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Molybdenum carbide ultrathin thin films are obtained by thermal annealing of molybdenum/amorphous
carbon heterostructures. The samples were grown at room temperature by magnetron sputtering on Si
(1 00). As-grown samples display superconductivity, which could be related to the coexistence of crys-
talline and amorphous Mo. Interfacial pB-Mo.C phase is observed after thermal annealing at 1033 K.
Annealed samples display sharp superconducting transitions. A difference in the maximum critical tem-
perature observed in trilayers and multilayers could be related to superconducting coupling between p-

© 2019 The Author. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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1. Introduction

Transition metal carbides (TMCs) are formed by incorporating
carbon atoms into the interstitial sites of transition metals. They
are extremely hard, with very high melting points and high chem-
ical stability [1]. In addition to the excellent mechanical properties,
TMCs show excellent surficial catalytic activity [2,3]. Moreover,
many TMCs, such as Mo,C, W,C, WC, TaC and NbC, exhibit super-
conductivity [4,5]. The presence of sharp superconducting transi-
tions in thin films with a thickness of a few nanometers makes
them good candidates for applications in devices such as single-
photon detectors [6].

Superconducting TMCs thin films are usually sintered by chem-
ical and physical methods [7-11]. A distinguishing characteristic of
metal carbide | carbon-based composites is the enhancing of the
superconductivity at the interface [12,13]. The possibility of stabi-
lizing TMCs at the interface between metals and carbon appears a
simple route for the design of superconducting 2D structures.

Among the different candidates for the synthesis of interfacial
carbides is the molybdenum. Mo,C present two different phases:
orthorhombic (o) and hexagonal (B) phase. The difference is the
distribution of interstitial carbon atoms in the Mo matrix. The
superconducting critical temperature (T;) for bulk is close to 7 K.
This value is usually reduced when the film thickness decreases
to a few nanometers [7,14].
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This letter reports the synthesis B-Mo,C ultra-thin films by
thermal annealing of molybdenum/carbon (Mo/C) heterostruc-
tures grown at room temperature. The samples display sharp
superconducting transitions for B-Mo,C layers with thicknesses
of a few nanometers.

2. Experimental method

The Mo/C heterostructures were grown by DC magnetron sput-
tering on (1 00) Si. No intentional heating of the substrate was
used. The films were obtained from pure Mo and C targets using
50 W and 5 mtorr of Ar gas (purity 99.999%). During deposition,
the substrate (typical size 1 cm?) is positioned directly over the tar-
gets at ~5.5 cm. The residual pressure of the chamber was less
than 10 © Torr. The growth rate for Mo and C are 33 nm/min and
3.2 nm/min, respectively. The samples were designed with a
2.4nm thick C buffer layer. Wherever used, the notation [Mo./
Cm]p indicates Mo and C layers with thicknesses (nm) of t and m
(fixed in 2.4 nm), and p periods. The t value was varied: 1.6 nm,
2.2nm, 2.8 nm, 3.3 nm, 3.8 nm, and 5.5 nm. Thermal annealing
was performed in vacuum (to avoid surface contamination) with
a residual pressure of 10 ° Torr at 1033 K during 60 min. In order
to homogenize the temperature, the films were enveloped in a tan-
talum foil. The annealing temperature was selected considering
crystallization of parent compounds such as molybdenum nitrides
[15]. The superconducting properties of as-grown [Mo./C,4]; are
compared with a [AIN3/Mo,g/AIN5] trilayer. The AIN is selected
considering its high chemical stability to avoid any chemical
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reaction with the substrate and the formation of oxides (MoO and
Mo0Os;) at the contact with the atmosphere [16]. The AIN was grown
using the conditions described in ref. [16].

X-ray diffraction (XRD) data were obtained using a Panalytical
Empyrean equipment. The thicknesses of Mo and C layers were
measured by low angle X-ray reflectivity (XRR). Profile fitting
was done using the Parratt32 code [17]. The electrical transport
measurements were performed using the standard four-point con-
figuration. The results are separated in trilayers [Mo,/C>4]; and
multilayers [Mo¢/Cz.4]o. These last ones allow enlarging the inten-
sity of the XRD patterns for phase identification. Multilayers also
allow the observation of effects related to superconducting cou-
pling between layers.

