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Abstract: We report a novel and unique approach for achieving high-performance and
broadband THz phase shifting based on spatially-resolved photoconductivity modulation
(SRPM). By changing the illumination area on a hybrid Au-Ge mesa-array (AGMA) structure
in front of an indium tin oxide (ITO) layer for local photoconductivity modulation, the phase
difference between the incident- and reflected-waves can be tuned nearly continuously with
extremely low reflection loss. For a prototype demonstration, a photonically-driven THz phase
shifting device based on the WR-5.1 (140-220 GHz) waveguide configuration was designed,
modeled and simulated. To achieve phase tuning in the range of 0° to -180° at 180 GHz (band
center frequency), a mesa-array consisting of 12 x 6 unit cells (each 105 pm x 105 pm) was
designed, and a distance d of 250 um between the AGMA and ITO was used. The SRPM is
accomplished using computer-generated light patterns from a closely-coupled micro-LED array
for through-ITO illumination, without the need for any biasing circuitry. Full wave simulation
results have shown that pseudo-continuous and broadband phase shifting can be achieved in
the entire WR-5.1 band, and a shifting range of 0° to -180° at 180 GHz can be realized as
designed. In addition, by using light patterns of different combinations of vertical strips, a fine
phase tuning step as small as ~0.05° can be demonstrated. For all phase tuning states, the
simulated reflection loss is generally less than 1 dB with low loss variation. The proposed
technology for high-performance THz phase modulation is promising and powerful, while
offering far more design flexibility and frequency scalability than the current state-of-the-art
since it requires no biasing wires thus eliminating parasitic-related performance degradation.
Therefore, this technology is suitable for the development of large-scale THz phased-arrays,
reconfigurable reflectarrays, and tunable metasurfaces for dynamic beam steering/forming
required in next generation (6G or beyond) wireless communications.

1. Introduction

The rapid development of wireless communication technologies has led to a significantly
increased demand for enhanced data transmission capabilities, such as higher data rate, higher
bandwidth, improved reliability etc. [1]. Therefore, there is growing interest in exploring
higher-frequency bands such as THz, which broadly extends from 100 GHz to 10 THz [2]. The
sub-THz band is of particular interest for 6G (e.g., the bands centered at 170 GHz, and 300
GHz) and future-G wireless communications. This sub-THz frequency spectrum holds
substantial potential for dramatically enhancing communication performance, as it provides
extensive unused bandwidth that can significantly boost data transmission, minimize latency,
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Fig. 1. (a) The conceptual design of the THz phase shifting device based on WR-5.1 waveguide configuration
using SRPM in a hybrid Au-Ge mesa array (AGMA) structure, and (b) the cross-section view of the proposed
phase shifting device with a quartz/ITO/air/AGMA/quartz device configuration (ITO is employed since it allows
controlling light signal to pass while presenting high reflectivity for the incident THz waves).

and accommodate a large number of concurrently connected devices [3]. However, due to the
limited available THz power (i.e., the THz gap) and severe path loss (due to shorter wavelengths
and strong atmosphere absorption), a dynamic high-gain directional transmission/radiation THz
beam with narrow beamwidth is highly desired [4] in such communication links. As a result,
dynamic THz beam steering and forming technologies have attracted much attention and
become essential for emerging applications in the next generation communication such as
augmented reality (AR), virtual reality (VR), high-definition multimedia streaming, and
Internet of Things (IoT) connectivity [5].

In order to achieve efficient THz beam steering and forming, an essential technology
required in many systems especially those employing phased-array antennas and reflectarrays,
is THz phase shifting. Tunable and reconfigurable phase shifters are critical elements
responsible for accurate beam steering/forming for enabling targeted transmission and
reception of signals [6]. Although various technologies have been explored for phase shifting
at microwave and millimeter-wave frequencies [7]-[13], these approaches have not yet been



viable for THz frequencies. First, traditional semiconductor-device-based phase shifting using
PIN diodes, switches (e.g., HEMTs) and varactors [7]-[9] suffer significant performance
degradation at THz bands due to increased parasitic effects, reduced carrier mobility, and
stringent device scaling requirements at micrometer or sub-micrometer dimensions. Meanwhile,
MEMS-based phase shifters [10], while offering advantages such as low insertion loss and high
linearity, face substantial challenges in terms of device reliability, slow tuning speed,
fabrication repeatability, and complex manufacturing processes, especially when being
integrated into high-frequency large-scale phased-array or reflectarray systems. Moreover,
phase shifters based on tunable materials such as graphene, VO,, and liquid crystals (LCs) have
also been proposed and explored [11]-[13], but they rely on inconvenient modulation using
high voltage, orientation of LC, or temperature change, respectively, making them challenging
to be integrated into large-scale and complex THz systems. In addition, most aforementioned
devices typically operate in only two discrete states making them unsuitable for applications
requiring continuous phase control. Finally, all the above phase shifting technologies require
external biasing circuits for tuning devices which introduces parasitic-related performance
deterioration, increases circuit complexity and complicates system integration, especially as
operating frequencies approach the THz range.

