Epitaxial growth and electrical transport
properties of Cr(2)GeC thin films

Per Eklund, Matthieu Bugnet, Vincent Mauchamp, Sylvain Dubois, Christophe Tromas,
Jens Jensen, Luc Piraux, Loiek Gence, Michel Jaouen and Thierry Cabioch

Linköping University Post Print

N.B.: When citing this work, cite the original article.

Original Publication:
Per Eklund, Matthieu Bugnet, Vincent Mauchamp, Sylvain Dubois, Christophe Tromas, Jens
Jensen, Luc Piraux, Loiek Gence, Michel Jaouen and Thierry Cabioch, Epitaxial growth and
electrical transport properties of Cr(2)GeC thin films, 2011, Physical Review B. Condensed
Matter and Materials Physics, (84), 7, 075424.
http://dx.doi.org/10.1103/PhysRevB.84.075424
Copyright: American Physical Society
http://www.aps.org/
Postprint available at: Linköping University Electronic Press
http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-70102

PHYSICAL REVIEW B 84, 075424 (2011)

Epitaxial growth and electrical transport properties of Cr2 GeC thin films
Per Eklund,1,2,*,† Matthieu Bugnet,1,† Vincent Mauchamp,1 Sylvain Dubois,1 Christophe Tromas,1 Jens Jensen,2 Luc Piraux,3
Loı̈k Gence,3 Michel Jaouen,1 and Thierry Cabioc’h1
1
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Cr2 GeC thin films were grown by magnetron sputtering from elemental targets. Phase-pure Cr2 GeC was
grown directly onto Al2 O3 (0001) at temperatures of 700–800 ◦ C. These films have an epitaxial component
with the well-known epitaxial relationship Cr2 GeC(0001)//Al2 O3 (0001) and Cr2 GeC(112̄0)//Al2 O3 (11̄00)
or Cr2 GeC(112̄0)//Al2 O3 (1̄21̄0). There is also a large secondary grain population with (101̄3) orientation.
Deposition onto Al2 O3 (0001) with a TiN(111) seed layer and onto MgO(111) yielded growth of globally
epitaxial Cr2 GeC(0001) with a virtually negligible (101̄3) contribution. In contrast to the films deposited at
700–800 ◦ C, the ones grown at 500–600 ◦ C are polycrystalline Cr2 GeC with (101̄0)-dominated orientation; they
also exhibit surface segregations of Ge as a consequence of fast Ge diffusion rates along the basal planes. The
room-temperature resistivity of our samples is 53–66 μcm. Temperature-dependent resistivity measurements
from 15–295 K show that electron-phonon coupling is important and likely anisotropic, which emphasizes that
the electrical transport properties cannot be understood in terms of ground state electronic structure calculations
only.
DOI: 10.1103/PhysRevB.84.075424

PACS number(s): 68.55.jm, 72.15.Eb, 81.15.Cd

I. INTRODUCTION

The Mn+1 AXn phases (n = 1–3, or MAX phases) are a
group of ternary carbides and nitrides (X) of transition metals
(M) interleaved with a group 12–16 element (A) which exhibit
an exciting combination of metallic and ceramic properties.1
Up-to-date exhaustive reviews can be found in Refs. 2 and
3. Although a relatively little researched member of the
MAX-phase family,4,5 Cr2 GeC exhibits a number of traits
that render it interesting from a fundamental research point of
view, such as its reported thermal expansion coefficient which
is the highest of the known MAX phases.6,7 The high-pressure
behavior of Cr2 GeC has been studied,8,9 and there is a recent
study using perturbed angular correlation to probe the local
surrounding of the atoms in Cr2 GeC.10 Furthermore, there
are a few theoretical studies11,12 which exhibit discrepancies
compared to experimental results on Cr2 GeC. For example,
the calculated thermal expansion coefficent12 is more than
30% larger than the experimental value,6 and the calculated
density of states (DOS) at the Fermi level EF is around
7–8 states/(eVcell),11 while the experimentally determined
DOS(EF ) is 22 states/(eVcell) from measurements of the heat
capacity13 [the coefficient γ for the electronic heat capacity is
proportional to DOS(EF )].14 A similar major discrepancy was
observed for Cr2 AlC and V2 AlC.2,15,16
Because of these intriguing observations and the limited
amount of studies available, we are interested in Cr2 GeC.
For synthesis of this phase, thin film growth is a potentially
important approach because of the relative ease with which
numerous MAX phases can be epitaxially grown,2,17 often
as single crystals which facilitates characterization of their
electronic structure and properties.18,19 It may also be technologically important, e.g. for Ti3 SiC2 contacts to SiC.20–22
As thin films, the close relatives of Cr2 GeC, Ti2 GeC,23–26
V2 GeC,27,28 and Cr2 AlC29–34 have all been investigated.
From a potential technological viewpoint, the latter two are
1098-0121/2011/84(7)/075424(9)

