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Section S1: Device fabrication and assembly process

The device fabrication process is listed as follows.

(1) VO film deposition on the sapphire substrate

(2) Photoresist spin coating and patterning using ultraviolet photolithography

(3) Etching VO, film by reactive ion etching

(4) Radio frequency sputtering of titanium and gold films on the bottom surface of the substrate
(5) Photoresist spin coating and patterning using ultraviolet photolithography

(6) Radio frequency sputtering of titanium and gold films and lift-off process

(7) Assembling the device on the printed circuit board and wire bonding
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Fig. S1. Flow chart of the device fabrication and assembly process.

Section S2: Optimization of the electrical connection between different unit cells
in the subarray for THz wave detection

When one subarray of the SAM is chosen as a THz sensor, the unit cells in this subarray ideally
should be connected in series so that the output voltage of the subarray is their sum. However, it
will make the total resistance of the subarray (Rsu) relatively large. Then, the input power of the
subarray (Pin) would be insufficient to trigger the insulator-metal-transition (IMT) of VO, according
to the relationship Pin = V,./Rsub, Where Voy is limited by the maximum output voltage of the 48-
channel power amplifier. Hence, the optimization of the electrical connection of the unit cells is
indispensable.

As discussed in the main text, each subarray comprises 90 rows and 2 columns of unit cells.



For simplicity, the connection layout of the unit cells in these two columns is identical. Rqoi denotes
the column resistance, and these two columns are in parallel to reduce Rsw, which can be described
as Reb = Reot / 2. To further reduce Rl without significantly sacrificing THz-detection capability,
the optimized design of the electric connection in each column is shown in Fig. S2A. The column
is divided into nine identical blocks in series connection. Thus, Reol = 9Rbiock, Where Rpiock 1S the
resistance of a block. There are 10 unit cells in parallel in each block, and the block resistance Rpiock
= Ry/ 10, where R, is the resistance of a unit cell. R, depends on the VO, conductivity because the
length-width ratio and the thickness of the VO patch are fixed. Eventually, Re is optimized as Rgub
=9R,/ 20, as shown in Fig. S2B.

The above optimization is subject to the limited voltage of the 48-channel power amplifier, and
the THz-detection capability is partly sacrificed. If a power supply with a larger output voltage is
exclusively applied to a subarray, optimizing the electrical connection between the unit cells in this
subarray could prioritize the detection capability. Hence, in our SAM, we design the electrical
connection in the 24" subarray (at the center of the SAM) with the connection layout shown in Fig.
S2C, in which more unit cells are in series, which improves the output voltage. In this case, the total
resistance of the subarray is Rsuw = 45R/4, and the bias of the subarray is supplied by a voltage
source (Keithley SMU2400) instead of the power amplifier.

B

Fig. S2. Resistance of the subarray, column, and block. (A) Schematic of two subarrays in the
proposed linear array. (B) Equivalent resistance model of a column in each subarray, except for the
24™ gsubarray. (C) An equivalent resistance model of the column in the 24" subarray for improving

THz wave detection.

Section S3: THz detection performance of the modulation subarrays in the SAM.



As discussed above, when optimizing the electrical connections between unit cells in the subarray,
there is a contradiction between increasing the THz detection capability and reducing Rsw. For
sensor subarray, the relatively high Rqu is necessary to improve the detection sensitivity. In contrast,
the unit cell connections in modulation subarrays were optimized in the opposite direction.
Nonetheless, these subarrays were still capable of detecting THz waves. For verification, we used
these subarrays to measure the power distribution of a collimated THz beam impinging on the SAM,
as illustrated in Fig. S3A. The THz radiation with a modulation frequency (fmod) of 3.1 kHz is
collimated and incident to the SAM, which was biased at 60°C. The subarrays in the SAM are biased
with a current of 4 mA for THz detection, and the voltage across each subarray is sent to the lock-
in amplifier (MFLI, Zurich Instruments) for demodulation. The readout value of each subarray is
shown in Fig. S3B. Because of the Gaussian distribution of the power of the collimated THz beam,
the subarrays at the edge of the incident spot did not detect any THz power; Fig. S3B only shows
the readout values of those subarrays that are in the middle of the spot. Figure S3B proves that
although the 24" subarray performed much better than the others in terms of responsivity, the other
subarrays could still work as THz sensors, indicating that the proposed SAM could also be used as

a linear sensor array.
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Fig. S3. Characterization of the subarrays in the SAM for THz detection. (A) Schematic of the
setup used to characterize the subarrays. (B) The detected value of each subarray at a modulation

frequency of 3.1 kHz and a 4-mA DC bias.

