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Abstract We built and measured the electrical properties of membrane-isolation
transition-edge sensing bolometers (TESs) suitable for background-limited far-
IR/submillimeter direct-detection spectroscopy. Each TES consists of a Mo/Au bi-
layer patterned onto a suspended, thermally isolated absorber that is connected to
the substrate through four Si,N, beams deposited by low pressure chemical vapor
deposition (LPCVD). We fabricated TESs with straight and meander support beams.
The dimensions of the meander (straight) support beams are 700 pm (700 pm) long
by 0.25 um (0.5 um) thick by 0.35 um (0.5 um) wide. We measured /—V characteris-
tics for these TESs and determined that the thermal conductance G equals 72 fW/K
(straight) and 19 fW/K (meander) for our best devices. The thermal conductance
exhibits a 7''/? dependence with temperature which is evidence of effective elas-
tic scattering of the acoustic phonon modes. The transition temperatures 7, for the
same TESs are 7T, = 137 mK (straight) and 7, = 71 mK (meander). If we assume
the TESs are temperature-fluctuation noise limited, then the derived noise equiva-
lent power (NEP) equals 1.9 x 1071 W/Hz!/? (straight) and 6.1 x 10720 W/Hz!/?
(meander), using our measured values for G and 7. The meander-beam TES has a
derived NEP that is close to two orders of magnitude lower than the state-of-the-art.
Finally, we measured an effective time constant T of about 300 ms (straight) and
400 ms (meander) using electrical and optical pulses. These values for the NEP and
t for the meander-beam TES meet the requirements for the Background-Limited
far-IR/Submillimeter Spectrograph (BLISS), a proposed NASA instrument.
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1 Introduction

Exploring the origins and the evolution of galaxies is of growing interest in
the astrophysics community and requires the deployment of ambitious new far-
IR/submillimeter spectrometers into space. Moderate and high redshifted galaxies
radiate in the far-IR/submillimeter (40 pm—600 pm) and these new spectrometers
propose to measure the redshifts, the ionized and neutral gas fine structure lines, and
the molecular lines of these galaxies.

One proposed mission currently receiving much attention is the Space Infrared
Telescope for Cosmology and Astrophysics (SPICA), a Japanese observatory with
a 3.5-meter telescope cooled to 4.5 K and deployed to L2 [10]. An instrument
under study by NASA which could fly on SPICA is the Background-Limited In-
frared/Submillimeter Spectrograph (BLISS) [1]. BLISS requires significant advances
in state-of-the-art detector technology, however. In particular, the detectors on BLISS
must be scalable to large arrays on the order of at least 10° pixels, must be broadband
over 40 um—600 um, and must have a noise equivalent power (NEP) on the order of
10720 W/Hz!/2.

Membrane-isolation bolometers are a type of detector that are broadband and scal-
able to 1000’s of pixels (i.e. SCUBA 2). To reach the NEP required for BLISS, one
must reduce the fundamental intrinsic temperature-fluctuation noise in these bolome-
ters. J.C. Mather derived an expression for this noise [9]:

NEP =,/ y4k,T2G, (1

where ky, is Boltzmann’s constant, T is the temperature of the thermistor, and G is
the thermal conductance between the substrate and the thermistor. The y term must
be included to account for the temperature gradient along the support beam of the
bolometer. If the thermal conductance G is related to T by the power law G o« T,
then y equals 1 — (1 +n/2)t + 2 +n)2 +3n)t?/12+---where t =1 — T,/ T (T
is the substrate temperature). Clearly from (1) one must reduce G and T in order to
reduce the NEP. If we assume 7' equals about 50 mK, one must lower G to about
10 fW/K to obtain an NEP on the order of 10720 W/Hz!/?. We note that if G oc T'1/?
(see Sect. 3 below), then NEP o T5/4. A factor of 10 drop in T causes the NEP to
drop by about a factor of 20.

