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ABSTRACT

The spatial profile of a beam of pulsed terahertz (THz) radiation is controlled electrically using a multi-pixel photoconductive emitter, which
consists of an array of interdigitated electrodes fabricated on semi-insulating GaAs. Activating individual pixels allows the transverse position
of the THz beam’s focus to be varied off-axis, as verified by spatial beam profiles. Enabling multiple pixels simultaneously permits non-
Gaussian beam shapes to be created. The diffraction-limited performance of the system is established by comparison with the Abbé and
Sparrow criteria, and a condition for effective beam steering using this design is derived. The spatial resolution of the approach is linked to
the frequency of the THz radiation and the f-number of the collection optic.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0132207

Terahertz technology is evolving rapidly, with a surge of new
devices, materials, optics, and powerful data processing algorithms. At
the center stage of many scientific and industrial developments lies
terahertz time-domain spectroscopy (THz-TDS), which is facilitating
an impact in nondestructive testing,”” medical diagnostics,” and
remote sensing.” The technological development of improved, inte-
grated THz systems may enable new applications, such as 6G commu-
nications and on-chip sensing.

The key to many future applications lies in improving the charac-
terization and control of THz beams, bringing into the limelight the
concepts of THz beam steering and beam shaping. In particular, appli-
cations such as medical imaging and communication may require effi-
cient, compact modulators that can directly manipulate THz beams. For
instance, temporal shaping and encoding of information on a THz
beam are desired to achieve high data rates for communications,”® while
active beam steering may also be desirable to aim effectively from a
transmitter to a receiver. For THz imaging, understanding the beam’s
spatiotemporal profile can lead to an improved image resolution within
the diffraction limit of the system.

Various methods that can alter the shape of a THz beam have
been reported, including using 3D-printed phase waveplates,” paper
diffractive optics,” metasurfaces,” and THz spatial light modulators
(SLMs) based on electrically modulated metasurfaces'”'" or optically
patterned silicon.'”'” These technologies alter the amplitude and/or
the phase of parts of a THz beam and have different degrees of tun-
ability. However, the added complexity, extra system weight, and finite

insertion loss propel the need to develop integrated devices that can
shape or steer a THz beam directly from the THz emitter.

Since the demonstration of the first photoconductive THz antennae
(PCA), the technology has evolved with many design and material varia-
tions. The reliable performance and high dynamic range make PCA the
THz source of choice in many commercial and scientific THz-TDS sys-
tems. Multi-pixel PCA were first demonstrated in 1991 by Froberg et al.,
who used a PCA with 64 parallel electrodes excited at oblique incidence
to produce a sequence of THz pulses, creating a time-division multi-
plexer.” Arrays of dipole antennae have been used as photoconductive
detectors of THz pulses, for example, a 16 pixel linear design with inte-
grated microlenses'* or an 8 x 8 2D array combined with an optical
SLM." Recently, multi-pixel PCA designs with interdigitated electro-
des'®"” have been used to generate broadband THz pulses with high-
purity linear,'®" circular,'® radial, or azimuthal polarization.l9

