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Superconducting transition edge sensor (TES) bolometers require superconducting films to have controllable transi-
tion temperatures 7 in different practical applications. The value of T;. strongly affects thermal conductivity and thermal
noise performance of TES detectors. Al films doped with Mn (Al-Mn) of different concentrations can accomplish tunable
Tc. A magnetron sputtering machine is used to deposit the Al-Mn films in this study. Fabrication parameters including
sputtering pressure and annealing process are studied and their influences on 7 and superconducting transition width A7;
are optimized. The Al-Mn films with AT; below 1.0 mK for 7 in a range of 520 mK-580 mK are successfully fabricated.

Keywords: Al-Mn superconducting films, deposition process, annealing process, superconducting transition

edge sensor
PACS: 74.62.Dh, 81.15.—z, 81.40.Ef, 85.25.0j

1. Introduction

Superconducting transition edge sensor (TES) detectors
are widely used as bolometers or micro calorimeters that adopt
superconducting thin films as thermometers.[!! Owing to the
excellent sensitivity, great noise performance, rapid response
and good response linearity, TES has become a popular tech-
nique of detecting submillimeter microwave, optical, and x-
ray signals.>3! One major application of TES bolometers is to
detect the B-mode polarization signature of cosmic microwave
background (CMB) due to gravitational lensing. The observa-
tion site where TES bolometers are deployed for actual astro-
nomical detecting needs to be in high-altitude to ensure cru-
cial dry environmental condition. Only four places on the
earth are suitable for CMB observations, which are the South
Pole, Atacama Desert in northern Chile, Greenland, and Ali
in Tibet, China. Several groups have deployed CMB detecting
telescope system such as background imaging of cosmic ex-
tragalactic polarization (BICEP)*! and south pole telescope
(SPT)®7] at the South Pole, atacama cosmology telescope
(ACT)®1 and POLARBEAR!!! in Chile, and ALCPT!!'!
(Ali CMB polarization telescope (AliCPT)!!!! in Tibet, China.
The design of TES bolometers for B-mode signal detecting
integrates antenna, bandpass filter and TES bolometer island.
We have completed the entire TES bolometer design, and we
will describe the related methods and results in the subsequent
reports. In this paper, we introduce the fabrication and charac-
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terization of Al-Mn superconducting films, which is the key
component on TES bolometer island.

The critical temperature 7; and superconducting transi-
tion width AT of superconducting film is crucial to device per-
formance. The choice of T; is a compromise between the noise
performance and the base temperature in refrigerator. The
value of AT, determines the thermal sensitivity parameter!!]

o— dlogk T dR
~ dlogT RdT’

ey

whose larger value represents sharper transition. The value of
« affects the response speed and sensitivity of TES bolometer.
In our TES bolometers, the value of T; and AT, are designed
to be around 540 mK and 1.0 mK respectively. In the BICEP
experiments chosen are a Ti film with a critical temperature
T. of 400 mK for cosmic experiments and an Al film with 7;
of 1.1 K for laboratory calibration.! In the SPT experiments
the Mo—Au bi-layer films are used!”! while in POLARBEAR
projects the AI-Ti bi-layer films are adopted.!'’! Compared
with elementary films, superconducting-normal metal bi-layer
films can achieve adjustable T;. controlled by thickness of su-
perconducting film and normal metal film based on the prin-
ciple of mutual proximity effect.!'>!6] The normal metals in
bi-layer film are usually very thin (~ 50 nm) and difficult to
control precisely in fabrication, leading to the instability in su-
perconducting properties. Magnetic ion doping in elemental
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superconducting film is another method to control 7;. Com-
pared with the bi-layer films, alloy films avoid the complicated
mutual proximity effects and resulting films are more stable.
The manufacturing of alloy films is easy with DC-magnetron
sputtering process. The 7. of Al can be suppressed signif-
icantly with minor Mn doping as reported in Refs. [17-21].
The ACT projects have suppressed the 7. of Al from ~ 1.1 K
to ~ 200 mK with Mn concentration in the 2000-ppm regime
by atomic percentage, 8! they also carried out a series of ex-
periments to explore the annealing process of Al-Mn alloy
film. The suppression of 7; by magnetic ion doping is gener-
ally elucidated by Abrikosov—Gor’kov model,??! which pro-
poses that cooper pairs are affected by the exchange interac-
tion between electrons and spinning impurity atoms. But ac-
cording to the strong suppression of 7; in Al-Mn alloy films,
Friedel-Anderson model!>*! is more suitable that emphasizes
pair scattering from resonant magnetic impurity sites, which is
quantified by the Kaiser theory. >4

