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Abstract: We demonstrate nonlinear microscopy of oriented nanowires using excitation 
beams with binary phase modulation. A simple and intuitive optical scheme comprising a 
spatial light modulator gives us the possibility to control the phase across an incident 
Hermite-Gaussian beam of order (1,0) (HG10 mode). This technique allows us to gradually 
vary the spatial distribution of the longitudinal electric fields in the focal volume, as 
demonstrated by second-harmonic generation from vertically-aligned GaAs nanowires. These 
results open new opportunities for the full control of polarization in the focal volume to 
enhance light interaction with nanostructured materials. 
© 2017 Optical Society of America 
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1. Introduction 

The state of polarization of an excitation beam is usually determined by the local amplitude 
and relative phase of its transverse optical field components in the far field. For the past 
decade, it has been shown that the polarization of light is an important parameter to control 
when performing coherent nonlinear imaging of nano-objects [1,2]. The contrast achieved in 
nonlinear imaging depends mainly on the intrinsic properties of the specimen [3]. 
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Importantly, when a transversely polarized field is focused, the focal volume also contains 
longitudinal field components, i.e., the three-dimensional (3D) electric field strongly depends 
on the polarization of the incident beam and the focusing parameters [4,5]. As the nonlinear 
responses are tensorial in nature, the 3D optical fields at the beam focus are expected to 
strongly modify the overall nonlinear signals [1–3,6–9]. 

Recently, beams with spatially nonuniform states of polarizations [10–12] have given rise 
to new opportunities for nonlinear microscopy [1]. Radial and azimuthal polarizations as well 
as their derivatives are well-known examples of these beams [13]. Due to the unique local 
polarization distributions of such beams, they give rise to very special 3D field distributions 
when tightly focused [5,14,15]. For instance, radial and azimuthal polarizations can be used 
to unambiguously excite oriented molecules and nanostructures [16–26]. Even though the 
creation of such beams is now well established [10–12], their shaping in space and time often 
involves cumbersome optical setups [25,27]. A simple way to reduce this complexity is to 
utilize binary shaping of the local phase of the beams, e.g., 0 and π. Previously, binary phase 
shapes have been utilized to increase the excitation selectivity in a variety of spectroscopy 
techniques [28–31] and to decrease the spot size of high-order optical beams [32,33]. To the 
best of our knowledge, binary phase shaping has not yet been applied to control the focal field 
distributions and resulting effects in driving the nonlinear emission from nanostructures. 

Here, we demonstrate precise and on-demand control of the strength and spatial 
distribution of the longitudinal electric component of the focal field using a programmable 
optical setup based on binary phase levels. We present a simple scheme which uses a phase-
only spatial light modulator (SLM) that allows to modify the phase of an incoming HG10 
mode. By applying π-phase jumps with varying spatial coverages, we demonstrate the 
tailoring of the focal fields and hence of second-harmonic generation (SHG) from vertically-
oriented GaAs nanowires. 

2. Materials and methods 

Previously, we have shown that vertically-aligned GaAs nanowires are excited preferentially 
by longitudinal fields [34]. More recently, we have shown that such nanowires and SHG can 
be used as a nanoscale platform to evaluate the strength and spatial distribution of 
longitudinal electric fields [35]. In our previous work, the focal fields were tailored by 
applying local phase delays on one part of a HG10 mode. In the present work, we use identical 
nanowires to demonstrate precise control of the longitudinal field for tailoring SHG using a 
simple scheme involving only π-phase jumps. 

 

Fig. 1. SEM image of typical GaAs nanowires used in the experiment. 

Our GaAs nanowires were grown vertically along the [111] direction on a GaAs substrate 
using selective-area metallo-organic vapour phase epitaxy. The nanowires showed a zinc-
blende structure with some twin defects. Further details regarding the fabrication can be 
found in our previous works [35,36]. To prevent possible coupling between the neighboring 
nanowires, we excited nanowires that were equally distributed on an array with a 2.3 μm 
pitch. The nanowires have a diameter of 50 nm and a length of 2.5 μm based on scanning 
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electron microscopy (SEM) measurements. Nanowires similar to our sample are shown in 
Fig. 1. 

