Quantitative imaging of the optical near
field

Paul Kiihler,1245 F. Javier Garcia de Abajo,® Philipp L eiprecht,-2
AndreasKolloch,! Javier Solis,? Paul Leiderer,! and Jan Siegel®*

LFaculty of Physics, Universitat Konstanz, Universitatsstrale 10, 78457 Konstanz, Germany
2Instituto de Optica, CSIC, Serrano 121, 28006 Madrid, Spain
3Instituto de Quimica Fisica “Rocasolano;” CSIC, Serrano 119, 28006 Madrid, Spain
4Current affiliation: Faculty of Physics, Ludwig-Maximilians-Universitat Miinchen,
Amalienstrale 54, 80799 Miinchen, Germany
Spaul.kuehler@Imu.de

*j.siegel@io.cfmac.csic.es

Abstract:  When exposing small particles on a substrate to a light plane
wave, the scattered optical near field is spatially modulated and highly
complex. We show, for the particular case of dielectric microspheres, that it
is possible to image these optical near-field distributions in a quantitative
way. By placing a single microsphere on a thin film of the photosensitive
phase change material Ge,ShsTes and exposing it to a single short laser
pulse, the spatial intensity modulation of the near field is imprinted into
the film as a pattern of different material phases. The resulting patterns are
investigated by using optical as well as high-resolution scanning electron
microscopy. Quantitative information on the local optical near field at each
location is obtained by calibrating the material response to pulsed laser
irradiation. We discuss the influence of polarization and angle of incidence
of the laser beam as well as particle size on the field distribution. The
experimental results are in good quantitative agreement with a model based
on a rigorous solution of Maxwell’s equations. Our results have potential
application to near-field optical lithography and experimental determination
of near fields in complex nanostructures.
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1. Introduction

The ultimate performance of key technologies in photonicsislimited by the diffraction of light,
which can be overcome by using optical near fields (ONFs) [1]. ONFs can be generated, for
instance, in the vicinity of metal nanoparticles [2], dielectric spheres [3, 4], subwavelength
apertures [5], or at the tip of an atomic force microscope [6].

In the particular case of dielectric spheres, local intensity distributions can be achieved with
super-resolution foci, which can be exploited in a white-light optical microscope to achieve
50nm lateral resolution [7]. Parallel nanostructuring employing colloidal monolayers of di-
electric microspheres has been successfully demonstrated to pattern silicon [8], fused silica[9],
aswell as GeSbTe [10] and aluminafilms [11].
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In order to use ONFs for applications in a predictable and controlled way with maximum
precision, it is essential to have a detailed knowledge of the exact field distribution. A straight-
forward method to study local optical field distributions of micro- and nanostructures is to
imprint them onto the underlying substrate. This method bears many advantages over classica
near-field characterization methods such as scanning near-field optical microscopy (SNOM).
For example, the system is not disturbed by the scanning microscope tip and the actual imprint-
ing of the optical field distribution is done during a very short time (i.e., with a single laser
pulse) in contrast to typically time-consuming scanning processes. This minimizes possible
sample degradation effects.

A well-known exampl e of the imprinting technique isthe visualization of near fields by local
ablation of the substrate, in which regions exposed to large field enhancements are ablated,
leaving behind a crater whose morphology is related to the shape of the field distribution [12].
A magjor disadvantage of this method is its binary contrast (i.e., ablation/no ablation) and the
presence of non-linear and collateral effects (e.g., debris). Recently, adifferent method has been
demonstrated [13, 14], which relieson local phase change from crystalline to amorphousin thin
chalcogenide films [15]. Laser-induced amorphization requires melting and rapid quenching in
order to prevent nucleation and growth of the crystalline phase. The required high cooling rates
of the molten film can be achieved by using a short (nanosecond) laser pulse and a substrate
with high thermal conductivity to act asaheat sink. Here, the imprinted field distribution yields
a non-binary optical contrast over a large range of illumination intensity and is not affected
by collateral or non-linear effects. Yet, while previous work has reported a general qualitative
agreement in pattern shape between experiment and calculation, a quantitative agreement in
field enhancement could not be provided.

In the present work, we demonstrate that it is possible to image ONFs not only in terms
of shape but also quantitatively in terms of local field enhancement. The experimental results,
imprinting ONFs of dielectric spheres and their variation as a function of particle diameter
and light polarization, are in excellent agreement with a model based on solving Maxwell’s
equations for a sphere sitting on a layered planar substrate. We also show that high-resolution
SEM studies of imprinted patterns yield well-contrasted ONF images and reveal fine structures
not resolvable with optical microscopy.

