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Terahertz imaging through emissivity control
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Electromagnetic radiation in the terahertz (THz) frequency band has unique potential for future communication and
imaging applications. However, the adoption of THz technologies is hindered by the lack of cost-effective THz sources.
Here we demonstrate a way to generate and control THz radiation, via spatio-temporal emissivity modulation. By pat-
terning the optical photoexcitation of a surface-passivated silicon wafer, we locally control the free-electron density,
and thereby pattern the wafer’s emissivity in the THz part of the electromagnetic spectrum. We show how this uncon-
ventional source of controllable THz radiation enables a form of incoherent computational THz imaging. We use it to
image various concealed objects, demonstrating that this scheme has the penetrating capability of other THz imaging
approaches, without the requirement of femtosecond pulsed laser sources. Furthermore, the incoherent nature of ther-
mal radiation also ensures the obtained images are free of interference artifacts. Our spatio-temporal emissivity control
could enable a family of long-wavelength structured illumination, imaging, and spectroscopy systems.
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1. INTRODUCTION

All bodies above absolute zero temperatures are sources of electro-
magnetic radiation described by Planck’s law [1]. The total
radiated power is given by the thermodynamic temperature of the
object T and its emissivity €, a material parameter that represents
its capacity to emit thermal radiation. Dynamic control of thermal
radiation has been a very active research area in infrared spectral
bands, with a straightforward concept: if one can find a way to
spatially or temporally modulate either the temperature or the
emissivity, one can then control the radiated power in space and
time [2—5]. Control of thermal emission has been achieved with
temperature modulation [6,7], dynamic modulation of emis-
sivity in bulk [8,9], and meta-materials [2,10] using visible and
ultra-violet (UV) light [2] and electrical modulation [11-13],
and using magnetic [14] or thermal [15] fields. In the infrared
(IR) band, this approach has led to super-Planckian emitters [16],
control of polarization [6,17,18], control of thermal transport
[19], new forms of IR camouflage [20-23], radiative cooling [24],
thermography [25], and holography [26].

The majority of these approaches are naturally optimized for
modulation of mid-infrared thermal radiation, corresponding to
peak thermal emission at room temperature for most materials.
At the same time, it is appealing to develop thermal modulation
approaches for the problematic far-infrared (i.e., THz) region of
the spectrum (~0.3 — 3 THz) where very few competing tech-
nologies exist. Selective generation, control, and detection of THz
radiation continues to be technologically challenging, with most
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approaches still relying on the generation and detection of THz
radiation by high-power or femtosecond lasers [27]. This is despite
a broad range of prospective imaging and measurement applica-
tions lying in wait, stretching from medicine [28], security [29],
and quality control [30] to agriculture [30] and semiconductor
industries [31].

In this paper, we present the first experimental demonstration
of spatio-temporal control of thermal emission and detection in
the THz frequency band. We utilize illumination by structured
visible light to induce spatio-temporal modulation of the non-
equilibrium free-electron and hole densities in passivated silicon.
For rapid modulation of THz emissivity, semiconductors are the
natural choice, as free-electron densities can be photo-modulated,
while ~THz plasma frequencies typically give rise to large thermal
emissivity in the THz range. This brings about local modulation
of the emissivity, with a spatial resolution determined by the dif-
fusion length of photocarriers. An essential feature of our new
approach is the surface passivation of the silicon, which dramati-
cally enhances the emissivity photomodulation in the THz spectral
range. Using a single detector for the emitted thermal radiation and
a sequence of orthogonal illumination patterns, we demonstrate a
new incoherent THz imaging method that harnesses this control
of thermal emission, by reconstructing THz transmittance images
of objects placed in the vicinity of the silicon modulator, without
the need for any external THz source. As the photomodulation of
thermal emission is maximal in the lower THz band, i.e., below
1.5 THz, this approach can be used to image concealed objects


https://orcid.org/0000-0002-2280-6115
https://orcid.org/0000-0003-3611-6809
https://orcid.org/0000-0002-5736-8610
https://orcid.org/0000-0003-1073-5847
https://orcid.org/0000-0002-3943-838X
https://orcid.org/0000-0003-0993-5972
mailto:m.mrnka@exeter.ac.uk
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1364/OPTICA.503936
https://crossmark.crossref.org/dialog/?doi=10.1364/OPTICA.503936&amp;domain=pdf&amp;date_stamp=2023-12-13

Research Article

Vol. 10, No. 12 / December 2023 / Optica 1642

undetectable with visible light, and with a resolution unattainable
using microwave radiation.

