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Abstract—Auger electron spectroscopy was used to determine the phase composition of Cr,GeC MAX phase
thin films. A distinctive feature of the formation of carbon-containing MAX phases is the shape of carbon
Auger peaks, which is characteristic of metal carbides spectra. Features of the Auger spectra in the presence
of secondary phases of chromium germanides are found. Their presence can manifest itself in an increase in
the energy of the germanium peaks, which is caused by a chemical shift during the formation of the Cr—Ge
bond. Moreover, we have detected the accumulation of electronic charge, which can be explained by the fea-

tures of the surface morphology.
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INTRODUCTION

MAX phases are nanolayered hexagonal carbides
or nitrides of transition metals, alternating with layers
of an A-element (mainly 13—15 groups of the periodic
table) with the general formula M,, , |AX,, (where n =
1—4, M is a transition metal, X is carbon or nitrogen).
Due to their layered structure, where the M-X layers
have strong covalent bonds and the M—A layers have
weaker ionic bonds, MAX phases have the properties
of ceramic materials (such as thermal stability, oxida-
tion resistance [1—3]) and high thermal- and electrical
conductivity characteristic of metals. The layering of
the MAX phases also manifests itself in the anisotropy
of properties along different directions. Furthermore,
the compounds can exhibit superconductivity [4, 5],
ferromagnetism, and antiferromagnetism [6—8]
depending on the combination of elements used.

Studies of manganese and iron doped Cr,GeC
MAX phases demonstrate that an epitaxial
(Cry7sMny »5),GeC thin film [9] is a non-collinear
antiferromagnetic with a magnetic signal at room tem-
perature, and ferromagnetic bulk samples of
(CrypsMny,),GeC [10] and (Cryg¢sFeqs5),GeC [11]
have FM—PM transition temperatures of 270 and
390 K, respectively. This shows the relevance of these
structures for applications in spintronics and magnon-
ics. To obtain compounds of this type in the form of
epitaxial thin films using sputtering techniques, it is
expedient to switch from the ternary Cr,GeC to qua-
ternary MAX phase synthesis technology with the
replacement of chromium with other elements by

varying the technological conditions of synthesis. In
the process of synthesizing doped quaternary MAX
films, it is important to control the preservation of the
phase composition of the samples. One of the effective
in situ methods for controlling the phase composition
of epitaxial thin films is electron diffraction. However,
due to the similarity of electron diffraction patterns of
Cr,GeC and chromium germanides (Fig. 1), which
are formed in case of a lack of carbon, confirmation of
the phase composition of MAX phase thin films is dif-
ficult. This requires the use of an additional phase
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Fig. 1. Diffraction patterns for Cr,GeC [100] (gray and
black dots) and CrGe [100] (blue dots) calculated within
the framework of the kinematic theory of diffraction
superimposed on the experimental Cr,GeC XRD pattern.
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Table 1. Synthesis parameters, phase and elemental composition, morphology of Cr,GeC thin films

Technological atomic Morphology (shape, diameter D, height
concentrations, % Ph h, length L of crystallites,
Sample [Thickness, com c?ssiiion tilt angle @ between rods or bars, Cr/Ge atomic
number nm b pXRD multiplicity factor N) ratio by XRF
Cr Ge C y and root-mean-square roughness
S, by AFM
7 497 256 246 Spherical grains D, = 20—50 nm, 166 + 0.40
’ ’ ’ N hy=4.28 £ 0.64 nm; S, = 1.024 nm T
2 50 552 4.8 Spherical grains D, = 15—45 nm, 192 + 0.58
" ' ‘ B hy =5.64 £ 0.30 nm; S, = 1.549 nm e
3 50.1 197 302 Spherical grains D, = 20—50 nm, 204+ 0.52
' ' ' a hy=13.37 £ 1.97 nm; S, = 3.110 nm R
Spherical grains D, = 20—70 nm
Cr;Ge(002 & ’ +
4 54.4 20.3 25.3 1;Ge(002) hy = 8.52 + 1.46 nm; S, = 2.304 nm 7.47 £2.38
Cr-GeC(00L. Spherical grains D, = 15—30 nm;
5 40 544 | 203 | 253 g Ge ((()12) | Rods L= 100-150 nm, 1.88 + 0.31
. . . rGe — A0 _ o. .88 £ 0.
Cr,GeC(013) D, =40—100 nm, ¢, = N x 30°
hy=1-1.5 nm; Sq =4.031 nm
Cr-GeC(O00L Incline plates D, = 100—300 nm,
rGeC( ) hy, =30 nm; bars L, = 100—150 nm,
6 100 54.4 20.3 25.3 CrGe(012) D = 40—100 nm 1.47 £0.22
Cr,GeC(013) | ® ’
0p = Nx30°.5,=8.553 nm
Cr3Ge(002) Elongated grains D, = 40—100 nm,
7 40.6 55 16.8 28.2 CrGe(012) b =4—12 nm: S. = 9.329 nm 2.17 £ 0.41
Cr,GeC(013) | ¢ >Te
g 40 5 16.8 28.2 Cr,GeC(00L) | Elongated grains D, = 40—90 nm, 2,59 + 0.48
’ ’ Cr,GeC(013) | hy=2-20 nm; S, = 8.490 nm DA

