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Abstract: A multi-pixel photoconductive emitter is reported that generates THz beams with
either azimuthal, radial or linear polarization states. Switching between the different polarization
states was purely electrical, via the bias voltage applied, circumventing the need for mechanical
polarization optics or different THz emitters to change the polarization. Dipole array modelling
was performed to validate emitter array designs, and to explore their optimal bias configuration,
while spatially-resolved electro-optic detection of the generated beams confirmed that cylindrical-
vector beams were produced. We further demonstrate that the spatial beam profile was optimized
by adjusting the bias level on particular pixels, improving the polarization purity of the beam.
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1. Introduction

Due to their inhomogeneous polarization states, cylindrical-vector (CV) beams have properties
distinct from those of Gaussian beams, which have uniform polarization. The fascinating features
of azimuthal and radial CV beams under tight focusing conditions have been well reported
and include: enhanced longitudinal electric or magnetic fields with respect to the transverse
component [1], smaller spot sizes for focused beams than for linearly-polarized beams [2] and
extremely long focal depths [3]. These special features are of interest in applications that include
optical tweezers for trapping particles [4,5], image resolution improvement in microscopy [6,7]
and particle acceleration [8].

The demand for laser-driven terahertz (THz) sources has increased over the last decade and
photoconductive interdigitated emitters [9] are attractive sources of pulsed broadband THz
radiation. The generation of azimuthal and radial THz beams has been explored, for instance with
an interdigitated electrode geometry [10–12], or with a single pair of contacts [13], where the
azimuthal or radial acceleration of charge carriers in the semiconductor substrate generated the
respective CV modes. Alternative methods reported to produce azimuthal and radial THz beams
without employing photoconductive emitters include: optical rectification via velocity-mismatch
[14], air-plasma filaments [15], density modulated plasmas [16], segmented [111]-orientation
GaP crystals [17] and a spintronic THz emitter used in conjunction with a triangular Si prism
[18]. Radially-polarized THz beams can also be converted into vortex beams carrying orbital
angular momentum [19].

Full control of the THz beam polarization state may be useful for novel spectroscopy
experiments, THz communications, THz polarization imaging [20], and for THz ellipsometry
systems. It has been recently shown that multi-pixel photoconductive emitters enable the precise
electrical control of the polarization angle of broadband linearly-polarized THz beams [21],
while integrating a multi-pixel emitter with an achromatic waveplate allowed the broadband
ellipticity to be smoothly and precisely changed from linear to circular [22]. In methods reported
previously for the generation of azimuthal and radial THz beams, the experimental setup had to be
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rearranged to support the production of the desired polarization state (e.g. swapping one emitter
for another), requiring careful and time-consuming re-alignment procedures, and introducing
system complexity.

In this Article, we illustrate full THz polarization control between linearly-, azimuthally- and
radially-polarized THz beams with one compact component, a multi-pixel photoconductive
array. A rapid and convenient switching between polarization states was achieved by using
different electrical bias configurations on the pixels. Dipole array simulations were used to
predict the performance of the device geometry, which consisted of 16 active pixels. To validate
the generation of the desired CV beam, we determined the beam’s polarization state profile using
spatially-resolved electro-optic sampling. Finally, we introduce the ability to electrically modify
and improve the CV beam quality in a controlled manner.

2. Experimental methods and modelling

Interdigitated photoconductive emitters are made of metal electrodes on the surface of semicon-
ductor, forming a periodic structure of cathode, semiconductor gap and anode [9,23]. A fs pulse
is used to irradiate semiconductor, which excites charge carriers in the biased semiconductor
region only. Accelerated charge carriers create transient photocurrents that radiate THz pulses,
while the pulse from each excited semiconductor area can interfere constructively in the far-field.
Interdigitated emitters were used in this work due to their improved polarization purity and good
radiation pattern in comparison to bow-tie or narrow-gap strip line antennae [24].

The interdigitated emitter used in this study was fabricated employing laser-write photolithog-
raphy, with metal deposition by a magnetron sputtering, on a 500 µm thickness semi-insulating
GaAs substrate. The emitter was made of 16 pixels, each with an area 100×100 µm2 and metal
electrodes that were 5 µm wide, with 5 µm gaps, as displayed in Fig. 1 (a). Adjacent pixels were
designed to generate orthogonally polarized THz beams (horizontally and vertically) and the
direction of the bias electric field determined the polarity of the radiated THz pulse. The electrical
bias used square waves at 100 kHz frequency, with 10 V amplitude and 50% duty cycle. The THz
radiation emitted by each pixel interfered constructively in the far-field to produce a coherent THz
beam. Using 16 pixels allowed control of the local polarization state, with enhanced polarization
purity and quality of azimuthal and radial THz beam in comparison to designs with a 9 pixels
(3x3 configuration). A custom THz time-domain spectrometer was used in this work, based on a
Ti:Sapphire oscillator with a 70 fs pulse duration. An average power of 700 mW was used to
excite the emitter, with a beam size selected to uniformly cover the ∼600×600 µm2 active area.