2. RESULTS
A. Imaging Concept and Experimental Setup

A simplified schematic of our experimental setup is shown in Fig.
1(a). A visible beam of wavelength 623 pm, generated by an LED,
is spatially and temporally patterned by a digital micromirror
device (DMD) with small individually controllable mirrors. The
DMD chip is imaged onto a surface-passivated, high-resistivity
silicon wafer. The visible light beam with photon energy above
the band gap of silicon generates free electron—hole pairs, which
locally modulates the emissivity and thus allows generation of pat-
terned THz radiation necessary for the subsequent computational
imaging. Note that using a DMD for this spatial multiplexing is
superior to raster scanning by allowing a distribution of the optical
intensity over the modulator, thereby circumventing saturation (an
effect discussed in Section 3.C). The right side of Fig. 1(a) shows
how the contrast between the illuminated and unilluminated
areas is created—each small illuminated region behaves like a
local Lambertian source with the maximum power radiated in the
direction normal to the wafer.

An object to be imaged is placed close to the surface-passivated
wafer. We mount a thin, thermally insulating layer (of thickness

(@)

(b)

~200 pm) in between the object and the wafer to prevent con-
ductive heating of the object. The thermal radiation emitted by the
wafer is transmitted through the object and collected by a large 90°
offset aluminium paraboloid mirror with an effective focal length
0f 101.6 mm and an equally large diameter. The numerical aper-
ture (NA) of the system on the object side of the mirror is NA =
0.2 resulting in a diffraction limited spotsize 0f 0.75 mmat 1 THz.
The THz radiation transmitted through the object is collected
by the mirror and coupled to an f/2 Winston cone with 25 mm
diameter through two low-pass optical filters to reject radiation
above 1.5 THz. The aperture of the Winston cone is located at a
plane conjugate to the plane of the wafer. Inside a He cryostat, the
Winston cone is followed by an InSb bolometer, with detection
frequency bandwidth of 0.06-1.5 THz and response time of 350
ns. The signal from the detector is amplified by a low-noise elec-
tronicamplifier. A 3 kHz electronic low-pass filter is used to reduce
the instantaneous bandwidth to better suit our imaging rates while
suppressing the noise level. In the experiments, we apply a small tilt
0f 15° to the wafer to redirect the specular reflection toward a room
temperature absorber instead of the detector itself, which prevents
unwanted artifacts (see Supplement 1, Section 8). The temporal
voltage signal is digitized with an analogue-to-digital converter,
and the signal collected for a sequence of different patterned visible
beams enabling the image to be reconstructed with a superior
signal-to-noise ratio compared to raster scanning or focal plane
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Fig. 1. Principle and experimental setup. (a) A spatially patterned visible light beam illuminates a silicon wafer from one side. The structured terahertz
beam generated by the modulated emissivity of the wafer & (on the right) interacts with the object and is collected by the large offset parabolic mirror to be
focused onto a single-pixel detector. (b) Measured image of a conductive object; low brightness corresponds to low THz transmission. (c) Simulated spec-
tral radiance of the passivated silicon wafer with 675 pm thickness and 0.36 ms effective carrier lifetime at 24°C temperature. The red and blue curves cor-
respond to the radiances with and without applying a photoexcitation light intensity of 200 W/m?. Note that the increased spectral radiance resulting from
photoexcitation primarily occurs due to an increased emissivity, though there is also a smaller heating effect on photoexitation, as the modulator tempera-
ture increases by 5°C over the environment, determined experimentally. The difference between these curves gives rise to the photomodulation efficiency.
The gray area corresponds to the spectral range of our detector.
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arrays [see Supplement 1, Section 11 for details on the method and
Fig. 1(b) for an example image].

B. Emissivity Modulation

The key to achieving THz imaging through emissivity control
is the design of our THz photo-modulator. In the experiment,
the patterned visible beam illuminates a 675 pm thick, high-
resistivity, undoped silicon wafer engineered with a ZnO/AlL, O3
surface passivation layer stack. This passivation reduces the surface
recombination velocity of generated free carriers, which therefore
increases the effective charge carrier lifetime g from 220.022 ms
(unpassivated) to 20.36 ms (passivated) [32,33]. We note that
without the Al, O3 capping layer, ZnO does not provide sufficient
passivation to have any impact on the modulation efficiency. In
this case the Al O3 layer provides a source of hydrogen [34] that
enables improved surface passivation and an optimal effective life-
time of 20.36 ms. The level of passivation given by ZnO/Al, O3
was thus appropriate here as it enables intermediate lifetimes to be
reached between unpassivated and excellent surface passivation
given by Al O3 alone. The cross section of the wafer is given in
Supplement 1, Fig. S4 and a detailed description of its fabrication
in Supplement 1, Section 10.