In this article, we report a linear array of interdigitated PCA
designed and fabricated to electrically control the spatial beam profile,
thus providing a compact and effective source for the on-demand con-
trol of a THz beam’s position and shape. We measured the THz
beam’s profile under different electrical biasing schemes, allowing the
THz beam’s position to be varied and its shape to be altered away
from a Gaussian profile. We demonstrate the diffraction-limited per-
formance of the system and discuss how the finite size of the optics
limits the spatial resolution achievable in the image plane by consider-
ing the propagation of different spatial frequencies through the
spectrometer.
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The multipixel emitter geometry, shown in Fig. 1, consisted of
interdigitated electrodes with 5 ym width and 20 um period. The elec-
trodes were interwoven together and contacted such that every five pairs
formed a 100 pm-wide pixel. In contrast to the ~20 um size of typical
dipole PC antennae, which require Si lenses for beam collimation, the
larger pixel width creates a less divergent beam that can be collected
with the use of high numerical aperture optics, without a Si lens. The
complete device consists of ten active pixels that were electrically con-
trolled by varying the bias voltage amplitude. Arrays were fabricated on
500 pm-thick undoped SI-GaAs using UV photolithography and metal
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FIG. 1. (a) Micrograph of linear PCA array with interdigitated stripline electrodes
fabricated on SI-GaAs, with ten individually biased electrodes. (b) Schematic of
experimental geometry showing the emitter beam path. In the x-y imaging plane,
the knife edge (blue) profiled the THz beam along x. Cylindrical lenses produced
the appropriate beam profile horizontally for the pump and probe beams. Inset, top-
right: a plane wave at angle 0 to the z-axis has transverse and longitudinal wave-
vectors, k, and k;, respectively, and propagates through the system if 0 < Opax.
(c) Schematic profiles of pump beam (red) and photocurrent J(x") (blue) at the
emitter, along the x’-direction. (d) Profiles of probe beam (red) and THz beams
from selected individual pixels (blue, orange, and green).
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deposition with an e-beam evaporator. The substrate was spin-coated
with a thin uniform layer of image reversal photoresist, and a chrome-
plated mask was used to pattern the design onto the substrate by expos-
ing UV light with a fluence of 90 mJ cm ™ 2. After development, the neg-
ative of the desired pattern was produced, with a clean under-cut.
Topographically, interdigitated PCA devices can be divided into three
layers:"** (a) a contact layer, with Ti/Au contacts 5 nm/300 nm thick;
(b) an electrically insulating, 110 nm-thick Al,O; layer, which also acts
as an anti-reflection coating for the 800 nm excitation beam;” and (c) a
shadow mask layer, which prevents regions with opposing electric field
being photoexcited.” Bias voltages were applied to the multi-pixel PCA
using a lab-built circuit based on an Arduino microcontroller, which
allowed computer control of the voltage level applied to each pixel. In
this work, a 100 kHz square wave with 50% duty cycle and 10 V ampli-
tude was applied when pixels were turned on. Variable voltage levels
allow further fine-tuning of beam proﬁles,19 but a fixed 10 V maximum
was used here.

A standard THz-TDS system with 3 THz bandwidth and based
on a 800 nm, 80 MHz, 100 fs Ti:sapphire laser oscillator, was used to
characterize the emission properties of the linear array PCA, as pic-
tured in Fig. 1(b). Of note are the emitter plane, in which the voltages
applied to each pixel defined the THz beam profile produced; the
imaging plane, where the focused THz beam was profiled; and the
detection plane, where the THz beam was re-imaged and detected. In
the emitter plane (x' — y'), the 1D array was oriented in the x’-direc-
tion, perpendicular to the beam propagation axis. To excite the pixels
more uniformly, the pump beam was expanded along x’ by a plano—
convex cylindrical lens (f= 300 mm), forming a Gaussian profile with
standard deviation ¢, = 830 pm. The pump’s profile extended past
the device’s edges, and hence the transient photocurrent J(x, t) [Fig.
1(c)] and THz field E x 9] /0t emitted”” varied from pixel to pixel.
The beam was focused in y’ to ¢, = 98 um. A fluence of 7.8 uJ cm ™2,
calculated using the elliptical beam’s area, excited the PCA array. The
array was at the focus of the first off-axis parabolic mirror (OAP),
which had a diameter D=50.8mm and an effective focal length
fi = 50.8 mm. The probe beam (<1 mW power) sampled the THz
beam in the detection plane (x” — y”) using a (111)-oriented GaP
electro-optic crystal.”* An elliptical probe beam spot with a width
o = 0.9 mm and a height g, = 89 um ensured that the horizontal
extent of the probe beam matched the position of the THz beams
from each pixel [Fig. 1(d)]. Alignment was first obtained by overlap-
ping the scattered pump beam from the emitter position with the
probe beam using an imaging CCD camera at the detection position.
The PCA array was then aligned in the pump beam based on the THz
electro-optic signal with pixel 5 active, before adjusting the probe
beam position. The electro-optic signal, AI(t) = AIE(t), was propor-
tional to the THz electric field strength E(f), total probe signal I, and
the constant A = (v/24/3) (21/A)ryn’L = 4.2 x 1078 mV ", which
depends on the probe beam’s wavelength, 4 = 800nm, and the
electro-optic coefficient r4; = 0.5 pm VL refractive index n=3.2,
and thickness L = 200 um of the GaP electro-optic crystal.””

