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ABSTRACT: In recent years, fluorescence microscopy has been
revolutionized. Reversible switching of fluorophores has enabled
circumventing the limits imposed by diffraction. Thus, resolution
down to the molecular scale became possible. However, to the best of
our knowledge, the application of the principles underlying super-
resolution fluorescence microscopy to reflection microscopy has not
been experimentally demonstrated. Here, we present the first
evidence that this is indeed possible. A layer of photochromic
molecules referred to as the absorbance modulation layer (AML) is
applied to a sample under investigation. The AML-coated sample is
then sequentially illuminated with a one-dimensional (1D) focal
intensity distribution (similar to the transverse laser mode TEM01)
at wavelength λ1 = 325 nm to create a subwavelength aperture within the AML, followed by illumination with a Gaussian focal spot
at λ2 = 633 nm for high-resolution imaging. Using this method, called absorbance modulation imaging (AMI) in reflection, we
demonstrate a 2.4-fold resolution enhancement over the diffraction limit for a numerical aperture (NA) of 0.65 and wavelength (λ)
of 633 nm.
KEYWORDS: Nanoscopy, super-resolution, reflection microscopy, absorbance modulation imaging (AMI),
absorbance modulation layer (AML)

■ INTRODUCTION AND BACKGROUND
Light microscopy is one of the most commonly used
techniques to study tiny structures in the range of around a
few hundred nanometers. For examining nontransparent
objects such as metals, ceramics, many polymers, semi-
conductors, or a wide variety of composite materials, this
generally involves the detection of the light reflected from the
sample surface. Besides intensity, changes in phase or
polarization of the back-reflected light can hereby also be
used to generate contrast. However, because of light
microscopy’s limited resolution due to diffraction, more
complex microscopy methods, such as scanning electron
microscopy (SEM) or near-field microscopy, are used for
structure analysis in the sub-250 nm range.1−5

In fluorescence-based light microscopy, stimulated emission
depletion (STED) microscopy has overcome the diffraction
limit by exploiting the reversible saturable transitions of
fluorophores and allows imaging of structures with a resolution
of typically a few tens of nanometers.6−9 Absorbance
modulation is a modification of the STED principle using
photochromic molecules instead of fluorophores. This concept
utilizes the fact that some photochromic compounds can be
reversibly switched between two isomeric forms with different
absorption properties in a light-induced manner.10 It has been
already successfully applied in optical lithography11−15 and, as

AMI, also in transmission microscopy16 to improve the
resolution.

In absorbance modulation, a layer of photochromic
molecules is coated on the sample.17 Upon illumination with
light of a first (λ1) and a second (λ2) wavelength, respectively,
the AML can be reversibly switched to opaque and transparent
states for light at λ2. This allows an optically induced near-field
aperture for this wavelength to be generated directly above the
measurement surface in the AML when it is exposed to a
doughnut-shaped point spread function (PSF) at λ1 in
conjunction with a Gaussian-shaped PSF at λ2. The size of
this aperture depends on the (wavelength-dependent) photo-
physical properties of the AML and illumination conditions
such as spatial intensity distribution and total power.
Therefore, it is not limited by diffraction.14,18 Kowarsch et al.
have presented a theoretical model of AMI in confocal
reflection microscopy and have shown that imaging beyond the
diffraction limit should also be feasible in reflection-based light
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microscopy.19 In this Letter, we prove this concept, to our
knowledge for the first time, experimentally.

■ INTEGRATED RESULTS AND DISCUSSION
The principle optical layout of our confocal AMI reflection
microscope, shown in Figure 1, is similar to a typical STED
setup.20,21 In our implementation, light of two different
wavelengths is used. In the following, light at λ1 = 325 nm is
termed confinement light, since it induces the AML aperture
for light at λ2 = 633 nm. This in turn is called measurement
light, since its intensity reflected back from the sample through
the AML aperture is detected as the measurement signal. The
confinement beam is generated by a titanium−sapphire laser
(Ti:Sa) in combination with a third harmonic generator
(THG). To minimize the occurrence of nonlinear effects, such
as two-photon absorption, the initial temporal pulse length of
∼140 fs is stretched to ∼10 ps using a pulse stretcher (PS)
containing a pair of gratings. The characteristic 1D doughnut
shape of the PSF is achieved by imprinting a phase pattern on
the wavefronts using an appropriate phase mask (1D-PM).22,23

