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Bilayer superconducting films with tunable transition temperature (7¢) are a critical ingredient to the fabrication of
high-performance transition edge sensors. Commonly chosen materials include Mo/Au, Mo/Cu, Ti/Au, and Ti/Al sys-
tems. Here in this work, titanium/indium (Ti/In) bilayer superconducting films are successfully fabricated on SiO,/Si (001)
substrates by molecular beam epitaxy (MBE). The success in the epitaxial growth of indium on titanium is achieved by
lowering the substrate temperature to —150 °C during indium evaporation. We measure the critical temperature under a
bias current of 10 pA, and obtain different superconducting transition temperatures ranging from 645 mK to 2.7 K by ad-
justing the thickness ratio of Ti/In. Our results demonstrate that the transition temperature decreases as the thickness ratio

of Ti/In increases.

Keywords: titanium/indium thin film, molecular beam epitaxy (MBE), proximity effect

PACS: 74.78.—w

1. Introduction

A transition edge sensor (TES) is a superconducting thin
film biased in the transition region from the superconducting
to the normal state, and serves as a sensitive thermometer that
relies on the steep resistive transition of a superconducting ma-
terial. Because of its high thermal sensitivity, it has wide appli-
cations in many areas, including single photon detectors from
near-infrared to y-ray, cosmic microwave background bolome-
ters, and dark matter detectors.!!~!] The T, of a bilayer super-
conducting thin film system could be tuned in a well controlled
way by just tuning the thickness ratio of the two elements.
Many bilayer systems, such as Mo/Au, Mo/Cu, Ti/Au, and
Ti/Al systems, 1116211 have been chosen for fabricating the
TES:s.

Two techniques are in common use for depositing the
high-quality bilayers: (i) e-beam evaporation and (ii) sput-
tering deposition. While in principle the fabrication of bi-
layer thin films should be quite straightforward, in practice its
reproducibility remains a significant challenge, because it is
difficult to control and disentangle in the individual contribu-
tions (strain, crystalline structure, contamination) in the above
mentioned fabrication process. The state-of-the-art molecu-
lar beam epitaxy (MBE) technique offers a better option in
the fabrication of bilayer thin films. During the MBE growth,
the deposition rate can be monitored by quartz crystal micro-
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balance (QCM) and controlled within an accuracy of less than
0.01 nm/s. In the ultra-high vacuum (UHV) environment
(= 1.0x107'9 mbar, 1 bar= 10° Pa), by appropriately control-
ling the substrate temperature and deposition rate, the repro-
ducibility of the quality of the bilayer thin films could be guar-
anteed by the MBE technique.

In this work, we study the superconductivity of a new bi-
layer system, i.e., Ti/In thin film, aiming at developing a new
TES. Theoretically, T; of the Ti/In bilayer can be tuned be-
tween 390 mK (T; of Ti bulk) and 3.4 K (7;. of indium bulk),
where the Ti layer serves as the normal metal. We fabricate
Ti/In bilayers by MBE to ensure the cleanliness of the inter-
face and controllable thickness ratio. We successfully tune the
T;. of Ti/In bilayer thin films from 645 mK to 2.7 K by adjust-
ing the thickness ratio. The lowest T (645 mK) in our work is
a little higher but also comparable to the results of the Al/Ti bi-
layer in Refs. [1] and [11] whose lowest T is around 540 mK.
This implies that it is possible for our sample to be used as
TES bolometers for millimeter wave and submillimeter wave
astrophysics.

2. Experiments and methods

In order to study the superconductivities of Ti/In super-
conducting thin films, various thickness ratios of Ti/In were
primarily deposited on 300-nm SiO; on a (100) monocrys-
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talline silicon substrate. The Ti/In films grew on a molec-
ular beam epitaxial apparatus at a base pressure better than
1.0x10719 mBar. High-purity indium (5 N) and titanium
(5 N) were used for the growth. The temperature of the indium
and titanium sources were kept at 750 °C and 1610 °C, respec-
tively. For the growth of titanium film, the substrate was kept
at 80 °C, while it was at —150 °C for the indium film growth.
The detailed optimized growth conditions are listed in Table 1.

Scanning electron microscopy (SEM) was performed
with an energy dispersive spectrometer (EDS) to characterize
the surface morphology and the element compositions of the
grown thin films. A physical property measurement system
(PPMS) was used to study the superconductivities of the thin
films.

Table 1. In/Ti film production parameters.