To overcome the above limitations, for the first time, we propose an alternative and unique
approach utilizing spatially-resolved photoconductivity modulation (SRPM) [14]-[15] in
semiconductor materials to achieve high-performance phase control at THz frequencies. The
approach is based on changing the illumination area of a hybrid Au-Ge mesa-array (AGMA)
structure in front of an indium tin oxide (ITO) layer for local photoconductivity modulation,
thus optically tuning the incident THz wave effective reflection plane for producing relative
phase shifting. For a prototype demonstration, a THz phase shifting device based on a WR-5.1
waveguide configuration is designed, analyzed and simulated. Although the proposed approach
can also be used for designing free-space quasi-optical phase shifting elements (e.g., unit cells
in a reflectarray or metasurface), this waveguide demonstration allows us to verify the proposed
concept, validate the design methodology, and evaluate the achievable device performance
using convenient full-wave simulations and well-established experimental setup (e.g., WR-5.1
waveguide vector network analyzer (VNA) extenders and calibration procedures (e.g., TRL,
SOLT, etc.)). As shown in Fig. 1, the proposed device consists of a hybrid AGMA structure
(on a thin quartz substrate) encapsulated within a WR-5.1 waveguide with one end loaded by
an ITO-on-Quartz substrate (as the “ground” for low loss THz reflection). The mesa-array layer
and the ITO are separated by air with a distance of d (for determining the phase tuning range),
forming a Quartz/ITO/air/AGMA/Quartz (QIAAQ) device configuration. A closely-coupled
micro-LED array is placed at the backside for through-ITO illumination (as ITO and quartz are
transparent to visible light) for local photoconductivity modulation in Ge (in the mesa-array).
By using computer-generated light patterns with different combinations of vertical strips, the
illumination area on the mesa-array can be tuned, leading to variable effective reflection plane
for phase shifting. Full-wave simulation using HFSS was performed to demonstrate the
potential of the proposed technology. The simulation has shown that the proposed approach
offers superior THz phase shifting performance as compared to competing technologies,
including nearly continuous phase tuning, wide tuning range (0°-360° achievable), extremely
low reflection loss, low loss variation, and broadband operation. Additionally, the proposed
technology requires no biasing circuitry, making it suitable for employment in THz phased-
arrays, large-scale reflectarrays, and metasurfaces for dynamic beam steering/forming required
in next generation wireless communications.

2. Physics-Based Modeling of Spatially-Resolved Photoconductivity
Modulation in Semiconductor

When a semiconductor is illuminated by light, electrons in the valence band can be excited to
the conduction band as long as the provided photon energy exceeds the semiconductor’s
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Fig. 2. The photoconductivity of Si and Ge films as a function of light intensity for different film thicknesses.

bandgap, thereby generating free carriers (i.e., electrons and holes). The concentration n of
these photoinduced free carriers is influenced by various factors, including the wavelength (or
angular frequency w), intensity of the incident light P (assume normal incidence along the z-
direction), as well as intrinsic properties of the semiconductor material. Mathematically, this
relationship can be expressed using the following 1-D continuity equation and boundary

conditions as [16]:
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where D, represents the diffusion coefficient, o is the absorption coefficient, R is the surface
reflectivity, 4 is Planck’s constant, 1. is the effective carrier lifetime, H is the semiconductor
thickness along the z-direction, and Vg is the surface recombination velocity. For
semiconductors under strong light illumination, Auger recombination becomes one of the
dominant effects that determine the effective carrier lifetime (and hence the achievable
photoconductivity) under high carrier concentration (e.g., >~10' cm in Si). Therefore, the 1,7

of a semiconductor including Auger recombination can be expressed by,
1 1 2
b
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where 1, is the bulk semiconductor carrier lifetime, and y is the Auger recombination
coefficient (e.g., 7 = 3x103! cm%/s, and y5. = 1x10-3! cm®/s). Once the carrier concentration
can be optically modulated, the resulting photoconductivity ¢ of the semiconductor material
can then be locally modulated following o = g (1, + 1) n, where g is the elementary charge, x,
and 1, are the effective electron and hole mobilities, respectively. Once again, both the electron
and hole mobilities in the above equation are functions of carrier concentrations, and this effect
becomes more significant when concentrations are high (e.g., >~10'7 cm™ in Ge). For example,
in Ge, the carrier mobilities are empirically proportional to 1/(1 +n/1017)%5 [17],

