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Abstract:  We present a single pixel terahertz (THz) imaging technique
using optical photoexcitation of semiconductors to dynamically and spa-
tially control the electromagnetic properties of a semiconductor mask to
collectively form a THz spatia light modulator (SLM). By co-propagating
a THz and collimated optical laser beam through a high-resistivity silicon
wafer, we are able to modify the THz transmission in real-time. By further
encoding a spatia pattern on the optical beam with a digital micro-mirror
device (DMD), we may write masks for THz radiation. We use masks
of varying complexities ranging from 63 to 1023 pixels and are able to
acquire images at speeds up to 1/2 Hz. Our results demonstrate the viability
of obtaining real-time and high-fidelity THz images using an optically
controlled SLM with asingle pixel detector.
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1.

Introduction

Terahertz (THz) radiation has great potential for imaging applications[1,2] dueto its ability to
penetrate most dielectric materials and non-polar liquids. Its harmless interaction with human
tissue suggests imaging in this regime has immediate applicability in the fields of biodetec-
tion [3], system inspection [4], and detection of illegal drugs [5]. However, a significant lim-
itation currently preventing wide-spread THz imaging is the absence of efficient sources and
detectors operating between 0.1 and 10 THz - a band of the electromagnetic spectrum often
referred to as the “THz gap” [6]. Although there exists great technical difficulty in feasibly
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performing THz imaging, there has been moderate progress over the past 25 years. Multi-
element detector schemes, both microbolometer arrays [7, 8] and el ectro-optic sampling with
high-performance CCD cameras [9], provide accurate and real-time THz images. However,
these imaging systems often require high powered sources and/or expensive complex detectors
that lack the sensitivity of single element detectors. The use of a single detector has been em-
ployed to obtain THz images by mechanically raster scanning the object plane to acquire spatial
information [10]. While the latter technique has the benefit of high spatial resolution and accu-
rate imaging, major shortcomings are the long acquisition time [11] and the mechanical nature
of the scanning system.

An alternative single pixel solution - relying on spatial multiplexing - could help overcome
many of the disadvantages involved with more conventional imaging techniques. The imaging
of complex scenes is enabled with sparse detector arrays or even single pixels using spatial
light modulators (SLMs) to multiplex the image. Mechanical masks that are either manually
exchanged or placed onto spinning discs have demonstrated proof of principle THz imaging
using, for example, compressive sensing and adaptive coded aperture imaging [12-14]. Al-
though SLMs, such as digital micro-mirror (DMD) [15] and liquid crystal (LC) [16] systems
are commercially available, they do not operate at THz frequencies. Attempts to develop THz
SLMshavethusfar been ineffectivein producing efficient and high speed devices, though there
are several attractive alternatives to using mechanical masks.

Semiconductor and metamaterial / semiconductor hybrid devices can be controlled by a va
riety of different methods to achieve THz amplitude and frequency modulation [17]. An initial
study demonstrated performance of a room-temperature electronic controlled metamaterial for
a4 x 4 pixel array used to form a diffractive grating [18]. Additionally, all-electronic dynamic
metamaterials have demonstrated switching speeds up to 10 MHz [19]. Another avenue to
achieving a THz SLM has been inspired by the work initially developed at millimeter wave-
lengths where optically excited electron plasmas in photo-active semiconductors serve as a
spatial mask in creating Fresnel lenses and reflect-arrays for beam-steering and communication
based applications [20, 21]. Early studies indicate that THz spatial modulation is also possible
with sufficient optical power [22—24]. Both electronic and optically controlled SLMs pose as
afast and efficient means to dynamically control electromagnetic radiation thus allowing for
realistic methods to perform THz imaging.

In this work we demonstrate single pixel multiplex THz imaging based on an optically con-
trolled reconfigurable THz mask in high-resistivity Silicon (p-Si). By utilizing a DMD to opti-
cally encode spatial patterns we are able to achieve up to 1023-pixel, high fidelity THz images
with frame rates as fast as one image per two seconds - only limited by available software. The
achieved signal-to-noise ratio (SNR) suggests the possibility that our technology may provide
quasi real-time THz imaging with frame rates as fast as 3 frames per second (fps).

