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Electric-field-resolved near-infrared microscopy
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Access to the complete spatiotemporal response of matter due to structured light requires field sampling techniques with
sub-wavelength resolution in time and space. We demonstrate spatially resolved electro-optic sampling of near-infrared
waveforms, providing a versatile platform for the direct measurement of electric field dynamics produced by photonic
devices and sub-wavelength structures both in the far and near fields. This approach offers high-resolution, time- or
frequency-resolved imaging by encoding a broadband signal into a narrowband blueshifted image, lifting the resolution
limits imposed by both chromatic aberration and diffraction. Specifically, measuring the field of a near-infrared laser
with a broadband sampling laser, we achieve 1.2 µm resolution in space and 2.2 fs resolution in time. This provides an
essential diagnostic for complete spatiotemporal control of light with metasurface components, demonstrated via a
metalens as well as a meta-axicon that forms broadband, ultrashort, truncated Bessel beams in the near infrared. Finally,
we demonstrate the electric field dynamics of locally enhanced hot spots with sub-wavelength dimensions, recording the
full temporal evolution of the electric field at each point in the image simultaneously. The imaging modality opens a
path toward hyperspectral microscopy with simultaneous sub-wavelength resolution and wide-field imaging
capability. © 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement
https://doi.org/10.1364/OPTICA.454562

1. INTRODUCTION
The time-dependent electric field of light contains rich information; however, only a small portion of the information, mainly
intensity, is accessed by conventional imaging systems. Accessing
the remaining information in the visible or near-infrared region is
a fascinating challenge: full electric field imaging, or its Fourierdomain counterpart of phase-resolved hyperspectral imaging.
Such an imaging technique could identify, for example, the spatiotemporal electric field dynamics in a photonic device or enable
new approaches to label-free microscopy.
Although its utility is well known in the microwave [1] and
terahertz [2] spectral ranges, access to the temporal structure of
electric fields in near infrared and visible is a challenging task. It has
only recently been realized through attosecond techniques based
on extreme nonlinear optical effects taking place in gases, including the production and application of attosecond pulses [3,4], or
associated effects such as photoionization [5] and high harmonic
generation [6,7]. Recent advances in attosecond pulse generation
in solids [8–10] and other techniques have allowed optical field
waveforms to be measured in solid-state devices [11–13]. Another
technique, electro-optical sampling [14,15] (EOS), which was
2334-2536/22/060616-07 Journal © 2022 Optica Publishing Group

only recently extended to the near infrared [16] and visible [17],
offers an interesting alternative.
EOS has successfully been applied to terahertz imaging, via
raster scanning [18], and in wide-field imaging geometry [19,20].
Notably, both configurations can access near-field and evanescent
components of the electric field, by placing a thin electro-optic
crystal underneath the object of interest [21–25] or scanning the
object with a near-field probe [26–28]. In fact, wide-field, nearinfrared EOS imaging has a number of properties that present
not only sub-cycle-resolved temporal resolution to study light–
matter interaction in sub-wavelength systems, but also a viable
method of broadband microscopy with spatial resolution below
the diffraction limit given by the wavelength of the field being
recorded.
Here, we apply EOS imaging to the near infrared, in the range
from 120 to 200 THz (2.7 to 1.5 µm). The resulting time-resolved
imaging system allows for high-resolution imaging across a broad
spectral range and can be used to record the full electric field waveform at each pixel of a camera. This provides a unique platform
to study the electric field produced in the focus of metasurface
optical components and to take a series of snapshots of the locally
enhanced electric field in the vicinity of wavelength-scale metallic
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structures. These examples support the demonstration of a novel
microscopy in the telecom band with high resolution in time and
space showing a complete spatiotemporal characterization of light
fields in this technologically important spectral range. A unifying
aspect of these measurements is that the electric field of light itself is
the object observed with the microscope. By taking high-resolution
snapshots of the electric field of an ultrashort pulse, we can see in
fine detail the structures imprinted upon it resulting from its interaction with interesting optical elements and precisely locate and
understand any unwanted distortions and identify interesting
features over a wide field of view.