AI/I was recorded as a function of pump-probe time delay ¢ for
a variety of different electrical biasing conditions applied to the PCA.
The maximum AI/I = 8.3 x 107> corresponded to a peak THz elec-
tric field E=2 kV m ™" with all pixels active. Furthermore, in order to
determine the THz beam’s profile, a razor blade was scanned horizon-
tally in the imaging plane, along x, while recording the electro-optic
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signal. The electric field profile at the peak of the THz pulse was
obtained by numerically differentiating the electro-optic signal, utiliz-
ing E(x,t = 0) oc & AI(x, t = 0). Profiles were obtained at different
positions along the beam propagation axis, z, in order to find the focus
(z=10). Where applicable, we used a Gaussian fit to the electric field
profile, E(x).

When the linear array was operated in a pixel sweeping mode,
each pixel was individually switched on, with a peak bias of 10 V, while
all other pixels were grounded. The electric field pulses recorded in the
time domain, E(f), are shown in Fig. 2(a) for pixels 1, 5, and 10. The
normalized THz pulses produced by each pixel have similar time-
domain shape and spectral content, with a small shift in phase (<0.1
ps) associated with the small differences in optical path lengths for pix-
els 1 and 10, centered at X' = =450 um relative to the center of the
device at X' = 0. In Fig. 2(b), the transverse profiles of the peak THz
electric field, E(x, t = 0), in the imaging plane, are reported for each
individual pixel. A Gaussian electric field profile was seen for each
pixel, with a similar width ¢, = 0.25 mm, but with a beam center that
varied linearly with the pixel number [Fig. 2(c)]. This demonstrates
that the multi-pixel PCA 1D array can be used to obtain line-scan
THz images at different transverse positions in the imaging plane,
without having to raster scan a sample. Note that the maximum trans-
verse shift in beam center obtained between pixels 1 and 10 (1.3 mm)
was larger than the spacing between their centers (0.9 mm) as a result
of the finite magnification M = f,/f; = 1.5 of the image formed by
the second OAP, which had a longer focal length (f, = 76.2 mm)
than the first OAP (f; = 50.8 mm). The similar beam profile and
beam width for each pixel imply that there were no substantial aberra-
tions or alignment issues with the reported spectrometer. The trans-
verse shift is Ax = MAnd for two pixels with a difference in pixel
number An and pixel period d = 100 um.

To demonstrate that the beams from each pixel combined con-
structively in the far field, Fig. 3(a) reports beam profiles obtained for
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FIG. 2. (a) Normalized THz time-domain waveforms with only pixels 1, 5, or 10
active. (b) Beam profiles at the sample focus in pixel sweeping mode, with one pixel
on at a time. From bottom to top: pixels 1 to 10. Data are normalized and offset for
clarity. (c) Beam centers (blue circles, left axis) and beam widths (orange squares,
right) for each pixel, extracted from Gaussian fits to the profiles in (b). The beam
center shifted linearly with pixel number, while the beam width was the same for
each pixel, with o, = 0.25 mm.
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FIG. 3. (a) Beam profiles E(x,t = 0) from knife edge measurements when pixels
were switched on simultaneously starting from the central two pixels (5 and 6, blue
line, n=2) to all pixels (1 to 10, purple line, n=10). Data were scaled relative to
the case where all pixels were on. (b) THz beam profiles for two pixels on, with a
varying gap of dark pixels between them.

