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We report the optical response characteristics of Al/Ti bilayer transition edge sensors (TESs), which are mainly
comprised of Al/Ti bilayer thermometers and suspended SiN membranes for thermal isolation. The measurement was
performed in a 3He sorption refrigerator and the device’s response to optical pulses was investigated using a pulsed laser
source. Based on these measurements, we obtained the effective recovery time (7ef) of the devices at different biases and
discussed the dependence of T on the bias. The device with a 940 pm x 940 pm continuous suspended SiN membrane
demonstrated a fast response speed with T = 3.9 s, which indicates a high temperature sensitivity (¢ =7 /R-dR/dT =
326). The results also showed that the TES exhibits good linearity under optical pulses of variable widths.
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1. Introduction

Over the last decade, transition edge sensor (TES) based
detectors have been developed for the detection of photons
in a large energy range, from ?y-rays, X-rays to infrared
photons.[!=31 TESs are usually bilayer thin films constituted
by a superconductor and a normal metal layer. The supercon-
ducting proximity effect*! between the two layers enables the
tuning of the transition temperature (T;) of the bilayer, which
determines the operating temperature of the detector.

An Al/Ti bilayer is a good choice for TES detectors be-
cause the two layers can be easily deposited by sputtering or
e-beam evaporation at room temperature to ensure good super-
conducting properties. It has been adopted as thermometers in
TES bolometers for millimeter wave detection.>~’! In princi-
ple, T; of the Al/Ti bilayer could be tuned between 390 mK
(T of Ti bulk) and 1.1 K (7; of Al bulk), where the Ti layer
serves as the normal metal. Thus, Al/Ti bilayer TESs could be
used in our liquid helium free 3He sorption refrigerator, which
has a minimum temperature of about 310 mK.

We recently demonstrated the capability of fabricating
good quality Al/Ti bilayers by sputtering at room temperature
with high thermal sensitivity (o« = T /R-dR/dT =~ 300, calcu-
lated from the slope of the R—T curve measured under a small
fixed excitation current) and tuned 7; by varying the thickness
of the Ti layer.!®! We fabricated Al/Ti bilayer TESs with T,
from around 400 mK to 600 mK, which employed a suspended
SiN membrane with different geometries for thermal isolation.
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In our previous work, we reported the noise performance of the
fabricated Al/Ti bilayer TESs.[! The TES with four 540 um
x 30 um supporting SiN legs as the thermal links showed a
noise equivalent power (NEP) around 8.0x10~!7 W/Hz!/2,
which is good enough for some bolometric applications in
astrophysics.[’]

Besides the noise performance, the response speed and
the linearity of the response are two other important aspects
for TESs when they are used as bolometric detectors.[!%!1] In
this paper, we report the optical response characteristics of the
Al/Ti bilayer TESs to near infrared optical pulses generated by
a pulsed laser source. The effective recovery time (T¢f) of the
TESs at different biases under different bath temperatures is
measured and its dependence on the bias and the bath temper-
ature is discussed. The results on the response of the TESs to
optical pulses of variable widths are also presented.

2. Experiment

The partial microscope views of the two detectors, TES
A and TES B, reported in this paper are shown in Fig. 1. The
two TESs have SiN membranes with different geometries for
thermal isolation. TES A consists of a 100 pm x 200 pum
Al/Ti bilayer thermometer on a 940 pum x 940 wm continuous
suspended SiN membrane. Figure 2 shows the cross-sectional
view of TES A. In TES B, a 50 um x 100 pum bilayer ther-
mometer is placed on a structured suspended SiN membrane,
which is comprised of a 210 um x 370 um suspended SiN
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platform and four supporting SiN legs. The cross-sectional
view of TES B is similar to that of TES A. The difference is
that the continuous suspended SiN membrane in TES B is par-
tially etched to form a SiN platform in the center and four sup-
porting SiN legs, which work as the thermal links between the
platform and the SiN/Si substrate. The SiN leg has a dimen-
sion of 540 pm x 30 um. Four Nb leads are used to make elec-
trical connections between the thermometers and the bonding
pads in each TES. The thicknesses of the Al layer and the Ti
layer are approximately 46 nm and 60 nm, respectively. The
details of the device fabrication and the noise performance of
TES B have been described elsewhere. [°!

