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ABSTRACT

Epitaxial Cr, AIC MAX phase thin films were grown on MgO(111) and Al,03(0001) by pulsed laser
deposition (PLD) at 600°C. X-ray diffraction and morphology studies of Cr, AIC thin films on MgO (111)
reveal phase purity, columnar growth, the epitaxial relation Cr,AIC(0001) || MgO(111) and Cr,AlC
[11-20] || MgO[10-1] and similar growth behaviour on Al;03(0001). Resistivity measurements show
semiconductor-like behaviour for 10 and 20 nm thick films, and metallic-like behaviour for thicker
films, suggesting a percolation thickness slightly above 20 nm. Our results demonstrate the potential
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of PLD as a novel method for the growth of epitaxial MAX phase thin films.

Elemental
Targets

S
MgO(111) or E::>

ALO,(0001)

IMPACT STATEMENT

Pulsed Laser Deposition is applied to grow phase pure and epitaxial Cr, AIC MAX phase thin films on
MgO(111) and Al,03(0001). Control of the sample stoichiometry is achieved by elemental targets.

Introduction

Transition metal carbides and nitrides constitute a large
family of compounds with layered hexagonal structures
and chemical formula Mp+1AX,, (n = 1... 3), where M
is an early transition metal from the 3d, 4d or 5d series,
A is a main-group element and X stands for C or N [1].
MAX phases are well-known for their unique combina-
tion of metallic and ceramic properties [1,2]. Like met-
als, they are readily machinable, ductile, electrically and
thermally conductive [3]. Like ceramics, MAX phases
are thermal-shock resistant and refractory, thus they
possess superior mechanical characteristics and chemi-
cal stability. In addition, magnetic properties have been
theoretically predicted and experimentally demonstrated
for Cr- and Mn-based MAX phases, their solid solu-
tions and recently discovered in-plane ordered i-MAX
phases [4-7]. MAX phases can show different kinds of
magnetism ranging from paramagnetic to ferromagnetic

and antiferromagnetic states (including incommensurate
spin structures and competing interactions) depending
on their elemental composition, synthesis parameters
and temperature [4,7,8].

Studies of MAX phases have been performed on sin-
gle crystals [9,10], bulk materials [11,12], powders [13]
and thin films [4,14-16]. However, bulk materials and
powders are usually polycrystalline with traces of sec-
ondary phases [17,18]. These affect the electric and mag-
netic properties and often hinder a profound interpre-
tation of data. On the contrary, single crystals and epi-
taxial single-phase thin films are ideal model systems to
explore the intrinsic properties of MAX phases and their
anisotropies [6,19].

Several physical deposition techniques have been con-
sidered for the growth of epitaxial MAX phase thin
films, among which magnetron sputtering and cathodic
arc deposition are most common [4,20]. In addition,
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phase-pure polycrystalline Cr,AIC films have been suc-
cessfully deposited using high power impulse magnetron
sputtering [21]. Besides these techniques, pulsed laser
deposition (PLD) is a well-established tool to grow epi-
taxial films [22-24]. PLD allows the stabilization of
metastable phases [22,24] and gives rise to a good mix-
ture of deposited elements. Moreover, the stoichiometry
can be precisely adjusted using elemental targets, and it is
only limited by the amount of material deposited per laser
pulse (about 0.01 monolayer). Several attempts of grow-
ing epitaxial MAX phase thin films by PLD failed in the
past due to the non-stoichiometric transfer of atoms from
target to the film and the crystallization of unwanted side
phases [25-31]. To date, there is only one report on the
growth of MAX phases by PLD, yielding (103) oriented
nanolaminate Ti3AlC, films deposited on Al,O3(0001)
substrates [32].

In this work, we present the first successful prepara-
tion of epitaxial single-phase Cr,AIC MAX phase thin
films on MgO(111) and Al,O3(0001) substrates by PLD
at 600°C with various thicknesses ranging from 10 nm
to 50 nm. Structure, morphology and electrical resistivity
are investigated as function of film thickness. A colum-
nar growth with the epitaxial relation Cr,AlIC(0001) ||
MgO(111) and Cr,AIC [11-20] || MgO[10-1] is identi-
fied. On Al,03(0001), the c-axis orientation is identi-
cal, the in-plane growth direction, however, cannot be
unambiguously determined due to overlapping film and
substrates peaks in XRD pole figures.

