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Abstract:

In this paper, we present the conception, fabhdonaand characterization of a room
temperature thermopile designed to detect elecyoeta fields at 3 THz. The absorber
consists of a metallic grid made of one of the maitef the thin film thermocouples. The
design of the grid is based on a theoretical naydit model using equivalent resistivity and
taking into account small diffraction effects. Fature work with sub-wavelength resolution,
we have also studied the effect of the reductionhef size of the grids on the equivalent
resistivity. The grid is deposited on a 1.5 mm-uadBiQ circular membrane. The time
constant of the sensor is measured with THz andal®ources and it is consistent with finite
elements simulations. The sensitivity and the liohitletection are also evaluated. First results
at 0.3 THz (and not at the designed frequency ©H3, because of limitations in the testing
equipment) show a sensitivity of 35 nV/(Winand a limit detection of the E-field of 23 V/m
due to a significant amount of noise. Future patpes are put forward to increase the

sensitivity.
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1. Introduction

The Terahertz (THz) frequency domain is usualljindel as ranging from 100 to
10000 GHz. It has long been unexplored becausehefdifficulties in generation and
detection of electromagnetic fields at such wawglen Over the past twenty years,
considerable improvements have been brought to $y&tems [1]. This evolution was
initially driven by an increasing need for mater@iaracterization methods [2] and for
alternative techniques of biological and chemicpkectroscopy [3, 4]. Recently, new
applications such as robotic vision, traffic cohtnmedicine and biological research, have
increased the interest in moderate-sensitive receiperating at room temperature in the 100
— 3000 GHz frequency range [5].

This work is part of a project concerned in camsing a continuous wave THz near
field experiment. The needed THz sensors shoulc legood spatial resolution (a few
wavelengths) and should be easily manipulated (rikybcryogenic cooling). We designed
our own sensor in order to understand all the patars that will be needed in the future to
achieve a spatial resolution smaller than the vwemgth. Considering previous knowledge in
our team and its ability to be further miniaturizatireasonable cost, a room temperature
thermal sensor made of a thermopile was chosen.

This thermal detector measures the electromagredi@ation power by converting it
into heat. The absorber with its thermal bridged tre thermopile are its two key parts. In
order to have a relatively simple fabrication psxs;eve chose to build them using a metallic
grid and thin film thermocouples. The design isspréed in section Il. Section Ill concerns
the measurements of the transmission, reflectiah asorption of the grids. When grid
extensions are far larger than the wavelergtlexperiments are performed at 0.3 THz,
whereas experiments are done at microwaves fresemhen grid extensions are smaller
thanA. Section IV describes the fabrication processhef THz sensor. Its characteristics in
terms of time constant, responsivity, sensitivityd aninimum detectable electrical field are
introduced in section V. The electromagnetic (EMgpmn the H-plane of a horn antenna
operating at 0.3 THz (and not at the designed &eqy of 3 THz) is also presented with our
THz sensor working as the detector.

2. Conception of the THz sensor

2.1. Design of the Absorber

The absorber with its thermal bridges is one ofkég parts of the sensor. It absorbs
the incident electromagnetic radiation and tramafort into a temperature variation through
Joule effect. Metal films can be used as absorlbtwever, they must be thin enough to have
the best absorption [6], typically a few nanometiesven less. Such a thickness requirement
is too drastic to be fulfilled and well controlledth micro-fabrication techniques. Like Bock
et al. [7], we used instead a structured metallic laybose optimal thickness is larger. The

conception of such structured absorbers is oftesedan empirical experimentations. We
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proposed a theoretical approach to design themt[8ses a computation of the absorption,
reflection and transmission of a plane wave on rsé\dielectric and metal layers, based on
the works of Hilsumet al. [6] and Hadleyet al. [9]. A grid can be then implemented as a
homogeneous metallic layer with an equivalent tiestig peq depending on the geometry of
the grid. It is usually approximated as:

Peq=pm . (9/23) 1)
with py, the resistivity of the metal, g the pitch of thedgand 2a the width of the grid lines.
Figure 1 shows the advantage of the use of a nwetaid in terms of thickness. The used
parameters are g = 20 um, 2a = 2 um @pe 5.4 10" @m. The film and the metallic grid
being unsupported (no dielectric), this result dnesdepend on the THz wavelengti{as
long as it is far greater than g). To improve theaxption (cf. Figure 1) a dielectric layer can
be placed before the grid. With its thickness arigueof the wavelengti/(4n) (refractive
index n), the reflected waves are in-phase an@asa the absorption.
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Fig. 1: Absorption of an unsupported metallic filam unsupported metallic grid, and a grid
with ax/(4n) thick dielectric placed beforg;, = 5.4 10' Om, g =20 pm,2a=2 um,n=1.7

Ulrich’s work [10] was used to take into accourd ttiffraction when the pitch of the
grid becomes comparable to the wavelength. Our held®vs in particular that the optimal
thickness of the dielectric layer used to enhaheeabsorption can be slightly different from
the quarter of the wavelength because of thesediibn effects [8].

Our sensor was initially designed to work at 3 THwhich corresponds to a
wavelength of 0.1 mm in the vacuum. The size ofdbgorber and the membrane on which it
rests is a trade-off between the spatial resolwioth the sensitivity. It is chosen to be 3 mm.
The chosen pitch g and the width of the track 2thefgrid are 20 and 2 um respectively. To
improve the absorption and to protect the membrarbelectric layer is added. However, its
benefit is reduced by the higher thermal capaditye grid thickness is computed with our
model according to the dimensional parameters agtdlmesistivity.



2.2. Thermopile

To sense the variation of temperature due to ltisergtion of the THz wave, we have
built thin film thermocouples that are highly corntipke with micro-fabrication processes and
that take full benefit from the previous knowledgeour team regarding this technology [11-
12].

Thin film Seebeck coefficients are known to beallyulower than bulk coefficients
and technology dependent. We then decide to medéser8eebeck coefficients of many thin
film couples available for fabrication within ouad. The most interesting sets that we
measured are Ti/Al (7.4 nVI/K), Bi/Cr (70 pK/K) aidddoped Si (190 pV/K). Although the
latter exhibits the highest Seebeck coefficiest,use of doped silicon makes the fabrication
process more complicated. Bi/Cr couple also hasgh boefficient but Bismuth is a soft
material and it is difficult to use with precisé&-bff and not easy to etch. Among the sets of
“machining-friendly” metals tested, Ti/Al has thaghest coefficient. Hence, the first
prototype of the THz sensor uses it. The secontbiyqee that will be published later will use
the Ti/doped Si couple. A major advantage of oespnt choice is that titanium is used at the
same time for the thermocouple and for the absagber

To increase the sensitivity, thermocouples areneoted in series. In a first
approximation, utilizing n thermocouples increases signal level by n times and multiplies
the noise level byn. Adding thermocouples also augments the ovenatledance of the
sensor, and the quantity of metal which must bertakto account for the best absorption. As
a trade-off, a topology incorporating 6 thermocesgk placed on a circular membrane.

3. Measurements of the absorption of the grids

3.1. Grids with extension far larger than the wavelength

To validate the design of the absorber, measuresmamtgrids are performed at 0.3
THz. Absorption is deduced from transmission anflecéon measurements. To do so,
titanium square grids of various geometries (chl&d) are deposited on glass wafers using a
lift-off process. Their overall dimensions of 1.B.ncx 1.5 cm are far greater than the
wavelength (1 mm in free space), which enablesutee of plane waves approximation on
semi-infinite layers needed for our model.

