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We study the growth, stacking and superconducting properties of Nb and B thin films and superlattices.
The interest in these resides in their possible use in transition edge neutron sensors. The samples were
grown by magnetron sputtering over Si (1 0 0) substrates. The X-ray diffraction patterns for all Nb
containing samples show a Nb (1 1 0) preferential orientation. From the low-angle X-ray reflectivity

we obtain information on the superlattice structure. The superconducting transition temperatures of the
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superlattices, obtained from the temperature dependence of the magnetization, are higher than those of
single Nb films of similar thickness. The temperature dependence of the perpendicular and parallel upper
critical fields indicate that the superlattices behave as an array of decoupled superconducting Nb layers.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Radiation and particle detection rely on a broad range of de-
tector types based in a wide range of physical phenomena. Among
these, the transition edge sensors (TES) rely on a sharp thermo-
dynamic phase transition triggered by the local heating due to
the capture of an energy quantum or a particle [1]. In particu-
lar, a superconducting transition, with a very sharp electrical re-
sistance change between a finite value and zero, offers a simple
detection method from voltage vs. time measurements. Another
type of detectors based on superconducting materials are the Ki-
netic Inductance Detectors (KID) [2], where a change in the ki-
netic inductance of the superconductor is originated by the un-
pairing of Cooper pairs produced by the absorption of the detected
radiation.

Superconductivity up to relatively-high temperature in MgB,,
[3] has attracted attention for its possible use in a superconduct-
ing TES [4,5] and KID [6] for detection of thermal neutrons. In ef-
fect, 19B presents a large cross section for the capture of thermal
neutrons, 3840 barn, together with a natural 20% abundance. The
products of the 1°B(n,«r)’Li reaction share 2.31 MeV which can pro-
duce local heating if this energy is absorbed by the material, which
is usually the case, given the short stopping ranges of 1.9um for
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7Li and 3.8um for « particles. However, MgB, has proved to be a
difficult material for thin-film deposition, usually requiring of high
deposition temperatures, making its use incompatible for integra-
tion in semiconductor devices.

As an alternative regarding the use in TES, it is not necessary
for the B atoms to be part of the actual crystalline structure of the
superconductor. The material could be a composite material of B
and a superconductor thin film. One possibility for the supercon-
ducting material is Nb, with a bulk superconducting critical tem-
perature (T;) of 9.26 K. This motivated us to study the Nb/B super-
lattice system for a possible use in TES design. Here we focus on
the study of the material itself. The phase diagram of the Nb-B bi-
nary alloy shows the existence of different compounds, [7] which
could enhance diffusion at the interfaces, giving rise to non super-
conducting phases and precluding the formation of the superlattice
system. The artificial periodicity of the superlattice structure allows
to study the interface structure through X-Ray diffraction and re-
flectivity. We will show that interdiffusion at the interfaces is not
precluding the superlattice growth or degrading the superconduct-
ing properties and that Nb/B superlattices are a potential candi-
date for the design of a position sensitive neutron TES. Recently,
Ishida et al. [8,9] have presented results on a Nb/1°B/Nb trilayer
KID showing the feasibility of these detectors.

2. Material and methods

Thin films and superlattices were grown at room temperature
by magnetron sputtering from >99.9% pure Nb and B targets on
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Identifying labels for each superlattice. Labels take the form (Nbdy,/Bdg), v with dy, and dp the
nominal layer thicknesses in nm, and N the number of periods.

dp
dnp 5 nm 10 nm 15 nm 20 nm 30 nm
5 nm (Nb5/B5), 10 (Nb5/B10), ¢ - - -
10 nm  (Nb10/B5),¢  (Nb10/B10), 5 Nb10/B15), 4 - -
15 nm - (Nb15/B10), 4 Nb15/B15), 4 - -
20 nm - (Nb20/B10), 3 - (Nb20/B20), 5 -
30 nm - (Nb30/B10),, 3 - - (Nb30/B30), 3

Si (100) substrates in a 10 mTorr Ar atmosphere. Nb was deposited
by dc sputtering, while rf sputtering was used for B. Deposition
rates were calibrated by measuring the thickness of Nb or B thin
films grown for different total deposition times. In addition, the
thickness of all the studied films was measured by contact per-
filometry in a well-defined sample edge. This edge was generated
by first masking part of the substrate with silver epoxy, grow-
ing the film, and finally removing the epoxy. For the Nb films to-
tal thickness was also measured by small angle X-Ray reflectom-
etry (XRR), as will be explained in the next section. Both meth-
ods showed consistent results. The determined deposition rates
for the adopted growth conditions were ~1.6nm/s for Nb and
~2.6 x 1072 nm/s for B.