2. Theory
2.1. Imaging theory

Typical single pixel camera architectures involve four key components: alight source, imaging
optics, asingle element detector, and a SLM. Light from an illuminated object is focused using
imaging optics onto a SLM which, for binary encoding, selectively passes portions of theimage
to the detector and blocks others. A sequence of known patterns is displayed on the SLM and
a single value is acquired for each mask frame. Prior knowledge of these masks allows for
the reconstruction of the image as schematically illustrated in Fig. 1. For example, mechanical
raster scanning can be emulated by displaying a single pixel at atime on the SLM.

For imaging systemsusing intensity based detectorsthat are not sensitiveto the phase of elec-
tromagnetic radiation, binary masks that modulate the intensity are well suited. There are sev-
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Fig. 1. Schematic depicting multiplex imaging process where the spatial modulation of a
formed image allows for the reconstruction using a single pixel detector. Example 7 x 9
binary masks taken from rows of the 63 x 63 S matrix are shown.

era different typesof binary coded aperturesthat can be used to multiplex an image - though the
field isdominated by random and Hadamard based masks. Random binary masks are comprised
of 1'sand 0's determined by standard probability distributions such as Gaussian or Bernoulli,
among others. Hadamard matrices are square matrices composed of +1’sand -1'sin which each
row is orthogonal to all other rows [25]. To create binary masks we can use an Smatrix, cre-
ated by omitting the first row and column of the corresponding normalized Hadamard matrix,
substituting all 1'swith 0's, and all -1'swith 1's. Each row of this matrix can then be used as a
1, 0 mask for successive measurementsin asingle pixel imaging system.

We define aone- or two- dimensional image by avector X with N-elements (this can be done
by concatenating the rows into a single column). We represent a single measurement y; in a
multiplexing scheme by the following expression:

N
yj = Z OjiX; D
=1

or the matrix equation Y = ® x X. In this equation, Y is a column vector with M-elements
representing the M measurements taken and @ is the M x N measurement matrix, in which
each row represents amask displayed on the SLM. For example, ® that corresponds to a raster
scan imaging technique isthe N x N identity matrix. For a well-conditioned measurement ma-
trix [26] and the fully determined case, i.e. M = N, the reconstruction becomes linear and can
be solved by a simple matrix equation: X = @1 x Y [25]. One advantage of using S-matrices
as the measurement matrix such that ® = Sy is the particularly simple decoding process given
by: St = 27 (2] — In) where Sy isthe Smatrix of order N, S isitstranspose, and Jy isan

N+1
N x N matrix of al 1's[25].

2.2. Dynamic THz spatial light modulators

The photoexcitation of free carriersin semiconductorsisawell understood process for both CW
and ultrafast optical beams[27]. For p-Si substrates ahigher carrier density can be generated by
CW pump beams, compared to pulsed sources of identical average power, due to the relatively
long carrier lifetimesin Si [28]. The change in the complex diel ectric constant can be described
by the Drude model [28-31]. ,
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Fig. 2. (a) Solid curves show the transmission of THz radiation through p-Si wafer as a
function of frequency for several different optical fluence values. M easurements were done
in atmosphere in FTIR system. The dashed curves show the simulated fits for increasing
carrier concentration ng within the penetration depth (85 um) of p-Si. (b) Dependence of
the differential transmission on the optical fluence as defined in the text.

where e, = 11.7 is the frequency independent dielectric permittivity due to the contribution
of bound electrons, I = 1/t is the damping rate (with 7. = 160 fs the average collision
time [28, 31]), w3 is the plasma frequency defined as w3 = ng€?/eom* with e the electron
charge, g the free-space permittivity, and m* = 0.26m, the effective mass [31]. If we neglect
the carrier diffusion and consider only free carrier generation and linear recombination in the
semiconductor, the carrier density ng is proportiona to the optical power of the pump beam
and is modul ated through photodoping [30]

1Ry
S~ "2adho

where | is average power, Ris the reflectivity of Si at the pump wavelength, ho is the photon
energy, T = 25 usisthe carrier lifetime [32], A is the area of the laser excitation, and d is the
penetration depth. At THz frequencies the photodoped charges correspond to a large increase
in the absorption coefficient as afunction of g, allowing for strong attenuation of incident THz
electromagnetic waves.

