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We study the crystalline structure and superconducting properties of y-MoyN thin films grown by
reactive DC sputtering on AIN buffered Si (001) substrates. The films were grown at room temperature.
The microstructure of the films, which was studied by X-ray diffraction and transmission electron mi-
croscopy, shows a single-phase with nanometric grains textured along the (200) direction. The films
exhibit highly uniform thickness in areas larger than 20 x 20 ym? The superconducting critical tem-
perature T, is suppressed from 6.6 K to = 3.0 K when the thickness decreases from 40 nm to 5 nm. The
residual-resistivity ratio is slightly smaller than 1 for all the films, which indicates very short electronic
mean free path. The films are in the superconducting dirty limit with upper critical field H, (0) = 12 T
for films with thickness of 40 nm, and 9 T for films with thickness of 10 nm. In addition, from the critical
current densities J. in the vortex-free state, we estimate a penetration depth A(0) = (800 + 50) nm and a
thermodynamic critical field H¢ (0) = (500 + 80 Oe).

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Transition—metal nitrides (TMN) display a wide range of elec-
tronic and mechanical properties which are promising for tech-
nological applications. Devices based in superconducting thin films
include tunnel junctions [1], hot electron bolometers [2], single
photon detectors [3], etc. The molybdenum nitrides possess several
crystalline phases: y-Mo;N (cubic) with superconducting transition
temperature Tc ~ 5 K [4], B-Mo>N (tetragonal) with T, ~5 K [5] and 8-
MoN (hexagonal) with T, ~ 12 K [6,7]. The synthesis of bulk y-Mo;N
and d-MoN usually requires high-pressure and high-temperature
[7—9]. The extreme conditions usually applied for the synthesis of
bulk specimens can be avoided by growing thin films. Molybdenum
nitride thin films have been grown by several techniques such as
reactive sputtering [10], pulsed laser deposition (PLD) [11], thermal
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nitration [12] and chemical methods [13]. The properties of the
MoNy films strongly depend on the actual growth conditions, and
consequently on the processing parameters [10,14]|. The micro-
structure of the films is directly related to the resulting super-
conducting properties. A superconductor with very few structural
(crystalline and impurities) defects and electronic mean free path
(I) much larger than the intrinsic coherence length &g is in the
“clean limit”. If disorder increases then | decreases, and the su-
perconductor reaches the “dirty limit when [/§y < 1”. Increasing
disorder reduces the effective £ and enlarges the penetration depth
A, thus increasing k = A/§, while maintaining the product £A con-
stant to first approximation [15].

Most of the technological applications based in superconducting
TMN thin films require uniform electronic properties on large areas
[16—18]. In addition, some devices such as single photon detectors
require uniform superconducting properties in paths printed in
very thin films [19]. Recently, the synthesis of superconducting vy-
MoyN thin films in the dirty limit has been reported [20]. The
particularity is that the films were grown on oxidized silicon wafers
as substrates at room temperature. The simplicity in the growth
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Fig.1. a) AFM image of a 5 nm thick y-Mo;N grown at room temperature on 8 nm AIN/Si (001). b) AFM profile of the region indicated in a).c) Low angle reflectivity for a 80 nm thick
v-MooN film.
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process of y-MoN thin films is promising for low temperature
superconducting devices. For that, the thickness dependence on
the superconducting properties is of fundamental technological
relevance [3].

In this work we analyze the superconducting properties of y-
MosN thin films grown by reactive DC sputtering on AIN buffered Si
(001) substrates. The crystalline structure and the superconducting
properties of y-MoN thin films grown at room temperature are
studied. This is important considering the potential technological
application in devices such as single photon detectors. Thin films
with thickness between 5 nm and 570 nm were grown. For film
thicker than 40 nm, the superconducting transition temperature
(T;) was found to be independent of the film thickness. All the
studied films are in the thickness limit d << 'A. The films are single
phase y-MosN with nanometric grains textured along the <200>
direction. The thickness is highly constant on areas larger than
20 x 20 pm?. The temperature dependence of the upper critical
fields H, were determined for films with thickness between 5 nm
and 40 nm. The films are in the superconducting dirty limit. For
magnetic field perpendicular to the surface, the films display upper
critical fields Hcz close to the prediction for the Pauli limit H, = 1.84
Tc. In addition, for films thinner than 20 nm, we identify the vortex-
free state for magnetic fields applied parallel to the surface. In this
configuration and from the temperature dependence of the critical
current density J. (T) close to T, we estimate the depairing critical
current Jp, the thermodynamic critical field H, and the penetration
depth A