EOS imaging is based on the use of an ultrashort sampling pulse
to record the electric field of a broadband infrared laser beam, the
test field, inside a nonlinear crystal at a given instant. The information describing the field is encoded into the polarization state
of the sampling pulse, as illustrated in Fig. 1(a). In the case of EOS
of rapidly oscillating fields, the nonlinear interaction between
the fields induces the emission of coherent light at the sum and
difference frequencies between the field being measured and the
sampling pulse. If the period of the oscillation is much longer that
the sampling pulse duration, this can be ignored, and the emitted
light is approximately degenerate with the original sampling pulse
(e.g., in the limit of zero frequency). This amounts to an effective
modification to the refractive index ellipsoid of the medium: the
Pockels effect. When the frequency is higher, however, this splitting
into sum and difference frequency pushes the field information to
the extrema of the spectrum. The polarization vectors of spectral
components of the sampling pulse at these frequencies will rotate
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with the same linear field dependence of the Pockels effect, if the
condition is met that the nonlinearly generated light is degenerate
with and polarized orthogonally to the input sampling pulse.
Isolating the proper wavelength region using a spectral filter
improves the signal-to-noise ratio [25,29] of the measurement, and
can be used to control its spectral response [16].
For broadband imaging, EOS and this spectral isolation have
significant benefits. First, selecting the sum frequency process
through phase matching and filtration [see Fig. 1(b)], the information of interest is now carried in a relatively narrow range (a
few tens of nanometers) in the visible spectral range instead of
approximately 1 µm bandwidth of a near-infrared laser beam,
significantly reducing chromatic aberrations. This spectral compression emerges as a result of the convolution of the spectra of the
sampling pulse and measured field in the three-wave mixing
process taking place in the χ (2) medium, as described in
Supplement 1. As long as the required frequencies are present
in the input sampling pulse, the amplitude and phase information is encoded into a narrowband output signal. The result is
wide-field imaging with more than 100 THz detection bandwidth,
practically free of chromatic aberration.
Moreover, the high spatial frequency components that were forbidden to propagate can be carried into the far field. For example,
the imaging of an object, much smaller than the test-field wavelength, λt , can be well understood by Fourier decomposition of
its scattered wave into plane wave components with a continuum
of transverse wave vectors k x and k y . However, plane wave components such that k x2 + k 2y > ω2 /c 2 cannot propagate and will

Fig. 1. Experimental concept. (a) Experimental setup wherein two synchronized laser sources provide the necessary sampling pulses and fields to be measured. The electric field distribution of the NIR wave to be recorded is focused using the metasurface optic (MSO) and coincident with a broadband sampling field with a variable relative time delay. As illustrated beneath the diagram of the system, due to the second-order optical nonlinearity in the BBO crystal, a sum frequency generation (SFG) pulse emerges, with a polarization orthogonal to the sampling pulse, and shows a partial spectral overlap with the
sampling pulse spectrum. The marked area of overlap constitutes the spectral region of interest, where the electro-optic image, a scalar representation of the
electric field, is encoded in the direction of the electric field vectors of the sampling pulse, which is recorded on a CCD through images transmitted and
reflected by a wire-grid polarizer (WGP), after passing through a bandpass filter (BPF). (b) A schematic view of the χ (2) mixing process, to produce a highfrequency signal from the convolution of the spectra of the test and sampling pulses, the result of which has a spectral overlap with the input sampling spectrum. This overlap region, which can be significantly more narrowband than either the test or sampling pulse, is in the passband of the BPF, producing a narrowband image which contains information describing the full range of IR frequencies present in the field under study. (c) Addition of wave vectors, kt of the
test pulse, and ks of the sampling pulse in the SFG process leading to a reduction of numerical aperture required to reach the same spatial resolution.
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decay exponentially, limiting the spatial resolution to approximately a wavelength. If, prior to propagation, the nonlinearity in
the medium produces a new wave, with higher frequency ωt + ωs
(where ωt and ωs are the frequencies of the test and sampling
fields, respectively), the limit on k x and k y is lifted significantly.
Illustrated in Fig. 1(c), this allows wide-field NIR imaging with
sub-wavelength resolution as the information of the infrared light
transfers to the sum frequency generation (SFG). Accordingly,
the spatial resolution is now determined by the diffraction limit
given by the wavelength of the SFG: the resolution is improved by
approximately the ratio of wavelength of the field being measured
and the passband of the spectral filter of the detection system. The
diffraction angle θSFG becomes smaller compared with θIR , leading
to a significant reduction of the numerical aperture of objective
required a given resolution. Diffraction correspondingly limits the
resolution of the field measurement based on the wavelength of the
detected spectral components of the sampling pulse, rather than
the wavelength of the infrared field being recorded.