3. Results and discussion

Fig. 1a shows the XRD patterns for pure 70 nm thick C and
33 nm thick Mo thin films grown at room temperature. The thick-
nesses were selected to increase the intensity. The C film is mainly
amorphous. It is important to note that no peaks are observed after
thermal annealing at 1023 K (not shown). The Mo film displays the
(11 0) peak corresponding to the BCC structure. As mentioned in
the experimental section, the growth rate was calibrated from
XRR data in single films. Fig. 1b shows typical patterns and the cor-
responding fits for a 10 nm thick C film (3.2 nm/min) and a 5.5 nm
thick Mo film (33 nm/min). The high amplitude of the oscillations
indicates a very low roughness. The thickness fluctuations
obtained from the fits are 0.2 nm for Mo and 0.4 nm for C.

The XRD patterns for samples with Mo thinner than 2.8 nm do
not display reflections distinguishable from the background, which
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can be related to size and microstructural effects. The thicknesses of
the layers affect the reflections in the XRD (the peak width
increases as the thickness reduces). The full width at half maximum
(FWHM) predicted by the Scherrer’s equation is higher than 4.5° for
layers thinner than 2 nm. The observation of reflections in the 6-26
scans is also affected by the fact that the samples are polycrystalline
(reduce the intensity). Fig. 2a shows the XRD pattern for [Mos s/
C5.4];. The peak of the as-grown sample could be indexed with
the (11 0)gcc reflection of metallic Mo. The lattice parameter
a=0.32nm is larger than the tabulated value a =0.3147 nm. The
annealed sample displays the (1 00) and (0 0 2) reflections corre-
sponding to p-Mo,C. The (00 2) peak only appears for t > 3.8 nm.
The Ilattice parameters for p-Mo,C are a=0.30nm and
c¢=0.473 nm, which agree with JCPDS no. 11-0680. The Scherrer’s
equation allows the comparison between the grains size along the
growth direction and the film thickness. The results using the
(11 0)mo and (1 0 0)pozc reflections are 5.8(0.2) nm and 7.5(0.2)
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Fig. 2. a) XRD pattern for [Mos5/Cz 4];. b) XRD pattern for [Mo 3/Cz]s. The peaks are
deconvoluted using CuKal and CuKo2. ¢) XRR for [Mo,/Cz]e. The graph includes
the fits with the respective layer thicknesses. For a clearer presentation, the curves
were shifted in the y-axis Arrows indicate the periodicity given by the bilayer.
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Fig. 1. a-b) XRD and XRR patterns for pure Mo and C thin films, respectively.



N. Haberkorn / Materials Letters: X 1 (2019) 100004 3

A& grown |
— ]—[M01 JC,l,
Mo, /C,],
—5—[Mo, /C.],
—5—[Mo_/C],
x #L[Mosajczl
o ——[Mo, JC,],
i3 1.02 M [AIN /Mo, /AN ]
@ ol O Mo /C,)
1.00 - —
0.99
2 . 4 6
5 6 7
T'[K]

j{
!

|
= ——[Mo, /C,],
& —— Mo, /C],
E g ——[Mo, /C,],
{ —#—[Mo, /C],
o
T

TIK]

Annealed
—I—[Mo, /C,],
——[Mo,,/C]

;
| t—[Mo, /C ]
—0—[Mo, /C,]
——[Mo, /C,]

1

1

1

R/qu K

o
i~
——

0
4 5 6 7 8
T[K]
e
4 & t .
*n P
p— LA ‘
¥ 3
< !
2
@ [Mo,/C, ], As-grown
1 @® [Mo,/C, ], Annealed

W [Mo,/C, ], Annealed

0 1 2 3 4 5 6
¢, [nm]

Fig. 3. a—c) Normalized resistance (R/R'%%) for as-grown and annealed [Mo/C;.4]1, and annealed [Mo/C,.4]o, respectively. Inset a) shows the comparison between [AIN;Mo, s/
AlINs]; and [Mo;g/Cz.4]1. d) Summary of T, values versus nominal Mo thickness (t). The T, criterion is indicated in c).

