also shown is the horizontal line plot of the intensity profile across
the central region. The intensity at the center is approximately zero. The graph on the right
is the calculated focal spot profile accounting for the effect of the vortex phase plate using
the image field formulas from reference [58] with the laser wavelength, microscope ob-
jective NA, microscope objective back focal plane diameter, and the collimated beam di-
mensions as input parameters. The electric field within the probe’s aperture was summed
before taking the magnitude to calculate the intensity. The calculated profile agrees well
with the measured results.

Here, the details of this calculation and the parameters used are described. Using

equations in chapter 4, the total electric can be written as,

E=E, +exp(iz/2)-E, (16)
where E, is the vector sum of the electric field at the image plane due to the x-component
of the incident electric field. E, is the vector sum due to the y-component of the incident
electric field. The phase factor, exp(iz/2), accounts for the phase shift between E, and

E, due to the quarter wave-plate.

In accordance with reference [83], the sum of the electric field, ZE, over the

aperture region is considered and calculated before calculating the intensity | = ‘Z E‘Z .

The input parameters used in this calculation are: A= 628 nm, NA =0.85, D = 7.65 mm,

and 6 = 1.65 mm. D is obtained from the specification of the objective, and c is obtained
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by fitting the function expl- X?/2-0?) to the experimental curve. The curve was meas-
ured by scanning a regular single mode fiber across the cross-section of the collimated
beam in the objective plane of the microscope objective. Figure 19 shows the fitted curve

and the measured data.
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Figure 19. The line is the measured data and the dots are the fit using eXP(— XZ/Z'GZ)

with o the fitting parameter. The x-axis is in units of mm.
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According to reference [83], the spatial Fourier profile of the transfer function
which represents the coupling between the plane wave decomposition component of the
captured image field and the fiber mode must be wider than the spatial Fourier profile of
the plane wave decomposition component so that the probe measurement accurately re-
flects the correct field distribution. Since the NSOM probe’s aperture diameter is small,
this condition is satisfied.

Experimental results

Figure 20b shows the focal spot with the vortex phase plate removed. The spot
symmetric, with a spot size of 600 nm and a central intensity maximum. A line plot of the
intensity is also given. The calculated profile is shown in the graph on the far right. The
calculate spot size using the Airy formula [84] for point source with 0.85 NA objective
gives a spot size of 380 nm. The larger spot size (600 nm) is due to the Gaussian lateral
intensity of the collimated beam at the back of the focal plane of the objective, which
decreases the beam width compared to a plane wave.

The back transmission throughput of the probe determines the coupling efficiency
from the tip to the fiber input end of photons overlapping the NSOM tip aperture. The
detected signal is low for aperture diameters below the diffraction limit. Since increasing
focus power will cause excess heating, the power must be kept low to prevent melting the

gold coating on the NSOM fiber tip [85].
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Figure 20. (a) Image of a 2x2 um scan of the focal spot of the depletion beam using an
objective with NA=0.85. The measured and calculated intensity plots through the central
region are also given on the center and far right. (b) Image of the focal spot with the VPP
removed. Number of pixels is 1600. The integration time for each pixel is 0.2 seconds.

The calculated result is also shown. Reproduced with permission of 10OP Publishing.

Kk-p-P

The photon count rate detected by the PMT is 7*—, = n is the quantum effi-

ciency of the PMT. f is the fraction of the focused light which overlaps the aperture of
the NSOM probe tip. P is power of the focused light. hv is the photon energy. « is the

throughput of light into the NSOM probe’s aperture. The PMT’s efficiency at 628 nm is
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rated as = 0.0036. f is determined by calculating the number of photons within the 100
nm aperture using the data from Figure 3b, which gives f=0.028. With P=0.2 mW and
peak photon count of 1600 photons per 0.2 second, the back transmission throughput « is
approximately 107, Note that the transmission throughput of a NSOM probe (from fiber
input end to tip) is approximately 10-°-10° [24].
Summary

Super-resolution fluorescent microscopy and activation-deactivation photolithog-
raphy require that the focal spot of the doughnut shape depletion beam be precisely known.
It was shown that a NSOM fiber probe can be effective for imaging the depletion beam’s
focal spot. Calculation of the doughnut shape focal spot agrees well with the measured
results. NSOM probes offer superior repeatability and control, compared to using a gold

nanoparticle or fluorescent bead.
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6. STED MICROSCOPY FOR THE CASE WHEN BOTH THE EXCITATION AND