2. Material and methods

v-MoyN films were deposited on AIN buffered Si (001) sub-
strates by reactive DC magnetron sputtering without any inten-
tional heating of the substrate. The AIN buffer layer was introduced
to avoid any chemical reaction between the Mo and the SiO, top
layer of the Si wafers, which could be relevant in very thin films. It is
important to mention that chemical reaction between Mo and SiO;
(dead superconducting layer) can also be avoided (without using a
buffer layer) removing the native SiO, layer by chemical etching
with hydrofluoridric acid [21]. In that case the superconducting
properties of very thin films should be similar to that obtained in
our work. The AIN buffer layer was selected considering the
chemical compatibility with superconducting metal nitrides [22].
Since films grown at room temperature are polycrystalline [20],
structural matching at the interfaces is not expected. The residual
pressure of the chamber was less than 10~ Torr. Ultra-high purity
Ar (99.999%) and N; (99.999%) were used as gas sources. Com-
mercial sputtering targets of Al (diameter: 38 mm) and Mo
(diameter: 38 mm) were used. The AIN and MoyN layers were
grown by reactive RF and DC magnetron sputtering, respectively.
During deposition the target to substrate distance was ~7 cm. The
target power was 100 W (AIN) and 50 W (Mo;N) and the total
pressure at the chamber was 5 mTorr (80:20, Ar: N). The films
were grown in 1 cm x 1 cm square Si (001) substrates. The film
thickness was calibrated by low-angle x-ray reflectivity. The AIN
growth rate was 8 nm/min. The Mo growth rate was 20 nm/min.
Although the results are not included, the increment in the target
power from 50 W to 100 W for Mo;N increases the growth rate
from 20 nm/min to =52 nm/min without appreciable changes in
the superconducting properties of the films. The results presented
in this work correspond to films grown at 50 W.

The microstructure of the films was analyzed by X-ray diffrac-
tion (XRD) and transmission electron microscopy (TEM). XRD data
were obtained using a Panalytical Empyrean equipment. TEM re-
sults were obtained using a TEM CM200 UT microscope operated at
200 kV. For TEM analysis, a thin lamella was prepared with a
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Fig. 2. a) XRD pattern diffractogram of a 260 nm thick y-Mo,N thin film. The step like
discontinuity in the base line at ~65° signals the absorption edge of the Ni filter used to

discard the Cu Ky radiation, in this case of the (400) Si substrate peak. b-d) (200), (111)
and (220) pole figures, respectively.
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Gallium focused ion beam (FEI Helios Nanolab 650). The lamella
was polished with ion beam energies of 5 kV and 2 kV in order to
minimize Ga damage to the sample. The chemical stoichiometry of
the films was analyzed by Rutherford Backscattering Spectroscopy
(RBS) with a TANDEM (NEC, 1.7 MV) accelerator using a 2 MeV
4He?* ion beam. Surface composition was investigated by means of
X-ray photoelectron spectroscopy (XPS) using a standard Al/Mg
twin-anode, X-ray gun and a hemispherical electrostatic electron
energy analyzer. The samples were measured in high-vacuum
conditions with a base pressure of 10~° Torr. The Fermi level and/
or adventitious Carbon was used as reference to calibrate the
binding-energy (BE) scale. The topology of the films was charac-
terized by atomic force microscopy (AFM) measurements in a
Dimension 3100©Brucker microscope. A detailed morphological
characterization of the films was made by analyzing the topo-
graphic information at different scale lengths (1 pum and 20 um).
The AFM images were obtained in tapping mode. The electrical
transport measurements were performed on 1 mm (length) x
0.04 mm (width) bridges. A standard four-terminal transport
technique was used to measure [-V curves.