From the above discussion, it is seen that the effective carrier lifetime of the semiconductor
material is one of the key parameters that determines the photoconductivity modulation. Longer
lifetime leads to higher achievable photoconductivity while unavoidably resulting in lower
modulation speed [15],[18]-[19]. Taking Si and Ge as examples and assuming well surface
passivation (¥sz=0), the achievable photoconductivities have been calculated for different light



intensities (P=0-150 W/cm?) and semiconductor thin-film thicknesses (H), as shown in Fig. 2.
The incident light wavelength was assumed to be 750 nm (i.e., red, can be generated by
commercially available micro-LEDs) for a prototype demonstration. It is seen that the
photoconductivity increases rapidly with light intensity initially and then saturates as the
illumination intensity increases further. This is a consequence of both significant Auger
recombination and reduced carrier mobilities when the carrier concentration is relatively high
(~10'8 cm™) [17], [20]. For both Si and Ge, thinner films show higher carrier concentration and
hence high photoconductivity under the same light intensity (assuming no significant surface
carrier recombination as the Si and Ge are fully passivated [16]). In addition, Ge thin films
generally present higher photoconductivity than Si under identical illumination intensities
(assuming same film thickness) due to their longer carrier lifetime (e.g., 1 ms), relatively higher
carrier mobility, larger light absorption coefficient (~5%10° cm '), and smaller Auger coefficient
(1x10-3'cm%/s). Specifically, for a light intensity of 120 W/cm? (where both Si and Ge start to
“saturate”), photoconductivities of ~3x10* S/m and ~2.5x103 S/m can be achieved for 1 pm
thick Si and Ge, respectively. As a result, Ge is more suitable for applications exploiting the
huge transition from a low-loss dielectric state to highly-conductive state for THz wave
modulation/manipulation. Therefore, Ge is chosen for photoconductivity modulation to realize
high-performance THz phase shifting in the following study and investigation in this paper.

Although the above SRPM mechanism has already been explored and applied in
demonstrations of a wide range of THz applications, including coded-aperture imaging [21],
beam steering/forming antennas [22], waveguide attenuators [23]-[24], and switching devices
[25]-[26], these implementations have exclusively relied on magnitude modulation of THz
waves. To date, THz phase modulation using SRPM directly has never been reported or
explored. To fully unlock the potential of the SRPM for THz wave manipulation and achieve
high-performance THz phase modulation, we propose to explore and demonstrate the
feasibility of producing phase shift in a reflective device by varying the illumination area on
Ge for changing the effective reflection plane. However, this is particularly challenging since
the typical carrier diffusion length in Ge (i.e., A¢ = /DpTeff =~2 mm) is already significantly
larger than the wavelengths (e.g., 1| mm at 300 GHz) and dimensions of many devices for
operation at THz frequencies. For example, the WR-5.1 (140-220 GHz) waveguide
configuration to be employed for a prototype demonstration in this paper has a dimension of
1.2954%0.6477 mm?, making it impossible to perform local photoconductivity modulation for
achieving different conductive areas inside such a small device. Nevertheless, in such material
as Ge, photo-induced carriers generated within the illuminated area tend to diffuse into adjacent
areas, resulting in both low carrier concentration and hence achievable photoconductivity, as
well as low spatial resolution of SRPM. Therefore, instead of using naturally-existing
semiconductors such as Ge (or Si), a novel engineered photoconductive material that exhibits
a large carrier lifetime for achieving high conductivity and yet short lateral diffusion length
allowing high spatial resolution local photoconductivity modulation is urgently required. Such
contradictory property does not exist in natural-existing materials but can be realized by a novel
and unique mesa-array structure.