particularly interesting since they can be grown at a relatively
low substrate temperature (450 ◦ C),27,29 which is essential for
deposition onto technologically relevant substrates, such as
steels. In a recent report, Li et al. showed that Cr2 AlC can be
deposited even at a temperature as low as 370 ◦ C.33 However,
thin film growth of Cr2 GeC is not explored; only a set of
preliminary results are included in the Ph.D. thesis of T. H.
Scabarozi.35 Although of relatively high crystalline quality
as indicated by the residual resistivity ratio,35 the samples
contained large amounts of impurity phases, such as the inverse
perovskite Cr3 GeC and the Nowotny phase Cr5 Ge3 Cx , which
prevents reliable conclusions about properties.
In this paper, we report on the growth of phase-pure Cr2 GeC
thin films (∼190 nm thick) by magnetron sputter deposition
at 800 ◦ C. The films are grown epitaxially directly onto
Al2 O3 (0001); there is, however, a large secondary Cr2 GeC
grain populations with (101̄3) orientation. We show that
Cr2 GeC can be grown down to 500 ◦ C but with a polycrystalline structure with (101̄0)-dominated texture. Deposition
onto Al2 O3 (0001) with TiN(111) seed layer and MgO(111)
yielded growth of almost exclusively epitaxial Cr2 GeC(0001).
Resistivity measurements indicate that the anisotropy in the
conductivity of Cr2 GeC is substantial but relatively limited
in relation to expectations from band-structure calculations
but also indicate anisotropic electron-phonon coupling. These
results emphasize the complexity of the anisotropy of the
electronic properties of these compounds.
II. EXPERIMENTAL DETAILS

Cr-Ge-C thin films were deposited onto Al2 O3 (0001) substrates from elemental Cr (99.95% purity), Ge (99.999%), and
graphite (99.999%) targets. Additional depositions were made
onto Al2 O3 (0001) with a predeposited epitaxial TiN(111) seed
layer and directly onto MgO(111) substrates. The substrates
were ultrasonically degreased in acetone then in ethanol for
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five minutes. The MgO(111) substrates were annealed in
vacuum in the deposition chamber for 1 h at 800 ◦ C prior
to deposition. The sputtering gas was Ar at a pressure of ∼0.3
Pa, and the base pressure was below 5 × 10−6 Pa. The targets
(75 mm diameter) were arranged on a confocal magnetron
cluster and located at a distance of 18 cm from the substrate,36
which was mounted on a rotating sample holder. The Cr and
C targets were run in DC power-control mode, while the Ge
target was RF sputtered. The power stated is the resulting
DC power. The films were deposited to a thickness of ∼190
nm [determined by transmission electron microscopy (TEM)],
corresponding to a deposition time of 30 min.
X-ray diffraction (XRD) θ –2θ measurements and ω scans
(rocking curves) were carried out in a Bruker D8 diffractometer
using Cu Kα radiation. For θ –2θ measurements, the incidence
angle was slightly offset (typically 0.4◦ ) so as to reduce the
Al2 O3 0006 peak and eliminate secondary diffraction features,
i.e. the Cu Kβ and W Lα artifacts as well as diffraction
of brehmsstrahlung (e.g. Fig. 4 in Ref. 37). This offset has
a marginal effect on the diffraction pattern from the films,
as verified by a selected set of control measurements, both
without offset and with offset aligned to maximize the Al2 O3
0006 peak.
Time-of-flight elastic recoil detection analysis (ToFERDA) was used to obtain elemental depth profiles of the
as-deposited films. The measurements were performed with
a 40 MeV1 27I9+ ion beam using the setup at Uppsala
University.38 The recoil angle was 45◦ , while the incident
angle of primary ions and the exit angle of recoils were both
set to 67.5◦ relative to the surface normal. All spectra were
analyzed using the CONTES code39 to obtain relative atomic
concentration profiles from the recoil energy of each element.
Atomic force microscopy (AFM) imaging was performed
in tapping mode using a Dimension 3100 AFM from BRÜKER
and processed with the analysis software WSxM.40 Scanning
electron microscopy (SEM) in secondary-electron imaging
mode was performed on an LEO 1550 SEM operating at 10 kV.
Transmission electron microscopy (TEM) was performed on
a JEOL 2200FS operating at 200 kV. Cross-sectional samples
for TEM were mechanically thinned down to 10 μm by tripod
polishing. Ion milling was then applied using a Gatan precision
ion polishing system (PIPS) with a 2.5 keV Ar+ ion beam at
8◦ of incidence with respect to the surface of the sample. Once
electron transparency was reached, a final ion milling step was
applied with lower angle (4◦ ) ion beams.
The room-temperature (RT) resistivity of selected films was
measured by a standard four-point probe setup. Measurements
of the resistivity in the temperature range of 15–295 K were
carried in a Van der Pauw geometry for two samples, one with
preferred (101̄3) orientation (cf. Fig. 1 and Sec. III A) and the
second fully (000)-oriented, with a small amount of Cr23 C6
impurity (cf. Fig. 9, second from bottom).
The band structure of Cr2 GeC was calculated with the
WIEN2K code,41 a linearized augmented plane wave approach
based on the density functional theory (DFT). Calculations
were performed within the generalized gradient approximation, in a nonspin-polarized configuration. The basis set
convergence was R(kmax ) = 8, and a mesh of 1500 k points
in the full Brillouin zone was used. The calculated lattice
parameters are a = 2.902 Å and c = 11.826 Å; relatively close