Although in this work we focus on the optical and morphological contrast between the two
GST phases, it is worth mentioning that a phase change is also accompanied by a change in
the electrical resistivity [16], topography [17], and etching resistivity, the latter allowing for
parallel production of features with an FWHM below 50nm [18].

This paper isorganized asfollows. In Section 2, experimental details and a description of the
model and quantitative analysis method are given. In Section 3, the optical response of GST to
laser pulses of different durations (fs, ps, and ns) isexamined in detail, which servesthe purpose
of calibration. Theresultsarethen integrated into the cal culation to rel ate the optical response of
ONFsto the corresponding field enhancement by comparison with the model. We compare the
patterns produced by spheres of different sizes exposed to laser radiation of different incident
polarization, illustrating the strong connection between particle size, polarization, and near field
distribution. In Section 4, we correlate the optical contrast of the patterns used so far to the
contrast obtained from scanning electron microscopy (SEM) measurements [14].

2. Experimental and modeling

2.1. Sample preparation

The samples consisted of 40-nm-thick, face-centered-cubic (fcc) polycrystalline Ge;ShsTes
(GST) films sputter-deposited on Si [001] wafers which is covered by a 10-nm-thick amor-
phous SIO, buffer layer, produced by Numonyx, Italy. The optical constants of the different
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materials at the laser wavelength used in the experiment (800nm) are for fcc-GST: n = 5.72,
k = 4.09[19]; amorphous GST: n = 4.74, k = 1.45[19]; amorphous SiO,: n = 1.453, k = 0; Si:
n = 3.69, k = 0.006. Spherical SiO, glass particles, dispersed in isopropanol, were deposited
under conditions that ensure particle isolation. The particles used have nominal diameters of
660nm, 4.83um (Bangs Laboratories, Inc., nominal polydispersity 2% ), and 990nm (Duke
Scientific Corp., polydispersity < 10%). The size distribution was checked after deposition
with a scanning electron microscope (SEM). It revealed small deviations from the nominal
sizes (573 + 44nm, 1003 + 16nm, and 4645 + 27nm, respectively). These values have been
used as input parameters for the cal cul ations presented later on.

CCD

lllumination
A =460 nm

Laser pulse
A =800 nm
T=350ps

¢

motorized y N

stages
<
10 nm SiO, buffer
v

Fig. 1. Setup used for irradiation with single laser pulses, including a home-built in-situ
microscope and a movable stage holding the sample. The configuration of the layered sub-
strate is also shown.

2.2. Sample irradiation

Laser irradiation of the particle covered films was performed in air using a regeneratively am-
plified Ti:sapphire laser system operating at 800nm central wavel ength with a pul se duration of
120fs, 350ps, or 8ns. The different pulse durations were achieved by compressing the chirped
pulse after amplification (fs), not compressing it (ps), or blocking the fs-laser oscillator seed
pulse and operating the amplifier in a Q-switched mode (ns). A sketch of the irradiation scheme
isdisplayed in Fig. 1. The laser beam was focused onto the sample at an angle of incidence of
~ 53° to a measured elliptical spot size of 270 x 150um? (1/€? diameter). A single pulse was
selected from a 100Hz pulse train by means of an electromechanical shutter to irradiate the tar-
geted area. The sample was mounted on a motorized transl ation stage (three axis) and observed
in-situ with a home-built microscope based on a long working distance microscope objective
(20x, numerical aperture NA = 0.42) and atube lens, equipped with a 12 bit charge-coupled de-
vice (CCD) cameraand illuminated by alight emitting diode (LED) (wavelength A = 400nm).

2.3. Characterization of the imprinted microstructures

Bright-field images of the irradiated regions were recorded ex-situ with a commercia micro-
scope (Eclipse, Nikon) using an illumination wavelength of 460nm and a high-magnification
objective lens (100x, NA = 0.90). Additionally, SEM high-resolution studies were performed
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with the in-lens detector of a Zeiss Gemini Supraat an accel erating voltage in the range of 5kV,
yielding anominal spatial resolution of 5nm.