 

Fig. 2. a) Schematic of the optical setup (HWP: half-wave plate, PBS: polarizing beamsplitter, 
M: mirror, D: beam dump, SF: spatial filter, BE: beam expander, F: filter, DF: dichroic filter, 
L: lens, PMT: photomultiplier tube, MO: microscope objective, NA = 0.8, 50 × , S: sample, 
SS: stage scanner). Red lines: path of fundamental excitation beam (1060nm), green dashed 
lines: path of SHG signal. b) Calculated spatial distribution of longitudinal electric field of 
tightly focused linearly-polarized HG10 mode at the focal plane under our experiment settings 
(excitation wavelength of 1060 nm, NA of 0.8). The polarization of the incident HG10 mode is 
along x. The data were obtained using the angular spectrum approach [5]. c) Spatial intensity 
distribution of both the incoming and reflected HG10 mode off from the SLM when unshaped 
(0%) and for different π coverages (25%, 50%, 75%, and 100%). The additional π-phase delay 
applied on the left lobe starts from the center of the SLM aperture. The coverage increases 
from the center to the left. 

Our optical setup is based on a point-scanning nonlinear microscope with a phase-shaping 
scheme on the illumination side [Fig. 2(a)]. The optical path is similar to the one presented in 
our previous work with differences in the phase-shaping process [35]. Before entering the 
microscope objective, the excitation beam was first manipulated to create a linearly-polarized 
HG10 mode. For this, the HG00 output beam of the laser was directed to a π-phase step 
element, which contains a 560-nm thick layer of SiN on one half of a glass window, in order 
to produce a linearly x-polarized HG10 mode after spatial Fourier filtering. It is important to 
note that other techniques exist to create an HG10 mode, but the chosen technique is the most 
practical. We justify the use of an x-polarized HG10 mode for two reasons. First, it shows a 
strong on-axis longitudinal electric field at the focus [Fig. 2(b)], a required feature for 
efficiently exciting vertically-aligned nanowires [35]. Second, its spatial distribution and 
polarization in the far field make it suitable for phase-shaping using a SLM. Thus, the 
resulting HG10 mode was steered toward the aperture of a computer-controlled reflective-type 
phase-only SLM (Hamamatsu X10468-07). This model shows a very high fill factor of 98%, 
maximizing the phase-shaping efficiency. The SLM provides a high degree of flexibility as it 
eliminates the need for a variety of diffractive optical elements for phase control. 
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Figure 2(c) shows the phase-shaping scheme utilized in this work. The aperture of the 
SLM was numerically divided into two identical sub-windows. The lobes of the incident 
HG10 mode were assigned to impinge symmetrically on the two sub-windows. After phase 
calibration at our fundamental wavelength of 1060 nm and careful alignment, we applied a π-
phase jump for different coverages on one lobe of the HG10 mode, starting from the center of 
the SLM aperture. We chose to start increasing the phase coverage from the center to get rid 
of the possible nonuniform phase response often observed at the edges of an SLM display 
[37]. The reflected phase-shaped beam was then spatially-filtered and steered toward the 
microscope objective [numerical aperture (NA) of 0.8]. The HG10 mode experiencing no 
additional phase delay from the SLM, the 0% coverage, is defined as “unshaped”. For each 
coverage (0%, 25%, 50%, 75%, and 100%), we collected a two-dimensional scanning 
microscopy image of the sample. 

