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Abstract—A novel and cost-effective approach for high-
resolution terahertz (THz) imaging using photoinduced (PI) coded-
apertures on micromachined mesa-array structures is reported.
The mesa-array structures are designed to have subwavelength
electrically isolated mesas for generation of high-fidelity photopat-
terns for THz imaging. An Si mesa-array prototype structure
was successfully fabricated and tested. Measurements show that
a modulation depth of ∼22 dB was obtained in the frequency
range of 740–750 GHz under a light intensity of 11.7 W/cm2, which
agrees well with theoretical analysis and full-wave simulation. Ini-
tial imaging experiments were first performed using 64 pixels (over
different areas) for validation and performance evaluation. More
advanced imaging using quadrupled pixel number (256 pixels)
was conducted in order to resolve subwavelength features. As a
result, a wavelength-scale spatial resolution of 400 µm has been
successfully demonstrated, and a subwavelength resolution as small
as ∼250 µm (0.625λ at 740 GHz) has been shown to be potentially
achievable. The proposed PI coded-aperture imaging using mesa
arrays is promising for developing real-time high-resolution THz
imaging with simple system and low cost.

Index Terms—Coded-aperture imaging (CAI), mesa-array
structure, photoinduced (PI) coded-apertures, terahertz (THz)
imaging.

I. INTRODUCTION

THE terahertz (THz) frequency range (0.1–10 THz) sand-
wiched by microwaves and infrared light has remained

the least explored and developed in the entire electromagnetic
spectrum. However, in recent decades, unprecedented progress
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has been achieved in THz applications owing to the major
advances of THz signal generation and detection techniques.
THz imaging has been extensively explored in a variety of fields
from quality assurance to medical sensing [1], [2], [3], [4], [5],
and subwavelength spatial resolution is especially important for
many of those applications (e.g., for detection of small defects in
materials [6], [7] and high-precision investigation of abnormal
tissues [8], [9]). One conventional imaging approach is to use
array sensors (e.g., focal plane arrays) [10], [11], [12], which
requires large number of detectors (each detector incorporates
a separate antenna module and additional read-out circuit),
leading to increased system complexity and cost, as well as a
small number of pixels hence limited spatial resolution. Near-
field scanning probe microscopy [13], [14], [15] is commonly
employed to enable subwavelength THz imaging by focusing
the incident radiation on a metallic tip that interacts with the
imaging object in close proximity. However, it requires raster
mechanical scanning of the subwavelength tip, resulting in a
low imaging speed.

Those problems could be solved by using the coded-aperture
imaging (CAI) technique [16], [17], [18]. CAI has attracted
increasing attention in recent years owing to its capability of
achieving system simplicity, high signal-to-noise ratio (SNR),
high resolution, and potentially high image acquisition speed
[19], [20]. In conventional THz CAI systems, Schottky diodes
[21] or graphene modulators [22] are often employed to form
coded-aperture masks for wavefront spatial modulation. How-
ever, the abovementioned mask implementation approaches re-
quire on-chip patterning and complex routing of biasing and
control lines, which again leads to a small number of pixels as
well as limited spatial resolution.

An alternative solution is to use optically generated free
carriers in semiconductors [23] to form coded-aperture masks
without the need for any prepatterned circuits/devices. Pho-
toinduced CAI (PI-CAI) experiments have been performed
using unpatterned Si substrates [24], [25], [26]; however, the
achievable resolution (e.g., ∼840 μm in Si) was limited by the
relatively large carrier diffusion length LD (e.g., ∼420 μm in
Si) [23]. To improve the achievable spatial resolution, imaging
using ultrashort THz pulses (generated by a femtosecond laser
pump) was performed by measuring the responses immediately
after photoexcitations to minimize the impact of carrier lateral
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diffusion in unpatterned Si [27]. Such system has a rigorous
requirement for time resolution (in femtosecond scale), which
is realized by splitting the incident laser pulse into two beams
(for THz signal generation and detection, respectively [28]) and
adding an additional delay line in one of the beam paths to
control the path length difference with micrometer precision.
Such requirement significantly increases the system complexity
and cost. THz CAI based on the light-matter effect that is capable
of exceeding the diffusion-length-determined resolution limit
without using bulky laser modules and additional delay line is
therefore highly desired. In view of this demand, we propose and
demonstrate a novel approach for achieving subwavelength THz
imaging using mesa-array-based PI-CAI. The mesa arrays facil-
itate the formation of high-fidelity photopatterns by confining
optically induced free carriers inside each mesa [29]. Therefore,
much smaller coded aperture pixels can be directly generated
on the structure without the need of bulky femtosecond lasers
and additional delay stage for low-cost subwavelength imaging.
In addition, the mesa-array structure could be further imple-
mented as a technology platform for realizing more advanced
THz components, such as tunable and reconfigurable mesh
filters [30].