2.4.  Modeling of the intensity distribution

The spatial electric field distribution at the substrate plane has been calculated by a rigorous
solution of Maxwell’s equations for asphere sitting on alayered planar substrate, using methods
similar to those proposed in Ref. [20], and fully elaborated in the appendix. The incident-light
plane wave has awell-defined linear polarization and isincident on the substrate at an angle of
53°. Theresulting field is expanded into spherical waves around the sphere, and Mie scattering
theory [21] is used to determine the resulting outgoing waves. The latter are expressed as plane
waves (both propagating and evanescent) moving towards the substrate, and reflected from
the surface using Fresnel’s coefficients. The reflected plane waves are in turn scattered by the
sphere, so that a self-consistent set of equations is written to describe the infinite series of
alternating multiple scattering events at the sphere and the substrate. The system is further
reduced by integrating over parallel wave vector components of the plane-wave part of the
field, leading to a set of linear equations involving only spherical-wave coefficients, which we
solve for all multipoles up to an orbital angular number | = 24 for full convergence. Finaly,
the electric field intensity is calculated right underneath the surface, thus giving the fraction
of light that penetrates into the film and is absorbed. The latter assumption is justified by the
short penetration length of 16nm for light with a wavelength of 800nm (i.e., no significant
interference is expected as the light propagates within the substrate, so that the dependence of
the near-field intensity on the distance to the surface is assumed to be a simple exponential
dictated by the skin depth and shared by all points of the surface). Full details of the calculation
method are given in the appendix.

3. Optical studies

In this chapter, we concentrate on the optical contrast generated upon laser-induced phase
change for analyzing the field distributions imprinted in the GST films. In particular, we show
that a quantitative determination can be achieved. Once the optical response is characterized,
this can be applied to the study of different size particles for different polarization of the inci-
dent light.

3.1. Optical response of GST to laser irradiation

Figure 2(a) shows an optical micrograph of the surface reflectivity of a GST film after irra-
diation with a 350ps pulse. The modified region is ellipticaly elongated due to the inclined
incidence. The beam has a Gaussian profile, which was characterized by measuring the diam-
eter of the amorphous region in the irradiated area at different pulse energies. Therefore, the
exact spatial fluence distribution on the substrate surface of the incident beam can be precisely
determined [22].

In the inset, both the reflectivity and the corresponding fluence distribution are plotted along
the dashed line in the micrograph. Far away from the spot center, the film is in an unmodified,
crystalline state characterized by areflectivity Ro. With increasing fluence, the normalized re-
flectivity R/Rp first drops to a minimum value of 0.73, then recovers slightly, and finally ends
in astep, which marks the edge of the central ablation crater, where the GST film is completely
removed from the substrate. From direct comparison of the irradiation fluence with the reflec-
tivity of the film after irradiation at a certain position, one can obtain a response function of the
GST film for a given set of irradiation parameters (Fig. 2(b)).

For ps pulses, the modification starts at 23mJcm? and the minimum reflecitivity R isreached
at 56 mJ/cm?. Between these two values, the reflectivity is amonotonously decreasing function
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Fig. 2. Optical response of a crystalline GST film to irradiation with single laser pulses of
different durations. () Micrograph of the film exposed to irradiation at oblique incidence
(t = 350ps, 6 = 53° off normal), producing an amorphous ring (regions | and I1) around
the spot center, where ablation of the GST has taken place (region I11). Superimposed isthe
fluence distribution of the Gaussian beam at the sample surface and the relative reflectivity
change of the film along the dashed line. (b) Relative reflectivity change of the sampleasa
function of the local fluence for different pulse durations. The inset shows the reflectivity
change as a function of the thickness of the amorphized top layer of the GST film based on
amodel assuming interfacial amorphization.

of laser fluence. Keeping the pulse wavelength fixed at 800nm, we have investigated the influ-
ence of pulse duration 7 on the response of the film. For all three values of 7, the minimum
reflectivity is reached at a fluence value three times higher than the onset of amorphization.
Thisimplies that in afirst approximation the optical response curve can simply be scaled for
different 7's. With increasing 7, the heat flow during the pulse duration of the deposited laser
energy towards the substrate increases, thus efficiently reducing the maximum peak tempera-
ture. As a consequence, a higher fluence is required to compensate the heat loss and reach the
onset of amorphization for increasing t, so that the whole response function is stretched over a
larger fluence interval [24]. While these results demonstrate that an equivalent optical response
curve can be obtained for al three (and other intermediate) pulse durations, we concentrate in
the following on results obtained with 350 ps pul ses.

The behavior of the GST film in the amorphous-response regime can be qualitatively ex-
plained by assuming an interfacial transformation of the crystalline GST layer into an amor-
phous one, starting from its surface and with the thickness of the transformed layer being a
monotonous function of the irradiated fluence [24]. The inset of Fig. 2(b) shows the calcu-
lated reflectivity of the system as afunction of the thickness of the amorphized GST layer. The
model gives good qualitative agreement as it well reproduces the recovery below the ablation
threshold.