We measured the THz transmission, shown as the solid curves in Fig. 2, through a 520
um thick p-Si substrate (p > 10,000 ohm-cm) for increasing optical power using a 980 nm
CW laser diode. We characterize the THz transmission using a Fourier Transform Infrared
(FTIR) spectrometer, a mercury (Hg) arc lamp source, multi-layer mylar beamsplitter, and
liquid-helium cooled silicon bolometer. The size of the THz and optical beams was 4mm
and 9mm, respectively, at the plane where we placed the p-Si substrate. Etalons due to mul-
tiple reflections within the p-Si substrate were removed and the modified interferogram was
Fourier transformed to obtain the sample spectrum. A similar procedure was performed for
areference with an open channel; division of the sample and reference spectra resulted in the
frequency dependent absol ute value transmission T(w) and corresponding differential transmis-
sion [Tp(®) — Tp—o(®)]/Tp—o(®) shownin Figs. 2(a) and 2(b), respectively. We observe broad-
band attenuation of the THz signal where, at our maximum fluence of p = 1 W/cm?, we measure
amodulation depth of 43% at 0.7 THz. The undoped (Tp—o(w), black curve) of Fig. 2(a) was
performed in vacuum; however, due to technical limitations, transmission measurements for
both photodoped cases were performed in air - leading to a reduced signal-to-noise which ac-

©)
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counts for the large fluctuationsin T().

Thedashed curvesin Fig. 2 aretheresults of full wave 3D electromagnetic simulationswhere
we model the resulting change in the transmission as a function of an increase in the p-Si con-
ductivity using the commercid finite difference time domain (FDTD) solver CST Microwave
Studio 2012. In simulation we define the p-Si within the penetration depth, d = 85 um [28],
as a Drude layer, described by Egs. 2 and 3, with increasing ng. Below the penetration depth
the p-Si is treated as a dielectric with a constant complex permittivity eg = 11.7 + 0.01i. The
photogenerated carrier density approached 6 x 10%°cm—2 for the maximum fluence, in agree-
ment with previous work [28]. The strong frequency dependence of the imaginary component
of the dielectric permittivity within the photoexcited region results in high absorption at lower
frequencies and minor attenuation above several THz. The qualitative agreement between the
model and experimental measurements demonstrate that optically controlled broadband THz
modulation is possible. Since the carrier lifetime in p-Si of 7 = 25 usisthe only fundamental
limit to this technique, switching speeds beyond 10 kHz is achievable.

3. Experimental setup

A schematic of the THz imaging system is presented in Fig. 3(a) and consists of both an optical
beam path (red lines) and a THz beam path (gray lines). As a broadband THz source we utilize
a Hg-Arc lamp which emulates a 5500 K blackbody. The source is used in conjunction with
a long-pass filter (LPF-065 from Lakeshore) that blocks wavelengths shorter than 65 um (>
4.6 THz). The THz imaging optics consist of two 50.8 mm diameter 90° off-axis parabolic
mirrors (OAPMs) each with an effective focal length of f =190.6 mm. The first OAPM is f.
from the source and back-illuminates the object a distance 150 mm away. The second OAPM,
a distance 933 mm from the object, focuses the radiation and forms a conjugate image on
the SLM 215 mm away. The system has an overall magnification of 0.23, mapping the 43.5
mm diameter object to approximately 10 mm at the SLM. An image was formed by placing a
back illuminated patterned metal aperture between the OAPMs so that a THz image (10 mmiin
diameter) was formed at the SLM plane. The THz image is transmitted through the p-Si and
focused using a 50.8 mm diameter TPX lenswith f = 100 mm to the detector - aliquid-helium
cooled silicon bolometer. The entire apparatus is enclosed and is purged by dry air at room
temperature to reduce the THz absorption due to water vapor.

An optical beam is used to spatially modulate the THz image and consists of a 2 W mul-
timode laser diode at a wavelength of 980 nm. An aspheric lens collimates the laser and a
Galilean beam expander is used to produce a beam which slightly overfills the DMD. Light
is reflected from the DMD in the blaze configuration (described below) and the spatially pat-
terned optical beam is aligned to overlap with the THz image at the front surface of the p-Si
wafer achieving a maximum optical fluence of 250 mW/cm?. The DMD shown in Fig. 3(b) is
utilized to spatially modulate the optical beam by configuring it as a blazed diffraction grating.
Our DMD (DLP D4100-2XLVDS) has a window optimized for the transmission of NIR and
1024 x 768 micro-mirrors (total area14.0 mm x 10.5 mm), where each mirror has apitch dpmp
= 13.68 um and behaves as a binary reflector. By aligning the angle of incidence correctly, the
majority of the energy can be directed into the "blazed” order [33]. The blazed condition for
wavelength Ag is related to the grating pitch d = dpmp/+v/2, the diffraction order m, and the
facet angle ¢ = 12° asshownin Eq. (4). The fourth blazed angleis centered at A = 984 nm with
an efficiency of 47% [34].