nm, respectively. The grain size for the as-grown sample is in agree-
ment with the expected Mo nominal thickness, which indicates that
the grains go through the film. The out-plane elongation of the -
Mo,C grains can be related to the diffusion of C from the interface
to the Mo matrix [18]. Fig. 2b shows the XRD for [Mo3g/C2 4]s. The
as-grown sample displays the (1 1 0)gcc reflection corresponding
to Mo (shifted to lower angles than in [Mos5/Cz.4];). The annealed
sample exhibits the (1 00) reflection corresponding to p-Mo,C.
The grain size (related to the thickness) of the Mo and p-Mo,C lay-
ers are 3.1(0.2) nm and 3.8(0.2) nm, respectively. The enlargement
of the B-Mo,C grains in comparison with pure Mo appears in all the
samples that display XRD peaks. Additional structural information
can be obtained from XRR data. Fig. 2c shows the XRR for [Mo- g/
Cy.4]o. The simulation of the XRR performed with Parrat32 is
included. The intensity rapidly decreases followed by an onset with
two varieties of periodic oscillations. The maximums indicated by
arrows correspond to the Mo/C stacking (distance = thickness Mo
+ thickness C), showing a periodic structure with modulation in
the composition along the growth direction. The oscillations
between arrows (at shorter distances) correspond to the total thick-
ness of the sample. The results show that the periodicity of the mul-
tilayer can be qualitatively reproduced considering 3.1(0.3) nm
thick Mo and 1.6(0.4) nm thick C for the as-grown sample, and
3.3(0.3) nm thick Mo and 1.5(0.3) nm thick C for the annealed
one. Although the thicknesses are indistinguishable inside of the
error, the best fits correspond to C layers thinner than the nominal
value. This fact suggests Mo/C alloying at the interfaces during the
growth process. On the other hand, unlike trilayers (with grains
going through the film), the presence of maximums related to a
periodic structure in annealed multilayers indicates that the chem-
ical reaction between Mo and C take places mainly at the interfaces
(no covers homogenously the entire sample).

Following the electrical transport in as-grown and annealed
samples is analyzed. The results are summarized in Fig. 3. A dis-
tinctive feature is that most as-grown samples display supercon-
ductivity (see Fig. 3a). The comparison between [Mo5g/C>4]; and
[AIN3/Mo2g/AIN3| indicates that although the superconducting
transition could be related to disordered Mo [19], the Mo/C inter-
face is playing a role. The T, value is higher (with a sharp transi-
tion) in [Mo2s/Cy4]1 than in [AIN3/Mo;g/AINs] (see inset Fig. 3a).
This fact could be associated with both greater disorder and Mo-
C bonds stabilizing a superconducting phase. In addition to the dis-
order, the absence of percolation for [AIN3/Mo,g/AINs] could be
related to slight changes in the roughness. The T, values change
after annealing due to the precipitation of B-Mo,C. For annealed
[Mo; [Cy4]1, @ maximum T, = 3.7 K is observed for t=5.5 nm (see
Fig.3b and 3d). The T. value decreases systematically reducing
the Mo thickness, being lower than 3 K for t = 2.2. The sample with
1.6 nm does not display features related to superconductivity at
the lower measurement temperature (=~2.8 K). This thickness
dependence of T, is similar to that observed in ultra-thin o-Mo,C
single crystals [7]. It is important to note that the superconducting
transitions are very sharp (usually T-R?®™ < 0.1 K), indicating high
homogeneity and low roughness. The analysis of T, for annealed
[Mo,/Cz.4]o provides additional information on the microstructure.
The transition width in multilayers is usually higher than in trilay-
ers, which could be related to nano-cracks produced by inhomoge-
neous stress during the recrystallization to p-Mo,C. Unlike Mo
single layers, t = 1.6 displays the maximum T, ~ 4.6 K (see Fig. 3c
and 3d). The increment in T, for t = 1.6 is the signature of supercon-
ducting coupling between B-Mo,C layers (proximity effects). The T,
value for t=5.5 is similar in p=1 and p =9, which indicates low
superconductor interaction between layers. In addition to the cou-
pling, the properties in multilayers could be affected by changes in
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the C doping (the C atoms from the spacer diffuse to the bottom
and the top Mo layers).

4. Conclusions

In summary, a simple method to fabricate f-Mo,C thin films is
reported. Superconductivity with a sharp transition is observed for
films as thin as 2-3 nm. The results suggest that low dimensional
superconducting structures based in metal carbides can be easily

obtained from metal/C composites, which could include carbon
sources such as graphite, nanotubes, and fullerenes.
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