composition in situ control technique with exclusion
of the atmosphere effect. Auger electron spectroscopy
(AES) can be such a method. With its help, it is possi-
ble not only to determine the elemental composition
of the surface layers of thin films, but also to identify
chemical bonds according to the shape of peaks or
chemical shifts [12]. Thus, the purpose of this work
was to reveal the features of the Auger electron spectra
of synthesized samples of ternary Cr,GeC MAX phase
epitaxial thin films on MgO (111) substrates.

EXPERIMENTAL

Synthesis of Cr,GeC thin films was carried out on
the ultrahigh vacuum (UHYV) setup at the Magnetic
MAX materials laboratory in the Kirensky Institute of
Physics SB RAS (created under Megagrant project
(agreement no. 075-15-2019-1886) using magnetron
sputtering co-deposition. Cr (99.95%) and C (99.95%)
targets were sputtered in DC-mode, Ge (99.99%) in
RF-mode with argon flow (99.99995%) of 10 sccm
and a pressure of about 0.933 Pa. The deposition of
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thin films with technological thicknesses of 10, 40,
40.6, and 100 nm was performed on MgO (111) sub-
strates preliminarily cleaned using Ar-ion etching and
heated to 820 £ 20°C. After deposition, the samples were
annealed in UHV at a base pressure of 1.33 x 10 Pa.

The deposition of thin Cr,GeC films of samples /—&
was carried out at various technological concentra-
tions of chromium, germanium, and carbon, which
are presented in Table 1. More detailed information on
the synthesis process, morphology, optical and trans-
port properties of the thin Cr,GeC films is presented
in [13].

A low energy diffraction and Auger electron analy-
sis system ErLEED 100 (SPECS, Germany) was used
to record AES spectra. The primary electron energy
was 2500 eV, electron beam diameter was <1 mm,
electron emission current and accelerating voltage
were ~0.4 LA and 550 V, respectively. Electrons were
incident along the normal to the surface. The spec-
trum recording step was 0.2 eV, the approximate
recording time was the same for all spectra and was
about 1 h (500 ms for each point of the spectrum). The
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Fig. 2. The XRD patterns of samples 4—38.

root-mean-square deviation of Auger peak energy
measurements was no more than 0.5 eV. The spec-
trometer was preliminarily calibrated on a clean MgO
(111) substrate and separate thin 50 nm films of chro-
mium, germanium, and carbon, obtained by the mag-
netron deposition technique from the same targets as
the samples under study.

Structure characterization was performed by X-ray
diffraction (XRD) analysis using PANalytical X’ Pert
PRO diffractometer equipped with a solid state detec-
tor PIXcel on CuKo radiation. The XRD patterns of
samples 4—& are shown in Fig. 2.

Film morphology was studied by atomic force
microscopy (AFM) in tapping mode using Nanolnk
DPN 5000 instrument. The roughness analysis of the
AFM data was carried out with Gwyddion software.