The epitaxial Cr,AlIC films have been suggested as
a parent compound for the formation of quaternary
MAX phases by doping magnetic elements from the 3d
series, such as Fe or Mn promoting long-range magnetic
order [4].

Materials and methods

The growth of Cr,AIC MAX phase thin films was car-
ried out in ultra-high vacuum (base pressure < 1.1078
mbar) by PLD [21]. An KrF Excimer Laser (wavelength
248 nm) hits pure elemental targets of chromium (Cr,
99,95%), aluminium (Al, 99,99%) and pyrolytic graphite
(C, 99,999%) purchased from Kurt J. Lesker (USA) at an
energy density of 13 J-cm~2. The MAX phase thin films
were grown by sequential layer by layer deposition corre-
sponding to a ratio of 2:5:1 for Cr, Al, and C, respectively,
on MgO(111) and Al,03(0001) substrates at a substrate
temperature of 600°C. The amount of aluminium was set
five times higher as compared to the stoichiometric value
due to (i) the tendency of Al droplet formation; (ii) the
high substrate temperature resulting in thermal desorp-
tion of Al [33] and (iii) re-sputtering effects of lighter
elements during deposition. A similar approach has been
used in the preparation of epitaxial FeAl films on Al O3

[24]. The deposition rate was monitored using a quartz
crystal.

Structural characterization of the thin films was per-
formed by X-ray Diffraction (XRD) in Bragg-Brentano
geometry using a Panalytical X’Pert MPD PW3040
and an Empyrean MRD device using Cu-K, radiation
(A = 1.5406 A). The in-plane epitaxial relation between
substrate and MAX phase was determined by pole fig-
ures.

The surface morphology was studied using Scan-
ning Electron Microscopy (SEM) and Atomic Force
Microscopy (AFM), employing Zeiss LEO 1530 and Park
Systems XE70 microscopes, respectively. Surface rough-
ness measurements by AFM were performed in noncon-
tact mode using an ACTA10M type cantilever with a tip
radius of 6 nm. The roughness was determined for indi-
vidual islands in a scan area of 1 um x 1 pm using the
software WSxM 5.0 Develop 9.1.

Resistivity measurements were performed in four-
point geometry using a custom-built sample holder in a
PPMS DynaCool system. The spring-tip contacts were
pressed onto the film surface and fixed. The distance
between contacts was 2 mm.

Results and discussions

10-50 nm Cr,AIC thin films were grown on MgO(111)
and Al,O3(0001) substrates at 600°C. All films are
metallic-grey with decreasing transparency for increas-
ing thickness—as expected. The film stoichiometry was
optimized prior to deposition of the epitaxial films. The
film thickness is adjusted by the number of repetitions of
the Cr-Al-Cr-C sequence, the deposition rate has been
determined for each elemental target individually and the
number of laser pulses per target was optimized for one
monolayer per element.

Figure 1(a) shows the X-ray diffractograms of Cr,AIC
films grown on MgO(111) substrates at 600°C for var-
ious film thicknesses. The films are single phase and
highly textured showing sharp peaks originating only
from (0001) planes of Cr,AlC, beside substrate peaks.
To further examine the film texture, XRD pole figure
measurements of the (10-13) Cr, AIC MAX phase diffrac-
tion peaks were performed as presented in Figure 1(b).
The pole figure displays three intense peaks of elon-
gated circular shape originating from (110) plane of the
MgO substrate. Three of the six Cr,AIC (10-13) MAX
phase diffraction peaks are positioned at identical in-
plane angles ¢, but at different ¢ as seen by the shoulders
towards larger i angles. The MAX phase peaks show the
expected 6-fold symmetry of a hexagonal lattice. Thus,
XRD confirms epitaxy of Cr, AIC(0001) || MgO(111) and
in-plane Cr,AIC[11-20] || MgO[10-1].
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Figure 1. (a) XRD 6-26 scans of Cr,AlC films on MgO(111) for various thicknesses. Substrate peaks are marked by ‘S'. Sticks and Miller
indices reflect the angular position and intensity of Cr,AIC powder (ICDD 01089-2275). (b) Pole figure on the (10-13) diffraction peak at

20 = 42.08° of the 20 nm film.