Although significant progress has been made in approaches
to record the spatiotemporal structure of laser fields [30–34],
this combination of high spatial and temporal resolution in the
measurement of an electromagnetic field is unprecedented. With
the possibility of sub-wavelength spatial resolution and sub-cycle
temporal resolution, the effective volume in time and space is only
3 fs µm2 .
The ability to completely characterize fields in the near infrared
is the first step in obtaining complete control over the structure of
strong fields in both space and time. A first example to showcase
this imaging technique is the characterization of fields produced by
optical elements on the forefront of realizing this level of control:
metasurface optics. The realization of metasurface optical elements
[35–37] relies on the arrangement and design of nanostructures
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to control the wavefront of the transmitted light. An interesting,
and related pair of questions are, does the spatial control they offer
compromise the time-domain properties of broadband radiation,
and could they offer control over the temporal properties of the
electric fields? This control is closely related to the chromatic aberrations of the optical components [38–40]: wavelength-dependent
phase shifts of nanostructures impart a customized phase profile
to engineer the temporal distribution of the transmitted light.
Correspondingly, a properly designed metasurface enables the
simultaneous confinement of the light field in space and time to
maximize the peak intensity in short-pulse laser irradiation.
2. SPATIOTEMPORAL ELECTRIC FIELD IN THE
FOCUS OF A METALENS
We first show the case of a metasurface lens (metalens) that comprises SiO2 nanopillars of different diameters on a fused silica
substrate, shown in Figs. 2(a) and 2(b) via scanning electron microscope (SEM) images [41]. This metalens exhibits a high degree of
chromatic aberration [40,42]. A beta barium borate (BBO) crystal was placed at the focal plane of the metalens as the medium for
EOS. The focused electric field inside the BBO crystal E (x , y , t) is
observed by scanning the time delay between the test and sampling
laser beams. As the time delay varies, the spatially resolved polarization changes provide a snapshot of the infrared field at different
moments in time. Figure 2 shows two slices of the measured threedimensional electric field of the test pulse, E t (x , y , t): Fig. 2(c)
at the focal plane for a single moment in time, i.e., E t (x , y , 0),
and in Fig. 2(d), a spatiotemporal cross section, E t (0, y , t). From
Fig. 2(d), one can see that the incident laser with a nominal pulse
duration of 14 fs becomes about 50 fs after being focused. This is
because different incident frequencies are focused to various focal
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Fig. 2. Characterization of the focal spot of a chromatic metalens. (a), (b) SEM images of a metalens. The metalens has a numerical aperture of 0.13 at
λ = 800 nm and consists of SiO2 pillars of various diameters and with the same height of 2 µm. An image of higher magnification in oblique view is given
in (b). (c), (d) EOS images of the focal spot of the metalens. The measurement itself forms a three-dimensional recording of electric field E t (x , y , t). These
images were taken with a 4×, 0.1 NA objective. (c) Electric field pattern observed at the time-delay corresponding to the strongest electric field strength.
The bullseye pattern of the wavefront shows the defocus of many spectral components of the pulse. (d) Spatiotemporal image of the electric field in the plane
E t (x = 0, y , t). (e)–(g) False color images of the focus calculated at different planes from the measurement, using the availability of spectral amplitude and
phase at each pixel of the image. Fourier transformation of the waveforms recorded at each pixel provides high-resolution spectra, which are then reduced to
three spectral channels and mapped to color information, where red, green, and blue correspond to 145 THz, 168 THz, and 189 THz, respectively.
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planes due to chromatic aberration. At a given position on the
optical axis, only a subset of the bandwidth of the incident laser
can interfere constructively, causing the increase of pulse duration.
This is confirmed by the focal spot images at different z-planes
showing a variety of frequencies, in Figs. 2(e)–2(g).
The measured electric field distribution provides a complete
characterization of the amplitude and phase of the light in the
plane of the BBO crystal, which, in the case of linear interaction,
fully determine the form of the distribution with propagation.