3. Results and discussion
3.1. Structural and chemical composition analysis of the films

The surface roughnesses for films with different thickness

Growth
direction

were analyzed by AFM. The films display extremely flat surfaces
with root mean squared (RMS) roughness below 0.5 nm even for
films thicker than 100 nm. In addition, 5 nm thick films grow
homogenously with rms of 0.3 nm (see Fig. 1a and b). The
thickness homogeneity of the films in 1 square centimeter was
verified by low angle XRD. The measurements were performed in
different pieces (0.15 cm x 0.3 cm) of a 80 nm thick Mo;N thin
film grown without an AIN buffer layer (see Fig. 1¢). Profile fitting
was done using the Parratt32 code [23]. According with the
fitting the variations between the piece 1 (center, d = (78.2 + 0.2)
nm) and piece 3 (border, d = (78.7 + 0.2) nm) are = 0.5 nm,
which represents a thickness variation < 1%. The chemical
composition of the films was verified by RBS being M02N11401,
which is within expectations for cubic y-Mo;N. Fig. 2a shows an
XRD pattern obtained in a 260 nm thick Mo;Ny 1401 film. The
peak corresponds to the (200) reflection of the cubic y-MoyN
with lattice parameter a = (0.4213 + 0.0002) nm. Fig. 2b-c shows
XRD pole figures for the (200), (220) and (111) reflection corre-
sponding to the cubic y-Mo,N. The pole figures indicate that the
film is polycrystalline and textured along the (200) reflection
with a rocking curve width of =11.5°. The microstructure of the
films was analyzed for a 40 nm thick y-Mo;N grown on 8 nm
AIN/Si (100). Fig. 3a shows a TEM image where the uniformity in
the film thickness of both y-Mo;N and AIN buffer layer are
identified. Fig. 3b shows a high resolution TEM image of the y-
MoN. A columnar grain with diameter smaller than 10 nm can
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Fig. 3. a) TEM cross-sectional image of a 40 nm thick y-Mo,N film grown on 8 nm thick AIN buffered Si (100). b) High resolution TEM image of the y-Mo,N film. Inset: The inset to
the Fast Fourier transformation. Spots corresponding to the 111 reflexions are identified. c) Fourier filtered image of image b) using the 111 spots.
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Fig. 4. Long XPS spectrum (a) and Mo 3d spectra of the y-Mo,N pristine surface (b)
and of the surface cleaned with Ar+ (2 kV) (c). In vertical lines are indicated the ref-
erences for Mo,N at BE = 228.6eV, for MoO, at BE = 230eV and for MoOs; at
BE = 232.7eV.

be identified from Fourier filtered image (Fig. 3c¢) using the 111
spots indicated in the inset of Fig. 3b.

X Ray Photoelectron Spectroscopy (XPS) measurements were
performed to obtain information of the film surface chemical
composition and the oxidation state of the Mo. The photoelec-
tron peaks Mo3d, Ols, C1s and N1s were measured in detail,
being the N1s overlapped with the Mo3p peak. The surface
cleaning was performed with Ar™ sputtering (2 kV), after which
the C1s peak disappeared while the O1s peak still remained. Long
survey XPS spectrum for the cleaned surface in a 260 nm thick
Mo>N film is shown in Fig. 4a. The Mo3d binding energy region
for the pristine and clean surface is shown in Fig. 4b and c,
respectively. Each of these elemental spectra is composed of two
identical peaks that correspond to the spin orbit split 3ds; and
3ds; for the Mo, with relative intensities of 3:2. The spectra were
fitted using a Voight function for each peak plus a Shirley-type
background. The total fitted intensities along with the experi-
mental ones are shown in each spectrum. We identified up to
three components in the Mo3d spectra, a major component at
binding energy 228.6 eV, a minor component at 230 eV and a
remaining component in the higher binding energy region at
232.7 eV. The major component can be ascribed to Mo®*
(2<d < 4), the minor component to Mo*" and the remaining
component to Mo®* oxidation state [24]. This last component at
binding energy 232.7 eV disappears after cleaning the surface
and can be associated with the formation of surface MoO3 [25].
The major component at binding energy 228.6 eV was previously
associated with the compound MoyN and attributed to Mo®*+
(2<d < 4) [25,26]. The minor component at binding energy
~230 eV can be associated with Mo** [26,27] and it could be
related to MoO; impurities. This fact is in agreement with the
presence of oxygen even for cleaned surfaces, as we mentioned
above. It is important to note that the XPS spectra for the y-Mo;N
phase is weakly affected by small changes in chemical compo-
sition [28]. Since no crystalline structure changes are observed as
a function of film thickness, no changes are expected in the XPS
spectra.
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Fig. 5. Thickness dependence of the superconducting critical temperature T in y-
MoxN film grown on 8 nm thick AIN buffered Si (100). Inset: Temperature dependence
of the resistivity at temperatures smaller than 10 K in the studied films. The criteria for
the determination of T, is indicated with dashed lines in the curve corresponding to a
5 nm thick Mo,N thin film (d5).
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3.2. Electrical transport