FIG. 1. θ–2θ x-ray diffractogram of phase-pure Cr2 GeC grown
at a substrate temperature of 800 ◦ C with target powers of 60 W for
Cr, 50 W for Ge, and 260 W for C. Inset: pole figure of the Cr2 GeC
0006 peak.

to the experimental values of 2.95 Å and 12.08 Å, respectively.1
Further, the calculated band structure is very similar to that of
Bouhemadou,11 who employed a pseudopotential plane wave
approach and the local density approximation, indicating the
reliability of the calculated band structure.
III. RESULTS
A. Phase-pure Cr2 GeC thin films

Figure 1 shows a θ –2θ x-ray diffractogram of an optimized
sample of phase-pure Cr2 GeC grown at a substrate temperature
of 800 ◦ C with target powers of 60 W for Cr, 50 W for Ge, and
260 W for C. The inset is a pole figure of the Cr2 GeC 0006 peak
(see below). The Cr2 GeC diffraction peaks are at 2θ positions
of 14.64◦ , 29.51◦ , 41.89◦ , and 44.88◦ , corresponding to the
0002, 0004, 101̄3, and 0006 peaks, virtually at their exact
positions according to the structure factor. The 101̄3 /000
peak-intensity ratio is somewhat higher than according to the
structure factor, indicating preferred (101̄3) orientation, which
is corroborated by TEM results below. Since the measurement
was aligned to eliminate diffraction from the substrate, we
can exclude that there could be a contribution from the Al2 O3
0006 peak. For brevity, we will refer to this as (101̄3)-oriented
films in the remainder of this article. For the 000 peaks of
this sample, rocking curve (not shown) full widths at half
maximum (FWHM) were relatively large, ∼1.4◦ , indicating
mosaicity. The composition of this film determined by ERDA
(cf. Sec. III B) is Cr:Ge:C = 0.51:0.24:0.25 (O < 0.001) or
2:1:1 within the uncertainty of the technique.
Figure 2 shows θ –2θ x-ray diffractograms of Cr2 GeC films
deposited (using the same deposition parameters as for the film
in Fig. 1) onto an Al2 O3 (0001) substrate with a predeposited
TiN(111) seed layer and onto an MgO(111) substrate. In both
cases, 000 rocking curve FWHM (not shown) were ∼1.4◦ ,
indicating that the crystalline quality is very similar to the
samples deposited directly onto Al2 O3 (0001), even though the
lattice mismatch is lower; 1.6% for TiN(111), assuming that
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FIG. 2. θ –2θ x-ray diffractograms of Cr2 GeC films deposited
(with the same deposition parameters as the film in Fig. 1) onto an
Al2 O3 (0001) substrate with a predeposited TiN(111) seed layer and
onto an MgO(111) substrate.

