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Abstract In this article a monolithic resonant terahertz sensor
element with a noise equivalent power superior to that of typical
commercial room temperature single pixel terahertz detectors
and capable of close to real time read-out rates is presented.
The detector is constructed via the integration of a metamaterial
absorber and a micro-bolometer sensor. An absorption magni-
tude of 57% at 2.5 THz, a minimum NEP of 37 pW/+/Hz and a
thermal time constant of 68 ms for the sensor are measured. As
a demonstration of detector capability, it is employed in a practi-
cal Nipkow terahertz imaging system. The monolithic resonant
terahertz detector is readily scaled to focal plane array formats
by adding standard read-out and addressing circuitry enabling
compact, low-cost terahertz imaging.

A monolithic resonant terahertz sensor element comprising a
metamaterial absorber and micro-bolometer

James Grant'*, lvonne Escorcia-Carranza', Chong Li', lain J. H. McCrindle', John Gough?,

and David R. S. Cumming’

1. Introduction

Advancements in the field of terahertz (THz) science and
technology have resulted in a number of important appli-
cations including security and medical imaging [1], explo-
sive detection [2,3], non-destructive testing [4] and wireless
communication [5]. Research has been driven by the unique
properties of THz radiation: it is non-ionising thus safe to
biological tissue; transparent to several common plastics
and fibres; and has a shorter wavelength than millimeter
waves, giving a higher spatial resolution. In addition several
materials, such as explosives and illicit drugs, have char-
acteristic THz spectroscopic signatures that can be readily
identified [6].

The proliferation of these applications into everyday life
has been hampered by the lack of inexpensive, compact and
room-temperature THz sources and detectors. In this work
we focus on the development of a detector targeting single
frequency terahertz imaging applications such as stand-off
security and non-invasive package inspection. State-of-the-
art commercial THz detectors for imaging applications are
typically comprised of discrete components that are bulky
and exhibit a low level of integration at high cost. Common

THz detectors include pyroelectric sensors [7], Schottky
barrier diodes [8] and field-effect transistors [9]. However
these detectors have one or more limitations such as low
sensitivity, slow speed, the requirement for cryogenic cool-
ing and the difficulty of scaling to array formats required
for THz imaging. Most THz images today are built up one
pixel at a time, through raster scanning with single-point
detectors [10]. Linear arrays of discrete detectors based
on superconducting tunnel junctions [11] and niobium ni-
tride micro-bolometers [12] coupled with scanning optics
do offer the advantage of faster image acquisition speed
compared to single pixel counterparts. Uncooled two di-
mensional IR focal plane arrays (FPAs) have been used
in THz imaging experiments, but the detection efficiency
is less than 5% [13]. Efforts have been made to optimise
uncooled IR FPAs for the THz frequency regime by im-
plementing antenna structures of appropriate geometry for
the THz waveband coupled to various sensor elements such
as amorphous silicon [14], vanadium oxide [15] and nio-
bium [16]. Imaging experiments with such antenna coupled
micro-bolometer arrays fabricated on top of CMOS chips
and with a photoconductive antenna source show promising
results [17]. Complementary metal-oxide semiconductor
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(CMOS) transistors are also capable of detecting THz ra-
diation and noise equivalent powers of 470 pW/+/Hz at
0.9 THz have been demonstrated [18], however above this
frequency the detection efficiency drops off markedly [19].
We aim to develop pixel technology for use at frequencies
well above 1.0 THz.

