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Abstract

In this work, a single gallium nitride (GaN) nanowire has been examined by our previously
reported technique parametric indirect microscopic imaging (PIMI). Mapping of the nanoscale
scattering signals from GaN nanowire has been achieved with PIMI system. A comparison with
classical far field microscopy and FDTD simulations is included to show the relevant differences
and the strength of this technique. In PIMI, highly defined modulated illumination, far field
variation quantification, and filtering process resolve nanoscale scattering field distribution in the
form of polarization parameters. We believe that our system provides us a platform to understand

the physics of these nanoscale scattering fields from optical nanoantennas.

Keywords: Scattering, nanowires, nano-scale, polarization modulation.

Introduction

The development in the fabrication of nanomaterials at optical regime has led to light manipulation
at the nanoscale exhibiting novel phenomena such as negative or zero refractive index, optical
cloaking and superluminal phenomena [1-3]. These nanoscale scattering field architectures
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constitute a promising platform to explore the fundamental physical origin of these novel
unprecedented artificial behaviors. Therefore, a reliable imaging technique must be able to map
these localized nanoscale scattered fields. In conventional optical microscopy, the diffractive
nature of light poses a fundamental limitation on the resolution of electromagnetic wave-based
imaging systems [4—10]. Thus, we cannot resolve the scattered field below diffraction limit which
is equal to the half of the incident wavelength [11-16]. A continuing effort to develop the existing
and new techniques is needed to harness the benefits of optical far field microscopy for ultra-
resolution imaging [17-21].

Scanning near field optical microscopy (NSOM) is usually used to map the nano-localized field.
NSOM utilizes an optical antenna to convert the electromagnetic near-field into propagating
radiation and vice versa [22-26]. However, NSOM is difficult to operate in non-invasive mode
and only limited to the surface imaging. Furthermore, its mapping area with subwavelength
features is narrow which prevents it to image the sub-diffraction scattering field to a wider range
[27]. Several super- and hyperlenses also can achieve the nanometric resolution by utilizing the
evanescent field spectrum. However, a detailed study illustrated that resolving capability of these
lenses is significantly weakened by the material loss due to the resonant nature of the evanescent
waves [28]. Furthermore, the focusing of the evanescent field cannot be achieved with the
conventional optics [28-33]. Electron energy-loss spectroscopy (EELS) also can resolve the
scattering field with a nanometric accuracy by measuring the change in kinetic energy of electrons
after they have interacted with a specimen [34]. Some of the electrons will undergo inelastic
scattering, which means that they lose energy and have their paths slightly and randomly deflected
[35]. The amount of energy loss can be measured via an electron spectrometer and interpreted in
terms of the energy loss. EELS in a scanning transmission electron microscope (STEM) is an
essential tool for nanophotonics due to its ability to probe scattering near field at nanometric scale
[36]. But in EELS, high energy electron beams can damage the sample under test (SUT). EELS is
costly, and required high vacuum conditions, and it is applicable only for thin samples that are
transparent to electron beams [35].

Several works have been reported on mapping the scattering field with nano-metric accuracy in
plasmonic nanowires [37—52]. Researchers used different imaging methods to map the surface
plasmon modes from metallic nanowires, such as NSOM [53], sub-nanometer electron probe [54],
two-photon polymerization [55], tip-enhanced Raman spectroscopy [56], etc. In addition to
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plasmonic nanowires, semiconductor nanowires, such as GaN nanowires, have been studied due
to the enhanced light coupling, directional and polarized scattering at resonant wavelengths [57—
60]. In this work, we apply PIMI to image the nano-sized scattering localized modes of a single
GaN nanowire, which is the first time to our best knowledge. PIMI is a wide field super-resolution
technique which allows us to image the optical modes of the SUT with nanometer accuracy [61,
62]. In PIMI, a linearly polarized beam of light is modulated in a controlled manner. This linearly
polarized light excites different scattering information from the SUT and produces changes in the
far field point spread function (PSF) due to near to far field coupling. The obtained data in the
imaging plane is then fitted using Jones paraxial propagation model [63]. All unnecessary
diffraction produced by the neighboring objective field points are filtered off resulting in a
reduction of the width of the PSF. In this way, we become able to differentiate between two closely
situated points, in particular, we can resolve the scattering modes into the nanoscale region [62].
Several methods have been reported which based on polarization modulation and fitting process
to increase the resolving power of their system [63, 64]. In comparison to these methods [63, 64],
our proposed method is different in two ways. First, in our post-processing algorithm, our method
enables to calculate the Stokes parameters with the interconnection of Jones and Muller models.
Second, the controllability of our method on parameters like the modulation speed, the
quantification of the far field variation and filtering off the extra diffraction makes our method

