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Abstract

The emergence of metamaterials, including the recently proposed metasurfaces,

provides unprecedented opportunities in the manipulation as well as the generation

of terahertz (THz) waves. Various actively controllable THz devices such as optical

switches and phase modulators have been achieved by incorporating external-stimuli-

responsive media (typically semiconductors) in the configurations. Compared to pre-
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designed metallic-resonator-based metamaterials, photo-imprinted photonic structures

o↵er us an all-optical route toward reconfigurable functionalities with superior flex-

ibility. Here, we propose to photo-imprint some specific patterns on a thin film of

semiconductor to excite Fano-like resonances, which result from the coupling between

dark and bright elements. Experimental measurements, performed with THz time-

domain spectroscopy, demonstrate counterintuitive tunable deep features in extinction

spectra positioned around the expected resonance frequency. Our simulations are in

excellent agreement with the experiments, by resembling realistic conditions of low con-

trast photo-imprinted patterns generated with a spatial light modulator and a finite

detection time window. This work takes the first step toward realizing switchable Fano

resonances via an all-optical approach, and therefore paves the way to more versatile

manipulations of THz waves.

Keywords

photo-imprinting, tunability, Fano Resonance, terahertz time-domain spectroscopy

For long time, little attention had been paid to the terahertz (THz) regime, due to the

lack of e�cient sources and detectors, which leads to the so-called “THz gap”. However,

the developments of quantum-cascade lasers1 and THz time-domain spectroscopy2 have sig-

nificantly stimulated the interests to this unexplored region of electromagnetic spectrum,

which has been found to have various potential applications, such as in security detection,3

medical diagnostics4 and communication.5 The accomplishment of the promising applica-

tions requires substantial development in devices and components for e↵ectively manipulat-

ing THz radiation. Metamaterials,6–9 i.e., artificially engineered subwavelength composites

capable of possessing exotic properties not attainable with natural materials,10–13 provide

unprecedented possibilities in the generation14 and control of THz waves,15 which have led to

several devices such as notch filters,16,17 absorbers,18 and polarizers.19 More judiciously, by

incorporating materials with properties responsive to external stimuli, for example, semicon-
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ductors, as components of metamaterials, we have achieved various dynamically controllable

THz devices, including optical switches,20–22 frequency-agile filters,23–25 phase modulators26

and plasmonic resonators.27 Recently, a more advanced idea of photo-imprinted tunable

THz metamaterials has been proposed,28–31 in which, meta-surfaces are generated via the

excitation of carriers by the photo illumination of a semiconductor. These structures can

be readily erased via carriers recombination and reconstructed actively, thus opening new

opportunities for a more versatile manipulation of THz radiation.

Fano resonances, initially described in quantum systems, arise from constructive and

destructive interference of a narrow discrete resonance with a broad spectrum or continuum,

showing an asymmetric profile of lineshape.32 In recent years, there have been identified

many electromagnetic systems exhibiting a classical analog of Fano resonance,33,34 which has

attracted much interest due to the enormous applications in energy harvesting,35 sensing,36,37

lasers38 and nonlinear optics.39 In the view of THz manipulation, tailored Fano resonant

systems may also provide promising opportunities for developing high quality factor devices.

There have been reported some related works in this direction, such as actively controllable

Fano resonances using metamaterials or meta-surfaces made out of pre-designed metallic40

or graphene41 patterns.

In this paper, di↵erent from many previously adopted configurations for exciting Fano

resonances with pre-fabricated plasmonic nanostructures42–44 or dielectric patterns,45 we

propose a photo-imprinted meta-surface system that exhibits a Fano resonant behavior in

the THz regime. Our experimental demonstration shows a switchable transparency window

that is attributed to the excitation of a Fano resonance. By taking into account actual exper-

imental conditions in our simulations, we successfully reproduce the experimental features

and reveal two important factors limiting the performance of the proposed photo-imprinted

tunable device, namely the imaging contrast ratio and detection length of time window. Our

work makes the first attempt in realizing tunable Fano resonance with photo-imprinting and

opens up opportunities for low-cost and high-e�cient control of THz waves in various ways.

3

Page 3 of 16

ACS Paragon Plus Environment

ACS Photonics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Figure 1a shows the schematic of the proposed multi-layer dielectric waveguide configu-

ration under investigation, in which, a thin film of GaAs with t

d

= 25 µm is settled on top

of a thick glass substrate (t
s

⇡ 1 mm). A thin adhesive layer with t

a

= 20 µm glues the

GaAs film to the glass substrate. Photo illumination of the sample using light with energy

larger than the GaAs band gap energy injects carriers in a specific pattern defined by the

illumination (see Figure 1). The unit cell of the design, shown in the inset of Figure 1a, has

the period a

x

and a

y

along x- and y-direction, respectively, and is composed by side claddings

with width w and cut-wire with length l

c

and width w

c

. The o↵-center displacement of the

cut-wire is denoted by d. In this system, the GaAs film is considered as the dark element

of the Fano resonator, since the intrinsic waveguide modes are bound states, which do not