cases with a different number of pixels, 1, switched on symmetrically
about the axis, from pixels 5 and 6 (n=2, blue line) to all pixels
(n= 10, purple line). When more pixels were turned on the amplitude
grew and the beam broadened in width. With all pixels active, the
measured E(f) was the same as the sum of the THz waveforms for
each pixel on individually, demonstrating that there was no noticeable
destructive interference. Theoretically, with n pixels active the beam
profile should be the convolution of a top-hat (width Mnd) and a
Gaussian (representing the diffraction-limited spot size). Initially, for
n=2 (pixels 5 and 6 on), the electric field had a Gaussian profile o,
= 0.28 £ 0.01 mm, marginally larger than ¢, = 0.25%0.01 mm for
pixel 5 alone, corresponding to a broadening due to diffraction larger
than Mnd. With increasing n, the beam width (FWHM) grew linearly
from 0.56mm (n=2) to 1.2mm (n=10). Note that the on-axis
amplitude E(x = 0) did not grow linearly with the number of active
pixels, as the THz radiation from laterally offset pixels was focused
away from the optical axis [Figs. 1(d) and 2(b)]. Furthermore, the
1.2mm FWHM for n =10 was smaller than the value expected from
Mnd = 1.5 mm, as the electro-optic signal from pixels away from the
axis was smaller. This can be understood by considering Fig. 1(d)
along with the expression for the electro-optic signal at a particular
position, 6I(x") = AE(x")I(x"), where E(x") and I(x") are the THz
beam’s and probe beam’s profiles. The total electro-optic signal mea-
sured was Al = [dI(x")dx" = A [ E(x")I(x")dx", and hence for
THz pulses from pixels further from the optical axis [e.g., pixels 1 and
10, Fig. 1(d)] the lower probe intensity created smaller electro-optic
signal than for central pixels (e.g., pixel 5). Nonetheless, Fig. 3 demon-
strates that the THz beam’s width and amplitude were controllable by
switching multiple pixels on or off.

To investigate the spatial resolution attainable with this multi-
pixel design, we applied a bias voltage to two pixels, with an increasing
number of “dark” pixels in-between the active pixels. Referring to Fig.
3(b), with pixels 5 and 6 active, the beam had a Gaussian profile, while
for pixels 4 and 7 (300 um between pixel centers) the beam contained
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a flatter central region. As the separation between pixel centers was
increased further, from 500 um (pixels 3 and 8 on) to 900 pm (pixels 1
and 10), the individual Gaussian profiles from each pixel became
increasingly evident. This shows that with multiple pixels on, the multi-
pixel PCA can produce arbitrary THz beam profiles in the imaging
plane. We note that the electro-optic signal for pixel pairs further from
the optical axis (e.g., 1 and 10; 2 and 9) was reduced as a result of the
lower photocurrent [Fig. 1(c)] and lower probe intensity [Fig. 1(d)].

To establish the performance of this approach, we compared our
results with diffraction theory. The minimum resolvable transverse
spatial resolution, r, can be estimated for a diffraction-limited beam
using either the Sparrow criterion, r = 0.474/NA, or the Abbé crite-
rion, r = A/2NA, where the numerical aperture NA = D/(2f,)
= 0.33 for the focusing OAP. At 1 THz, the center frequency of the
THz pulses, this yields r =427 and r=450 um for the Sparrow and
Abbé cases, respectively. The Sparrow criterion yields a flat-top profile,
as seen for the case where pixels 4 and 7 are on [Fig. 3(b)], and the
width of the flat top corresponds to r. The experimental width of the
flat top was ~440 um, in good agreement with the theory.

Having established that the setup had diffraction-limited perfor-
mance, we now establish a criterion for when beam steering is possible
for a given design and wavelength. The shift in beam center should be
larger than r, otherwise the beam shift may not be resolvable, hence
Ax = MAnd > r. Taking the Abbé value for r yields (f;/f;)And
> /f,/D or And > A, since fi = D in this setup. Hence, beam steering
can be obtained when pixels are separated by And > A, requiring
An >3 at 1 THz. At higher frequencies (shorter wavelengths), the
smaller diffraction-limited beam size makes it easier to steer the beam.

