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Design and Fabrication of Substrate-Free
Au/SiNx/Au Metafilm for THz Sensing Application

Zhigang Li , Yi Ou, Jianyu Fu , Wenjing Jiang, and Qing Zhao

Abstract—A method of designing and fabricating substrate-free
Au/SiNx/Au metafilms as the terahertz (THz) absorber of meta-
material focal plane arrays (MFPA) is reported. The absorption
was investigated by the finite integration method simulation and
new explicit functions. The substrate-free structure was well fab-
ricated by microelectromechanical system (MEMS) technology.
The frequency-dependent absorption of MFPA was measured by
THz time-domain spectroscopy (THz-TDS) system. It exhibits an
extremely high absorptance of 98.7% at 1.36 THz. The absorption
characteristic shows an asymmetric profile, which is well fitted
with an Asymmetric Double Sigmoidal (Asym2sig) model. Our
results show that the Au/SiNx/Au metafilms have potential in op-
tical readout THz real-time imaging, and highly sensitive sensing
applications.

Index Terms—Au/SiNx/Au metafilm, substrate-free, asymmetric
peak model, THz sensing.

I. INTRODUCTION

FOR the past 15 years, the technological development of
components and the instrumentation for the largely un-

explored terahertz (THz) spectral region (1011–1013 Hz) has
proceeded rapidly [1]–[3]. The THz technology has attracted
considerable attention because of its unique advantages, includ-
ing the strong ability of THz waves to penetrate nonpolarized
objects and the fact that this region of the spectrum exhibits
the characteristic absorption bands of numerous materials and
molecules. The THz region has fewer harmful effects on probed
persons or objects, except the associated heating effects[4], [5].
This feature gives the THz technology a significant advantage
over traditional probing methods such as those employing X-
rays. In addition, THz detectors are commonly used for de-
tecting concealed objects, as well as in noninvasive medical
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imaging[6]–[9]. The THz technology offers a spectral window
with rich scientific opportunities; however, presently, its appli-
cation is limited. The lack of sensitive THz detectors is one
of the main issues hindering the future development of THz
technology[10], [11]. Metamaterials (MMs), which are artificial
composite materials comprising subwavelength microstructures
(e.g., meta-atoms, metasurfaces, metafilms) with tailored elec-
tromagnetic (EM) properties, possess arbitrary values of per-
mittivity (ε) and permeability (μ). MMs absorbers have shown
considerable application potential across numerous electromag-
netic spectra, because they can tailor the frequency-dependent
absorptivity[12]–[15]. Especially in the THz region, they can
significantly enhance the signal detection of THz energy by
adjusting the structural parameters, such as length, thickness,
space, etc[16]–[18]. Therefore, they offer a promising platform
for solving the above-mentioned issues[19], [20].

Integrating metafilm absorbers with bi-material cantilevers
can enhance the absorption of THz energy and subsequently
transfers the absorbed energy into the deformation of the bi-
material cantilevers[21]–[24]. This detection unit can be ar-
ranged in an array to form a metamaterial focal plane array
(MFPA), which can be used in THz real-time imaging systems
[25], [26] when incorporated with an optical readout system.
This optical readout imaging system has lower self-heating,
longer integration times, and better signal-to-noise ratio than the
electronic readout system. Alves et al. [21], [22], [25] reported
THz SiO2/Al bi-material cantilever sensors with Al/SiOx/Al
metafilm for THz optical readout system. The sensors operated
in a frequency range >3 THz. But for THz medical imaging
applications, there are many biological tissues clearly distin-
guished from each other in frequency less than 3 THz[27], [28].
For these requirements, a novel THz MFPA integrated with
substrate-free Au/SiNx/Au metafilms, exhibited an absorption
frequency within less than 3 THz, was designed and developed
in this study. The absorptance and frequency were adjusted by
the thickness and patch side via the simulations respectively.
For further research, the relationship between the absorptance
and the thickness of the SiNx film was investigated with a
new explicit function called the revised photoluminescence (PL)
intensity model[29], [30]. The measured absorption character-
istic shows an asymmetrical profile, and is well fitted with an
Asymmetric Double Sigmoidal (Asym2sig) peak model [31].
The two models in explicit functional form were firstly used
to study the absorption properties of metafilm absorbers. They
will provide a quantitative and profound understanding of the
design and characteristics of the metafilm absorbers. Our results
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Fig. 1. (a) Top view of the MFPA pixel; (b) Cross-sectional view of the MFPA
pixel.

show that the proposed Au/SiNx/Au metafilm designs could
enhance the absorptivity and achieve frequency selection. The
metafilm has potential for sensing applications in optical readout
THz real-time imaging, dual-wavelength spectrophotometry,
and multifunction devices.