Source Deposition rate Vacuum Substrate
Temperature/°C /(nm/s) /1071 mBar temperature/°C
Ti 1610 0.005 5.0 90
In 750 0.012 2.0 -150

3. Results and discussion
3.1. Effect of growth temperature on In thin film

The growth temperature is a critical parameter which can
affect the quality of the film grown by MBE. The tempera-
ture affects the adhesion coefficient, growth rate, background
impurity density, doping conditions, surface morphology, and
interface between different epitaxial layers. The experiments
were carried out under different temperature conditions.

Figures 1(a) and 1(b) show the cross section morphology
and surface morphology of indium on the 50-nm thick tita-
nium film without changing the temperature of the substrate
in the whole growth process. Indium atoms migrate into is-
lands with diameters in a range from 1 wm to 9 pum, spac-
ings in a range from 10 um to 20 wm and heights of about
1 um. This sample shows no sign of superconductivity in the
resistance measurement. To the best of our knowledge, there
is currently no other work on indium-related bilayer systems
for TES applications, which might be because of the difficulty
in the growth of continuous indium thin film at high ambient
temperature. Figures 1(c) and 1(d) show the cross section mor-
phology and surface morphology of the In film that grew on Ti
with the substrate temperature being —150 °C. It is obvious
that the growth mode is changed from island-like to layer-by-
layer film-like, as the substrate temperature decreases to a low
temperature. This can be qualitatively explained by the evolu-
tion of the diffusion rate of indium atoms on the titanium sur-
face with temperature. For the temperatures in Figs. 1(a) and
1(b), the indium atoms have fast diffusion rates and migrate
into sparsely distributed islands. Under low temperatures, the
indium atoms move across the titanium film more slowly and
tend to condense into film due to the cohesion between indium
atoms.

Fig. 1. (color online) (a) Cross section morphology and (b) surface mor-
phology of Ti/In bilayer thin film grown at constant substrate temperature;
(c) cross section morphology, and (d) surface morphology of Ti/In bilayer
thin film with indium layer grown at —150 °C and Ti layer grown at 80 °C.

3.2. Superconductivity measurement

We refer to the first successfully fabricated superconduct-
ing bilayer Ti/In film as sample #1, in which the indium layer
is deposited at low temperature (—150 °C). The thickness val-
ues of titanium and indium layers are 100 nm and 130 nm,
respectively. Figures 2(a) and 2(b) show the XRD results of
sample #1. The XRD intensity of the (004) peak of the Si
substrate dominates in Fig. 2(a). The detailed structural infor-
mation of our Ti/In film is revealed in Fig. 2(b). Only the (002)
diffraction peak of titanium is observed, which means that the
direction of titanium thin film is mainly along the (001) direc-
tion. However, the indium thin films crystalize along the (101)
and (001) directions. Our XRD results indicate that the Ti/In
thin films are not just randomly oriented amorphous layers, but
well-oriented and crystalized thin films with good quality.

Figures 2(c) and 2(d) show respectively the resistance-
temperature and resistance-magnetic field curves of sample
#1, measured by PPMS. The superconducting transition tem-
perature (7;.) of sample #1 is 2.228 K with a transition width
(AT;) of 27 mK and the critical magnetic field is 57 Oe
(1 0e=79.5775 A-m~") at 2 K. It should be noted that the
T. of bulk indium is about 3.4 K, and it was reported that a
remarkable increase of T, was observed as the thickness of in-
dium thin film decreased.?”! However, our Ti/In bilayer thin
film has a T; of 2.228 K, which is far less than the bulk In-
dium, despite the fact that the thickness of our Indium layer
is merely 130 nm. These unconventional results could be ex-

17.23] petween normal metal

plained by the proximity effect!
and superconducting metal. Here in our work, indium serves
as a superconducting metal, while the titanium layer is used as
a normal metal. The above results imply that it is possible to
tune the superconducting transition temperature by adjusting

the thickness ratio of Ti/In layers.
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Fig. 2. (color online) ((a) and (b)) X-ray diffraction (XRD) results, (c) resistance—temperature (R-T") curve, (d) resistance-magnetic field curve
of sample #1 (sample #1 is the first Ti/In bilayer that was successfully fabricated). The unit 1 Oe=79.5775 A-m~!.