d .
)LB:asm2¢7 4

The DMD is computer controlled and able to change between frames up to a (software lim-
ited) time of 32 ms. Binary bitmap files are loaded into the software to be displayed on the
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Fig. 3. (a) Schematic of LED and THz optical layouts. The THz beam (shown in gray)
passes through the object and isimaged with the OAPMs onto a p-Si wafer. The collimated
980 nm wavel ength optical beam (shown in red) reflects off the DM D surface and creates a
spatial light pattern at the THz image plane. (b) Photograph of a7 x 9 S matrix mask pattern
displayed on DMD; each mask pixel is 1.5 mm being constructed from tiling 109 x 109
DMD pixels. (c) Lock-in amplifier voltage output is displayed as a function of time in
seconds for the 63 sequential S-matrix masks; the entire measurement takes approximately
2 s. Inset: reconstructed THz beam profile at image plane. (d) Zoom-in of time data shown
in (c). Raw data from four consecutive S matrix mask measurements are shown with the
corresponding binary mask shown above; the averaged val ues used for reconstruction along
with the standard deviation are shown on theright.
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DMD. The white portions represent light that was directed toward the p-Si whereas black rep-
resents light that was directed away. This corresponds to white mask regions photodoping the
p-Si, i.e. modulating the THz transmission where black represents unmodulated regions. Since
the DMD is designed for much shorter optical wavelengths, we may utilize several mirror pix-
els to function as a single THz-sized pixel for the Smatrix mask, thus permitting flexibility
for both pixel count and pitch. We use S matrix masks of varying complexity and change the
pixel size accordingly to keep the overall mask area approximately equal. The THz image res-
olutions we investigated are summarized in Table 1 and the relation between physical size and
DMD pixelsis detailed.

Table 1. Relationship between THz imaging resolution and DMD pixel sizes
| Order (N) [ Resolution | THzPixel Size | DMD Pixels/ THz Pixel |

63 7x9 1.5mm x 1.5 mm 109x 109
255 15x17 698 um x 698 um 51x51
1023 31x33 328 um x 328 um 24x24

Detection of the THz signal is performed with alock-in detection technique. The laser diode
power is modulated with a square wave at a frequency of 300 Hz, which in turn modulates
the THz power detected. Output voltage from the Si-bolometer isinput into alock-in amplifier
which provides the measured THz signal in Volts. Figures 3(c), 3(d) show the measured |ock-
in voltage as a function of time for several successive masks; the corresponding binary bitmap
displayed on the DMD are shown above the raw data in Fig. 3(d). The stabilization of the
lock-in signal after switching between masks is close to 5 ms, with a SNR recorded for each
measurement greater than 100; this is sufficient to allow us to acquire a THz measurement at
thelimits of the switching time of the DMD. We may estimate the total power of THz radiation
used in our imaging apparatus since our bolometer has a calibrated responsivity of 2.64 x 10°
V/W at 300 Hz. Our DMD may be configured to modulate al pixels on and off, from which we
measure a lock-in signal of 130 mV. Thus our THz image consists of a maximum modulated
THz power of 96 nW over an integrated bandwidth from 0.2 - 4.6 THz.

4. Experimental resultsand discussion

Using the experimental apparatus shown in Fig. 3 we performed single pixel THz imaging of
various scenes. All THz images are normalized by referencing to the beam profile with no
object present. The flexibility afforded by our setup enabled us to image at many different
mask resolutions and sizes without physically changing the system. Figure 3(c) showsthe THz
signal for 63 different S matrix masks displayed over aperiod of 2 s (each mask isdisplayed for
approximately 32 ms). Figure 3(d) shows zoomed-in raw data for consecutive S-matrix masks,
with the corresponding binary mask shown above and the average value used for reconstruction
shown inred on theright axis. Theinset to Fig. 3(c) shows afalse color image of the THz beam
profile at the image plane. The reconstruction was done using 63 measurements from the 7 x 9
Smatrix masks (pixel size 1.5 mm) with the total measurement time of approximately 2 s. Itis
clear from the data shown that quality THz images can be acquired in relatively short times. As
stated, the current limitation on speed is software related resulting in mask modulation speed
of approximately 31 Hz. However, the response time of the system to a change in mask is
approximately 5 ms, resulting in a potential frame rate of 3 fps.