the TiN is fully relaxed; and 0.6% for MgO(111), compared
to 9% for Al2 O3 (0001). In contrast, in Fig. 2, the 000
peaks are dominant with a relatively small 101̄3 peak; unlike
in Fig. 1, where the 101̄3 peak is stronger than the 0006
peak. Therefore, the orientation distribution of the Cr2 GeC
differs depending on substrate. These results, together with
pole figures (not shown) of the Cr2 GeC 0006 and 101̄3
peaks, show that, as expected, the Cr2 GeC is epitaxially
grown onto the Al2 O3 (0001) substrate. The epitaxial
relationship is the well-known Cr2 GeC(0001)//Al2 O3 (0001)
and Cr2 GeC(112̄0)//Al2 O3 (11̄00) or Cr2 GeC(112̄0)//
Al2 O3 (1̄21̄0).17,42,43 However, for films grown directly onto
Al2 O3 (0001), a sixfold contribution at an azimuth angle of
60◦ was also observed (see inset in Fig. 1), showing the
existence of a large secondary epitaxial grain population
with (101̄3) out-of-plane orientation (cf. TEM below). For
films grown onto MgO(111) or TiN(111)/Al2 O3 (0001), this
sixfold contribution was not observed. Although a small
amount of diffracted intensity from (101̄3) planes oriented
parallel to the surface could be detected in θ –2θ scans, their
contribution is too weak to be clearly seen in the pole figures.
Given that the 101̄3 /0006 peak-intensity ratio is ∼6 for a
randomly oriented polycrystal, but less than 0.1 in Fig. 2,
these results show that the samples deposited onto MgO(111)
or TiN(111)/Al2 O3 (0001) are almost exclusively epitaxial
Cr2 GeC(0001).
In Fig. 2, the 2θ positions of the 000 peaks are the
same irrespective of substrate (14.64, 29.51, and 44.89 for
0002, 0004, and 0006, respectively) and essentially identical
to the peak positions for the films deposited directly onto
Al2 O3 (0001). The positions of the 101̄3 peak, however, are
41.93◦ for the film deposited onto TiN(111) and 41.83◦ for
the film deposited onto MgO(111), suggesting differences in
macrostrains.
Figure 3 shows TEM images of a phase-pure Cr2 GeC
sample whose composition is identical to the one of the
previously presented samples (Figs. 1 and 2). Figure 3(a)
is an overview image and 3(b) the corresponding selected

FIG. 3. (Color online) (a) Bright field micrograph and (b) SAED
pattern of phase-pure Cr2 GeC grown at a substrate temperature of
800 ◦ C (cf. Fig. 1). (c)–(e) Dark field micrographs of the film
illustrating (c) the basal plane growth initiated on the substrate and
(d) and (e) the subsequent nucleation of (101̄3) grains.

area electron diffraction (SAED) pattern. Figures 3(c)–3(e)
are dark-field micrographs of the film illustrating (c) the
basal plane growth initiated on the substrate and (d) and
(e) the subsequent nucleation of grains with planes of the
(101̄3) family oriented parallel to the surface. Figures 4(a) and
4(b) are high-resolution images acquired near the substrate.
As can be seen, the Cr2 GeC is initially epitaxially grown
onto the Al2 O3 (0001) substrate [Fig. 4(a)]. Nucleation of
nonbasal-oriented [(101̄3)-oriented] grains has occurred in
some sites within ∼20 nm of the substrate, as seen in Fig. 4(b).
For this last sample, the (101̄3) orientation is predominant, as
evidenced by XRD.
Figure 5 shows AFM images (3 × 3 μm2 ) of the surface
of the samples corresponding to the XRD and TEM results in
Figs. 1 and 3. The observed surface morphology is consistent
with the two types of orientations observed in XRD and
TEM, i.e. basal-plane-oriented grains and a set of nonbasalplane-oriented grains [known from XRD and TEM to have
(101̄3) planes parallel to the surface]. Especially the nonbasal
grains either present six different orientations separated by
∼60◦ , highlighted by arrows in Fig. 5, or they form triangular
structures when they meet, indicated by triangles. Therefore,
the surface morphology shown by AFM images confirms the
sixfold contribution of epitaxially oriented (101̄3) grains as
determined by pole figures (not shown). Typical grain sizes of
the nonbasal grains are ∼200 × 50 nm2 . This growth mode
yields pits in the surface [see Figs. 5 and 5(c)] up to 50 nm in
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FIG. 5. (Color online) Topographic 3D top view AFM image
recorded in tapping mode of a phase-pure Cr2 GeC sample shown in
Figs. 1 and 3. The height profile corresponds to the white full line.
Arrows indicate the main in-plane orientations of (101̄3) grains.
FIG. 4. High-resolution TEM micrographs of phase-pure Cr2 GeC
grown at a substrate temperature of 800 ◦ C (cf. Fig. 1). In (b), the
(000) basal planes of Cr2 GeC are highlighted.