With these results, any complex pattern with different reflectivity values can be mapped
directly into the correspondent fluence distribution that created the pattern. Even if this fluence
window is exceeded, by inverting this analysis a cal culated fluence distribution can be converted
into the expected resulting reflectivity pattern, as shown in the next section.

3.2. Near-field patterns of dielectric spheres: Quantitative analysis

While the relation established above between optical contrast and local fluence is satisfactory
but not too exciting for irradiation of the bare surface with a Gaussian spot, it enables us to
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analyze and quantify complex spatial field distributions, which form upon irradiation of scatte-
ring particles. The micrograph depicted in Fig. 3(a) shows the result of such an irradiation for
a350ps pulse on a SiO; particle with a diameter of 1.00 um, which was removed upon irradia-
tion. lts position can be determined from the ablation hole that isleft behind at the focal position
of the particle and isindicated by awhite dot. Due to the oblique incidence (6 = 53°, from the
left), the imprinted pattern, composed of amorphous and crystalline regions, iselliptically elon-
gated and only symmetrical with respect to the horizontal axis through the particle center. In
the intermediate vicinity of the particle, the pattern is complex, in contrast to the far field of the
scattering particle where the period p of the observed fringes along the surface-projected for-
ward and backward light propagation directions equals a constant value (pw.exp = 3.9um and
Pow,exp = 440nm, respectively). A simple calculation of theinterference of a spherical wave for
the scattered light with the incident plane wave yields psw = Ainc/(1—sin@) = 3.97 um aong
the forward direction and ppy = Ainc/(1+Sin0) = 445nm along the backward direction, both
in good agreement with the measured value.

—— Experiment
— Calculation | J

-5 0 5
Position [um]

EIS 1I0 1I5 2I0
Position [um]

Fig. 3. Quantitative comparison between the optical near-field imprint produced by irra-
diation of a single dielectric sphere on the GST film and the corresponding calculation.
(a) Optical micrograph of the GST film after irradiation with a 350ps pulse (6 = 53°)
on a sphere (diameter d = 1.00um), which was removed upon irradiation. The particle’s
original position is marked with a white dot. Also shown is the corresponding calculated
intensity distribution as well as the intensity profile along the white dashed line (both as
insets). (b) Reflectivity profiles along the horizontal axis through the center of the sphere.
The experimental data were taken along the black dashed line in (a). Calculated data are
obtained from mapping the theoretical intensity profile shown in theinset of (a) into reflec-
tivity values (see main text for details).

For a deeper understanding of the field distribution in the particle near field, it is necessary
to compare the resulting pattern with a calculation that takes into account the whole system and
therefore a so includes the influence of the substrate. The need for such a comparison becomes
ohviousif onelooks at the close vicinity of the particle, where the far-field condition is not met.
The shadowing effect of the particle cannot explain the considerable spatial extension of the
apparently unmodified, bright region around the ablation hole that is much larger than the par-
ticle projection onto the surface. Using the model described in section 2, the two-dimensional
intensity distribution I /1o (x,y) for the present arrangement was cal culated and is depicted as an
inset in Fig. 3(a). For aqualitative, spatial comparison with experiment, these values are shown
with an inverted color scale (i.e. dark regions mark field enhancement whereas brighter regions
mark field attenuation). In thisway the calculations reflect the GST behavior as an approximate
opposite linear function of the local fluence upon irradiation.
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Since I /lp (x,y) =< F /Fo(X,y), the value of g can be directly determined from the measured
pulse peak fluence Fnax = 18.6mJcm? at the beam center position. Finally, the profile was
convoluted with a Gaussian function which simulates the limitation in spatial resolution im-
posed by the imaging system. The result, displayed in Fig. 3(b), shows an excellent agreement
between calculation and experiment. Deviations are in the range of only a few percent, except
for therange 0 < x < 1um, where the particle focuses the incoming light down to avery small
area, leading to strong local ablation in thisregion.

3.3. Influence of the particle size on the imprinted pattern

To investigate the influence of particle size on the field distribution, we irradiated colloidal
spheres of different diameters (Fig. 4). The laser beam was polarized perpendicular to the inci-
dent plane (s-polarized). In all cases, the particles have been removed upon irradiation.

r
{/

////
/|
¢

(U

Fig. 4. Near-field imprints from particles of different sizes. (a) Optical micrograph of the
GST film after irradiation with a 350 ps pulse (6 = 53°) on asingle sphere (d = 4.65um).
The calculated intensity distribution is shown as an inset. (b) Same as (a) for d = 1.00 um.
(c) Same as (a) for d = 0.57um. (d) Lower part: Calculated intensity distribution from
(). Upper part: Calculated intensity distribution for a particle diameter that is only 25nm
smaller than in (a).