3. Hybrid Au-Ge Mesa-Array Structure

As discussed previously, in order to achieve both high photoconductivity (or modulation depth)
and high spatial resolution for enhanced SRPM, a mesa-array structure consisting of a matrix
of isolated and subwavelength islands can be used to restrict the lateral diffusion by confining
photo-induced free carriers within a limited area determined by the mesa size. Using a Si mesa-
array structure, THz coded-aperture imaging at 740 GHz with a subwavelength imaging
resolution has been demonstrated [27]. In this demonstration, a matrix of Si mesas, each with
a lateral dimension of 105%105 pm? and a trench width of 7 pm was employed. Small corner
Si junctions were added to connect adjacent mesas (i.e., semi-isolated) for suppressing THz
propagation through trench gaps while facilitating easy fabrication. However, due to the residue
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Fig. 3. (a) The top view and (b) cross-section view of the proposed hybrid AGMA structure; (c) the side view of
the WR-5.1 configuration used to evaluate the SRPM performance using different mesa-array structures.

carrier diffusion through these corner junctions, an imaging resolution of only ~400 um has
been demonstrated, which is worse than the expected ~105 pm resolution determined by the
mesa size. This issue becomes even more severe in Ge where the achievable imaging resolution
is anticipated to be even worse (due to much longer diffusion length) by using the same mesa-
array design, given that the carrier lifetime in Ge is more than 100 times longer than that in Si
[15]. Consequently, the approach using the semi-isolated mesa-array is also unsuitable for high
performance THz phase modulation using SRPM in Ge in a small WR-5.1 waveguide.

In order to address the above issue and to enable high performance SRPM with high spatial
resolution in Ge for achieving efficient phase shifting in WR-5.1, we proposed to employ a
hybrid AGMA structure as described in [28]. As illustrated in Fig. 3 (a), the AGMA comprises
an array (trench size g=2 pm) of Ge mesas, each with a thickness of 5 um and dimension of
105%105 pum? (I x [), placed on a 50-pum-thick quartz substrate. The Ge mesa dimension was
designed so that exactly 12 x 6 unit cells will be included inside the waveguide aperture for
pseudo-continuous phase modulation with small tuning step, as a prototype demonstration later
in this paper. The 2 um trench was chosen to ensure high modulation depth (smaller gap
preferred) while facilitating easy fabrication using traditional photolithography without using
electron-beam lithography (EBL). In contrast to the semi-isolated mesa-array structure, the Ge
mesas in this AGMA are fully isolated, while the small corner junctions are replaced by Au
joints with a dimension of 10 um x 10 um (mxm, i.e., 1 um-thick (¢;) Au cap on top of 5 pm-
thick (#;) Au embedded in Ge trench as shown in Fig. 3(b)). Once again, these Au joints act to
suppress potential THz wave propagation through the trench gaps for achieving high
modulation depth. Most importantly, to ensure that the Ge mesas are fully isolated, a 2-nm-
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Fig. 4. Simulated two-port S-parameters for (a) the hybrid AGMA structure and (b) fully-isolated Ge mesa-array
structure; (c) comparison of modulation depths (D = S, o0 — S51 ofr (dB)) achieved using the two structures.

thick (#,) SiO- insulating layer is inserted between the Au joints and the Ge mesas as shown in
Fig.3 (b). By introducing the Au joints and insulating layer between adjacent mesa elements,
lateral carrier diffusion can be effectively suppressed. This structural modification (i.e., hybrid
AGMA) directly results in much enhanced spatial resolution (now solely determined by the
mesa size) as compared to the previous semi-isolated Si mesa-arrays while maintaining the
capability of achieving very high photoconductivity using Ge. It is worth to point out that the
implemented insulating layer not only prohibits lateral carrier diffusion but also acts as a surface
passivation layer, substantially lowering the surface carrier recombination [29]. Finally, the
proposed hybrid AGMA can be fabricated using a well-established process using reactive ion
etching (RIE) for forming the Ge mesas (with photolithography), followed by atomic layer
deposition (ALD) for insulation layer, and electron beam (E-beam) evaporation (followed by
lift-off) to define the Au joints [26].