depth, determined by quantitative analysis of the AFM data. A
close examination of the profile in depth also reveals a mosaic
surface that may be responsible for the relatively large FWHM
of the XRD rocking curves performed on Cr2 GeC 000 peaks.

profile. This is very close to the theoretical bulk density of
Cr2 GeC, 6.88 g/cm3 .1
Close to the substrate/film interface in the depth profile
in Fig. 7, one can get the impression that intermixing
has occurred. This is actually not a diffusion profile but
a measurement artifact due to the limited depth resolution
of the ERDA measurement. Therefore, the apparent depth

B. Effect of deposition temperature

Figure 6 shows x-ray diffractograms of Cr-Ge-C films
deposited with the optimized composition (for growth of
phase-pure Cr2 GeC at 800 ◦ C, cf. Sec. III A) at substrate
temperatures in the range of 500–800 ◦ C. For the lowest
temperatures (below 650 ◦ C), the peak at 35.34◦ can be
identified as Cr2 GeC 101̄0. The possibility that it could
be related to Cr3 C2 (which would also match this peak
position) can be excluded since no other peaks from that
phase are observed. The peak at 27.2◦ is Ge 111 and indicates
surface segregation of Ge islands at lower temperatures
(c.f. SEM results below). ERDA showed that all these
films have essentially the same composition, Cr:Ge:C =
0.52:0.24:0.24 (O < 0.001) or 2:1:1 within the uncertainty
of the technique. The ERDA depth profiles were essentially
identical for all these samples; a typical one is plotted in
Fig. 7. As can be seen, the composition is constant throughout
the whole depth of the film, except for surface oxides. Since
the film thickness (∼190 nm) is known from TEM, we can
estimate the film density to be ∼6.9 g/cm3 from the ERDA

FIG. 6. X-ray diffractograms of Cr-Ge-C films deposited with the
optimized composition (for growth of phase-pure Cr2 GeC at 800 ◦ C,
the same sample as in Fig. 1) at substrate temperatures in the range
of 500–800 ◦ C.
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FIG. 7. (Color online) Typical ERDA depth profile of Cr-Ge-C
films deposited with optimized composition (for growth of phase-pure
Cr2 GeC at 800 ◦ C). The ERDA depth profiles were essentially identical for films grown with this composition regardless of temperature
(in the range of 500–800 ◦ C). The depth scale (top) is based on the
film thickness of 190 nm determined by TEM.

profile corresponds to an actual depth profile with a sharp
substrate/film interface, as demonstrated by high-resolution
TEM.
Figure 8 shows SEM images of Cr2 GeC thin films deposited
at substrate temperatures in the range of 500–800 ◦ C (i.e.
the same films as in Fig. 6). Figures 8(a) and 8(b) show
the films deposited at 800 and 700 ◦ C, respectively. They
exhibit similar surface morphologies that are relatively smooth
except for the growth pits also observed in AFM images
(Fig. 5). The morphologies of the films grown at lower
temperatures [600 ◦ C, Fig. 8(c), and 500 ◦ C, Fig. 8(d)] are
different. Figure 8(c) shows a large number of Cr2 GeC grains
with basal planes orthogonal to the surface, i.e. grains with
(101̄0) orientation (cf. the XRD results in Fig. 6) that yield a
rough surface. Films grown at 500 ◦ C still comprise Cr2 GeC

FIG. 8. SEM images of Cr2 GeC thin films deposited at substrate
temperatures of (a) 800 ◦ C, (b) 700 ◦ C, (c) 600 ◦ C, and (d) 500 ◦ C.
Note: the scale in (d) differs from (a)–(c).

FIG. 9. θ–2θ x-ray diffractograms of Cr-Ge-C films deposited at
800 ◦ C with varied Ge content.

with (101̄0) and (101̄3) orientation; however, in addition,
Ge clusters several hundred nanometers in diameter have
segregated on the surface. Each Ge cluster is most likely
composed of many smaller (111)-oriented Ge grains, given
the width of the Ge 111 peaks observed in XRD.
C. Variation of composition; role of competing phases