(a) TES A

(b) TES B

§

Fig. 1. (color online) Partial microscope views of two devices. (a) TES
A has a 100 pm x 200 um Al/Ti bilayer positioned on a 940 pm x
940 pm suspended SiN membrane (not fully displayed). (b) Device B
has a 50 um x 100 pum bilayer on a 210 um x 370 pwm suspended SiN
platform supported by four supporting SiN legs (not fully displayed).
The different color of the SiN membrane in panels (a) and (b) is due
to the different light intensities of the microscope when taking these
photos.

b Ti
N " BN

SiN membrane

Fig. 2. (color online) The cross-sectional veiw of TES A. The Nb leads
are only partially displayed and the schematic diagram is not drawn to
scale for clarity.

The measurements of the TESs were performed in a lig-
uid helium free *He sorption refrigerator. The detector chips
were enclosed inside a radiation shield box made of oxygen-
free high conductivity copper (OFHC), which was mounted on
the mK stage of the refrigerator. The TES current versus the
bias current was measured at different bath temperatures by
controlling the mK stage temperature. As shown in Fig. 3, for
these measurements, the voltage bias for the TES was imple-
mented by a current ( I) biasing a shunt resistor R, = 8.1 mQ,
which was much smaller than the normal resistance (R;,) of the
TES. The TES current ITgs was readout by a commercial su-
perconducting quantum interference device (SQUID) ampli-
fier, whose input inductor was connected in series to the TES.

The electrical connection of the TES—-SQUID branch was re-
alized using twisted superconducting NbTi wires.

Figure 3 also shows the experimental setup for measur-
ing the device’s response to optical pulses. The optical pulses
were introduced by a single mode optical fiber fed into the ra-
diation shield box. The tip of the fiber was roughly aligned
to the Al/Ti bilayer film at a distance of around 5.0 mm and
the optical spot was larger than the area of the film to make
sure that the device was illuminated. We used a laser source
with a wavelength of 1550 nm, an optical modulator, and a
variable optical attenuator to generate the optical pulses. The
optical modulator was driven by a 250 Hz pulse signal gen-
erated by a function generator. The optical pulse width was
determined by the width of the pulse signal, which can be var-
ied. The SQUID output voltage pulses due to the absorption of
the optical pulses were recorded by a digital oscilloscope with
a bandwidth of 2 GHz.

A = 1550 nm

laser source
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| modulator|<—-| function generator|
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Fig. 3. (color online) Experimental setup for the TES measurement.
The voltage bias for the TES is provided by a room temperature cur-
rent source I, and an 8.1 mQ resistor Ry, at 2.5 K. The TES branch has
a parasitic resistance R, = 44 mQ from the wirings. The TES current
is readout by a SQUID amplifier with an input inductance L;, of about
600 nH. The optical pulse is generated by a laser source, a modulator,
and an optical attenuator.

3. Results and discussion
3.1. Device parameters

Figure 4(a) shows a typical curve of TES current ITgs ver-
sus bias current I, taken from TES A at a bath temperature of
525 mK. There are three distinct regions in the curve. At a
low bias current, the TES is superconducting and the curve
is a straight line, as indicated by solid line 1. The parasitic
resistance of the TES—SQUID branch R, = 44 mQ, which is
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from the wirings, is deduced from the slope of solid line 1 and
Ry, = 8.1 mQ. The same parasitic resistance of 44 mQ is ob-
tained in all experiments on both TESs. When the bias current
is large (I > 1.5 mA), the TES reaches its normal state and
has a constant resistance of R,. Therefore, the Itgs—1,, curve
becomes a straight line again, represented by solid line 2 in
the figure. The slope of line 2 is set by Ry, Rp, and Ry. With
known R, and Ry, R, can be obtained by measuring the slope
of solid line 2. The intermediate region is the transition region,
where the TES can be biased at different points by varying the
bias current I,. The curves of TES joule power Prgs and TES
resistance R versus bias current /, can be obtained according

to the measured Itgs—1I, curve.

suring electrical power P in the self-biased region under vari-
ous bath temperatures 7, and fitting the data sets of P—T, with
Eq. (1) using the least-square fit, the device parameters Kg;n,
T¢, and n can be obtained. Figure 4(b) demonstrates the mea-
sured data sets, the fitting curve, and the obtained parameters
for TES A. Then the thermal conductance of the device can be
calculated according to G = dP/dT, = nKSiNTC”". The de-
vice parameters of TESs A and B are summarized in Table 1.
Note that T of the two TESs are not the same, with a differ-
ence about 20 mK, though the two chips are from the same
wafer. This may be caused by the nonuniformity of the bilayer
thicknesses or the different bilayer stress due to the different

membrane geometry.