When light illuminates the wafer, photo generated electron—
hole pairs modify the permittivity of the material. This in turn
renders the modified silicon wafer an efficient absorber/emitter
in the millimeter and lower terahertz bands via an increase in the
plasma frequency of the electrons and holes (see Supplement 1,
Section 2). The high effective carrier lifetime in the passivated
wafer provides a substantial increase in emissivity at terahertz
frequencies under a modest illumination intensity (*2100 s of
Watts per m?)—see Fig. 1(c), where the spectral radiance B(v, 7))
is calculated according to Supplement 1, Section 2, and v is the
temporal frequency. The spectral radiance expected for a silicon
wafer with a 0.36 ms effective carrier lifetime is plotted for two
cases: with and without photoexcitation intensity of 200 W/m?,
corresponding to electron densities of 6.38-10%° m™® and
1.45-10' m™3, respectively. The emission peaks in Fig. 1(c)
correspond to Fabry—Pérot resonances, and are calculated for
emission normal to the wafer. Note that since we have a collection
angle of £11.5° (NA = 0.2), and these peaks shift with angle, they
will be diminished in the experiment. As the emissivity modulation
depth is proportional to the difference between the radiance of the
photoexcited and non-photoexcited silicon, the useful spectral
range of the emission approximately coincides with the spectral
range of the detector [gray area in Fig. 1(c)].

In order to make the THz thermal emission observable under
room temperature conditions (see Section 3.B) and to further
boost its level, we increase the thermodynamic temperature of
the modulator to 120°C. We accomplish this by heating the
wafer by convection using a heat gun facing the illuminated
face of the wafer. We use thermocouple devices on both sides to
monitor the temperature gradient across the device. We observe
that the emission signal increases with increasing temperature
almost linearly, as expected by the Rayleigh—Jeans law (see Fig. 2).
Kirchhoff’s law explains why heating is required to increase signals
(see Supplement 1, Section 4).
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Fig. 2. Thermal emission enhancement via surface passivation.
Measured signal level as a function of wafer temperature for the
ZnO/ALO; passivated wafer with a room temperature carrier life-
time T =0.36 ms and for the unpassivated wafer with T =0.022 ms.
The on/off photoexcitation is applied with intensity of 300 W/m?. Inset
shows the modulated signal sampled in time for the passivated wafer.
The measured signal level corresponds to the amplitude of the spectral
component at the modulation frequency.

C. Imaging

We image several different objects under a photoexcitation inten-
sity of 200 W/m?. Figures 3(a)-3(c) show images of a copper
etched Siemens star deposited on a thin plastic film and placed
~200 pm away from the wafer, chosen to test the imaging res-
olution of our technique. The THz image is normalized to an
image taken without the sample present under the same condi-
tions. Dark regions of the image correspond to areas with low
THz transmission—in this case shielded by copper. The size of the
full field of view of the system is 27 x 27 mm?. Here we set the
pixel size to 0.42 x 0.42 mm? (controlled by how many DMD
micro-mirrors are binned into a single super-pixel. The minimum
discernible feature in the image is about 1.2 mm [see the red arrows
in Fig. 3(b)], limited by free-charge diffusion in the wafer.

One of the main advantages of terahertz radiation is its ability to
penetrate through certain visibly opaque materials such as paper,
plastics, and ceramics. Here, we demonstrate that our system is
sensitive enough to take advantage of this capability, by imaging
two hidden objects shown in Figs. 3(d)—(g): a razor blade in a
paper envelope and a commercial radio frequency identification
(RFID) tag sandwiched between a plastic and a paper layer. For
noise suppression, we apply a simple 2D sliding average filter with
a mask size of 3 x 3 pixels—every pixel in the final images is thus
a mean value of 3 X 3 neighboring pixels from the original image.
The circular copper wiring with outside diameter of 22 mm, and
the chip inside of the wiring, are both opaque for the terahertz
radiation, while the plastic cover of the tag is mostly transparent at
these frequencies. The two narrow leads connecting the chip and
the wiring can be faintly recognized in the upper left-hand corner

of the tag.