directly interact with the incoming electromagnetic wave from free space. The conductive

cladding regions after photo excitation e↵ectively quantize these waveguide modes, and here,

we will utilize the transverse electric (TE) second quantized mode, the so-called TE2,0 mode,

which possesses antisymmetric (sine-shape within one period) electric field distribution in

the x-y plane. The photo-imprinted cut wires serve as scatterers interacting with the inci-

dent wave and provide a bridge connecting the external wave and the bound state. When

the cut wires are displaced away from the center of the unit cell, we should expect some

sharp Fano-like resonance features resulting from the interference between the bright and

dark modes. In our design, we take the refractive indexes of GaAs, bounding material and

substrate to be n1 = 3.60, n2 = 1.61 and n3 = 1.91, respectively, and the dispersion relations

for the two lowest order TE and TM waveguide modes of the GaAs slab in the system are

presented in Figure 1b. By setting the quantization length a

x

= 275 µm, the estimated TE2,0

waveguide mode will occur at around 0.54 THz. Intuitively, the tunability of the Fano-like

feature for the THz signal can be achieved in the following two ways: one is modulating the

optical pump energy to control the conductivity of photo-imprinted patterns, and the other

is modulating the o↵-center position of the cut wires.

To experimentally demonstrate the expected tunable Fano resonance via photo-imprinting,
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Figure 1: (a) Schematic of the multi-layer configuration for actively controlling Fano-like
resonances with photo-imprinted structures. The inset shows a top view of a photo-imprinted
unit cell. (b) Dispersion relation of the multi-layer system. The vertical dotted line indicates
2nd-order quantized mode along x-direction and the solid dot corresponds to TE2,0 eigenstate
of GaAs waveguide.

the desired sample described above is fabricated, with initially a 350 µm-thick semi-insulating

GaAs wafer glued on the quartz substrate, followed by a polishing procedure to achieve the

desired 25 µm thickness for the GaAs film. It needs to be noted that due to the technical

challenges of the polishing process, the resulted sample does not have a homogeneous thick-

ness over the entire two inch diameter. This has been revealed by the measurements using

scanning electron microscopy, where a focused ion beam was used to randomly drill holes

much smaller than the THz wavelength on the surface of the sample, showing that the actual

t

d

varies from 25 µm at the outer parts of the wafer to 10 µm near center. However, the

focused THz beam, which is used to probe the optical properties of the sample in the stan-

dard THz time-domain spectroscopy (TDS) setup, has a full-width half-maximum diameter

of 2.3 mm, and therefore, we expect that the variation in thickness experienced by the THz

beam, which is settled at the outer region of the sample, will be fairly small, about 0.4 % of

the THz wavelength at 0.5 THz.

Our experimental measurements are performed with the optical-pump THz-probe tech-

nique, in which, a laser beam delivered by an amplified laser (Coherent Legend Elite HE, 6

mJ, 100 fs) is split into two parts, with a significant fraction ⇠80% of the power being used
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for photo injecting free carriers on the surface of a GaAs film and the rest for the generation

and detection of THz transient waves. The desired photo-imprinted patterns are realized

with a spatial light modulator (SLM), which is a pixelated liquid crystal device with pixel

size as small as 6 ⇥ 6 µm2. The SLM can change the polarization of a laser beam, from hor-

izontal to vertical in a continuous way by applying voltage to each individual pixel through

the graphics card of a computer. The reflected laser beam goes through a polarizing beam

splitter in which white pixels are reflected thus reconstructing the desired image pattern.30

Finally, the image is projected on the sample using two plano-convex lenses with focal length

30 cm each. With respect to the THz probe beam in our THz TDS system, the involved

laser power is then split into two beams, 95 % of the power is used for the generation of THz

pulses in a 0.5 mm ZnTe crystal and the remaining 5% is for the electro-optic detection of

THz pulses in a 1 mm ZnTe crystal. The useful bandwidth of the THz spectrum spans from

0.15 to 2.3 THz and the electric field intensity peaks at frequency around 0.5 THz with a

signal-to-noise ratio 106.

(a) (b) 

Figure 2: (a) Photo-imprinted image on GaAs film. (b) Zoom-in view of the photo-imprinted
pattern and the pump fluence along the white dashed cross lines correspondingly.

Figure 2a shows an image of the projected pattern, which is captured at the position of

the sample by replacing it with a CCD camera. The color scale depicts the level of pump

fluence with maximum and minimum values around 80 and 1.5 µJ/cm2, respectively, as

defined by measuring the optical power of the projected beam when the pixels of the SLM
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are all white or dark correspondingly. The estimated carrier concentration levels are around

4 ⇥ 1018 and 8 ⇥ 1016 cm�3 for white and dark pixel illumination, respectively. Therefore,

it should be noted that the carrier concentration with dark pixel illumination is higher than

that of the intrinsic GaAs, which is at the level of 1015 cm�3, due to the finite intensity

rejection of the SLM. As shown in Figure 2b for the horizontal and vertical cuts at the top

and left side of the projected image, the illuminated units do not have sharp boundaries,

as a consequence of the imperfect projection and low numerical aperture of the projection

lens. To simplify the analysis of the experimental results, the dimensions of the photo-

imprinted pattern are estimated based on the optical fluence defining the structures. More

specifically, we take e↵ective dimensions by assuming that the boundaries of the structure

coincide with the spatial position where the pump intensity is half of its maximum value

(I0/2). Accordingly, the length and width of cut wires are l

c

= 60 µm and w

c

= 32 µm,

respectively, while for the cladding wires we have a

y

= 155 µm and w = 34 µm. The overall

photo-imprinted pattern under investigation is positioned in a periodic array with unit cell

size 275 µm ⇥155 µm in the x-y plane.