2.1. Dipole array modelling

The THz radiation pattern produced from the multi-pixel array was calculated by approximating
the THz radiation emitted from the active semiconductor areas using an array of electrical dipoles
that matched the emitter geometry. The typical wavelength of 300 µm (1 THz) is much smaller
than the dipole size (5 µm), hence the Hertzian dipole approximation was used to calculate the
vector electric field of each dipole. The electric field components produced by a Hertzian dipole
in a spherical coordinate system r, θ and ρ are
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where l is the length of dipole, Z0 is the impedance of free space, I0 is the photocurrent, k is the
wavenumber, i is the imaginary unit. The parameters of the model were selected to match typical
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Fig. 1. (a) Optical microscopy images of 16-pixel interdigitated emitter active area. (b), (c),
(d) Spatial transverse electric field distribution in the near-field (5 µm) and (e), (f), (g) in the
far-field (50 mm) and ; (h), (i), (j) color maps displaying the orientation of local electric field
in the far-field for linearly, azimuthally and radially polarized beam respectively. Red arrows
are parallel to the direction of bias electric field in the semiconductor gaps.

interdigitated photoconductive devices: for instance the orientation and position of dipoles was
created to match the geometry of exposed semiconductor gaps in the device. Each dipole had a
length of 5 µm and the distance between adjacent dipoles in the same semiconductor gap was
5 µm.
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The modelling results of transverse electric field amplitude and orientation in the near- and
far-field at 1 THz are presented in Fig. 1. The modelled data show that different biasing conditions
of the same 16-pixel emitter result in different polarization states in the far-field. Panels (b)-(d)
present the THz intensity in the x − y plane in the near-field while (e)-(g) show the far-field
intensity and (h)-(j) the far-field polarization angle distribution for horizontally-, azimuthally-
and radially-polarized beams. The modelling results show that when configured to generate
a linearly-polarized THz beam the emitter produces a Gaussian beam profile and a uniform
polarization state in the x − y-plane. The CV beams possess a doughnut-like intensity profile
and a cyclic polarization angle distribution, in good agreement with expectations for CV beams
[6,25]. It is worth noting that the beam profiles of the azimuthal and radial beams are not perfect
because of the finite number of pixels used and their square shape: further improvements could
be made, for instance using designs with a larger number of smaller pixels.

2.2. Spatially-resolved electro-optic sampling

Due to their non-Gaussian beam profile and polarization inhomogeneity, we adopted spatially-
resolved electro-optic sampling (SR-EOS) to sample the vectoral THz electric field at different
spatial positions. This method involved scanning the probe beam with respect to the THz
beam at the electro-optic crystal, which was a 2 mm thick ⟨110⟩ - oriented ZnTe crystal. A
similar approach has already been used by introducing additional delay stage with two mirrors
[8] or expanding the probe beam and moving iris across [17]. In this study, the probe beam
was expanded in horizontal direction using a pair of convex cylindrical lenses, as shown in
Fig. 2 (a), to beam widths of 1.5 mm×0.45 mm horizontally and vertically (values indicate D4σ).
Probe beam profiles and positions were monitored with a custom-built beam profiler based on
a Raspberry Pi HQ camera, similar to Ref. [26]. The slit width was adjusted to 600 µm, and
was placed on a mechanical stage to allow the ready alteration of the position of the probe beam
on the detection crystal. A spherical lens was used to further reduce the gate beam size at the
crystal to 280 µm×450 µm, smaller than the THz beam size at the detection crystal, which was
approximately 1.4 mm×1.4 mm. The electro-optic signal is proportional to the product of THz
electric field strength and the optical power of the probe beam [20], but the incident optical power
of the gate beam changed slightly as the slit was scanned across the probe beam. To account for
this, the electro-optic signal was normalized by the gate beam power transmitted through the
electro-optic crystal at different slit positions. The horizontal and vertical components of the
THz electric field were resolved by rotating the detection crystal and gate beam polarization.

