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Abstract We show that, when large-area multiplex terahertz semiconductor emitters,
that work on diffusion currents and Schottky potentials, are illuminated by ultrashort
optical pulses they can radiate a directional electromagnetic terahertz pulse which
is controlled by the angular spectrum of the incident optical beam. Using the lens
that focuses the incident near-infrared pulse, we have demonstrated THz emission
focusing in free space, at the same point where the optical radiation would focus. We
investigated the beam waist and Gouy phase shift of the THz emission as a function
of frequency. We also show that the polarization profile of the emitted THz can be
tailored by the metallic patterning on the semiconductor, demonstrating radial polar-
ization when a circular emitter design is used. Our techniques can be used for fast
THz beam steering and mode control for efficiently coupling to waveguides without
the need for THz lenses or parabolic mirrors.

Keywords Terahertz · Spectroscopy · Ultrafast lasers

1 Introduction

During the last two decades, there has been a lot of development on terahertz (THz)
emission mechanisms; however, methods for guiding and controlling the direction
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and polarization of THz radiation still require much refinement [1]. Specifically, the
ability to direct and focus THz emission is necessary to maximize the potential of the
THz technology for communications, imaging and medical technologies. Directing
and focusing THz radiation would help applications in THz imaging by increasing
the speed that images can be acquired. An integrated approach involving THz fibres
is essential for industrial monitoring, communication applications and endoscopy,
since free-space THz waves can easily be perturbed or attenuated [2, 3]. Furthermore,
THz polarization and beam control would help to achieve efficient coupling in THz
waveguiding systems where the THz must be launched upon a wire [4] or waveguide
[5]. Methods that have been used in the THz regime for beam control include the fol-
lowing: programmable grating structures using cantilever arrays [1], optically gated
semiconductors [6], difference frequency generators in phased arrays [7], translatable
mirror elements [2], diffraction and optical hybrid setups [8, 9], nonlinear materials
[10], photomixing [11] and optical pulse interference on a linear array of antennas
[12]. Significantly, steering of photoconductive antennas (PCAs) has been achieved
both optically and electrically. In the optical regime, standard PCA geometry was
used to demonstrate that the THz electric field followed the path expected of the opti-
cal field [13]. Steering electrically was subsequently reported by creating an array of
PCAs where the amplitude instead of phase was controlled [14–16].

For steering the THz beam of PCAs, it is necessary to fabricate complex elec-
trode designs to achieve different polarization profiles while providing power to the
electrodes and avoiding any electrical shorts, unlike the method we suggest here
that requires little-to-no design alterations on the emitter. This paper explores beam
steering using large-area emitters that generate THz radiation via diffusion currents,
also known as the lateral photo-Dember (LPD) effect [17–19] and Schottky poten-
tials [20, 21]. LPD and Schottky potential-based double metallic emitters have been
found to have similar spectral bandwidth with photo-conductive emitters [19, 20] .
Various THz sources have been assessed for their capability to be implemented in a
phase-delay array, but in-depth studies of a scheme using LPD emitters has yet to be
tested.

We control the radiation of a THz LPD emitter by altering the characteristics of
the input optical beam, transferring the properties of the excitation wavefront to the
emitted THz wavefront to make the THz beam come to a focus at the point where the
IR beam would. From our experiments, it was confirmed that focusing of the THz
has been achieved and different THz wavelengths focus to larger or smaller beam
waist sizes as expected by theory. Such a system is easily re-configurable and offers
a broad level of optical control [22], the only component we need is a different lens
to alter the focal point. Experimentally, depending on the position of our emitter, we
characterize the THz beam waist and find that the emitted THz radiation undergoes
a Gouy phase shift [23–26]. As the electric field is detected in THz-TDS, the Gouy
shift manifests as a polarity flip in the THz detected wavefront if the emitter is placed
after the focus of the lens [27], further supporting the notion that the THz is being
focused in the same place as the optical pump. The importance and use of the Gouy
shift has been reported in the field of THz imaging [28–36].

There is no electrical bias required for these devices, which are driven by diffusion
currents and Schottky fields, so simplified metallic structures on the surface can be
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designed to achieve different polarization profiles for mode matching to waveguides.
We demonstrate that different polarization profiles can be achieved through changing
the metallic patterning on our devices. A circular device was fabricated and shown
to exhibit a radial polarization profile, ideal for coupling to coaxial waveguides. Our
techniques of focusing the THz radiation and controlling its polarization could be
combined for THz beam steering, imaging and launching into a waveguide. This can
be done with specially patterned emitters and with the help of an appropriate spatial
light modulator to alter the phase profile of the optical pump beam.