The spatiotemporal field in other planes can be straightforwardly
calculated from this based on Fourier optics, as described in
Supplement 1. Thus, the image only needs to be taken once with
the crystal in a given location [Fig. 2(f )], and the images corresponding to other positions [Figs. 2(e) and 2(g)] are determined by
the information already recorded. The method provides a useful
characterization for correcting aberrations by backpropagating the
measured electric field to the exit pupil of a lens. The images are
shown in false color, remapping the broadband near-infrared field
to the visible spectrum to give a more intuitive picture a portion of
the hyperspectral information contained in the field measurement.
3. DIRECT FIELD MEASUREMENT OF A
FEW-CYCLE BESSEL BEAM
To circumvent the aforementioned chromatic-aberration-induced
pulse broadening, we, based on our previous work, designed
and fabricated a metasurface axicon that shows a wavelengthindependent Bessel beam profile [43]. The metasurface axicon
was implemented by amorphous silicon nanofins with the same
height, length, and width but of different rotations to impart
upon the incident light a spatially varying phase delay according to
the Pancharatnam–Berry phase [44,45]. SEM images are shown
in Figs. 3(a) and 3(b). The geometric sizes of each nanofin were
chosen such that at an incident wavelength of 1.5 µm, the nanofin
mimics a miniature half-wave plate for maximizing efficiency.
Figures 3(c) and 3(d) show the spatiotemporal field distributions generated by the metasurface axicon and a glass axicon. These
optical elements transform the incident field into a truncated
Bessel beam with interesting properties, such as being nondiffracting [46] and self-reconstructing [47]. The metasurface axicon was
designed such that the transverse intensity distribution is invariant
with wavelength [44], resulting in a temporal profile that is both
shorter in time and more consistent over the profile of the focus.
Comparing Figs. 3(e) and 3(f ) for the metasurface axicon and conventional glass axicon, the false color image in Fig. 3(e) shows that
the Bessel beam generated by the metasurface axicon has its nodes
and antinodes in consistent radial positions for all wavelengths,
yielding significantly more pixels where the pulse duration reaches
its ∼14 fs nominal value, as indicated by the histogram of pulse
durations in Fig. 3(g). In the case of the conventional glass axicon,
the Bessel beam profiles of different incident wavelengths are not
identical, e.g., see the resultant color spread in the rings, leading to
more positions with longer pulse duration.
4. FIELD-RESOLVED NEAR-FIELD MICROSCOPY
IN THE NEAR INFRARED
The local detection of fields has recently attracted significant interest from the ultrafast community, especially the investigation of
fields inside of plasmonic antennas [48,49]. We have demonstrated

Fig. 3. Characterization of truncated Bessel beams produced by a
metasurface axicon and a glass axicon. (a), (b) SEM images of a fabricated
meta-axicon comprising amorphous silicon nanofins. (c) Spatiotemporal
electric field distribution along the y axis of meta-axicon generated Bessel
beam. The numerical aperture of this meta-axicon is about 0.06. Electric
field images of the resulting beam were taken with 4×, 0.1 NA objective.
(d) Spatiotemporal electric field distribution produced by a glass axicon
of approximately the same numerical aperture. (e) False color image of
the Bessel beam produced by the metasurface axicon, where red, green,
and blue correspond to frequencies of 135 THz, 164 THz, and 192 THz,
respectively. (f ) False color image of the Bessel beam produced by the glass
axicon. (g) Histogram of pulse durations (full width at half-maximum of
intensity) produced by the two axicons.

how the far-field electric field of metalenses can be recorded. EOS
imaging can reach into the near field, as well, providing a route to
new insight to the physics of nanophotonics. The electric near field
of objects placed directly on the detection crystal appears in the
resulting image, which can be utilized to produce sub-wavelength
resolution of, e.g., the electric field dynamics of small resonators
[23,50,51] and could lead to broadband images of biological
samples [52], so long as the target is thin enough that the near field
reaches the crystal (e.g., the dendrite of a neuron would be visible,
but the inner structure of a spherical cell would extend outside
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the near field). These results are significant not only for timeresolved studies of light–matter interaction, but also for other fields
that would benefit from the ability of a label-free hyperspectral
microscopy with sub-wavelength resolution.
