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Abstract—Superconducting transition edge sensors (TES) based
on a Ti microbridge on Si substrate have demonstrated a very
low noise equivalent power (NEP). Their effective response time,
however, is on the order of microsecond due to relatively high
transition temperature (i.e. 300-400 mK) of the Ti microbridge,
making it difficult to read out the signal of a large Ti TES array
with a SQUID-based multiplexer. We propose a twin-slot
antenna coupled superconducting Ti microbridge separated from
the antenna feed and supported by a free-standing membrane.
Its resistive transition (R-T) and current-voltage (I-V) curves are
measured before and after wet etching of the Si substrate
underneath the Ti microbridge. The free-standing membrane
supported Ti TES shows slightly lower transitions and higher
normal resistance. Its thermal conductance is reduced to ~150
pW/K from ~2000 pW/K. In addition, its effective response time
measured with a current pulse signal is about 30 ps.

INTRODUCTION

The THz and FIR band contains a wealth of information
about the cold universe. Observations of gas and dust can
probe the earliest stages in the formation of galaxies, stars, and
planets. Due to the limited atmospheric transparency, a large-
pixel detector array with high sensitivity is desirable for
ground-based THz/FIR telescopes [1]. Purple Mountain
Observatory is leading the efforts on a 5-m THz telescope
(DATES) [2] to be constructed at Dome A, the highest
position on the Antarctic plateau at an elevation of 4100 m.
Dome A has been confirmed to be an ideal site on earth for
terahertz astronomy. We are currently developing a terahertz
superconducting imaging array (TeSIA) for DATES at 350 pm
[3], and TES is a potential detector candidate.
Superconducting Ti TESs have demonstrated a very low
optical NEP at 620 GHz [4], but its response time is on the
order of microsecond due to relatively high transition
temperature (i.e. 300~400 mK) of the Ti microbridge [5, 6],
making it difficult to read out the signal of a large Ti TES
array with a SQUID-based multiplexer. Thermal conductance
between Ti microbridge and Si substrate should be further
lowered to increase the effective response time. One way is to
suspend the Ti microbridge from the substrate with legs for

thermal isolation [7]. Here we propose a twin-slot antenna
coupled superconducting Ti microbridge separated from the
antenna feed and supported by a free-standing membrane. We
present the details of the detector design, fabrication, electric
characterization, and study the back etch effect on thermal
conductance and response time.

DESIGN AND FABRICATION OF FREE-STANDING MEMBRANE
SUPPORTED T1 TES

Our design uses a twin-slot antenna to couple THz radiation
(see Fig. 1b). The combination of twin-slot antenna and silicon
elliptical lens has a nearly symmetric beam and linear
polarization, which have been used successfully in THz
heterodyne mixers [8, 9]. The electric field from each slot
antenna propagates along coplanar waveguide (CPW)
transmission line, then coherently added, and terminated at the
Ti microbridge. The Ti microbridge works both as absorber
and thermistor. The slot length, width and separation are 246
pm, 16 pm and 140 pum, respectively. Simulation shows that
the twin-slot antenna is resonant at 345 GHz, and it is well
matched with Ti TES with 30 Q normal resistance via CPW
transmission line.
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Fig. 1 (a) 8x8 superconducting Ti transition edge sensor array. (b) photo
of the microbridge integrated with twin-slot antenna via CPW
transmission line. (¢) Ti microbridge with dimension of 16pm x16um.

The superconducting TES devices are based on a Ti film,
which is electron-beam evaporated on a 250-um high-
resistivity Si substrate in an ultrahigh vacuum environment.
The microbridge is patterned by optical lithography. RF
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cleaning is used to remove the TiOx on the surface of Ti film
before the deposition of 150 nm thick Nb contacts. The critical
temperature of the Nb contacts is about 9K, so they serve as
the Andreev reflection contact material. The Ti microrbidge is
chosen to be 16 um X 16um, providing suitable saturation
power (see Fig.1c). As shown in Fig.la, we designed and
fabricated a 8x8 superconducting Ti TES array. Fig. 1b shows
a single-pixel Ti TES, including twin-slot antenna, RF choke
filter, CPW transmission line, and Ti microbridge.

The fabricated Ti TES device is tested using an Oxford
Triton 400 dilution cooler [10] that is able to cool the device
down to 20 mK (see Fig. 2). The Ti TES wafer is anchored to
the copper holder, then mounted on the mixing chamber (MC)
stage. A temperature sensor is used to monitor the holder
temperature. The constant voltage is realized with a 0.68-Q
shunt resistor (RSH) in parallel with the Ti TES device, which
is then connected to the input coil of a Magnicon single-stage
SQUID [11] on the 1K stage via twisted superconducting
NbTi wires. The input inductance of the single-stage SQUID
is 150 nH, and its current noise contribution is about 1
pA/HZ">. The TES current is read out by the SQUID with a
closed flux-locked loop.

Q

T sensor R-T test

e I-V test

i o
Fig. 2 Measurement setup for electrical properties of the Ti TES device.
The TES device is mounted on the MC stage of dilution cooler. The TES
current is read out using a single-stage SQUID operated at 1 K cold
plate.