II. STRUCTURE DESIGN AND SIMULATION MODEL

Numerous studies regarding THz MMs have been reported
[32]–[34]; however, these studies mainly focused on the EM
response analysis of the ideal MMs. In this work, a practical
microelectromechanical system (MEMS) THz MFPA with an
Au/SiNx/Au metafilm absorber and bi-material cantilevers is
introduced, and the absorption of the detector is particularly
investigated via simulation and explicit functions. The structure
of the pixel is composed of two cantilevers and an Au/SiNx/Au
metafilm absorber, as shown in Fig. 1(a). The pixel size is
150 × 150 μm. Its cantilevers are two folded SiNx/Au-based
bi-material beams. The width of the cantilever is 2.5 μm. The
absorber consists of six square patches and one stiffener. The
square patch size is 40× 40μm, which is the frequency selective
surface (FSS) structure. The stiffener can enhance the strength
of the absorber plate. In the cross-sectional view (Fig. 1(b)) of
the pixel, from bottom to top, four layers can be observed: the
1st SiNx layer is used as the structure layer, including cantilevers
and plates; the 2nd Au layer acts as a reflecting mirror for the
THz radiation; the 3rd SiNx layer is the absorption layer for
the THz radiation; the 4th Au layer is used to pattern the FSS
structure. The absorber features a metal-insulator-metal (MIM)
configuration.

TABLE I
PROPERTIES OF THE CONSTITUENT MATERIALS OF THE MFPA

TABLE II
THE BEST COEFFICIENTS TO QUANTITATIVELY INTERPRET THE ABSORPTION

CHANGES WITH THE FREQUENCY OF AU/SINx/AU AND AL/SIOx/AL WITH

DIFFERENT LENGTHS

To better understand the measured response, numerical cal-
culations based on the finite integration method were used to
simulate the EM response [16], [35], [36]. The periodic nature of
the MFPA structures enables the simulation to be performed in a
unit cell with the appropriate boundary conditions. All full-wave
numerical simulations are performed by using CST Microwave
Studio software. As shown in Fig. 2(a), the FSS, MM, and a unit
cell module configuration were used, and the MM unit cell was
sandwiched between two air regions with Zmax and Zmin ports.
Zmax is the incidence port; Zmin is the exit port. To improve
the accuracy of the model, actual dimensions, including the
thicknesses of the metallic layers, were used. Material properties
were taken from Table I . The frequency solver allows an
incident plane wave of THz radiation with a given intensity
and propagation direction to penetrate a surface using scattering
conditions or be generated on a boundary using ports. A perpen-
dicular plane wave was sent through Zmax port1, and scattering
parameters S11 and S21 were extracted over the range of the
frequencies of interest. The reflectivity and transmissivity are
represented by |S11|2 and |S21|2, respectively. The absorptivity
of the MFPA was directly obtained using 1− |S11|2− |S21|2. The
power loss density at the specific resonant frequency of 1.36 THz
is shown in Fig. 2(b). Simulations revealed that the majority of
the energy is dissipated as a dielectric loss at the edge of the
square patch.