The lack of natural frequency selective materials that
absorb THz radiation has prompted researchers to explore
artificial means such as the use of metamaterial (MM) de-
vices [20]. MMs are arrays of sub-wavelength elements,
the structure of which, rather than their composition, dic-
tates their electromagnetic properties. Applications include
cloaking [21], superlensing [22] and plasmonically in-
duced transparency [23]. MMs can also be used to cre-
ate resonant absorber structures where the radiation is ab-
sorbed in a device thickness of < A/30, overcoming the
thickness limitation of traditional quarter wavelength de-
vices [24-26]. Single band, dual band and broadband ab-
sorbers have been demonstrated across the THz frequency
range [24,27,28] however until now such absorbers have
not been integrated with a sensing element and used in
a practical THz imaging experiment. An 11 x 11 MM
based focal plane array detector operating in the S band
(24 GHz) has been presented [29] whereby the associ-
ated read-out electronics are discrete and implemented on
a printed circuit board. In our approach we realise the pe-
riodic metamaterial array in a silicon chip containing the
front end readout electronics. The approach is feasible in the
THz range, since the required array dimensions are com-
patible with CMOS foundry processes. In this article we
experimentally demonstrate a monolithic resonant THz de-
tector constructed via the integration of a resonant MM ab-
sorber with a micro-bolometer sensor. Moreover, the MM
absorber component of our monolithic resonant detector is
made directly in the metallic and oxide layers available in a
standard 0.18 um CMOS process (CMOSI9T5V Texas In-
struments). As a demonstration of the detector capability we
use the device in a THz transmission imaging experiment
based on a Nipkow disk. The approach to detecting THz
radiation and the natural scalability to large array formats
presented here is a significant advance toward compact,
low-cost and real-time THz imaging systems.

2. Design considerations and spectral
response characteristics of the monolithic
resonant terahertz detector

A 3D schematic diagram depicting the unit cell of our MM
based monolithic resonant terahertz detector is shown in
Fig. la. The pixel consists of two elements; the MM ab-
sorber and the micro-bolometer sensor. Three cross shaped
electric ring resonators (ERRs) are stacked on top of a con-
tinuous metallic ground plane, separated by an insulating
layer (SiO,) to form a broadband MM absorber. A micro-
bolometric sensor is patterned on top of the MM absorber
structure and Ti/Al tracks defined to connect the sensor to
the M6 studs. The metal and inter-metal dielectric thick-

nesses of the CMOS layers are proprietary however the
other geometric parameters of the structure are as follows:
bolometer thickness = 300 nm, Ti/Au tracks thickness =
1000 nm, M6 cross arm length = 22.5 pm, M5 cross arm
length = 23.5 wm, M4 cross arm length = 24.5 pm and
cross arm width = 2.5 pm. To reduce the thermal mass of
the pixel and thus improve the detector responsivity, the
underlying silicon beneath the pixel is removed using a
standard silicon plasma etching technique. Scanning elec-
tron microscope (SEM) images of a section of the array
and of a single pixel are shown in Fig. 1b and Fig. 1c
respectively.

Our previous studies [26] have shown that the insulating
layer properties; namely the thickness, refractive index and
loss component, between the ground plane and the ERR,
have a significant effect on the absorption magnitude. THz
MM absorbers to date have been fabricated in research fa-
cilities where the insulating layer thickness can be easily
tuned however in our case the thickness of the insulating
layer, namely the intermetal-dielectric (nominally SiO5), is
fixed by the CMOS foundry process. Moreover the refrac-
tive index and loss component of the CMOS inter-metal
dielectric layers are not well known at THz frequencies.
These facts coupled with the observation that MM based
absorption is inherently narrowband (FWHM typically less
than 20% the centre frequency) present a significant chal-
lenge when designing a MM device to operate at a spe-
cific frequency. In our work we use a CO, laser pumped
methanol vapour laser operating at 2.52 THz. We therefore
require the MM device to strongly absorb the same fre-
quency. Therefore, to maximise the likelihood of attaining
strong absorption in the region of 2.5 THz, three stacked
ERRs are employed to broaden the absorption spectrum.
Stacking ERRs on top of a continuous ground plane has
been shown to improve the FWHM to ~48% of the centre
frequency [28]. A cross-sectional SEM image of the MM
absorber pixel, clearly showing the three metallic ERRs and
metallic ground plane, is shown in Fig. 1d.