Building on the modified structure described earlier, a 12 % 6 hybrid AGMA was designed
using a Ge (5 um-thick) on quartz (50 pm-thick) (GoQ) substrate. Each mesa has a dimension
of 105%105 um?, and the trench size is g=2 pm, following the design described above. To
facilitate the WR-5.1 phase shifter design, the performance of the AGMA structure for SRPM
was evaluated by placing it into a WR-5.1 waveguide for full-wave simulation using HFSS, as
shown in Fig. 3(c). This configuration of 12 x 6 mesas (/ =105 um, g=2 um) was designed to
be accommodated inside the small WR-5.1 aperture (1.2954 mm by 0.6477 mm, see Fig. 3(c))
while allowing a high spatial resolution (i.e., 105 um, determined by the unit mesa size) to be
achieved. Fig. 4 shows the simulated two-port S-parameters and the achieved modulation
depths for the hybrid AGMA and fully-isolated Ge mesa-array (5 pm-thick Ge on 50 um-thick



quartz, 2 um trench gap, without corner junctions) placed inside the same WR-5.1 waveguide
(as shown in Fig. 3(c)) for performance comparison. As shown in Fig.4 (a), under the non-
illuminated condition (i.e., off-state), the hybrid AGMA exhibits a S;; of ~ -14 dB and S, of
0.2 dB, indicating that nearly all of the THz power was transmitted from port 1 to port 2 due to
the low loss Ge employed. Conversely, when fully illuminated (i.e., on-state) using a light
intensity of 150 W/cm? (assuming a conductivity of 180,000 S/m for 5 um-thick Ge as shown
in Fig.2), the AGMA exhibits a S;; of -0.13 dB and an average S,; of approximately -45 dB
within the frequency range of 140-220 GHz. This indicates that nearly all of the incident THz
power was reflected back to port 1 because of the high photoconductivity achieved. For a
comparison, Fig. 4 (b) shows the S-parameters for the fully-isolated Ge mesa-array structure
without the Au joints. In the off-state, this structure exhibits an average Si; of -15 dB and S,,
of -0.16 dB. However, in the on-state, an S;; of approximately -1.7 dB and an S,; of only -6 dB
are observed, suggesting that a large amount of THz power was still transmitted to port 2 due
to the THz wave propagation (or leakage) through the trenches. As a result, as shown in Fig.
4(c), the hybrid AGMA structure exhibits a much higher modulation depth (the difference
between the on-state S,; and off-state Syy, i.e., D = S;; o0 — S21 o (dB)) of ~45 dB, substantially
exceeding the modulation depth of only ~6 dB observed in the fully-isolated mesa-array
structure. This proves that the introduction of the Au joints effectively suppresses THz wave
propagation through the trenches, enabling a much higher modulation depth to be achieved
(while same time ensuring a higher spatial resolution determined by the unit mesa size). Overall,
the comprehensive simulation and analysis performed in this section clearly demonstrates the
effectiveness of the proposed hybrid AGMA structure for achieving enhanced SRPM.

4. Pseudo-Continuous Phase Shifter Design and Simulation

On the basis of the above hybrid AGMA design and simulation for enhanced SRPM, a
prototype reflective THz phase-shifting device based on a single port WR-5.1 (140-220 GHz)
waveguide configuration, and using the proposed approach is illustrated in Fig. 1(a). For a
proof-of-concept demonstration, the device is designed with a goal to achieve 0° to -180° (*-”
to emphasize phase delay) phase shifting between the incident and reflected waves at port 1 for
the center frequency of 180 GHz, as shown in Fig. 5(a) inset. The device architecture
incorporates an active component consisting of a 12 x 6 (NxM) hybrid AGMA placed on a 50
um-thick quartz substrate (same as the device evaluated in section 3) for photoconductive
modulation. The quartz substrate provides support for the thin AGMA structure, and thinner
quartz (e.g., 20 pm or 10 pm) is preferred to further reduce partial THz refection at the interface
and insertion loss through the substrate. In addition, a 1 um-thick ITO layer (with a conductivity
of ~2.8x10¢ S/m) deposited onto a thin quartz substrate is loaded at the waveguide end to serve
as a conductive reflection plane (“ground”) for low-loss THz reflection, while preserving the
ground connection of the outer waveguide wall. The ITO-on-quartz substrate is optically
transpartent allowing optical signals to pass for performing SRPM on the hybrid AGMA. The
AGMA structure and ITO are separated by air with a distance of d (determines the achievable
phase tuning range) to form a QIAAQ device configuration. Meanwhile a closely-coupled
micro-LED array behind the ITO-on-quartz substrate is employed for spatially selective
illumination (through ITO) on the AGMA for phase tuning. These micro-LEDs typically
generate 400-800 nm visible light with a device area smaller than 5 um % 5 pm [30]. They are
capable of delivering an irradiance of around 822.4 W/cm? [31], significantly surpassing the
light intensity (e.g., 100-150 W/cm?) required in the proposed phase modulation scheme. For
precise alignment between the micro-LED array and the AGMA, optics for focusing and careful
alignment process are needed to guarantee that each Ge mesa can be individually controlled
without affecting adjacent mesas for correct phase modulation by its corresponding light
source.
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The mechanism of THz wave phase modulation in the proposed device can be understood
in terms of shifting the effective reflection plane (for the incident THz wave at port 1, see Fig.
5(a) inset). Under the non-illuminated (i.e., no light from the micro-LED array) condition, the
AGMA behaves as a low loss material, and the incident THz wave can go through and get
reflected from the conductive ITO surface, setting the reflection plane at the ITO/air interface
(for maximum phase shift, i.e., -180° at 180 GHz). Conversely, full illumination of the AGMA
shifts the effective reflection plane to the mesa-array/quartz interface (for minimum phase shift,
i.e., 0° (phase delay) at 180 GHz), thus achieving a phase shifting with a tuning range
determined by the separation distance d between the mesa-array and ITO layers. In this
prototype demonstration, to achieve a -180° phase shift at 180 GHz, the device was designed
with d =250 pum. This distance is smaller than the quarter guided wavelength of 545 pm for the
WR-5.1 waveguide at 180 GHz, due to the fact that the effective guided wavelength (for the
wave between the mesa-array and ITO) being shortened by the hybrid AGMA structure and the
50 um-thick quartz substrate (see Fig. 5(a) inset).