Table 1 summarizes the superlattices used in this study with
different Nb and B layer thicknesses. The number of periods was
adjusted for the total thickness of each superlattice to be as close
as possible to 100 nm. Growth was always started with a Nb layer
and, consequently, ended with a B layer. With this set of samples
we were able to study the systematics for equal Nb and B layer
thickness (diagonal in the table), for constant B thickness (columns
in the table) and for constant Nb thickness (rows in the table).

Superlattices (Nb10/B20), 3 and (Nb10/B30),, 3 were also grown
but repeatedly resulted in a highly tensioned material that easily
and spontaneously peeled off from the substrate. We believe this
is probably a consequence of the large mismatch between B and
Nb elastic constants, inducing a large stress for thick B layers over
relatively thin Nb layers. A study of the mechanical properties of
the superlattices is under way and will be published elsewhere.

The crystalline structure of the samples was analyzed by X-Ray
diffraction (XRD) patterns at high angles and XRR at low angles.
Stacking, quality, and thickness of the layers were studied from low
angle XRR. The difractograms were measured at room temperature
on a PANalytical Empyrean diffractometer in Bragg-Brentano ge-
ometry with Cu K, radiation, wavelength A = 1.5418 A. Samples
were mounted in a 4-circle Eulerian cradle, which allowed for pre-
cise alignment of the sample.

The superconducting properties were studied through magne-
tization and electrical transport measurements. Temperature (T)
and magnetic field (H) dependence of the magnetization (M) were
measured in a commercial SQUID magnetometer with H perpen-
dicular to the sample surface. M vs T was measured between 5
and 11 K both for zero field cooling (ZFC) and field cooling (FC)
protocols.

Electrical resistance (R) as a function of T was measured for
constant H. All samples were patterned in a four terminal con-
figuration bar 1T mm long and 5 pm wide using electron beam
lithography and chemical etching. H was applied with an external
electromagnet which allowed rotation of its direction around a ver-
tical axis. Critical superconducting upper fields were determined
for fields both perpendicular (H,) and parallel (Hj) to the surface
of the samples, with the electrical current always perpendicular to
H.
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Fig. 1. Low angle X-ray reflectivity for a 17 nm thick Nb thin film. Open circles:
experimental data; dotted line: fit with a model consisting of a Nb layer over the
Si substrate (model 1); continuous line: fit with a model including a SiO, layer at
the Si/Nb interface and a NbOy layer at the film surface (model 2). The inset shows
the peak position vs. order number. Open circles: experimental data; line: linear fit.
See text for details.

3. Results and discussion
3.1. Crystalline structure of Nb thin films and Nb/B superlattices

The high angle XRD diffraction patterns for the Nb thin films
indicate textured growth. Besides the Si (400) reflection at 26 =
69.196° we found two additional reflections corresponding to the
(110) family of planes for bcc Nb. The lattice parameter is in all
cases very close to that for bulk Nb, a = 3.3066 A(JCPDF 35-0789).
Concerning the structure and texture of B thin films, no diffraction
peaks were observed at high angles due to the small X-Ray scat-
tering factor for this element.

Fig. 1 shows the low angle XRR curve for a 17 nm thick Nb thin
film. Qualitatively, the curve shows the expected behavior. In the
first place, total reflection below a critical angle of 20 ~ 0.75° is
clearly seen, close to twice the expected critical angle o = 0.398°
for bulk Nb [10]. This originates in the fact that the X-Ray index
of refraction of a material, n =1 -6, with § proportional to the
electronic density, is smaller than that of vacuum. Second, Kiessig
fringes due to the finite thickness of the film are clearly observed
[11]. For the case of a substrate with lower electronic density than
the film material, the intensity maxima are expected to appear at
[12]

2
1\2( A
22
sin“f =(m+ = — 26
(m+3) <2e> -
where m > 0 is an integer, A the X-Ray wavelength and e the thick-
ness of the film. The experimental data seems to follow this law

(1)
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Fig. 2. Low angle X-ray reflectivity for a (Nb5/B5), 1o superlattice. Kiessig fringes
[11] due to total thickness and superlattice diffraction peaks are clearly observed.