In order to compare our imaging system to more conventional schemes, we perform both
raster scan and Hadamard imaging and highlight differences between the two methods - see
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Fig. 4. Comparison of THz imaging with raster scan masks and S-matrix masks. (a,b) Show
the metallic aperture used as the object and the conjugate optical image on the p-Si wafer.
(c) Spatial map of the THz power density shown for the reference beam profile with contour
plots showing the intensity drop in dB. (d) - (f) Shows raster-scan images for increasing
mask complexity. (g) - (i) Shows Hadamard reconstructed images of the same size and
complexity astheraster scan measurementsto theimmediate left. Each mask was displayed
for 500 msfor al above measurements.

Fig. 4. Smatrix masks consist of roughly 50% light throughput and it has been demonstrated

that using masks created from an N x N S-matrix can increase SNR by a factor of % = @
over raster scan imaging with the same resolution and pixel size[25]. Figsures 4(a), 4(b) show
both the metallic aperture used as an object and an optical photograph of the conjugate image
at the front surface of the p-Si wafer. It is well known that aspheric optics, such as OAPMSs,
produce aberrations that can distort the image plane in the form of astigmatism and coma, as
seen by the image distortion in Fig. 4(b) [36].

Figures 4(c) — 4(e) show raster-scan images acquired with increasing resolution and con-
structed from 63, 255, and 1023 measurements respectively. The last column in Fig. 4(f) — 4(h)
shows Hadamard reconstructions with the same number of measurements and resol ution as the
raster scan images. In order to compare different imaging techniques and resolutions, an iden-
tical time of 500 ms per mask was used, giving total acquisition times of 31.5 sfor the 7 x 9
images, 127.5 sfor the 15 x 17 images, and 511.5 s for the 31 x 33 images. While the image
quality in the case of 7 x 9 pixel resolution is comparable between the two techniques, the
rapid decrease in image quality for the raster scan images at higher resolutionsis apparent - see
Fig. 4(e). In contrast, theimage quality isretained for increasing pixel count in the multiplexing
case.

To better understand why the signal depreciated significantly for increasing pixel complexity
in the case of the raster scan we investigated the measured power for each respective mask
type. We calculate the spatial dependence of the power density (n\W/mm?) by taking the total
measured THz power (96 nW) and extracting the THz power density per pixel p; from the
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Fig. 5. THz imaging with high-resolution S-matrix masks (31 x 33 pixels with each pixel
measuring 328 um on a side). (a,b) Show metallic apertures used as the object of two
differently sized crosses, with arm widths of approximately 8 mm and 4.5 mm in the object
plane mapping to 2.5 mm and 1.5 mm on theimage plane. (c,d) Two different types of metal
razor blades that were placed in manila envelopes for imaging. (€) - (h) Shows the THz
images of the corresponding objects shown immediately above. Each mask was displayed
for 500 ms for all measurements above, giving atotal acquisition time of 511.5 sfor each
image.

measured 15x 17 beam profile intensity as defined by

%W x
(698um)2 = 3250

where X; is the reconstructed signal from pixel i. In Fig. 4(i) we show a high quality image of
the power density - sufficient to observe optical aberrations resulting from the use of OAPMs
which result in an asymmetric distribution of THz power about the horizontal axis, as men-
tioned above. The power/pixel decreases for increasing resolution since the pixel size is re-
duced - in our case from 1.5 mm to 698 um to 328 um. The peak power density calculated in
Eq. (5) is 2.5 nW/mm? near the center of the beam. This corresponds to atotal of 5.6 nW of
measured power for the 1.5 mm size pixel and 0.27 nW for the 328 um pixel, a 95% reduction
of measured power proportional to the decrease in pixel area. As shown in Fig. 4(i), the power
density is-9 dB lower towards the outer diameter of the images and approaches values as low
as 50 pW of THz power for 328 um sized pixels - still well above the bolometer’s specified
noise-equivalent-power (NEP) of 1.57 x 1013 W/y/Hz. The raster scan is unable to compen-
sate for the loss in measured signa for each pixel due to decreasing pixel dimension. In the
Hadamard case, although the signal per pixel also drops with decreasing pixel size, the increase
in sampled pixels for each data acquisition offsets the reduction in signal. Consequently, the
higher resolution image offers more information without sacrificing SNR. The improvement in
the image quality for increasing pixel complexity is evident and allows for the aberrations of
the THz image resulting from the OAPMs to be rendered.