Figure 9 shows x-ray diffractograms of Cr-Ge-C films
deposited at 800 ◦ C with varied Ge content (Ge target power
in the range of 30–70 W). At the highest Ge content, the only
impurity observed in XRD is Ge. Surface SEM images [not
shown, but similar to Fig. 8(d)] of this sample showed that Ge
formed islands on top of the surface. At low Ge content (Ge
target power 30–40 W), Cr2 GeC is retained; however, the films
are not phase pure but contain Cr23 C6 . For the latter films, the
Cr2 GeC is fully (000)-oriented, in contrast to the phase-pure
films on the same substrate. For the lowest Ge content, the film
contains a large amount of Cr23 C6 , but for the film deposited
with 40 W Ge target power, Cr2 GeC is the predominant phase.
Figure 10 shows x-ray diffractograms of Cr-Ge-C films
deposited at 800 ◦ C with varied C content. The Ge power was
60 W, i.e. slightly higher than for the phase-pure films in Figs. 1
and 2. Hence, the nearly phase-pure film (second from top in
Fig. 10, C target power of 260 W) contains a small fraction of
Ge in addition to Cr2 GeC. A reduction in C content results in
increased amounts of the C-poor impurity phases (Cr23 C6 and
Cr5 Ge3 Cx ) as well as substantial amounts of pure Ge. Note
that the Ge 200 peak at 45.3◦ and the Cr2 GeC peak at 44.9◦
are difficult to distinguish, but the Ge 111 peak at 27.3◦ is
unambiguous. At the lowest C content (target power of 120 W,
bottom of Fig. 10), Cr5 Ge3 Cx is the dominant phase with some
amount of Cr2 GeC and Cr23 C6 . Increasing the C content
(290 W, top of Fig. 10) relative to the nearly phase-pure
Cr2 GeC (260 W) results in a reduction of the Cr2 GeC peak
intensities and a strong increase in the Ge 111 peak.
D. Electrical properties

Four-point-probe room-temperature resistivity measurements were performed on selected Cr2 GeC samples: two thin
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Figure 11 shows temperature-dependent resistivity measurements in the temperature range of 15–295 K for the
two Cr2 GeC thin films deposited on Al2 O3 . The residual
resistivity ratios [RRR = ρ(295 K)/ρ(15 K)] obtained from
these curves are 10.4 and 9.9 for (101̄3)–and (000)-oriented
samples, respectively. The values for room-temperature resistivity obtained from these curves are in good agreement
with those obtained from the four-point-probe measurements:
ρ101̄3 = 58 μcm and ρ0001 = 51 μcm (compared to 66 and
53 μcm). The difference between the ρ101̄3 obtained from
each method is a consequence of the measurement uncertainty
and thus more pronounced for the (101̄3)-oriented film, which
is rougher than the (000)-oriented films.
IV. DISCUSSION
A. Nucleation and growth
FIG. 10. θ–2θ x-ray diffractograms of Cr-Ge-C films deposited
at 800 ◦ C with varied C content.

films on Al2 O3 substrate [(101̄3) and (000) orientations, cf.
Sec. III A) and the one with the TiN seed layer. A film thickness
of 190 nm is assumed for all measured resistivities. This
thickness determination is the main source of uncertainty in the
numbers; i.e. the uncertainty (see below) is very small (a few
percent) for the smooth (000)-oriented films but considerably
larger for the rougher (101̄3)-oriented film. The measured
resistivities are 66 μcm for the (101̄3)-oriented film and
53 μcm for the (000)-oriented film. The value obtained for
the epitaxial (000)-oriented film grown on the TiN seed layer
is 55 μcm; this value, however, includes the contribution
from the seed layer. A value of 66 μcm was obtained for a
sample with Ge excess (cf. Fig 9). This sample apparently has
similar crystalline quality and phase purity apart from the surface Ge islands that, as expected, do not contribute to the measured resistivity. In contrast, a sample with higher C content
(cf. Fig. 10, top) yielded a measured room-temperature
resistivity of 86 μcm, i.e. around 30% higher.