The focal intensity distribution of the confinement laser beam
can optionally be realized as a Gaussian by bypassing the phase
mask. A continuous wave helium−neon (He−Ne) laser at a
wavelength of λ2 = 633 nm is used as the measurement beam.
Both beams are combined using a dichroic mirror (DM) and
focused on the sample plane using a Schwarzschild objective
(SO) with an NA of 0.65. Note that by the use of a
Schwarzschild objective the presence of (longitudinal)
chromatic aberrations due to the large wavelength difference
between λ1 and λ2 is effectively avoided.24,25 Telescopes are
used in the individual beam paths to adjust the beam
diameters, such that the entrance pupil of the objective is
fully illuminated. Additionally, half-wave plates (HWP) and
quarter-wave plates (QWP) are utilized to control the
polarization state of the respective laser beams. The intensity
of the laser beams can be adjusted within several 10 ns by

acousto-optical modulators (AOM) installed in the individual
beam paths. A piezo stage is used in the microscope to scan the
AML-coated sample. The back-reflected light from the sample
at λ2 is collected by the same objective, separated from the
light at λ1 by the DM, focused onto a detection pinhole (PH),
and detected by a low-noise amplified photodiode (Amp-PD).
A photomultiplier tube (PMT) after a removable pellicle
beamsplitter (PL) can also be used in the microscope for
nonconfocal detection of the reflected signal at λ2. Other
parameters, e.g., illumination time, movement of the stage, and
data acquisition, are coordinated electronically via a National
Instruments Data Acquisition (NIDAQ) card in combination
with the acquisition software Imspector (Abberior Instruments
GmbH, Germany).

The AML employed in the experiments consists of 1,2-
bis(5,5′-dimethyl-2,2-bithiophenyl)perfluorocyclopent-1-ene
molecules, referred to as BTE-1, which are mixed with
poly(methyl methacrylate) (PMMA) in a weight ratio of
50:50 using anisole as solvent and then spin-coated onto the
surface to be investigated.12 For AMI in reflection, a dynamic
aperture has to be scanned over the surface; hence, the
photochromic molecules within the AML have to undergo
numerous switching cycles, ideally without degradation.
Therefore, we start by characterizing its fatigue resistance; a
400 nm thick AML is spin-coated onto a chromium mirror and
switched several hundred times between opaque and trans-
parent states while detecting the intensity of the reflected
signal at measurement wavelength λ2. The PMT and the Amp-
PD are used for detecting the reflected signal at λ2 while
switching the AML to an opaque and transparent state,
respectively. Figure 2 depicts the illumination sequence
(Figure 2a) and the cyclic intensity modulation at λ2 due to
the change in the absorbance of the AML (Figure 2b). The
initial state of the AML is transparent; thus, for the first half of
each switching cycle, we illuminate the AML with a power of 1
μW at λ1 and 20 nW at λ2 for 200 ms to switch it to its opaque