To explore the potential of our approach, we deposited an
aggregation of silver-coated silicon dioxide particles with typical
diameter of 1–7 µm directly onto the surface of a 12 µm thick BBO
crystal. The collection of particles contains a number of small cavities and protrusions expected to locally enhance the electric field on
a sub-wavelength scale (hot spots) [53,54]. Indeed, these features
become apparent, as can be observed in Fig. 4(a), where the peak
intensity is pictured. Since each pixel contains a complete electric
field waveform, other characteristics of interest such as electric
field decay rate or plasmonic couplings could also be analyzed in
future measurements of resonant nanostructures. A clear increase
in the peak field is observed near small features of the structures in
Figs. 4(b) and 4(c). Strikingly, this enhancement is not observed in
the standard transmission microscope image at the same location,
in case of using the same imaging optics under illumination of the
sampling laser, shown in Figs. 4(d) and 4(e). The nature of this
enhancement and how the local field information is imprinted on
the sampling pulse is investigated through numerical simulation in
Supplement 1.
Notably, the features which produce an enhanced electric
field contrast share the same orientation; this can be understood
based on the polarization sensitivity of the optical properties of
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small metal objects. Hydrodynamic simulations of these features
coupled to the nonlinear medium (see Supplement 1) reveal that
the field strength in the medium underneath a metallic rod whose
orientation is perpendicular to the direction of the electric field of
the infrared is significantly increased, and that this modification of
the local field features is accurately reported via EOS.
The corresponding electric field waveform reveals significant
differences from that of the pulse transmitted through free space. In
this way, the sample structure supplies an automatic reference for
studies of the locally enhanced electric field—both are measured
simultaneously with perfect synchronicity, as demonstrated by
the overlap of the waveforms in the temporal region following the
highest field; see Fig. 4(f ). This opens the door to studies of the
electric field dynamics taking place in plasmonic nanostructures
designed for operation in the near-infrared and visible spectral
ranges. Additionally, the apparent size of the enhanced features in
the image, expected to be substantially sub-wavelength in scale,
provides a method of estimating the spatial resolution of the electric field imaging. In Fig. 4(g) the full width at half-maximum of
the feature is 1.2 µm, indeed substantially smaller than the shortest
input wavelength into the microscope (1.5 µm, with central wavelength 1.9 µm), and below the ≈ 2.4 µm diffraction limit of the
0.4 NA objective.
Since the waveform available for each sub-wavelength pixel can
be transformed into the frequency domain, providing amplitude

Fig. 4. Sub-wavelength-resolution, time-resolved imaging of the enhanced electric field in the vicinity of aggregated silver-coated fused silica particles.
Images were taken with 20×, 0.4 NA objective. (a) A wide-field image showing the peak intensity of each recorded waveform. The brightness of each pixel
corresponds to the maximum local intensity of the infrared pulse recorded during the temporal window of the measurement. Note that the apparent sharp
outline of black areas is due to gating that sets the field of regions with insufficient sampling signal to zero. (b), (c) Zoomed-in views of the enhanced field
strength near sharp corners, shown in false color, where red, green, and blue correspond to 145 THz, 165 THz, and 180 THz, respectively. This makes use of
the complete spectral information recorded at each sub-wavelength pixel as an additional enhancement of contrast. (d), (e) Corresponding optical transmission images. These images were obtained by the same imaging optics with only the sampling laser as an illumination source. (f ) Electric waveforms at two
specific pixels in (c) from the location of the brightest pixel and the relatively unperturbed background. This plot shows the temporal profile of the enhanced
field. (g) Lineout of the hotspot in (c), with a FWHM of 1.2 µm.
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and phase at each spectral component, the characteristics of assemblies of plasmonic devices may be simultaneously characterized,
both in terms of the locations of their resonance frequencies, and
the relative phases of their responses to simultaneous excitation.
This makes the present imaging geometry a valuable tool for
understanding inhomogeneous plasmonic arrays.
5. CONCLUSIONS
In summary, we have demonstrated the direct spatiotemporal
imaging of near-infrared electric fields, with sub-wavelength spatial resolution and sub-cycle temporal resolution in a wide-field
imaging configuration. We successfully applied it to the characterization of the electric field profiles produced by metalenses.
Working in a near-field configuration, the microscopy system produces sub-wavelength spatial resolution in characterizing hot spots
in complicated metallic structures, giving direct glimpses into their
interaction with rapidly oscillating fields. Accordingly, we foresee
that the toolbox of attosecond physics [12,55] can be brought to
directly image light–matter interaction, providing a route to spatially and temporally resolved energy transfer in complex systems.
This microscopy is expected to have a wide range of applications in
nanoscience, optical design and characterization, and wide-field
hyperspectral microscopy.
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