Elemental analysis and determination of the
Cr/Ge atomic ratio were performed using X-ray fluo-
rescence (XRF) analysis. The integral intensities of the
characteristic lines CrKo,;, CrKo, and GeKo,; were
calculated using the approximation of the calibration
spectra of chromium and germanium thin films by
Gaussian curves.

The electron micrographs were obtained using a
Hitachi SU3500 scanning electron microscope at a
magnification of 25 thousand times.

RESULTS AND DISCUSSION

The differential Auger electron spectra of the sur-
faces of samples /—& are shown in Figs. 3, 4, and 5. A
common feature of all spectra is the presence of the
Auger signal from the substrate, which is displayed as
an oxygen Auger peak with energies of about 510 eV
and magnesium Auger peaks with sample-averaged
energies of 32.2 and 1186.0 eV. This is indicative of
island morphology of the thin films, as confirmed by
AFM data and scanning electron microscopy data
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Fig. 3. The Auger spectra of samples /—5.

(Fig. 6, light gray islands against a dark gray substrate).
To eliminate the effect of sample oxidation, we
checked the time stability of oxygen peaks in samples
under UHYV conditions during the day. The presence
of chemical shifts of the Auger peaks characteristic of
the formation of a bond with oxygen [12] was not
recorded. The morphology of the films according to
AFM data differs between the samples, it is mainly
represented by spherical and elongated grains, rods
and incline plates (Table 1).

A signature of the formation of carbon-containing
MAX phases is the formation of layers with a bond
between carbon and a transition metal, in our case,
chromium. On the Auger spectra, the peaks of carbon
(including carbides) in the M—C bond appear as a
characteristic set of three peaks in the energy range of
245—280 eV [14—17]. The spectra of samples /, 3, and
5 (Fig. 3) show these peaks, with the most intense peak
located at 271.5 eV. There are no carbon peaks in the
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Fig. 4. Distorted due to the accumulation of electronic
charge Auger spectra of samples 6 and 7.
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Fig. 5. Auger spectrum of sample & with a peak shift of
+(7 £1)eV.

Auger spectra of samples 2 and 4, which is explained
by the formation of chromium germanide according to
the results of XRD analysis of sample 4, as well as by
similar synthesis conditions for both samples (techno-
logical atomic concentration of carbon 24.8 and
25.3%, respectively). We carried out the selection of
technological stoichiometry for the synthesis of subse-
quent samples, taking into account the need for the
appearance of Cr—C bond carbon Auger peaks in the
spectra.

In the energy range of 45—180 eV, the Auger peaks
of germanium are shifted by +(3.0 = 0.4) eV in the
spectrum of sample / compared to the spectrum of sam-
ple 5. The increase in the energy of germanium Auger
peaks in the spectrum of sample / can be explained by
a chemical shift in the chromium germanide com-
pound.

To interpret the observed chemical shifts, one can
estimate the changes in the Auger electron kinetic
energy E,, described by the formula:

E,=E;—E.-E,-U(C,D)—¢, 1

where Ej, E., and Ej are the ionization energies (B, C,
and D are the designations for transitions between
electronic levels K, L, M, etc.), U (C, D) is a term that
takes into account the double ionization of an atom as
a result of the formation of vacancies, and ¢ is the
work function of an electron [18]. An increase in the
kinetic energy of the Auger electron can manifest itself
as a result of a decrease in the electron binding energy
at the E level, where the formation of a secondary
vacancy of the Auger process, and the Auger electron
yield level Ej,.

According to the photoelectron spectra from [19],
the formation of the Cr—Ge bond is characterized by
a decrease in the binding energy of electrons with the
nucleus at the 3d-levels of germanium atoms com-
pared to the Ge—Ge bond. The change in the binding
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Fig. 6. The scanning electron micrograph of sample 6.

energy of electrons in chromium atoms in the case of
the Cr—Ge bond is less than 0.5 eV, which is commen-
surate with the error of our measurements.

We exclude the possibility of the formation of ger-
manium carbides, since their formation, according to
[20], is accompanied by an increase in the binding
energy of the Ge 2p;, line, and, accordingly, a
decrease in the kinetic energy of germanium Auger
peaks, which does not correspond to the behavior
observed in the spectrum of sample /.

