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ABSTRACT

We present passive indoor imagery of human subjectee 100 — 1000 GHz band. In order to obtaiegate
sensitivity, a cryogenically cooled (4 K), broaddaantenna-coupled, superconducting microbolometér aptical
noise equivalent power NEP < 2 pW/#4avas used as the sensor. Mechanical scanning afdifecting aperture, a 30
cm diameter spherical mirror, was used to slowlguatulate the images. While not yet practical fepldyable real-
time cameras, this system provides valuable phenological comparisons with similar imagery obtainaith
actively illuminated systems.

Keywords: bolometer, submillimeter-wave, superaantithg

1. Introduction

Passive detection and identification of concealgdat items using millimeter or submillimeter wavesa daunting
task, especially if the imaging is done indoors; tluthe small radiometric temperature contrastadsen the (hidden)
target objects and the human body. The typicaladigvels are of the order of a few picowatts, réng either very
sensitive detectors or alternatively active illuation. For passive detection, a Noise Equivalenmferature
Difference (NETD) of less than 1 K is required. drder to reach subkelvin NETD, a detector withow Inoise
equivalent power (NEP) and a large predetectiomwatth is needed.

2. Description of the sensor

The antenna-coupled microbolometer consists dhadraphic antenna coupled to a microscopic, thiyrismlated RF
terminatiorrthe bolometer. Incident radiation is coupled te Holometer, and the resulting temperature risebean
sensed by passing a DC current through (or by apply DC voltage across) the device, and meastiiagoltage (or
current) change. At room temperature, the serntitofi metallic microbolometers is poor due to timea#l temperature
coefficient of resistance of metals, which is tygig 0.1 %/K - 0.3 %/K. However, if the metallic dee is cooled, the
sensitivity or the noise equivalent power can bprowed through a reduction in the thermal noisghtnmost extreme
case, a superconducting bolometer film can be geltasiased within its superconductor-normal metahdition, where
the temperature coefficient of resistance is tylpidarger than 1000 %/K.

The antenna in our case is a logarithmic spiraBowith a design bandwidth from 75 GHz to 1200 GHhiad a feed-
point impedance of 78. The bolometer is a 36m x 1 um x 50 nm film of Nb. The bolometer is suspendexhfiits
ends in vacuum to maximize its thermal isolatimnfrthe heat bath (the substrate). This helps iainioig large current
responsivity, and reduces the most fundamentakensisirce for bolometers, namely the phonon noigedhginates
from energy fluctuations between the heat baththedyolometer across the thermal conduct&agP/dT.

2.1. Superconducting vacuum-bridge hot-spot bolometer

The operating principle of this detector has berrsgnted in Refs. 1 & 2 and will be discussed dmigfly here. In
short, the device is connected to a bias circut tonsists of the series combination of the botemand a current
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sensing resistoR_ (10 Q in our case), connected in parallel with a shesistorR; (also 10Q). The shunt resistor
provides an effective voltage source for the detestnsing resistor combination as long as thestasie of the
bolometerR,>> R;. The use of a voltage bias is a very convenient efdiasing transition-edge sensors, as this makes
the biasing point inherently stable due to a stroegative electrothermal feedback (ETF) that maistéhe operating
point within the transitiorf. The use of a current bias on the other hand mstiedde biasing very difficult, due to the
strong positive electrothermal feedback. Most ingatty for a voltage bias, the bolometer is essdigtimmune to
even large fluctuations in the bath temperaturgesthe bridge has a critical temperaftyé= 9 K) well above the bath
temperatureT, (4 K), and the heat flow to the bath is proporibto T-T,? in the case of Wiedemann-Franz law
limited thermal conductance. When the bias isicefit that the current delivered by the bias dirtm the bolometer
exceeds the critical current, the bridge switcletheé normal state. As the bias voltage is reduttedd approximately
guadratic temperature gradient in the bridge caubesends of the bridge to cool first beloW and turn
superconducting, while the center portion remaiissigative. This is the operating regime of theedar, where the
bias dissipation remains a constant giverPgy(T.-T,)G. While the DC resistance of the bridge varies \ité bias
point, its impedance for the incoming RF remainprapimately constant at 78 due to the fact that the detected
frequencies are close to or above the supercomiugtp frequency. The negative electrothermal feekllnaintains
the total dissipated powdt, = Py+Poy fixed, and an increase in the optical power issednas a reduction in the
current passing through the device.