We explore the deposition processes of Al-Mn films in-
cluding sputtering pressure and annealing process. The 7; and
AT of deposited superconducting films are characterized and
optimized. We successfully fabricate Al-Mn films with 7.
around 540 mK and AT; below 1.0 mK with Mn concentra-
tion of 1200 ppm in Al target.

2. Method

The deposition system is CMS-18 UHV sputtering depo-
sition system from Kurt J. Lesker company. This equipment
is used for depositing the Al-Mn films exclusively to avoid
being contaminated and can ensure an ultra-high base vac-
uum of 3x 10~ Torr (1 Torr=1.33322x 10% Pa). The sputter-
ing chamber is configured with three DC-magnetron sputter-
ing sources that can accommodate 3-inch (1 inch=2.54 cm)
targets. The parameters of deposition processes are listed in
Table 1. To measure the actual temperature of wafer during
the sputtering process, we attached temperature monitoring la-
bels besides the sample. The temperatures shown by the labels
were always below 60 °C for a 3000-s-sputtering test.

Table 1. Parameters of deposition process.

Parameters Value

Mn concentrations in AI-Mn target 1200 ppm by atomic percentage

Target size (inch) 3
Base vacuum (Torr) 3%x107?
Sputtering power (W) 200

Sputtering pressure (Ar) (mTorr) 5
Sputtering speed (A/s) 2.5

The substrate was a silicon wafer with a 1.0-pm-thick
low-stress silicon nitride film grown on its top. The deposited
samples had different Mn concentrations. The samples with

1200-ppm Mn concentration were cooled by a He-3 refriger-
ator with a base temperature of 335 mK. The He-3 refriger-
ator was equipped with 64 DC wires (Mn—Cu alloy twisted
pairs) from mK range to room temperature. Schematic dia-
gram of electric connection is shown in Fig. 1(a). The T; val-
ues of films with 2000-ppm Mn concentration were between
100 mK-200 mK, and these samples were cooled by a dilution
refrigerator, which could reach a base temperature of 50 mK.
The electrical resistance values of films were measured using
the four-terminal method!>>! with a DC current source in I ter-
minals and voltage read out between V terminals as illustrated
in Fig. 1(b).

AVS-47B AC -
resistance bridge _Agllent. 34401A1_|
(a) E v T multimeter
rvevel labview
Q000
temperature
room temperature controller
50 K stage He-3
————————————— refrigerater
2.5 K stage
mK stage . temperature
Al—Mn film | Sensor

Fig. 1. Schematic diagram of R—T measurement set-up of Al-Mn films. (a)
Schematic diagram of electric connection. Samples are cooled by He-3 re-
frigerator. AVS-47B bridge is used to read out film resistance, which can
provide pA-level current to test low temperature resistance accurately. Agi-
lent 34401A digital multimeter is used to transform analog signals into digital
signals. A temperature sensor and a temperature controller are used to mon-
itor actual temperature of film. (b) Electrical resistance of film is measured
using four-terminal method with a DC current source in I terminals and volt-
age sensor between V terminals. Substrate is silicon wafer with 1.0-pum-thick
silicon nitride layer grown on the top.

3. Results and discussion

We study the effect of thickness of film on superconduc-
tivity as shown in Figs. 2(a) and 2(b). Films with thickness
varying from 50 nm to 300 nm, are deposited on seven wafers.
The deposition parameters are listed in Table 1. From the R-T
curves, it can be observed that both the square resistance Ry
and T; decrease as the thickness increases, which is in con-
trast to the scenarios of most elemental®®! and compound su-

27281 put similar to behaviors of pure Al

perconducting films, |
films. 2% Figure 2(b) indicates that the value of AT, is below