With increasing particle size, two trends become apparent: Firstly, the near-field pattern is
more complex for larger particles. The smallest particles investigated, with a diameter compa-
rable to the wavelength of the incident light, display a characteristic pattern similar to that of
asimpledipole (Fig. 4(c)). In contrast, the situation is more complex for bigger particles (Fig.
4(a)). This applies only to the near-field of the particles (i.e. up to distances that are compa-
rable to the diameter of the scattering particle). For all investigated particle sizes, at distances
x > 2d from the particle center, the diameter-independent far-field behavior of the modulation
periods quoted above (Pt bw = Ainc/(14sin0)) holds quite satisfactorily. The second effect,
which also concernsthe far-field of the particles, isthat the amplitude of the interference pattern
decreases with the particle size, in agreement with the smaller scattering cross section.
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Asin the previous figure, the agreement between imprints and cal culated intensity distribu-
tionsis very good. However, for the largest particle there are some differences in the " shadow
region” to the left of the ablation hole (c.f. arrow in Fig. 4(a)). In particular, the calculation pre-
dictsafield enhancement fine structure in contrast to the experimental pattern, wherethefilmis
foundto remaininitsoriginal crystalline phase at this position. In order to estimate the effect of
small deviationsin the particle size used for the calculation, the field distribution for a particle
with a diameter only 25nm smaller (i.e. within the margin of error of the measurement) was
calculated and compared to the one shown in Fig. 4(a). Both results cannot be distinguished
when examining only the forward-scattering part, but they feature significant differencesin the
shadow region. The subtle modulation in the field distribution at this position vanishes com-
pletely for the smallest particle (black arrow), which fits well to the experimentally resulting
pattern. Those subtle field enhancements in the shadow region of the particle are in agreement
with calculation results of previous work by Luk’ Yanchuk et al. [23].

=
(c) Experiment (d) Calculation
p-polarized r T + — p-polarized
016(1).3 s-polarized 15 s-polarized
I 0: 8 =10 =
07 0 5 10 15 05 0 5 1I0 1.5
Position [um] Position [um]

Fig. 5. Near-field imprints of particles with diameter d = 1.00um for different linear po-
larizations of the 350ps laser pulse. (a) Micrograph of a pattern produced with p-polarized
light. The calculated intensity distribution is shown as an inset. (b) Same as (a) for s
polarized light. (c) Reflectivity profile along a line in the incident plane and through the
particle center (at x = 0) in (a) and (b). (d) Corresponding calculated intensity profiles.

The polarization of the incident light also has a great influence on the imprinted pattern.
Figure 5 shows two patterns that are the result of irradiations on particles of the same size (d =
1.00um) but for different beam polarizations. Besides the obvious differences in the shape of
both imprints, more subtle features can be distinguished when plotting the horizontal reflectivity
profilesthrough the particle center for both polarizations (Fig. 5(c)). The forward-scattering part
of the pattern produced by p-polarized light is much more pronounced than for s-polarized light.
The opposite behavior is observed for the back-scattering and side parts, which accordingly
are visible over a much larger area in Fig. 5(b). Both observations are in agreement with the
corresponding cal culation, which predictsthis exact relativelocal field amplification (Fig. 5(d)).

4, SEM studies

The optical studies reported in section 3 demonstrate the ability of our method to image optical
near-fields in a quantitative manner. Yet, a higher spatial resolution, as provided by SEM, is
desirable as it can resolve even the smallest features within the imprinted patterns. In order
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to use SEM for this purpose, the SEM contrast produced by laser-induced modification of a
crystalline GST film needs to be characterized as afirst step.

4.1. Characterization of SEM contrast in laser irradiated GST film

Figure 6 shows a comparison of a SEM micrograph with an optical-microscope image, both
taken at the same spot. The pulse energy was much higher than that used in Fig. 2. Thus, the
ablation crater is larger and includes a second ring, which marks the onset of ablation of the
SiO, buffer layer underneath. Interestingly, at this magnification it is difficult to distinguish
the amorphous region from the surrounding crystalline film with SEM. Only the regions at
irradiation fluences well within the amorphization regime show up in SEM, slightly darker than
the neighboring surface to the right. In order to understand the origin of the different SEM
contrast in the amorphous part of the spot, a series of regions along the horizontal axis through
the beam center position were investigated at higher resolution. Dueto carbon deposition during
the SEM scans, these regions appear darker in the overview shownin Fig. 6.