3. DISCUSSION
A. Effects of Carrier Lifetime and Diffusion

One of the key considerations in this work is the optimization of
the emissivity photomodulator. There are competing constraints
thatlead to a trade-off between different aspects of device perform-
ance. To achieve optimal image resolution, a short carrier lifetime
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Imaging with the emissivity modulator. (a)—(c) Images of a Siemens star resolution target. Optical (a) and terahertz (b) images, the latter recon-

structed with our ZnO/Al, O; passivated wafer. For comparison, image (c) is measured using an unpassivated high-resistivity silicon wafer. Red arrows in
(b) highlight the smallest resolvable feature, estimated to be 1.2 mm. (d)-(g) Optical images of a razor blade (d) and an uncovered radio frequency identifica-
tion tag (f); () and (g) show our THz images of these objects concealed inside a paper envelope.

should be prioritized. This is because image resolution is currently
determined by carrier diffusion length L =/ Dt.g, where D is
the diffusion coefficient of charge carriers. By engineering a wafer
with a longer effective lifetime we trade a shorter integration time
for a lower image resolution (see Supplement 1, Section 4). We can
see that the resolution in Fig. 3(b) (which is estimated as 1.2 mm)
is notably lower compared to the diffraction limit (0.75 mm at 1
THz) and agrees with the expected diffusion length of electrons of
1.1 mm fora carrier lifetime of 0.36 ms.

However, there is simultaneously a stringent trade-off between
imaging time and image resolution in our approach. A significantly
shorter carrier lifetime results in a much lower modulation of
emissivity for the same optical power. For comparison, in Fig. 3(c)
we show an image with an unpassivated 22 ps effective lifetime
wafer, taken under the same conditions as Fig. 3(b). Furthermore,
the fact that the signal increases with the increasing carrier lifetime
(see Fig. 2 and Supplement 1, Section 4) demonstrates that it is the
modulated emissivity and not temperature that gives rise to the
increased thermal emission on photoexcitation.

A carrier lifetime of 7.4~ 0.36 ms allows us to implementa 10
ms pattern projection time for each optical pattern, resulting in an
imaging time of approximately 41 s for 64 x 64 pixels. However,
in our proof-of-principle experiments, in order to reduce image
noise, averaging over much longer times is currently required: the
images in Figs. 3(b) and 3(c) were integrated for 176 min, and
images in Figs. 3(e) and 3(g) were integrated for 44 min.

Finally, we note that Caratenuto ez a/. [14] recently published
simulation results that suggest that modulation of thermal THz
radiation is feasible using a high magnetic field applied to an InSb
based metamaterial to tune a THz emissivity resonance. However,
it is not clear how an approach relying on high magnetic fields can
be extended to spatially varying control or how fast modulation
may be achieved.

B. Heating the Modulator

Kirchhoff’s law explains why heating of the modulator is necessary,
and why the change in emissivity of a room temperature wafer
is not sufficient to generate any observable signal: at room tem-
perature, under thermal equilibrium conditions, the radiation
absorbed by the modulator from the environment is exactly bal-
anced by the radiation emitted by the modulator itself. It follows
that, in the event of an emissivity increase in the modulator, any
additional radiation thermally emitted by the modulator itself
is exactly offset by a reduction in the transmission/reflection of
radiation from the environment due to an increased absorption of
the modulator. It is only when the temperature of the modulator
is elevated with respect to the environment that the modulation
in the emitted radiation is measurable. Due to the limited heating
capabilities of our setup, the maximum modulator temperature we
could achieve was 120°. However, further increases in the emission
are expected if this temperature difference is increased.

C. Outlook

The protracted integration times used here are a current limita-
tion of our setup. However, we note that there are many routes to
improvement that would lead to a competitive and/or cost effective
THz imaging system using our approach. In this section we discuss
the various trade-offs to consider.

In general, the routes for improvement can be analyzed by
examining the signal-to-noise ratio, defined for our imaging
system as

S P
V2 Ating, (1)

N NEP
where the detector noise equivalent power is NEP, and the received
power is given by
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where A4, ©, and Av represent the area of the photoexcited modu-
lator (i.e., the field of view), solid angle of the optics, and temporal
frequency range of the detector, respectively. Ae is the change
in emissivity upon photomodulation, and By}, corresponds to
the spectral radiance of an ideal black body at temperature 7.
Equation (1) tells us that the integration time A#,, is expected to
be proportional to (NEP)? and inversely proportional Q2, Ag?,
and Av?. Therefore a relatively small decrease in detector NEP, or
relatively small increases in the solid collection angle, modulator
emissivity change, or detector frequency range will all lead to large
decreases in the required integration times.