Table 1. Device parameters of TESs A and B.
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Fig. 4. (color online) (a) Measurement results of TES current versus
bias current (solid circles) and TES power versus bias current (solid
squares) of TES A under a bath temperature of 525 mK. (b) The data
sets of power versus bath temperature and the fitting curve with Eq. (1).

In Fig. 4(a), the corresponding curve of Prgs—1I is also
plotted. As expected, the electrical power of the TES in
the strong self-biased region is almost constant because of
the negative electro-thermal feedback (ETF).['?] For the SiN
membrane-isolated TES, the electrical power P of the TES in

the strong self-biased region can be expressed as
P=Ksn(T!' - Ty, (0

where KgiN is a thermal parameter of the membrane, which
could be significantly different with various membrane ge-
ometries, and n is the thermal conduction exponent. By mea-

3.2. Effective recovery time

Figure 5 shows the signal response of TES B for an opti-
cal pulse with a 40 ns width, which is averaged over N = 512
acquired signals to minimize the effect of noise mainly from
the refrigerator system. The pulse width is short enough com-
pared to the effective recovery time (T.) to ensure that the
TES absorbs multiple photons within each pulse as a sin-
gle energy-absorption event. In this measurement, the TES
was operated in the transition region with R = 0.69R,, Iy =
0.63 mA, and T, = 316 mK. The averaged SQUID output
voltage pulse to the optical pulse is fitted with the double-

exponential function!!?!
Vou = Ay e 710)/%l 4 gy e=(=10)/ %t 4 B )

where A1, Az, t9, and B are constants, 7. represents the elec-
trical time constant, and T.g usually dominates the response
speed of the device. Here 7] = 5.68 us and Te = 53.61 ps
are obtained from the fitting.

By applying the same method, the averaged output volt-
age pulses of TESs A and B corresponding to an optical pulse
with a 40 ns width at different biases through the transition
region were recorded and the fitted T.¢ as a function of the
bias (represented by the ratio of TES resistance R at the bias
to R,) were obtained. Figure 6 shows the T.g versus the bias
for TESs A and B under the bath temperatures of 516 mK and
508 mK, respectively. The plots demonstrate that the detectors
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have larger 7 in the top and the bottom than in the middle of
the transition region. This trend is similar with that obtained
from an Al/Ti/Au trilayer TES.!'#! This result is caused by the
varying thermal sensitivity parameter  in the transition re-
gion.

Output voltage/mV

0 50 100 150 200 250 300 350
Time/ps

Fig. 5. (color online) The averaged output voltage pulse for a 40 ns
width optical pulse (dot curve) of TES B and the fitted curve (solid line)
with the double-exponential function.
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Fig. 6. (color online) The effective recovery time T.g versus the bias
through the transition region of TESs A and B under the bath tempera-
tures of 516 mK and 508 mK, respectively.

When biased at 0.58R,, and 0.45R,,, TESs A and B have
minima T of 3.9 us and 86.7 ps, respectively. The thermal
sensitivity parameter o of the Al/Ti bilayer thermometer at the
bias point can be estimated according to the formulal!?!

To C

= 0+ aP/(GTL) G(1+a/n(1—T/T))’ ®)

where 79 = C/G is the intrinsic time constant and C is the heat
capacity of the TES. Here the heat capacity of the supercon-
ducting Nb leads is neglected and the heat capacity of TES A
includes the heat capacity of the bilayer and the SiN membrane
underneath the film. The heat capacity of TES B includes the
heat capacity of the bilayer and the central SiN platform. The
specific heat of Al, Ti, and SiN are taken from the published
data.['215]' A factor of 2.43 is taken into account when calcu-
lating the heat capacity of the Al film because of the increase

in heat capacity of a superconducting material at its transition
temperature. ']

Table 1 also lists the calculated C, 7(, the minimum Teg,
and the corresponding o estimated by Eq. (3) for the two
TESs. The two TESs from the same wafer show quite dif-
ferent values of «, possibly because of the difference in the
quality of the bilayers. The similar results were also reported
in tungsten TESs from the same wafer.!%) The much faster re-
sponse speed of TES A with T = 3.9 ps is due to the more
sensitive bilayer thermometer with & = 326 and the smaller
To = 104.5 pus owing to the larger thermal conductance. The
Teff as a function of the bias for TES B at the bath tempera-
tures of 508 mK, 470 mK, and 316 mK were measured. The
Tesf versus the bias for TES B at these three bath temperatures
is shown in Fig. 7. The results overall show that the TES has
a smaller 7T.¢ and a faster response speed under a lower bath
temperature at the same bias.