being able to image the sub-diffraction scattering field information.
Theoretical and Experimental Basis

Any SUT is called optically anisotropic when the refractive index varies with the direction of
vibration of light. The anisotropy arises from the directionality of atomic or molecular
arrangements in the material [63]. When a linearly polarized light with different polarization
angles impinges on the SUT, different anisotropic near field scattering information is excited. The
coupling of these near field features with the far field induces a change in the shape of the far field
PSF [61, 62]. That is why, depending on the anisotropy exhibited by the SUT, different shapes of
the PSF appeared in the imaging plane. PIMI is a home-built system made by modifying the BX51
Olympus microscope [61, 62]. A schematic of the PIMI system is displayed in Fig. 1(a). In PIMI
method, these far field PSF changes have been quantified under the goodness of the fit. After



removing the unwanted scattering produced by the neighboring field points, we become able to
bring the extra scattering and structural information of the sample [62].

A linearly polarized light with different polarization angles propagates towards the SUT as shown
in Fig. 1(a). When this linearly polarized light interacts with the SUT, it excites the scattering
modes, which vary with the polarization angle of the incident wave. Various kinds of scattering
information enabled by the SUT-light interaction with different polarization angles have been
represented with the colored arrows. The black arrow represents the scattering modes information

enabled by polarization angle equal to 0°, while the red, blue and green arrows correspond to 45°,

90° and 135% respectively.
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Figure 1. (a) A representation of the excitation of linearly polarized light under the normal
incidence of light in the PIMI system. This linearly polarized light excites different scattering
modes information indicated by different colors of the arrows. (b) Scattering field distribution in
gray scale color using dark field PIMI with 100x objective of the numerical aperture of 0.90. The
wavelength used was 532 nm. (c-e) A representation of how PIMI perform fitting operation, and
how after removing the unwanted scattering from the neighboring field points, the width of the

PSF decreases and we become able to differentiate between two close points.



As expected, the measured scattering distribution of a single GaN under the dark field illumination
in PIMI system collects different scattering information as can be visualized from Fig. 1(b). This
can be observed well from the scattering distribution appeared both inside and outside of the GaN
nanowire as displayed in Fig. 1(b). In PIMI system, we usually modulated the incident field from
0° to 360° with an angle period of the 18°. This means we get 20 pictures captured by the detector
in every measurement. The pixel intensity in the imaging plane can be described mathematically
by the given Jones model [63,64].

1= I—°[1+ sin 2(a —¢)sind |

2 6]

Where Iy is the un-polarized intensity, « is the rotational angle of the polarizer, ¢ is the angle along
the slow vibration axis and ¢ is the optical retardation (phase shift between the £, and Ey).

By expanding equation (1) trigonometrically, we get:

I =lI(, +l[0 sin & cos 2¢ sin 2a —i[n sin & sin 2¢ cos 2a
2 2 2

()
The derivation of the quantities of interest is achieved by a least-squares fitting procedure to the

following equation:

I =a,+a sin2a +a, cos2a 3)

By comparing equations (2) and (3), the parameters are obtained:

a, =%I(),al =%IU sind cos 2¢,a, = —%1’0 sin 6 sin 2¢

4
By rotating the polarization angle (&) along a complete circumference with a resolution of 18°, a

total number of angles N= 20 and ay, a; and a are calculated as:

I
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In equation 5, the subscript “/” denoted the different angles of the polarizer 1.e. i= 0°, 18°, ... 180°
while /; corresponds to the intensity of the incident field at those polarization configurations. Using

these parameters, the desired quantities can be found as:
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And then, Stokes parameters can be calculated by a mutual relationship between Jones and Muller

model as follows:

Sy=1,(1+sind)= E,. +E02y

S, =1,(1+sind)cos2¢ = £, — E,

S, =21, (1+sin3)cos 2¢ = 2E, E,, sin
S, =2/1,, (1+sind)sin 26 = 2, E, cosd )
After obtaining the data for all polarization angles, the fitting and filtration process at each pixel
in the imaging plane has been performed by utilizing the fitting equation 3. A representation of the
fitting curve has been shown in Fig. 1(d). Only the central spatial points of the field spot confirm
the near field anisotropic coupling to far field and hence fit well with the fitting criteria such as
adjusted-root-square [62]. These points are called authentic points whereas other points have been
filtered out as noise. Figure 1(c-e) indicates that how the diffraction limited points are resolved
with the fitting process in the PIMIL.

After filtering off the unwanted scattering signals, the width of the PSF decreases and we become
able to differentiate between two closely situated points as can be seen from Fig. 1(e). After the
curve fitting process, the derived quantities such as Igp, which is the average of all polarization
intensities, sind and ¢ can be obtained offering a mapping of the scattering distribution, which
cannot be possible to image with conventional microscopy. With the use of these derived
quantities, Stokes parameters are obtained by the interconnection of Jones and Muller model as
represented in equation (7). These all indirect PIMI parameters resolve the scattering field
distribution differently. Every parameter define the scattering and structural characteristics of the
SUT in a different manner. These indirect parameters not only explain the scattering and structural

information of the SUT but also reveal a complete polarization status of the scattering field.

Experimental setup of the PIMI



PIMI is a wide field home build system made by modifying an Olympus BX51 conventional
microscope which provides the basic optical light path. We incorporated a modulator that consists
of a motor and linear polarizer. This modulator having a precise control and able to rotate the linear
polarization of incident light with a precision of 0.05 degree. A quarter wave plate and an analyzer
also inserted in front of the imaging plane as can be observed by the Fig. 1(a). A Basler CCD
(P1A2400-17gm) is used to collect the light. This CCD consists of 5 million pixels with a pixel
resolution 3.45 microns. This CCD can obtained a resolution of 34.5 nm with a 100x objective if
the diffraction limit is broken and Nyquist principle is fulfilled. Direct and indirect data was

analyzed by the ANISOSCOPE software [62].
Results and Discussion

GaN nanowires were synthesized using a cost-effective method [65,66]. The scanning electron
microscopic (SEM) characterization was done to analyze the structural and morphological details.
SEM micrographs of the nanowires have been displayed in Fig. 2. In the inset, at the top left corner
of the image shown in Fig. 2, the higher magnification image has been displayed which shows nice
structural details of the GaN nanowire. We dispersed the GaN nanowires on the silica substrate in
this way that they become separated from each other. A distance of several micrometers was
created between the nanowires so that we can study the scattering of a single nanowire and avoid
the scattering effect by the neighboring nanowires. Fig. 2(b) represents the conventional
microscopic result of the single nanowire under observation. The boundary of the wire is
represented by a dashed line. This single nanowire does not exhibit a totally uniform diameter,
instead, it is higher in the upper area as can be observed from the Fig. 2(c). After 3 um length, its
diameter becomes 500 nm and then again turns to narrow at the end of the nanowire as can be seen
from the Fig. 2(c). A spherical shape like boundary appears at the end of the nanowire and the total

length of the nanowire is about 17 um.