Table I: Dimensions of the grids for THz charaaation
MetalicGrid| 1 | 2 | 3| 4 5 6 7 8 9

2a (um) 1) 1| 25 4 | 10| 2 2 4| 20

g (um) 20| 100| 50 | 200| 200| 200| 200| 200 | 400

Figure 2 presents the experimental set-up in tee o&reflection measurements. The
electronic source consists of two stages. The dingt selects the sixth harmonic of a 16.667
GHz synthesizer thanks to a Schottky diode. Thabwus further amplified and fed into a
second stage that selects the third harmonic wiithah maximum power of 0 dBm. The mm-
wave beam is focused on the device under test usiogparabolic mirrors and a beam
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splitter. A commercial liquid-He bolometer is pldceither behind the grid to measure the
transmission or as presented in figure 2 to meabareeflection. The difference between the
incoming, reflected and transmitted measured eeergllows us to determinate the
absorption of the grid [13].
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Fig. 2: Experimental THz set-up (reflection measuzat)

Figure 3 shows consistency between theoreticalexp@rimental values, with some
differences. These differences are attributed & |tk of knowledge about the thin film
resistivity, the thickness variation of the subtgtrand some defects in the grids. The defects
come from an uncompleted lift-off that leaves soemra metal and therefore increases the
reflection. This problem has been recently solveohgi wet etching instead of the lift-off
process. Finally, the THz beam is not totally femin the metallic sample, leading to
uncertainties in the THz measurements.
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Fig. 3: Absorption, reflection and transmissionaswed and predicted at 0.3 THz for
different grid dimensions

3.2. Grids with extensions smaller than the wavelength

In order to improve the spatial resolution in néald applications, it is necessary to
produce sub-wavelength sensors, thus preventingebaution limit (Rayleigh criterion).
With the aim of building sub-wavelength sensorgsitmportant to study the absorption of
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metallic grids with an overall dimension smalleanhthe wavelength. To avoid too small
grids and since the EM behaviour is the same dr&fuencies, this experiment is performed
at these frequencies. To generate the RF elecfiiedd] we designed a TEM (Transverse
Electro-Magnetic) guide, stripline type, with dinsgmns chosen to have a $Bimpedance.
The grid is placed in the TEM cell. Transmissiomnl aeflection are measured to deduce the
absorption. Calibrations without a grid and with'short circuit” (grids with 2a = g) are
conducted to take into account losses, in partidhkalateral radiation.

As seen previously, when the overall dimensiorhefdrid is large and the pitch small
(so that there is no diffraction effect), a grichdse seen as a homogeneous metallic layer with
an equivalent resistivityeq given by equation 1. This is no longer the casemthe size Gof
the grid is smaller than the wavelength. Transmarssind reflection of 1 cm and 2 cm grids at
900 MHz, 1.5 GHz, 1.8 GHz and 10 GHz are measweddveral values of the parameter 2a
(with g fixed at 1mm). For each couple (grid size/&equency f), our theoretical model is
used to fit the measurement results and to deterrttie equivalent resistivity. Figure 4
presents the case of the couple £<51cm / f = 900MHz. The variation of the equivdlen
resistivity, as a function of the ratio between ¢higl size G and the wavelength, is shown
in figure 5. This variation can be explained by faet that the current density in a sub-
wavelength metal grid cannot reach the value it ldloach in long metallic tracks;
consequently, the equivalent resistivity increaslesn the ratio @A decreases.
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Fig. 4: Absorption measurements at 900 MHz on lddsgdots)
Extraction of an equivalent resistivity (lines)
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Fig. 5: Variation of the equivalent resistivity Withe ratio between grid size §Gnd
wavelengthX) at RF frequenciegip: measured resistivity of chrome film