In order to explore our imaging technique for possible use in screening applications, in Fig. 5
we show various examples of high-fidelity THz images. The top row displays photographs of
all the objectsimaged: crosses with 8 mm and 4.5 mm wide arms at the object plane (Fig. 5(a),
5(b)) and two razor blades imaged in manila envelopes (Fig. 5(c), 5(d)). As stated above, we
can program the S-matrix masksto allow for several different functions and mask complexities.

©)
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We achieved high resolution images containing 31 x 33 pixels with each mask pixel measuring
328 um across; this was acquired with 1023 sequential measurements. Like the images shown
in Fig. 4, the masks were displayed for 500 ms each, giving a total image acquisition time of
511.5 s. The reconstructed THz images are shown in Fig. 5(e) — 5(h). Due to the magnification
of the system, the crosses are imaged down to have 2.5 mm and 1.5 mm wide arms, respec-
tively. The minimum feature size of the images that we can resolve for these crosses is limited
by diffraction. The Rayleigh criterion suggests we achieve a diffraction limited spot size of ap-
proximately 1.4 mm at 1 THz, although the inherently broadband nature of detected radiation
presented here generates a more complex diffraction pattern than that for use of a monochro-
matic source [35]. The razor blades are placed within manila envelopes and are, obviously,
not visible in the optical, however are clearly identified in the THz images, demonstrating the
potential for THz imaging to be used in security applications.

5. Metamaterial SLMs

Results presented in Figs. 4, 5 demonstrate the ability to perform THz imaging using a single
pixel detector. For many potential applicationsit would be desirable to obtain spectral informa-
tion, rather than integrating across a portion of the THz range. As discussed in theintroduction,
metamaterials have shown an ability to modulate THz electromagnetic radiation with demon-
strated advantages over conventional materials, including spectral selectivity, amplitude modu-
lation [37], and phase modulation [38]. We computationally explore ametamaterial based SLM
which is optically controlled - schematically shown Fig. 6(a). Our metamaterial SLM is mod-
eled similar to that for the p-Si and we add a complimentary electric split ring resonator [39] to
the top of the substrate. The optically excited charge carriers shunt the resonant response of the
metamaterial, effectively modulating the transmission at the operational frequency as shown
in Figs. 6(b) and 6(c). The metamaterial has been designed to yield a band-pass response cen-
tered at 1 THz and achieves a simulated modulation depth of 67% for a maximum fluence of 1
W/cm? - see Fig. 6(b).

The advantage in THz imaging provided by adding resonant metamaterials, as demonstrated
in Fig. 6, is an increase in modulation depth at selected frequencies over bare silicon (67% as
compared to 37% at 1 THz). The modulation depth could be further improved by optimizing
the geometry of p-Si within the metamaterial unit cell, as well as the photodoping wavelength
- both of which could potentially maximize the carrier density closer to the surface. Obtaining
spectral information with conventional instruments can be challenging, requiring complex high
cost equipment and instrumentation with significantly limited acquisition speeds [40]. By ar-
ranging the pixels of metamaterial arrays to have uniquely designed operating frequencies we
can create multi-color SLMs that could be used to perform high speed THz spectral imaging
offering significant improvement over current systems.

6. Conclusion

We have performed high fidelity THz single pixel imaging and various scenes have been ren-
dered. An optically controlled spatial light modulator was implemented through photodoping
in high resistivity silicon and controlled by a DMD. We use S-matrix masks of varying resolu-
tion ranging from 63 to 1023 pixels and were able to obtain THz images as fast as one per two
seconds. We directly compared Hadamard imaging to the raster-scan technique and highlighted
the advantages of the multiplexing method. At THz frequencies dynamically reconfigurable
semiconducting device technology provides significant advantages over traditional masks due
to the benefit of adaptability and real-time control. Thiswork demonstrates anew path for con-
struction of THz imaging systems. Future work will realize real time imaging of more complex
scenes as well as incorporating metamaterials to add additional functionalities applicable to
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Fig. 6. Optically reconfigurable THz masks with metamaterials. (a) Schematic showing
optical pump beam overlapped with THz incident onto complimentary electric split ring
resonators (CESRRS) where the photoexcited carriers in Si underneath metamaterial dy-
namically tune the EM response of the MM. (b) Simulation showing the modulation in
THz transmission as a function of carrier excitation. (c) Simulated current density in the
CESRR and the electric field magnitude plotted in plane for the case of maximum transmis-
sionat 1 THz.

sensing, imaging, and dynamic scene projectors.
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