The strength of this technique relies on its simple design and understanding. On one hand, 
the x-polarized HG10 mode is composed of two intensity lobes in the far field. When strongly 
focused, its longitudinal component at the focus forms a three-lobe pattern with a strong peak 
on the optical axis [Fig. 2(b)] [35,38,39]. This strong longitudinal field on the axis arises from 
the two lobes of the HG10 mode oscillating with opposite phase in the far field [Fig. 2(c)]. On 
the other hand, a tightly focused x-polarized HG00 shows a longitudinal field composed of two 
lobes at the focus [4]. By introducing a π-delay with increasing coverage on one lobe of the 
HG10 mode using the SLM, we aim to gradually make the two lobes oscillate in phase and 
approach an ordinary x-polarized beam distribution, therefore switching from strong to weak 
longitudinal field on the optical axis at the focus of the microscope objective. 

3. Results and discussion 

It is known that the strong SHG signals originate from GaAs nanowires and not from the 
substrate [34]. However, prior to longitudinal field tailoring, we had to verify that variations 
in SHG signals originate only from pure phase shaping of the HG10 mode. 

 

Fig. 3. SHG intensity maps of five vertically-aligned GaAs nanowires using a) an unshaped 
HG10 mode (0% coverage) and b) by applying an additional 2π delay with a 50% coverage on 
one lobe of the HG10 mode. The input power is 1 mW and the pixel dwell time is 50 ms. 
Respective phase distributions on the SLM are shown for clarity. White dash circles represent 
the location of the nanowires extended by white dash lines for guidelines to the eye. 

Figure 3(a) shows the SHG intensity maps of nanowires excited with an unshaped HG10 
mode. We observe the clear three-lobe distribution resembling the longitudinal field of a 
tightly focused HG10 mode, with a maximum at the location of the nanowire, which is 
consistent with previous works [35,38,39]. The possible asymmetry in term of intensity 
between the side lobes is attributed to small imperfections of the π-phase element, showing a 
slightly (30 nm) thick SiN layer. Figure 3(b) shows then the SHG intensity map of the 

                                                                                                    Vol. 25, No. 9 | 1 May 2017 | OPTICS EXPRESS 10445 

#287663 https://doi.org/10.1364/OE.25.010441 

                                                                                                    Vol. 25, No. 9 | 1 May 2017 | OPTICS EXPRESS 10445 



nanowires excited using an HG10 mode, with one lobe experiencing an additional 2π delay for 
a coverage of 50%. By applying a 2π delay, we should recover the far field configuration of 
an unshaped HG10 mode and thus observe the same SHG image features. As expected, results 
are similar and still show a three-lobe distribution centered at the nanowire location. The 
phase coverage used here does not play a role as a 2π delay is used. Any other coverage could 
have been used, leading to the same results. By this, we have thus demonstrated that the beam 
manipulation is free from any other factors but pure phase shaping and that phase jumps 
applied in the middle of one lobe do not affect the propagation of the beam toward the 
microscope objective. 

 

Fig. 4. a) SHG intensity maps of five vertically-aligned GaAs nanowires for different π 
coverages on one lobe of the HG10 mode with an additional phase delay starting from the 
center of the SLM aperture (0%, 25%, 50%, 75%, and 100% as inset). The input power is 1 
mW and the pixel dwell time is 50 ms. White dash circles represent the location of the 
nanowires extended by white dash lines for guidelines to the eye. b) SHG intensity profiles 
taken for the different coverages and averaged over three line cuts centered on the nanowire as 
specified on the inset. The location of the nanowire is specified for clarity. 