In this article, we extend our earlier article in [31] and demon-
strate a wavelength-scale THz CAI system using photopatterned
mesa arrays. This is the first time that such high resolution
has been demonstrated on long-carrier-lifetime semiconductors
using constant optical light output and continuous THz waves. A
prototype Si mesa-array structure was designed, fabricated, and
fully characterized. Initial imaging experiments (64 pixels) were
performed at 740 GHz (λ= 405 μm) for performance validation
and evaluation. More advanced PI-CAI with 256 pixels shows
that an imaging resolution of 0.625λ has been obtained; and
letter-shaped objects have been imaged for wavelength-scale
resolution validation. This level of resolution is not achievable if
using unpatterned Si as the aperture mask [26]. Last but not least,
key considerations affecting the performance of the proposed
imaging approach are also discussed. The mesa-array-based PI-
CAI is promising for developing cost-effective high-resolution
real-time imaging and sensing systems.

II. PHOTOINDUCED CODED APERTURE IMAGING

By directly changing illuminated photopatterns and light in-
tensities, coded-aperture masks can be virtually formed and op-
tically reconfigured on photosensitive semiconducting materials
(such as Si or Ge) [25]. Fig. 1 shows the schematic of a PI-CAI
system. A digital mirror device (DMD) chipset is employed to
redirect optical light from the source onto the semiconductor.
The photopatterned semiconductor is placed in the THz beam
path to simulate the function of wavefront encoding masks.
By recording THz intensity (Y) at the detector, and with the
knowledge of the mask matrix Ψ, a two-dimensional (2-D)
profile (X = Ψ−1Y) of electromagnetic field at the object plane
can be reconstructed [32]. An orthogonal Hadamard matrix basis
[33] is employed to generate PI-CAI masks for high-resolution
imaging [34], [35].

Fig. 1. Schematic of PI-CAI using optically patterned mesa arrays. Insets
show zoomed-in figures of mesa arrays from top view and side view.

Based on this approach, PI-CAI has been implemented using
unpatterned semiconductor as the aperture mask [26]. However,
as discussed in Section I, the lateral diffusion of free carriers [23],
[36] expands the pixel size and degrades the spatial resolution. To
exceed the diffusion-length-determined limitation and improve
spatial resolution to potentially subwavelength level, in this
article, we propose to replace the unpatterned semiconductor
substrate with micromachined mesa arrays. As can be seen
from the inset of Fig. 1, the structure consists of a 2-D array
of subwavelength mesas (mesa unit size: wm × wm) separated
by periodic vertical trenches (extending across the substrate;
the trenches have lateral dimensions of lt × wt). The adjacent
mesas (electrically isolated by the trenches) are connected by
small corner junctions (wi × wi) to prevent significant THz
wave “leakage” through the trenches (more in-depth discussion
is given in Section III). In addition, by using mesa-array struc-
tures, PI-free carriers can be effectively confined inside each
subwavelength mesa (e.g., wm = 5 μm, or ∼λ/80 at 740 GHz)
without diffusing to unilluminated ones [36] (based on the carrier
localization effect reported in other micromachined structures,
such as quantum dots [37], [38] and nanowires [39]). As a result,
high-fidelity photopatterns (or CAI pixels) with a resolution
as small as wm can be directly generated for subwavelength
imaging (without the need for expensive THz TDS setup to
generate ultrashort laser pulses). This resolution is far finer than
the diffusion length LD (e.g., ∼420 μm for Si, comparable to
the λ = 405 μm at 740 GHz), and is determined by the PI pixel
size (fundamentally limited by the mesa unit size). The proposed
PI-CAI approach utilizing micromachined electrically isolated
mesa arrays eliminates the need of bulky laser module and
additional delay line setup (to meet the rigorous time resolution
requirement in THz TDS systems [28]). As a result, it provides
a simple and cost-effective method for realizing high-resolution
CAI.