At the position that is furthest away from theirradiated area (position 7(a) in Fig. 6), the high
resolution SEM scan reveals the characteristic roughness of the unmodified, polycrystalline
GST film (Fig. 7(@)). In the intermediate amorphous region, which shows little difference with
respect to the crystalline surface observed with SEM at low magnification, ripples of larger
period show up at high magnification (Fig. 7(b)). Finally, at the position nearest to the ablation
threshold (full amorphization), the surface becomes smooth (Fig. 7(b)).

(v) (iv) (iii)

Fig. 6. Upper part: Optical micrograph of a zoomed region of an irradiated area without
particles (T = 350ps). From right to left, the intensity increases and gives rise to different
optical response of the sample: (i) crystalline GST film, (ii) partially amorphized GST film,
(i) completely amorphized GST film (iv) ablation of GST film, and (v) ablation of buffer
layer. Lower part: SEM micrograph of the same irradiated spot. The darkened rectangular
regions were investigated at higher resolution (see Fig. 7).

In order to analyze the surface morphology in more detail, the images were processed with
fast Fourier transform (FFT). An example of the result of FFT is displayed for Fig. 7(b) as an
inset. Subsequently, the isotropic distributions were radially averaged for noise reduction. The
resulting contour plots were then normalized to their mean values at high frequencies, where
the signal distribution is nearly homogeneous. The signal artifacts introduced by FFT due to
limited dimensions of the processed images were eliminated in the data obtained from Fig. 7(a)
and (b) by subtracting the result of Fig. 7(c), since no characteristic frequency band was found.
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Fig. 7. (8)-(c) SEM micrographs of the GST film in different states (marked in Fig. 6).
(a) crystalline GST, (b) partially amorphized GST, and (c) completely amorphized GST.
The Fourier transforms of all images (example shown for (b)), radialy integrated and nor-
malized, are plotted in the graphs below. The result from (c) mainly consists of background
noise (see graph inset: signal vs. periodicity), which iscommon to al transforms and which
was therefore subtracted from the results of (&) and (b), displaying signal difference versus
periodicity in the plot.

Thefinal result reveals that the ripplesin the partly amorphous region do not replace, but rather
superimpose, the roughness that isinherited by the crystalline film. Namely, the only difference
between (&) and (b) isthe formation of a sharp peak at aperiod of ~ 130nm, which adds to the
less pronounced peak at a period of ~ 40nm. Thisis the grain size of the as-grown crystalline
GST film. Both structural components vanish at larger fluence (c), leaving behind a smooth,
fully amorphous GST film.

In summary, we find that depending on the local fluence the GST film yields aternary SEM
contrast: Crystalline with a grain size of 40nm (1), partially amorphized with superimposed
ripples of a period three times larger than the crystalline film grain size (11), and completely
amorphous and smooth (111). Identification of this behavior enables usto carry out an advanced
interpretation of complex near field patterns imprinted when irradiating the GST film with a
particle on top of it.

4.2.  SEM investigation of near field patterns

High-resolution images are especially interesting in the region of the pattern back-scattering,
where the period of the produced structureisvery small and cannot be resolved completely with
optical microscopy. An illustrative SEM micrograph of a pattern produced by a particle with
d = 4645nm is shown in Fig. 8(a) along with the corresponding calculation. The pattern con-
tains features corresponding to al three regimes identified above. Most fringes are composed
of ripples (regime 1), the space between fringes and the shadow region is unmodified (regime
I) and the first fringe, close to the shadow region, is smooth and dark (regime 111). The ripple
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period coincides with the one observed in the type-11 contrast regime, as discussed before.

The level of detail that can be accessed using SEM becomes clear when examining
the "shadow region” of the irradiated particle. The region around the ablation hole is not
completely unmodified, as one could erroneously deduce from the optical-microscope results.
Instead, the fine tips of the imprinted interference maxima almost reach the ablation hole
(white arrow). These subtle structures are also predicted by the calculation.

Fig. 8. SEM-micrographs of the near-field pattern of a particle (diameter d = 4645nm)
at the position where it was located before irradiation (t = 350ps). The corresponding
calculated intensity distribution is shown as an inset in (a). (b) Upper part: taken from the
SEM micrograph shown in (a). Lower part: taken from a SEM micrograph of a pattern of a
particle with the same size but exposed to lower pulse energy.