Fig. 5 shows the thickness-dependence of the T; for films with
thickness of 5 nm, 10 nm, 15 nm, 20 nm, 40 nm. Wherever used, the
notation dX indicates a MoyN films with thickness X in nm. The
independence of T, with thickness, for films thicker than 40 nm,
was verified for d57 and d570. The inset in Fig. 5 shows the tem-
perature dependence of the resistivity at T < 10 K for the measured
films. The superconducting transition is sharp independently of the
thickness. For films thicker than 5 nm, the transition width
is < 0.1 K. A slight broadening of the superconducting transition is
observed for d5. This can be attributed to enhanced thermal fluc-
tuations in two dimensions when the sample thickness falls below
the bulk out-of-plane £ = 6 nm [15]. The T of films with d > 40 nm
is 6.6 K, which is slightly higher than the value reported for
epitaxial y- MoyN films [29] and is smaller than that reported in
Ref. [20]. For films thinner than 40 nm the T; is systematically
suppressed and T, = 3 K is observed for d5 (see Table 1). The re-
sistivity of the films depends only very weakly on temperature in
the range 10 < T < 300 K. The residual resistance ratio (RRR) defined
as R (300 K)/R (10 K) where R is the sample resistance, is slightly
smaller than one (=0.90—0.93) for all the studied films [20]. The
resistivity of the films is independent of the thickness p
BO0K) _ 28 % 107% — 3.2 x 10~* Q cm. This fact indicates a very
short [ < 5 nm due to small grains, chemical impurities or vacancies
and structural defects.

Fig. 6a-d show Hg, (t = T/T;) for the d5, d10, d15 and d40. The
Heo(t) values were measured with the magnetic field parallel (H!z)
and perpendicular (H%) to the surface. It is important to mention
that, since Mo,N displays a cubic structure, crystalline anisotropy is
not expected. The differences in H‘C‘2 and HZ, should be related to
dimensional effects [15]. For the perpendicular field case, films with
d > 10 nm display H}, (t —0) above 9 T. These values are compa-
rable to those obtained in epitaxial 3-MoN thin films obtained by
chemical methods [30]. The temperature dependence of H%, can be
analyzed by the Werthamer-Helfand-Hohenberg (WHH) model
developed for dirty one band superconductors [31], which is
described below. For the parallel field case, films thinner than
20 nm show a dependence H!L(T)x(1—¢)"/2, expected for 2D
behavior [32]. For d40, the 2D behavior is expected only for T — T..
The 2D to 3D crossover temperature is dependent on the thickness,
and it is expected to appear when the ratio d/§(T) = 4.4 [33].

The temperature-dependence of HL, determined by the orbital
and spin-paramagnetic effect in one band, and for dirty super-
conductors is given by the Werthamer-Helfand-Hohenberg (WHH)
formula

(an/t)? )

2v+ 1|+ (5 + Aso) /t
(1)
where t = T[T, &= (4/m%)(Ha(T)/|dHe/dT|;), o is the Maki

parameter, and s, is the spin-orbit scattering constant. When
Aso = 0, H2(0) obtained from the WHH formula satisfies the relation

1 = 1 h
In= > (mf 20+ 1] +5+

V=—00

orb
Hep(0) = e @) 2)

