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We report on the synthesis and characterization of epitaxial c-axis oriented Nb,AIC thin films deposited on
c-axis sapphire (Al,03) substrates by magnetron sputtering. Selected area electron diffraction reveal that
independent of substrate temperature or film stoichiometry, there is the growth of a secondary phase not
found in bulk, NbsAl;C, with a- and c-axis lattice constants of 7.746 A and 5.246 A, respectively. Scanning

electron micrographs reveal large surface features, many with hexagonal shape and faceted texture. Atomic
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Superconductivity was found at =440 mK.

force microscopy topographical measurements indicate a surface roughness of approximately 15% of the total
film thickness. Electrical transport measurements show typical metal-like conduction with a room
temperature resistivity of =0.9 uQ-m and a residual resistivity ratio of 2.5. A superconducting transition

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Ternary carbides and nitrides that follow the M, .,AX,, chemistry
(n=1,2 or 3), where M s a transition metal, A is an A-group element, and
X is carbon and/or nitrogen, have drawn recent interest because of their
unusual and sometimes unique properties [1-3]. These include high
electrical and thermal conductivities and low coefficients of friction. The
hexagonal structure consists of M,,. X, layers interleaved by layers of
the A-group element. The unusual combination of properties of these
materials makes them candidates for applications, such as electronic
contacts and protective coatings that require synthesis in thin-film form.

Growth of epitaxial MAX-phase films is becoming a mature area of
research as demonstrated by the numerous publications on the
synthesis and characterization of these films [4-9]. Oriented thin films
should also provide insight to anisotropic properties of the material
when compared directly to their bulk polycrystalline counterparts.
Recent results have demonstrated that the anisotropy in the physical
properties is not as large as expected and that low defect-concentration
films have high charge mobilities that sometimes reveal new physics
[10].

2. Experimental

Thin films were deposited in a custom built ultra-high vacuum
magnetron sputtering chamber. Three magnetron cathodes housed
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individual two-inch elemental targets, which were about ~7 cm above
the substrate. At deposition temperature, a base pressure of 5x 1078 Torr
was achieved prior to each deposition. Films were deposited by radio-
frequency sputtering in a sputtering grade Ar (99.9995%) atmosphere
(50 sccm) at pressures ranging from 4-18 mTorr.

Substrates of MgO (111), Si (100), c- (00 1) and r-plane (012) sapphire
(Al,03), and polycrystalline Al,03, were cleaned in acetone and
methanol in an ultrasonic cleaner for 5 min prior to their placement in
the chamber. Films were deposited in the temperature range of 700-
1000 °C as determined by optical pyrometry. The substrate temperature
was ramped at a rate of 35 °C/min to the desired temperature, where it
was held for a minimum of 0.5 h prior to deposition. Films were
deposited for 10-80 min at a deposition rate of ~7 nm/min.

Two-theta X-ray diffraction (XRD) was carried out with a Scintag X,
diffractometer utilizing Cu-Ka radiation. 4-circle XRD was performed on a
Bruker D8 Discover diffractometer utilizing Cu-Ko radiation. A JEOL JEM-
2100F high-resolution field-emission transmission electron microscope
(HRTEM) operating at 200 kV was used to investigate the interfaces and
microstructure. Surface morphology and topography was investigated by
scanning electron microscopy (SEM) with a LEO 1530VP field-emission
microscope operating at 11 kV and by atomic force microscopy (AFM) with
a JEOL SPM-5200 using a 10 nm diameter tip in both contact and non-
contact modes with resonant frequencies of 25 and 300 kHz, respectively.
Chemical analysis was performed by energy dispersive X-ray spectroscopy
(EDS) with an EDAX Genesis detector on the SEM. Due to limitations of EDS
only the Nb and Al elements were quantifiable.

Raman spectra were taken at room temperature with a Renishaw 2000
spectrometer with either an Ar-ion laser (514.5 nm) or HeNe laser
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Fig. 1. X-ray diffraction pattern of Nb-Al-C films grown at various temperatures on c-axis
sapphire. Curves are offset for clarity.