The optimised MM absorber structure was designed us-
ing 3D finite difference time domain (FDTD) simulations
(Lumerical Inc. [30]). The 3D simulations were performed
with a plane wave source incident in the z direction of the
unit cell. Periodic boundary conditions were used for the x
and y boundaries and perfectly matched layers employed
for the z direction boundaries. The mesh step size around
the monolithic resonant terahertz detector was Ax = Ay =
0.1 pm and Az = 0.05 um. The unit cell period was 30 um
by 30 wm. The metallic sections of the absorber were mod-
elled as Al with a frequency independent conductivity of
4 x 107 Sm~! while the inter-metal dielectric regions were
modelled using SiO, Palik from the Lumerical software
database. Reflection and transmission spectra were calcu-
lated at planes z = 100 um and z = —100 pum. Due to the
inherent symmetry of the MM absorber device the FDTD
simulations revealed the spectral absorption characteristics
were not sensitive to the polarisation angle of the incident
EM wave.

Figure 2a shows the simulated spectral characteristics
for the three ERR absorber device and for a single M6
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Figure 2 a) Experimental (red) and simulated (green) spectral
response curves of the monolithic resonant THz detector. For
comparison the simulated spectral response of a single ERR in
M6 is also shown (black). b) simulated absorption distribution in
the x-y plane at the bottom of M6 and c) simulated x-z absorption
distribution plot at y = 5 um. The solid white lines in c) denote
the bottom of the metallic layers.

ERR absorber. The single M6 absorber has a narrow ab-
sorption peak at 2.56 THz and an absorption magnitude of
55%. In contrast, the three layer ERR structure has a broad

Figure 1 a) 3D schematic diagram of the mono-
lithic resonant terahertz detector. b) and c) show
scanning electron micrographs of a section of the
array and of a single pixel respectively after post-
processing of the CMOS chip by depositing the
vanadium oxide sensor element and Ti/Au con-
necting tracks. In c), the sputtered vanadium ox-
ide film follows the topography of the M6 ERR as
a single film. d) Cross-sectional scanning electron
micrographs of a single pixel revealing the three
ERR metallic layers and the metallic ground plane.
A focused ion beam was used to mill the square
trench.

absorption peak of magnitude 80% at 2.56 THz while at
2.52 THz, our frequency of interest, the absorption mag-
nitude is 78%. Complete post-processed devices were ex-
perimentally characterized under vacuum in a Bruker IFS
66v/S Fourier Transform Infrared Spectrometer in trans-
mission mode at normal incidence and in reflection mode
at 30° incidence. The measured transmission spectra were
normalized with respect to the signal measured from a4 mm
diameter open aperture and the reflection spectra were nor-
malized to that of a gold mirror. The resulting absorption,
A, was therefore calculated using A(w) = 1 — R(w) — T(w)
where R is the reflection coefficient and 7 the transmission
coefficient. As the thickness of the ground plane is much
greater than the typical skin depth in the THz regime the
reflection is the only factor limiting absorption.

The experimental spectrum has two resonance peaks
at 2.5 THz and 2.81 THz of magnitude 57% and 70% re-
spectively. Overall there is reasonable agreement between
the experimental and simulation spectra. The deviation be-
tween the curves can be attributed to several factors; the
most significant two are the possibility of a discrepancy
in the real and assumed value of the inter-metal dielectric
refractive index and potential thickness non-uniformity of
the three inter-metal dielectric layers.

To understand the origin of the spectral characteris-
tics, the simulated absorption distributions in the x-y plane
at the top of the M6 ERR and in the x-z plane aty = 5 um at
the resonance frequency of 2.52 THz are plotted in Fig. 2b
and Fig. 2c respectively. The plots reveal that the regions of
maximum absorption occur in the metal layers and also in
the first few hundred nanometres of inter-metal dielectric
immediately beneath the M6 ERR. These simulation results
validate our decision to locate the thermal sensing element
directly above the uppermost ERR.
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3. CMOS post-processing details
and determination of detector noise
equivalent power