A single GaN nanowire is probed under the dark and bright field illumination of the PIMI system.
A comparison with the conventional microscopic (CM) result is displayed in order to confirm the
PIMI nanoscale mapping. The images of the PIMI indirect parameters are provided in Fig. 3 along
with the CM image. The color bar is normalized for the comparison purpose. The width of the wire
changes from 600 nm to 250 nm approximately as can be observed from the Fig. 3. In CM image,

the edge irregularities are not well resolved whereas, in the sind image, these are very well resolved
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as can be visualized from Fig. 3(c). There is an excitation of the several localized modes inside the
wire which are also can be seen in the sind image. It is worth noting that /4, itself did not provide
enough edge information of the wire, however, it still reflected better edge information as
compared to the CM. Furthermore, some of the localized modes in the middle of the wire are

resolved by /gp.
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Figure 2. (a) Scanning electron microscopic (SEM) image of GaN nanowires, the length of the
scale bar for the image shows many GaN nanowires is equal to 10 microns, whereas, in the inset

of the image at the top left it is equal to 1 micron. (b) The conventional microscopy result captured
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by 100x objective of the numerical aperture of 0.90. The boundary of the nanowire is marked by
a red dashed line. (¢) The dimensions and geometry of the GaN single nanowire is shown which

used in the experiment.

The PIMI parameter ¢ conveyed us the scattering field information to a much larger range
comparing to the CM image, which is given by the Fig. 3(d). Very close to the edge of the wire at
the head of the wire, we found the fringes of the scattering field with higher frequency. These high
frequency fields exhibit the information of the evanescent field which is not present in CM. The
frequency of these fringes is not higher but at the top side of the wire, in ¢ image, higher frequency
fringes of the scattering field can be observed as shown in Fig. 3(d).

We also mapped the scattering field distribution of a single GaN nanowire in terms of the Stokes
parameters. These Stokes parameters are highly desired in describing the polarization status in
many applications, such as singular optics, optical nanoantenna etc. PIMI provides us a platform
to calculate the Stokes parameters with sub-diffraction scattering field information. Stokes Sp
parameter shows fine details of the localized modes inside the GaN nanowire as can be seen from
Fig. 3(e). Similarly, optical mode mapping at the center of the nanowire portion is visualized by
the S; parameter. At the same time, the morphological information at the upper side of the nanowire
is resolved by the S; parameter. S> and S; also carried scattering modes information as well as the
structural information of the nanowire. Furthermore, from Fig. 3(e-h), we can find that at the lower
portion of the GaN nanowire, the localized field resolved by PIMI Stokes parameters have a
smaller size as compared to the CM image.

We plotted the intensity values by extracting the data in terms of a line parallel to the axis along
the length of the nanowires as can be observed from the Fig. 4(b, c). At the same position, same
length line data has been plotted for both indirect PIMI parameters and CM in order to compare
the spatial signatures. In the CM line graph, The intensity has a plateau in the area of the nanowire,
and it decreases exponentially to zero after a little distance as can be observed from the Fig. 4(a).
Lap also shows the same pattern of the scattering distribution as of CM. Stokes parameters provide
scattering information at spatial positions where CM results give an almost null signal as can be
seen in Fig. 4(a). The spatial signature of every Stokes parameter is different because they deliver
different polarization characteristics of the scattering light from the GaN nanowire. In Fig. 4(a),
several nano-sized localized fields can be observed in the PIMI indirect parameters such as sino

and Sy,. That is because, in these parameters, the half width at full maximum (HWFM) is in the
9



nano-sized as can be observed from the line graphs of the sind and Sy result presented in the Fig

4(a). The spatial signature of the PIMI parameter ¢ is different from other parameters because it

only provides the scattering information outside of the GaN nanowire.
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Figure 3. (a) Conventional optical microscopic image delivered by dark field PIMI system using

100x objective of the numerical aperture of 0.90 at wavelength 532 nm. (b-h) PIMI parameters
using the same optics as used in (a).
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Figure 4. (a) Intensity values are plotted in the form of line graph of all indirect PIMI parameters
and the conventional microscopic (CM) result. The intensity data is extracted in the form of a line

showed in (b) CM image (c) sind image.