Furthermore, in addition to the maximum (all off) and minimum (all on) phase shifting,
nearly-continuous phase modulation can be realized by selectively changing the illumination
area on the hybrid AGMA layer. To verify this approach, full-wave simulations were performed
for the proposed THz phase-shifting device by illuminating light patterns with different
combinations of vertical mesa-array strips (total N=12 strips/columns). It is well known that
for a periodic grating structure with a pitch size (P, or grating slit spacing) equal or larger than
the wavelength (4), diffraction (with a diffraction angle 8) will happen following the equation
sin(8) = m(A/P), where m is the diffraction order. However, in our phase shifting approach
and the prototype waveguide design using a hybrid AGMA array, the unit cell (or single mesa)
or the vertical strip width is purposely chosen to be well below wavelength. For example, at
180 GHz (the center of WR-5.1), the guided wavelength in air is 2.18 mm, and the guided
wavelength in quartz is approximately 1.1 mm. The waveguide aperture has a dimension of
1.2954 x 0.6477 mm? with 12x6 unit cells, so each unit cell (~105 pum) is roughly 1/21
wavelength (or ~1/11 wavelength in quartz). Therefore, for all tuning patterns to be used, and
following the above diffraction equation, 4 should be much larger than P, and the diffraction
effects have been minimized. Fig. 5(a) presents the simulated reflection coefficient (S;;)
magnitudes for illumination with selected representative light patterns (each strip can be turned
“on” or “off”). It can be observed that the reflection loss generally remains below 1 dB for the
entire G-band (140 GHz to 220 GHz) with a low loss variation of < 0.9 dB. Additionally, Fig.
5(b) shows the simulated relative phase shift (i.e., phase normalized to the minimum phase shift
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at 180 GHz) demonstrating that as the illumination area gradually decreases (i.e., transitioning
from “all on” to “all off”), the phase shift consistently increases across the entire G-band.
Therefore, the simulation results verify that the effective reflection plane can be effectively
adjusted from the hybrid AGMA plane to the ITO plane leading to broadband (i.e., 140 GHz to
220 GHz) phase modulation of THz wave using the proposed approach. Although the phase
shifting varies with frequency, the results in Fig. 5(b) indeed shows the broadband operation
property since the proposed approach is based on true-time-delay of wave propagation [32].
In order to verify the design strategy, Fig. 6 (a) shows a zoomed-in view of the phase shifting
within the frequency range of 175 GHz to 185 GHz (highlighted in Fig.5 (b) using dashed
rectangle). Specifically, the relative phase shift at 180 GHz changes exactly from 0° to -180°
as designed by using an ITO-to-AGMA distance of @=250 um. A larger and arbitrary phase
tuning range (e.g., 0-360°) can be easily achieved by using a different ITO-to-AGMA distance.
To further investigate the phase tuning capability using different illumination light patterns,
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four distinct and representative phase-shifting responses in Fig. 6(a) are labeled as 1, 2, 3, and
4 for light pattern illustration. Since there are N=12 Ge mesa strips and each can be individually
turned “on” and “off”, there will be a total of 2N light patterns that can be used. These 4 selected
patterns are simply picked from a large number of different patterns for illustration and
demonstration. As shown in Fig. 6(b), the light patterns resulting in phase shifting 1-4 are
illustrated as Pattern 1-4, respectively. In these patterns, the red mesa regions indicate
illuminated areas, whereas gray mesa regions represent areas without illumination. It is evident
that illuminating the center region of the WR-5.1 waveguide induces significantly greater phase
shifting compared to illuminating the mesa strips located at the edges. This is due to the intrinsic
sinusoidal electric field (E-field) distribution within the rectangular waveguide, where the
electric field is stronger in the center (of the longer side) than that near the sidewalls.
Specifically, in this demonstration, turning “on” and “off” the AGMA columns at both edges
yields the minimal phase shifting of ~0.07°, while modulating each of the two center strips
results in substantial phase shifting of ~60°. This observation further suggests that fine-tuning
of the phase shifting can potentially be achieved by adjusting the illumination patterns on the
AGMA, especially by engaging the peripheral mesa strips.