THE DEPLETION BEAM PASS THROUGH A COMMON VORTEX PHASE PLATE

Overview

As described in previous chapter, the traditional method of STED microscopy is
to allow only the depletion beam to pass through the vortex phase plate. The excitation
focal spot is Gaussian in shape and the depletion focal spot is a donut shape. In this chapter
STED performance is calculated when both the excitation and depletion beams pass
through a common vortex phase plate. As expected both the excitation and depletion focal
spots now exhibit a donut shape. However, it is found that the two donut focal spots are
displaced from each other by about 70 nm. Calculations show that for achieving the same
lateral super-resolution, the required depletion power is now reduced by a factor of almost
ten with modest trade-off in terms of fluorescent signal level. The reason for this improve-
ment is that the depletion effect is more efficient as will be discussed below.
Optical setup

The STED microscope design used in this work is described here. The transmis-
sion-reflection spectral characteristics of the optical components used in the design are
chosen based on the absorption and emission spectra of the particular dye used. The optical
filter components are chosen for imaging Invitrogen F8800 100 nm diameter orange flu-
orescent beads and ATTO 532 dyes.

The STED microscope is shown in Figure 21. A low NA objective is used to col-

limate the light from one end of an optical fiber, the other end is the input light from the
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supercontinuum white light source. A dichroic beamsplitter splits the beam. Light with a
wavelength longer than 532 nm is transmitted through the dichroic beamsplitter, and a
band of short wavelength light below 532 nm is reflected. The light that is transmitted
through the dichroic filter is filtered by a bandpass filter centered at 607 nm with a pass-
band width of 36 nm. The shorter wavelength light is filtered by a 475/50 nm bandpass
filter. A second dichroic beam splitter combines the shorter and longer wavelength light.

A low NA (0.2) microscope objective is used to focus the light into a single mode fiber.

Excitation
path PMT
|V”/ H \M2
fluorescent
bandpass filters
filter )
dich single  microscope
Collimating bandpass 'C r0|c mode  objective
lens filter fiber VPP
NA iz | EaN >\ M3
— o] &L
PBS —=a QWP
R_ d'Ch"O'C Depletion microscope notch cls
path objective fiter A
Sl
lens
supercontinuum tube
v

NA, _—
0.85 objective

|
X-Y-Z nano-translator

Figure 21. Design of the STED microscope. PBS: polarization beam splitter. M: mirror.
BS: beam splitter. VPP: vortex phase plate. QWP: quarter wave plate. PMT: photomulti-

plier. CIS: CMOS image sensor.
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A low NA (0.16) microscope objective collimates the light that is output from the
single mode fiber. The light is first polarized by a polarization beam splitter (PBS). Polar-
ized 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. The vortex phase
plate (VPP) and the subsequent quarter-wave plate shape the beam that, upon focusing by
the apochromatic microscope objective with high numerical aperture (0.85), the beam
cross-section exhibits a doughnut shape central dark region appropriate for achieving lat-
eral super resolution. Both the excitation and depletion beams pass through the VPP and
quarter wave plate. Because the excitation and depletion beams exit from a common single
mode fiber, both beams are collinear.

The excitation and depletion beams are reflected downward by a mirror and then
focused onto the sample by a microscope objective which is mounted on the rotating turret
of the Olympus model MX 50A-F microscope frame. Fluorescent signal collected by the
high NA microscope objective propagates backward. Its path is shown by the dashed line.
The fluorescent light 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. A PMT is used to measure the fluorescent count. The 563/9 bandpass filter (not
shown) is placed inside the lens tube unit.

A beam splitter (BS) is placed before the high NA objective and is used in con-
junction with the lens tube and the CMOS image sensor to view the sample and monitor

the focal spot. The components used in the optical setup are summarized in Table 3.
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Table 3. Components used in the optical setup

Components Make Model number
Supercontinuum light source Koheras SuperK compact
apochromatic objective Olympus UPLSApo 4x/0.16
Apochromatic objective Olympus UPlanx40 0.85 NA
notch filters Semrock FF03-561/13
dichroic beamsplitter Semrock Di01-R532
bandpass filters Semrock FF01-607/36
bandpass filters Semrock FF01-475/50
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/Thorlabs | Max603D

Electric field calculation using vectorial representation

Most of the equations needed for the calculation are described in chapter 3. One

modification is the function Fy(¢) for the vortex phase plate:

F @) =exp(i-¢-7)

We choose the plate such that the spiral is of charge 1 at the depletion wavelength of 607

nm. Thus, y=1 for 607 nm wavelength. However, for the excitation wavelength of 475 nm,
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vy = 607/475. With this modification the predicted donut shape excitation and depletion
focal is spatially shifted by about 70 nm with respect to each other, which will be validated
by the measurement result shown below.
Rate equations for describing the depletion effects

As pointed out in the previous chapter dye molecule energy states generally consist
of both singlet and triplet states. So, exact rate equation description is not realistic. How-
ever, if we assume that the experimental bleaching effect is such that it is minor, then we
should be able to predict approximately the depletion effect by a simple rate equation
analysis by neglecting the transition into the triplet state. Thus, we take an absorption
cross-section 612 and a emission cross-section c21, and assume that the excited states and
the ground states molecular density consist of the sum of all the states in its two manifold.