III. MESA ARRAY DESIGN AND SIMULATION

To verify the validity of the proposed PI-CAI approach using
mesa arrays, the optical modulation properties were first inves-
tigated through full-wave HFSS simulations. A 50 μm thick,
20000-Ω ·cm high-resistivity silicon (HRS) substrate was used.
The effective carrier lifetime of the HRS was assumed to be
30 μs. A physics-based model [36], [40], [41] was employed
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Fig. 2. Impact of (a) corner junctions, (b) light intensities, (c) mesa sizes,
and (d) trench widths on the modulation depth. Insets in (a) show zoom-in
illustrations of mesa array with fully isolated mesas and semi-isolated mesas (or
with corner junctions).

for calculation of photogenerated free carrier concentration as
well as photoconductivity. Two Floquet ports were assigned
(in HFSS) to a single mesa unit cell to provide a plane wave
excitation (normal to the mesa top surface) and mimic an infinite
periodic array of mesas. Material parameters (e.g., conductiv-
ity) extracted from the physics-based model were assigned in
HFSS to simulate the HRS under different light intensities. A
normalized THz modulation depth (the transmission difference
between the light “ON” and “OFF” states) was used for evaluation
of the THz modulation mechanism.

An exemplary mesa array (wm = 22 μm, wt = 7 μm) with
completely isolated mesas [without corner junctions, or wi =
0 μm, see Fig. 2(a) left inset] was first investigated. It can be
seen from Fig. 2(a) that only ∼4 dB modulation depth (solid
line) was obtained for this structure even under a strong light
intensity of 100 W/cm2. This is due to significant THz signal
leakage through the trenches (much longer than the wavelength).
By adding small corner junctions 9 μm × 9 μm [see red circle in
Fig. 2(a) right inset] between adjacent mesas while keeping all
the other design parameters the same, the modulation depth was
increased to∼87 dB (dashed line). The introduction of the corner
junctions ensures that the largest trench dimensions were much
smaller than the THz wavelength. As a result, evanescent waves
are generated near the mesa-array surface, and wave propagation
through the gaps can be sufficiently suppressed for a higher
modulation depth. In the following experiments, the design of
mesa-array structures with corner junctions was utilized.

In addition to the impact of the corner junctions, light intensity
also plays an important role in influencing the THz spatial
modulation. Fig. 2(b) shows the simulation results for modified
mesa array structure (wm = 22 μm, wi = 9 μm, and wt =
7 μm) under different incident light intensities. It can be seen
that the modulation depth has a positive correlation with the

Fig. 3. Fabrication process flow for mesa arrays. (a) Spin coating photoresist
on top surface of Si and thermal cure. (b) Contact lithography and development.
(c) DRIE of Si from the top surface. (d) Photoresist removal.

light intensity, which is attributed to a larger photoconductivity
and thus a higher THz absorption coefficient [42], [43] under
elevated light intensities. In addition, the optical modulation
depth of the mesa array can be further increased by decreasing
the mesa size and the trench width [see Fig. 2(c) and (d)]. This
is again due to reduced trench dimensions, and consequently
higher suppression of THz “leakage” through the mesa array
structure.