Section S4: Experimental setup used for the two proof-of-concept demonstrations.
To prove the capability of the proposed SAM in the application scenarios such as self-adaptive beam
steering and THz power stabilization, the experimental setup for the two demonstrations was

established. The real experimental setup and the diagram are shown in Fig. S4.



OAP#1

/‘l:x

>

THz source
Q
)
40\1@ 0. Baffle
'\ /‘—. OAP#3
/ 9’,,,

N OAP#2
/SAM

Fig. S4. Experimental setup used for the demonstrations. (A) The optical image of the setup. (B)

Schematic of this experimental setup.

Section S5: Review of THz phase modulators and detectors.

Phase modulators in the THz band are far from mature compared with microwave frequencies. The
phased array technology is widely used at microwave frequencies, while its development at THz
frequencies encounters many technical challenges. The low performance and complicated
fabrication process of the semiconductor lumped components in the THz region are the major
problems. One solution is to modulate the phase in the lower frequency band and then convert it to
the THz region. For example, Yang et al. proposed a phased array composed of eight elements in
the frequency range of 360-420 GHz using 45 nm CMOS (complementary metal-oxide-
semiconductor) silicon on insulator technology (53). Another way of tuning the phase shift in the
THz band is realized based on Adler’s equations, which have been reported in the recent literature
(54-55).

The high hardware complexity of the active phased arrays limits their array size and brings
unaffordable costs. There are some alternatives proposed to realize phase modulation. Leaky-wave
antenna, which has frequency scanning capability, is a popular choice for THz beam steering. The
phase shift in the traveling waveguide structure is obtained by adjusting the spacing between the
inter elements. The leaky-wave antenna has been demonstrated to use in the THz radar and wireless
communication (56-58). Its major drawback is lacking the reconfigurability. Recently, the tunable
Brewster effect has been utilized to realize broadband phase modulation (59). The reconfigurable
and frequency dispersive THz beam deflection has been experimentally demonstrated (60).

The metasurface-based passive phased array, i.e., reflective intelligent surface (RIS), was
proposed in recent years. It integrates with tunable materials to realize the dynamic control of the

phase. Here, the word “passive” denotes it does not contain the THz source. It owns the advantages
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of simple geometry and simple fabrication process in contrast to the transmitter-based active phased
array, which is favorable for reducing the fabrication cost. Recently, programmable metasurfaces
based on liquid crystal and graphene have been proposed to realize THz beam steering (27,29,31).

The function of the THz detector is to receive the THz radiation signal and convert it to
physical quantities that humans can understand. To meet the application requirements of THz
technology in biomedical imaging, astronomical observation, security detection, and other fields,
high-performance and low-cost detectors are highly required. Generally, the THz detector can be
divided into direct and coherent detectors. Though the coherent detector has the capability of
frequency resolution, it is challenging to fabricate large-scale arrays as it requires the local oscillator
as the reference. The direct detector has a simple structure and low cost, so it is very suitable for
large-scale imaging arrays.

Based on the physical mechanism of direct detectors, it can be divided into the following
categories: the thermal detectors essentially measure the energy released by the incident THz
photons via the change in thermometric properties in various materials, and typical thermal detectors
include Golay cell, pyroelectric detector, and bolometer; the plasmonic detectors measure the THz
signals utilizing the interaction between THz radiation and collective motion of electrons in the field
effect transistor; “electronic” detectors such as Schottky barrier diode, resonant tunneling diode
represent the detectors using the THz radiation to induce the electron transition.

Among the various direct detectors, the thermal detectors have the lowest cost compared with
other detectors (33). In this work, the THz detection capability is realized using the high-temperature
coefficient of resistance (TCR) of the VO; film. It belongs to the microbolometer, one of the most
widely used thermal detectors. In recent years, microbolometers have been commercialized, and the

array size has reached tens of kilo-pixels.