The inset shows the linear dependence between sin?® and (m + %)2 for the super-
lattice diffraction peaks.

very well, see inset to Fig. 1, resulting in e = 16.9 nm from the
slope of the linear fit.

However, an anomaly that seems to be an intensity modulation
is clearly present in Fig. 1 at around 2.25°. In order to understand
its origin, we fit all the reflectivity data according to the recursive
Parratt formalism [13] with Parratt32 program. [14] Fitting the data
as a Nb single film over the Si substrate, dot line in Fig. 1, fails to
describe the anomaly. Only when two additional oxide layers are
included, a SiO, layer between the Nb film and the Si substrate,
and a NbOy layer at the Nb film surface, a good fit is obtained
(continuous line in Fig. 1). The oxide layers come from the nat-
ural oxidation of the commercial Si wafers, and from the Nb oxi-
dation in air after growth [15]. As a result of the fit, we obtained
esio, = 5.3 nm, ey, = 16.5 nm and ey,o, = 2.0 nm for the layer
thicknesses. Noticeably, the thickness of the Nb film is very simi-
lar to the value extracted from the data in Fig. 1 and Eq. (1), even
when this equation neglects the presence of the oxide layers. In
addition, the fit allowed us the estimation of §. The § value for the
Nb film is 2.489 x 10~>, which is similar to the expected theoreti-
cal value for bulk Nb of 2.4193 x 10~> [10].

Fig. 2 shows the XRR data for (Nb5/B5), 19 superlattice. Besides
the Kiessig fringes, [11], seen as high-frequency small-intensity os-
cillations, the superlattice diffraction peaks are evident, following
a law similar to Eq. (1) but with the period of the superlattice,
A, in place of the thickness e. Similar behavior was also observed
in the reflectivity measurements for all superlattices. The inset to
Fig. 2 shows the superlattice peak position vs. order number. From
the slope of a linear fit to these data we obtain A = 11.1 nm, in
very good agreement with the expected periodicity, according to
the deposition rates and deposition times.

Contrary to this good agreement in the peak positions, we were
not able to obtain a good fit to the intensity data with the Par-
ratt formalism [14]. Anyway, qualitative information regarding in-
terface profile can be deduced from the intensity of the peaks. The
observation of superlattice peaks in a (Nb5/B5), 1o superlattice in-
dicates an interface width smaller than 5 nm. Also, for an equal
layer thickness of Nb and B, and very sharp interfaces, it is theoret-
ically expected that the even order peaks have null intensity. These
peaks are present, implying that one or both hypothesis are not
correct. Since the periodicity obtained from the peak position is
consistent with the intended one, we believe that the layer thick-
ness is indeed approximately equal. The existence of these peaks
could then indicate that the Nb and B layer thicknesses are not ex-

9 r T T T T T T 7/ T
i A
8.5 |- o =
8 H=10 Oe A
s B I
g [ J —a~ 0
137.5 %
7L® A §
<o
%-sno-s
6.5
lA
6 1 1 1 1 1
0 20 40 60

dyb (nm)

Fig. 3. Nb layer thickness, dy,, dependence of the superconducting transition tem-
perature, T, defined as the onset of the diamagnetic magnetization at H = 10 Oe
for Nb thin films and Nb/B superlattices. Vertical arrow: maximum thickness
for non superconducting Nb thin films; triangles: Nb superconducting thin films;
circles: Nbdy,Bdg superlattices with dy, = dp; diamonds: Nbdy,B10 superlattices;
squares: Nb10Bdg superlattices. The inset shows typical ZFC-FC magnetic moment
curves at H=10 Oe.

actly equal, but most probably that the interfaces are not sharp,
due to the presence of Nb-B compounds or interdiffusion.

3.2. Superconducting properties

The superconducting critical temperature of thin films and su-
perlattices was defined as that of the onset of the diamagnetic sig-
nal for a small applied field of 10 Oe, see inset in Fig. 3. The evo-
lution of T, with Nb thickness for all the superlattices and also for
Nb thin films is shown in Fig. 3. It is clear that for a given Nb
thickness all superlattices show a higher T, than a single Nb thin
film.