Figure 1. Confocal AMI reflection microscope. A titanium−sapphire laser (Ti:Sa) in combination with a third harmonic generator (THG)
generates the confinement beam (at λ1 = 325 nm). For optimal absorption within the AML, the generated pulses are then stretched to ∼10 ps by
using a pulse stretcher (PS). To generate a Gaussian or 1D doughnut-shaped intensity distribution of the confinement beam in the sample plane
(insets), it is possible to switch between two optional beam paths, one of which contains a corresponding phase mask (1D-PM). A continuous wave
helium−neon (He−Ne) laser at a wavelength of λ2 = 633 nm is used as the measurement beam. For flexibility, a fiber coupling is used for
incorporating the measurement beam into the microscope. The confinement and the measurement beams are combined using a dichroic mirror
(DM) and focused on the AML-coated sample, placed on a piezo stage, through the Schwarzschild objective (SO, 52×, NA = 0.65). The back-
reflected signal at λ2 is collected by the same objective, separated from the illumination beam path by a beam splitter (BS), focused onto a detection
pinhole (PH), and detected by a low-noise amplified photodiode (Amp-PD). For nonconfocal detection at λ2, a pair of a pellicle beamsplitter (PL)
and photomultiplier tube (PMT) is also used in the microscope. A spectral filter is placed before the PMT to block the signal at λ1. Telescopes and
polarization optics, such as half- and quarter-wave plates (HWPs, QWPs), are used in the respective beam paths to adjust the diameter and
polarization state of the laser beams, respectively. Acousto-optic modulators (AOMs) are used to adjust the intensity of the laser beams. Beam-
stops are used in the setup to block unwanted laser light. Inset images: PSFs were generated in the sample plane of the microscope with a
corresponding phase mask (1D-PM, beam path indicated by solid line) and without a phase mask (beam path indicated by dashed line).
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state. Note that the power at λ2 is chosen such that the changes
in the AML transmission can be monitored without
significantly affecting the switching process. Then, for the
second half of each switching cycle, the AML is illuminated
with a power of 1 mW at λ2 for 200 ms to switch it back to its
transparent state. For both laser beams, a Gaussian-shaped
focus is used. The reflected signal at λ2 changes exponentially,
while the AML is switched between its two states (inset in
Figure 2b); however, its global minimum (lower gray dashed
line in Figure 2b) does not equal zero due to a constant signal
offset. This is a consequence of residual reflections at the air−
AML interface and an imperfect absorption of the measure-
ment beam by the AML. Moreover, after about 200 cycles, the
modulation depth drops to half of the initial (red dashed lines
in Figure 2b), suggesting degradation of the AML. This may be
caused by several mechanisms, for instance, parasitic side
reactions that depend on the molecular structure and
experimental conditions.26,27

The theoretical model that was used by Kowarsch et al. to
study absorbance modulation for reflection microscopy is
based on the simultaneous illumination with the measurement
and the confinement beam.19 On account of the power ratio
between the two beams, the BTE-1 molecules within the AML
reach a dynamic equilibrium, generating a subwavelength
aperture. However, numerous switching cycles are required to
reach this equilibrium, and even then, the individual molecules
are constantly being switched on and off. Therefore, to
minimize the required switching cycles for image acquisition
and hence AML degradation, we implement a sequential
illumination scheme (Figure 3a,b). It involves three phases: (i)
aperture generation, (ii) data acquisition, and (iii) aperture
erasure. The initially transparent AML is first illuminated with
the 1D doughnut-shaped confinement beam (at λ1) such that

the AML gets opaque for the measurement beam (at λ2)
everywhere in the area irradiated by the 1D pattern. Only in
the vicinity of the central minimum line of the 1D pattern does
the AML remain transparent such that a subwavelength
aperture is generated along one dimension. Then, the sample is
illuminated with the Gaussian-shaped measurement beam (λ2),
and the light transmitted through the aperture and reflected at
the sample surface is being detected. Thereby, the aperture is
already slightly erased. Finally, the sample is further
illuminated with the measurement beam for complete aperture
erasure. For high-resolution imaging, this sequence is repeated
at different scan positions in the sample, with the scan
direction being along the subwavelength extent of the AML
aperture (Figure 3c). To reduce AML degradation even
further, we additionally optimized its thickness and the light
doses involved. The thickness of the AML is increased by a
factor of 3 to 1200 nm in order to improve its absorption.
Therefore, it is sufficient to apply the confinement beam for
only 15 ms at a power of 3 μW, and the measurement beam
can be applied at a reduced power of 100 μW for a total of 15
ms. Hence, the light doses for λ1 and λ2 used per cycle are
respectively reduced by factors of 4.4 and 133, as compared to
the fatigue resistance analysis (Figure 2). While our
illumination scheme effectively reduces the number of
switching cycles needed to create an aperture in the AML,
the currently available switching cycles are insufficient for
achieving an isotropic resolution improvement in two
dimensions (2D). However, considering the current fatigue
resistance of the AML and to perform proof-of-principle
experiments of AMI in reflection, we have opted to restrict
high-resolution imaging to 1D.