We also plotted the intensity values extracted in the form of a line perpendicular to the length axis
of the GaN wire as can be seen from Fig. 5(b, ¢). In case of CM, there is no scattering information
available away from the edge of the nanowire. The scattering field trend in the /s and Stokes
parameters is also the same as that inCM, as can be seen in Fig. 5(a). However, the trend of sensing
the scattering signal is different in sind and ¢ parameters curve, as can be also seen in Fig. 5(a).
The line intensity curve in terms of sind presents the detection of the scattering signal at that point
where the CM graph showed a null value. This means that the range of the scattering signal in the
sino parameter is higher. The most sensitive parameter in this regard is ¢. The scattering range
presented by ¢ is the largest and almost 4 to 5 times more than that of the CM result, (see Fig.
5(a)). In ¢ image, we also detected some higher frequency near field fringes which confirms the

higher sensitivity of this parameter as can be visualized from Fig 5(a).
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Figure 5. (a) Intensity values plotted in the form of the line graph of all indirect parameters and
conventional microscopic (CM) result. These intensity values extracted in terms of a line showed

in (b) CM image (c) ¢ image.

We also mapped the same single GaN in the illumination of the bright field PIMI as shown in Fig.
6. It can be found that the CM just resolved the upper portion of the nanowire in a satisfactory
level, while leaving the lower portion non-resolved. There is no information of the scattering field
inside the GaN nanowire, as can be visualized from the Fig. 6(a). /s, at this time showed a little
variation as compared to the CM and resolved some optical modes at the lower portion of the
nanowire as can be seen from Fig. 6(a, b). Moreover, /4, also resolved the localized field appeared
at the lowest part of the GaN nanowire lacked by the CM as can be visualized with a comparison
of the Images of CM and 1.

Sind records a well-resolved mapping of the optical modes in the GaN nanowire as can be
visualized from Fig. 6(c). PIMI indirect parameter ¢ presents structural characteristics of the GaN
in an excellent way as can be seen from the Fig. 6(d). The Stokes Sy parameter also conveys us

optical modes information as the indirect parameter sind did. Similarly, PIMI stokes parameters S;
12



and S> also resolves the scattering distribution inside the GaN nanowire, but resolving of the optical
modes in the GaN is not as clear as in the Sy and sind. The structural and scattering details along
with the subwavelength chirality scattering distribution are presented by S; parameter because it
is equal to the differential intensity between the LCP and RCP light. The bright field PIMI indirect
parameters together with the CM are presented in Fig. 6 show that PIMI resolves the localized
field and structural details inside the GaN nanowire, especially in the ¢, sind and Sy parameters in
a much finer way as compared to the CM image. Also, it can be analyzed that PIMI indirect
parameters resolved a lower portion of the GaN nanowire which is very thin and the localized field
appeared in the lowest part of the nanowire as can be observed comparing Fig. 6 (a) and (b-h).

We plotted the intensity profile of direct conventional microscopic result and our indirect PIMI
parameters result in the form of line graph. The data of these line graphs plotted in Fig. 7(a) has
been extracted in terms of a line parallel to the length axis of nanowire as represented in Fig. 7(b,
c). As can be seen, as usual, there is no scattering distribution except the upper portion of the wire
in the CM image. In the middle of the wire, the optical modes information is unclear in CM result.
The 14, curve is different from the CM curve especially in the middle of the nanowire portion.
Similarly, the line plot of the sind also shows enough scattering peaks at an inner portion of the
wire. All the Stokes parameters also present prominent peaks at the position where the CM curve
presented negligible value as can be analyzed from the Fig. 7(a). This proves the sensitivity of the
PIMI indirect parameters. As expected, the ¢ curve contains more peaks and detected the weak

and strong scattering signals that can be observed by comparing its curve with CM curve.
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Figure 6. (a) Conventional optical microscopic image delivered by bright field PIMI system using