We now consider the propagation of THz radiation through our
optical setup in order to discuss another factor affecting image resolu-
tion in the imaging plane. The propagation of light away from an
extended source can be considered by decomposing the beam into a
sum of plane waves, each traveling at an angle 0 to the propagation
axis [inset in Fig. 1(b)], where tan 0 = k, /k, for transverse wavevector
k,, axial wavevector k,, and wavevector k. The maximum angle, 0.y
that a wave from a point in the emitter plane (near the optical axis)
can have while still being collected by the first optic is given by
tan Omay = D/2f;. From the condition tan < tan 0y, for waves to
propagate through the optical system, we find k, /k, < D/2f;, leading
to the condition that waves traveling to the imaging plane have a suffi-
ciently small transverse wavevector k,, given by

D 1 w
2fi\/1+D?/aft ¢
The image of the emitter formed in the image plane is, therefore, miss-
ing the plane waves with higher transverse wavevectors, k, > k, max.
When the higher transverse wavevectors (higher spatial frequencies)
are lost, the fine detail in the image is blurred out. The highest spatial
frequency in the image, Vmax = kj max/27, determines the spatial reso-
lution, Ax via

kp < kpﬁma.x =

1)

Ax =~ 1/Vmax = 27/kp max- 2)

Note that Ax and k, ma.x depend solely on the THz radiation’s fre-
quency (or wavelength) and the collection optic’s f-number f; /D.

To explore the frequency-dependent resolution of our system,
THz time-domain waveforms were acquired for different knife edge
positions along x, with all pixels active. The amplitude spectrum of the

scitation.org/journal/apl

electro-optic signal, |AI(x, w)|, is reported in Fig. 4(a). The electric
field profile at different frequencies was obtained from |E(x, )]
o 0|AI|/0x and is reported in Fig. 4(b), which corresponds to a
cross-sectional image of the pattern produced by the emitter array. At
100 GHz, the beam profile was Gaussian and broad, while at 1 THz it
was narrower, and at 1.8 THz and higher, the profile had a sharper,
more top-hat-like shape. Considering Eq. (1) shows that for lower
THz frequencies (smaller ) the spatial cut-oft frequency v is
reduced, and hence the image is more substantially blurred, allowing
an intuitive understanding of the results in Fig. 4. Quantitatively, at
®/2m = 1 THz, we find Ax ~ 0.6 mm using Eqgs. (1) and (2), while at
2THz Ax ~ 0.3 mm, in good agreement with the minimum feature
size (the width of the step) seen in Fig. 4(b).

Here, we demonstrated a versatile approach to dynamically steer
and shape THz beams, based on multi-pixel PCA technology. In this
prototype, the beam profiles and image resolution were measured and
assessed with different combinations of the ten pixels active. Each pixel
produced the same bandwidth THz pulse but at different transverse
positions in the imaging plane. Tuning the voltage applied to each
pixel allowed the amplitude and profile of the generated THz beam to
be modified, without changing its phase. The concept is readily
extendable to larger pixel numbers and to 2D emitter arrays, which
will allow the rapid modulation of the THz beam’s position across dif-
ferent locations on a sample. In this design, while the PCA arrays can
be driven at high frequency (e.g., 100 kHz here, limited by the lock-in
amplifier’s bandwidth), the maximum pixel sweeping rate is lower: it
cannot exceed the detection rate, in this case set by the lock-in
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FIG. 4. (a) The frequency-resolved amplitude of the electro-optic signal vs knife-
edge position, normalized. (b) Numerical spatial differentiation of the data in (a)
yields the spatial profile of the THz beam at different frequencies: lower frequencies
are substantially blurred due to the finite spatial cut-off frequency of the spectrome-
ter’s collection optic [Eq. (1)].
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amplifier’s time constant (1 ms, or 1kHz frequency). However, this
may still allow real-time image acquisition via compressed sensing, but
without the extra components required in current THz SLM systems,
such as the extra laser, optical SLM, and semiconductor required for
optically excited THz SLMs.'>"” Electrical modulator arrays based on
metasurfaces'' can change the amplitude or phase of a THz beam, in
contrast to the current approach (amplitude only). THz SLMs have a
finite modulation amplitude and operate over a restricted frequency
range: for metasurface-based modulators, the modulation depth can
be high only at the design frequency (near resonance), while optically
pumped modulators have a bandwidth defined by the frequency-
dependent conductivity of the semiconductor used and a modulation
depth that depends on the semiconductor’s carrier lifetime and mobil-
ity."”® In contrast, the PCA array approach has a high modulation
amplitude (100%), is broadband (it covers the entire bandwidth of the
THz pulse), and can perform full polarization control of linear, circu-
lar, and cylindrical vector beams.'*'"”
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