V14 a2

which was originally derived by K. Maki [34]. In Fig. 6, we note that
the He, (t) curve for d40 satisfies the prediction of the WHH model
considering o = 0 and A5, = 0. For d10 and d15 (with suppressed T¢),
the He; (t) dependences cannot be adjusted with o = 0 and A, = 0.
For this case, using o = 0.8—1 and A5, = 0, the Hc, (t) dependences
are well described. The Maki parameter «, quantifies the weakening
influence of the Pauli electron spin paramagnetism on the super-
conducting state. For o = 0 this does not play any role and Hc; (t) is
given as the pure “orbital field limit” Hop(t) due to the supercur-
rents circulating around the vortex cores. For a > 0, the weakening
of the superconducting state reduces the maximum magnetic field
that the superconductor can tolerate below this orbital limit. In
addition, the H,, values for the different films are close to the Pauli
paramagnetic limit H, = 1.84 T; (in Tesla for T. in Kelvin) for
isotropic BCS superconductors [35]. Above this field, it is expected
that the Zeeman splitting energy matches the superconducting
energy gap or binding energy of a Cooper pair. For example, Hp
values of approximately 12 T and 5.5 T are expected for d40 and d5,
respectively (see dashed lines in Fig. 6).

Table 1 summarizes the superconducting parameters used to fit
the H} (t) data. The & (0) values were estimated using

£(0) = \/®o/(2mH],(0)) (with g = 2.07 x 1077 G cm? is the flux
quantum). It is important to mention that larger H., values were
reported in Ref. [20] for non-textured films with nanometric grains,
which indicates that dirtiest films (shorter mean free path [) can be
obtained increasing the disorder.

The temperature dependence of chlz in the thin films can be
analyzed for the 2D and 3D limits. In the 2D limit or vortex-free
state is given by Ref. [15].

V3,

_ V39, _ (
REE(T) ~ rd[0.855(0l) 2]

HLL(T) 1-0)1? (3)

The second equality arises from the Ginzburg — Landau (GL)
relation in the dirty limit &T) = 0.855£(0) (1-t)~"/2. Although in
principle the predicted GL temperature dependences are only valid
near T, they usually are valid over a much wider temperature
range. In the 3D limit and for flat surfaces, a cusp-like behavior in
the experimental angular dependence of H, is expected when the
field is close to being parallel to the surface and it can be associated
with surface superconductivity [15]. The surface superconductivity
produces a field enhancement of He3 = 1.69 H, [15] for chlz. This is
in agreement with the enhancement observed in H!Z in d40 (see
Fig. 6d). Experimental values smaller than the theoretical predic-
tion (dot line) can be attributed to a slight misalignment (<0.1°)
between the film and the magnetic field. On the other hand, films
thinner than 20 nm should be analyzed in the 2D limit. Good
agreement between the theoretical prediction (eq. (3)) and exper-
imental values are observed for d10 and d15 in Fig. 6b-c. For d5, a
£o = 8 nm corresponding to He, = H, = 1.84 T, was used for the fit.

Table 1
Upper critical fields and related superconducting parameters for the different y-Mo,N.
sample Thickness [nm] T, [K] RRR p [Qcm] _ \66&#\ [T/K] “ H, [T] £ (0) [nm]
ds 5 3 0.92 32x 104 7 _ -
d10 10 49 0.9 3.1 x 107 4 0.8—1 9.0 (0.1) 6.0
di5 15 5.5 0.9 30 x 1074 3.8 0.8—-1 9.3(0.1) 5.9
d20 20 6.6 0.93 2.8 x 1074 - - -
d40 40 6.6 0.93 32 x 1074 2.65 0 12.0 (0.2) 5.2
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Fig. 6. Reduced temperature (t = T/T.) dependence of the upper critical field (H;) with H parallel (Hﬂz) and perpendicular (H}) to the surface for samples a) d5; b) d10; ¢) d15; d)
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In that case good agreement between the values predicted by eq.
(3) and experimental data values is observed only close to T..