3.3. Superconductivities of thin films with various Ti/In
thickness ratios

To study the manipulation of the transition temperature

O- 10 T T T T T T T T
thickness ratio

0 22 2.4
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Fig. 3. (color online) (a) Resistance-temperature curves and (b)

resistance—magnetic field curves for bilayer samples with various Ti/In
ratios, with insets indicating the values of thickness ratio (k= dTi/dIn).

by thickness ratio of Ti/In (k), a series of Ti/In bilayer sam-
ples with various thickness ratio is fabricated and their trans-
port properties are characterized systematically and shown in
Fig. 3. The thickness values of indium layers in the series are
kept at a constant of 129.6 nm. We obtain different thickness
ratios by changing the thickness of the titanium layer. Due to
the proximity effect, 7; decreases monotonically as the thick-
ness of Ti layer increases, i.e., k, which is the thickness ra-
tio of titanium to indium, increases. A similar phenomenon
is also observed in the critical magnetic field measurement.
The superconducting gap of the indium layer is suppressed
due to the titanium layer (which serves as a normal metal) by
an inverse proximity effect.[>>># According to the Bardeen—
Cooper—Schrieffer (BCS) theory, > T, is a function of the su-
perconducting gap expressed as

2A (0) = 3.53kp T, 1)
where A (0) is the superconducting gap at 0 K. Therefore,
as the superconducting gap of the indium layer is suppressed
gradually, the T; of the film decreases.

Figure 4 shows the evolution of the measured 7; with
thickness ratio k, which demonstrates explicitly the decrease
of T; as k increases. Empirically, the 7; of a composite super-
conducting and normal metal layer can be described as!?326]
ds 1 11°

T B
Sldo 113(1+1/e) 1]

c=T1¢ (2)
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In the above relationship, Ar is the Fermi wavelength, the sub-
script S refers to the superconducting film and N denotes the
normal metal film making up the bilayer, dy is the thickness
of normal metal film, ds is the thickness of superconducting
film, ny is the density of states of normal metal film, and ng
is the density of states of superconducting film. Parameter ¢ is
a transmission factor and 7¢ g is the transition temperature of
superconducting metal film.
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Fig. 5. (color online) (a) T.—k curve (black solid curve) derived from
the formula (5) and the datum of Ti (300 nm)/In (50 nm) (red point), (b)
R-T curve of Ti (300 nm)/In (50 nm).

In our work, ds = 129.6 nm. We define k = dn/ds =
dn/129.6. Tt is assumed that titanium is a normal metal when

temperature is above 390 mK, which is the 7; value of the ti-
tanium bulk, and that the other constant terms appear in the

empirical formula (2), which gives the following fitting for-
mula:
Axk

Cxk
1+C><k) ’ )

where A, B, and C are constant parameters. The fitted curve
is shown in Fig. 4, with A = 0.55633, B = 2.97684, and
C = 0.34189, which matches the experimental data quite well.

To check the validity of the above model (Eq. (2)), a new
empirical T.—k curve shown in Fig. 5(a) is derived by chang-
ing ds from 129.6 nm to 50 nm. A Ti (300 nm)/In (50 nm)
bilayer thin film, which corresponds to k = 6, is fabricated and

TC:B><<

the value of T is measured to be about 645 mK, which is a lit-
tle higher than the theoretical 7. (500 mK). We think that the
discrepancy in 7; might be due to the general non-uniformity
in the thickness of indium films, which could be seen from
Figs. 1(c) and 1(d). Usually, the annealing of grown thin film
will result in a well-ordered and flat surface. Therefore, for
future work on improving the quality of the indium films and
thus reducing the 7;, we will try various annealing tempera-
tures and check their effects on the surface morphologies and
T.. values of Ti/In bilayers.

4. Conclusions

Superconducting Ti/In bilayer thin films are successfully
fabricated on SiO,/Si (001) substrate. The key issue for the
growth process of the indium layer is to keep the substrate at
a low temperature of —150 °C. Based on the proximity effect,
the transition temperature 7. and the critical magnetic field of
the Ti/In film are manipulated continuously by changing the
thickness ratio k of the Ti/In layer. An empirical relationship
between T, and k based on the BCS theory is adapted to qual-
itatively explain the observed results. The validity of the em-
pirical relationship is also checked experimentally, which im-
plies the vast possibilities of manipulating the 7; of the Ti/In
bilayer system, or other superconducting/normal layer systems
by proximity effects. More researches on tuning the 7;. of the
Ti/In bilayer to even lower temperature and the possible appli-
cation to practical TES sensors are under way.
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