IV. MESA ARRAY FABRICATION AND MODULATION DEPTH

CHARACTERIZATION

An Si mesa array structure was designed and fabricated
for performance evaluation and initial experimental demonstra-
tions. Based on previous theoretical analysis, the prototype mesa
array was designed to have a mesa unit size (wm × wm) of
105 μm × 105 μm (∼0.26λ at 740 GHz) and trench lateral
dimensions (lt × wt) of 96 μm × 7 μm. The thickness of
the Si substrate was chosen to be 50 μm to maintain a trench
aspect ratio (trench depth/trench width) of ∼7 (50 μm/7 μm) for
ease of fabrication [44]. The resistivity of the Si substrate was
20000-Ω·cm. Fig. 3 shows the fabrication process flow from
a cross-section view of the Si structure [along a line parallel
to the trenches, as indicated by the white dotted line in the
right inset of Fig. 2(a)]. S1813 photoresist was first spin-coated
on the wafer at 4000 rpm for 30 s to form a 1.4 μm thin
film, and was cured at 115°C for 60 s to remove most of the
solvent, as shown in Fig. 3(a). The fabrication was followed
by contact photolithography (for 4 s under a UV light intensity
of 20 mW/cm2) and development (using AZ 917 MIF for 30
s) to form a sacrificial photomask on the top surface of the Si
[Fig. 3(b)]. As shown in Fig. 3(c), deep reactive ion etching
(DRIE) was then performed to form vertical trenches [45] on
the Si substrate while maintaining corner junction structures
(indicated in the dark grey areas). A combination of SF6/C4F8

gases (for etching/passivation) was utilized in DRIE with a flux
rate of 300/130 sccms and a circle time of 7/2 s. An average
etching rate of ∼5 μm/min was obtained. The Si mesa array was
cleaned with acetone to remove residual photoresist as shown in
Fig. 3(d).

Fig. 4 shows the scanning electron microscopy images for
the fabricated mesa array. It can be seen from Fig. 4(b)
that the subwavelength-sized trenches have been successfully
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Fig. 4. Scanning electron microscopy (SEM) images of the fabricated mesa
array from (a) top and (b) bottom surfaces. The inset in (a) gives a zoomed-in
image of a single mesa unit.

etched through the Si substrate. However, note that due to
microloading effect [46], the trench widths on the bottom sur-
face were slightly narrower than those on the top. Further-
more, as shown in the high-magnification inset of Fig. 4(a),
the corner junction structures were fabricated to meet our de-
sign expectations. The introduction of corner junctions not
only facilitates higher modulation depth, but also maintains
a structure that is sufficiently robust to be handled without
the need for an additional supporting substrate beneath the
mesas.

To validate the optical modulation mechanism, the fabricated
Si mesa array was tested using an Agilent N5245A vector net-
work analyzer (VNA) with two VDI WR-1.5 extenders to mea-
sure the transmission through the mesa array (under different
light intensities). A set of optical lenses with short focal lengths
was positioned between light source and the mesa array, allowing
imaging area as well as light intensity to be controlled by
adjusting the magnification. The highest light intensity achieved
using current light source available in our lab was 11.7 W/cm2

(this light intensity was also used in the following imaging
experiments). The mesa array was placed at a distance of∼8 mm
from the source to ensure that the corresponding THz beam
diameter (∼4.5 mm) was smaller than the optical illumination
area (∼6 mm × 6 mm) for effective THz modulation. To extract
the optical modulation depths from all the other path losses (such
as water absorption, Si insertion loss, etc.), the detected S21 were
normalized to the S21 at light “OFF” state (0 W/cm2). Fig. 5 shows
the modulation depths over the entire WR-1.5 frequency band
(500–750 GHz). It can be seen that an average modulation depth
of∼20 dB was obtained under a light intensity of∼11.7 W/cm2,
which agrees well with the theoretical analysis (in Section III)
where a 30 μs carrier lifetime was assumed for the HRS. Note
that some ripples were observed in the measured modulation
depth (dashed lines) due to standing wave resonances between
VNA ports and the mesa array. Our simulations (Section III)
have predicted that by engineering the mesa-array structure
(for smaller trench sizes) and increasing the light intensity
(e.g., to 100 W/cm2), a higher modulation depth could be
achieved (∼87 dB, see the gray solid line in Fig. 5). The pro-
posed mesa-array-based approach with high modulation depth
shows significant potential for realizing high-performance THz
CAI.

Fig. 5. Modulation depth of mesa array (wm = 105µm) in the frequency range
of 500–750 GHz under different light intensities. Simulation results: solid lines,
measured data: dashed lines. Simulation results for mesa array with smaller
mesa unit size (wm = 22 µm) and higher light intensity (100 W/cm2) were also
provided (gray solid line) to show the potential.

Fig. 6. Experiment setup for PI-CAI at 740 GHz using mesa array.