Section S6. Discussion on extending the integrated self-adaptive metasurface to

other tunable materials and electromagnetic frequency bands.

We claimed that our work could be transferred to other tunable materials and frequency bands
in the main text. Here we would like to discuss the feasibility further.

The plasmonic effect in field-effect transistors (FET) such as GaN and GaAs high electron

mobility transistor, CMOS FET, have been utilized for sensitive THz detection and modulation (61-



66). The concept of self-adaptive metasurface with the detection and modulation functions is
potentially realized using the semiconductor FETs at THz frequencies.

The self-adaptive metasurface based on phase change material (PCM) is feasible in the infrared
band. PCM is widely used as the infrared microbolometer because of the large temperature
coefficient of resistance (TCR). (67-68) . Chen et al. designed and fabricated a 32x32 VO»-based
infrared detector array with the implantation of the required CMOS readout electronics (69). In
addition to the superior detection capability, some recent work demonstrates the modulation
capability of PCM (70, 71). For example, an electrically tunable reflectarray metasurface capable
of continuously modulating the phase of reflected light in the near-infrared regime is recently
reported (717). Based on the above analysis, we believe PCM is a good material choice for electrically
addressable self-adaptive metasurface with detection and modulation capabilities in the infrared
band.

Graphene and other two-dimensional materials are candidates for self-adaptive metasurfaces
in a broad spectrum. Graphene and other two-dimensional materials have been used as
photodetectors in a broad spectrum range from THz to ultraviolet light (72). In addition to the
bolometric mechanism, there are a variety of other mechanisms for two-dimensional materials to
achieve highly-sensitive detection. On the other hand, Ergoktas et al. recently demonstrated that
graphene-based surface devices could be used to realize broadband modulation from microwave to
visible spectrum (73). Moreover, the thermal crosstalk between adjacent pixels for two-dimensional
materials is negligible because of their low energy consumption for state switching. Therefore, the
concept of self-adaptive metasurface can be transferred to graphene and other two-dimensional

materials. The working spectrum can be extended from THz to optical bands.

Section S7. Electromagnetic and thermal analysis of the SAM

To study the electromagnetic response of the SAM when the conductivity of VO, films changes, we
simulated the reflection spectra of the unit cell. In the simulation, the sapphire substrate has a relative
permittivity gaup= 9.4 + 0.03764, and gold is taken as a lossy metal with a conductivity of 4.561 x
107 S/m. The conductivity of VO films in the simulation is 6 x 103, 4 x 10%, and 2.5 x 10° S/m for
the OFF, IM and ON states, respectively. The unit cell is incident with a plane wave along the z

direction, and the periodic boundary conditions are applied in the x- and y- directions. The simulated
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reflection spectra are fitted and analyzed based on transmission line theory, which is similar to the
previous work (24).

To analyze the thermal crosstalk using a thermal paste, we used COMSOL Multiphysics to
simulate the temperature distribution. Figure S5 shows the thermal model used in the simulation.
The thermal paste is filled between the metasurface and the hot plate, and the temperature of the hot
plate is fixed at 60°C as it can be treated as a heat sink. The boundary condition at the surfaces
exposed to the air is described with convective heat flux (qo). It is calculated as qo = & (T - Tair),
where / is the heat transfer coefficient, and T is the ambient temperature. In the simulation, /4 =
20 W m2K-" and Tir = 25°C. For simplicity, the bowtie antennas and VO, patches in the triggered
subarrays are fixed at 68°C, while the initial temperature of other subarrays is 60°C. The thermal
conductivity, specific heat capacity, and mass density of VO, were 6.8 W m'K"!, 690 J kg"'K"!, and
4340 kg m. Other properties of materials, including the sapphire substrate and gold, can be found

in Table 1 of Ref. 24.
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Fig. S5. Thermal model used for the numerical simulation of the thermal crosstalk.
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Fig. S6. Microscopic image of the fabricated device. (A) Microscopic image and (B) the close-
up of the top layer of the fabricated device.

Supplementary Movie S1
A movie record of the self-adaptive THz beam deflection of the proposed SAM with the predefined

software, corresponding to the first demonstration in the main text.

Supplementary Movie S2
A movie record of the performance of the SAM in maintaining power stability despite incident

power fluctuation, corresponding to the second demonstration in the main text.
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