100x objective of the numerical aperture of 0.90 at wavelength 532 nm. (b-h) PIMI parameters
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In order to confirm the nanoscale ability of our system PIMI, we simulated the scattering field
inside the GaN nanowire using FDTD method. For this purpose, we set up the model according to
the experimental conditions. A schematic of the light illumination on the nanowire has been
illustrated in Fig. 8(d). Firstly, we calculated the magnitude of the scattering electric field by using
equation (7). After that, we selected the middle portion of the nanowire because it has the highest
uniformity along the wall of the nanowire and good for the comparison with simulation result
delivered by the FDTD method. The scattering electric field delivered by PIMI method is displayed
in Fig. 8(a). We magnified the selected area indicated by the dashed rectangle in Fig. 8(a). This
selected area is shown in Fig. 8(b). The corresponding simulation area of the nanowire delivered
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by the FDTD method is also displayed in Fig. 8(c). If we compare the Fig. 8(b & c), then we will
come to know that several nano-sized localized fields can be viewable in PIMI result of scattering
electric field indicated by the small arrows in Fig. 8(b). Our FDTD near field simulation also
proved the same spherical nano-fields within the boundary of the nanowire as also indicated by
the small arrows in Fig. 8(c). From the simulation, result provided in Fig. 8(¢c), it has been proved
that our PIMI method has the ability to map the nano-sized scattering field, which is lacked by the
conventional microscopy. The difference between the PIMI and FDTD result may lie because in
simulation, we sliced the particle into a plane whereas, in PIMI, we cannot do that. Moreover,
there is also some non-uniform boundaries of the nanowire which is not included in the simulation
model.

In dark field PIMI parameter ¢, we detected the scattering range which has larger scattering area
as compared to the CM image as can be observed by Fig. 9(a, d). We plotted the dashed rectangular
area of images of CM and ¢ in Fig. 9(b, e) in order to compare scattering and structural details
between CM and ¢. In the larger ranged scattering area of the ¢, we detected high-frequency field
fringes as indicated by the arrows symbol in Fig. 9(e). It is also noticeable that ¢ also provided the
structural details like non-uniform edges and surface roughness of the GaN nanowire as indicated

by the arrows, whereas, this information is lacked by the CM as can be observed by the comparison

of Fig. 9(b, e).
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Figure 8. (a) Scattering electric field from PIMI system calculated using equation (7). (b) The
selected area indicated by the dashed rectangle in (a). (c) The simulation result of the scattering
near field delivered by the FDTD method. (d) The schematic of the light illumination used in the

simulation model. The length of the scale bar is of 1 micron.

We also plotted the intensity profiles of CM and PIMI indirect parameters ¢ by extracting the data
along a line perpendicular to the length axis of the nanowire as displayed in Fig. 9 (b, e). As can
be seen from the Fig. 9(c, f), the CM curve resolve only one point within the plotted data whereas
our PIMI parameter ¢ resolved two points within that region. Moreover, intensity is exponentially
decay and approaches to zero after covering 2 micron distance in CM line graph indicated by arrow
symbol provided in Fig. 9(c). Whereas, this trend is not followed by the ¢ image and we get the
scattering signal value even after the 2 micron distance from the nanowire boundary as can be
observed from the Fig. 9(f). This proved the ability of PIMI parameter ¢ to sense the scattering

signals to a larger range as compared to the CM result [62]. This extra scattering in PIMI method
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provides us a way to recover the extra structural details of the sample such as its edges, boundaries

etc. which cannot be possible in the conventional microscopy.
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Figure 9. (a) Conventional microscopic result under dark field illumination using 100x objective
of the numerical aperture of 0.90. (b) The magnified figure of the CM result as indicated by the
dotted rectangle in (a). (¢) The intensity graph plotted for the data extracted in the form of the line
indicated in (b). (d) Similarly, the PIMI indirect parameter ¢ mapped with the same optics as
applied for CM result in (a). (¢) The magnified area indicated by a rectangular dashed in (d). (f)

Line graph of the intensity of the data extracted from (e) in the form of a line.

Conclusion

We successfully imaged the nanoscale scattering signals from the GaN nanowire by applying PIMI
method. We compared this nanoscale mapping delivered by the PIMI with the conventional optical
far field microscopy. PIMI resolved the scattering field distributions 3 to 4 times greater than that
of conventional microscopy. We also confirmed the nano-scale scattering field mapping ability of
the PIMI system with FDTD near field simulations. Dark field PIMI parameter ¢ resolved

scattering distribution to a larger visualization area as compared the scattering range delivered by
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conventional microscopy. The indirect parameters of the PIMI not just resolved the nanoscale
scattering information but also delivered a complete polarization status of the scattering field from
the sample under test. Thus, PIMI is a promising alternative to conventional microscopy and
equivalent to other polarimetric techniques with a remarkable difference of the filtering method,

providing extra information about the structural properties of the samples.
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