V. PI-CAI IMAGING RESULTS

To verify the PI-CAI approach using mesa arrays, several sets
of experiments with increasing pixel numbers and decreasing
imaging areas have been performed to explore and demonstrate
the imaging capabilities (especially the achievable imaging res-
olution) step-by-step. The PI-CAI experiments were performed
at 740 GHz using the fabricated mesa arrays. This frequency is
just below the highest frequency in the WR-1.5 band (750 GHz,
available using our current VNA setup with VDI extensions)
and was chosen to avoid the strong water absorption peak near
750 GHz. The experimental setup is shown in Fig. 6 (corresponds
to the schematic in Fig. 1). An indium tin oxide (ITO) substrate
that has a high optical transmittance and a high THz conductivity
was employed in the setup as a beam splitter to enable optical
and THz beam paths to be merged simultaneously. The optical
patterns originated from a programmable DMD chip were fo-
cused by a set of optical lenses, transmitted through the ITO
substrate, and imaged on the mesa array for generation of coded
apertures. Two WR-1.5 diagonal horn antennas were connected
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Fig. 7. (a), (c), and (e) Two-dimensional (2-D) imaging for THz radiation pattern. The imaging area was reduced from (a) 6 mm × 6 mm to (c) 5.1 mm × 5.1
mm, and (e) 4.2 mm × 4.2 mm, and pixel number remains 8 × 8 pixels. (b), (d), and (f) show median filtered images for better observation of the field distribution.
(g), (i), and (k) Normalized 1-D field distribution extracted from radiation pattern in (b), (d), and (f) along H plane. Similarly, (h), (j), and (l) quantify the 1-D field
distribution for radiation pattern in (b), (d), and (f) along E plane. The corresponding H planes and E planes were indicated in (b), (d), and (f) using white dotted
lines. The measured 1-D field intensities were compared with the calculated Gaussian beam distributions, and show near Gaussian field distributions.

to VDI extenders at port 1 and port 2 of an Agilent N5245A
VNA for THz signal generation and detection. The incident THz
beam from the source was first transmitted through the object
to be imaged, modulated by the optically patterned mesa array,
and reflected off the ITO substrate. The THz beam was then
collimated and focused by two off-axis parabolic mirrors and
recorded at the detector. A MATLAB program was utilized to
control the VNA and light source for automatic measurement
and simultaneously process data for image reconstruction. We
note that while VNA was employed here to provide THz signal
generation and detection for initial experimental exploration,
a much simpler and less expensive THz direct detector (such
as Schottky diode detector [47]) can be utilized for a compact
and lower cost system (compared to THz–TDS using bulky
femtosecond lasers and additional delay stages) in principle.

A. Initial Validation of PI-CAI Using Mesa Arrays

To verify the validity of the proposed mesa-array-based PI-
CAI approach, at 740 GHz, the field distribution of the THz
radiation from port 1 (see Fig. 6) was examined using the mesa
array. The THz radiation wavefront was modulated at a distance
of ∼3 mm from the source antenna. Based on Gaussian beam
transformation [48], the beam diameter at this distance was
calculated to be ∼2.5 mm. Fig. 7(a)–(f) shows 2-D CAI results
(8 × 8 pixels) of the THz radiation for different areas. This
64-pixel-based imaging was first performed using a 6 mm ×
6 mm imaging area. The width of the square imaging area was
then decreased to 5.1 and 4.2 mm (a reduction of 15% and 30%),
respectively, while keeping the same number of pixels. The PI
pixel size was reduced accordingly. As can be seen from the

reconstructed images, despite the decreasing imaging area, the
beam diameter remains ∼2.5 mm, which is consistent with the
calculated result. In addition, by decreasing PI pixel size, more
details of the field distribution can be observed [see Fig. 7(a),
(c), and (e)]. Median filtered images [Fig. 7(b), (d), and (f)]
were presented for better observation of the radiation pattern.
Furthermore, the field distributions of the THz radiation were
then quantified through normalized 1-D field intensities along
H planes and E planes [see Fig. 7(b), (d), and (f)]. Theoretical
Gaussian beam distributions were also calculated [48] for com-
parison. It can be seen from Fig. 7(g)–(l) that the measured 1-D
field intensities (circles) agree well with the calculated results
(solid lines), which verify the proposed PI-CAI using mesa array
is working as expected.