Upon the generation of the conductive pattern with photo illumination, the probing

THz pulse impinges onto the sample at normal incidence and consequently the 0th-order

transmission signal is collected by an o↵-axis parabolic mirror, with a collection angle of

approximately 8�, and a numerical aperture of 0.14. The collected transmission signal is

detected using the electro-optic sampling method and related to the extinction spectrum by

E = 1�T , where T is the transmission spectrum. The extinction provides useful information

about the scattering and absorption cross section of the device. Figure 3b shows the measured

extinction spectra of the various photo-imprinted configurations that correspond to the cut

wire being displaced from the center of the unit cell towards the left cladding, as depicted

in Figure 3a. When the illuminated cut wires are positioned at the center of the units (see

Figure 3a-I), the TE2,0 waveguide mode supported by the GaAs film cannot be excited, and

the extinction spectrum appears to be flat without any strong frequency dependence within
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Figure 3: (a) Images of photo-imprinted patterns (one unit cell) with di↵erent displacements
of the cut wires with respect to the cladding lines. (I-V) and cladding lines only (VI). (b)
and (c) are experimentally measured and post-processed extinction spectra of the system,
respectively, corresponding to (a).

8

Page 8 of 16

ACS Paragon Plus Environment

ACS Photonics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



the band of interest. As the cut wires are gradually shifted o↵ center toward the claddings

(from Figure 3a-II to Figure 3a-V), we observe in Figure 3b an emerging transparency window

around 0.52 THz roughly the Fano resonance position, though the feature is fairly shallow.

Upon increasing the o↵-center displacement of cut wires, the peak transmission eventually

reaches the maximum value of approximately 80%.

To understand our experimental results, we have performed numerical simulations using

the commercial software CST Microwave Studio. The results, presented in Figure 3c, are

in excellent consistency with the experimental results in Figure 3b. In our simulations,

the photo illuminated regions are described with a Drude sheet conductivity model: �

s

=

↵/(��i!), where the collision frequency � = 3.85 THz, and the Drude weight ↵ = 9.4⇥109�

⌦�1s�1 linearly depending on the pump fluence � in units of µJ/cm2. To resemble the actual

photo-imprinted meta-surface as shown in Figure 2, we take into account a graded carrier

distribution along x-direction for the claddings and for the cut wires, we adopt a core-shell

pattern, in which the carrier concentration of the core region corresponds to the pump fluence

71 µJ/cm2 and gradually decreases towards the outer shells. As pointed out above, the finite

intensity rejection of the SLM renders the dark image pixels not completely “dark” but with

the carrier concentration at the level of 1016 cm�3. In our simulations, such a contrast

ratio of carrier density between brightest and dark regions is set to be 50, which means the

Drude model is applied to dark areas of the photo-illuminated pattern with pump fluence

approximately 1.4 µJ/cm2. It has been revealed by our numerical simulations that such a low

contrast ratio significantly damps the strength of the expected Fano resonance, leading to

the shallow transparency-window features demonstrated in the experiments. An important

post-processing step, namely signal convolution, has been applied to the transmission spectra

by taking into account the limited frequency resolution (0.125 THz) of our THz setup, as a

result of the finite detection time window (⇠ 8 ps). Such a convolution procedure eventually

makes the simulations almost perfectly match the experiments. We should also mention that

we can rule out the possibility that the measured features result from the dipole resonance
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of the cut wires by the simulations with di↵erent l
c

, in which, no shift of the transparency

window is observed.

Finally, we would like to mention that we are also able to achieve a switchable Fano

resonance by modulating the pump power in the configuration. At fairly low pump levels,

the transparency window corresponding to Fano resonance is gradually built up upon the

increase of pump power. However, at very high pump levels, the carrier densities in the dark

regions will increase dramatically due to the limited contrast ratio of the setup, and it leads

to the decrease of the overall transmission for the configuration.

In this paper, we experimentally demonstrate all-optically controlled Fano resonances

in the THz regime, showing a switchable transparency window, which has been successfully

reproduced in simulations. It is revealed that the shallow features in our experiments are due

to the low contrast ratio of the illuminated pattern by a spatial light modulator and the short

time window of the THz time-domain spectroscopy system. By taking into consideration

these two aspects, the performance of such photo-imprinted tunable devices can be improved

accordingly. Our work makes an initial e↵ort to take advantage of Fano resonances for all-

optical high speed tunability, and broadens the view of THz control in more versatile ways.
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