InFig. 8(b), the SEM image of (a) is contrasted with another irradiation at |lower pul se energy
(lower half of the picture). The lower amount of deposited energy leads to less pronounced fea-
tures in the imprint. Regarding the inner-most fringes located in the vicinity of the " shadow”,
not only the width but also the contrast type is different. In the upper part of the figure, these
fringes are mainly of type-l11 contrast (smooth and dark borders), whereasin the lower part, at
the corresponding location, only atype-11 contrast (with ripples) is found. A comparison with
theory in Fig. 8(a) confirms that the type Ill-contrast regions are formed at positions of high
intensity. This leads to the conclusion that the fluence-dependent surface morphology that is
observed upon laser irradiation of the bare GST film isalso maintained at amuch smaller scale.
Accordingly, the altered regions in the particle pattern correspond to the calculated field en-
hancements not only in terms of shape, but aso quantitatively in a sense of the ternary contrast
of the bare GST surface as discussed above. Finally, it appears that the smallest feature size that
is possible to be produced with thistechniqueis not yet reached as the surface roughnessis still
smaller than the imprinted pattern period.

5. Conclusions

We have demonstrated that the imprinting of optical near-fields originating from single col-
loidal particles in GST films enables the imaging of complex field distributions in full detail
and even quantitative analysis of the so-produced features. The particle size and the polariza-
tion of theincoming light are found to have astrong influence on the form and modul ation depth
of the imprints. The results are quantitatively matched with calculations based on rigorous so-
lution of the Maxwell’s equations with only small deviations within a few percent. Optical
contrast allows for the visualization of a high dynamic range of field distributions, whereas
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SEM imaging shows that the GST film yields aternary contrast in the crystalline-amorphous
regime. High-resolution SEM images show the capability of GST filmsto record the fine struc-
ture of optical near-fields in great detail, in excellent agreement with theoretical calculations.
Further down-scaling of optically written patterns in GST films seems to be possible and we
are currently identifying suitable structures to produce such small scattering field distributions.
Our technique is inherently applicable to other types of scattering particles, such as plasmonic
colloids.

6. Appendix

In this appendix we provide a semi-analytical method to solve Maxwell’s equations for the
geometry of the samples examined in this paper. Alternative methods to describe equivalent
situations have been reported previously [23, 25]. We consider a spherical particle placed close
to a substrate, as shown in Fig. 9, illuminated by a light plane wave coming from region I.
We solve the electromagnetic field in this configuration by expanding it in terms of plane
and spherical waves in the three regions shown in the Fig. and then matching them at their
boundaries. Similar methods have been used for other configurations, and they are generaly
known as multiple multipolar expansions [26]. We work in frequency space, so that the nota-
tion E(r,t) = E(r) exp(—iwt) 4 c.c. is used for the fields. The origin r = 0 is chosen at the
substrate point that is closest to the sphere.

In the numerical calculations shown in this paper, we introduce Fresnel’s coefficients to rep-
resent the layered substrate used in the experiment. The resulting reflection coefficients can be
expressed in terms of the Fresnel coefficients of each interface, as explained in Ref. [27].

Regbn I

Fig. 9. Elements used in the description of the response of ahomogeneous spherical particle
of radius a sitting near a substrate. We eventually set b = a in the calculations reported in
this paper.

Theincident plane wave has wave vector components Qg along the x and y directions parall el
to the substrate and —qg = —/k2 — Q(2)+ i0T along z, where k is the light wave vector in the

air medium above the substrate and the sign of the square root is chosen to yield Im{qo} > 0.
Given the symmetry of the sphere-substrate system, it is convenient to expand the incident
electric field, taken to have unit amplitude, in terms of cylindrical waves as

@pelQuR-d?z — 3 iMEq mps  fOr 0o = p polarization,
Eo(r) = D
&e'QoR-ltoz — 3 im+1E50ms, for op = s polarization,
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where &, and & are the polar and azimuthal unit vectors, respectively, and

Ei

s = ['m n(QR)R —J,(QR)§ | &mPetiar

QR
iJ/ M . 5| Mo tigz
Eqmp = 1 [I‘Jm(QR)R_ QRJm(QR)qaqum(QR)z} dmeeti

form acomplete basis set of cylindrical waves (see the appendix of Ref. [28] for further details
on these types of waves). Here, R and ¢ are the polar coordinates of R = (x,y), theoriginof zis
at the substrate plane, and q = /k2 — Q2 +i0*. We can solve the problem separately for each
azimuthal component m and then sum the results with the same coefficients as in the expansion
of Eq. (2).