B. Further Investigation of Imaging Capabilities

In addition to the initial validation, PI-CAI experiments were
performed at 740 GHz to image a set of parallel slots separated by
a distance of 800 μm. Fig. 8(a) shows the slots object (linewidth
of 800 μm and length of 3 mm) being imaged. To accommodate
the slots dimensions, imaging was performed by placing the
object at a distance of ∼16 mm from the source antenna (see
port 1 in Fig. 6) to obtain a THz beam diameter of ∼5 mm
(larger than the slot dimension). Fig. 8(b) shows the 8 × 8 pixels
imaging result without the slots over a 6 mm × 6 mm area (each
pixel has a dimension of 750 μm × 750 μm). It can be seen that
by increasing the distance between the object and the antenna,
larger THz beam size was achieved as expected (compared to that
in Fig. 7, where a beam diameter of ∼2.5 mm was obtained for
a distance of 3 mm). The slots object was then placed within the
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Fig. 8. 8 × 8 pixels imaging for parallel slots (800 µm wide and 3 mm long).
The distance between those slots is ∼800 µm. (a) Optical image of the slots
object placed next to a U.S. quarter. (b) 8 × 8 pixels imaging of the THz beam
without slots object. The imaging was performed at ∼16 mm away from the
antenna (port 1) to obtain a THz beam diameter of ∼5 mm (exceeds the largest
dimension of the object). (c) 8 × 8 pixels THz CAI imaging with parallel slots.
The imaging area was 6 mm × 6 mm for both (b) and (c).

Fig. 9. Zooming-in imaging of a THz beam for subwavelength feature obser-
vation. The direct mapping of THz beam was performed at 740 GHz from a
distance of 3 mm from the antenna. (a), (c), and (e) 16 × 16 pixels with imaging
area decreased from 6 mm × 6 mm to 5.1 mm × 5.1 mm, and 4 mm × 4 mm.
(b), (d), and (f) Corresponding median filtered images.

near-field region (∼50 μm) of the mesa array to take advantage
of the evanescent fields [49]. The imaging result in Fig. 8(c)
shows a one-pixel wide (750μm) gap between two parallel lines,
which is consistent with the distance between the slots, reflecting
a resolution of better than 800 μm has been achieved.

C. Demonstration of Field Distribution in
Subwavelength Scale

To resolve subwavelength features, the PI pixel number was
quadrupled from 8 × 8 pixels to 16 × 16 pixels to achieve
subwavelength-scale pixel sizes. Three different imaging areas,
6.0 mm × 6.0 mm, 5.1 mm × 5.1 mm, and 4.0 mm × 4.0 mm,
were used as shown in Fig. 10. By reducing the imaging area
(from 6.0 mm× 6.0 mm to 4.0 mm× 4.0 mm), the PI pixel sizes
were decreased from 375 to 250 μm (or from 0.91λ to 0.625λ at
740 GHz). The THz beam was directly modulated by the mesa
array at a distance of 3 mm away from the horn antenna (port 1 in
Fig. 6). The corresponding THz beam diameter is ∼2.5 mm. As
can be seen from Fig. 9(a)–(f), by decreasing the imaging area,
the image of the THz beam was magnified, and more details of
the field distribution can be revealed in a subwavelength scale.
The smallest pixel size in this demonstration [i.e., Fig. 9(e)]
was nearly 250 μm, indicating that a system imaging resolution

Fig. 10. Initial imaging results for stencils with wavelength-scale features
[cut on Al foil (16 µm thick)]. (a), (d) Illustration of T- and H-shaped imaging
objects. The inset in Fig. 10(a) shows the comparison of the T-shaped stencil
and a U.S. penny. (b), (e) 16 × 16 pixels imaging results for the imaging objects.
(c), (f) show the corresponding median-filtered image for better observation of
the object. The imaging areas were kept to be 6 mm × 6 mm.

of ∼250 μm (0.625λ) has been achieved. Using the fabricated
Si mesa array in this article, and by using refined alignment,
an imaging resolution as high as 105 μm (determined by the
mesa unit size) could potentially be achieved. However, we note
that, by using a decreased pixel size (e.g., 250 μm, which is
only ∼2.5 times of the mesa unit size) for PI-CAI, the effect
of misalignment between PI pixels and mesas on the imaging
quality may become more significant, and more artifacts can
be observed in the resulting images. This could be solved by
decreasing the mesa size (e.g., to 5 μm) to be much smaller than
the PI pixel size (more in-depth discussion will be elaborated
in Section VI). Moreover, for larger pixel numbers (e.g., 16
× 16 pixels in this experiment), the transmission fluctuations
during the initial imaging experiments have larger impact on the
image reconstruction process. To reduce the impact of signal
drift and ambient environment changes on the imaging quality,
renormalization was performed by taking the intensity differ-
ence of detected signals before and after every Hadamard mask
projection.