2 Fabrication of Emitters

In all our experiments, THz was generated using a 2 cm × 2 cm multiplexed double-
metal (DM) LPD emitter, fabricated using a double photolithography process and
lift-off, with a pattern of partially overlapping Au/Pb strips each with a thickness
of 60 nm and width of 7 μm (with a less than 5 nm layer of chromium to adhere
the Au) at a periodicity of 21 μm. The substrate material is semi-insulating GaAs.
The fabrication and characterization of the emitters is described in [20, 21]. Two
DM emitters with the above geometry were fabricated for the experiments, one with
circular emitter elements to generate radial polarization and one emitter with straight
elements that was used for the measurement of angular emission dependence and the
focusing experiments.

3 Angular Dependence of Emission and Radial Polarization

The experimental data were taken with a standard THz-TDS setup as shown in Fig. 1.
Excitation was performed using a mode-locked titanium sapphire laser emitting at
800 nm, providing us with ≈100 fs pulses at a repetition rate of 80 MHz and peak
pulse energy of approximately 1.25 nJ. After the emitter, two THz TPX lenses of
f = 60 mm were used to collect all of the emitted radiation, and then to focus it
upon the silicon lens aligned to behind the dipole of the detection emitter. Detection
was performed using a LT-GaAs commercial antenna (MENLO Tera T8) and a lock
in amplifier (with a response time of 100 ms) measured the current changes at the
detector. The emission dependence on emitter angle with respect to the pump beam
was examined for the straight DM emitter and compared with that of a piece of bare
semi-insulating GaAs. The schematic for this experiment is shown in Fig. 2a and
the peak-to-peak THz emission with respect to emitter angle results are shown in
Fig. 2b. At an angle of 0◦ the SI-GaAs shows no detectable THz emission parallel
to the pump beam, as expected. As the angle is increased, THz emission increases
linearly, with negative peak-to-peak values representing a reversal in the polarity of
the THz pulse. The DM emitter demonstrated strong emission at 0◦ with no polarity
inversion at other angles. This is attributed to the device emitting both from photo-
Dember currents and the intrinsic net lateral current due to the Schottky effects. The
emission asymmetry with angle is due to the asymmetric nature of LPD emission in
general [18] and the asymmetrical geometry of the DM emitter element. A circular
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Fig. 1 A schematic of the experimental configuration can be seen. The emitter arm consists of a chopper
wheel to optically modulate the pump beam for lock-in detection before it is directed on to the emitter.
Following the emitter, two THz TPX lenses collect the THz radiation and bring it to focus on a Si lens
aligned behind a PCA. On the delay arm, the probe beam is guided towards the PCA via an optical delay
introduced using a mechanical delay stage

DM emitter was designed to produce radially polarized THz emission, which has
been shown to efficiently couple into coaxial waveguides [37]. The design for this
emitter is shown in Fig. 3a where 7 μm wide overlapping rings of Au and Pb were
fabricated on top of SI-GaAs over a period of 21 μm. TDS scans were taken over

a b

Fig. 2 Figure a shows a schematic for the angular measurements and defines the angle of emitter, θ .
Figure b shows a plot of the peak-to-peak amplitude of the emitted THz radiation with variation of the
emitter angle in respect to the pump beam for an Au/Pb DM emitter (red squares) and bare SI-GaAs (blue
circles). The DM emitter shows constant emission and no polarity flip compared to the bare SI-GaAs,
which shows a polarity flip and no emission at 0◦ as expected
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a b

Fig. 3 a An illustration of the design of the circular DM emitter and the points illuminated. In b, the results
of TDS measurements taken at these respective points are shown. For opposing positions, the polarity of
the detected THz is seen to flip. For positions 3 and 4 (inset), the emitter had to be rotated by 90◦ to ensure
the emitted polarization plane was in the same axis as the detector dipole so that a signal could be read.
For the central position 5, around 10× less signal is recorded due to opposing polarizations cancelling in
the far field

the areas indicated in Fig. 3a, and b shows the results. Illuminating opposite areas
of the circular emitter produces THz with opposite polarity. For positions 3 and 4,
the emitter was rotated by 90◦ so that the emitted polarization was in the same axis
as the detector dipole. When we illuminate position 5, we show the resulting TDS
scan taken when illuminating the centre of the circular emitter, which has a greatly
reduced amplitude. In the far field, radial polarization cancels out and it is this effect
that the THz-TDS system measures. In close proximity to, or butt-coupled to, with a
dielectric coaxial waveguide, the radially polarized THz generated would be coupled
into the waveguide efficiently without the need for launch optics, which are limited
at THz frequencies.