Experimental results from SR-EOS applied to the multi-pixel emitter are reported in Fig. 2
under the bias conditions required to produce azimuthal or radial CV beams. Panel (b) illustrates
the transverse electric field profile of an azimuthally-polarized beam, while panel (c) indicates
the THz electric field sampled at the peak of the time-domain pulse. A strong vertical component
is evident, which swaps sign across the beam centre near zero probe beam position. Further
information can be seen in contour maps of the vertical component of the THz pulse as a function
of EOS time and probe beam position (Fig. 2(d)). In particular, the top/bottom mirror symmetry
about zero probe beam position indicates that the time-domain THz pulse had a similar shape
and duration for all positions off the axis. The symmetry was consistent at different EOS times
confirming that the THz pulses produced were broadband and with a fixed phase relation. Results
obtained when the multi-pixel emitter was biased to produce radial polarization, as pictured in
Fig. 2 (e), are reported in panels (f) and (g). A strong horizontal component can be seen, which
also changed sign across the beam centre. These results agree with expectations from CV beam
theory and previous studies of azimuthally- or radially-polarized THz beams [11,17].
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Fig. 2. (a) Diagram of the spatially-resolved electro-optic sampling setup used (top-down
view). (b) Schematic spatial profile of the transverse electric field for an azimuthal beam
(arrows). The black rectangle shows the approximate extent of gate beam positions probed.
(c) Beam profile measurements by aperture scanning of vertical (blue) and horizontal (orange)
electric field components for the azimuthal beam, obtained at the time-delay indicated by a
vertical black line in (d). (d) Time-domain THz pulses at different aperture positions. (e)-(g)
are as (b)-(d), but for a radial THz beam.

2.3. Optimising the polarization state

Since the bias voltage on each pixel can be controlled independently, the CV beam profile may
be fine-tuned to improve the quality and symmetry of the beam towards the theoretical profile,
as will now be discussed for the example of radially-polarized THz beams. The lowest order
radial CV beam can be described as the product of a Gaussian and a Bessel function, yielding a
function that is odd in probe beam position, x [27]:

Ex ∝ J1(x)e−(x−x0)
2/2σ2

, (4)

where Ex is the horizontal component of the THz electric field; J1(x) is the Bessel function of the
first kind of order one; x0 and σ are the central position and standard deviation of the Gaussian
used to fit the data. The experimental optimisation of the radial beam profile is reported in Fig. 3.
A SR-EOS measurement of the horizontal THz field component was performed with all pixels
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Fig. 3. Electrical control of the radial THz beam profile. (a) Normalized radial beam profile
obtained by using 10 V bias voltage on each pixel (orange points) and with an adjusted bias
voltage pattern (blue points). The theoretical profile for a radial beam (black curve) is also
shown. (b) and (c) show the bias voltage configurations used to produce two different beam
profiles given in (a); arrows are parallel to the electric field direction and their length is
proportional to the amplitude of electric field.

driven by square wave of 10 V amplitude, as pictured in Fig. 3 (b), but this configuration resulted
in the distorted and asymmetric beam profile in Fig. 3 (a) (orange points), with greater THz
electric field for x<0 than for x>0. This may have resulted from small alignment errors, such as
slightly more pump power on one side of the emitter than the other. An improved beam shape
was achieved by attenuating the voltage on specific pixels to 7 V (illustrated in Fig. 3 (c)), making
the beam more symmetric (blue points). The corrected beam profile is in excellent agreement
with the theoretical profile of Eq. (4), reported by the solid black line in Fig. 3 (a).

3. Conclusions

Dipole array calculations were used to evaluate the electric field distribution of azimuthally- and
radially-polarized THz beams produced by a 16-pixel emitter under different biasing conditions.
A 16-pixel emitter was successfully used to generate linear, azimuthal and radial THz beams and
a SR-EOS method was employed to measure the profiles of the CV beams. Unique features of CV
beams were observed: a sign inversion of the THz pulse as the probe beam was scanned across
the beam centre, and a zero transverse electric field at the centre of the beam. The ability to
control the beam profile and polarization state was demonstrated without any need for mechanical
realignment of the emitter, and in a way that could correct for optical alignment errors.

Future work could involve analysis on how changing the number, positioning, shape and size of
the pixels impacts on the generated THz beam, with a view to further optimising beam parameters
and polarization purity. It would be useful to map the polarization state across the entire plane of
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the beam, allowing more detailed analysis of CV beams. This approach could be implemented
by using an aperture and an additional mechanical stage to enable movement of the aperture in
two orthogonal directions, or by using a THz camera and a pair of polarizers to image different
polarization components of electric field. Finally, the controlled production of CV beams via the
multi-pixel concept allows the rapid switching between vortex beams with different topological
charge.
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