Based on the described differences between the
Auger spectra of samples 7 and 5, it can be concluded
that there is a presence and a higher content of chro-
mium germanides in the composition of thin film /
compared to 5. It is confirmed by calculations of the
Cr/Ge atomic ratio based on XRF data: 1.66 £ 0.40 for
sample / and 1.88 + 0.31 for sample 5.

A feature of samples 6 and 7 was the presence of
distortions in the Auger spectra (Fig. 4) caused by the
appearance of a negative surface potential due to the
accumulation of an electronic charge by the surface of
the samples [21—23]. A distinct peak with an energy of
510 eV can be interpreted as an Auger peak of oxygen
from the substrate. There is no peak shift, and this is
explained by the release of Auger electrons from atoms
in that part of the sample where charge does not accu-
mulate [24]. Such areas are the not covered by a thin
film areas of the magnesium oxide dielectric substrate,
which has a zero surface potential due to the balance
between oppositely charged layers during electron
irradiation [22].

All phases in films 6, 7, and & are conductive
[25—27], and the conduction paths of island films are
preferentially through the substrate rather than tun-
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neling because of great distances between particles
[28, 29]. With such a conduction mechanism, elec-
trons can get stuck on trapping centers, which form at
the film/substrate interface in the form of electronic
levels of film atoms located in the energy band gap of
MgO [21, 23]. As thin films grow, the islands increase
in size, and they can be considered as extended iso-
lated conduction bands, where secondary or primary
electrons after inelastic collisions can be retained.

The accumulation of a surface charge makes it dif-
ficult to interpret the Auger spectra of samples 6 and 7.
However, the spectrum of thin film 6 contains peaks
with values of 941.1, 1161.8, 1200.0, and 1243.5 eV,
which, in terms of energy differences between the
peaks, coincide with the peaks of carbon and chro-
mium with average energies of 271.3, 489.0, 529.4, and
572.0 eV in the spectra of samples /—5. If we assume
that these peaks are interpreted as Auger peaks of car-
bon and chromium shifted due to the accumulation of
electron charge [20], then the surface potential is
about —670 V. In the spectrum of sample 7such peaks
are absent which may indicate their location outside
our detection region due to a negative surface potential
of more than 930 V. A decrease in the primary electron
current density and an increase in the secondary elec-
tron emission coefficient & (by reducing the primary
electron energy up to 1000 eV) [30, 31] did not affect
the value of the surface potential.

Analysis of the Auger spectrum of sample §
(Fig. 5), where the phase composition of the thin film
is represented exclusively by the MAX phase of
Cr,GeC, shows the presence of Auger peaks of chro-
mium, germanium, carbon in the form of carbide,
which corresponds to the elemental composition of
the synthesized compound. However, this spectrum
also shows a shift of all peaks of a thin film due to the
accumulation of electron charge, but the shift value is
+(7 £ 1) eV relative to the peak positions of the cali-
bration samples. Despite the fact that the values of
chemical shifts can be comparable with this value [32],
such an explanation is not suitable due to the same
shift of all Auger peaks of the thin film.

The existing differences in the values of the nega-
tive surface potential of samples 6, 7, and & are not
related to the duration of electron irradiation, since
the recording time of the spectra of all samples is the
same. These differences are the result of a combina-
tion of the surface morphology of the samples and
their phase composition, since only the surface rough-
ness of the samples (Table 1) is not enough to explain
the magnitude of the Auger peak shifts, as, for exam-
ple, the authors of [33] showed.

CONCLUSIONS

We have shown that Auger electron spectroscopy
can be used as a method for monitoring the phase
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composition of thin MAX films due to the character-
istic shape of carbon Auger peaks in the case of Cr—C
bonding and the analysis of chemical shifts of germa-
nium Auger peaks during the formation of chromium
germanides.

The distortions of the Auger electron spectra
caused by the accumulation of an electronic charge
can be used to estimate the morphology parameters of
epitaxial Cr,GeC MAX phase thin films on MgO(111)
after an additional study on samples of the same phase
composition.
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