To demonstrate resolution enhancement for AMI in
reflection using our illumination scheme, we image gold
nanospheres of 80 nm size on a quartz substrate coated with
the AML in the next step. Here, the nanospheres serve as
point-like objects for determining the microscope’s effective
PSF. First, the sample is imaged with a transparent AML using

Figure 2. Switching cycles of BTE-1. (a) A chromium mirror, coated
with a 400 nm thick AML, is sequentially illuminated with Gaussian
spots at λ1 = 325 nm and λ2 = 633 nm at powers of 1 μW and 1 mW,
respectively, for 200 ms each. A Gaussian spot of 20 nW power at λ2 is
simultaneously illuminated with light at λ1 to measure the decrease in
transparency of the AML. (b) Normalized intensity of the reflected
signals at λ2. Gray and red horizontal lines denote full and half
modulation depth, respectively. Inset images: Detail of switching
cycles 1−6 and 201−206. The first half of each switching cycle (solid
line) shows the switching of the AML from its transparent to its
opaque state, and the second half (dotted line) represents the AML
switching back to its transparent state.

Figure 3. Schematics and timeline of the illumination scheme for AMI
in reflection. (a) An xz view of the AML-coated sample. This is first
illuminated with a 1D doughnut-shaped confinement beam (at λ1)
until an aperture is generated (i). Subsequently, it is illuminated with
the Gaussian spot of the measurement beam (at λ2) for a high-
resolution measurement through the aperture, generating an effective
PSF of subwavelength size (ii). The illumination at λ2 is maintained
until the aperture is completely erased (iii). (b) Schematic change in
the aperture diameter at λ2 over time due to the change in AML
absorption. The dashed vertical lines show the three phases (i), (ii),
and (iii) of the illumination scheme. (c) An xy-view of the 1D
doughnut PSF and the Gaussian PSF of the confinement and the
measurement beam, respectively. The black arrow indicates the
scanning direction during imaging.
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the measurement laser light (at λ2) only, and the signal is
detected by the Amp-PD (Figure 1). Here, the pixel size is 100
× 100 nm, and the pixel dwell time is 10 ms. Figure 4a shows

an image of a single nanosphere. Besides the central main peak
of the PSF, significant sidelobes can also be observed, which
are caused by the inherent partial utilization of the full aperture
by Schwarzschild objectives.28,29 Then, a line profile is
recorded along the red dashed line shown in Figure 4a (with
a 30 nm step size and 15 ms pixel dwell time). According to
Figure 4b, the full width at half-maximum (fwhm) of the line
profile and thus the diffraction-limited resolution equal 412.3
± 0.7 nm. Then, the same line is scanned again using the
illumination scheme shown in Figure 3. This time, the reflected
signal at λ2 is detected per pixel with a time resolution of 10 μs.
Figure 4c shows the time-resolved line profile (step size and

measurement time for each step are 30 nm and 15 ms,
respectively). The vertical axis corresponds to the scan
position, and the horizontal axis shows the measurement
time, which comprises phases ii and iii (Figure 3a). The
acquired data shown in Figure 4c are smoothed using a moving

median filter to minimize the detector noise. The raw
measurement data are shown in Supplementary Figure S1.
The aperture is smallest for early time points. Therefore, the
lowest back-reflected signal is observed here. However, as
indicated by the line profile averaged over the times from 50 to
150 μs (green rectangle in Figure 4c) of the raw data as shown
in Figure 4d, the resolution amounts to 169.6 ± 0.7 nm, which
is about 2.4 times better than the diffraction limit. In Figure 3b,
it has been illustrated that as time progresses the aperture size
is expected to expand. This correlation explains the observed
increase in signal intensity over time, as depicted in Figure 4c.
Moreover, this can be directly observed through the increasing
fwhm values of the line profiles, which are each averaged over a
time period of 100 μs, as shown in Figure 4e. As time
progresses, the fwhm approaches the diffraction-limited value.