(633 nm). Spectra were collected in static mode over five accumulations
with a 60-s exposure time for each accumulation. Experimental peak
positions were calculated through Lorentzian fitting with a system
resolution of 2 cm™L

Electrical transport measurements were carried out on 400-pum wide
by 1.6-mm long microbridges that were defined by standard photo-
lithographic techniques, followed by acid wet etch in THF+1HNOs+
1H,0. The resistivity was measured as a function of temperature T for
0.4 K<T<300 K range with a Quantum Design Physical Properties
Measurement System by a four-probe technique. The details of this
experimental procedure can be found elsewhere [10-14].

3. Results and discussion
Since carbon content can only be qualitatively determined by EDS,

carbon content was initially estimated by optimizing films of (111)
NbC and (001) Nb,C grown on c-plane sapphire at 850 °C. The power
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Fig. 2. X-ray diffraction patterns of films deposited at various carbon powers. Curves are
offset for clarity.
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Fig. 3. ¢ scan of (103) peak of Nb,AIC grown at 900 °C and a) (200) peak of MgO and b)
(116) peak of sapphire indicating that the films are epitaxial.

settings for Nb, C, and Al were 100, 200, and 90 W, respectively, for
depositions between 700 and 1000 °C (Fig. 1). At 750 °C only small
amounts of Nb,C and NbsAIl;C, (discussed below) were detected by
XRD. Formation of c-axis textured Nb,AlC was observed for deposition
temperatures above 800 °C up to 950 °C along with a secondary phase
of NbsAl;C, with the strongest MAX phase XRD peaks at 875-900 °C.

Subsequently, a set of films were grown at 900 °C with varying
carbon content with the goal of making single phase Nb,AIC. Fig. 2
shows the XRD results for films deposited with various carbon power
settings. As expected from our investigation of carbon stoichiometry
of NbC and Nb,C, the strongest diffraction peaks due to Nb,AIC were
observed at a power setting of 200 W; however, NbsAl5C, was
generally observed whenever Nb,AIC was present. At the highest
carbon concentration, the only instance where Nb,AIC was found
without NbsAl3Cy, the MAX phase was the minority phase and the film
was predominately Nb,C. At low carbon concentration only the
NbsAl5C,, NbC, and Nb,C phases were present. Varying the deposition
pressure between 5-18 mTorr had no discernable effect on the
resulting films.

We were also able to grow Nb,AIC films on (111) MgO substrates at
6 mTorr and 900 °C without a buffer layer. Despite repeated attempts, we
were not able to grow Nb,AIC films on substrates of Si, R-plane sapphire,
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Fig. 4. Plan-view HRTEM micrograph of 270-nm thick Nb,AIC film grown at 900 °C on c-axis
sapphire. Two clearly different sized hexagonal structures are observed. The inset shows
diffraction of the NbsAlsC, phase.

or polycrystalline Al,Os substrates. The lattice mismatches between
Nb,AIC and (001) a-Al,05 and (111) MgO are 2.1% and 4.1%, with the films
experiencing tensile and compressive strains, respectively. The former is
calculated from the surface reconstruction of Al,05 [15]. Both sets of films
grew epitaxially, as seen from the XRD ¢ scans (Fig. 3) with in-plane
relationships of []10]A1203|| [100]Nb2AlC and [lol]Mgo” [100]Nb2AlC-

For MAX-phase film growth a seed-layer is usually required [4,6-8].
Evenwhen a seed layer is not deposited, a binary carbide seed layer often
forms at the interface anyway [6]. In addition, (111) NbC and (001) Nb,C
have relatively small lattice mismatches of 1.8% and 0.2%, respectively.
The deposition of buffer layers of (111) TiC, (111) NbC, or (001) Nb,C on
any substrates did not improve results. In fact, the quality of the films
grown on c-axis sapphire with buffer layers, as determined from XRD,
was substantially less even though both the lattice mismatch and
surface roughness were minimal.