The c-lattice parameter calculated from 6 to 26 scans
and a-lattice parameter calculated from pole figure mea-
surements [34] (see Table 1) are in agreement with the
lattice parameter for bulk Cr,AlIC (a = 0.286 nm and
¢ = 1.282 nm) [4]. Remarkably, the lattice parameters are
independent of the film thickness. The a-lattice parame-
ter has larger uncertainties due to the larger v step size
in the pole figures. The coherence length has been calcu-
lated from Scherrer’s formula [35], resembling the film
thickness for 10 and 20 nm films. The surface morphol-
ogy is investigated by SEM (Figure 2) and AFM. From
the latter we determined the root mean square (RMS)
roughness of the Cr, AlC islands grown on the MgO(111)
substrate (Table 1).

The SEM images in Figure 2 reveal the morphol-
ogy of the grown films. Well-resolved islands of irreg-
ular shape are obtained for all thicknesses. The lateral
island size grows with increasing film thickness. Islands
of the 10 nm thick film are rather small and flat (laterally
185 4 82 nm) and well separated from each other proving
a columnar growth mode. The grains are not percolated
suggesting the existence of no or weak bottleneck-like
connections between them (Figure 2(a)). With increas-
ing film thickness the island size gradually increases up
to 330 £ 135 nm for the 50 nm film. In comparison, rf-
magnetron sputtering delivers films at about 100 nm lat-
eral grain size on MgO(100) substrate [20]. With increas-
ing thickness, the percolation limit is reached for thick-
nesses in between 20 and 36 nm. We address this below
in the discussion of the resistivity. For thicker films, the
initial islands percolate and overall result in a Volmer-
Weber growth continuation [36]. The RMS roughness
(Table 1) of the grains is 0.7 £ 0.2 nm for the 10 nm film.
For thicker films (20 and 36 nm), the islands become

smoother with RMS values of 0.64 and 0.43 nm. Due to
the island growth, the RMS roughness over the entire
film is about 4 nm and thus considerably larger as com-
pared to the roughness of the individual island sur-
faces. We conclude that PLD yields high-quality epitaxial
films.

As afirst step towards applications, we investigated the
electrical transport properties. The temperature depen-
dence of the electrical resistivity of the 20 and 36 nm
CrAlC films on MgO(111) are shown in Figure 3(a,b).
Interestingly, the characteristics of the resistivity is
highly thickness dependent, showing a semiconductor-
like behaviour for the 20nm Cr,AIC film in compari-
son with the expected metallic behaviour for the 36 nm
film. Note that the resistivity of the 20 nm film is 10*
times larger as compared to the 36 nm film. While for
the 10 nm film the absolute resistance exceeds 10 G,
the 50nm film shows similar metallic characteristics
as the 36 nm film (Table 1). We ascribe this puzzling
change from semiconductor-like to metallic characteris-
tics to the film morphology, since the flat islands coalesce
between 20 and 36 nm. Each Cr, AIC MAX phase island is
assumed to have metallic conductivity in the film plane,
however, charge carriers must jump (e.g. by hopping or
tunnelling) from island to island before good contacts
between islands are achieved for thicker films. Cry AIC
MAX phase films slightly below the percolation may be
used in the future as ultra-sensitive and fast humidity
sensors, presumably better than their MXene counter-
parts since the absolute resistance and thus the achievable
contrast is higher and adjustable [37].

Quantitatively, the resistivity decreases as the temper-
ature is reduced from 300 to 2 K for 36 nm Cr,AlC film.
In this case, the electrical resistivity values are 1.7 uQ2m
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200nm
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Figure 2. Top view SEM images of Cr,AIC thin films on MgO(111) deposited at 600°C for different thicknesses.

Table 1. Lattice parameters and XRD coherence length of Cr,AlC films grown on MgO(111) and Al,03(0001) substrates, root-mean-
square (RMS) surface roughness of the Cr,AlC grains and resistivity values at T = 300 K. The temperature characteristics of the resistivity

is indicated by semiconductor-like ‘SC’ or metallic ‘M'.