Finally, we checked whether the reduced fwhm of the
effective PSF for AMI in reflection can indeed be utilized to
resolve finer structures. Therefore, we coat the AML onto a
reflective grating (Supracon AG, Jena, Germany) with a pitch of
500 nm (Figure 5a), which is slightly larger than the

diffraction-limited resolution. With purely transmitting AML
and using the measurement beam only, the grating structure
cannot be resolved in a line scan (Figure 5c) along the red
arrow shown in Figure 5a. This changes in case the AMI-
imaging scheme is used. The raw measurement data of AMI
are shown in Figure 5b, where the grating structure is clearly
visible for the early time points. For this measurement, the step
size is 30 nm, and the measurement time for each step is 50
ms. Since the light dose of the confinement beam is critical for

Figure 4. Nanosphere measurement. (a) Diffraction-limited 2D image
of a single gold nanosphere. (b) Normalized line profile along the red
dotted line indicated in (a). The fwhm of the Gaussian fit equals
412.3 ± 0.7 nm. (c) Smoothed AMI measurement at λ2 according to
the illumination scheme detailed in Figure 3. The colorbar indicates
the recorded signal in arbitrary units. (d) Normalized line profile
averaged over times from 50 to 150 μs (green box in (c)) of the raw
data. The fwhm of the Gaussian fit equals 169.6 ± 0.7 nm. (e) fwhm
of the Gaussian fits to the line profiles of the raw data, each averaged
over 100 μs, with respect to time. Figure 5. Grating measurement. (a) SEM image of the reflective

grating structure (pitch = 500 nm) used for imaging. (b) Raw data
acquired via the AMI illumination scheme. The horizontal axis shows
the measurement time in milliseconds, and the vertical axis shows the
scan positions in μm. The colorbar indicates the recorded signal in
arbitrary units. (c) Comparison of the diffraction-limited (red) and
high-resolution AMI in reflection (green) line profiles scanned along
the red arrow in (a). Both profiles were normalized to their respective
maxima.
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the aperture generation, a power of 1 μW is chosen, to keep
the light dose similar to the one used in the previous
measurements on the gold nanosphere. In the line profile
averaged over times from 2 to 2.4 ms (green box in Figure 5b),
adjacent lines of the grating can be readily discerned. The
slight irregularity and shallow modulation depth observed in
the resolved grating image are justified due to the coherent
nature of our reflection microscope30 and the contributions of
the significant sidelobes of the Schwarzschild objective PSF to
the signal.

■ CONCLUDING REMARKS
In summary, we have, to our knowledge, demonstrated the first
experimental proof of high-resolution reflection microscopy
utilizing absorbance modulation. Currently, the improvement
in resolution is 2.4-fold as compared to the diffraction limit and
could only be demonstrated in 1D. This is mainly due to the
currently still too high degradation of the state-of-the-art AML,
which does not provide sufficient cycles for a 2D scan.
Consequently, this needs to be improved, e.g., by modification
of the polymer used, blending with antifading agents, or the
development of improved photochromes. A higher fatigue
resistance of the AML would not only allow us to increase the
resolution in 2D but also to achieve an overall higher
resolution. This is because we are currently also limited in
resolution by the achievable signal-to-noise ratio, and a higher
AML photostability would allow us to use different
illumination schemes for which more signal could be acquired
at small aperture sizes. It should also be possible to improve
the signal-to-background ratio by using a transmissive objective
lens (instead of the used reflective objective), since this
suppresses the sidelobes of the PSF more effectively. In this
context, a stable photochrome that can be switched at
wavelengths greater than 350 nm, ideally greater than 400
nm, would be extremely beneficial, since a large number of
excellent achromatic objective lenses and low-cost laser
sources, as compared to the Ti:Sa−THG combination used
in this study, are readily available. By using a sufficiently
chemically inert AML, high-NA immersion objective lenses
could then also be used. However, this in turn would require
an improved AML in terms of bleaching resistance, and
absorption efficiency at the measurement wavelength in its
opaque state as the AML would have to be thinner. Thus, there
is much opportunity to improve upon the results shown here
and to progress super-resolution reflection microscopy toward
a powerful method to study the surfaces of opaque materials
down to the scale of a few tens of nanometers.
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