D. Resolution Validation Using Imaging Objects With
Wavelength-Scale Features

The proposed high-resolution THz PI-CAI using mesa array
can be applied for imaging of objects with wavelength-scale
features. For initial demonstration, a set of letter-shaped stencils
[“T” and “H” as shown in Fig. 10(a) and (d)] were used as
the imaging objects. The linewidths were ∼400 μm for both
objects, and the height was 1.5 mm for letter “T” and 2 mm for
letter “H.” By placing the object at a distance of ∼16 mm from
the horn antenna (the source), a large THz beam (∼5 mm in
diameter) can be obtained at the imaging plane to accommodate
the object dimension. The mesa array was placed closely to
the object for near-field imaging. Fig. 10(b) shows the initial
imaging result for the T-shaped aperture in gray colormap, and
the critical features of the letter “T” are correctly presented at the
middle part of the image. Imaging result for the more complex
letter-H object is shown in Fig. 10(e), and the gap between
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the two vertical slots was discerned, showing that an imaging
resolution of better than ∼400 μm has been demonstrated. This
result once again validated the observation of ∼250 μm system
resolution indicated in the previous experiment in Section V
part C [see Fig. 9(e)]. For clearer observation of the objects,
median filtering was performed, and the resulting images are
shown in Fig. 10(c) and (f). This level of resolution is well below
the diffusion-length-determined pixel size possible with unpat-
terned Si. In addition, the demonstrated resolution is smaller than
the free space wavelength of 405 μm at 740 GHz. In principle,
an imaging resolution approaching the mesa unit size (105 μm)
should be able to be demonstrated using the current mesa arrays.
More refined high-quality images can be achieved by using more
pixels, better pixel-mesa alignment, and higher light intensity
(for higher THz modulation depth). The proposed PI-CAI using
mesa array are promising in many other applications, such as
high-precision boundary assessment for abnormal tissues.

VI. PI-CAI PERFORMANCE EVALUATION AND DISCUSSION

On the basis of previous imaging results, the performance of
mesa-array-based PI-CAI was evaluated and discussed, includ-
ing the spatial resolution, modulation-depth-related SNR and
image contrast, as well as imaging speed.

A. Imaging Resolution

One of the key considerations for the proposed mesa-array-
based PI-CAI is the spatial imaging resolution. Since optical
illumination that is continuous in the time domain were em-
ployed (compared to ultrashort light pulses in [27]), a larger
penetration depth of the photogenerated free carriers hopt can
be achieved in the mesa-array substrate (hopt = h, if h < LD).
As a result, high spatial frequency information (provided by
the subwavelength-pixel modulating masks) can be effectively
transmitted to the imaging objects (placed in the near field to
the mesa array). Therefore, the minimum resolvable feature
dimension is no longer limited by the diffraction of the THz
beam on the modulation plane, but rather is primarily affected
by the PI pixel size (which is eventually determined by the mesa
unit size).

Since photogenerated free carriers are confined inside each
isolated mesa (and cannot diffuse to adjacent ones), the achiev-
able resolution using mesa array will be integer multiples of
single mesa unit size (wm). However, in implementation, it is
necessary to consider the misalignment between the PI pixels
and the mesas themselves. In fact, due to the misalignment, the
imaging resolution could be degraded by at least wm, resulting
in an actual pixel size of wp + wm (wp is the PI pixel size).
The effect of such misalignment is especially significant when
wp is comparable to wm, in which case more artifacts would be
observed in the reconstructed images (see Section VI-C). This
impact of misalignment could be minimized by using a wm (e.g.,
5 μm) that is much smaller than wp. Another solution is to use
more sophisticated optical system (incorporates a microscope
assembly [50]) to ensure precise alignment between the PI
pixels and the mesas. The mesa arrays are capable of realizing
subwavelength imaging (also exceeding the diffusion-length
limit), and could be implemented as a platform for enabling more

advanced optically tunable/reconfigurable components [30] at
even higher THz frequencies.