Then, the rate equation describing the excited state population Nz is given by,

dN,(r,t) NAGA B B(rt) 1)
~2 s _[% - }Nl(r,t) {021 . +J N, (r,) (18)

e

N, =N-N, (19)

N1 is the ground state population, and N is the total molecular density. e and Ap
are the excitation and depletion wavelengths, respectively. Their corresponding frequen-
cies are ve and vp. T is the recombination lifetime. Pe is the excitation power per area, and
Pp is the depletion power per area. Excitation and depletion power are both time-depend-
ent because the laser is pulsed with a pulse width of 2 ns. The emission cross-section 621
is taken as 1x107® cm? and the absorption cross section o1z is taken as 2.7x10Y7 cm? as

given in reference [86] for ATTO 532 dyes. To reduce computation time, the laser pulse
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Is assumed to be a square wave in time. Then, by time integration of the rate equation, N>

can be written as,

P, P P 1
Glz'hu'N'|:1—eXp{_{O'21'h5 +O'12'hU+TJ:|:|-W
e D e

Oy

(20)
D 5.
hog ho,

Here, w is the pulse width of the laser, which is 2 ns.

The fluorescent power Pspon, With units of power per volume per wavelength, is described
by,

87-n%-c
I:)spon = 14

.0, -N, (21)

Results

Numerical simulations were performed by calculating the optical field at the focal
plane using MathCad codes in combination with the rate equation. For the simulations,
the wavelengths of light chosen were based upon the excitation and depletion spectra of
Invitrogen F8800 100 nm diameter orange fluorescent beads, which is very similar with
the ATTO 532 dyes. The measured spatial profile of the donut and the Gaussian focal
spots (without the vortex phase plate) at the focal plane was measured by NSOM as dis-
cussed in the previous chapters. It was shown that the calculated profiles agree very well
with measured results. Here we presented more data on the donut shape profile as measure
by the CMOS camera after magnification by the lens tube. The right column of Figure 22
shows the focal spot recorded using the CMOS camera for the excitation and the depletion

beams. The bottom most figure shows the focal spot of the excitation beam when the phase
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plate is change to one with charge equal one at the wavelength of 808 nm (y =808/475).

o

=500 0 500

c)

Figure 22. Electric field intensity in the focal plane. The left and center column are the
calculated results. The right column are the measured results using the CMOS camera. a)
A =475 nm, b) A =607 nm, and c) A = 475 nm with 808 nm vortex phase plate.
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To more clearly show the relative displacement of the excitation and the depletion
focal spots, we have both 475 nm and 607 nm light simultaneously passing through the
vortex phase plate. The two measured focal spots are displayed simultaneously and the
intensity display on the CMOS camera are deliberately saturated to better reveal the two
shifted central intensity minimum because the blue light will fill the red void and the red
light will fill the blue void, as shown in Figure 23. There is a lateral shift between the
optical vortices for the 475 nm and 607 nm spots, and the shift is roughly about 70 nm as
predicted by calculations.

Note that measuring the lateral shift using the CMOS image sensor gives a value
of 130 nm. This value includes the shift due to the vortex phase plate and the shift due to
the dispersion of the optical components along the beam path. The shift due the optical
components can be corrected by moving the phase plate to the region where there is no
vortex function. The shift due solely to the optical was measured to be 60 nm. From the
numerical simulation results, the lateral shift is 75 nm apart. So, accounting for the addi-
tional shift due to the optical components gives the correct shift of about 75 nm. In con-
clusion, we show that there is very good agreement between simulation results and exper-
imental results with regards to the spatial profile of the excitation and depletion focal spots.
Therefore, the vectorial representation of the electric field closely matches the experi-

mental results obtained using our STED microscope.
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Figure 23. Electric field intensity in the focal plane of the donut shaped excitation and
depletion spots with both wavelengths (475 nm and 607 nm) pass through the vortex phase

plate. The shift is about 130 nm as shown. Scale bar is 1 pum.
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Resolution comparison

Using vectorial representation of the electric field and the rate equations, the reso-
lution of the proposed STED microscope, with excitation and depletion beams using a
common vortex phase plate, is compared to the resolution obtained via conventional
STED microscope. For conventional STED microscope, the excitation beam is Gaussian,
and the depletion beam has a central intensity null. For the proposed STED microscope in
these simulations, A = 475 nm for excitation and A=607 nm for the depletion beam, and
the vortex phase plate as a charge of 1 at 607 nm.