On receiving the CMOS chips from the foundry three post-
processing steps were necessary: (1) deposition of a suit-
able sensor material, (2) definition of the connecting tracks
from the M6 studs to the micro-bolometer element and
(3) etching of silicon underneath the bolometer to leave a
membrane structure. We chose vanadium oxide (VOX) as
the sensor material due its high temperature coefficient of
resistance (TCR) and relatively mature deposition technol-
ogy. A 50 nm Si3Ny layer separates the MM absorber from
the vanadium oxide resistive micro-bolometer. The 300 nm
thick VOx film was deposited at room temperature using
RF reactive sputtering of vanadium metal in an oxygen
environment. Ti/Au tracks are then added to connect the
micro-bolometer to the M6 studs that lead to bond pads.
Backside photolithography was used to pattern a circular
window of radius 1 mm and the underlying silicon was re-
moved using a standard etch process to make a membrane
and minimise the thermal capacitance of the structure. In
this prototype chip only 4 pixels were directly connected to
bond pads for further characterisation. These 4 pixels were
scattered throughout the array and the minimum distance
between them was 0.5 mm.

Various figures of merit exist for determining the per-
formance of micro-bolometer sensors. The most commonly
used are the responsivity, noise equivalent power (NEP) and
thermal time constant. The responsivity can be expressed
using the following relation [31]:

Rv — anRlIg 0
=
Gth«/1+w21'2

where « is the temperature coefficient of resistance, 7 is
the absorption magnitude, R is the resistance of the micro-
bolometer, I is the bias current, Gy, is the thermal conduc-
tance, w is the angular chopping modulation frequency and
7 is the thermal time constant. The NEP per square root
unit bandwidth can be found from the responsivity using
the relationship [31]:

v,
NEP = - )
Ry

where V) is the rms noise voltage per square root unit band-
width of the micro-bolometer element. The main sources
of noise in a micro-bolometer sensor are 1/f, Johnson and
phonon [31].

To establish the sensor TCR, an environmental cham-
ber in conjunction with a Keithley 4200-SCS Parameter
Analyser was used to evaluate the micro-bolometer resis-
tance at temperatures between 10°C and 80°C. At 20°C
the measured TCR is —2.49%/K and the micro-bolometer
resistance is 17.32 M. The responsivity and thermal time
constant of the THz detector were directly determined as
follows. The terahertz source was a CO, pumped methanol
vapour laser (Edinburgh Instruments) operating at 2.52 THz
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Figure 3 a) Responsivity versus frequency data for bolometer
bias currents of 100 nA, 1 pA and 2 pA (closed symbols). NEP
data at 2 uA (open symbols) bias is also shown. b) noise spectral
density plot at a bias of 100 nA (red line), 1 pA (black line) and
2 pA (blue line).

with a maximum output power of 150 mW. A Tsurpurica
lens with a focal length of 10 cm focused the beam down
to a diameter of ~2 mm. The beam shape at the focus
position was measured using a commercial IR focal plane
array (FLIR). A Scientech AC2500 power meter was used
to measure the power at the focus and determine the power
incident on each 30 um x 30 wm pixel. The monolithic
resonant THz detector was mounted on an x-y-z stage
and positioned at the focus point. A mechanical chopper
(Thor Labs) was placed in front of the lens to modulate the
THz beam. The micro-bolometer was DC current biased us-
ing the Keithley 4200-SCS and the voltage signal detected
by a lock-in amplifier (EG&G Model 5210) synchronized
to the beam chopper.

Figure 3a shows the measured responsivity of the mono-
lithic resonant terahertz detector with respect to THz mod-
ulation frequency from 1 to 50 Hz at 1 atmosphere for
several different bias currents. As implied by Eq. (1) the
detector responsivity increases with increasing bias current.
The DC responsivity and the thermal time constant values
of the detector are extracted as 72 kV/W and 68 ms at a

© 2013 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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bias current of 2 pA. Figure 3b shows the measured noise
spectral density of the monolithic resonant THz detector at
bias currents of 100 nA, 1 pA and 2 pA. The measurement
set up consists of an Agilent 35670A dynamic signal an-
alyzer, Keithley 4200-SCS current source, a Faraday cage
and the detector. The noise spectrum reveals that the dom-
inant noise source is 1/f in nature. In addition the noise
increases with increasing bias current. It has been reported
that the 1/f noise of VOx films is extremely sensitive to the
deposition technique and film stoichiometry [32]. Figure 3a
also shows the NEP between 1 Hz and 50 Hz for a bias cur-
rent of 2 pA. The minimum NEP of 37 pW/+/Hz occurs
at 15 Hz and steadily increases for higher frequencies. The
NEP value is lower than that of current state of the art THz
detectors that operate at room temperature such as Schot-
tky diodes [33], pyroelectric devices [34] and field-effect
transistors [35], while the extracted thermal time constant
of 68 ms is short enough to allow imaging at frame rates
of 10 Hz.