4 THz Focusing and Gouy Shift

Here, we demonstrate control of the radiation of the THz LPD emitter with straight
emitting elements by altering the characteristics of the input optical beam. We have
placed the THz emitter between the lens that focuses the near IR laser beam and its
focal point. Therefore, we transfer the properties of the excitation wavefront to the
emitted THz wavefront to make the THz come to a focus at the point where the IR
radiation would. In order for this to work, the radius of curvature of the wave has
to be small enough to impose a temporal separation between the excitation of the
centre and the edges of the emitter elements that is greater than the temporal width
of the IR pump pulse. Further, the separation of emitter elements has to be much
smaller than the emitted wavelength and the size of the emitter in total bigger. The
experiment was initially performed using a titanium sapphire oscillator and conse-
quently repeated with an amplifier to be able to extract frequency dependent data of
the THz beam waists. Finally, a series of measurements that measures the Gouy phase
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shift was performed that confirmed that the THz emission undergoes focusing. For
all these measurements, the straight element DM emitter was used that is described
above.

4.1 Titanium Sapphire Oscillator Pumped Focusing Experimental Results

The emitter arm of the setup was changed from the one shown in Fig. 1 to resemble
that shown in Fig. 4. The beam was expanded using a 13-mm focal length objective
lens, collimated with a 5-cm diameter and 100-mm focal length lens, and then refo-
cused across the 2 × 2 cm DM emitter with an 87-mm focal length lens. After the
emitter, two THz TPX lenses of f = 60 mm were used to collect all of the emitted
radiation, and then focus it upon the silicon lens aligned to behind the dipole of the
detection emitter. The emitter can be translated anywhere between the f = 87 mm
focusing lens and the THz collecting lenses (a total translation distance of 83 mm due
to mounts and holders). When the emitter is near the illuminating lens, the optical
spot size is 2.36 cm in diameter and it excites roughly 870 strip emitters.

With the emitter at a fixed position of 37 mm behind the back of the focusing
lens, knife edge measurements were taken at intervals between the emitter and the
first THz TPX lens. At each position along the z-axis, where z = 0 is defined as the
point at the back plane of the emitter, a knife edge was used to occlude the beam
and gradually reveal it by moving the knife in the x-direction. The 1/e2 spot size was
measured from the lock-in amplifier readings and the results are shown in Fig. 5. The
THz focus is then at approximately 87 mm, as expected, by the focal length of the
lens. The waist of the beam is approximately 1.3 mm but this is a measurement for
the whole THz spectrum.

Fig. 4 The setup from Fig. 1 was modified by directing the pump beam through an objective lens and
a 5-cm diameter collimator lens, and the beam was then incident upon an LPD emitter. Knife edge mea-
surements of the focusing THz beam were performed with a sharp metallic blade at different positions in
the z-direction, moving away from the LPD emitter. At each z position, the knife was extended in the x-
direction until the entire beam was occluded. The beam was then gradually revealed by moving the knife
in the x-direction and time domain scans were recorded at each x increment to provide the frequency
content as a function of beam waist. Inset: The focusing qualities of the optical beam acquired from the
focusing lens are expected to be transferred to the THz beam. The higher THz frequencies are expected to
achieve a tighter focal spot than the lower frequencies
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Fig. 5 The spot size against emitter distance of the LPD emitter using 400 mW irradiation from a titanium
sapphire oscillator. The minimum spot size of the THz beam was measured to be 1.3 mm at a distance of
87 ± 3 mm from the lens, matching closely the focal length of the lens