250 T T T T T T T T
200+ —u— 508 mK .
—e— 470 mK
—A— 316 mK
» 150F E
B
=
© 100} 1
50
O 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8

Fig. 7. (color online) The effective recovery time T versus the bias
through the transition region of TES B under three different bath tem-
peratures of 508 mK , 470 mK, and 316 mK.

3.3. Signal response

Figure 8(a) demonstrates the averaged signal response
of TES B for optical pulses with different widths ranging
from 25 ns to 65 ns with the same optical source power level
and fixed attenuation coefficient. In this experiment, the de-
vice was operated in the transition region with R = 0.6R,,
I, = 0.58 mA, and T, = 316 mK. The 7.¢ obtained from the
nine voltage pulse curves corresponding to the different ab-
sorbed energies have a mean value of 45.61 ps and a maxi-
mum absolute deviation from the mean value of no more than
1.7 us, confirming that the device operates in the small signal
limit and 7.¢ depends on the device characteristics not on the
absorbed energy. Because of the strong ETF in the transition
region, the energy deposited into the TES corresponds to the
reduction in the electrical power supplied by the bias circuit,
i.e., the integral of the current pulse times the bias voltage,
holding the total power dissipated on the TES at a constant

value. Therefore, the averaged absorbed energy E,, for each
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pulse can be estimated by!!”!

If
E, _[Rb(lb_ITES)_(RpITES)]/ drAltgs (1)
T

I
+(Ry+Ry) [ diRes(0)
fo

Q

_ [Rb (Ib - ITES) — (RpITES)] /ttf dtAltgs (t)

1
= ~[Roll ~Ires) — (Rofres)] | di(aVaes(1)/A), (4)

0
where A = —5.4 x 10° V/A is the gain of the SQUID am-
plifier. The AlZg() term in Eq. (4) is negligible because it
contributes no more than 1% of the Altgs() term to the re-
sult in these analyses. Figure 8(b) shows the computed energy
from the response curve and the amplitude of the voltage pulse
versus the optical pulse width and the corresponding linear fit-
ting curves. Here, the pulse energy is represented by E,/E,
and E, = 0.80 eV is the single photon energy for the 1550 nm
wavelength. As expected, the averaged energy of the optical
pulse has a linear behavior with respect to its width. Also the
amplitude of the output voltage pulse has a linear relationship

with respect to the optical pulse width. Thus, the amplitude

Voltage change/V
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Fig. 8. (color online) TES B is operated with R = 0.6Ry, I, = 0.58 mA,
and T, = 316 mK. (a) The averaged output voltage pulses for opti-
cal pulses with different widths. (b) Computed pulse energy (E,/E;)
(square dots) and voltage pulse amplitude (circle dots) versus optical
pulse width and the linear fitting curves (solid lines).

of the output voltage pulse can be considered to be propor-
tional to the absorbed energy, the same relationship as that ob-
tained from Ti/Au bilayer TES and Ti TES.[!®1°] This result
demonstrates that the device has good linearity, which is an

important characteristic for the TES detectors.

4. Summary

The response of Al/Ti bilayer TESs to optical pulses and
the response speed of the TESs were investigated. The TESs
showed good linearity to the absorbed energy and they had
faster response speeds when biased in the middle part of the
superconducting transition region, where the Al/Ti bilayers
had a larger thermal sensitivity parameter « than that in other
parts of the transition region. The results also showed that the
TES had a faster response speed when working under a lower
bath temperature. The TES with larger thermal conductance
and higher thermal sensitivity demonstrated a fast response
speed of 7. = 3.9 us. By integrating absorbers for specific
wavelengths, Al/Ti bilayer TESs could be promising candi-
dates for bolometric applications.
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