For further research, we investigated the relationship between
the absorption and the thickness of the SiNx film at the expected
frequency range obtained via the simulations and explicit func-
tions. The results are considerably different from those reported
by Alves et al. [22]. In our result, instead of a monotonic



LI et al.: DESIGN AND FABRICATION OF SUBSTRATE-FREE AU/SINx/AU METAFILM FOR THZ SENSING APPLICATION 4634206

Fig. 2. (a) MM unit cell; (b) Power loss density distribution in the cell; (c)
Relationship between the absorptance and the thickness of the SiNx film; (d)
Relationship between the center frequency and patch side, where the circle
represents the simulation result and the red dashed line represents the fitting
curve.

increase, a peak is observed in the absorption curve. We found
that the PL intensity model fit well with the simulation data
(Fig. 2(c)). The revised PL intensity model is expressed using
(1)[29]:

α(t) = 1.71× (t− 0.53)0.92 × e
0.53−t
1.64 (1)

where α is the absorptance; t is the thickness of the SiNx film.
Equation (1) shows that the THz absorptance is the explicit
function of the thickness of the SiNx film. The shape of the THz
absorption curve is similar to that of photoluminescence inten-
sity. This will imply that there is some similarity between the
physical mechanism of THz absorption and photoluminescence
intensity.

The best value of the thickness (tp) is derived using (2):

dα

dt

∣∣
tp = 0 (2)

Thus, the maximum absorptance is given by

tp = 2.04μm (3)

Hence, it is established that the highest theoretical absorption
level is 99.36% when the film thickness is 2 μm.

The center frequency was mainly determined using the dimen-
sion of the patch array, particularly the Au patch side length.
In Fig. 2(d), we present the simulation result on the relation
between the center frequency and patch side, where the curve is
well fitted according to a simple (4):

f0 =
A

L
(4)

where A = 54.77. In particular, when the patch side length L
= 40 μm, the response center frequency f0 = 1.36 THz, which
is close to the frequency of the maximum spectral amplitude
provided by the laser.

This MFPA can be applied to optical readout THz real-time
imaging. The MFPAs are illuminated frontally with incident
THz radiation from the target source. The absorbed THz radi-
ation causes the temperature to increase, resulting in the defor-
mation of the microcantilever pixels in the array. Conversely, the
backside of the MFPA is illuminated with a light-emitting diode.
The light reflected from the MFPA creates a thermal image and
is recorded using a charge-coupled device (CCD) camera. The
detection sensitivity of the optical readout system was deter-
mined by the minimum detectable angle (θmin), corresponding
to one gray level of CCD. It can be expressed as follows[23]:

θmin =
Δθ

ΔI
=

λ

2LrN
(5)

where λ is the wavelength of the readout light, Lr is the reflector
length along the cantilever direction, N is the quantization level
of the CCD, Δθ, and ΔI are the changes in the deformation
angle and the gray level of the CCD, respectively. Therefore,
the reflector length along the leg must be as long as possible
to minimize θmin. The reflector length is easy to be longer via
integrating more patches. So, this MFPA with the Au/SiNx/Au
metafilm absorber may achieve highly sensitive THz detector.
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III. RESULTS AND DISCUSSIONS

All the samples were prepared using MEMS fabrication
processes, as shown in Fig. 3(a). The fabrication procedure
is as follows: a) a 5000-Å thick low-pressure chemical vapor
deposition (LPCVD) SiNx layer is generated on double sides
of the wafer; b) a 1000-Å thick gold layer is evaporated on the
front side, and 2.0 μm of the PECVD SiNx layer is deposited
on top of the gold layer; c) lithography and reactive ion etching
(RIE) are performed to open the back etching window; d) front
lithography and RIE are performed to pattern the absorption
layer below the FSS structure; e) a gold layer is etched; f) the
cantilevers are etched; g) the cantilevers and the FSS structure
are patterned by gold evaporation; h) the pixel is released by
backside silicon wet etching. The MFPAs were fabricated on a
four-inch silicon wafer using 2 × 2 cells, as shown in Fig. 3(b).
The obtained MFPA has a dimension of 1.5 × 1.5 cm and
holds 100 × 100 pixels. The structure of the fabricated pixels
was inspected by scanning electron microscope (SEM) and 3D
optical microscope. From the SEM image shown in Fig. 3(c), the
substrate-free Au/SiNx/Au metafilm structure is well fabricated.
Fig. 3(d) shows the three-dimensional (3D) shape of the pixels
with initial deformation. The blue area is tilted up and the red
area is tilted down.