4.2 Titanium Sapphire Amplifier Pumped Focusing Experimental Results

Subsequently, the experiment was repeated with a titanium sapphire regenerative
amplifier as the amplifier system has enough energy to saturate the large-area emitter
and thus be able to extract frequency data. The amplifier provided 160 fs pulses at a
repetition rate of 250 KHz and a peak pulse energy of approximately 5 μJ. The only
other change to the setup was to replace the focusing lens with a 70-mm focal length
lens, the slightly sharper focusing lens was used in order to give a shorter radius of
curvature to counterbalance for the longer pulse of the amplifier, and position the
emitter at a fixed distance of 42 mm from the lens. The negative impact of using the
amplifier is the relatively slow repetition rate (kHz instead of MHz) that has a neg-
ative effect on the noise floor of the THz time domain scan and further the Ti:Sa
amplifier has an asymmetric optical beam profile which made the results of the THz
focusing more difficult to interpret. A measurement with a beam profiler of the laser
amplifier beam is shown later in Fig. 7.

The knife edge measurements were performed for different distances from the
emitter, which is 42 mm away from the lens, z = 0 is defined as the point at the
back plane of the emitter. At each point along the z-axis (see Fig. 4), a series of time
domain scans were taken moving the knife in the x-direction to partially obscure the
beam as described in Section 2. The expected behaviour of the intensity of the THz
beam against x position, assuming a Gaussian distribution, is expected to take the
form of an error function [38].

A selection of beam waist profiles, for different frequencies, is displayed in Fig. 6.
The bandwidth provided by the LPD emitter, when considering the data taken for all
z-positions, was insufficient to provide reliable analysis of individual wavelengths
above 0.75 THz. In Fig. 6, the real data (points) and the fit at each of these THz fre-
quencies can be seen. The fit curves were generated by fitting an error function to the
normalized FFT data to extract the beam waist of the different frequencies to demon-
strate that there is indeed focusing and that the higher frequencies reach a tighter focal
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Fig. 6 The progression of the THz beam waist for different knife edge positions along the z-axis can be seen
for distances of a 10 mm b 30 mm c) 39 mm from the back of the LPD emitter, where b is taken at the focus.
The normalized real data is given as square points and the trend line is created using an error function

spot. The waists (as a function of z) can be seen to narrow and expand past the focus
as expected if the THz beam is following the behaviour of the optical beam passing
through a focusing lens. The focal point is near the 30 mm position, adding to this the
42 mm that is separating the emitter and the lens, the focus happens approximately
72 mm away from the lens which is close to its focal length (70 mm). The result-
ing waists at the 30-mm position are, 0.85 ± 0.2 mm at 0.25 THz, 0.85 ± 0.2 mm
at 0.5 THz and 0.28 ± 0.1 mm at 0.75 THz. Using a very simple Gaussian approxi-
mation and the dimensions of our lenses, the waists should have been 1.1, 0.53 and
0.35 mm. Our experiment is not characterized by an ideal Gaussian propagation, it is
limited by the dynamic range of our measurements especially at 0.75 THz; the qual-
ity of the optical beam of the amplifier which is an asymmetric Gaussian (Fig. 7);
the emission characteristics of the LPD DM emitters which—as they can be seen
in Fig. 2b—are also asymmetric; finally, aperture effects on the lens system would
make the beam non-Gaussian.

4.3 Gouy Shift Experimental Results

The Gouy shift for the LPD emitter was determined by taking FFTs as a function of
emitter position on the z axis (see Fig. 4), beginning with the emitter 42 mm from the
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Fig. 7 This figure shows knife edge measurements of the beam profile of the pump IR beam as it comes
from the regenerative titanium sapphire amplifier. The beam is asymmetric in x and y which complicates
the propagation of the THz beam

IR focusing lens (z = 0) and gradually moving the THz emitter towards the THz TPX
lenses. The Gouy shift was calculated for each position with respect to a reference
waveform, which is defined as the complex FFT obtained when the emitter is 42 mm
(z = 0 mm) from the back of the focusing lens. The data had to be phase unwrapped
to derive the relative phase; the phase unwrapping was performed from the FFT data
after they were numerically smoothed by using a time window. It should be noted
that the phase of the lock-in amplifier was not changed throughout the data taking.