Plan-view HRTEM image of an optimized film grown on c-axis
sapphire (Fig. 4) shows two different hexagonal structures — the one
on the left is Nb,AIC and the other has a large a-axis lattice parameter.
Selected area electron diffraction (SAED) shown in Fig. 5 confirms that
this phase (top layer) grows epitaxially c-axis oriented with a- and c-
axis lattice constants of 7.746 A and 5.246 A, respectively, the latter of
which gives rise to the (002) diffraction peak observed at 33.9°. While
NbsAl;C, does not exist in bulk [16], these lattice constants are clearly
consistent with those of other MsA3;C, compounds [5,8]. As can be
seen from Fig. 5, [110]al,03|| [100]nb,aicl| [110]nb,a1,Cx. We speculate
that since NbsAl3C, forms at lower temperature as compared to that of
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Fig. 5. Selected area electron diffraction pattern of a cross section of a 270-nm thick
Nb,AIC film grown on sapphire. There are clear the epitaxial relations among the Al,05,
Nb,AIC and NbsAlsC, layers.
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Fig. 6. a) Atomic force micrograph of a 90-nm thick Nb,AIC (90 nm) thin film grown on
sapphire. b) SEM image of the same film in which ~300 nm hexagonal features which
are more clearly seen.

the MAX phase, it is the more stable phase due to the presence of
lattice strain. This behavior may be similar to what happens with
epitaxial films of V,GeC which always have intergrowths of VgC; [17].

Fig. 6 shows the topography of a 90-nm film grown on c-axis
sapphire. The average surface roughness values were generally =15%
of the total film thickness for all films. The inset of Fig. 6 shows an SEM
image, which highlights the hexagonal facets ~350 nm in size and the
concomitant voids of =175 nm. As a result of the complex surface
morphology, nanoindentation and lateral force scratch testing were
difficult and did not lead to reproducible results.

All first-order Raman active phonon modes associated with Nb,AIC
were observed (Table 1). There is reasonable agreement between the
values found for the thin films and the calculated and measured values
for bulk [18,19]. The largest difference between the bulk and film occurs
for the w, mode, which is a longitudinal mode in the basal plane where
the atoms are some constrained due to lattice strain. There is also often a
peak near 350 cm™ ! which we attribute to NbsAl5C,.

The electrical resistivity p of all films was metal-like down to 2 K
(Fig. 7). The room-temperature value of p in the stoichiometric films
was about twice that of the bulk [11] even though the residual
resistivity ratios [p(300 K)/p(4 K)] were about the same at ~2.5. This
suggests that unlike the Ti,GeC system [10], there is measurable
anisotropy in the conductivity. The lower right inset in Fig. 7 shows
the very low-temperature resistivity of the film with a superconduct-
ing transition at a critical temperature T. of 440 mK. In our previous

Table 1
Measured and calculated energies of the first order Raman modes of Nb,AIC

Raman shift (cm™")

o (o 3 [N References
Film 148 198 184 270 This work
Bulk 149.4 ~211 ~190 262.8 [18]
Calculated 148 197.7 181.5 268.3 [18]
Calculated 144 211 193 251 [19]
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Fig. 7. Electrical resistivity of Nb,AIC thin film showing metal-like conduction. The
lower right inset shows a superconducting transition of 440 mK for the thin film. The
upper left inset shows a partial superconducting transition estimated to be 430 mK for
the bulk.

study [11], transport measurements were performed down only to
5 K; re-measuring the same Nb,AIC bulk sample to lowest
temperatures revealed the onset of superconductivity (upper left),
with an estimated critical temperature of =430 mK. This suggests that
the carbon stoichiometry of the films was rather close to that of the
bulk, since it is well known that the T, of niobium carbide depends
rather sensitively on the carbon content [20].

4. Conclusions

In summary, we grew epitaxial thin films of Nb,AIC on (001)
sapphire and (111) MgO with and without binary carbide buffer layers.
The best results were obtained on c-axis sapphire at 900 °C without
the use of buffer layers. All films contained intergrowths of a new
epitaxial phase NbsAl;C,. Film roughness was approximately 15% the

film thickness. The resistivity was metal-like and appears to have
weak anisotropy. A superconducting transition was found at 440 mK.
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