Our results show that phase-pure Cr2 GeC thin films can
be grown by magnetron sputter deposition at 800 ◦ C. For
films grown directly onto Al2 O3 (0001), there is a component of epitaxial basal-plane oriented Cr2 GeC; however, the
Cr2 GeC secondary grain population with (101̄3) orientation is
predominant. Several effects may contribute to explain these
observations. First, it is likely that the basal plane growth
(step-flow mode) does not result in full surface coverage
because of limited adatom mobility at 800 ◦ C. Therefore,
nucleation of nonbasal-oriented grains can occur and, because
of their faster growth rate, can become dominant. This has
been observed previously for Ti2 AlN.44 It is also consistent
with the observation that a reduction in Ge content (Fig. 9)
yields (000)-oriented Cr2 GeC films containing Cr23 C6 , since
at these Ge-poor conditions the secondary nucleation of Cr23 C6
grains would be expected to occur preferentially instead of
nonbasal Cr2 GeC grains. However, this alone cannot explain
why the occurrence of Cr2 GeC(101̄3) is nearly negligible for
growth onto TiN(111) and MgO(111). The diffusion rates
(adatom mobilities) may differ on different growth surfaces,
which may facilitate basal-plane growth on TiN(111) and
MgO(111). A further possible effect stems from the lattice
mismatch of ∼9% between Cr2 GeC and Al2 O3 (0001). Given
this large lattice mismatch, strained heteroepitaxy is most
unlikely to be the growth mode; rather, the heteroepitaxial
growth is most likely relaxed by the introduction of misfit dislocations that can act as nucleation sites for the (101̄3)-oriented
grains and/or slow down surface diffusion of adatoms. This
explanation would therefore be consistent with the observation
that the use of a TiN(111) seed layer or an MgO(111) substrate,
which are better lattice matched, yields nearly global epitaxial
growth. Finally, it should be stressed that additional epitaxial
relations between Al2 O3 and MAX phases exist37,45,46 and
correspond to nonbasal epitaxial alignment, which could also
trigger nucleation of (101̄3) grains.
B. Temperature dependence

FIG. 11. Resistivity as a function of temperature for Cr2 GeC thin
films mainly oriented (101̄3) and (000) (corresponding to the XRD
patterns in Figs. 1 and 9, second from bottom, respectively).

Our results show that Cr2 GeC can be grown down to 500 ◦ C,
and it may be possible to grow this phase at even lower substrate temperatures (which is possible for Cr2 AlC and V2 GeC).
The films are, however, not epitaxial at this temperature. In
contrast to the films deposited at 700–800 ◦ C, the ones grown
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at 500–600 ◦ C are polycrystalline with (101̄0)-dominated
orientation; i.e. with a dominant contribution from standing
basal planes (orthogonal to the substrate surface). Also, SEM
and XRD show Ge surface segregation at these temperatures.
These observations can be explained as a consequence of the
fast growth and Ge-diffusion rates along the basal planes. The
phenomenon of surface Ge segregation is similar to what has
been observed for Ti2 GeC by Emmerlich et al.26 ; the effect is
even more pronounced for Sn, a larger group-14 element than
Ge, as observed26 for Ti2 SnC. In contrast, the Ti-Si-C based
MAX phases appear less sensitive; here, Si will typically float
on top of the growing film during the initial stages of growth,
but once sufficient supersaturation has been achieved, Ti3 SiC2
(or Ti4 SiC3 ) nucleates rather than segregating Si.2,17,47
C. Electrical properties

The room-temperature resistivity of our samples is
53–66 μcm. There are no reliable reports on the conductivity
of bulk Cr2 GeC, but our values are slightly lower than those
reported for bulk Cr2 AlC (72–74 μcm).48,49 We consider
our numbers quite robust as they are repeatable for numerous
samples and in the expected range. The Cr-containing MAX
carbides are expected to be among the ones with highest resistivity. For example, it is known that2 Cr2 AlC has much lower
conductivity than Ti2 AlC (group 4 M element) and V2 AlC
(group 5 M element). The reason is that in Cr2 AlC (group 6 M
element), the hybridized Cr d-Al p states are primarily filled,50
leading to relatively low conductivity because of reduced
mobility.48 The same argument is most likely valid for the
series Ti2 GeC-V2 GeC-Cr2 GeC; the reported resistivities of
the former two are in the range of 15–30 μcm compared to
53–67 μcm for the present Cr2 GeC films. Furthermore, the
RRR values of ∼10 indicate high crystalline quality (in this
context).
With resistivity data on samples of both predominant (101̄3)
and (000)-oriented films, we can discuss the anisotropy in the
conductivity of Cr2 GeC and other MAX phases. From a naı̈ve
point of view, the conductivity anisotropy of Cr2 GeC would
be related to its anisotropic electronic structure. Figure 12
shows the calculated band structure of Cr2 GeC. For the
→ A, H → K, and M → L directions, which are related
to the c-axis electronic response, only one band crosses the
Fermi level (in the M → L direction). This is different
from the other orientations, where several bands cross the
Fermi energy within the
→ K,
→ L, A → H, and
L → H directions, which correspond to the basal plane
response. However, this simple argument does not accurately
describe the transport properties of MAX phases. It is by now
well established (see Ref. 2 for a review) that MAX phase
transport properties cannot be understood only from ground
state electronic structure calculations, i.e. band velocity or the
density of states at the Fermi level [DOS(EF )], but are largely
determined by scattering processes. The carrier mobilities are
actually much lower in the Cr-containing MAX phases than
in the Ti-based ones, which is not surprising since the main
contribution to conduction in MAX phases is from M d states
(i.e. the electronic states around the Fermi level). Strongly
localized d states are not expected to have high mobilities.
For bulk MAX phases, it is often assumed that the mobility