The NEP of the bolometer is a combination of thérfnigtuation noise (TFN; also known as phonon apiscross the
thermal link connecting the bridge to the heat pbdthnson noise due to its resistance, and amptfifisse. The total
electrical NEP of the hot-spot detector is given by

k 2 2 1/2
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y=0.67 describes the effect of the temperature gradn the bridge on the TENThe effect of the bias circuit on the
bolometer is given b = (R-Ry)/(R,+Ry). The ETF is characterized by a loop gaiiGRy(T.-To)/(6V2-GRy(T-To)/9)],
whereRy is the normal state resistance of the bridge. émotbtimized case, the NEP is limited by the TFN.

2.2. Detector fabrication

The detectors were fabricated in the NIST Quantuettical Metrology Division’s cleanroom facilityybuse of a
wafer-scale process. The substrate is a 75 mm t#arBB0um thick high resistivity waferg(> 5000Qcm). First, 50
nm thermal oxide is grown on the substrate usiataadard wet oxidation, followed by DC magnetrountsging of the
Nb bolometer layer (50 nm), followed insitu by @rgtenna metallization (200 nm of Al). The firststa lithography is
carried out using a fuim thick photoresist that is exposed in a stepppealoie of ~0.5um resolution. The patterned
photoresist is then used as the mask for the Al, e@@ommercial Al wet etchant (Transene typg A)second mask is
used after this to define the bolometer strip BFadry reactive-ion etch (RIE). A third mask is ugediefine the etch
windows in the Si@on both sides of the bolometer, and another RiE istused to etch the Si@own to the Si. Next,
the wafer is diced to 6.35 mm x 6.35 mm dies, dmdpghotoresist is left to protect the Nb from thp in the final
processing step, where Xgeffas-phase etch is used to removeurRof Si from underneath the Nb bridge. Finally, a O
RIE plasma ash is used to remove the protectivéopdsist. The final result is shown in the SEM imsn

Fig. 1.
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Fig. 1. (Left) A SEM micrograph of the bolometer and the antenna. (Right) A close-up showing the released Nb
bridge.

3. Bolometer electrical characterization

The bolometer was electrically characterized aftaling the detector to 4 K in a dewar with no dwait radiation. The
measured-V curve of the device is shown in Fig. 2. From k\é curve, important parameters suchRas G, and the
electrical responsivit$y can be determined. Fig. 2 shows the measiukédurve for the device. Thé-P curve of Fig.2
can be used to determine tBe= P/(T.Tg) = 3 nW/K. This thermal conductance corresponds pionon noise limited
NEP= 410" W/HZ"2 This is comparable to the 300 K blackbody phatoise limited NER= hv(Av)**(2ng+n?)2=
410*° W/HZ?, whereh = 6.62610°* J$ is the Planck constant,= 450 GHz (center frequencyy = 900 GHz

(nominal bandwidth of the antenna), angl= (€"¥"-1)" = 13 is the mean photon occupancy number for a 300 K
blackbody.
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Fig. 2: (Left) The I-V curve of the superconducting bolometer. The operating region is where dl/dV is negative
(shaded box). Theright axis showsthe bias dissipation in the bolometer asa function of the bias voltage. The bias
power remains approximately constant within the operating region. (Right) The current responsivity of the
bolometer. The solid line indicatesthe calculated responsivity from the bolometer model. The divergence at ~1.75
mV isaresult of dV/dl > near thisbias.

4. Optical measurements

For the optical measurements the detector chipm@sted on a 4 mm diameter hyperhemisphericalri [Eirst, the
beam patterns of the bolometer were measured at mperature by current biasing the detector ailiding the fact

that the bolometer has responsivity also when apérat room temperature. The combination of detemtal Si lens
was then mounted on a motorized azimuth-elevat@amrsing stage with the broadside direction pointimgards a
Gunn oscillator 40 cm away. The Gunn output wasutaddd at 100 Hz, and the detected signal was @bedi¢hrough
a low-noise preamplifier to a lock-in amplifier. &beam patterns of the nominally circularly poladibolometer were



measured at two frequencies, 95 GHz and 130 GHh, the measured amplitude patterns shown in Fighg. 3 dB
full widths of the 95 GHz pattern were 4thd 48 in elevation and azimuth, respectively. At 130 GiH®e widths
measured 49in elevation and 45in azimuth.