The raw time domain data can be seen in Fig. 8a, where a polarity flip in the THz
emission can be seen after the emitter is translated through the focus of the optical
radiation. Examining Fig. 8a further, we see that the peak signal is positive and max-
imum when the emitter is closest to the lens (giving the trace in Fig. 8b) and when
the emitter has passed the focal point, the opposite polarity is observed (Fig. 8c).
This effect is due to the Gouy phase shift and it is visible due to the fact that we
detect the E-field in the TDS setup rather than the average irradiance; both the elec-
tric field amplitude and phase are detected. Between these two points, the peak signal
decreases until reaching the focus and then once again begins to increase after this
point is passed; this is due to the size of the pump beam spot which illuminates
fewer emitter elements near to the focus. On either side of the THz envelope peak
in Fig. 8b and c for each z position fluctuations in the signal can be seen, due to
etalon effects and other absorptions and reflections taking place within the setup.
Such fluctuations cause aliasing of the data obtained in the main THz pulse and it
is therefore desirable to reduce these as this will increase the accuracy of the sub-
sequent phase unwrapping. Numerically, this can be done by applying a window
function to the raw data that gradually reduces the signal to zero on either side of
the main THz peak. Smoothing over a window is preferable as a sharp drop to zero
of the time domain signal will cause errors and in this case, we used an exponential
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Fig. 8 The time domain data for each z position can be seen in a. After the emitter translates through the
focus of the optical beam the THz waveform undergoes a polarity switch as highlighted between b and
c, where the emitter is at 42 mm (z = 0 mm) and 82.5 mm (z = 40.5 mm) behind the focusing lens,
respectively. In a only a part of the time domain scan is shown, whereas in b and c the full time domain
scan is shown

window function. With the smoothed FFT data obtained, the phase shift was extracted
by taking the FFT at 42 mm as the reference point and subtracting all the subse-
quent phases of the FFTs from that point to obtain the relative shift in the data as a
function of distance from the focusing lens. The results can be seen in Fig. 9 as a
function of THz wavelength and show a dependence with frequency—the Rayleigh
length is increasing as the frequency is decreasing—as expected. The equation for
the Gouy phase; A · arctan(z/zr) was used for the fit, where z is position along the
beam, zr is the Rayleigh range, and A is a scaling factor. The fits obtained by the
Gouy phase shift data are better than the fits obtained by the waist experiment. This
is expected because, in the case of the waist measurements, the beam is obscured by
the razor blade which reduces the THz signal whereas in the case of the Gouy phase
measurement, the whole THz beam is measured at all times. Also the phase and
amplitude of the signal have different sources of noise in a THz-TDS experiment;
the phase noise usually is dominated by the accuracy of the delay line whereas the
amplitude is dominated by electrical and laser noise. The Rayleigh range is 4.6, 1.9
and 0.44 mm for 0.25, 0.5 and 0.75 THz, respectively. The corresponding calculated
waists assuming Gaussian propagation is 1.3 ± 0.1, 0.85 ± 0.1 and 0.4 ± 0.1 mm
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Fig. 9 The Gouy shift for 0.25, 0.5 and 0.75 THz can be seen along with the trend lines using
A · arctan(z/zr ) for the fit

for 0.25, 0.5 and 0.75 THz, respectively. The estimated waists imply tight focusing
as they are quite close to the wavelengths (1.2, 0.6 and 0.4 mm for 0.25, 0.5 and
0.75 THz, respectively) and they are comparable to the results shown in Fig. 6.

5 Conclusion

The THz emitted from the LPD multiplexed strip emitters was brought to a focus by
transferring the wavefront characteristics of the focusing Ti:Sa excitation pulse on to
the emitter. The data provided by the knife edge measurements shows that the THz
wavefronts take on the characteristics of the optical pulse and can be used for beam
focusing and in the future beam steering if a spatial light modulator is used in the path
of the optical pumping beam. This way, an arbitrary pattern of THz radiation could
be produced in order to speed up imaging applications. We also demonstrated that
the THz beam experiences a Gouy shift which provides further evidence of focusing
and introduces a way to generate a selective polarity flip of the THz radiation if it is
experimentally required by simply moving the emitter. We also show that THz DM
emitters can be fabricated following a circular pattern to create THz with radially
symmetric polarization, which is required for launching THz on to a coaxial wire
guide. The combination of the presented techniques would allow for emitters to be
designed with a waveguide mode in mind, with the THz emission steered and focused
into the waveguide by manipulating the pump beam for efficient coupling.
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“Quantum Cascade amplifiers for high power Terahertz time domain spectrometry”.
All data supporting this study are openly available from the University of Southamp-
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