B. Effect of Modulation Depth on SNR and Image Quality

Other important factors in PI-CAI performance evaluation are
the SNR and image quality that are significantly affected by the
achievable THz modulation depth using the mesa array. In this
article, the optically generated coded-aperture masks consist of
PI pixels and intrinsic pixels (“opaque” or “transparent” to the
transmitted THz radiations, corresponding to the “0”s and “1”
s in the complementary Hadamard matrices [25]). However, in
implementation, the PI pixels are not ideally “opaque” (due to
limited photoconductivity or signal “leakage” through trenches),
and THz radiation transmitted through these nominally “OFF”
pixels is recorded at the detector, degrading the SNR. To achieve
high image quality, it is therefore of importance to obtain a high
modulation depth at the PI pixels.

The proposed mesa-array structure is capable of providing
high modulation depth from two different aspects. First, by
confining free carriers inside each mesa (with proper passiva-
tion [51] and/or annealing [52] process to reduce surface trap
densities), a higher carrier concentration (or photoconductivity)
can be obtained for higher modulation depth, comparing to that
achievable using unpattern semiconductors (lateral diffusion of
free carriers lowers the carrier concentration) [36]. By using
semiconductors with higher carrier lifetime τ (e.g., Ge, with a
typical τ =1000μs) [40], the carrier concentration can be further
increased for a higher modulation depth (without degrading
achievable spatial resolution due to the usage of mesa array, but
can potentially cause a slower image acquisition speed). Second,
the mesa arrays are designed to have corner junctions as well
as small trench dimensions for higher suppression of the THz
wave “leakage.” As discussed in Section III, a modulation depth
of 87 dB could be realized by employing the modified mesa array
with corner junctions (wt = 7 μm, wm = 22 μm, under a light
intensity of 100 W/cm2), and a much improved SNR and PI-CAI
imaging quality can be achieved.

C. Image Acquisition Speed

The speed to obtain a single frame image is important for
enabling real-time THz imaging applications. There are two
main aspects that impact the imaging speed for the proposed
mesa-array-based PI-CAI. One is the switching speed of DMD
chipset. For prototype demonstrations of PI-CAI experiments,
the current DMD provides a frame rate of 1.3 kHz. However,
this is not a fundamental limitation; the frame rate can be greatly
improved by employing higher speed DMD chipsets (e.g., Texas
Instrument DLPC410) for potential demonstration of real-time
imaging. Another more important factor is the carrier lifetime
of photogenerated free carriers. The Si mesa array employed for
initial PI-CAI experiments has a carrier lifetime of τ =30μs (see
discussion in Section III), which provides a 3-dB modulation
bandwidth of ∼6.7 kHz (∼1/(5τ )). The carrier lifetime can
be reduced by using HRS with a lower resistivity (or higher
doping level). Specifically, by employing a mesa array with
a shorter carrier lifetime of 1 μs, a bandwidth of 200 kHz
could be obtained. However, it is worth pointing out that the
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modulation depth will be simultaneously decreased if using
smaller carrier lifetimes. Moreover, computational techniques,
such as compressed sensing [53], can be employed in CAI to
further increase the imaging speed.

VII. CONCLUSION

A novel approach of THz PI-CAI capable of resolving
wavelength-scaled features has been demonstrated using mesa-
array structures. An Si mesa array was designed, fabricated, and
tested. Initial imaging experiments were performed at 740 GHz
to verify the validity of the proposed approach and explore
imaging capabilities, and a subwavelength imaging resolution
(0.625λ) has been successfully demonstrated. Higher resolution
could be achieved by using mesa arrays with smaller unit sizes. In
addition, the mesa arrays offer a platform for realizing more ad-
vanced tunable/reconfigurable components at even higher THz
frequencies. The proposed mesa-array-based PI-CAI approach
is promising in developing more advanced high-resolution real-
time THz imaging and sensing applications in a cost-effective
manner.
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