In this paper, we discuss our progress in making membrane-isolation trans-ition-
edge sensing bolometers (TESs) which meet the rigorous demands of BLISS. Sub-
stantial investment in recent years in this detector technology and in a SQUID-
based multiplexer [2, 3, 5] readout has made this technology available for some
large format applications, but the NEP of these detectors is still too high for their
use in background-limited far-IR/submillimeter spectroscopy. Here we show that
membrane-isolation TESs can reach the high sensitivities required by BLISS. In par-
ticular, we performed electrical measurements on membrane-isolation TESs and de-
rive an NEP as low as 6 x 10720 W/Hz!/2 from the values of G and T, we measured
for our best device. By increasing the aspect ratio of the support beams in the TES
(see Results section), the NEP can be lowered even further. Finally, we measured the
effective time constant T of our membrane-isolation TESs and find that T ~300—
400 ms, making these detectors fast enough for BLISS.
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2 Fabrication and Experimental Details

Figure 1 shows micrographs of TESs which were fabricated at the Microdevice Lab-
oratory (MDL) at JPL from bare 100 mm Si wafers to finished detectors. The ther-
mistors are composed of sputtered Mo/Au bilayer films that are lithographically pat-
terned onto a perforated, rectangular absorber. Four support beams connect the ab-
sorber to the substrate. The entire suspended, thermally isolated support structure
is composed of low-pressure chemical vapor deposition (LPCVD) Si,N,. Sputtered
niobium lines run over the support beams and electrically connect the thermistor to a
dc circuit. Note the high aspect ratio of length-to-cross-sectional area of the support
beams. This high ratio is necessary to lower the thermal conductance between the
absorber and the substrate. The geometry of the Si,N, support beams for the TESs
shown in Fig. 1(a) and (b) are straight and meandered, respectively. The straight
beams are suitable for a 1D array while the meander beams can be packed into a
2D array.

We studied the electrical properties of these TESs using a >He—*He dilution refrig-
erator at JPL. We mounted the devices inside a Nb box which was thermally anchored
to the mixing chamber of the dilution refrigerator. We used a standard voltage biased
circuit for our measurements [6]. First, the TES was connected in series to an inductor
that couples the current through the TES to a SQUID. Second, a small shunt resistor
R was connected in parallel to the TES and inductor. A current source was used to
supply a current to the circuit.

Since the thermal conductance for these TESs is designed to be on the order of
10 fW/K, the bias power needed to bias the devices can be less than 1 fW (see next
section). To minimize extraneous power from the environment coupling into the bias
lines of the TES and saturating the detector, we have filtered bias lines consisting
of lossy coaxial cables running from room temperature to the mixing chamber of
the dilution refrigerator and two low-pass filters mounted on the mixing chamber

Fig. 1 (a) Bolometers with straight suspended Six Ny, rsupport beams. The beam dimensions are 700 um
long by 0.5 um thick by 0.5 pm wide. (Note: the beams extend beyond the edge of the micrograph.)
The thermistors are Mo/Au bilayer films deposited onto a perforated, rectangular Six Ny absorbers. The
final release of the SixNy structure is performed using a XeF; etcher which causes the Si underneath the
Six Ny support structure to appear pitted. (b) Bolometers with meander suspended Siy Ny support beams.
The beam dimensions are 700 um long by 0.25 um thick by 0.35 um wide. This pixel geometry is suitable
for a close-packed 2D array
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with 3 dB rolloffs at 1.9 MHz and 300 MHz, respectively. With the addition of a
cold resistance divider, the dark power on these lines is low enough to measure the
electrical properties of these TESs.

3 Results and Discussion

We measured the electrical properties of TESs like the ones shown in Fig. 1. (We note
that the results of our measurements on TESs with other support beam geometries
have been published elsewhere [7, 8]). Figure 2 shows /-V curves for the TES with
meander support beams [see Fig. 1(b)] for mixing chamber temperatures ranging
from 24 mK to 62 mK. The inset shows the TES bias power P versus mixing chamber
temperature T for a fixed TES resistance R = 3 mS2. From the inset, it is possible to
determine the thermal conductance G, the transition temperature 7, and, therefore,
the NEP of the TES [see (1)].

The solid line in the inset of Fig. 2 is a power-law fit to the data. The transition
temperature of the TES can be determined by using the heat flow equation:

P=K(T'-T"), (2)

where P is the bias power through the TES, K is a constant that depends on the geom-
etry and material properties of the support beams, T, is the transition temperature of
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Fig. 2 (Color online) /-V characteristic of TES for mixing chamber temperatures ranging from 24 mK
to 62 mK. Inset: Electrical bias power through the TES as a function of mixing chamber temperature. The
resistance of the TES is set to 3 mQ2 for each temperature. The solid line is a power-law fit to the data
with an exponent equal to 1.43. A thermal conductance G of 19 pW/K and a transition temperature of
T, =71 mK for the Mo/Au thermistor is determined by the slope and x-intercept of the line, respectively.
From G and T, one determines an NEP equal to 6 x 10720 W/Hz!/2, Note that the bias power within the
TES transition is less than 1 fW
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the Mo/Au bilayer, and Ty, is the temperature of the mixing chamber. Equation (2)
suggests that as P — 0, T,,,x — T.. In other words, the x-intercept of solid line in the
inset of Fig. 2 is the transition temperature of the Mo/Au bilayer and equals 71 mK.
This value for T, agrees with 4-point resistance versus temperature measurements
we performed on unsuspended Mo/Au bilayer films with the same nominal Mo-to-
Au ratio. Measurements of the /-V curves for the TES with straight support beams
[see Fig. 1(a)] reveal that the transition temperature of the Mo/Au bilayer is 137 mK.

The thermal conductance of the TES can be determined by the slope of the solid
line G =dP/dT (see inset of Fig. 2) and equals 19 W/K. Interestingly, the thermal
conductance G depends on temperature T according to G oc T%*3. Measurements on
the straight-beam TES show that G equals 72 fW/K and depends on temperature 7'
according to G oc T9°. One might expect G to depend linearly on T because the
width and thickness of the support beams are so small that the thermal transport is
well inside the quantum regime. More specifically, the important modes for trans-
mitting energy become the lowest acoustic modes of the Si, Ny support beams. The
higher energy modes freeze out as T is lowered and only the so-called 1D modes con-
tribute to the thermal conductance at low temperature [14]. If the thermal transport is
ballistic, then it can be shown that the freezing out of higher energy modes causes the
effective dimensionality of the beam to go from 3D to 1D, resulting in the temperature
behavior of G crossing over from G ~ T3 to G = Go= nzkiT/3h ~1pW/K?xT.
The quantity G ¢ is the universal quantum of thermal transport and is independent of
the material properties of the support beam [14].

The fact that our measured G from Fig. 2 is a factor of about four times lower than
G ¢ and changes with T according to T'/2 implies that the thermal phonon transport
along the support beams is not ballistic. Because the surfaces of the support beams
have some surface roughness, transport phonons can scatter off the rough surfaces
and lower the thermal conductance G. Surface scattering of transport phonons can
also change the temperature dependent of G [11-13]. B.A. Glavin [4] predicts that
the thermal conductance of support beams when effective elastic scattering is present
will follow a 7'1/2 dependence. To our knowledge, this result is the first confirmation
of Glavin’s theory of heat transfer in suspended beams.

We note that the thermal conductance G we measured for the straight- and
meander-beam TESs appear to scale proportionately with cross-sectional area. If we
scale the cross-sectional area of the straight-beam TES to match the meander-beam
cross-sectional area and use (2) to scale the straight-beam 7, from 137 mK to 71 mK,
then G for the straight-beam TES drops from 72 fW/K to 19 fW/K, agreeing with the
value we measured for the meander-beam TES.

Finally, we measured the effective time constant t of the meander-beam TES as
a function of the TES bias voltage V), (see Fig. 3). We performed the measurement
by coupling optical pulses from an LED through an optical fiber into the sample
box of the TES. Since the TES is voltage biased, there is negative electrothermal
feedback [6] and the effective time constant is T = C/G(1 + Pa/GT) where C
is the heat capacity, G is the thermal conductance, P is the bias power, and « is
(T/R) x (dR/dT) of the bolometer. Using (2) and the fact that G = nK, the effec-
tive time constant simply becomes t = C/G (1 +«/n). Figure 3 shows that T reaches
a minimum value of about 0.37 s when V, = 2.7 V. If we assume o = 10-20, then
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the heat capacity C of the TES is estimated to be between 150-300 fJ/K. We sus-
pect the heat capacity is dominated by defect states in the Si,N, absorber. The time
response for the TES shown in Fig. 1(a) is slightly faster. We measured an effective
time constant equal to 300 ms.

4 Conclusions

We have shown that membrane-isolation TESs are suitable for the next generation of
proposed background-limited far-IR/submillimeter spectrometers. These TESs have
a derived NEP that is close to two orders of magnitude lower than the current state-
of-the-art. Moreover, these ultra-low NEP bolometers have an effective time con-
stant well below 1 s, making them fast enough for the next generation spectrometers.
Future plans include measuring the electrical NEP directly and understanding how
microphonics effect the performance of these ultra-low NEP TESs.
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