R-T CURVES

The resistance as a function of temperature is measured
with an ac bridge. The results are shown in Fig.3. The
resistance of Ti TES is about 1.6 KQ at room temperature, and
decreases with temperature. After Nb transition at ~9 K, the Ti
microbridge shows a normal resistance of 2.3 Q, consistent
with sheet resistance of Ti film. There are two transition
temperatures (i.e. 290 mK and 358 mK) from Ti microbridge
and Ti/Nb contact pads, respectively. After KOH wet etch, the
Ti TES device shows the same temperature dependence of its
resistance, indicating that the Nb wire is not influenced by the
KOH process. However, the normal resistance of Ti
microbridge at 0.4 K is increased to 6.4 (), and the transition
temperatures of Ti microbridge and Ti/Nb contacts are 266
mK and 338 mK, respectively. The superconductivity of Ti
film is deteriorated by the KOH wet etch process. The reason
is not clear and needs further study.
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Fig.3 Measured resistance as a function of temperature of the Ti TES
before and after wet etch

CURRENT-VOLTAGE CURVES

We measured the current—voltage characteristics of the Ti
TES device at different bath temperatures between 50 mK and
350 mK (see Fig. 4). The current of the TES device (Irgs) can
be directly obtained from the output voltage with the SQUID
amplifier gain. Parasitic resistance (Rpar) and normal
resistance (Ry) are determined from its superconducting and
normal branches of the I-V curves, respectively. The TES
voltage (V1gs) is calculated through the Thevenin equivalent
circuit model [12]. As plotted in Fig.4, there are several steps
in the I-V curves in the transition regime, which might be due
to the proximity effect. Superconductivity of the Ti film under
the Nb contacts is indeed enhanced, leading to other
transitions with higher critical temperatures in the measured
resistive curve, which can be seen from the R-T curves in
Fig.3. We choose the data points of the [-V curves at 1 Q and
plot the power level as a function of bath temperature (see Fig.
5).

The power flow from electrons to phonons follows Ppc =
K(T? — The )» Where Ppc is the DC bias power applied to the
TES device, K a constant that depends on the geometry and
material properties of the supporting structure, and n a
thermal-conductance exponent depending on the dominant

20
15+ g
é 10 - —— Before wet etch .
" —— After wet etch
'_rj f;m 10
50 -+ M i
0 50 1
0 Il Il Vi) Il
0 20 40 60 80 100 120

Fig. 4 I-V curves of the Ti TES at different bath temperatures before wet
etch. The inset shows the I-V curves measured before and after KOH wet
etch.
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thermal transport mechanism. We can fit the measured DC
power as a function of bath temperature to find K, n, and T..
The best fit is obtained using K=1.628x10* pW/K", n = 3.6
and T, = 283 mK. Thermal conductance (G) between the TES
device and the substrate can be calculated straightforwardly
by G = nKT?! =2219 pW/K. As n is close to 4, we indicate
that the electron—phonon coupling is the dominant energy
relaxation mechanism. After that, the Si substrate underneath
the Ti microbridge was wet etched with KOH and the I-V
curves were measured once again (see the inset of Fig. 4). The
calculated thermal conductance (G) is reduced to 153 pW/K as
shown in Fig. 5.
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Fig.5 The power level as a function of bath temperature

As shown in the inset of Fig. 5, the two I-V curves show
the similar shape. Due to the wet etch, the critical current is
apparently reduced to about SpA. This may be caused by the
strain change of the TES device. After wet etch, n is reduced
to 1.48 from 3.6, indicating that dominant thermal transport
mechanism is diffusive phonon transport instead of electron-
phonon interaction.

TABLEI
KEY PARAMETERS
Ry T, n K G T
Q) | K (PW/K) | (ns)
Before etch | 5.5 0.28 | 3.6 16280 | 2200 3
After etch 8.6 024 | 148 | 204 150 29

EFFECTIVE RESPONSE TIME

We then applied a current pulse with an amplitude much
less than the bias current to the TES device at 2.66 pV, and
measured its response. The rise and fall time of the current
pulse is below 100 ns, which is much shorter than the
measured response time. The decay curve can be fitted with an
equation V(t) = AgtAexp(—(t—to)/Tesr), Where Ay and A; are
the shift and the pulse height, ty and 1.4 are the current pulse
incident time and response time, respectively. The best fitting
value of the effective response time is T.;r = 29 us as shown in
Fig.6. For comparison, the measured decay curve for a Ti TES
without back etch is also plotted in the same figure. The

effective response time is 3 us, about 10 times faster than that
with back etch.

Table 1 summarizes the main results of the Ti TES. After
back etch, the thermal conductance is reduced from 2200
pW/K to 150 pW/K. Consequently, the effective response time
is increased to about 30us, 10 times larger than before.
However, the KOH back etch has some influence on the
superconductivity of Ti TES, the normal resistance becomes
larger and the critical temperature shifts towards lower
temperature, which should be studied further.
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Fig.6 The measured and fitting pulse response of TES device before etch
and after etch

CONCLUSION

We have studied the electrical performance of free-standing
membrane supported superconducting Ti TES device. The
thermal conductance extracted from the measured -V
characteristics at different bath temperatures is 150 pW/K as
expected. As a result, the effective response time is 29 us, ~10
times larger than that without back etch. We will further lower
the thermal conductance by etching the SiN membrane into
four legs, and the response time can be increased to lms,
making it possible to use a SQUID-based time domain
multiplexing to read out the signal of a 8x8 TES array.
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