Finally, the MFPA absorption was measured using a THz
time-domain spectroscopy system (THz-TDS), as shown in
Fig. 4(a). The THz wave was generated using a low-temperature
grown GaAs photoconductive antenna integrated with a Si hemi-
sphere lens. A beam of p-polarized Ti: sapphire femtosecond
laser (Maitai Spectra-physics; repetition rate: 80 MHz; pulse
width: 70 fs; central wavelength: 800 nm; averaged power: 30
mW) was employed as the excitation source. Next, a parabolic
mirror was used to collimate the pulse and to direct it toward
the THz MFPA under study. THz detection was realized using
a ZnTe crystal via electro-optical sampling [37]. The incident
angle of the THz beam was fixed at 30°. Both the transmitted
and reflected THz waves were measured, and then the absorption
equates to 1-R-T, where reflectivity and transmissivity are given
by R and T. As depicted in Fig. 4(b), the absorption peak of
98.7% is found at 1.36 THz. And the absorption characteristic
shows an asymmetrical profile. To interpret the characteristic,
we propose an asymmetric peak model known as Asym2sig. The
Asym2sig peak model with five parameters is written as follows
[31], [38]:

α(f) = α0 +
α1

1 = exp((fc − f/f1)

×
[
1− 1

1 + exp((fc − f)/f2)

]
(6)

where α0 is the vertical offset absorption, α1 is the maximum
amplitude absorption coefficient, fc is the horizontal center
position frequency, and f1 and f2 are the shape parameters that
determine the asymmetry peak level. The best-fitting model
parameters α0, α1, fc, f1, and f2, were anticipated using the
nonlinear least-squares curve regression analysis method. The
Asym2sig peak model (6) was evaluated by R2 as the coefficient
of determination (Table Ⅱ). The nonlinear least squire curve

Fig. 3. (a) Fabrication flowchart of the MEMS MFPA; (b) Photograph of four
fabricated MFPAs on a 4-inch silicon wafer; (c) SEM image of the pixels; (d)
3D shape of the pixels.
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Fig. 4. (a) Schematic of the THz-TDS employed to measure both the re-
flectance and transmittance; (b) Experiment (circle) and Asym2sig model (6)
fitting (solid lines) absorption against frequency; (c) Comparison between the
experiment measurement (circle) [21], [25] and Asym2sig model (6) fitting
(solid lines).

fitting of the Asym2sig model on experimental data was also
shown in Fig. 4(b). The high R2 ( = 0.973) value reveals a good
agreement between the experiment and fitting results.

To verify the universality of the Asym2sig model (6), parame-
ter estimation from the third part of the experimental data is criti-
cal to the desired model. The experimental absorption-frequency

data at the different length of the Al/SiOx/Al metafilm absorber
were taken from the papers [21], [25]. The theoretical curves
of absorption-frequency were obtained after the nonlinear least
squire curve fitting of the Asym2sig model (6) on experimental
data and shown in Fig. 4(c). The model fits well with the exper-
imental data. The best coefficients of Asym2sig fitting in each
experimental curve are listed in Table Ⅱ, where α0 and α1 are
the absorptions, characterizing the caption of THz absorption.
The confidence level of each parameter is above 0.99.

IV. CONCLUSION

A 100×100 THz MFPA with Au/SiNx/Au metafilm absorbers
array and bi-material cantilevers is designed, fabricated, char-
acterized, and subjected to theoretical simulations. The MFPA
pixel dimension is 150 × 150 μm with a substrate-free struc-
ture. An extremely high absorption ratio is characterized by
THz-TDS. The fabricated MFPA exhibits a 98.7% resonant
absorption at 1.36 THz, agreeing well with the theoretical re-
sults. The THz absorptance characteristics are investigated by
performing simulation studies and using a revised PL intensity
model and an asymmetric Asym2sig model. The relationship
between the absorptance, the thickness of the SiNx film, and the
size of the square patch is theoretically analyzed. The results
show that these theoretical models enable the application of
theoretical analysis to the MIM absorbers. Our results prove
that this substrate-free THz MFPA and analysis methods have
various applications in THz technology, e.g., in dual-wavelength
spectrophotometry and THz imaging.
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