We then implemented the binary phase shaping scheme. Starting from the center of the 
SLM aperture to the left edge of the SLM aperture, the additional π-phase delay was applied 
over 0%, 25%, 50%, 75%, and 100% of one lobe of the input HG10 mode. For each coverage, 
the SHG response from a raster scan of the nanowires was collected and can be seen on Fig. 
4(a). For 0%, that is to say no delay applied, we observe the three-lobe distribution centered 
at the location of the nanowire. Then, and as already observed in our previous work, applying 
an additional π delay over 100% of one of the HG10 lobe generates a longitudinal field 
resembling that of a focused linearly x-polarized Gaussian beam. In this configuration, the 
two lobes of the HG10 mode oscillate in phase leading to a longitudinal field composed of two 
off-axis lobes at the focus. The results for 0% and 100% coverages are thus consistent with 
our previous findings [35]. For increasing intermediate coverages, however, we observe a 
gradual change in the intensity and distribution of the SHG response from the nanowires. This 
behavior allows us to see how the longitudinal field slowly shifts from a three to a two-lobe 
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distribution. Increasing the π coverage leads to a gradual shift of the center lobe to the right in 
this case. As the π-coverage in one lobe of the HG10 mode is increased, i.e., along the incident 
polarization and from 0% to 100% with respect to the center of the SLM aperture or beam, 
the resulting beam at the focus increasingly becomes linearly-polarized. Thus, as the π-
coverage increases, the longitudinal electric field component at the off-axis (on-axis) 
positions of the focal plane increases (decreases). Due to spatial symmetry of the incident 
beam, the application of the binary phase-shaping scheme on the other lobe of the HG10 mode 
will result in an opposite spatial shift. 

In order to better understand the variations of the longitudinal field with respect to the 
nanowire location and the delay applied, we focused on a single nanowire and plotted the line 
profiles for all π coverages. The results can be seen on Fig. 4(b). Each line profile is the result 
of the mean over three parallel line cuts centered at the peak intensity for each coverage, as 
specified on the inset of Fig. 4(b). It can be seen that the center peak shifts to the right of the 
nanowire for increasing coverage. Finally, the longitudinal field takes the form of a two-lobe 
intensity distribution with minimum intensity at the location of the nanowire when one of the 
HG10 lobes is fully π delayed. If we consider the precise location of the nanowire, we clearly 
observe a decrease in SHG intensity, that is to say a decrease in the strength of the 
longitudinal field. The gradually varying SHG intensity patterns represent then the transition 
between a strong to a weak longitudinal field on the optical axis at the focus. This behavior 
confirms and justifies the use of our technique for controlling precisely the strength of the 
longitudinal field at focus. Alternatively, this technique also allows a precise tuning of the 
longitudinal field distribution without mechanical intervention. 

Although gradual spatial shifts of the longitudinal electric fields can be also observed in a 
lobe of a HG10 mode that is partially encoded (i.e., with coverages of 25%, 50% and 75%) 
with phase delays from 0 to 2π, the resulting images at the different phase delays are expected 
to exhibit low contrast. This issue becomes even more problematic in coherent nonlinear 
microscopy, where the signal levels are already very weak. By using only binary phase 
shaping (0 and π), we have shown that the image contrast at different coverages remains high 
[Fig. 4]. Binary phase shaping at different coverages also makes the setups simpler because it 
does not require the full phase range of the SLM, which requires precise calibration 
beforehand. This is important for SLM-based nonlinear microscopy where the operable 
excitation wavelengths remain limited [1]. 

4. Conclusion and outlook 

Through simple binary phase shaping, we have demonstrated precise and on-demand control 
of longitudinal fields at the focus of a beam. The SLM provides versatility and practicality to 
this optical scheme that dramatically simplify the beam shaping operation for the control of 
the longitudinal field in the focal volume. This work shows direct application to the tailoring 
of nonlinear responses of vertically-aligned nanostructures and sets the first steps toward the 
full control of polarization in 3D for various microscopy applications. These applications 
include improved light coupling into nano-objects and molecular systems for contrast 
enhancement and 3D orientation characterization. Future improvement and plans include the 
implementation of similar schemes for shaping the focal field components of other high-order 
beams therefore being able to fully engineer the focal field distribution in 3D. Such a system 
would be beneficial for various light-matter phenomena where focal field control is crucial. 
The latter include the collection of highly selective information in optical microscopy of 
single molecules [16], breakthroughs in optical trapping [40] and selective excitation of nano-
objects [36]. 
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