4. Fabrication process of the THz sensor

Our THz sensor is initially designed to work at BZTwith a spatial resolution of a
few wavelengths. The size of the grids is chosdmet@ mm that is to say 30 wavelengths. In
order to increase the thermal isolation, the sersdabricated on a silicon dioxide (SO
membrane. The process flowchart is shown in fighirelThe pattern of the membrane is
defined by the deposition of an aluminium mask. €tehing by DRIE (Deep Reaction lon
Etching) is stopped to leave about 15 um of Sif{gf.5a). A 1.4um thick SiQ layer is then
grown by thermal oxidation and the backside oxgleemoved in a bath of buffered HF (cf.
fig. 6b). The metallic grid absorber and the ftregrmocouple track are made at the same time
of titanium using evaporation deposition and comesal lift-off techniques (cf. fig. 6¢). The
design ensures that no short-circuit can take plattethe second track of the thermocouples.
The latter, made of aluminium, is also depositedeligporation and patterned by lift-off
techniques (cf. fig. 6d). Finally, a dielectric éayof SU-8 photoresist was coated and
patterned to increase the absorption at 3 THz @edhance the mechanical robustness. Its 15
pum thickness is a quarter of the wavelength witheatimated dielectric constant of 3.
Because of inhomogeneity in the DRI etching of tembranes, the wafer is diced before
individually finishing etching them (cf. fig 6e).igure 7 shows a SEM (scanning electron
microscope) image of the resultant THz sensor, @tkfxom the backside.
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Fig. 6: THz sensor process flowchart
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Fig. 7: Scanning Electron Microscope image of thekiside of the THz sensor

5. Characterizations and discussions

5.1. Time constant

To characterize the THz sensor, the same THz sasrased as for the absorption
measurements of the grids. A mechanical choppdlenan amplitude modulation of the 0.3
THz wave with a frequency varying from 1 Hz to 2%.Hhe output of the sensor is
connected to a lock-in amplifier. Dots in figuresBow the evolution of the amplitude
response according to the modulation frequency. diree shows a slope of -20 dB per
decade characteristic of a first order low pass el cut-off frequencycfis lower than 1 Hz
and cannot be obtained. It is measured by heati@génsor via a modulated laser. The cut-

off frequency is approximated at 0.8 Hz, corresjrogndo a time constant of about 200 ms.
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Fig. 8: Evolution of the sensor response accortbrtge modulation frequency

Usually, a time response is calculated from thme fa¢tween the thermal capacity and
the thermal conductance of the support. Howevéimasing the overall thermal conductance
of our sensor is difficult because the absorpt®maone over the whole membrane surface.
Instead, we perform a 2D axisymmetric thermal miotglwith the commercial software
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COMSOL Multiphysics. The sensor is modelled aspn#thick SiQ layer on a 380 um thick
Siring (1.5 mm for the inner radius and 3 mm fo buter one) with a SU8 toping. The finite
elements simulation is governed by the followingagepn:

pcp%m(— KOIT)=Q+qsT @)
with p the volume density, (xhe specific heat, T the temperature, k the theomaductivity
and the second term represents the volume densierpinput that is null in our case.
Convection law fixes the boundary conditions as:

~A(-kOT)=Q, +h(T, -T) 3)
with fithe normal to the structurep@e incident surface power, h the convection coiefiit
and T; the high temperature. Simulations show that thevecton plays a key role in the heat
transfer. By varying the input power in a sinusbidanner and making calculations at
different frequencies, we obtain a frequency respaimat looks like a first order low-pass
filter. For several convection coefficients h, tiree constant is calculated as the time needed
for the temperature to reach 63% of the threshalderafter an incident power step. For a
typical convection coefficient h of 100 W™ [14] a cut-off frequency of about 1 Hz is
obtained, which agrees very well with the measurgmesults.

5.2. Sensitivity and limit of detection

The THz sensor is positioned 5 mm behind the hoterma of the THz source. Using
0.3 THz instead of 3 THz does not change the operatinciple of the THz sensor, only the
absorption of the wave. The properties of the miketgr at these two frequencies are the
same. The only difference is that there is no lorgguarter wavelength thick dielectric layer.
The maximum absorption therefore decreases from #8%0% (cf. fig. 1). The maximal
power of the electronic source is 1 mW and was #ug@-modulated at 1 Hz. The sensor
output voltage, measured with a lock-in amplifier550 nV.