Nb single films show superconductivity above 5 K for thick-
nesses above a critical thickness, which is between 12 and 17 nm.
Superlattices T,’s are much less dependent from the Nb layer thick-
ness, with superconductivity present down to dy, =5 nm, which
could be caused by the B layers acting as a protection for the oxi-
dation of the Nb layers. Also, their T, seems to be almost indepen-
dent of the B-layer thickness. This may indicate that the Nb layers
are decoupled from the superconducting point of view, with the
superconducting order parameter being zero within the B layers
[16]. Although the data presented here does not allow us to iden-
tify the mechanism, the Nb thickness dependence of T, could have
several microscopic origins: proximity effect between the Nb and B
layers [16,17], intrinsic microscopic effects in the Nb layers [18,19],
proximity and localization effects [20].

The superconducting transition was also studied through elec-
trical transport measurements, see Fig. 4. All samples show a very
sharp transition to zero resistance at T for H = 0. The transition
width at zero field, defined between 20 and 80% of the normal
state resistance above T, is < 0.1 K. Residual Resistance Ratio
(RRR) between room temperature and T is around 2 to 3.

Resistance (R) as a function of T was measured for the super-
lattices with H applied both perpendicular, Hy, or parallel, H to
the sample surface, allowing for the determination of the perpen-
dicular and parallel upper critical fields, Hp((T) and Hey((T). Fig. 5
shows both critical fields for (Nb10B10), 5 and (Nb30B30), 3. The
linear He, (T), in addition to the curved behavior for Hey(T), are in
agreement with expectations for thin film with thickness, e smaller
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Fig. 4. Temperature dependence of the resistivity p for the (Nb5/B5), 1o superlat-
tice at zero field (continuous line), H;=10 kOe (dashed line) and H, =10 kOe (dotted
line).

10 +

Fig. 5. Reduced temperature t = T/T.(H = 0) dependence of the upper critical fields
Hey (full symbols) and He (open symbols) for (Nb10/B10), 5. Lines show fits to
the data with Eqs. (2) and (3). The inset shows the thickness e obtained from
Eq. (3) vs. the nominal Nb thickness for (Nbdy,/Bdp). v With dy, =dg = 5, 10, 15
and 30 nm (black circles), (Nbdy,/B10), y with dy, = 15 and 30 nm (gray dia-
monds) and (Nb10/B5), ¢ (white square). The solid line indicates e = dy;.

than the superconducting coherence length, &(T):

Hau(1) = 32210 @
I L ©

where ¢, =2.07 x 107 Oe.cm? is the flux quantum and t=
T/T-(H = 0). Fitting the data with these expressions we consis-
tently obtained the value £(0) ~ 10nm, typical for our sputtered
Nb films, [21] and e of the order of the Nb layer thickness, instead
of the total superlattice thickness (~ 100nm), see inset to Fig. 5.
This confirms the superconducting decoupling of the Nb layers, im-
plying that the superlattice should be considered as a stacking of
independent Nb films of thickness dyy,.

Fig. 6 presents the estimation of the critical current for the
(Nb30/B30), 3 superlattice. This was calculated from the irre-
versible part of the magnetization using Bean’s model, [22] J. =
kAM(H)/w[1 — (w/3])], where k =20 A.cm?/emu, w is the width
and [ the length of the sample (w < I), and AM(H) is the differ-
ence between the upper and lower branches of the magnetization
in a hysteresis loop, see inset to Fig. 6. [23] The J. values ranging

T T T T T T T
(Nb30/B30)s;
45K
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Fig. 6. Field dependence of the critical current J. at 4.5 K for the superlattice
(Nb30/B30), 3. Data are obtained from magnetization vs. magnetic field curves (in-
set) through Bean’s model, see text.

107A/cm? are promising for the use of this material in a TES de-
sign.

4. Conclusions

We have studied the Nb/B superlattice system due to its pos-
sible use in neutron detection TES. We show that it is possible to
reduce the thicknesses of the Nb film down to 5 nm retaining
a superconducting transition. In contrast the Nb films present no
transition down to 5K for thicknesses below a critical one between
12 and 17 nm. Besides, we found that the critical temperature for
the superlattices depends to some extent on the Nb layer thick-
ness, allowing the possibility of tunning the T, from ~ 8.5 K down
to an appropriate value given by the refrigeration system intended
for the cryogenic cooling. From the superconducting point of view,
the superlattices behave as a stack of independent Nb films with
thickness dyp. In conclusion we find that Nb/B superlattice system
is a very good candidate for a neutron transition edge detector, as
it combines a superconducting element with B maintaining a sharp
superconducting transition.
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