We now turn our attention to the effects on the critical current
density J, starting with the angular dependence of J.. Possible in-
fluence of crystalline defects on the pinning properties can be ob-
tained from the angular J. (®) measurements. Fig. 7a shows J. (®) at
poH = 0.01 T for d10 and d15 at 3.25 K and 3.75 K, respectively. Both
temperatures corresponding to t = T/T. = 0.65. Both samples
display similar behavior. A minimum in J. for H 1L S and a
maximum in J. for H//S. The minimum in J. for H L S is expected
from vortex pinning produced from random disorder [36], which
indicates negligible pinning from the columnar growth usually
observed in sputtered films at low temperatures. The maximum in
Jo for H//S take place due to a vortex-free state and J. = the
depairing critical current Jo = cH./3v6mA (with ¢ the light speed
and H, the thermodynamic critical field). The J. at low fields for H 1
S represents merely =0.15% Jp, which indicates weak vortex
pinning. The very low J. values with H L S can be associated with
large vortex fluctuations, which can be related to the large A ex-
pected from films in the dirty limit. In addition, the extremely
smooth surfaces reduces the vortex pinning expected for bound-
aries between grains or islands. In very thin films, usually the
roughness produced by boundaries between islands increase the
pinning considerably, and values close to Jy can be observed at low
magnetic fields [37]. We analyze the J. (T) dependence with H//S. In
very thin films or wires and when the ratio d/&(T) < 4.4 [33], the
experimental J. should be the maximum possible critical current
density limited by depairing [15,38,39]. For conventional super-
conductors the temperature dependence of Jo near T is given by the
G-L expression

cHe(T)

o JCL _p3/2
3VBrAT) Jo"(0)(1 —1) (4)

J§Ht) =

where Hc(0) is the thermodynamic critical field,

_ [0
T 2V2m(0)£(0)

He(t) = 1.73H(0)(1 — £), A(t)],; :ﬁ and J§H(0) is the

depairing current density at zero temperature, and H. is the ther-
modynamic critical field [15]. For dirty superconductors

Agﬁ = Af (%) The analysis of eq. (4) is valid if the current is uniform

in the film. Fig. 7b shows [0.26](t)/Jo(0)]?/> versus t for d10 and
d15 nm with H||S (0.01 T). The expected linear dependence pre-
dicted by eq. (4) close T; (t— 1) is observed. A small the magnetic
field was applied in order to avoid the presence of vortices by
decreasing the transverse magnetic field component from self-field
effects [30]. The constant 0.26 appears by considering the equiva-
lence in eq. (4), and the H, (t) and A (t) dependences. The obtained J,
(T = 0) values are (2.7 + 0.4) MA cm 2 and = (2.6 + 0.4) MA cm ™2
for d10 and d15 nm, respectively. Although these values can be
affected by fluctuations in the superconducting section, using eq.

(4) and the relation H, = 2\/_#(00)5(0), and £(0) = (6.0 + 0.2 nm), we

obtain A(0) = (800 + 50) nm and H{0) = (500 + 80) Oe. The H, (0)
value in very thin films has technological relevance for super-
conducting ratio frequency cavities [18]. Considering negligible
vortex dissipation, deviations of A (0) in very thin films compared to
the bulk behavior may be associated to dimensional effects. In
addition, inhomogeneities in the current distribution at small
thickness are expected to reduce the critical currents densities. At
low thicknesses, there are two effects that increase A above the bulk
value. First, for thickness < A the effective penetration depth Aefr
increases and can become significantly higher than A(0). Second,
the suppression of the order parameter as measured by the
decrease of T/T?** which results in a higher value for A(0) [15].

4. Conclusions

Polycrystalline y- Mo,N films were fabricated by DC sputtering
on AIN buffered Si (001) substrates. The films display very smooth
surfaces on areas above 20 x 20 pm? which correspond to the
typical size used for tunnel junctions and radiation detectors [3,22].
Thick films display a T, = 6.6 K that is gradually suppressed for
films thinner than 40 nm. A T, = 3 K was observed for a 5 nm thick
film. The H, (t) dependences are well described by the Werthamer-
Helfand-Hohenberg (WHH) model for dirty superconductors. The
upper critical fields Ho, (T = 0) scales with the Pauli limit as
He = Hp = 1.84 T.. We found that the upper critical field anisotropy
for films thinner than 20 nm is dominated by dimensional effects.
In addition, for films with thickness of 10 nm and 15 nm,
A(0) = (800 + 50) nm and H. (0) = (500 + 80) Oe values were
estimated from the J. (T— T¢) for the 2D limit according with the GL
predictions.
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