From the geometry of the source and simulation with commercial software CST
microwave, we deduced that the incident power enltls mm-radius absorber is 118 pW.
Since the frequency of the THz wave is 0.3 THz and 3 THz, the estimated theoretical
absorption is 50%. Simulations with COMSOL Multigigs, assuming a uniform power
density, show an increase in temperature at thguimotion of 41 mK for a constant power
input. For a modulated power input at 1 Hz, theentent of temperatur&T,y; is therefore
25 mK (cut-off frequency of 0.8 Hz). The measunegpédance of the sensor is 5¢2, kvhich
is small compared to the input impedance of th&-lacamplifier. Since there are 6 Al-Ti
thermocouples in series (with Seebeck coefficientf 3.4 pVK?), a first approximation of
the theoretical output voltage is:

V =6xSxAT,,, =1uV 4)

This is the double of what has been experimentaliyd. The difference may come
from a lower power density incoming to the absondirea too simple thermal simulation (the
temperature of the cold junction has been supposestant).



The responsivity of this sensor, defined as thie tztween the output voltage and the
power density, is then estimated to be 35 nV/(%y/mn 1 Hz.

The noise threshold of the output voltage is al@uhV, with the time constant of the
lock-in amplifier fixed at 10 s. The limit of detean (power density leading to the noise
threshold) is therefore about 1.4 W/m?2, which cgponds to an electrical field of 23 V/m.
The NEP (noise equivalent power), defined as theegpancident on the detector required to
produce a signal to noise ratio (SNR) of 1, is at8u0°> WHz 2. This value is several orders
of magnitude higher than what can be usually folondar infrared devices [15]. This comes
from both a large amount of noise and a small nesipady.

The THz sensor is used to map the H-plane of the lamtenna. The sensor is
mounted on a XY micrometric table. The set-up I§/fautomated with National Instruments
commercial software LabVIEW. The distance betwees @antenna and the sensor varies
between 2 and 12 cm (with a step of 10 um), witbréd steps of 100 um. Figure 9 displays
the corresponding mapping. The maximum colour s¢atete) corresponds to 300 nV. As
predicted from the value of the NEP, we can nogepitesence of a significant level of noise.
To reduce this problem, we decide to improve thepaoasivity by using doped Si-metal
thermocouples. As mentioned before, the measureaidhe Seebeck coefficient of the thin
film couple (Ti / doped Si) was 25 times greatearthhat of the Seebeck coefficient of the
thin film couple (Ti/Al). The gain in the respongiv should be of the same order of

magnitude.

Lateral position (mm)

Fig. 9: H-plane mapping of the horn antenna udiegTtHz sensor
(White colour corresponds to 300 nV)

6. Conclusion

The conception, realization and characterizatiora dbom temperature THz sensor
using a thermopile are presented. The absorbersigmed as a metallic grid in order to have
a thicker layer, easier to deposit. As a tradebetiveen sensitivity and spatial resolution, its
radius is 1.5 mm. Six Ti/Al thermocouples are cimogemeasure the variation of temperature.
This topology brings an amplified thermal to elet conversion efficiency while keeping a
relative simplicity of the fabrication process witlour clean room facilities. The metal grid is
deposited on a 3 mm-diameter silicon dioxide memér#® SU8 dielectric layer is added to
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improve absorption at 3 THz that however broughtadeantage for the absorption because
the characterizations are performed at 0.3 THz. Mleasured time constant of the overall
sensor is 200 ms which is consistent with therrmalktions. Corresponding responsivity is
estimated at 35 nV/(W/fh and its limit of E-field detection at 23 V/m. THEP is 8 10
WHz2, which is very high. A study to reduce the noiss kb be undertaken. The mapping
of the H-plane of a horn antenna operating at tipui of a 0.3 THz source by our THz
sensor confirms the presence of a large amountisénimproved sensors will be made with
doped Si/metal thermocouples and without the dietetayer whose usefulness shown here
was only to increase the mechanical robustnes$1 Bsfponsivity and SNR are expected to
increase. With a better sensivity we could reduoe dimension of the sensor, thereby
allowing better spatial resolution. Thanks to theasurements of the equivalent resistivity as
a function of grid size that were presented herave able to determine the optimum metal
thickness for these future sub-wavelength sensors.
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