To demonstrate the fine-tuning capability of the proposed approach using SRPM for THz
wave phase modulation, Fig. 7(a) shows an example to achieve phase fine-tuning at 180 GHz.
The phase shifts are associated with the four illumination patterns displayed in Fig. 7(b), in
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sequential order from top to bottom. It can be observed that when all the mesas are illuminated,
the phase shift produced is 0° as expected. In order to change the phase shift from 0° to -0.07°,
the mesa strip on the left have to be “turned off”, or not illuminated. Further turning off the
light for the mesa strip on the right side results in the phase shifting from -0.07° to ~ -0.15°.
Moreover, turning off only the second strip on the left produces a phase shift of ~ -0.2°,
demonstrating a tuning step (A8) as small as ~0.05° (between line 3 and 4 as seen in Fig.7 (a)).
By employing various such combinations of mesa strip illumination (N=12 strips),
mathematically 2N-'+1 = 211+1 = 2049 (considering that those vertical mesa strips and also the
E-field are symmetrical about the waveguide center, e.g., N=1, 2 states; N=2, 3 states; N=3, 5
states; N=4, 9 states; N=5, 17 states... between 0° and -180°.) different phase tuning states can
be achieved, leading to nearly continuous phase shifting across the range of 0° to -180° with a
small tuning step of approaching 0.05°. When N is large, the phase tuning step can be
approximately estimated following A8 ~ 180°/2N~1. Therefore, these results successfully
confirm that the proposed technology using SRPM can achieve pseudo-continuous phase
shifting by adjusting the illumination area on the hybrid AGMA structure.

Although the phase shifting device proposed here has been initially demonstrated and
simulated using a WR-5.1 waveguide configuration in which angle of incidence is not a
problem, the device can be also employed in free space as a unit cell for THz reflectarrays or
metasurfaces. For these cases, the THz waves could be incident at different angles (not limited
to normal incidence). Since the phase shifting device is based on adjusting the effective
reflection plane, or in other words, the so-called true-time-delay of wave propagation, the
fundamental working mechanism still holds well for oblique incidence. Therefore, for oblique
THz wave incidence, the incident wave will be simply reflected following Snell’s Law of
reflection (i.e., reflection angle equals the incident angle, imagine an adjustable or movable
reflection plane), with a phase shift slightly larger (due to longer path) than the designed value
for normal incidence. In addition, since the device can dynamically and nearly-continuously
tune the phase, the required phase shift for certain reflectarray or metasurface applications (e.g.,
0°/180° for 1-bit beam steering/forming) can always be achieved. This is a unique advantage
as compared to other phase-sifting unit cell design approaches. Initial full-wave simulation of
a 50x50 reflectarray using the proposed phase shifting device as unit cells (i.e., oblique
incidence for edge units), and fed by a small horn antenna for operation at 300 GHz has shown
promising beam steering and forming performance, verifying that oblique incidence is not a
significant issue affecting the deployment of the proposed device in practical applications.