For the cryogenic optical measurements, the letsette chip assembly was mounted on the 4 K stageliquid He
dewar equipped with a Teflon window. A heat-sunlofbgold low-pass filter (cut-off at 1 THz) was nmbed at the 4
K shield in the optical path. The first issue ohcern was to make sure that our infrared rejeatias good enough, as
the detector might have some residual responskeost wavelengths where there are orders of magaitndre power
available. The sufficient high-frequency rejectiwas confirmed by observation of linear responséhefdevice with
blackbody temperature. This was measured by fogusia bolometer beam to a spot smaller than therQdimmeter
exit aperture of a commercial blackbody cavity véttunable temperature.

Next, the optical response to a 77 K blackbody edain front of the window was measured as a functibthe bias
voltage. While we are still in the process of dei@ing the optical coupling efficiency accuratehig. 4 shows that
the qualitative agreement between the measuredabmignal and that calculated from th® curve is very good,
proving that the coupling efficiency does not cteamgth the biasing point. At this point we estiméie overall optical
coupling efficiency referenced to the forward hgrhisre of the detector to be ~30 %.

The very low thermal mass of the bolometer makasiiy fast. The time constant of the bolometer determined
using a pulsed 100 GHz IMPATT oscillator. The 1@pulse response of the device was fitted with xpoeential
decay of 25us.
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Fig. 3: The amplitude patter ns of the log-spiral antenna-coupled microbolometer at 95 GHz (left) and at 130
GHz (right) measured at room temperature using a Gunn oscillator asthe source. The contour levelsarein dB
refer enced to the maximum signal.
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Fig. 4: (Left) The optical response of the detector observing a 77 K blackbody as a function of the bias voltage.
The solid line indicates the expected signal current using |45 = kgATAfS,, where AT = 223 K and Af = 900 GHz,
and the current responsivity S = -[L(1+8)/(1+LB)V,] in the notation of Eq. (1). (Right) The detector responseto a
100 nspulsefrom a 100 GHz IMPATT oscillator. The time constant of the detector is~25 pus.

5. Imagery

The imagery was obtained indoors in a hon-contioievironment with no known other sources of illoation at our
test bandwidth. The imaging setup is shown in BigThe main aperture was a 30 cm diameter spharicabr with a
focal length of 25 cm. A double-convex PTFE lenswaed to match the f-number of the detector tbahéhe main
aperture. An absorptive chopper was placed atdbesfof the lens. The images were obtained by stgrihe main
aperture in azimuth and elevation. The integratiore was 100 ms per pixel for all the images. Témponsivity that
can be achieved is presently limited by the segsistancdR , and all the images shown below were collecteal latv

responsivity of ~ 100 A/W. For measurements at taiponsivity the NEP ~ 2 pW/RzZis limited by the 170 pA/HZ

current noise of the preamplifier. In the imagemg estimate 0.3 K < NETD < 0.5 K simply by evalogtthe RMS
variation in pixels known to be free of signal. &at items, such as a zirconium oxide kitchen kaified a small
handgun were hidden under two cotton shirts, aeldigd clear signatures.
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Fig. 5: The configuration of the opticsin theimaging experiments (to scale).
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Fig. 6: Passive imagesin the 100 GHz to 1 THz band. I ntegration time per pixel was 100 ms, and the scanning of

each image took about 30 minutes. The ceramic knifeiscircled with an oval, while the gun is marked by the
circles. Theitems were hidden under two cotton shirts.



6. Conclusions

We have presented truly passive indoor imageryiddaby a cryogenic antenna-coupled microbolometepled to a
conventional room temperature amplifier. The detexchave been fabricated on a wafer-scale probasafows future
arraying of the detectors. Already with a modesicap NEP of 2 pW/HZ? we have shown that NETDs well below 1 K
can be reached. The noise is limited by the ndismipopreamplifier, and with immediately applicabstraightforward
improvements we can improve the NEP to 0.2 pWHzorresponding to a NETD = 30 mK for 100 ms ingigm
time). Work is underway to couple the detector tsuperconducting quantum interference device (SQiDplifier
with a current noise of ~1 pA/HZ This will enable us to reach truly backgroundiled NEP of 4 fW/HZ? or a
NETD < 1 mK. Along with the improvements to the detecensitivity, we are building a circular variablefi based
on frequency-selective surfaces that will be ugesvieep a pass-band through the 900 GHz bandwidttealetector
with a spectral resolution of ~10 % around the eerfrequency. This will enable us to collect impmitt
phenomenology of materials signatures for possitgatification of hazardous materials.
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