4. Nipkow based terahertz imaging
experiment using the monolithic terahertz
detector

As a practical demonstration of the capability of the mono-
lithic resonant detector we employed it in a Nipkow based
THz transmission imaging experiment. The Nipkow disk
has been used for imaging systems since the first televi-
sion was invented in 1929 [36]. The technique is almost
100 years old although it is still used in various modern
imaging instruments such as the optical confocal micro-
scope [37]. The experimental set-up is shown in Fig. 4a
and is based on a similar approach described by Ma et al.
[38]. However, in the present work the apertures in the disk
were replaced by Fresnel lenses fabricated in a 100 mm
silicon wafer. Each lens is al6-level binary phase shifting
diffractive optic with a diameter of 10 mm and a focal
length of 5.5 cm [39]. The lenses in the disk are positioned
in the form of a single-turn spiral starting from an exter-
nal radial point of the disk and proceeding to the centre.
The Fresnel lens is scanned across the incident 15 mm di-
ameter Gaussian laser beam, sampling a small portion as
it moves. The sampled portion is focused into a diameter
of 0.7 mm, onto the object. As the disk rotates, the same
Fresnel lens travels in a spiral pattern and interrogates a
different portion of the object, giving rise to a line scan.
Each lens in turn contributes to a new line-scan hence a
2D image is created. When an object is positioned at the
image plane, each focused beam behaves as a probe and
scans the object sequentially in both the x (radial) and y
(rotational) directions. Only 1 lens samples the incident
15 mm beam at any time. In our experiment the object is a
10 mm x 10 mm T shape cut out of a sheet of alu-
minium (see Fig. 4b) The transmitted beam is reflected
and re-focused by a 90° off axis parabolic mirror onto the
monolithic resonant THz detector. A mechanical chopper
is placed in front of the detector to modulate the THz beam.
The same current bias and lock-in detection method, as
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Figure 4 a) Experimental set up for the imaging system based
on a Nipkow disk. b) optical image of the cut out “T” shape in
aluminum used in the THz imaging experiment. c) THz image
taken using the monolithic resonant THz detector.

before, is used. Both the lock-in signal and the timing sig-
nal are monitored on a digital oscilloscope. A Labview
(National Instruments) program is used to acquire data from
the oscilloscope, process the raw data and consequently
build a 2-D image using the processed data. Figure 4c shows
the captured image using the monolithic resonant THz de-
tector for a bias current of 450 nA, modulation frequency
of 1 Hz, lock-in amplifier time constant of 300 ms and a
disk rotation speed of 0.2 rpm.

5. Summary

To conclude, a monolithic resonant THz detector, con-
structed via the combination of a MM absorber with a
micro-bolometer sensor element is presented. The absorber
is realised directly in the layers of a standard 0.18 pm
CMOS process and the micro-bolometer sensor element is
defined by post-processing procedures. Numerical simu-
lations were performed to design a structure that strongly
absorbed at 2.5 THz, the operating frequency of our source.
The spectral response, responsivity, thermal time constant
and noise characteristics of the detector were experimen-
tally assessed. We demonstrated the capability of the mono-
lithic resonant THz detector in a practical THz imaging
experiment based on a Nipkow disk. The presented single
pixel device is readily extendable to focal plane array image
formats by adding appropriate circuitry. Furthermore, MM
absorbers are extremely flexible in that their operating fre-
quency can be scaled simply by modifying the unit cell size,
ERR dimensions and insulating layer thickness between the
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ERR and the ground plane. The results demonstrate a sig-
nificant advance toward compact, low-cost real-time THz
imaging systems.
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