5. Discussion

From the previous analysis, simulation and demonstration, it is seen that the proposed THz
phase shifting technology using SRPM can deliver superior performance including nearly
continuous phase shifting, large and arbitrary tuning range, extremely low reflection loss and
low loss variation. While efficient phase shifting has been demonstrated using light patterns
with different combinations of 12 vertical mesa strips, much more tuning states can be achieved
by independently modulating all 12x6 (NxM) individual mesa units (i.e., using clusters of Ge
mesas for different illumination areas, and ~ 2NVM-2 (symmetrical field configuration about the
waveguide center) phase shifting states can be achieved, leading to much smaller phase tuning
steps. In addition, AGMA structures with more mesa units (e.g., NxM = 24x12 or much more
(120%60 possible), determined by the controlling light wavelength) can be employed to enable
pseudo-continuous and arbitrary phase modulation across the full 0°-360° range (by optimizing
the ITO-to-AGMA distance d), directly addressing the critical limitation of discrete states
(typically binary, 1 bit or 2 bits) associated with many other traditional phase shifting
technologies employing MEMS, HEMTs, and PIN diodes. The proposed approach also
significantly reduces reflection loss to less than 1 dB with a loss variation smaller than 0.9 dB,
across the entire frequency band (and for all phase tuning states). This improvement is
attributed to the high photoconductivity achieved using the hybrid AGMA structure and the
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elimination of biasing circuits by employing the optical control technology. This level of phase
modulation capability using the proposed approach has not been previously reported in the
literature, and is prohibitively difficult to achieve using other competing technologies. It is
worth to point out that the misalignment between the micro-LED array and the AGMA structure
may introduce very small phase shift errors (e.g., <5% error, assuming the adjacent mesa(s) can
be partially illuminated and modulated due to misalignment) determined by the ratio between
the unit LED dimensions (e.g., 5 pm) and the Ge mesa size (e.g., 105 um in this paper). This
error can be further reduced by employing high quality micro-LED arrays with smaller unit
LED dimensions. In addition, this small phase tuning error can be always compensated using
our approach for nearly-continuous phase modulation, and won’t significantly affect the
practical applications of the proposed device (e.g., in a large-scale reflectarray).

Beyond the superior phase shifting performance achieved, the proposed approach using
SRPM in a hybrid AGMA also offers broadband operation, enabling the device to support
multi-band or frequency-agile THz systems without the need for redesign or reconfiguration. It
is worth noting that the operation speed of the proposed phase shifting technology is primarily
determined by the carrier lifetime in Ge in the hybrid AGMA structure [15]. Although Ge is
chosen for the prototype demonstration in this paper owing to its high achievable
photoconductivity, the relatively longer lifetime results in potentially lower modulation speed.
Although other semiconductor materials could be used for higher speed, surface engineering
during the RIE process for Ge mesa etching could be performed for controlling the surface
carrier recombination to achieve relatively shorter lifetime and higher speed [26]. However, a
short lifetime unavoidably leads to lower achievable carrier concentration and hence
photoconductivity, therefore a trade-off between modulation speed and reflection loss has to be
made for designing such THz phase shifting devices using the proposed SRPM technology.

In addition to superior performance and unique properties, the proposed THz phase shifting
using SRPM technology also offers several advantages in terms of design flexibility and
frequency scalability. First, although the proposed phase shifting was initially demonstrated
using a single-port waveguide configuration, a THz circulator or coupler circuit could be
adopted to separate the input and output for realizing a 2-port phase shifter component [33]-
[34]. Such waveguide phase shifters can find practical applications in many THz phased-array
antenna systems. In addition to waveguide configuration, the proposed QIAAQ device
configuration could be also adopted as a unit cell design in a large-scale (e.g., 100x100 elements)
metasurface or reflectarray for producing 2D arbitrary phase profiles for THz beam
steering/forming as well as THz data link bending/curving. Second, as compared to all the other
technologies, the proposed approach accomplishes phase shifting by optical control without the
need for any biasing circuitry. This eliminates any parasitic-related performance degradation
making the proposed approach not only readily scalable to higher THz frequencies (e.g., > 300
GHz), but also suitable for developing large scale reflectarrays or metasurfaces for next
generation THz wireless communications.

6. Conclusion

A novel, unique and powerful technology for achieving high-performance and broadband THz
phase shifting has been proposed. This approach is based on local photoconductivity
modulation in a hybrid AGMA structure to produce different conductive areas for reflective
phase shifting. For a prototype demonstration, a photonically-driven THz phase shifting device
using the WR-5.1 waveguide configuration was designed, modeled, and simulated. Simulation
results show that pseudo-continuous and broadband phase shifting in the entire 140-220 GHz
can be achieved, with large tuning range, extremely low reflection loss, small loss variation and
refined tuning steps. The proposed THz phase shifting technology based on spatially-resolved
photoconductivity modulation is promising for the development of large-scale THz phased-
arrays, reconfigurable reflectarrays, and tunable metasurfaces for dynamic beam
steering/forming required in next generation (6G or beyond) wireless communications.
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