The detector used in this work has an NEP measured to be
0.13 nW/Hz!/? (see Supplement 1, Section 9). A modest three-
fold improvement in NEP would result in almost an order of
magnitude improvement in integration time. However, there is a
possibility here for even greater improvement, with 4.2 Kand 1.6 K
bolometers [35] reporting NEPs in the pW/Hz'/? and fW/Hz'/?
range, respectively, at detection rates compatible with our exper-
iments. With such low detector NEPs, and all other conditions
being equal, integration times would drop from tens of minutes
to sub-second. Similarly, a detector with a larger frequency range
Av would also lead to considerable improvements. However, for
Av, one should also consider the frequency range required for a
particular application. For example, frequencies in the higher THz
bands would not have the penetrative capability exhibited in Fig. 3.

A second route to improvement lies in the collection optics. For
this, a small increase in solid collection angle €2 will have a strong
effect, dependant on the second power. However, one needs to
match the collection angle of the optics to the collection angle of
the detector. This is a severe limitation in current commercially
available THz bolometers. Furthermore, optics with an additional
conjugate plane would remove the requirement on the close align-
ment of the object with the modulator, as it would allow projection
of the generated THz patterns from the modulator onto the object.

A third route is to look to increase the photo-induced emissivity
change, A¢. One can do this by increasing the lifetime of photo-
carriers in the modulator. However, this is rather complicated, as
the emissivity change is not independently tuneable in this way,
and a longer carrier lifetime will lead to lower imaging resolution
due to carrier diffusion, while also decreasing the detection rate. A
more straightforward route to increasing A¢ is the photo-optical
excitation intensity. For relatively small increases in optical power,
we expect Ag to increase linearly (intensity dependence shown in
Supplement 1, Section 5), e.g., a three-fold increase in the optical
illumination intensity (/) would yield almost an order of magni-
tude decrease in integration time. However, there is a limitation to
this: for higher-power laser sources, while we expect A¢ to increase
with increasing power, Auger recombination will lead to a lower
carrier lifetime and saturation of Ag for optical intensities over
10 kW/m? [32,36]. Similarly, one can also increase the modu-
lator temperature, which leads to larger values for the function
Bbb(l), T) in Eq. (1)

Finally, it is interesting to consider the paths towards low-cost,
room-temperature THz imaging systems. Cheap, uncooled detec-
tors in the THz range, such as pyroelectric detectors and Golay
cells, tend to have high NEPs, typically >nW/ Hz'72. As expected,
when we tested our experiment with such a detector, we required
integration times of many hours. Therefore, to form a practical

imaging system using such a detector, one would simultaneously
require increases to the collection angle, optical excitation inten-
sity, and/or modulator temperature to offset the effect of the higher
detector NEP.

Alternatively, coherent heterodyne radiometric receivers can be
used at these frequencies. Such heterodyne detectors offer superior
noise performance at the expense of the reduced instantaneous
frequency bandwidth under room-temperature conditions. NEP
of the order of 10 pW/Hz™! has recently been achieved with
this detector type [37] in nearby frequency bands. While these
detectors tend to have relatively narrow frequency ranges (relative
bandwidth of ~9% reported in [37]), and small collection angles,
an NEP in the pW/Hz ! range should be able to offset bandwidth
and collection deficiencies, and may alone outperform the results
achieved in our study even with a room-temperature detector.

Furthermore, there is also scope for improving the data col-
lection scheme: if priors about the object under inspection are
available, compressive sensing can also be used to reduce the
number of patterns that need to be projected, thus enhancing
the imaging rate [38]. We therefore emphasize that there is sig-
nificant scope for future improvement in imaging times with our
conceptually new THz imaging approach.

4. CONCLUSIONS

In summary, we have demonstrated a dynamic, all-optical, spatial
emissivity modulator at terahertz frequencies based on photomod-
ulation of surface-passivated silicon. We have also proposed and
experimentally validated an imaging method that inherently relies
on such a modulator, requiring no external THz source. Thanks to
the relatively long charge carrier lifetime of our surface-passivated
Si wafer, the emissivity modulation required only a modest inten-
sity patterned pump beam (200 W/m?)—provided by a standard
LED source and a digital micromirror device.

We believe our imaging approach has potential to compete
with standard THz imaging techniques, overcoming the current
dependence on femtosecond lasers for generation and detection
in this frequency band. By incorporating suitable optics, it will be
also possible to use the thermal emission process studied here for
stand-off imaging. Furthermore, by combining thermal emission
modulation with microantenna arrays patterned onto the wafer,
additional control may be achievable, including over spectral con-
tent, directionality [39-43], and polarization state [6,17,18] of the
thermally emitted terahertz radiation. These possibilities suggest
our thermal modulation approach will find a range of applications
beyond imaging.
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