FIG. 12. (Color online) Band structure (the Fermi level is indicated by a horizontal full line) and first Brillouin zone of Cr2 GeC.

is proportional to the inverse of DOS(EF ), consistent with
the trends for the resistivities of the series Ti2 GeC-V2 GeCCr2 GeC and Ti2 AlC-V2 AlC-Cr2 AlC (see above). However,
this assumption (the Mott approximation for transition metals)
means that scattering is isotropic; it is therefore only valid for
polycrystalline samples and cannot explain anisotropy effects.
There are several reports discussing resistivity anisotropy in
MAX phases by comparing measured values for bulk and for
oriented thin films. However, some of these do not investigate
phase-pure samples,51,52 and in those cases, any differences
observed between bulk resistivity and measured resistivities
for thin films can be explained by large amounts of secondary
phases rather than by anisotropy. Scabarozi et al.25 performed
measurements on phase-pure, high-quality epitaxial (000)oriented Ti2 GeC, and a comparison with bulk polycrystalline
samples suggested that the anisotropy in the conductivity is
relatively weak (a factor of 1.6 between c-axis conductivity
and in-plane conductivity).
To relate these to the present results, it should first be
mentioned that the resistivity of the (101̄3)-oriented film is a
mix between the basal plane and c-axis response. Nevertheless,
some conclusions can be drawn about anisotropy by comparing
the ideal resistivities of the two samples in Fig. 11. The ideal
resistivity is obtained from Matthiessen’s law:

075424-7
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where T is temperature, ρ the total resistivity, ρr the residual
resistivity, and ρi the ideal resistivity. Here ρi depends only
on the charge carrier-phonon coupling (i.e. it does not depend
on defect and impurity densities). As ρi varies linearly with
temperature in the range of 100–300 K, we can calculate the
slope of the linear variation, which thus gives information on
the charge carrier-phonon coupling. The slopes are 0.21 and
0.18 μcm/K for the (101̄3)− and (000)-oriented samples,
respectively. These values evidence a relatively strong charge
carrier-phonon coupling in MAX phase materials. For comparison, slopes are about 6.10−3 μcm/K for Cu or 5 μcm/K
for YBa2 Cu3 O7 , where electron-phonon coupling is, respectively, weak and strong.53 Since the electron-phonon coupling
is expected to be strong in the Cr-containing MAX phases,14
this is not surprising. These results differ from measurements
carried on a bulk Ti2 GeC sample and a (000)-oriented Ti2 GeC
epitaxial thin film (cf. Fig. 1 in Ref. 25) in that the slopes of the
resistivity curves are about a factor of two larger for the present
Cr2 GeC films than for Ti2 GeC. This is consistent with the
expectation that the electron-phonon coupling is expected to be
much more important in Cr2 GeC than in Ti2 GeC.14 Moreover,
the charge carrier-phonon coupling is likely anisotropic, as
indicated by the differences in the slopes of the resistivity
curves between films of different orientation. The magnitude
of the anisotropy is similar to that of typical hexagonal
close-packed metals.54 This is in contrast to the much larger
anisotropy one would expect from the naı̈ve picture, based on
inspection of the band structure. Based on these results, we
can therefore argue that the difference in intrinsic resistivity of
thin films with different orientations is not primarily an effect
of the anisotropic band structure of Cr2 GeC but rather reflects
anisotropy of the electron-phonon coupling. Such anisotropy
of the charge carrier-phonon coupling further underscores the
limitations of interpreting MAX phases transport properties
in terms of ground state electronic structure calculations. This
reasoning is further supported by determination of anisotropies
in dielectric responses, carrier lifetimes, and scattering process
of Ti2 AlN, Ti2 AlC, Ti3 AlC2 , and Ti3 SiC2 .55–57
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P. Finkel, M. W. Barsoum, J. D. Hettinger, L. Hultman, and S. E.
Lofland, Solid State Commun. 146, 498 (2008).
26
J. Emmerlich, P. Eklund, D. Rittrich, H. Högberg, and L. Hultman,
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