Resistivity at 300 K
Coherence RMS surface (nS2m)/resistivity
Film thickness (nm) a-Parameter (nm) c-Parameter (nm) length (nm) roughness (nm) characteristics
MgO(111) substrate
10 0.286 +0.010 1.282 £ 0.004 1M5+1 0.70£0.20 >10'2/5C
20 0.286 £0.010 1.284 +0.004 19.2+£2 0.64+0.15 1.2:10*/SC
36 0.286 +£0.010 1.284 +0.003 234+3 0.43+0.09 36/M
50 0.286 +0.010 1.283 +0.003 262+3 1.07 +£0.13 2.8/M
Al;03(0001) substrate
20 0.286 £0.010 1.283 +0.004 21842 0.50+0.10 1.5-10° / SC

and 3.6 u2m at 2K and 300K, respectively. The latter
is higher than the reported resistivity for bulk Cr,AlC
MAX phases (0.60-0.74 p2m) [38-40] and the result-
ing residual resistance ratio (RRR) of 2.17 is rather low.
We ascribe this to a more pronounced surface scattering
in the films. Note that for Cr,AIC thin films produced
by other deposition techniques similar resistivity values
were reported [41,42].

Using identical deposition conditions, we have simul-
taneously grown a Cr,AlC thin films on Al,O03(0001).
Although the lattice mismatch between Cr,AlC and
Al,O3(0001) is ~ —4.0% while between Cr,AIC and
MgO(111) is ~ +4.0%, growth of textured films is pos-
sible on both substrates. The structural and morpholog-
ical characteristics of the 20 nm film on Al,O3(0001) are
presented in Figure 4.

The Cr,AlC film on Al,03(0001) only displays (0001)
peaks originating from the Cr,AIC MAX phase besides
the strong substrate diffraction peaks proving the forma-
tion of a single phase Cr,AIC (see Table 1). However,
the in-plane epitaxial relationship of Cr,AlC films on
Al,03(0001) is difficult to prove due to overlapping sub-
strate peaks. The corresponding pole figure shows six
intense peaks (Figure 4(a), inset), which originate from
the {11-23} planes in sapphire crystal lattice. The rather
weak intensity of (10-13) XRD peaks from the Cr,AlC
film is lost within the high intensity of the substrate
peaks. Since we do not detect any hints of a ring-shaped
diffraction intensity in the pole figure which would indi-
cate textured growth with no regular in plane orientation
of grains, we assume that the Cr,AlC thin film grows
epitaxially on Al,O3(0001).



SEM and AFM surface morphologies of the deposited
films are shown in Figure 4(b-d). It can be seen in
Figure 4(b) that the 20 nm Cr,AIC film on Al;03(0001)
has smaller grains (175487 nm) as compared to the
20nm film deposited on MgO(111) substrate (280 =+
165nm). This is expected considering the plane misfits
- resulting in more dislocations - between the MAX
phase layer and the Al,O3 substrate [43]. As shown in
Figure 3(c), the 20 nm thick Cr, AlC film on Al;03(0001)
substrate shows a similar semiconductor-like resistivity
as the 20 nm film deposited on MgO(111).
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Conclusion

We have shown that PLD can be used to grow high-
quality epitaxial Cr,AIC thin films on MgO(111) and
Al,O3(0001) substrates at 600°C. It is essential to use ele-
mental targets, since the individual elemental deposition
must be tuned precisely to the targeted stoichiometry.
In CrAIC MAX phase thin films we find bulk-like a-
and c-lattice parameters independent of the film thick-
ness ranging from 10nm to 50 nm. Epitaxial films are
obtained with Cr,AIC(0001) || MgO (111) and Cr;AlC
[11-20] || MgO[10-1], grown in a columnar growth

a) b) c)
8x10* T T T T T T 4.0 T T T T T T 4.5x10° T T T T T T
—a— 20nm on MgO(111) —=— 36nm on MgO(111) —m=— 20nm on Al,04(0001)
4 .
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Figure 3. Temperature dependence of the resistivity for Cr, AIC thin films deposited on MgO(111) and Al,03(0001) substrates.
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Figure 4. (a) XRD 6-20 scans for 20 nm Cr, AIC MAX phase films deposited on Al;03(0001) and MgO(111) substrates at 600°C. Substrate
peaks are marked by ‘S'. The inset presents the (10-13) pole figure. (b) Top view SEM image of the 20 nm film. (c, d) AFM images of the

20 nm thick Cr,AlC films on MgO(111) and Al;03(0001) substrates.
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mode. On Al;03(0001), the orientation is most likely
similar, but due to overlapping substrate peaks in pole
figures we cannot unambiguously prove this. Resistiv-
ity measurements reveal a percolation thickness slightly
above 20 nm. A semiconductor-like temperature depen-
dent resistivity is measured for the 10 and 20 nm films
while after percolation the resistivity shows the expected
metallic temperature dependence.
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