We thus need to find the self-consistent electromagnetic field for each incident cylindrical

wavekq oo of parallel wave vector Qo, polarization op, and azimuthal number m. The electric

fieldin reglonl becomes
E= anmco +§4/0 QdQﬁQG Eamcﬂ 2

where rq. is the Fresnel reflection coefficient of the layered substrate for polarization o and
parallel wave vector Q, and the second term on the right hand side comes from the scattering
produced by the sphere and the substrate, expressed in terms of cylindrical waves with expan-
sion coefficients Bog. Likewise, thefield in region 11 can be written

=) JA " QdQ100 [Eqne + 1a0Edmo - ©)

Finally, the field in region 1l contains the waves impinging into it (i.e., the incident wave and
the waves reflected at the substrate) plus the spherical waves scattered out of the sphere:

- ~ h
E= EQom60+§4/(; QdQYQG rQGEgmG+%quE|mv,

where

Efl = L0 (r —rg),

Ele = (—i/K)V x Lhi P (r —ro)
are spherical outgoing waves of magnetic (M) and electric (E) polarization, L = —i(r —rg) x V
isthe orbital angular momentum operator relative to the center of the sphere rg, and h(+)( ry=

il hl( )(kr)Y|m( f') isan outgoing scalar spherical wave (see Ref. [29] for more details on spherical
waves).

Obviously, we need to transform the electric field back and forth between spherical and
cylindrical waves. The spherical outgoing waves produced by scattering at the sphere can be
written in terms of cylindrical waves as

Imv Z/ QdQMQO‘|V Qmo>

where the + (—) sign stands for waves propagation above (below) the sphere, avay from it.
Likewise, the cylindrical waves incident on the sphere can be expanded in spherical waves as

Qma z ZNW Qo Imv?

I=|m| v
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where E|va is the same as E[} , with the spherical Hankel function h ) substituted by the
spherical Bessel function j;. Following the methods described in Refs [27, 29], we find the

following analytical expressions for the expansion coefficients in these equations:

MngM = _ngle
ilqdI :tq — —
= Fe | & VIHEmM+D (@ =m)Yima+/=m+1)(14+m)Yim 1) —

2mQ
k

. i im+1
Mgsim = —IMgp e = ' s (\/(| +m+1)(1—m)Yimer— /(1 —m+1)(1+ m)Yl,m—1>
and
27i(—1)™ 1 (£qk)
+ 2iqd +
NQG|V |(|+1) e MQcIva
where the spherical harmonics are evaluated as Yim =

(=1)™/(21 +1)(1 —m)! /4 (I +m)! Pm(£q/k) for m < 0 in terms of Legendre polyno-
mials Py, and Yj = (—1)™Y; _m form < 0.

We also need the Mie scattering coefficients of the sphere t;,, (independent of m), so that
each spherical wave E{, incident on the sphere produces a scattered wave t,Ef}. . These
coefficients take the explicit form [29]

~ —Ji(po)p1ji(p1) + pojj(po) ji(p1)

M= @ -/ & oy (o)
hy ™ (po)paii(p1) — polhy ~ (po)] i (p1)
—Ji(po)[p1ii(p1))’ +€[poji(po)]'ji(p1)

hi™ (po)[p1 i (p1)) — lpoh{ ™ (po)'ji(p1)

where pp = ka, p1 = kave +10* with Im{p1} > 0, a is the sphere radius, ¢ is its dielectric
function, and the prime denotes differentiation with respect to pg and p1.
We can directly write the following self-consistent relation for the coefficients g,

0(Q—Qo)
o :6050 Q +ZMQGIvt|VNIv Q060+2MQG|VtIV / QdQ va Q’o/rQ’U/YQ’U/

where the first term in the right-hand side represents the incident wave, the second term comes
from the scattering of the incident wave at the sphere, and the third term describes the reflection
at the substrate and the scattering by the sphere. We solve this equation upon discretization of
theintegral using afinite set of points Qn as

/ 4QF(Q) ~ TF(Qn)AQ

In practice, convergence is achieved with ~ 400 points. Additionally, well converged results
are obtained by limiting the sums over spherical wavesto | < 20— 30. The problem of finding
the expansion coefficients is thus reduced to linear algebra, which in matrix notation becomes
y=(1-M~-t-N*.r)~1.[(1+M~-t-N7)-Eg], wherethe dots denote matrix multiplication and
the components of Eq are readily obtained from Eqg. (1). This yields the expansion coefficients
¥, out of which we obtain the field right outside the substrate plane by means of Eq. (3). The
field intensity acting on the material is obtained from the continuity of the parallel electric-field
components and the perpendicular electric displacement. Incidentally, the far-field is given by
Eq. (2), with the coefficients B obtained from =r-y+M*-t-(N"-Eg+N*-r-7).
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