Figure 24a shows depletion power versus resolution. For the proposed STED mi-
croscope, the resolution is improved by approximately 2.3 times for the same depletion
power and about 5 times less depletion power for the same resolution compared to con-
ventional STED.

Figure 24b shows fluorescent counts versus resolution. For the proposed STED
microscope, the fluorescent counts are reduced by approximately 20%, compared to con-

ventional STED.
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Figure 24. Comparison of conventional STED microscope and the proposed STED micro-
scope using VPP common to both excitation and depletion beams. a) depletion power

versus resolution, b) fluorescent counts versus resolution.
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Summary

In this chapter STED performance was calculated when both the excitation and
depletion beams pass through a common vortex phase plate. As expected both the exci-
tation and depletion focal spots now exhibited a donut shape. However, it was found that
the two donut focal spots were displaced from each other by about 70 nm. Calculations
show that for achieving the same lateral super-resolution, the required depletion power is
now reduced by a factor of almost ten with modest trade-off in terms of fluorescent sig-
nal level. The reason for this improvement was that the depletion effect was more effi-

cient.
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7. CONCLUSIONS AND FUTURE WORK

Conclusions

NSOM probes are useful for obtaining sub-diffraction images of surfaces. How-

ever, NSOM probes will melt when the input laser power is too large. So, the input laser
power must be very small to avoid damaging the NSOM probe. This causes the scan time
to be very long, and NSOM probes are impractical for applications which require very
high laser power.
To overcome the problems associated with NSOM probe heating, NSOM probes with
epoxy heat sinks were fabricated. The position of controlled so that the probe’s aperture
protruded out of the epoxy by only 2-3 microns. SEM, EDS, and BSE were used to exam-
ine the NSOM probes to verify the integrity of the epoxied NSOM probes. Optical imaging
and optical power measurements verified that the NSOM probe was not damaged when
405 nm light, at an input power of 21.4 mW, was coupled into the NSOM probe.

NSOL using a NSOM probe with epoxy heat sinks was demonstrated. The input
optical power was increased to 20 mW (cw-laser, A = 400 nm) without damaging the
NSOM probe. The probe was used to expose though 93 nm thick photoresist at 62 ps dwell
time, giving a potential line scan of about 300 um/sec with a 100 nm NSOM probe.

In the second part of this study, a versatile STED fluorescent microscope, with a
configuration appropriate for using excitation and depletion beams from any supercontin-
uum light source, was de-scribed. The versatility of the microscope allows this microscope

to be used with a variety of different fluorescent dyes because only the optical filters need
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to be changed. The components of the microscope were placed on standard microscope
frame. The collinear depletion and excitation beams were focused by a 0.9 NA microscope
objective, producing a 90 nm de-convoluted lateral super-resolution, which was verified
by imaging 100 nm diameter beads.

Super-resolution fluorescent microscopy requires that the focal spot of the dough-
nut shape de-pletion beam be precisely known. It was shown that a NSOM fiber probe can
be effective for imaging the depletion beam’s focal spot. Calculation of the doughnut
shape focal spot agrees well with the measured results. NSOM probes offer superior re-
peatability and control, compared to using a gold na-noparticle or a fluorescent bead.
Conventional STED microscopes use a donut shaped depletion beam and Gaussian exci-
tation beam. The performance of a STED microscope was calculated when both the exci-
tation and depletion beams pass through a common vortex phase plate. As expected both
the excitation and depletion focal spots now exhibited a donut shape. However, it was
found that the two donut focal spots were dis-placed from each other by about 70 nm.

Calculations were performed to compare the performance of a conventional STED
microscope to a STED microscope which uses a common vortex phase plate for both the
excitation and depletion beams. Calculations showed that for achieving the same lateral
su-per-resolution, the required depletion power was now reduced by a factor of almost ten
with modest trade-off in terms of fluorescent signal level. The reason for this improvement

was that the depletion effect was more efficient.
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Future work
The current study can be extended for the investigation three dimensional cellular

features. It was concluded from this research that lateral super resolution can be achieved
using a common vortex phase plate for the excitation and depletion beams. This study can
be extended to modify the design of the STED microscope so that axial super resolution
is also achieved. To achieve axial super resolution, the following factors should be studied
in the future.

I.  Effect of a step phase plate on the excitation and depletion beams.

ii.  Effect of astigmatism on the excitation and depletion beams.

iii.  Effect of defocusing on the excitation and depletion beams.
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