1.0 mK for thickness between 70 nm and 300 nm.
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The Al-Mn films are deposited under different sputtering
pressures ranging from 1 mTorr to 15 mTorr. The thickness is
controlled at 150 nm (£10 nm). The other deposition parame-
ters are the same as those listed in Table 1. Figure 3 shows the
sputtering pressure dependence of 7; and AT, observed in R—
T curves. There occurs a minimum AT, of 0.7 mK at pressure
around 8 mTorr.

of annealing in 1200-ppm and 2000-ppm Mn concentrations,
respectively. When films are baked at 120 °C in 1200-ppm
concentration regime, the 7; value drops from the 540 mK to
~ 400 mK. As the annealing temperature increases to 330 °C,
T. then reaches 640 mK. And for films annealed in a 2000-
ppm concentration, the 7; value drops from the ~ 190 mK
to ~ 130 mK at 120-°C baking temperature, and then in-
creases to 400 mK at 330-°C baking temperature as illustrated
in Fig. 4(b). The change trend of T; value is in consistent with
that in the literature.!8! When the baking temperature reaches
300 °C, the value of AT is higher than 4.0 mK, indicating that
the superconducting properties start to become worse. Hence
it is necessary to avoid heating the substrate to an excessively
high temperature in fabrication process. Annealing treatment
has a great influence on 7; and AT, due possibly to the re-
crystallization behavior, the change of Mn distribution and the
transform of mechanical stress properties, which needs to be
studied further. To verify the process repeatability, two wafers
with different doping concentrations are deposited and baked
. The difference in T; value between the two wafers is within

0.80F (3) —— 300 nm 1
250 nm
—— 200 nm
R 0.60 150 nm
<) —— 100 nm
z 0.40F —— 70 nm 1
& —— 50 nm
0.20+ ]
oL LI -
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Temperature (mK)
T T T T T T 6
580 (b)
I\ —o— T, 15
= —o— AT, |,
—~ 560 T o
g - 13 &
& 540} \ {2 «
I[_I[\‘g'\a—:{z;ﬁ 1!
520F T
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Thickness (nm)

Fig. 2. (a) R-T characteristics of Al-Mn films of different thicknesses; (b)
thickness dependence of T; and AT; observed in R-T curves, where each data
point is an average of several measurements and error bars are also shown.
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Fig. 3. Sputtering pressure dependence of 7. and AT; observed in R-T
curves, where sputtering pressure varies from 1 mTorr to 15 mTorr. Thick-
ness is controlled at 150 nm (10 nm). Other deposition parameters are the
same as listed in Table 1. Data point and error bars are obtained by averaging
several measurements of the same sample.

In the photolithography process of the microfabrication
of TES, it is common to bake the wafers to remove moisture
or to harden the photoresist. The influence of annealing pro-
cess on superconducting properties ought to be verified. The
wafers are cut into pieces and annealed on a hot plate at tem-
peratures from 90 °C to 330 °C for 10 min. The changes of T;
and AT are shown in Figs. 4(a) and 4(b), indicating the results

50 mK, which may be due to the minor heating uniformity.

800 r r r r r r
—m— T, of wafer 1 (a)
700F  —e—T;, of wafer 2 1200 ppm 12
-0 AT, of wafer 1 o |
— 600F 5. AT, of wafer 2 /=/-/ 9
R [] _ =z 18 s
£ so0f \ N . =
. = N 1
S 400} &: e ERN A
) ISR  EES o RY
300 LgesT e ]
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200 8 L L L L L L 0
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— [ ..A.. X
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Fig. 4. Curves of T; and AT; versus annealing temperature, where (a) wafer
1 and wafer 2 are deposited with 1200-ppm Mn doping concentration, with
deposition parameters shown in Table 1 and deposited layer thickness being
150 nm (£10 nm), and (b) wafer 3 and wafer 4 are deposited with 2000-
ppm Mn doping concentration, with deposition power being 200 W, pressure
being 5 mTorr, and deposited layer thickness being 240 nm (£10 nm).

4. Conclusions

In this work, we have studied the effect of deposition
and annealing process on superconducting properties of Al-
Mn films for their applications in TES bolometers. Tunable
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T. is accomplished by varying thickness of film or by anneal-

ing. The value of AT, can be steadily controlled below 1.0 mK

to guarantee a sharp normal-to-superconductor transition. The

superconducting properties deteriorate by annealing at an ex-

cessively high temperature.
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